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Part 1: Strategic Framework and Foundational
Assessment

Section 1.1: The National Quantum AI Mission: A 2028–2032 Roadmap
1.1.1 Deconstructing the Vision
The foundational directive for the National Initiative for Quantum Innovation Ecosystems (NIQIE) is to
establish and secure decisive United States leadership in the domain of Quantum Artificial Intelligence
(AI) Superintelligence. This ambitious mandate frames the initiative as a generational challenge imperative
for unprecedented national security and global economic, political, and social supremacy. The NIQIE is
conceived as the primary national instrument for achieving this vision, orchestrating a parallel development
effort among a diverse ecosystem of hardware and software vendors to maximize the speed of innovation.

The core mission is to create a fully integrated, operational Quantum AI ecosystem before any adversary.
This report translates that high-level strategic objective into a concrete, technically grounded, and phased
development plan. It acknowledges the profound difficulty of the task while charting a credible, albeit
aggressive, path toward the specified 2028–2032 deliverables. The plan is predicated on the principle of
integrated, capability-driven development, recognizing that progress in quantum computing is not merely a
matter of advancing one component, but of maturing an entire technology stack in concert.

1.1.2 Translating Mandates into Technical Milestones
A critical analysis of the 2028–2032 deliverables reveals that they are not a linear sequence of hardware
goals but a demanding schedule for full-stack systems integration. The explicit linking of the “Quantum
AI system” to a “self-sustaining energy grid” by 2030, for instance, underscores the necessity of parallel,
coordinated development across all technological fronts. This plan is therefore structured around integrated
capabilities, with each annual milestone serving as a rigorous test of the entire system. The following
roadmap deconstructs the user’s high-level deliverables into specific, measurable technical milestones across
the Hub’s core directorates: Hardware, Software/Networking, Applications, and Verification, Validation &
Benchmarking (VV&B). This framework will serve as the master plan and primary accountability tool for
the NIQIE’s leadership.

Section 1.2: Quantum Landscape
1.2.1 The State of the Quantum Union
The NIQIE commences its work at an inflection point for quantum technology. The United Nations has
designated 2025 the International Year of Quantum Science and Technology, reflecting a global consen-
sus on the field’s transformative potential [1]. This consensus is backed by substantial capital. In 2024
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Year User Deliverable Hardware
Milestone

Software
Milestone

Networking
Milestone

Application &
VV&B

2028 Quantum AI net-
work architecture
with beta quantum
modules

Two hardware
modalities demon-
strate error-
corrected logical
qubits; hundreds of
physical qubits

NQ-Software De-
velopment Kit
(SDK) v1.0 re-
leased

Prototype quan-
tum network con-
nects two Quantum
Processing Unit
(QPU)s

Finance & Medical
beta algorithms;
unified benchmark-
ing suite v1.0 de-
ployed

2029 Secure network
applications for
high-value use

Logical two-qubit
ops with improved
fidelity; processors
with >1,000 physi-
cal qubits

NQ-Software De-
velopment Kit
(SDK) v2.0 with
AI-driven transpila-
tion

Hybrid Post-
Quantum
Cryptography
(PQC)/Quantum
Key Distribution
(QKD) links opera-
tional

Deployed threat de-
tection (Defense);
live market data
(Finance); first
Post-Quantum
Cryptography
(PQC) audit

2030 Integrated Quan-
tum AI system
supported by mi-
crogrid

5–10 logical qubits;
Quantum Process-
ing Unit (QPU)
modular intercon-
nects demonstrated

Pipelines handle
classified data

Microgrid online Energy optimiza-
tion and supply
chain pilots; micro-
grid certified

2031 Cloud and Edge
system integration
complete

>50 logical qubits
operational; deep
circuit capability

Full stack validated Secure workload
distribution enabled

Production-level
quantum-enhanced
AI; integration
stack certified

2032 Ecosystem com-
plete; global strate-
gic partners on-
boarded

>100 logical
qubits; multi-
modal systems
show quantum util-
ity

NQ-Software De-
velopment Kit
(SDK) standard

NIQIE network
extended interna-
tionally

Quantum utility
validated across
sectors; global
benchmarking in
place

Table 1.1: The 2028–2032 Innovation Hub Roadmap
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alone, private and public investors poured nearly $2.0 billion into quantum technology startups, a 50 per-
cent increase over 2023 [2]. Governments are escalating their commitments, with nations like Japan and
Spain announcing multi-billion dollar initiatives, bringing total public financing announcements to over $10
billion [2].

This investment is fueling the growth of regional innovation “clusters” in places like Illinois, Maryland,
and Munich, which bring together academia, industry, and government to accelerate development [2]. The
quantum computing market, while still nascent with revenues projected to surpass $1 billion in 2025, is
expected to grow exponentially, potentially reaching $72 billion by 2035 [2]. This rapid growth and intense
international competition create a sense that the field is “turning an important corner,” moving beyond
fundamental research and toward the engineering of practical systems [3].

1.2.2 The Central Challenge
Despite the optimism and investment, a sober assessment reveals a single, monumental technical hurdle
that stands between the current state-of-the-art and the user’s vision of Quantum AI Superintelligence: the
problem of noise. Quantum bits, or qubits, are exquisitely sensitive to their environment. Unwanted inter-
actions with heat, vibration, or electromagnetic fields cause them to lose their delicate quantum properties
in a process called decoherence, leading to computational errors [4]. Noise is the “Achilles heel of every
quantum computer,” and correcting for it has been called the “defining challenge” for the entire field [5].

Consequently, the focus of the global quantum industry has pivoted decisively. The era of simply chasing
higher physical qubit counts is giving way to a more critical pursuit: improving qubit quality, stability, and
reliability [1]. The ultimate goal is to transition from today’s fragile “physical qubits” to robust “logical
qubits.” A logical qubit is an abstraction, composed of many physical qubits and a sophisticated layer of
Quantum Error Correction (QEC) code that actively detects and corrects errors without disturbing the under-
lying computation [2]. While researchers have successfully demonstrated single logical qubits, figuring out
how to connect multiple logical qubits into a coherent, functional processor is a multi-year challenge that
lies at the heart of the NIQIE’s mission [2]. The paramount importance of this task was underscored when
Physics World magazine named QEC its 2024 Breakthrough of the Year, recognizing the critical advance-
ments made by teams at Google, Harvard, Massachusetts Institute of Technology (MIT), and QuEra [3].

1.2.3 From Quantum Supremacy to Quantum Utility
The maturation of the field is also reflected in a crucial shift in strategic narrative. The initial milestone of
“quantum supremacy”—demonstrating that a quantum computer can solve a contrived, academically inter-
esting problem faster than any classical supercomputer—has been achieved [3]. However, this milestone,
while scientifically significant, holds little practical value. The focus of the industry, and therefore the focus
of the NIQIE, must be on achieving “quantum advantage” or “quantum utility” [6]. This is the pragmatic
goal of demonstrating that a quantum computer can provide a measurable, practical benefit—in speed, cost,
or quality of solution—for a specific, real-world problem of commercial or governmental interest [7].

This shift from supremacy to utility is essential for driving adoption and realizing the economic and security
benefits of quantum technology. It aligns perfectly with the NIQIE’s application-focused mandate. The
primary obstacle to achieving the user’s vision is not a lack of promising algorithms or high-value applica-
tions; it is the lack of reliable, error-corrected quantum hardware on which to run them. Research across
all priority application domains—from healthcare to finance to logistics—consistently concludes that prac-
tical implementation is constrained by the limitations of current Noisy Intermediate-Scale Quantum (NISQ)
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hardware [8]. Therefore, the most direct and impactful path to enabling the user’s desired applications is
to solve the hardware reliability problem. This establishes QEC not as one research area among many, but
as the foundational enabler for the entire roadmap. A breakthrough in QEC will have a cascading, positive
effect on every other part of this development plan, justifying a significant, front-loaded allocation of the
Hub’s resources to the pursuit of fault tolerance.[9], [10]

Section 1.3: Rapid-Innovation Doctrine
The NIQIE adopts the Rapid Autonomous Micro-Teams (RAMT) Framework—a Skunk-works-inspired,
DARPA-aligned approach to accelerating breakthrough R&D [11]–[14]. This framework, validated across
defense and commercial sectors, directly supports the ambitious timeline and technical complexity inherent
in quantum-computing advancement.

1.3.1 Rapid Autonomous Micro-Teams (RAMT) Framework

Grounded in lessons from Skunk Works [11], DARPA program offices [12], the Amazon two-pizza concept
[13], and GE’s FastWorks methodology [14], the RAMT Framework rests on three principles:

1. Autonomous Micro-Team Excellence: Form project pods of no more than twelve cross-
functional experts, each with full end-to-end ownership of a clearly defined milestone.

2. Resource Sovereignty: Provide every pod with ring-fenced budgets and on-prem toolchains,
enabling just-in-time procurement and eliminating external dependencies.

3. Streamlined Governance: Protect sprint cycles from outside interference; enforce ac-
countability through milestone-based, after-action reviews rather than continuous over-
sight.

1.3.2 Implementation in Phase-1 (2025-2027)

The RAMT Framework will be immediately operationalized through the establishment of three parallel
Logical-Qubit Task Forces, as detailed in Section 2.2.4. Each task force will be structured as an indepen-
dent micro-team, focusing on distinct but complementary approaches to achieving fault-tolerant quantum
computation:

• Superconducting-QEC Task Force: Focused on advancing error-corrected logical qubits in su-
perconducting quantum circuits

• Trapped-Ion-Scaling Task Force: Dedicated to scaling trapped-ion quantum systems while main-
taining high-fidelity operations

• Hybrid-Compiler-AI Task Force: Developing integrated software solutions that bridge quantum
and classical systems

These task forces will operate under the full RAMT Framework, with dedicated facilities, sovereign bud-
gets, and streamlined reporting structures. Their progress will be measured against clear, capability-driven
milestones that align with the broader 2028–2032 roadmap presented in Table 1.1.
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1.3.3 Alignment with NIQIE Objectives

The adoption of the RAMT Framework directly supports the NIQIE’s mandate for “parallel, capability-
driven development.” By enabling multiple approaches to proceed simultaneously with minimal overhead,
the model maximizes the probability of breakthrough achievements within the aggressive timeline. The
micro-team structure ensures that expertise is concentrated where it can have the most impact, while the
sovereign resource model eliminates bureaucratic bottlenecks that could impede progress.

This doctrine represents a deliberate departure from traditional research management approaches, acknowl-
edging that the race for quantum supremacy requires both technical excellence and organizational inno-
vation. The model’s emphasis on rapid iteration and focused execution aligns perfectly with the NIQIE’s
mission to establish and maintain U.S. leadership in quantum technology.
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Part 2: The Hardware Foundation: A Multi-
Modal, Parallel Approach

Section 2.1: A Portfolio of Competing and Complementary Quantum Modal-
ities

2.1.1 The Strategic Imperative for a Multi-Modal Portfolio

As of 2025, there is no consensus on which physical implementation of a qubit will ultimately prove superior
for building a large-scale, fault-tolerant quantum computer. The “battle among qubit modalities remains
far from over” [3]. Different approaches—superconducting circuits, trapped ions, photons, and neutral
atoms—each present a unique profile of strengths, weaknesses, and developmental maturity [15]. To pick a
single winner at this early stage would be a strategic error, risking the entire national initiative on a single
technological bet.

Therefore, the NIQIE will adopt a multi-modal portfolio strategy. By investing in and fostering parallel
development across the most promising hardware platforms, the Hub will hedge against technological risk,
create a competitive environment that spurs innovation, and ensure that the United States remains at the
forefront of all viable paths to quantum advantage. The Hub’s role is not to pre-select a winning technology,
but to create the unified, integrated platform where these competing and complementary technologies can be
rigorously benchmarked, developed, and scaled. The following sections provide a comparative assessment
of the leading modalities that will form the initial NIQIE hardware portfolio.

2.1.2 Superconducting Qubits

Superconducting qubits are a leading modality, representing the approach taken by industry giants like IBM
and Google, as well as focused players like Rigetti [16]. These systems are built using established semi-
conductor fabrication techniques, creating microscopic circuits of superconducting metals like aluminum or
niobium on silicon wafers. [17] When cooled to cryogenic temperatures—colder than outer space, typically
around 15 millikelvin—these circuits exhibit quantum properties and can be used as qubits [18].

Their primary advantage lies in their speed; gate operations can be performed in nanoseconds, significantly
faster than some other modalities [17]. This speed is crucial for running complex algorithms before de-
coherence destroys the quantum state. As of 2025, superconducting systems lead in raw physical qubit
counts, with IBM demonstrating a system connecting three chips to achieve over 4,000 qubits and outlining
a roadmap toward 16,632-qubit systems [16].
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The main challenge for this modality is its high susceptibility to environmental noise, which leads to rela-
tively low qubit fidelity and short coherence times. Consequently, the research focus for superconducting
platforms is intensely centered on QEC. Google’s “Willow” processor represents a significant achievement
in this area [3]. Concurrently, researchers are tackling the noise problem at its source through materials
science innovations. This includes novel fabrication techniques to physically lift components off the silicon
substrate to reduce noise [6] and the development of new circuit components like the “quarton coupler” at
MIT to enable faster, more robust operations [18].

2.1.3 Trapped-Ion Qubits

Trapped-ion quantum computers, championed by companies like Quantinuum and IonQ, take a fundamen-
tally different approach. Instead of fabricating artificial qubits, they use nature’s own qubits: individual
charged atoms (ions) [19]. These ions are suspended in a vacuum using electromagnetic fields and are
precisely manipulated with lasers to perform computations [20].

The defining strength of trapped-ion systems is their exceptional qubit quality. Because each qubit is a nearly
perfect, identical atom, they boast the highest fidelities and longest coherence times of any major modal-
ity [21]. This inherent stability makes them a powerful platform for exploring complex quantum algorithms
and developing QEC protocols. Quantinuum, in collaboration with Microsoft, has already demonstrated a
system of 12 logical qubits with ”three 9’s” (99.9%) fidelity [21].

Historically, the primary challenges for trapped ions have been slower gate speeds compared to supercon-
ducting systems and the complexity of scaling the intricate laser control systems required for large numbers
of qubits. However, significant progress is being made on the scalability front. Innovations in ion trap
architecture, such as the “enchilada trap” developed at Sandia National Laboratories, are designed to store
and control up to 200 ions on a single chip [20]. Furthermore, new techniques for performing parallel
gate operations and generating large-scale entanglement are accelerating the path to larger, more powerful
processors [22].

2.1.4 Photonic Qubits

Photonic quantum computing, pursued by firms like PsiQuantum and Xanadu, uses particles of light—photons—as
its qubits [3]. This approach has the tantalizing potential to sidestep two of the biggest challenges facing
other modalities: the need for extreme cryogenic cooling and complex fabrication. Because photons are
less susceptible to decoherence and can travel at room temperature, photonic quantum computers could
potentially operate without massive dilution refrigerators.

A key advantage is their potential for manufacturability. Photonic chips can be built using standard silicon
CMOS fabrication processes, the same mature technology used to make classical computer chips [23]. This
opens a path to mass production and scalability. A major 2025 breakthrough from a Northwestern-led team
demonstrated the first-ever monolithic integration of quantum light sources and classical electronic control
circuits on a single, commercially fabricated silicon chip—a critical step toward this vision [23].

The primary challenges for photonics are fundamental to the nature of light. Photons are difficult to “hold”
in one place, and they do not naturally interact with each other, which makes creating two-qubit gates—a
necessity for universal computation—very difficult. Overcoming these hurdles requires sophisticated tech-
niques for generating single photons with high efficiency and purity, a problem on which Chinese researchers
recently made a significant advance, and developing novel methods to mediate photon interactions [24].
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2.1.5 Neutral-Atom Qubits
A fourth major modality, which has seen rapid progress, uses neutral (uncharged) atoms as qubits. In these
systems, developed by companies like Pasqal and QuEra, individual atoms are precisely arranged in 2D or
3D grids using arrays of optical tweezers (highly focused laser beams) [25].

Neutral-atom platforms have emerged as a powerful middle ground, combining the high qubit quality of
atomic systems with impressive scalability. Researchers have demonstrated systems with hundreds of qubits
and have shown a clear path to scaling to thousands [25]. This scalability has made them a leading platform
for demonstrating advanced QEC protocols. In 2025, researchers from QuEra, Harvard, and MIT reported
the first-ever “magic state distillation” performed entirely on logical qubits [26]. This highly complex proto-
col is a crucial and non-trivial requirement for achieving universal fault-tolerant quantum computation, and
its demonstration on a neutral-atom platform signals the rapid maturation of this technology.

The primary challenges for neutral-atom systems are their relatively slow gate speeds and the difficulty
of preventing atom loss, where an atom can be inadvertently ejected from the optical trap during a com-
putation [5]. However, researchers are actively developing techniques to mitigate these issues, including
integrating atom loss detection directly into their error-correction schemes [25].

A consistent theme across the roadmaps of all leading hardware vendors is a strategic shift toward modular-
ity [16]. Companies like IBM, Rigetti, and IonQ are all designing their next-generation systems as modular
architectures, where multiple smaller, high-quality quantum processor chips are linked together to form a
larger, more powerful system. This approach is a pragmatic response to the immense difficulty of fabricating
a single, large, perfect monolithic quantum chip. It is more feasible to build and perfect smaller modules
and then develop the technology to connect them.

This industry-wide trend has a profound implication for the NIQIE’s architecture. The physical and logical
“interconnects” that link quantum modules become a critical enabling technology in their own right. The
research required to network QPUs together is deeply related to the research needed to connect QPUs to
classical HPC resources. Therefore, the NIQIE must prioritize the development and standardization of these
high-performance interconnect technologies, as they are the key to scaling all of the promising hardware
modalities.

Section 2.2: A Cross-Platform QEC Strategy
2.2.1 The Primacy of QEC
Achieving fault tolerance is not merely an incremental improvement; it is the gateway to practical quantum
computing. Without robust QEC, the errors inherent in any NISQ-era device will accumulate and overwhelm
any complex computation, rendering the results meaningless. Therefore, the single most important technical
objective for the NIQIE’s first phase of development (2025–2029) is to drive progress toward fault-tolerant
quantum systems. This effort will be organized as a dedicated, cross-platform research thrust, working in
close collaboration with all hardware partners.

2.2.2 A Multi-Pronged Research Approach
Recognizing that the optimal QEC strategy may be hardware-dependent, the NIQIE will not mandate a
single error-correcting code. Instead, it will fund and coordinate parallel research into the most promising
avenues, creating a portfolio of QEC solutions.
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Modality Operating
Principle

Key Vendors State-of-Art Key Advantages Primary Chal-
lenges

Superconducting Microscopic
circuits of su-
perconducting
metal on silicon,
cooled to ∼15
mK

IBM, Google,
Rigetti [5]

>4,000 physical
qubits; ∼99.9%
gate fidelity;
Nanosecond gate
speeds

Fast gate speeds;
Scalability via
established semi-
conductor fabri-
cation techniques

High susceptibil-
ity to noise (de-
coherence); De-
manding cryo-
genic cooling
requirements;
Fabrication com-
plexity

Trapped Ion Individual ions
trapped by elec-
tromagnetic
fields, manip-
ulated by lasers

Quantinuum,
IonQ

∼50–100 phys-
ical qubits;
>99.99% gate
fidelity; Long
coherence times;
Multi-logical-
qubit opera-
tions [5]

Highest qubit
fidelity and co-
herence; High
connectivity;
Natural qubit
uniformity

Slower gate
speeds (mi-
croseconds);
Complex laser
control systems

Photonic Individual pho-
tons used as
qubits, manipu-
lated via optical
components

PsiQuantum,
Xanadu

Integrated
electronic-
photonic chips;
High-efficiency
single-photon
sources

Room-
temperature op-
eration; CMOS
scalability; Low
decoherence

Photon loss;
Hard to cre-
ate determin-
istic two-qubit
gates; Demands
high-efficiency
sources/detectors

Neutral Atom Individual neu-
tral atoms held
by optical tweez-
ers, manipulated
by lasers

Pasqal, QuEra,
Atom Comput-
ing

>400 physical
qubits; Repeated
QEC rounds;
Magic state dis-
tillation on logi-
cal qubits

Excellent scal-
ability; Flexible
2D/3D arrange-
ments; High-
quality atomic
qubits

Slower gate
speeds; Man-
aging atom loss;
Laser system
complexity

Table 2.1: Comparative Analysis of Quantum Hardware Modalities (2025)

©I/ONX HPC 2025. Proprietary and Confidential. Do not distribute without written permission. Page | 9



• Surface Codes: This is the most mature and widely studied family of QEC codes, particularly
for 2D architectures like superconducting qubits [3]. Research will focus on developing more
resource-efficient variations of the surface code and, critically, on accelerating the performance of
the classical decoding algorithms required to interpret the error syndromes [3].

• Alternative Codes: The Hub will also invest in promising alternatives that may offer lower qubit
overhead or better performance for specific error models. This includes exploring codes like Cat
Qubits and Low-Density Parity-Check (quantum low-density parity check (qLDPC)) codes, which
are an active area of research.

• Hardware-Tailored QEC: A key research direction will be the co-design of QEC codes and
hardware. This involves developing codes that are specifically adapted to the dominant error types
of a given modality. For instance, neutral-atom systems suffer from atom loss, a type of ”erasure”
error that is easier to correct than a random flip. QEC protocols for these systems can be designed
to leverage this knowledge, as has been demonstrated in recent experiments.

In parallel with code development, the NIQIE will fund research into automated QEC software frameworks
that can adaptively select and deploy the most effective QEC strategy for a given hardware platform, appli-
cation, and environmental condition.

2.2.3 The Critical Role of the Classical Co-Processor

It is a common misconception that QEC is a purely quantum process. In reality, it is a deeply hybrid
task. The quantum processor’s job is to perform repeated, simple measurements (called stabilizer checks)
to detect that an error has occurred. This measurement result is then passed to a classical computer, which
runs a complex ”decoder” algorithm to infer the most likely error and determine the appropriate correction
to apply [3].

The speed of this classical decoding loop is a major performance bottleneck. For QEC to be effective, the
entire detect-decode-correct cycle must be completed much faster than the rate at which new errors occur.
Google’s current classical decoder, for example, takes about 63 microseconds for the computation, plus
transmission time [3]. While impressive, this will need to improve significantly as systems scale. Therefore,
a major R&D focus for the NIQIE will be the development of low-latency classical decoding hardware. This
will involve moving beyond standard Central Processing Unit (CPU)s to specialized hardware like Field-
Programmable Gate Array (FPGA)s, a strategy already being pioneered by companies like Riverlane and
Rigetti, and eventually to custom Application-Specific Integrated Circuit (ASIC)s that are co-located with
the Quantum Processing Unit (QPU) to minimize communication delays [3]. The Hub will also explore
the use of AI and Machine Learning (ML) to train more efficient decoders, while carefully addressing the
challenge of scaling the training cost for these AI models.

2.2.4 The Logical Qubit Task Force

To execute this critical mission, the NIQIE will establish a dedicated Logical Qubit Task Force. This orga-
nizational structure will embed cross-functional teams directly with each hardware partner. Each team will
consist of quantum algorithm experts, QEC theorists, and, crucially, classical hardware engineers special-
izing in FPGAs and AI accelerators. Their joint, measurable objective will be to produce and benchmark
a single, high-fidelity logical qubit on their assigned hardware platform, with aggressive annual targets for
improving logical error rates and reducing cycle times.
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This structure directly addresses a fundamental connection between error correction and verification. The
field of verifiable quantum computation explores how a client with limited quantum capabilities can check
the work of a powerful but untrusted quantum server [27]. Many verification protocols work by having the
client embed secret “trap” qubits into the computation. If the server deviates from the correct procedure,
it is likely to trigger a trap, which the client can detect. The stabilizer measurements at the heart of QEC
are, in essence, a form of this verification. Each stabilizer check is a test that the quantum state has not
been corrupted by an error. This means that a fault-tolerant quantum computer is, by its very nature, a
verifiable quantum computer. The same physical operations that ensure the correctness of the computation
also provide an intrinsic mechanism for validating it. This is a powerful synergy that the NIQIE will exploit.
The output of the QEC layer will serve as a primary source of data for the VV&B Directorate (Section 5.3),
directly informing the validation of both the hardware and the software stack, a key requirement for the 2031
deliverable [28].
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Part 3: Software, Data, and Systems Integra-
tion

Section 3.1: The Hybrid Quantum-Classical Architecture
3.1.1 The Inevitability of Hybrid Systems
For the foreseeable future, spanning the entire 2028–2032 timeline and beyond, quantum computers will
not operate as standalone devices. The limitations of NISQ-era and early fault-tolerant hardware—in terms
of qubit count, coherence, and the range of natively supported operations—mean they are best suited as
specialized co-processors or accelerators within a larger, classical High-Performance Computing (HPC)
framework [29], [30]. This Hybrid Quantum-Classical Computing (HQCC) model is the only practical path
to achieving quantum utility in the near term [31].

The core architecture of the NIQIE will therefore be a “quantum-centric supercomputer,” a term that reflects
the deep integration of QPUs alongside traditional CPUs and Graphics Processing Unit (GPU)s [32]. This
heterogeneous architecture allows a computational problem to be decomposed, with the parts best suited for
classical processing run on CPUs/GPUs and the computationally hard kernels—where quantum mechanics
offers an advantage—offloaded to a QPU [33], [34].

3.1.2 Integration Models: From Loose to Tight Coupling
The physical and logical integration of quantum and classical resources is not a monolithic choice. Different
applications have different latency and bandwidth requirements. The NIQIE will therefore develop and sup-
port a spectrum of integration models, allowing the architecture to evolve with the maturity of the hardware
and the demands of the algorithms [35], [36].

Loose Integration (Phase 1: 2028–2029): In this initial model, the QPUs are connected to the classical
HPC resources over a standard network, similar to today’s commercial cloud quantum services. The HPC
system submits a quantum job, waits for it to execute on a remote QPU, and retrieves the results. This ap-
proach is suitable for initial algorithm development, batch processing, and applications that are not sensitive
to communication latency.

Tight Integration (Phase 2: 2029–2031): This model involves the physical co-location of QPUs within the
same data center as the HPC clusters, connected by high-speed, low-latency interconnects. This is a critical
step, as many of the most promising near-term quantum algorithms are variational and iterative in nature.
Algorithms like the Variational Quantum Eigensolver (VQE) and the Quantum Approximate Optimization
Algorithm (QAOA) operate in a tight feedback loop where the QPU and a classical optimizer exchange
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information hundreds or thousands of times. The high latency of a loosely coupled network would render
this process prohibitively slow, negating any potential quantum advantage. Mitigating this latency bottleneck
is therefore essential for demonstrating quantum utility [37].

On-Node Integration (Phase 3: 2032+): The ultimate goal is to integrate the QPU and its control elec-
tronics directly onto an HPC node, perhaps as an accelerator card analogous to a GPU. This would provide
the lowest possible latency and highest bandwidth, but it represents a formidable engineering challenge,
requiring significant advances in the miniaturization of quantum hardware and cryogenic systems.

3.1.3 The Orchestration Engine: The Brain of the System
The heart of the NIQIE’s software stack will be a sophisticated, AI-driven workflow orchestration engine.
This software layer acts as the “brain” of the hybrid system, responsible for managing the immense com-
plexity of the heterogeneous environment. Its key functions will include [29]:

• Problem Decomposition: The orchestrator will analyze a user’s computational problem and, us-
ing heuristic and ML models, automatically partition it into classical and quantum subroutines.

• Resource Allocation and Scheduling: It will maintain a real-time model of the state and perfor-
mance of all available resources—every CPU, GPU, and QPU of every modality. Based on this
model, it will intelligently schedule and assign subroutines to the optimal processor to maximize
performance and throughput.

• Workflow Management: It will manage the complex directed acyclic graph (DAG) of depen-
dencies between tasks, ensuring that data is moved to the right place at the right time and that
subsequent tasks are triggered upon the completion of their prerequisites.

This orchestration layer is what makes the NIQIE’s diverse hardware portfolio a cohesive, usable system
rather than a collection of disconnected experiments. Its development is a primary objective of the software
directorate.

Section 3.2: A Common Development Environment
3.2.1 A Layered SDK Strategy
To serve a diverse user base ranging from quantum algorithm experts to application domain specialists,
the NIQIE must provide a development environment that balances high-level accessibility with low-level
performance. A rigid, one-size-fits-all approach would fail. The Hub will therefore develop and support a
two-level Software Development Kit (SDK) strategy.

• Level 1: The National Quantum Software Development Kit (NQ-SDK): This will be a high-
level, open-source SDK, likely based in Python, designed to be the primary interface for appli-
cation developers [38]. Its core principle is hardware abstraction: a developer should be able to
write their hybrid algorithm once using the NQ-SDK and have the orchestration engine execute
it on the most appropriate available hardware without code changes. To accelerate adoption and
leverage the vast existing ecosystem, the NQ-SDK will be designed for seamless interoperability
with popular open-source frameworks like IBM’s Qiskit and Xanadu’s PennyLane [39].

• Level 2: Vendor-Specific Backends: While abstraction is crucial for usability, it can sometimes
hide performance-critical hardware features. To allow for maximum innovation and optimization,
each hardware partner will provide a low-level, high-performance software backend for their spe-
cific QPU [17]. This allows expert users to bypass the high-level SDK and write code that directly
targets the unique capabilities of a particular machine, squeezing out every ounce of performance.
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3.2.2 The Compiler and Transpiler Core

The bridge between these two SDK levels is the compiler and transpiler team. This group of specialists is
responsible for one of the most complex tasks in the software stack: taking a quantum circuit defined at the
high, abstract level of the NQ-SDK and translating (“transpiling”) it into the specific sequence of native
hardware operations required by a particular QPU. A good transpiler can dramatically reduce the number of
gates and the overall depth of a circuit, which directly translates to a lower error rate and a higher chance
of success on noisy hardware. This team will develop a suite of sophisticated, hardware-aware transpilation
passes and will heavily invest in the use of AI and ML to discover novel optimization strategies, a technique
pioneered by Qiskit [39].

3.2.3 The Hybrid Data Management Pipeline

A robust, secure, and performant data management architecture is a non-negotiable foundation for the entire
NIQIE. The volume and complexity of data flowing through the hybrid system will be immense. The plan
will adopt a modern, microservices-based Hybrid Data Management Architecture (HDMA) to manage this
flow [40]. This architecture is not merely a supporting utility; it is an active and critical component of the
computational process itself.

The “data loading problem” is a fundamental challenge in quantum computing [41]. Unlike classical com-
puters, QPUs cannot directly access data stored in a conventional database. Classical data must be explicitly
encoded into the quantum state of the qubits, for example, by mapping data values to the amplitudes or ro-
tation angles of the qubits [36]. This encoding process is a computational algorithm in its own right, and its
efficiency can be a dominant factor in the overall performance of a quantum application. Many theoretical
claims of quantum speedup rely on the assumption of a “quantum RAM” (qRAM) that can perform this
encoding for free, but such a device does not exist at scale [42].

Therefore, the NIQIE’s data pipeline is an active area of research, not just an IT infrastructure project. The
HDMA will consist of several key services:

• Data Ingestion & Pre-processing: Services that connect to external data sources (e.g., finan-
cial market data feeds, national security databases), ingest the data, and perform classical pre-
processing and cleaning.

• Quantum Data Encoding: A dedicated service that implements a library of different encoding
algorithms (e.g., amplitude encoding, basis encoding). The orchestration engine will select the
most efficient encoding scheme for a given problem and dataset. This service is a key R&D focus.

Section 3.3: Quantum Networking for a Distributed Ecosystem
To realize the vision of a national, interconnected quantum ecosystem, the NIQIE will pursue a dual-track
networking strategy. These two tracks address distinct but complementary goals: one focused on securing
communications in the near term, and the other focused on enabling distributed quantum computation in the
long term.

©I/ONX HPC 2025. Proprietary and Confidential. Do not distribute without written permission. Page | 14



3.3.1 Track A: Quantum-Secured Communications (Near-Term Focus)

The immediate priority is to ensure the security of the NIQIE’s own data and to develop quantum-resilient
communication technologies for the “Commercial Infrastructure Encryption” and “Defense” application
thrusts. The approach will be a pragmatic, defense-in-depth strategy that combines the two leading methods
for quantum-safe security:

• Post-Quantum Cryptography (PQC): The NIQIE will immediately begin migrating all of its
classical network infrastructure and software systems to use the new cryptographic algorithms
standardized by National Institute of Standards and Technology (NIST), such as ML-KEM for key
encapsulation and ML-DSA for digital signatures. These software-based algorithms are designed
to be resistant to attack by both classical and quantum computers and represent the foundational
baseline for security across the entire enterprise. This migration addresses the urgent threat of
“Harvest Now, Decrypt Later (HNDL)” attacks, where adversaries collect today’s encrypted data
with the intent of breaking it with a future quantum computer [43].

• Quantum Key Distribution (QKD): In parallel, the NIQIE will establish a QKD network for
its most sensitive, high-value data links, such as those connecting the Hub to key government
partners. QKD is a hardware-based approach that uses the principles of quantum mechanics to
distribute secret keys for encryption, with the unique property that any attempt to eavesdrop on the
key exchange can be detected. [44]

This dual approach serves a critical strategic purpose. The U.S. National Security Agency (NSA) has pub-
licly stated that it views PQC as the more cost-effective and easily maintained solution for National Security
Systems, and it does not recommend QKD due to significant practical limitations, including high cost, hard-
ware dependency, the security risks of “trusted nodes,” and vulnerability to denial-of-service attacks [45].
Conversely, some experts and commercial vendors advocate for a hybrid approach, using QKD to provide
an additional layer of physical security for the most critical data channels.[46] Currently, this is a policy
debate based on limited operational data. By deploying and operating its own QKD network, the NQIC will
generate the large-scale, real-world performance and security data needed to provide the U.S. government
with a definitive, evidence-based assessment of QKD’s practical utility. This transforms the NQIC’s network
from a simple utility into a national-level research experiment to inform critical cybersecurity policy.

3.3.2 Track B: Entanglement-Based Networking (Long-Term Focus)

The ultimate vision for quantum networking is not just to transmit classical keys, but to transmit quantum
states themselves. This would enable the scaling of computational power far beyond what is possible with
a single QPU by linking multiple quantum computers together into a distributed quantum processor [47].
This is a long-term, high-risk, high-payoff endeavor that requires fundamental breakthroughs in physics and
engineering.

The NIQIE’s R&D in this area will focus on the foundational layers of the quantum network stack [48].
The primary challenge is the distribution of high-fidelity quantum entanglement over long distances. En-
tanglement is the fragile quantum resource that connects distributed QPUs. The key research areas will
be:

• Entanglement Distribution and Swapping: Developing robust protocols to generate entangled
photon pairs and distribute them over optical fiber, and to perform “entanglement swapping” to
create entanglement between nodes that are not directly connected [49].
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• Quantum Repeaters: For any distance beyond a few tens of kilometers, photon loss in opti-
cal fiber makes direct transmission impossible. Quantum repeaters are complex devices that are
needed to extend entanglement over longer distances, but they are still in the early stages of re-
search. The development of a functional quantum repeater is the single greatest obstacle to build-
ing a true quantum internet and will be a major research initiative at the NIQIE [50].

• Network Protocols and Simulation: Developing and standardizing the higher-level protocols for
routing, error correction, and managing entanglement in a multi-node network [51]. This work
will be heavily supported by advanced simulation tools that can model and validate large-scale
network architectures before they are physically built [52].
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Part 4: Application-Driven Research & De-
velopment Thrusts

The ultimate measure of the NIQIE’s success will be its ability to deliver practical quantum advantage
on problems of national significance. To ensure a tight coupling between technology development and
real-world needs, the Hub’s work will be organized into application-driven R&D thrusts, each focused
on one of the priority sectors identified in the founding mandate.1 Each thrust will be led by a domain
expert and staffed with a cross-functional team of application specialists, algorithm researchers, and software
engineers. These teams will leverage the common hardware and software platforms developed in Parts II and
III to achieve their specific missions. The following table outlines the initial plan for connecting high-level
applications to specific quantum algorithmic approaches.

Table 4.1: Application-Specific Algorithm Development Plan

App. Sector Problem Quantum Algo-
rithms

Data Requirements Partners Target

Logistics Opt. Defense Combinatorial
Opt.

QAOA, Quantum
Annealing, Hybrid
Solvers

Real-time geospatial
data, asset status,
threat assessments

DARPA,
L3Harris,
Army

10% routing
efficiency
gain by 2029

Portfolio Opt. Financial Quadratic
Opt.

QAOA, VQE, De-
composition

Asset prices, corre-
lation matrices, risk
constraints

JPMorgan,
Goldman,
BBVA

Classical-
beating
1000-asset
portfolio by
2030

Drug Screen-
ing

Medical Molecular
Simulation

VQE, QPE, Hybrid
AI

Molecular structures,
protein targets, bind-
ing data

Insilico,
Pharma,
NIH

Novel KRAS
compound by
2031

Grid Opt. Energy Dynamic Opt. QAOA, HHL Grid topology, load
data, renewable fore-
casts

DOE,
ORNL,
Siemens

50% renew-
able dispatch
by 2030

AI Security Cross-
Cut

Cryptanalysis Shor, QML, Grover Model params, net-
work logs, binaries

CISA,
NIST, In-
dustry

Quantum-
enhanced IDS
by 2029

Supply Chain CommercialAuthentication PQC, Quantum
PUFs

Product manifests,
shipping logs

Moody’s,
Logistics

Quantum ID
pilot by 2030
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Section 4.1: Application Thrusts: The Five-Pillar Strategy
4.1.1 Strategic Framework Overview

The NIQIE’s application strategy is built upon five foundational pillars, each representing a critical domain
where quantum computing will deliver transformative capabilities for the United States:

1. Defense (”Golden Dome”): Securing military and intelligence superiority through quantum-
enhanced capabilities in logistics, sensing, and strategic planning.

2. Financial Markets: Establishing U.S. leadership in quantum-enhanced financial tech-
nology, from portfolio optimization to risk analysis.

3. Medical Innovation: Accelerating drug discovery and enabling personalized medicine
through quantum simulation and AI.

4. Energy Resilience: Revolutionizing grid management and enabling the transition to
renewable energy through quantum optimization.

5. Critical Infrastructure: Protecting national digital assets and developing quantum-
enhanced cybersecurity capabilities.

These pillars form an integrated framework, with each subsequent section detailing how the NIQIE will
deliver concrete advances in these critical domains. The following sections outline specific research thrusts
aligned with each pillar, demonstrating how quantum capabilities will be systematically developed and
deployed to achieve strategic objectives.

Section 4.2: Defense (”Golden Dome”) - Pillar One
4.2.1 Mission

This thrust fulfills Pillar One of the Five-Pillar mandate, focusing on developing and transitioning quantum-
enhanced capabilities that provide a decisive and enduring strategic advantage for the United States military
and intelligence community.

4.2.2 Key Research Areas

• Logistics and Supply Chain Optimization: Military logistics is a combinatorial optimization
problem of immense scale and complexity. The Defense Thrust will use quantum optimization
algorithms like QAOA and quantum annealing to tackle these challenges. The goal is to move
beyond static, pre-planned logistics to a dynamic, resilient system that can re-optimize resource
allocation, vehicle routing, and supply distribution in real-time in response to changing battlefield
conditions, equipment status, and enemy actions [53]. This work will build on successful proofs-
of-concept, such as the collaboration between the Australian Army and Q-CTRL.[54]

• Quantum Sensing and ISR: While the NIQIE is a computing hub, the data from next-generation
quantum sensors will require quantum computers for optimal processing. The Hub will partner
with leading quantum sensing research programs, such as the NSF-funded Q-SEnSE institute,
to develop algorithms for analyzing data from quantum magnetometers, gravimeters, and atomic
clocks. Applications include ultra-precise navigation in GPS-denied environments and the detec-
tion of subterranean structures or vehicles [55].
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• Wargaming and Strategy Simulation: Modern wargaming involves modeling thousands of inter-
acting variables. Classical Monte Carlo simulations are forced to oversimplify these scenarios to
remain computationally tractable. Quantum algorithms, by exploring a vast space of possibilities
in parallel, can enable hyper-realistic simulations that capture complex, non-linear interactions,
such as cascading failures in logistics networks or the unpredictable effects of electronic warfare.
This will provide military planners with a far more powerful tool for developing and testing strate-
gies [53].

• Secure Communications: This area directly leverages the work of the Networking Directorate.
The Defense Thrust will serve as a primary customer and testbed for the deployment and validation
of PQC and QKD technologies in environments that replicate the demanding conditions of military
networks.

4.2.3 Key Partners
Collaboration will be essential. Key partners will include the Defense Advanced Research Projects Agency
(DARPA), particularly its Quantum Benchmarking Initiative (QBI) which is already evaluating quantum
systems for national security use [56]; the Intelligence Advanced Research Projects Activity (IARPA), which
has a long history of funding high-risk, high-payoff quantum research [57]; the National Security Agency
(NSA) as the authority on cryptographic standards [58]; and leading defense contractors like L3Harris and
Boeing who are already exploring quantum applications [59].

Section 4.3: Financial Sector Supremacy - Pillar Two
4.3.1 Mission
This thrust fulfills Pillar Two of the Five-Pillar mandate, tasked with developing quantum algorithms that
revolutionize computational finance, with the goal of providing U.S. financial institutions with an unparal-
leled competitive and strategic edge in global markets.

4.3.2 Key Research Areas
• Portfolio Optimization: At its core, constructing an optimal investment portfolio is an NP-hard

optimization problem, making it a natural target for quantum computers. The research will focus
on moving beyond simplified models to tackle large-scale, real-world portfolio optimization with
complex, non-linear constraints. The primary tools will be hybrid quantum-classical algorithms
like Variational Quantum Eigensolver (VQE) and Quantum Approximate Optimization Algorithm
(QAOA), which are well-suited for NISQ-era hardware [60]. A key technique will be the use of
decomposition methods, which break a large portfolio problem into smaller subproblems that can
be solved on current quantum hardware and then recombined—a strategy already being explored
by JPMorgan Chase and Amazon [61].

• Derivatives Pricing and Risk Analysis: The pricing of complex financial derivatives often relies
on Monte Carlo simulations, which are computationally expensive. The Quantum Amplitude Esti-
mation (QAE) algorithm offers a provable quadratic speedup over classical Monte Carlo methods.
This means a quantum computer could achieve the same pricing accuracy with far fewer simu-
lation runs, enabling faster and more accurate risk analysis for complex options and structured
products [62]. JPMorgan and IBM have already demonstrated a proof-of-concept for this applica-
tion [63].
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• Quantum Machine Learning for Market Analysis: The Financial Thrust will develop Quantum
Machine Learning (QML) algorithms to find patterns in vast financial datasets that are invisible to
classical ML models. Applications include more accurate credit scoring, early detection of market
anomalies and fraudulent activity, and improved forecasting of market trends [64].

4.3.3 Key Partners

This thrust will work in close partnership with the financial industry’s most advanced players, including
major investment banks like JPMorgan Chase and Goldman Sachs, who have established internal quan-
tum research teams [62], and innovative quantum finance startups. Collaboration with academic experts in
quantitative finance and Quantum Machine Learning (QML) will ensure the work remains at the cutting
edge.

Section 4.4: Revolutionizing Medicine and Drug Discovery - Pillar Three
4.4.1 Mission

This thrust fulfills Pillar Three of the Five-Pillar mandate, aiming to accelerate biomedical research, shorten
the timeline for developing new life-saving drugs, and enable a new era of personalized medicine through
the application of quantum simulation and quantum-enhanced AI.

4.4.2 Key Research Areas

• Drug Discovery and Molecular Simulation. This is widely considered a “killer application”
for quantum computing. The behavior of molecules is fundamentally quantum mechanical, and
accurately simulating their interactions is largely intractable for classical computers. The Medical
Thrust will use quantum algorithms like the Variational Quantum Eigensolver (VQE) and Quan-
tum Phase Estimation (QPE) to calculate molecular properties, such as ground-state energies and
binding affinities, with high precision [65]. This will allow pharmaceutical researchers to screen
potential drug candidates in silico with much greater accuracy, dramatically reducing the time and
cost of the pre-clinical discovery phase [66]. A key focus will be on hybrid quantum-AI models,
which have already shown promise in identifying novel compounds for notoriously difficult cancer
targets like KRAS [67].

• Personalized Medicine. The future of medicine is personalized, with treatments tailored to an
individual’s unique genetic and biological makeup. Quantum machine learning (QML) algorithms
are uniquely suited to this task, as they can process the high-dimensional, multi-omics datasets
(genomics, proteomics, metabolomics, etc.) that define a patient’s biological state [68]. The goal
is to develop quantum-enhanced models that can more accurately predict a patient’s response to
a particular drug or therapy, enabling truly personalized treatment strategies for complex diseases
like cancer [69].

• Optimizing Clinical Trials. The process of running clinical trials is another complex optimization
problem. Quantum algorithms can be used to improve trial design by optimizing patient selection
criteria, finding optimal treatment sequences, and enabling more sophisticated adaptive trial de-
signs. This can lead to safer, more effective trials that reach conclusions faster, accelerating the
delivery of new treatments to patients [68].
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4.4.3 Key Partners

This thrust will establish a deep collaborative network with leading pharmaceutical companies, innovative
biotech startups like Insilico Medicine and Model Medicines [67], major academic medical centers, and gov-
ernment health agencies like the National Institutes of Health (NIH) and the Food and Drug Administration
(FDA).

Section 4.5: Energy Grid Resilience and Autonomy - Pillar Four
4.5.1 Mission

This thrust fulfills Pillar Four of the Five-Pillar mandate, dedicated to developing quantum-based computa-
tional tools to optimize the operation, enhance the resilience, and ensure the security of the national energy
grid.

4.5.2 Key Research Areas

• Grid Optimization: The modern energy grid, with its increasing number of distributed energy
resources (DERs) like solar panels and electric vehicles, is a highly complex, dynamic system.
Optimizing power flow to balance supply and demand while minimizing losses is a formidable
computational challenge. The Energy Thrust will apply quantum optimization algorithms like
QAOA to solve these problems in real-time, enabling more efficient and stable grid management
than is possible with classical solvers [70], [71].

• Renewable Energy Forecasting: The intermittency of wind and solar power is a major challenge
for grid stability. Quantum-enhanced machine learning models will be developed to create more
accurate and faster forecasts of renewable energy generation. These models will be capable of
integrating vast and diverse datasets—from satellite weather imagery to local sensor data and
historical trends—at a scale unattainable by classical systems [70].

• Grid Resilience and Security: A resilient grid must be able to withstand unexpected events,
from component failures to malicious cyber-attacks. The thrust will use quantum computers to
rapidly simulate a wide range of contingency scenarios to identify hidden vulnerabilities in the grid
topology. This includes applying quantum linear systems algorithms (such as HHL) to perform
the rapid power flow calculations needed for real-time security analysis [72], [73].

• Energy Storage and Materials Science: Grid-scale energy storage is the key to unlocking the
full potential of renewables. The Energy Thrust will partner with materials scientists to use quan-
tum simulation algorithms (VQE) to accelerate the discovery of new materials for more efficient
batteries, catalysts for hydrogen production, and other critical energy technologies [74], [75].

4.5.3 Key Partners

This thrust will work closely with the Department of Energy (DOE) and its national laboratories, such as
Oak Ridge National Laboratory (ORNL), which are already investigating quantum applications for the grid
[76]. Partnerships with major utility companies (e.g., EDF, Iberdrola) and energy technology leaders (e.g.,
Siemens, Honeywell) will be crucial for accessing real-world data and transitioning solutions to practice
[77].
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Section 4.6: AI Models and Critical Infrastructure - Pillar Five
4.6.1 Mission
This thrust fulfills Pillar Five of the Five-Pillar mandate, focusing on developing and proliferating quantum-
resilient cryptographic technologies while harnessing quantum-enhanced AI for next-generation cyber de-
fense capabilities.

4.6.2 Key Research Areas
• Post-Quantum Cryptography (PQC) for Critical Infrastructure: The most urgent task is to

address the threat that future quantum computers pose to currently deployed public-key cryptog-
raphy. The NIQIE will serve as a national center of excellence for the transition to the new PQC
standards finalized by NIST. It will provide expertise, testing, and validation services to govern-
ment agencies and critical infrastructure operators, accelerating the migration away from vulner-
able algorithms like RSA and ECC and mitigating the threat of “Harvest Now, Decrypt Later”
attacks.

• AI Model Security: The convergence of AI and quantum computing creates new, complex secu-
rity challenges. This research area has two sides:
– Defense: Develop quantum-resistant security for AI itself. This includes using PQC to en-

crypt training datasets and protect the intellectual property of trained models. It also involves
exploring novel techniques like quantum-secure watermarking to prevent sophisticated model
extraction attacks, where an adversary steals a proprietary model by querying it [78].

– Threat Modeling: Proactively research how quantum computers could be used by adversaries
to enhance attacks on AI systems. This includes using quantum algorithms to more efficiently
generate adversarial examples (inputs designed to fool an AI model) or to conduct data poi-
soning attacks. By understanding these future threats, more robust defenses can be built today
[79].

• Quantum-Enhanced AI for Cyber Defense: This research area focuses on the offensive use of
quantum for defensive purposes. The computational power of quantum computers can be lever-
aged to accelerate the training of complex AI models for cybersecurity. Furthermore, QML algo-
rithms can be deployed to analyze massive volumes of network traffic and system logs in near-
real-time, identifying subtle patterns and anomalies indicative of sophisticated cyber-attacks that
might evade classical AI systems [80].

• Supply Chain Authentication and Integrity: Modern supply chains are vast digital and physical
networks vulnerable to disruption and counterfeiting. This thrust will develop quantum-secure
solutions to ensure supply chain integrity. This includes using PQC to secure logistics data and
digital signatures, as well as exploring novel hardware-based authentication technologies. One
promising avenue is the development of quantum-physical unclonable functions (PUFs), such as
the Q-ID® tags, which create a unique, unclonable atomic-level signature on a product that can be
authenticated with a standard smartphone [81].

4.6.3 Key Partners
This thrust requires broad collaboration with cybersecurity-focused government agencies like the Cyber-
security and Infrastructure Security Agency (CISA) and NIST, major cloud providers who operate critical
infrastructure, leading cybersecurity firms, and global logistics companies.
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Part 5: National Integration

Section 5.1: Physical Infrastructure
5.1.1 Unique Environmental Requirements
A national-scale quantum innovation hub cannot be housed in a conventional data center. Quantum comput-
ers are not simply more powerful servers; they are fundamentally different physical systems with extreme
environmental requirements that demand a purpose-built facility [82]. The design and construction of the
NIQIE’s physical plant is a critical-path item for the entire program. Key infrastructure requirements in-
clude:

• Cryogenic Cooling: The most common and powerful quantum modalities, particularly supercon-
ducting qubits, must operate at temperatures near absolute zero (around 15 millikelvin) to maintain
their quantum properties. This necessitates the installation of multiple large-scale dilution refriger-
ators, which are complex, multi-stage cooling systems. Each of these refrigerators is a significant
piece of industrial equipment that can consume up to 25 kW of continuous power, equivalent to
the consumption of ten average U.S. households [83].

• Electromagnetic Interference (EMI) Shielding: Qubits are the most sensitive sensors known to
science, and their delicate quantum states can be destroyed by stray electromagnetic fields from
sources as common as cell phones or Wi-Fi routers. The NIQIE facility will require specialized,
room-level shielding made of materials like mu-metal to create an electromagnetically “quiet”
environment for the QPUs to operate in [84].

• Vibration Isolation: Quantum computations can be disrupted by even microscopic physical vibra-
tions. The facility must be constructed on a stable geological foundation and incorporate advanced
vibration isolation systems, such as massive concrete plinths on pneumatic dampers, to protect the
quantum hardware [84].

5.1.2 The 2030 Mandate: A Self-Sustaining Energy Microgrid
The 2030 deliverable explicitly calls for the Quantum AI system to be “supported by a self-sustaining energy
grid”. This is not merely a sustainability goal; it is a core strategic and operational requirement. A facility
housing dozens of power-hungry cryogenic and classical HPC systems will place an enormous and constant
demand on the electrical grid. Relying on the public grid would expose this critical national asset to power
failures, brownouts, and capacity limitations[85].

Therefore, the NIQIE will be powered by a dedicated, on-site energy microgrid. This microgrid will be
designed for resilience and scalability, incorporating a mix of technologies[86]:
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• On-site Renewable Generation: A combination of solar arrays and potentially wind turbines to
provide primary carbon-free power.

• Battery Energy Storage Systems (BESS): Large-scale batteries to store excess renewable energy
and provide instantaneous power to smooth out fluctuations and ensure grid stability.

• Resilient Backup Power: Low-emission natural gas turbines or other dispatchable power sources
to ensure 100% uptime even during extended periods of low renewable generation.

This microgrid architecture creates a powerful, virtuous cycle. The immense computational power of the
NIQIE will be used to optimize the operation of its own energy systems. Research from Cornell University
has demonstrated that a quantum-based optimization framework can reduce data center energy consumption
by up to 12.5%[86]. The NIQIE will therefore serve as its own first customer, using its quantum computers
to develop and deploy advanced algorithms for energy forecasting and grid management. This provides an
immediate, high-value application for the Hub’s technology and serves as a powerful, real-world demon-
stration for the national energy sector.

5.1.3 Heterogeneous Design

The NIQIE data center will be a model of heterogeneous design. It will not be a monolithic “quantum
data center” but a facility with distinct zones architected for the different needs of quantum, classical HPC,
and AI workloads. This includes co-locating QPUs and HPC clusters to enable tight integration, designing
power distribution to handle racks ranging from 10 kW to over 50 kW for advanced AI hardware, and
implementing a mix of cooling solutions, from traditional air cooling to direct-to-chip liquid cooling for
classical systems and the specialized cryogenic infrastructure for quantum systems [87].

Section 5.2: Integrating Academia, Industry, and Government
The NIQIE will not attempt to centralize or monopolize the nation’s quantum talent, which is distributed
across universities, national laboratories, and private industry. Instead, the Hub will serve as the central node
in a national multi-hub ecosystem model, designed to leverage and amplify the strengths of the entire U.S.
quantum enterprise while ensuring operational resilience.

5.2.1 Multi-Hub, Compartmentalised Architecture

Disaggregated Hubs

The NIQIE infrastructure will be strategically distributed across multiple geographically discrete locations:

• Mid-Atlantic Hub: Primary research and development facility, leveraging proximity to key gov-
ernment stakeholders and the dense quantum talent corridor from Maryland to New York.

• Mountain West Hub: Secondary facility focused on energy-intensive computing operations, tak-
ing advantage of renewable energy resources and geological stability for sensitive quantum oper-
ations.

• Indo-Pacific Partner Hub: International collaboration facility, strengthening quantum alliances
while maintaining sovereign capability boundaries.

Each hub maintains independent:
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• Cryogenic infrastructure and supply chains

• Power generation and distribution systems

• Talent pipelines through regional academic partnerships

• Emergency backup facilities and redundant systems

Compartmentalised Spokes

The spoke architecture implements strict operational segregation:

• Defense Research Facilities:
– Air-gapped quantum computing environments for classified defense applications
– Dedicated secure facilities with independent physical and cyber security protocols
– Specialized quantum-safe cryptographic layers for inter-facility communication

• Financial Algorithm Development:
– Isolated ”clean-finance” development environments
– Regulatory-compliant infrastructure for financial algorithm testing
– Dedicated verification systems for quantum trading strategies

Active Risk-Mitigation Playbook

The NIQIE implements a comprehensive strategy to protect critical quantum capabilities and ensure
operational resilience:
Supply-Chain Interdiction & Export Control

• Coordinate with Bureau of Industry and Security (BIS) and DoD to monitor and control
critical quantum technology exports

• Establish secure supply chains for essential components (cryogenics, control electronics)

• Partner with allied nations to harmonize quantum technology control protocols
Counter-Intelligence & Cyber Deception

• Deploy honeypot datasets with embedded watermarks to trace unauthorized access

• Implement quantum-safe encryption for all critical communications

• Maintain active cyber-deception grids to mislead and identify potential threats
Rapid Recovery Capability

• Conduct quarterly fail-over exercises between geographic hubs

• Maintain ”three-day rebuild” capability for critical systems

• Regular testing of emergency protocols and backup systems

5.2.2 Key Academic Partners

Formal partnerships will be established with the nation’s leading university-based quantum research insti-
tutes. These institutions provide a deep well of fundamental science expertise and are the primary source of
the future quantum workforce. Initial partners will include, but are not limited to:

• University of Chicago and the Chicago Quantum Exchange (CQE) [88]
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• University of Maryland and the Quantum Materials Center (QMC) [89]

• Massachusetts Institute of Technology (MIT) and the Center for Quantum Engineering (CQE) [90]

• California Institute of Technology (Caltech) and the Institute for Quantum Information and Matter
(IQIM) [91]

• Stanford University and the Q-FARM Initiative [91]

• Yale University and the Yale Quantum Institute (YQI) [92]

• University of Michigan and the Quantum Research Institute (QRI) [93]

• Other institutions leading NSF Quantum Leap Challenge Institutes [94] and those highly ranked
in quantum research [95]

5.2.3 Key Government & Industry Partners

The NIQIE will be a public-private partnership, requiring deep integration with key stakeholders:

• Government: The Hub will work in close coordination with NIST to develop and adopt standards;
with DARPA and IARPA to transition high-risk research into practice; and with the NSF and DOE
to align with the broader National Quantum Initiative and the work of the national laboratories.

• Industry: Partnerships will span the entire technology stack, including the hardware vendors pro-
viding the QPUs (Part II), the major software and cloud providers (e.g., Microsoft, AWS, Google,
Nvidia) who are developing critical software and hybrid architectures, and the end-users in the
priority application sectors (Part IV).

5.2.4 Workforce Development

A core mission of this ecosystem approach is to cultivate the human capital required to win the quantum
race. The current talent pool is limited, creating a bottleneck for innovation. The NIQIE will address
this directly by co-sponsoring graduate fellowships, postdoctoral programs, summer schools, and internship
opportunities. These efforts will be conducted in close collaboration with its academic and industry partners,
ensuring a steady pipeline of well-trained quantum scientists and engineers.

Section 5.3: A Unified Benchmarking, Verification, and Validation Frame-
work

5.3.1 The Need for an Independent Arbiter

In a competitive, multi-vendor environment fueled by intense hype and massive investment, self-reported
performance metrics are insufficient and can be misleading. To ensure accountability, foster genuine progress,
and provide decision-makers with trusted data, the NIQIE will establish an independent Verification, Valida-
tion, and Benchmarking (VV&B) Directorate. This directorate will function as the objective, rigorous, and
trusted evaluation arm of the entire initiative, modeled on the successful Test & Evaluation (T&E) approach
of DARPA’s Quantum Benchmarking program [96].
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5.3.2 A Layered Benchmarking Strategy

There is no single number that can capture the performance of a quantum computer. A holistic assessment
requires a suite of different benchmarks that probe the system at different levels of the technology stack
[97]. The VV&B Directorate will implement a three-layered strategy:

• Layer 1: Component-Level Benchmarking
This involves characterizing the fundamental quality of the physical hardware. Protocols like
randomized benchmarking and tomography will be used to measure key physical parameters such
as single- and two-qubit gate fidelities, qubit coherence times (T1 and T2), and readout errors [98].

• Layer 2: System-Level (Volumetric) Benchmarking
This layer assesses the integrated performance of the entire QPU. It uses holistic benchmarks
like IBM’s Quantum Volume, which measures the largest ”square” quantum circuit a machine can
successfully run, or Google’s cross-entropy benchmarking. These metrics provide a single-number
score that captures the trade-off between qubit scale, quality, and connectivity [99].

• Layer 3: Application-Level Benchmarking
For the NIQIE’s mission, this is the most critical layer. The directorate will work with the Ap-
plication Thrusts (Part IV) to define a library of representative ”challenge problems” drawn from
the priority sectors—for example a standard portfolio optimization problem, a specific molecular
simulation, or a canonical logistics task. Performance on these application-centric benchmarks is
the ultimate measure of progress toward quantum utility [100].

5.3.3 Software and Algorithm Verification & Validation (V&V)

Testing and debugging quantum software presents unique challenges that go beyond classical software engi-
neering. The probabilistic nature of quantum mechanics means that a program can be correct even if it gives
a different answer every time it is run. Furthermore, the quantum state itself cannot be directly inspected
without destroying it, making debugging extremely difficult [101]. The V&V team will develop and deploy
a new generation of testing tools, including:

• Probabilistic and Statistical Testing Frameworks: To validate that the distribution of outputs
from a quantum program matches the theoretically expected distribution.

• Advanced Simulation: Using the Hub’s HPC resources to simulate quantum circuits and compare
their behavior to the real hardware, helping to distinguish between hardware errors and software
bugs.

• Formal Methods: Applying techniques from formal verification to mathematically prove the
correctness of certain properties of the hybrid quantum-classical code, especially at the critical
interfaces between the two domains [102].

• Intrinsic Hardware Validation: As discussed in Section 2.2.4, the V&V team will leverage the
outputs of the QEC layer as a powerful, built-in tool for validating the correct operation of the
underlying hardware gates.

The benchmarking process is not a passive, after-the-fact evaluation. It is an active and essential driver
of progress through hardware-software co-design. When the VV&B Directorate runs a benchmark, the
result depends on both the quality of the hardware and the sophistication of the compiler that translated the
benchmark for that hardware. A poor result could indicate a noisy qubit, but it could equally indicate a
sub-optimal compilation strategy. By providing detailed diagnostic data back to the hardware and software
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teams, the VV&B Directorate closes a tight feedback loop. This transforms benchmarking from a simple
“report card” into a powerful, iterative engineering tool that accelerates the development of both the quantum
processors and the software that controls them [103].
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Part 6: Strategic Recommendations and Im-
plementation Plan

Section 6.1: Phased Implementation, Governance, and Budgetary Consider-
ations

The development of the NIQIE will proceed through three overlapping and adaptive phases from 2025 to
2032. Each phase focuses on building cumulative capability and infrastructure toward achieving validated
quantum utility at scale.

6.1.1 Phased Implementation
Phase 1 (2025–2027): Foundation & Ecosystem Building. The immediate priorities are to establish the
NIQIE as a legal and operational entity, begin construction of the quantum-ready data center and microgrid,
and formalize partnerships with the initial cohort of industry, academic, and government stakeholders. Key
deliverables include:

• Establishing the NIQIE as a legal and operational entity

• Beginning construction of the quantum-ready data center and microgrid infrastructure

• Formalizing partnerships with initial industry, academic, and government stakeholders

• Standing up three RAMT Framework pods (Superconducting-QEC, Trapped-Ion-Scaling, Hybrid-
Compiler-AI) by Q3 2026

The primary technical focus will be on the foundational R&D thrusts: installing the first-generation QPUs,
launching the Logical Qubit Task Forces, and developing version 1.0 of the National Quantum SDK and
the Hybrid Data Management Architecture. Success in this phase is defined by demonstrating stable, high-
fidelity single logical qubits on multiple hardware platforms.

Phase 2 (2028–2030): Integration & Scaling. This phase is focused on systems integration and achieving
the 2028–2030 deliverables. The technical emphasis shifts to scaling, including the deployment of next-
generation hardware, the demonstration of multi-logical-qubit operations, and the integration of the full
software stack with the operational microgrid. The application thrusts will move from simulation to running
on real hardware in secure, sandboxed environments, with the goal of demonstrating early, measurable
results on high-value problems.

Phase 3 (2031–2032): Operationalization & Advantage. In the final phase of this initial plan, the focus
shifts to achieving the 2031–2032 deliverables and transitioning the NIQIE into a fully operational national

29



resource. The primary objective is to demonstrate validated quantum utility on key applications, where the
quantum-hybrid approach provides a clear advantage over the best available classical methods. The software
and networking infrastructure must be mature enough to onboard strategic international partners and support
production-level workloads from government and commercial users.

6.1.2 Governance Model
To ensure agility, accountability, and alignment with national priorities, the NIQIE will be established as
a public-private partnership. It will be managed by a dedicated non-profit entity or a Federally Funded
Research and Development Center (FFRDC). Its governance will be overseen by a Board of Directors com-
prising senior representatives from the key funding government agencies (e.g., Department of Defense,
Department of Energy, National Science Foundation, NIST), participating industry partners, and leading
academic institutions. An independent Scientific Advisory Board, composed of world-renowned experts in
quantum science and high-performance computing, will provide regular technical oversight and strategic
guidance to the Hub’s.

6.1.3 Budgetary Outline
A detailed line-item budget is beyond the scope of this strategic plan. However, the scale of the ambition
requires a level of investment commensurate with a major national strategic initiative. Recent international
commitments provide a relevant benchmark; for example, Japan recently committed $7.4 billion to its na-
tional quantum program [104].

The primary cost centers for the NIQIE will include:

• Capital Expenditures: The design and construction of the specialized, quantum-ready data center
and its self-sustaining energy microgrid will be the largest initial investment.

• Hardware Acquisition: This includes the procurement, leasing, and operational costs associated
with acquiring and maintaining a portfolio of state-of-the-art QPUs from multiple commercial
vendors.

• Research & Development Programs: A significant portion of the budget will be allocated to
funding the internal R&D thrusts and issuing grants and contracts to the academic and industry
partners in the ecosystem.

• Staffing and Operations: This includes the salaries for the NIQIE’s core scientific, engineering,
and administrative staff, as well as the ongoing operational costs of the facility.

6.1.4 Capital-Infusion Flywheel
To accelerate development and ensure sustainable funding, the NIQIE will implement a multi-faceted capital
infusion strategy modeled after successful public-private partnerships in the defense and space sectors. This
approach creates a self-reinforcing cycle of investment and innovation:

1. Milestone-Based Other-Transaction (OT) Agreements
• Structured after DARPA’s Commercial Orbital Transportation Services (COTS)

model

• Fixed-price, pay-on-performance contracts tied to specific quantum utility mile-
stones
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• Enables rapid procurement and incentivizes private-sector innovation
2. Convertible-Equity Side-Cars

• Allows venture capital and strategic investors to participate in milestone-linked
investment rounds

• Equity conversion rights triggered by validated Quantum-Utility Milestones
(Layer-3 Benchmarks)

• Creates alignment between technical progress and investor returns
3. Foundry-Credit Model

• Hardware vendors earn long-term hosting slots based on contributed equip-
ment value

• Usage fees tied to quantum utility metrics and uptime performance

• Incentivizes ongoing hardware improvements and maintenance
4. Energy Microgrid Reg-A+ Offering

• Dedicated investment vehicle for the quantum-ready energy microgrid

• Enables retail investor participation in clean-energy infrastructure

• Creates separate revenue stream from power generation and grid services

This framework balances government oversight with private-sector incentives, matching the SEMATECH
semiconductor consortium’s successful 50/50 cost-share model while incorporating modern financial instru-
ments. Detailed term sheets for each mechanism are provided in Annex D.

6.1.5 Concluding Strategic Outlook
The mission to achieve a national capability in Quantum AI Superintelligence is one of the most profound
scientific and engineering challenges of our time. The potential rewards—in national security, economic
competitiveness, and scientific discovery—are commensurate with the scale of the challenge. This devel-
opment plan provides a concrete, technically sound, and strategically focused roadmap for realizing the
ambitious 2028–2032 vision.

While the timeline is aggressive, it is grounded in a realistic assessment of the current state of quantum
technology and a clear-eyed view of the critical path forward. The plan’s success hinges on three key
principles:

1. A Relentless Focus on Fault Tolerance: The war on noise is the central battle. Over-
coming errors to build reliable, logical qubits is the foundational task that enables all
other applications.

2. The Primacy of Systems Integration: A quantum processor is useless without the hy-
brid architecture, software, data pipelines, and networking to support it. The plan’s em-
phasis on integrated, capability-driven milestones ensures that all parts of the technology
stack mature in parallel.

3. Rigorous, Independent Verification: In a field prone to hype, objective, application-
centric benchmarking is the only way to measure true progress. The independent VV&B
Directorate is the guarantor of accountability and the driver of genuine innovation.

The race to build a useful quantum computer is a marathon, not a sprint. The nation that wins will be the one
that can sustain investment, maintain strategic focus, and effectively harness the full power of its national

©I/ONX HPC 2025. Proprietary and Confidential. Do not distribute without written permission. Page | 31



research and innovation ecosystem. By establishing the National Quantum Innovation Hub as described
in this plan, the United States can secure its position as the world’s unassailable leader in this defining
technology of the 21st century.
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Annex D: Template Term Sheets
This annex provides template term sheets for the NIQIE’s capital infusion mechanisms. These templates
serve as starting points for legal teams to develop full agreements.

1. Other-Transaction (OT) Agreement Template

• Agreement Type: Fixed-Price, Milestone-Based OT Agreement

• Parties: NIQIE and [CONTRACTOR NAME]

• Term: [X] years with option to extend

• Payment Structure:
– Milestone 1: [AMOUNT] upon demonstration of [SPECIFIC QUANTUM UTILITY MET-

RIC]
– Milestone 2: [AMOUNT] upon validation of [PERFORMANCE TARGET]
– Milestone 3: [AMOUNT] upon successful [SYSTEM INTEGRATION GOAL]

• Technical Requirements: [DETAILED SPECIFICATIONS]

• Performance Validation: Independent verification by VV&B Directorate

• IP Rights: Government purpose rights with contractor retaining background IP

2. Convertible-Equity Side-Car Template

• Investment Vehicle: Special Purpose Vehicle (SPV)

• Eligible Investors: Qualified institutional buyers and accredited investors

• Investment Terms:
– Initial Investment: [AMOUNT] in preferred shares
– Conversion Trigger: Achievement of Layer-3 Benchmark [SPECIFIC METRIC]
– Conversion Price: [FORMULA BASED ON MILESTONE ACHIEVEMENT]
– Lock-up Period: [X] months post-conversion

• Governance Rights: [DETAILED VOTING AND BOARD RIGHTS]

• Information Rights: Quarterly technical progress reports

3. Foundry-Credit Agreement Template

• Equipment Contribution: [DETAILED HARDWARE SPECIFICATIONS]

• Credit Calculation:
– Base Credits: [FORMULA BASED ON EQUIPMENT VALUE]
– Performance Multiplier: [UPTIME AND UTILITY METRICS]
– Usage Rights: [ALLOCATION OF COMPUTE TIME]

• Maintenance Requirements: [DETAILED SLA TERMS]

• Term: [X] years with renewal options

©I/ONX HPC 2025. Proprietary and Confidential. Do not distribute without written permission. Page | 40



4. Reg-A+ Offering Structure

• Offering Size: Up to $75M (Tier 2 maximum)

• Security Type: Revenue-sharing notes

• Use of Proceeds: Construction and operation of quantum-ready microgrid

• Revenue Share:
X % of gross power generation revenue
Y % of grid services revenue
– Quarterly distributions

• Term: [X] years

• Early Redemption: [TERMS AND CONDITIONS]

Note: These templates are for discussion purposes only. Final agreements will require extensive legal review
and customization based on specific circumstances and requirements.
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