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Abstract: Fault tolerant quantum computing remains out of reach 

for most current hardware, which operates in the Noisy 

Intermediate Scale Quantum (NISQ) regime and is constrained by 

decoherence, imperfect gates, and limited circuit depth. This paper 

presents a structured, systems level synthesis of the NISQ to fault 

tolerance transition using systematic mapping and descriptive 

comparative analysis of peer reviewed benchmarks, experimental 

demonstrations, and documented industrial case studies reported 

between 2020 and early 2025. Rather than proposing a new quantum 

architecture, the study consolidates modality consistent scaling 

indicators across superconducting, trapped-ion, and photonic 

platforms and distinguishes near term feasibility evidence (error 

mitigation and application pilots) from fault tolerance readiness 

signals (logical qubit behavior that improves with redundancy). 

Results show that the mapped literature is dominated by milestone 

and reliability demonstrations, while application outcomes in 

optimization and finance remain strongly pipeline and baseline 

dependent, with performance sensitive to instance structure, 

sampling overhead, and control stability. The analysis further 

indicates that cross platform comparison is limited by heterogeneous 

reporting conventions, motivating milestone based synthesis instead 

of a single normalized metric. Overall, the findings clarify where 

progress is most robust, where evidence remains conditional, and 

which engineering and system level constraints most directly shape 

the path from NISQ devices toward scalable fault tolerant quantum 

computing. 

 

I. INTRODUCTION 

 Quantum computing has progressed from a primarily theoretical 

discipline an emerging computational paradigm with early stage 

experimental and industrial relevance. Foundational quantum 

algorithms, including Shor’s factorization and Grover’s search, 

establish provable quantum advantages for specific problem 

classes; however, their large-scale realization remains 

constrained by contemporary hardware limitations [1]–[3]. Most 

available processors operate in the Noisy Intermediate Scale 

Quantum (NISQ) regime, where finite coherence times, gate 

imperfections, and environmental noise restrict achievable circuit 

depth and reliability [1]. These constraints limit near term 

performance to carefully structured, noise-aware workloads and 

prevent the direct execution of fully fault tolerant algorithms. 
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Between 2020 and 2025, measurable progress has been reported 

across multiple hardware modalities, including superconducting 

circuits, trapped-ion systems, and photonic architectures, noting 

that reported “scale” may be expressed as qubits or, in photonic 

settings, as modes/squeezed state resources rather than one to one 

physical qubits. Advances in device fabrication, control 

electronics, and cryogenic integration have improved system 

integration and enabled larger processors and more stable 

operation [4], [5]. Nevertheless, typical two qubit error rates and 

accumulated noise still impose stringent limits on circuit depth, 

and the overhead required for quantum error correction remains a 

central barrier to scalable fault tolerant quantum computing. 

In parallel with these hardware and software developments, 

industrial stakeholders have explored NISQ-era systems for 

domain specific problems in finance and optimization, including 

annealing based workflows and hybrid approaches tailored to near 

term constraints [15], [16], [18]. While several studies report 

improvements under particular problem encodings and baselines, 

outcomes are often sensitive to noise levels, parameter tuning, 

instance structure, and classical pre and post processing overhead. 

As a result, evidence of performance gains is best interpreted as 

workload and setting dependent feasibility rather than broadly 

transferable quantum advantage.  

A central challenge in the transition from NISQ devices to fault 

tolerant quantum computing is bridging experimental 

demonstrations and system level scalability. Prior work has 

examined individual components of this transition, including 

scaling trends, error mitigation techniques, and early surface- code 

demonstrations [7], [9]. However, fewer studies integrate these 

technical dimensions with system constraints such as 

infrastructure cost, workforce capacity, and the evolving 

landscape of post quantum cryptographic standardization [22]. 

These factors increasingly influence how quickly experimental 

advances translate into deployable and trustworthy quantum 

computing systems. 

This paper addresses this gap by presenting a structured analysis 

of the NISQ to fault tolerance transition from a systems 

perspective, synthesizing evidence reported between 2020 and 

2025. Rather than proposing a new quantum architecture or error 

correction code, the contribution is an integrative synthesis that 

connects experimental benchmarks, industrial implementations, 

and systemic constraints to clarify practical barriers and research 

priorities for scalable quantum computing beyond the NISQ era. 

The remainder of the paper is organized as follows. Section II 

reviews related work on NISQ foundations, platform scaling, and 

error suppression strategies. Section III describes the methodology 

used for systematic mapping and comparative synthesis. Section 

IV summarizes results from the evidence map and cross platform 

comparisons. Section V discusses industrial and application-
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driven evidence. Section VI presents a broader discussion of 

system-level implications and constraints, followed by limitations 

and future directions in Section VII. 
 

II. LITERATURE REVIEW 

This section synthesizes representative prior work relevant to the 
NISQ to fault tolerance trajectory, with emphasis on (i) modality 
specific scaling evidence, (ii) reliability and control 
demonstrations that bound achievable circuit depth, and (iii) 
platform engineering factors that shape scalability constraints. The 
selected studies are grouped by hardware modality and by the type 
of evidence reported (device level demonstrations, platform 
milestones, and photonic resource scaling). 

A. Trapped-Ion Reliability and Scalable Architectures 

Trapped-ion platforms are frequently positioned as a high fidelity 
modality due to strong native coherence and controllable 
interactions. Device level evidence shows that trapped-ion qubits 
can achieve high operational quality under practical control 
settings, which supports deeper circuits under realistic noise 
budgets [12]. However, scaling trapped-ion systems beyond 
laboratory sized registers remains constrained by control 
complexity, mode management, and system throughput 
limitations. To address system scaling, modular architectures 
consistent with the quantum charge coupled device (QCCD) 
paradigm have been demonstrated, where transport and modular 
composition are treated as explicit design primitives for scaling 
[11]. While these approaches provide a concrete pathway toward 
larger systems, their fault tolerance readiness depends on 
integration of transport, calibration stability, and real time control 
at scale. 

B. Superconducting Scaling Evidence and System Integration 

Superconducting platforms have demonstrated rapid progress in 
integration maturity and system size, driven by advances in 
fabrication, packaging, and control engineering. Engineering 
focused analyses characterize the principal constraints that emerge 
with scale, including cross talk, wiring density, calibration 
overhead, and cryogenic infrastructure [6]. Platform milestone 
reporting further highlights the scale up trajectory of 
superconducting processors and the engineering challenges that 
accompany large device deployments [4], [5]. Collectively, this 
body of work supports the view that superconducting scaling is 
bounded as much by system engineering (calibration stability, 
control electronics, and packaging) as by device level coherence 
and gate fidelity, with direct implications for the overhead required 
for fault tolerant operation. 

C. Photonic Quantum Computing and Resource Scaling 

Photonic approaches provide a complementary route to scalable 
quantum information processing, particularly relevant to 
architectures where optical connectivity and distribution are 
natural. Large scale photonic demonstrations have reported 
computational advantage in specialized sampling regimes [13] 
and, more recently, programmable photonic processors supporting 
scalable experimental configurations [14]. Importantly, “scale” in 
photonics is often expressed in optical modes, multiplexed 
resources, or state counts rather than a direct physical qubit count, 
which complicates cross modality comparison. This motivates 
reporting modality consistent scale indicators and pairing them 
with workload or capability metrics when synthesizing progress 
toward fault tolerance. 

D. Critical Gap and Positioning of this Work 

Across modalities, prior studies often provide strong evidence for 
specific layers of the stack (device demonstrations, platform 
milestones, or photonic resource scaling), but they do not unify 
these results into a systems level assessment of the NISQ to fault 
tolerance transition. In particular, cross modality comparisons are 

hindered by non-uniform scale indicators and by incomplete 
linkage between (i) scale, (ii) reliability/throughput, and (iii) the 
overhead required for fault tolerant execution. In contrast, the 
present work consolidates modality consistent scale indicators and 
milestone summaries into an integrated perspective that explicitly 
frames scalability barriers across hardware, control, and 
deployment constraints. 

III.  METHODOLOGY 

This study employs a structured, descriptive methodology to 
examine the transition from Noisy Intermediate Scale Quantum 
(NISQ) devices to fault tolerant quantum computing (FTQC). The 
work does not introduce new hardware experiments or a new error 
correction architecture. Instead, it synthesizes peer reviewed 
benchmarks, experimental demonstrations, and documented 
industrial case studies reported between 2020 and early 2025 using 
systematic mapping and descriptive comparative analysis. 

A. Study Identification and Selection 

Primary sources were gathered from IEEE Xplore, Nature 
Publishing Group journals, APS Physical Review journals, and 
SIAM venues. The review protocol follows established guidance 
for systematic literature reviews and mapping studies, with 
explicit screening and evidence categorization [19]–[21]. Studies 
were retained only when they reported measurable indicators 
relevant to NISQ performance or FTQC readiness, such as system 
scale, fidelity/error rates, logical qubit behavior, mitigation 
overhead, or application level outcomes with defined baselines. 
Conceptual discussions without measurable implications for near 
term or scalable systems were excluded. 

B. Data Extraction and Evidence Coding 

For each included study, we recorded (i) the platform/modality 
(superconducting, trapped-ion, photonic), (ii) the publication year 
and evidence type (hardware milestone, error mitigation, error 
correction, application case study, or systemic constraint), and (iii) 
quantitative indicators when reported (e.g., qubit/mode scale, two-
qubit error rates, and logical error trends). The extracted items 
were coded into a master evidence table to support systematic 
mapping (coverage by year, platform, and evidence type) and to 
enable consistent descriptive summaries across heterogeneous 
reporting practices. In this mapping, one evidence item 
corresponds to one unique source counted once, even when the 
source reports multiple metrics or multiple experiments. Preprints 
and other non-archival sources were included only when they 
provide industry facing or systems level evidence not yet available 
in an archival venue, and they were coded separately from peer 
reviewed items to avoid conflating maturity signals. 

C. Evaluation Metrics 

Hardware trends were summarized using reported system scale 
(qubits or modes), representative reliability indicators when 
available (e.g., two qubit gate error rates), and operational 
readiness signals described by the sources (e.g., calibration 
stability and control overhead). Algorithmic and software level 
evidence was interpreted using standard error mitigation 
constructs, particularly the trade-off between estimator bias 
reduction and sampling overhead, following commonly used 
definitions in the mitigation literature [7], [8]. When FTQC 
progress was discussed, emphasis was placed on experimental 
results in which increased redundancy leads to improved logical 
behavior (e.g., surface code scaling trends) [9], [10], rather than 
isolated single instance outcomes; this choice reflects the goal of 
prioritizing trends that jointly capture hardware noise, control 
quality, and code scaling behavior. 

D. Comparative Analysis 

A cross platform descriptive comparison was conducted by 
grouping evidence by platform and year (2020–2025) and 
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synthesizing trends in system scale, reliability indicators, and error 
suppression approaches. Because normalization across modalities 
is generally not meaningful under differing architectures and 
benchmarking conventions, the comparison is reported as trend 
level synthesis supported by milestone summaries, rather than a 
single aggregated performance score. 

E. Industrial Case Study Analysis 

Industrial implementations were treated as qualitative case studies. 
Each case study was evaluated by problem domain, quantum 
approach (e.g., annealing or gate-based hybrid methods), baseline 
definition, and the outcome metrics reported by the source. 
Particular attention was given to the conditions under which 
improvements were reported (instance structure, noise sensitivity, 
and classical preprocessing requirements), to separate domain 
specific feasibility from claims of broadly transferable advantage. 

F. Limitations 

The evidence base is heterogeneous, and reporting varies across 
independent studies and industrial disclosures with respect to 
experimental conditions, benchmarking protocols, and baseline 
definitions. Accordingly, the findings should be interpreted as 
structured synthesis and indicative trends, not as definitive cross 
platform performance guarantees. 

IV. RESULTS AND ANALYSIS 

This section reports the outcomes of the systematic mapping and 
descriptive comparative synthesis described in Section III. Results 
are presented as (i) an evidence map summarizing coverage across 
years and modalities, (ii) a milestone oriented view of reported 
scaling signals and reliability progress, and (iii) a cross platform 
synthesis supported by milestone and comparison tables. 

A. Evidence map (coverage by year, modality, and evidence 
type) 

Fig. 1 summarizes the distribution of included evidence across 
2020–2025 and platform/modality categories. The resulting map 
indicates uneven coverage across modalities and years, motivating 
the milestone based synthesis used in this paper. Fig. 2 
summarizes the evidence types in the included studies and 
indicates that the mapped literature is more densely populated by 
platform milestones and reliability demonstrations than by 
application case studies. 

 

 

Fig. 1: Evidence distribution by year and platform/modality (2020–2025) 
across the included studies. 

Fig. 3 provides a cross tabulation view of how evidence types are 
distributed across modalities/platform categories in the dataset, 
highlighting which categories dominate the evidence base used in 
this synthesis. 

Fig. 4 summarizes cumulative evidence accumulation over time 
(overall and by platform/modality category). This pro- vides a 
compact view of when the included evidence base becomes 
denser, which helps contextualize the milestone focused synthesis 
used below. 

 

Fig. 2: Distribution of evidence types (2020–2025) across the included studies, 
highlighting emphasis on hardware mile- stones and reliability related 

demonstrations. 

 

 

Fig. 3: Platform/modality versus evidence type (counts, 2020–2025), showing 
how platforms are represented across mile- stone, control, architecture, and 

application oriented evidence categories. 

B. Platform scaling signals and milestone synthesis 

Fig. 5 provides a milestone oriented summary of modality 
appropriate scale indicators. Superconducting scale indicators are 
taken from platform milestone sources [4], [5], while photonic 
“scale” reflects modality specific resource indicators from 
photonic demonstrations [13], [14]. Trapped ion evidence is 
represented using scalable architecture and high fidelity control 
demonstrations [11], [12]. Because scale is not directly 
comparable across modalities, this paper reports milestone based 
synthesis rather than a single unified performance score. 

C. Reliability progress: from mitigation to logical-qubit 
behavior 

The mapped reliability evidence separates into (i) error mitigation 
approaches that trade estimator bias reduction against sampling 
overhead [7], [8], and (ii) fault tolerance oriented error correction 
demonstrations in which logical behavior improves with increased 
redundancy [9], [10]. Within the scope of this study, the latter 
category provides the most direct readiness signal for FTQC 
because it jointly reflects hardware noise, control, and redundancy 
in a measurable trend. 

D. Cross platform synthesis and bottlenecks 

Table I consolidates the cross platform synthesis used in the NISQ 
to FTQC discussion. The table should be interpreted as 
comparative evidence synthesis rather than as a normalized 
benchmark across architectures. 

E. Milestone evidence summary 

Table II summarizes representative milestones used to construct 
the scaling synthesis (Fig. 5) and to anchor the cross- platform 
narrative.
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TABLE I: Cross-platform comparison used in the NISQ to FTQC synthesis 

Platform          Strengths (typical) Scaling bottlenecks 2020–2025 highlights 
(as used here) 

Key 
refs 

Superconducting Fast gates; strong industrial 
 tollchains; mature fabrication 

Cryogenics; crosstalk; 
calibration overhead; 
wiring/control scaling 

Rapid growth in 
physical qubit scale 
and engineering 
integration; increasing 
emphasis on reliability 
and logical- qubit 
behavior under 
surface-code scaling 

[4]–[6], 
[9], [10] 

Trapped-ion High fidelities; long 
 coherence;  high 
 quality control primitives 

Slower gates; 
transport/modularity 
engineering; throughput and 
control- stack complexity 

QCCD-style 
architectural direction 
and high fidelity 
control demonstrations 
used as 
reliability/scalability 
evidence 

[11], 
[12] 

Photonic  Room temperature operation; 
 net- working native; natural 
 for  sampling- style 
 workloads 

Loss; source/detector 
constraints; 
multiplexing/synchronization 
overhead 

Photonic advantage 
demonstrations and 
programmable 
photonic processors 
used as resource 
scaling evidence 
(modes/samples rather 
than qubit count) 

[13], 
[14] 

     

 
 

 

 

 

 

TABLE II: Representative milestone oriented evidence used in the 2020–2025 synthesis (extended with the indicator reported/used for Fig. 5). 

           

Year Milestone (short) Platform / modality Reported 
Fig. 5) 

indicator  (for Primary 
source(s) 

2020 Photonic computational advantage demonstration (re- 
source scale evidence reported in photonic terms) 

Photonic Modality 
resource 

specific 
indicator (e.g., 

[13] 

   photons/modes/samples; as 
reported) 

 

2021 IBM public platform milestone (Eagle-class 127-qubit 
announcement used as scale indicator) 

Superconducting Physical qubit count (127 
qubits) 

[5] 

2021 QCCD trapped-ion architecture demonstration (scalable 
architecture evidence) 

Trapped-ion Architecture scale indicator 
(QCCD/modularity; no sin- 
gle qubit-count baseline as- 
sumed) 

[11] 

2021 High-fidelity laser-free trapped-ion control demonstration 
(reliability evidence) 

Trapped-ion Control/reliability indicator 
(fidelity/control benchmark; 
not a scale metric) 

[12] 

2022 Programmable photonic processor (programmability + re- 
source scaling evidence) 

Photonic Resource/prog. indicator 
(modes/components; as 
reported) 

[14] 

2023 IBM 1,000-qubit-class chip announcement used as large- 
scale platform milestone indicator 

Superconducting Physical-qubit count (1,000- 
qubit-class; as reported) 

[4] 

2023 Surface code logical qubit scaling (logical behavior im- 
proves with increased redundancy) 

Error correction Logical behavior trend vs. 
redundancy (scaling signal; 
not physical-qubit count) 

[9] 

2025 Below-threshold quantum error correction report (FTQC 
readiness evidence) 

Error correction Below threshold / logical im- 
provement evidence (readi- 
ness signal) 

[10] 
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Fig. 4: Cumulative evidence accumulation from 2020 to 2025, shown overall 

and disaggregated by platform/modality category. 

 

 
 

Fig. 5: Platform scaling milestones (2020–2025). Superconducting and 
trapped-ion values represent physical qubit scale, while photonic “scale” 
reflects modality appropriate resource indicators (e.g., modes/samples) 

rather than qubit count 

F. Industrial and application driven evidence 

Application facing studies are treated as case based evidence 
rather than as general purpose advantage claims. In optimization 
settings, reverse quantum annealing workflows report outcomes 
that depend on instance structure, embed- ding/preprocessing cost, 
and baseline selection [15], [16]. In finance oriented workloads, 
quantum Monte Carlo and derivative pricing pipelines provide end 
to end feasibility evidence but remain sensitive to circuit depth, 
error, and classical post- processing overhead [17], [18]. 
Consistent with Fig. 2, these studies are informative for feasibility 
boundaries and workload characterization, but should not be 
interpreted as modality independent evidence of scalable 
advantage. 

G. System level implications 

The mapped evidence supports a systems level reading of 
progress: scaling and reliability are advancing together but not 
uniformly across modalities, and metrics are not directly 
comparable across platforms. In addition, deployment planning is 
shaped by external constraints such as the post quantum 
cryptography transition, which proceeds on timelines that do not 
depend on the arrival of large scale FTQC hardware [22]. 

 
V. INDUSTRIAL AND APPLICATION DRIVEN EVIDENCE 

This section synthesizes the application and deployment oriented 
evidence identified in the mapping study and connects it to the 
platform trends summarized in Section IV (Figs. 5– 2 and Table 
I). The goal is not to claim broad “quantum advantage” across 
industries, but to characterize what has been demonstrated in 

practice between 2020 and 2025, under what conditions such 
results were reported, and why these conditions matter for the 

NISQ→FTQC transition. 

A. Optimization evidence: annealing and hybrid workflows 

A recurring pattern in industrial reports is that performance claims 
are typically tied to structured instances and to pipelines that 
combine quantum sampling with classical preprocessing and post 
processing. In this category, reverse quantum annealing has been 
used as a practical strategy for refinement around candidate 
solutions (warm starts), which aligns well with real operations 
research workflows where good feasible solutions are often 
available from classical heuristics. Evidence in this direction 
emphasizes that observed gains depend on instance structure, 
embedding overhead, and sensitivity to control noise, rather than 
on device scale alone [15]. More application specific studies (e.g., 
logistics oriented formulations) similarly report improvements 
relative to selected classical baselines, but the reported outcomes 
remain contingent on problem formulation choices, constraint 
handling, and the cost of classical components in the end to end 
pipeline [16]. From a systems perspective, these results are best 
interpreted as demonstrations of NISQ feasibility for narrow tasks 
(and for particular regimes of problem sizes), rather than as 
general purpose speedups that extrapolate cleanly with qubit 
count. 

B. Finance evidence: sampling complexity and risk sensitive 
workloads 

Financial workloads provide a useful stress test for NISQ devices 
because they are often dominated by sampling complexity and are 
sensitive to estimator variance. Several studies frame potential 
improvements through quantum Monte Carlo type approaches or 
amplitude estimation inspired workflows, while acknowledging 
that near term implementations must be hybridized and carefully 
noise managed. Demonstrations and experiments in this direction 
commonly report improvements over naive sampling strategies 
under specific assumptions, while still requiring substantial 
classical orchestration and error aware circuit design [17], [18]. In 
the context of the evidence map (Fig. 3), finance oriented results 
should therefore be treated as workload capability signals i.e., 
indicators of what types of probabilistic estimation tasks can be 
executed meaningfully under NISQ constraints rather than as 
definitive evidence of scalable advantage. 

C. Linking application results to reliability limits and FTQC 
readiness 

Across both optimization and finance, the dominant limiting 
factors are not simply “more qubits,” but (i) achievable circuit 
depth under realistic noise budgets, (ii) calibration stability over 
run time, and (iii) the sampling overhead required to suppress bias 
or variance in estimators. These constraints link application 
evidence directly to the reliability trends discussed in Section IV 
and to the mitigation/QEC evidence types in Fig. 2. In particular, 
error mitigation methods are repeatedly positioned as enablers of 
near term usefulness, but their cost is often paid in additional 
sampling, which can offset wall clock benefits unless the hardware 
and control stack deliver stable, repeatable execution [7], [8]. 
Consequently, application facing progress should be interpreted 
jointly with reliability evidence: application outcomes that appear 
favorable in a narrow setting do not necessarily imply an imminent 
transition to fault tolerant workloads, but they do help identify 
which workloads are most compatible with NISQ-era constraints. 

D. Cross cutting systemic signals: standardization pressure and 
deployability 

Industrial deployment is also shaped by system level constraints 
that sit outside core device physics. One prominent example is the 
parallel progress of post quantum cryptography (PQC) 
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standardization, which provides a practical security pathway that 
does not depend on near term fault tolerant quantum computers. 
The NIST PQC process therefore creates a real “deployment 
baseline” against which quantum enabled security claims must be 
evaluated [22]. This does not diminish the long term importance 
of fault tolerant quantum computation, but it does mean that 
industrial timelines and incentives are influenced by competing, 
mature alternatives in security critical domains. In the evidence 
map, these cross cutting pressures are best viewed as part of the 
“systemic” category that conditions whether technical advances 
translate into adoption at scale. 

E. Summary 

Industrial and application facing studies are treated here as 
bounded feasibility evidence under specific workflows, baselines, 
and operational constraints, and are not interpreted as 
generalizable or modality independent proof of quantum 
advantage. Overall, the industrial evidence identified in this study 
supports three conservative conclusions. First, NISQ-era 
application reports are predominantly problem and pipeline 
dependent, with outcomes sensitive to instance structure, 
modeling choices, and classical overhead [15], [16]. Second, 
application capability is tightly coupled to reliability and 
mitigation costs, implying that progress in QEC/mitigation and 
control stability is a prerequisite for broader transferability [7], [8]. 
Third, deployability is shaped by external constraints and 
alternative technological pathways (notably PQC standard- 
ization), which must be considered when interpreting claims about 
near-term industrial impact [22]. 
 

VI. DISCUSSION 

The results in Section IV support a systems level interpretation of 
the NISQ to FTQC trajectory: progress is visible across 
modalities, but it is expressed through heterogeneous indicators, 
and the strongest evidence is concentrated in milestone and 
reliability demonstrations rather than in broadly transferable 
application level advantages. This section discusses what the 
mapped evidence implies for (i) interpreting “scale,” (ii) the role 
of mitigation versus error correction, (iii) cross platform readiness 
signals, and (iv) how application evidence should be read under 
NISQ constraints. 

A. Interpreting “scale” across modalities 

Fig. 5 and Table II highlight that platform growth is commonly 
reported using different notions of scale. For superconducting 
systems, physical qubit counts are often used as headline 
indicators [4], [5], while photonic demonstrations emphasize 
modality specific resource measures (e.g., modes, samples, or 
programmable photonic processor scale) [13], [14]. Trapped-ion 
work, in contrast, often provides scaling evidence through 
architectural demonstrations and control fidelity rather than 
through rapid growth in raw qubit counts [11], [12]. As a result, 
cross modality comparisons based on a single numerical metric 
risk being misleading. The milestone based synthesis used here 
therefore treats “scale” as one component of readiness, and it pairs 
it with reliability oriented evidence to maintain interpretability 
across heterogeneous platforms. 

B. Mitigation extends NISQ feasibility; QEC determines FTQC 
readiness 

The evidence map (Figs. 2–3) indicates sustained attention to error 
mitigation as a pragmatic response to NISQ noise. Mitigation 
methods can improve the usefulness of shallow circuits, but they 
typically do so by increasing sampling cost or operational 
complexity, which can erode end to end gains if control stability 
is limited [7], [8]. In contrast, the most direct signal of progress 
toward fault tolerance is experimental evidence where increased 
redundancy yields improved logical behavior, as emphasized by 
surface code scaling experiments and below threshold results [9], 

[10]. In practical terms, this distinction matters: mitigation 
supports near term experimentation and narrow feasibility, while 
error correction defines whether scalable computation can be 
sustained when circuit depth and algorithmic complexity increase. 

C. Cross platform readiness signals and bottlenecks 

The platform comparison in Table I suggests that readiness is 
constrained by different bottlenecks across modalities. 
Superconducting systems benefit from strong engineering 
ecosystems and rapid scale growth, but increasing system size 
couples tightly to calibration overhead, cryogenic integration, and 
control stack complexity [4], [6]. Trapped-ion systems exhibit 
high quality control and coherence, yet scaling depends on 
architectural modularization and throughput management, making 
integration and real time control key determinants of practical 
progress [11], [12]. Photonic approaches show strong potential for 
resource scaling and programmability, but loss and 
multiplexing/synchronization overhead remain dominant 
constraints that affect how such systems could support fault 
tolerant workloads at meaningful rates [13], [14]. The main 
implication is that “the path to FTQC” is not uniform: the relevant 
engineering milestones differ by platform, and evaluating progress 
requires platform consistent indicators paired with reliability 
evidence. 

D. Reading industrial evidence conservatively 

The application and industrial evidence discussed in Section V is 
best interpreted as feasibility evidence for specific workflows 
rather than as proof of general advantage. Optimization and 
finance studies often report results within tightly specified 
pipelines that include classical preprocessing and domain specific 
baselines [15]–[18]. These studies are valuable because they 
expose practical constraints (instance structure, embedding cost, 
sampling burden, and stability requirements) and because they 
clarify which workload families are most compatible with NISQ-
era devices. However, the mapping results indicate that 
application evidence is less dense than platform/reliability 
evidence, and claims should therefore be framed with clear 
boundary conditions rather than extrapolated to broad conclusions. 

E. System level implications 

Finally, the transition to deployment relevant quantum computing 
is shaped not only by device progress but also by competing and 
complementary pathways. In security critical settings, post 
quantum cryptography standardization provides a concrete 
migration track that is decoupled from the arrival timeline of large 
scale FTQC hardware [22]. This does not replace the long term 
significance of fault tolerance, but it affects how near term 
industrial incentives, risk models, and adoption timelines are set. 
A realistic assessment of the NISQ to FTQC transition therefore 
benefits from integrating platform progress with external 
constraints and technology alternatives, consistent with the 
systems perspective adopted in this work. 

 
VII. LIMITATIONS AND THREATS TO VALIDITY 

This study is designed as a structured evidence synthesis rather 
than an experimental benchmarking campaign. The following 
limitations should be considered when interpreting the results. 

A. Construct validity (metric meaning and comparability) 

A primary threat is that key indicators are not directly comparable 
across modalities. Physical qubit counts in super- conducting 
systems are not equivalent to photonic resource indicators, and 
trapped-ion progress is often expressed through architectural and 
control demonstrations rather than raw scale. The milestone 
oriented approach mitigates this by avoiding a single unified score, 
but it cannot eliminate the underlying construct mismatch across 
platforms. 
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B. Internal validity (causal interpretation) 

Because this work synthesizes reported results, it does not 
establish causal relationships between specific engineering 
choices and observed outcomes. Differences in device calibration 
practices, error models, compilation strategies, and experimental 
protocols across independent studies can con- found 
interpretations. Accordingly, the analysis emphasizes descriptive 
trends and readiness signals rather than causal claims about which 
design decisions are optimal. 

C. External validity (generalizability) 

Application and industrial case studies may not generalize beyond 
the reported regimes. Reported outcomes frequently depend on 
instance structure, baseline definition, and the role of classical 
components in end to end pipelines. The results should therefore 
be interpreted as evidence of feasibility under specific conditions, 
not as universally transferable performance claims. 

D. Conclusion validity (evidence coverage and reporting bias) 

The evidence map shows uneven coverage across time, modality, 
and evidence type. This introduces a risk of reporting bias, where 
highly visible milestones and flagship demonstrations are 
overrepresented relative to incremental or negative results. The 
systematic mapping approach partially addresses this by making 
coverage explicit (Figs. 1–4), but it cannot guarantee completeness 
given differing publication and disclosure practices across 
academia and industry. 
 

VIII. CONCLUSION AND FUTURE WORK 

This paper presented a structured synthesis of the NISQ to fault 
tolerance transition using systematic mapping and descriptive 
comparative analysis of evidence reported between 2020 and early 
2025. The results show that the most robust signals of progress 
arise from platform milestones and reliability demonstrations, 
while application facing evidence remains more conditional and 
sensitive to workflow design and baseline choices. Across 
modalities, progress is best interpreted through platform consistent 
indicators paired with reliability trends, rather than through a 
single cross platform metric. 

The evidence further supports a practical distinction be- tween 
near term and long term enablers: error mitigation extends 
feasibility for selected NISQ workloads, whereas fault tolerant 
error correction demonstrations provide the most direct readiness 
signals for scalable computation. Cross plat- form synthesis 
indicates that different modalities face distinct engineering 
bottlenecks, implying that evaluations of readiness should remain 
modality aware and tied to measurable reliability behavior. 

Future work can strengthen this systems level assessment in three 
directions. First, expanding the master evidence table with a richer 
set of explicitly defined quantitative fields (e.g., reliability 
indicators, logical performance trends, and baseline definitions for 
application studies) would enable more fine- grained stratification 
without forcing cross platform normal- ization. Second, the 
framework can be extended to incorpo- rate workload centric 
capability indicators (e.g., depth/width regimes and sampling 
budgets) that better connect device progress to algorithmic 
feasibility. Third, longitudinal updates beyond 2025, with explicit 
tracking of reporting standards and reproducibility signals, would 
improve comparability and reduce the influence of disclosure bias 
in industrial reporting. 
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