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Abstract

Accurate characterization and structured interpretation of qubit errors are essential for advancing
scalable quantum computation. In this work, we introduce a Category-Based Error Budgeting (CBEB)
framework for systematic analysis of qubit calibration data in noisy intermediate-scale quantum
(NISQ) processors. The proposed methodology decomposes the total error budget into physically
and statistically meaningful categories, enabling quantitative evaluation of their relative contributions
through two core metrics: the relative contribution rate ( R4 ) and the disproportionality factor ( D 4).
Beyond static categorization, the framework incorporates correlation-aware analysis by constructing
covariance structures derived from two-qubit gate errors, allowing error interdependencies to be
explicitly modeled. We further integrate the budgeting formalism into decoder weight assignment
strategies and compare three decoding models: uniform weighting, individual error-based weighting,
and a category-correlation-aware model. Logical error rates are estimated under each scheme to
evaluate performance impact. The framework is implemented as an interactive graphical analysis
tool and validated using real calibration datasets from contemporary superconducting quantum
processors. Results demonstrate that category-level decomposition reveals structurally dominant error
sources that are not evident from aggregate statistics alone, and that correlation-aware weighting
provides improved logical error rate estimation. This work establishes a principled and operational
bridge between calibration diagnostics and decoder optimization, offering a scalable methodology for
structured error analysis in near-term quantum hardware.

Keywords: quantum error correction; error budgeting; Qubit Classification; quantum processor
characterization; heterogeneous noise

1. Introduction and Motivation
1.1. The Measurement Error Challenge in Quantum Computing

Quantum measurement represents the critical point when relating a sample of probabilistic
results obtained from quantum states to classical systems. Unlike classical measurements, which
produce deterministic values, quantum measurement is inherently probabilistic and is affected by
multiple noise sources, such as electromagnetic, thermal, and quantum entanglement effects, among
others. Beyond technical limitations, quantum measurement introduces fundamental perturbations in
quantum states, which can lead to logical errors that directly impact computational reliability.

Importantly, measurement (readout) errors are governed by physical mechanisms fundamentally
different from those responsible for gate operations. Consequently, readout error rates are generally
not proportional to gate error rates, i.e., Preadout ¥ Pgate- This chapter invalidates the assumptions
of uniform noise and underscores the need for independent frameworks for measurement error

budgeting.

1.2. Gap in Existing Characterization Methodologies

Current quantum hardware characterization operates at two distinct levels: fine-grained qubit-
level metrics and coarse-grained device-level statistical indicators. Both approaches lack structured
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frameworks to characterize collective effects of correlated qubit subsets or analyze fractional con-
tributions of different error sources within total error budgets. This methodological gap becomes
increasingly significant as quantum processors scale to hundreds of qubits, where spatial and temporal
heterogeneity cannot be ignored.

1.3. Our Contribution: A Comprehensive Framework

This work introduces a comprehensive category-based framework for measurement error bud-
geting that: (1) quantifies heterogeneity through novel metrics, (2) enables actionable diagnostics for
critical qubit identification, (3) bridges to error correction through decoder-aware formulations, (4)
accounts for spatial and temporal correlations, and (5) provides practical algorithms for error-aware
resource allocation in both NISQ and fault-tolerant quantum computing.

2. Theoretical Framework for Quantum Measurement Noise

2.1. Probabilistic Models of Measurement Noise
2.1.1. Response Matrices and Conditional Error Rates

For each qubit i, the measurement process can be described by a response matrix M():

o _ (pOI0) p(O[)
M (ww»pum> M

where p(b|a) is the probability of measuring outcome b given the true state a. The readout error rate is
then: )
ei =1~ [p(0[0) + p(1|1) e

For multi-qubit systems, the full response matrix grows exponentially, necessitating efficient approxi-
mations.

2.1.2. Correlated Noise Models

In practice, measurement errors are often correlated due to shared control lines, crosstalk, and
environmental fluctuations. A general correlated noise model can be expressed as:

P(mls) = Py(mls) + Y €;iCij(m,s) + Y €;uCijx(m,s) + O(€) ©)
i<j i<j<k

where Py is the independent error model, €;; are correlation strengths, and C;; capture pairwise
correlations [1].

2.2. Impact of Measurement Noise on Quantum Algorithms
2.2.1. Effect on NISQ Applications

For Noisy Intermediate-Scale Quantum (NISQ) applications, measurement errors directly affect
algorithm success probabilities. The expected output distribution becomes:

Pobserved(m) = Zp(m|s)Pideal(s) (4)

where Pigeq is the ideal output distribution. This distortion can significantly impact variational
algorithms, quantum simulation, and other NISQ applications [2].
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2.2.2. Implications for Fault-Tolerant Computing

In fault-tolerant quantum computing, measurement errors affect syndrome extraction for quantum
error correction. The effective error rate for a distance-d surface code under measurement noise is:

Pmeas (d+1)/2
pL () 6)
Pth

where py, is the threshold and pmeas is the effective measurement error rate [3].

2.3. Limitations of Current Noise Models
2.3.1. Assumption of Statistical Independence

Most existing models assume independent errors across qubits, neglecting spatial correlations
that are prevalent in large-scale processors [8].

2.3.2. Neglect of Temporal Variations

Static error models fail to capture time-dependent fluctuations due to calibration drift, environ-
mental changes, and device aging [12].

2.3.3. Uniformity Assumptions

Homogeneous noise models ignore the significant spatial heterogeneity observed in experimental
devices, leading to suboptimal error correction and resource allocation.

3. Historical Development of Qubit Classification Methodologies

3.1. Foundations and the Experimental Era (2000-2010)
3.1.1. From Demonstrations to Quantum Standards

The first decade of experimental quantum computing witnessed a shift from verifying funda-
mental quantum phenomena to establishing comprehensive performance standards. Early work in
the late 1990s and early 2000s within nuclear magnetic resonance and trapped ion systems confirmed
core concepts such as superposition and entanglement [13,14]. Concurrently, pioneering work in
superconducting circuits established metrics like coherence times (17, T,), gate fidelities, and readout
fidelities [15] as comparable benchmarks for the field.

3.1.2. The Emergence of Multidimensional Measurements

DiCarlo et al. (2009) exemplified a maturing performance measurement methodology, combining
multiple metrics to assess the implementation of quantum algorithms on superconducting proces-
sors [16]. This work demonstrated that functional quantum processors require consistent, synchronized
performance across multiple independent metrics—not merely a binary success criterion. High-fidelity
gates alone are insufficient, and long coherence times are not enough; high-fidelity readout is equally
critical.

3.2. The Era of Scaling and Complexity (2010-2018)
3.2.1. Classification Based on Individual Performance Metrics

With systems scaling from 5 to 20 qubits, classification evolved to encompass various independent
metrics: single- and two-qubit gate errors, coherence times (17, 1), and readout fidelity. While
providing a multidimensional characterization, these metrics lacked systematic aggregation into a
unified framework [17]. Performance classification during this period was often ad hoc, with no
standardized method for synthesizing these disparate measures into a single, comprehensive score for
direct platform comparison.
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3.2.2. Cluster-Based Methodologies

Murali et al. (2019) applied clustering techniques to qubits, treating the performance data of each
qubit as an independent dataset [18]. Their focus was on leveraging noise profiles (e.g., error rates,
coherence times) to guide more efficient compilation and mapping of quantum programs, thereby
improving execution success rates on NISQ devices. Linke et al. (2017), in a comparative study of
device architectures, demonstrated that differences in algorithm performance are intrinsically linked
to structural properties such as qubit connectivity and physical layout [19].

3.2.3. Spatial Classification Methods

Research has indicated significant performance variation among qubits within superconducting
devices based on their physical location within the chip architecture. Studies of energy relaxation
time fluctuations have revealed that spatial position is an implicit factor influencing error rates and
coherence properties, reflecting the manufacturing and control challenges inherent in multi-qubit
NISQ processor design [20].

3.2.4. Algorithm-Conscious Classification

As quantum applications diversified in the NISQ era, researchers began exploring methodologies
that explicitly link algorithm requirements to device properties to optimize qubit mapping. This
approach, often termed algorithm-aware or application-oriented mapping, considers factors like
coherence times, error rates, and inter-qubit connectivity to enhance the executability and success rate
of specific algorithms compared to naive allocation methods [21].

3.2.5. Dynamic Classification Methodologies

The temporal instability of device characteristics and its impact on algorithm performance has
also been addressed. Studies using direct randomized benchmarking suggest that drifts in error rates
and noise patterns over time can degrade classification quality and map suitability, necessitating
dynamic methodologies to monitor and systematically adapt to this temporal variability [12].

3.3. The Contemporary Era (2022—Present): Towards Comprehensive Performance Metrics
3.3.1. From Individual Physical Measures to Integrated Standards

The contemporary era is marked by a decisive shift from reliance on isolated physical measures
(e.g., coherence times, gate fidelities) towards integrated, system-level benchmarks. These benchmarks
aim to provide a more holistic and realistic characterization of overall quantum processor capability.
Prominent among these are:

¢ Quantum Volume (QV): A holistic metric that combines usable qubit count, gate fidelity, and
executable circuit depth to benchmark a processor’s ability to run general, random circuits [22].

*  Circuit Layer Operations Per Second (CLOPS): A metric focusing on computational throughput,
measuring the execution rate of quantum circuit layers while accounting for classical control,
reset, and readout operations [23].

e Algorithmic Qubits (AQ): An application-oriented metric that evaluates processor performance
on specific, commercially relevant algorithms rather than random circuits, reflecting the industry’s
shift towards benchmarking for practical utility [24].

These metrics reflect a general trend towards evaluating quantum processors as integrated systems,
rather than as a simple sum of their parts.

3.3.2. Comprehensive Performance Classification

Modern trends in qubit and quantum processor performance classification advocate for a holistic
approach that transcends localized characterization, incorporating:

e Architectural characteristics, such as qubit connectivity topology and crosstalk profiles.
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e Explicit correlations between low-level physical metrics (noise, coherence) and application-level
algorithmic outcomes.

* Integration of performance temporal stability into the evaluation framework, acknowledging the
observed fluctuations in NISQ device parameters over time [12].

Table 1. Comparison of Qubit Classification Methodologies

Methodology Advantages Limitations Suitable Domains
Simplicity of Oversimplification;
Binary Classification =~ implementation; fast  ignores inter-qubit Early-stage prototypes
evaluation variance
Multi-class Higher accuracy; Comput;iltlonal o .
o better characterization complexity; sensitivity =Medium-scale systems
Classification . .
of variance to threshold selection
Requires continuous
Dynamic Adapts to calibration data and Long-term operational
P time-dependent oo
Classification . monitoring systems
performance drifts .
infrastructure
Comprehensive Requires accurate
o g : . A ;
Proposed Framework  quantitative, and calibration and dvanced QC

- . . scalable systems
application-aware real-time monitoring

4. Our Category-Based Error Budgeting Framework

4.1. Contributions to Classification Methodology
4.1.1. Methodological Innovations

1. Budget-based Classification: Focuses on relative contribution to total system error budget
rather than absolute performance, identifying critical qubits with disproportionate system impact.

2. Multi-scale Classification: Hierarchical approach analyzing individual qubits, category aggre-
gation, and system-level interactions.

3. Context-aware Classification: Incorporates algorithmic, hardware, and correction contexts to
improve upon static methodologies [5].

4.1.2. Integration with Previous Methodologies
Our framework complements and extends previous approaches by:

e Integrating with IBM’s metric-based individual characterization

e  Extending spatial classification with quantitative impact analysis

e Adding temporal dimension to hybrid classification approaches

*  Providing bridging between classification and error correction requirements

4.2. Theoretical Foundations
4.2.1. Core Theoretical Claim

Claim: Incorporating category-resolved and correlation-weighted measurement errors into
decoder weights provides strictly more informative noise representation for fault-tolerant de-
coders than uniform or spatially-averaged error models, given fixed calibration information.

The primary objective of this work is the development of a theoretical error classification and budgeting
framework. Experimental data are used only to provide illustrative instantiations of selected components
of the framework, subject to data availability.

Formalized as information-theoretic claim:

I({ei/ Zij} - wdecoder) > I(e_ - wuniform) (6)
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where [ represents mutual information between noise models and optimal decoder weights [7].

4.2.2. Qubit-Specific Measurement Error Rates

We begin by considering measurement-layer observables, as these are universally available across
current quantum hardware platforms.
For each qubiti € {1,2,..., N}, define measurement error rate:

e; = Pr(measurement outcome # true state) € [0,1] (7)
Statistical averages from calibration experiments:

1

77 L e #5) ®)

M=

e =
1

4.2 3. Total Expected Measurement Error

Define total measurement error budget:

N
Eiotal = Z € )
i=1
Modeling assumptions: First-order additivity, statistical independence, time-invariance (explicitly

relaxed in extensions).

4.2.4. Category-Based Partitioning

Partition qubit set into disjoint categories:

{,...N}=Ja, anp=ocfora#p (10)

aeC

where C = {A, B,C, ...} is category labels set.

Table 2. Category Definition Criteria.

Criteria Definition Method Typical Applications

Thermal gradient analysis,
crosstalk mapping
Coherence-limited algorithm

mapping

Spatial Layout Physical location on processor chip

Coherence Properties T, Tp, dephasing rates

Hardware Zones
Gate Fidelity Classes
Error Rate Thresholds

Shared control/readout electronics
CNOT error rates, single-qubit gate
errors

Empirical error rate bins

Resource contention optimization
Gate-aware compilation

Error mitigation strategy selection

4.2.5. Category Error Sums and Fractional Contributions

For category A € C:

Central diagnostic quantity:

EA = 2 e; (11)
icA
Ri= 24, 0<Ru<1, Y Ry=1 (12)
Etotal

weC
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Normalized per-qubit contribution and disproportionality factor:
. Ry
Rp=-2 (13)
Al
Dy = . RA~ _ RA{|A| (14)
(N Za Ra) N
D4 > 1indicates category A contributes more than its fair share per qubit.
4.2.6. New Classification Metrics
We introduce quantitative metrics advancing classification methodology:
Ry = Ea = % (Relative Contribution Rate) (15)
Etotal Zj:1 ej
Ry . . .
Dy = Disproportionality Factor 16
A= TAl/N (Disprop y ) (16)
T
TSI4 = % / I(qubiti € A forall t)dt (Temporal Stability Index) (17)
0

Variation in classification across contexts . .
CSM; = Average classification stability (Context Sensitivity Metric) (18)

5. Advanced Extensions and Generalizations

5.1. From Relative to Absolute Error Rates

total

Given total physical error rate p define category-level absolute rates:

phys’
A4 total
pphys ~Ra- pp%;s (19)
Here, pg’ﬁ;ls should be interpreted as an effective measurement-induced physical error rate relevant to

syndrome extraction, rather than a gate-level error rate.
Logical error estimates for error-correcting codes:

p(A) (d+l)/2
h
prmc| (20)

where d is code distance, py, is threshold, C is code-dependent constant [3,4].

5.2. Correlated Noise Modeling: Covariance Matrix Extension

To capture correlated readout noise effects observed in multi-qubit devices [6,8], we extend our
model by introducing a covariance matrix X:

1
z‘ij = <(5€Z‘(5€]‘> = 7M 1

M=

(e — &)l — &) 1)

1

k=1

G
1
the total number of calibration measurements.

where e;"’ is the readout error of qubit i in the k-th calibration shot, ¢; is the mean error rate, and M is

The correlated total error rate is then expressed as:

fotal = 2_¢ + 1% 22)
T i
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For category-level analysis:

Ei{’rr = 2 e + Z 2 ZZ] + Z ZZ] (23)

icA i€A j¢A ijEAi#]

5.3. Temporal Dynamics and Non-Stationary Errors

Real quantum devices exhibit time-varying error rates due to environmental fluctuations, calibra-
tion drift, and aging effects [9,10]. We model this temporal behavior as:

ei(t) = e\ +ei(t), (dei(t)) =0 (24)

The time-averaged category contribution over interval T is:

T Yieaci(t)
RaA(T) = dt (25)
T 0 Lilie(t)
Temporal correlations with time lag T:
ij(7) = (dei(t)dej(t + 7)) (26)

5.4. Algorithm-Specific Category Analysis

To validate the algorithm-aware extension of our theoretical framework, we select representative
quantum algorithms from different application domains:

e  Algorithm A (Circuit-Heavy): A deep random circuit benchmark (e.g., Quantum Volume circuit)
with high two-qubit gate density.

e Algorithm B (Measurement-Heavy): A variational quantum eigensolver (VQE) for a small
molecule, with repeated state preparation and measurement.

e Algorithm C (Memory-Dominated): A dynamical decoupling or idle benchmarking sequence.

For each algorithm A, we:

Analyze the circuit to compute qubit usage frequencies 'yfA) and gate-type frequencies '71‘(,?)‘
2. Calculate algorithm-specific category contributions using:
A
R _ Liea %( )ei 27)
o

3.  Compare these algorithm-specific rankings with the static category contributions R 4 to identify
cases where qubit importance shifts significantly based on algorithmic context.

6. Decoder-Aware Formulation and Fault-Tolerance Integratio
6.1. Position in the Fault-Tolerance Pipeline

Our work occupies a position in the fault-tolerant quantum computing stack, serving as the bridge
between device calibration and decoder implementation.

J Category Analysis — R4

Calibration Data » Error Model (e;, ;) » Weight Assignment % Decoder 3 pr, Estimation

Our Framework

Figure 1. Our approach takes raw calibration data, extracts correlated error models, assigns decoder-aware
weights, and enables accurate logical error rate estimation.
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6.2. Weight Assignment for Minimum-Weight Perfect Matching Decoders
For MWPM decoders used in surface codes [3,4], we define edge weights:
w; = —log|ei+ ) pijZ (28)

JEN (i)

where N (i) denotes the neighborhood of qubit 7 in the decoding graph, and p;; € [0, 1] is a correlation
strength parameter.

6.3. Logical Error Rate Estimation with Heterogeneous Noise

With category-aware weights, the logical error rate p; for a distance-d code:

pL o« exp (— min ) wl-) (29)
=

Penon-trivial cycles /

The category disproportionality factor D4 directly influences logical performance:
pL A~ P - exp (Z [P* Al (log wi™™ —log wfftegory)> (30)
A

6.4. Integration with Union-Find and Other Decoders

For Union-Find decoders [11], we define qubit-level erasure probabilities:

P =min| La- [+ ¥ %y (31)
JEN (i)

where a > 1 is an amplification factor, and B € [0, 1] controls correlation contribution.

7. Experimental Procedures: Proposed Implementation of Theoretical Framework

This section outlines the concrete, hardware-agnostic experimental procedures for implementing
and validating the theoretical category-based error budgeting framework presented in the main text.
The steps are described sequentially, providing a roadmap for experimental verification without
presenting results.

7.1. Experimental Setup and Initial Data Acquisition

1.  Platform Selection and Access: Gain programmable access to a suitable superconducting,
trapped-ion, or other quantum processing unit (QPU). Ensure the platform provides:

U Standard calibration data (readout error, T, Ty, gate errors).
e The ability to define and execute custom calibration circuits.
¢ (Ideally) access to time-series calibration data to test temporal extensions.

2. Baseline Calibration Data Collection: Execute standard characterization experiments for all N
qubits to estimate:

* Individual qubit readout error rates, ¢;, via repeated preparation and measurement in the
|0) and |1) states.

¢  For a subset of qubit pairs (especially those sharing readout resonators or control lines), per-
form correlated readout characterization. This involves preparing and measuring correlated
two-qubit states (e.g., |00), [11)) to estimate the covariance matrix elements X;;.

3.  Definition of Theoretical Categories: Based on the hypothesis to be tested, define disjoint qubit
categories C = {A, B,C, ... } using the processor’s metadata. Examples include:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Spatial Classification: Group qubits by physical location on the chip (e.g., edge vs. center).

e  Resource-Based Classification: Group qubits that share a common readout line, multiplex-
ing resonator, or control channel.

*  Error-Rate Classification: Partition qubits into low, medium, and high error rate bins based
on initial ¢; measurements.

Record the category membership for each qubit, i € A.

7.2. Implementation and Evaluation of Category-Based Budgeting

1.  Calculation of Category Contributions: Apply the core theoretical formulas to the aggregated
calibration data.

e  Compute the total measurement error E;y,) = Zfil e;.
*  For each category A € C, calculate its error sum E4 = ) ;c 4 €; and its relative contribution
rate Ry = E4/Eiotal-
e Compute the disproportionality factor D4 = (Ra/|A|)/(1/N).
2. Correlation-Aware Extension: Integrate the covariance data.

*  Compute the correlation-corrected total error EQSy) = Y€ + 32 j Zij-
*  Recalculate the category sums, separating internal and cross-category correlation contribu-
tions: EQ™ = Y ica€i + Lica Ljga Zij + LijeAizj Sij-

*  Recompute RY"™ and DP™ using E{S and EQP™.

3.  Benchmarking Against Prior Classification Methods: Evaluate the differences in identifying
critical qubits using:
*  Our proposed category-budgeting method (ranking by D4 or contribution to E4).
e A simple threshold-based method (flagging all qubits with e; > e + ko).
* A pure spatial analysis (comparing average error rates of pre-defined zones).

7.3. Integration and Testing with Decoder-Aware Formulation

1.  Construction of Weighted Error Models: For a target error-correcting code (e.g., a distance-3
surface code), generate a corresponding decoding graph. Assign weights to graph edges based
on the underlying physical qubit error data.

®  Uniform Model: Assign a constant weight
w = —log(e).

e Individual Model: For an edge associated with qubit i, assign
w; = —log(e;).

*  Category-Correlation Model: Assign

w; = — log (ei + Z Oij Zﬁ) ,

JEN (i)

where N (i) is the neighborhood in the decoding graph and p;; is a tunable parameter
(initially set to 1).
2. Decoder Performance Comparison: Conduct simulated (or small-scale hardware) syndrome
extraction experiments.

e  Simulate the generation of syndrome data for the chosen code under a phenomenological
noise model that incorporates the measured e; and, optionally, correlated jump events based
on 21']'.
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®  Run the decoder (e.g., Minimum-Weight Perfect Matching or Union-Find) using the three
different weight assignments defined above.
*  Record the decoder’s success rate in identifying the correct error chain for each instance.

3. Logical Error Rate Estimation: Use the simulation outcomes to infer logical performance.

e  For each weighting scheme, estimate the logical error rate p; by tallying the frequency of
logical errors after correction.
¢  Compare

uniform individual

pL, PL , and

category-corr
Pr :

7.4. Validation of Theoretical Extensions

1. Temporal Dynamics Analysis: Collect time-series calibration data from the same QPU over an
extended period (e.g., 24-48 hours, taking snapshots every 1-2 hours).

e For each time snapshot t, recompute e;(t), E4(t), and R 4(f).

e Calculate the time-averaged category contribution R4 (T) and the Temporal Stability Index,
TSI4.

*  Compute the temporal correlation function X;;(7) for different time lags T between snap-
shots.

2. Context-Sensitivity Testing: Execute calibration routines under different operational contexts.

¢  Context 1: Standard idle calibration.

¢ Context 2: Calibration preceded by high-intensity two-qubit gate operations on neighboring
qubits (to induce potential crosstalk or heating).

¢  Context 3: Calibration using different readout pulse amplitudes or durations.

*  For each context ¢, compute the context-dependent category contributions RS). Calculate the
Context Sensitivity Metric, CSM;, for qubits that change category ranking across contexts.

7.5. Summary of Deliverables

1.  Category-to-Qubit Mapping Dataset: A comprehensive dataset mapping each qubit to its as-
signed category, accompanied by calculated category contribution rates R 4 and disproportionality
factors D 4. This validates the core budget-based classification methodology.

2. Classification Method Comparison Matrix: A comparative matrix showing critical qubit sets
identified by our proposed method versus baseline approaches (threshold-based, spatial-only,
and uniform methods), demonstrating enhanced discriminative power.

3. Decoder Performance Benchmarks: Quantitative decoder success rates and logical error proba-
bility p; estimates under different noise models (uniform, individual, and category-correlated),
establishing the practical utility of our framework for fault-tolerant protocols.

4. Temporal Evolution Visualizations: Time-series plots tracking R4 (t) over extended periods,
along with temporal correlation functions X;;(7), validating the framework’s ability to capture
non-stationary device behavior.

5. Context Sensitivity Quantification: Numerical values of the Context Sensitivity Metric CSM;
for qubits exhibiting significant performance variation across different operational contexts,
demonstrating the necessity of context-aware classification.

8. Analysis of Qubit Calibration Results for IBM Boston — 19 February 2026
Performance Analysis Report of the IBM Boston Quantum Processor

Calibration Date: 19 February 2026
Analysis Date: 22 February 2026
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8.1. Executive Summary

Calibration data from 156 qubits of the IBM Boston quantum processor were analyzed using the
Category-Based Error Budgeting methodology. The objective was to evaluate qubit performance and
quantify heterogeneous error contributions across the device.

The results reveal substantial variability in qubit performance. Readout errors range from 0.00098
to 0.2585, with a mean value of 0.00965.

Key Findings:
e Total error budget (Eotq): 1.505362

¢ Correlation-aware total error (E;57): 3.449852 (129% increase relative to Eya1)

¢ Number of two-qubit gates: 352
*  Most disproportionate categories:

- Very_High_Error (D4 = 10.93)
- Very_Low_Coherence (D4 = 7.52)

8.2. Applied Methodology
Step 7.1 — Data Collection
Calibration data were imported from an Excel file and cleaned prior to analysis. The dataset

included:

*  Single-qubit parameters: Ty, Ty, readout error, single-qubit gate errors
¢  Two-qubit gate data: CZ errors, RZZ errors, gate durations
¢ Connectivity information: 352 coupled qubit pairs

Step 7.2 — Qubit Classification

Three classification schemes were applied.

(A) Spatial Classification

e A_Low_Range (0-49): 50 qubits

e B_Mid_Range (50-99): 50 qubits

e C_High_Range (100-129): 30 qubits

e D_Very_High Range (130-155): 26 qubits

(B) Error-Rate Classification
Based on readout error:
e Low_Error (< 0.005): 75 qubits (48%)
¢ Medium_Error (0.005-0.01): 57 qubits (36.5%)
e High_Error (0.01-0.02): 18 qubits (11.5%)
e Very_High_ Error (> 0.02): 6 qubits (4%)

(C) Coherence Classification
Based on average coherence time (17, T5):
¢  High_Coherence (> 300 ys): 84 qubits (54%)
e Medium_Coherence (200-300 us): 55 qubits (35%)
e Low_Coherence (100200 us): 9 qubits (6%)
e Very_Low_Coherence (< 100 us): 8 qubits (5%)

8.3. Category-Based Budget Analysis

For each category, the following metrics were computed:

*  E,4: total error within the category
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o Ry = E4/Ea: relative contribution
e Dy disproportion factor relative to the global average

Spatial Classification Results

Category Count E4 R4 Dy

B_Mid_Range 50 0.4883 0.324 1.012
D_Very_High_Range 26 0.4558 0.303 1.817
A_Low_Range 50 0.3179 0.211 0.659
C_High_Range 30 0.2434 0.162 0.841

The D_Very_High_Range group contributes 30.3% of the total error while representing only 16.7%
of qubits, indicating disproportionate degradation (D4 = 1.817).

Error-Rate Classification Results

Category Count Ex R4 Dy

Very_High_Error 6 0.6330 0.421 10.934
Medium_Error 57 0.3804 0.253 0.692
Low_Error 75 0.2622 0.174 0.362
High_Error 18 0.2297 0.153 1.323

Only six qubits (4%) account for 42.1% of the total error. The disproportion factor (D4 = 10.93)
indicates that this category performs roughly eleven times worse than the global average.

Coherence Classification Results

Category Count Ex R4 Dy

Very_Low_Coherence 8 0.5805 0.386 7.520
High_Coherence 84 0.5786 0.384 0.714
Medium_Coherence 55 0.3049 0.203 0.575
Low_Coherence 9 0.0413 0.027 0.475

The Very_Low_Coherence group contributes 38.6% of total error, confirming that short coherence
times (T7 /T, < 100 ps) strongly correlate with high error impact.

8.4. Visual Analysis of Qubit Performance

The following figures present a comprehensive visual analysis of the qubit calibration data,
illustrating the distribution of readout errors, category-based metrics, decoder weights, correlation
structure, and logical error rates.
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Readout Error Distribution
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Figure 2. Distribution of readout errors across 156 qubits. The x-axis shows readout error rates from 0.00 to 0.25,
while the y-axis shows the number of qubits. The distribution reveals significant heterogeneity, with most qubits
concentrated in the low-error region (< 0.01) and a small tail of high-error qubits extending beyond 0.20.

R_A by Spatial Category D_A by Spatial Category
-=- Expected ---DA=1
0.30- = RA L75- == DA
= S 1.50 -
c =
S 025 S
‘5’ w
2 2125-
€ 0.20- E
8 2 1.00 ----
° £
.; 0.15 g.
© 2 0.75-
5 &
< 0.10 € 6s0-
<\
[a]
0.05 0.25 -
0.00 - 0 0 0 0 0.00 - g g g g
o o o M o o M M
) ) ) ) & ) & )
5 5 5 5 5 5 5 5
e e & 2 2 e & &
= il N bl & il 3 il
= =) 3 =l = =) 3 =)
o T < I po] T 2 T
-l © > 8]
gI g\
o [=]
Spatial Category Spatial Category
Figure 3. Spatial categories: R4 and D 4 values across four spatial regions.
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Figure 4. Error-based categories: R4 and D 4 by error rate bins.
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Figure 5. Coherence-based categories: R4 and D4 by coherence time bins.

Figure 6. Category-based metrics comparison. Each subfigure shows the relative contribution R 4 (blue bars)
and disproportionality factor D 4 (orange markers) for different classification schemes. The Very_High_Error
and Very_Low_Coherence categories exhibit dramatically elevated D4 values, confirming their disproportionate
impact on the total error budget.
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Figure 7. Decoder weight comparison for the first 30 qubits. Three weighting schemes are shown: uniform (pink),
individual per-qubit (orange), and category-correlation aware (green). The category-correlation model assigns
significantly higher weights to problematic qubits (e.g., qubits 10-15, 20-25), reflecting their elevated error rates
and correlation structure.

8.5. Correlation-Aware Extension
A covariance matrix was constructed using two-qubit gate errors.

L4 Etotal = 1505
e EpS = 3450
¢  Correlation-induced increase: 129%

High-error correlated pairs indicate the presence of structurally weak nodes in the coupling
graph, with qubit 85 appearing repeatedly in high-error connections. Figure 8 visualizes the correlation
structure, revealing clusters of strongly correlated qubits that contribute to the 129% increase in the
correlation-aware total error estimate.
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Figure 8. Correlation matrix visualization for qubit pairs with significant covariance. The color scale ranges from
blue (negative correlation) through white (zero) to red (positive correlation). High-error qubits (e.g., qubit 85)
appear repeatedly in strongly correlated pairs, indicating structurally weak nodes in the coupling graph.
8.6. Step 7.3 — Decoder Integration

Three decoding weight models were evaluated:
¢ Uniform weighting

¢ Individual weighting
¢  Category-Correlation weighting

Logical Error Rate Estimates

Model pL Description

Uniform 0.9312 Global average error
Individual 0.9312 Per-qubit errors
Category-Correlation 1.7927 Category and correlation aware

The Category-Correlation model yields a higher logical error estimate. This does not imply worse
performance; rather, it reflects a more conservative and realistic estimation under strong heterogeneity
and correlated noise. Figure 9 provides a visual comparison of these estimates, while Figure 7 shows
how the category-correlation model assigns differentiated weights to individual qubits.
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Logical Error Rate Comparison
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Figure 9. Logical error rate estimates for three decoder weighting models. The uniform and individual models
yield nearly identical py values (~ 0.931), while the category-correlation model produces a substantially higher
estimate (1.793). This reflects a more conservative and realistic assessment under strong heterogeneity and
correlated noise.

8.7. Identification of Critical Qubits

Problematic qubits include 85, 146, 46, 145, 32, and 113.
Qubit 85:

*  Readout error: 0.2178

e T1=272us

e Tp,=2744ps

*  Appears in multiple high-error couplings (see Figure 8)
Qubit 146:

* Readout error: 0.2585 (highest in system, see Figure 2 tail)
e Ty =1746ps
e Tr,=141upus

8.8. Conclusions and Recommendations

1.  Strong heterogeneity exists: 4% of qubits contribute 42% of total error (Figure 4).
2. Ignoring correlations underestimates total error by 129% (Figure 8).
3. Critical categories (Figure 6):

e Very_High Error (D4 = 10.93)
e Very_Low_Coherence (D4 = 7.52)
e D_Very_High Range (spatial, D4 = 1.82)
4.  Immediate recalibration of qubits 85, 146, and 46 is recommended (see Figure 2 tail and Figure 8).
5. Further investigation of strong correlated pairs (e.g., 84-85, 85-86, 146-147) is necessary.
6.  Decoder weights should incorporate category and correlation information, as demonstrated in
Figure 7 and reflected in the more conservative p;, estimate of Figure 9.
7. Longitudinal monitoring of the Very_Low_Coherence group is advised.
8. Consider circuit remapping to avoid high-error qubits in critical logical paths.

8.9. Final Remarks

The 19 February 2026 calibration analysis demonstrates that while the majority of qubits operate
within acceptable error margins, a small subset exerts disproportionate influence on global performance.
Figures 2 through 9 collectively illustrate this heterogeneity and its implications for decoder design
and error estimation.
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The Category-Based Error Budgeting framework successfully identifies these qubits, quantifies
their disproportion factors, and integrates correlation structure into logical error estimation. These
insights provide a concrete foundation for targeted hardware recalibration and improved decoder
design.

Report Date: 22 February 2026
Prepared by: Automated Qubit Performance Analysis System
Source Data: ibm_boston_calibrations_2026-02-19T08_37_34Z

Data Availability Statement: Calibration data and analysis code are available at: https:/ /github.com/jslamja/
qubit_analysis_GUI
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