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Abstract

Traditional alignment algorithms, such as BLAST, rely on linear, additive scoring systems that reward sequence length but
fail to penalize global structural collapse. This leads to the misannotation of pseudogenes as functional orthologs in automated
pipelines. We introduce the Biological Match Confidence Score (BMCS) to bridge this gap. We evaluate a Linear Subtractive
Model against a Non-Linear Damped Inhibitory Model. The framework utilizes a weighted quality numerator (Q) and an
inhibitory penalty (P.,) that includes a structural deviation coefficient (D), derived from the standard deviation of identity and
coverage across a cohort. Benchmarking was performed using Human Hemoglobin Alpha against three NCBI archetypes:
Ortholog, Fragment, and Pseudogene. BLAST awarded the pseudogene a score of 69.71, which was more than 4.5-fold higher
than the functional ortholog score of 15.01, confirming length bias. The BMCS Damped framework induced a 25.4%
corrective reduction in the pseudogene score compared to BLAST, bringing it below a traditional passing threshold. The
damped model (52.0) outperformed the subtractive model (63.1) for pseudogene discrimination. The BMCS Damped model is
superior for filtering non-functional genomic data. Inhibitory denominators provide a statistically robust method for sequence
validation in high-fidelity automated annotation pipelines.

Keywords: BMCS, sequence scoring, pseudogene, BLAST, length bias, structural variance, metagenomics, annotation
pipeline.
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AHHOTanMs

TpafuLIMOHHBIE aNTOPUTMbI BbIpAaBHUBAHUS, Takve Kak BLAST, OCHOBBLIBAIOTCS Ha JIMHEMHBIX aJJUTHBHBIX CHCTEMax
OLIEHKH, KOTODble YUWTHIBAIOT JJMHY TI10C/Ie/JOBaTeIbHOCTH, HO He YUMUTHIBAIOT II0DAJbHOE CTPYKTypHOE CKaThe. JTO
NPUBOJUT K OLIMOOYHONM aHHOTALMM IICEBJOTeHOB KaK (DYHKIMOHAJIbHBIX OPTOJOTOB B aBTOMATU3UPOBAHHBIX pabounx
nporjeccax. [l ycTpaHeHHsl 3TOrO HeZOCTaTKa Mbl BBOAWM IIOKa3aTeslb JOCTOBEPHOCTH OHOIOrMYeCKOro COBIIaZeHUS
(BMCS). MbI IpOBOJMM CPABHUTE/bHYIO OLIEHKY JIMHEHHOW CyOTPAKTUBHOM MOJe/U U HeJMHEeHHOW MOZe/U C 3aTyXatoluM
UHrUOUpyomUM 3bdekToM. [laHHas MeTOOIOTHs WCIIO/b3yeT B3BeLIeHHBIM UHCIMTenb KadectBa (Q) M MHrubupyromee
mrpadHoe 3HaueHue (P.,), BK/rouaroijee KO3(Q@UIMEHT CTPYKTypHOTO OTKIOHeHus1 (D), BbIUMCiAsseMblii Ha OCHOBe
CTaHZAPTHOTO OTK/JIOHEHWs] WJEHTUYHOCTH W TIOKPBITHS 1O Bcel rpymme. TecTHpoBaHWe TPOBOAM/IOCH C HCIIOIH30BaHHEM
anbda-reMoryiodMHa yesioBeKa B CpaBHeHUM C Tpems apxeturiamui NCBI: oprtonoroM, dbparMmeHTOM | riceBforeHoM. BLAST
TIPUCBOWJI TICEB/IOTEHY OLIeHKY 69,71, uTo Oomee uem B 4,5 pa3a MpeBBIINIAI0 OIeHKY (YHKIIMOHAIBHOTO opTtosora (15,01),
NOATBEPAMB cMellleHue 1o jnuHe. CTpykTypa BMCS c femndupoBaHueM obecrieunsia KOppeKTHPYIOIee CHIDKEHHE OLleHKU
ncepgoreHa Ha 25,4% mno cpaBHeHuro ¢ BLAST, B pe3synbTaTe 4ero OHa OKa3ajach HIDKe TPaJWLIMOHHOIO I10pora
npoxox/eHusi. Mogenb ¢ 3aryxanuem (52,0) npep3oliia cy6TpakTUBHY0 Mozesnb (63,1) o 3¢ ¢peKTHBHOCTH JUCKPUMHHALIMN
riceforeHoB. Mogens BMCS Damped siBnsiercs 6osee 3ddekTvBHON 711 QuibTpaliii HeyHKLMOHAIbHBIX TeHOMHBIX
JaHHbIX. VIHrUOUpYyolre 3HaMeHaTeln 00eCreyrBalOT CTaTHCTUYeCKH Ha/leXKHBIA MeTO/, Ba/Tu/jaLliK MOC/Ie/[oBaTe/IbHOCTeH B
BBICOKOTOUHBIX aBTOMATH3UPOBAHHBIX KOHBelepax aHHOTALI|H.

KmoueBbie cioBa: BMCS, oneHka mnocnefoBartesnbHocTel, mncepfgored, BLAST, cmeleHve Mo [JjvHe, CTPYKTypHas
JIVICTIePCHsl, MeTareHOMHKa, KOHBeliep aHHOTaL|H.

Introduction

In the era of high-throughput metagenomics, automated annotation pipelines are frequently misled by sequences that retain
high primary sequence identity but have lost structural functionality. The Karlin—Altschul statistics that form the backbone of
BLAST reward local identity patches without considering the global spatial consistency of those matches. This leads to the
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misannotation of pseudogenes as functional orthologs. We propose the BMCS framework to bridge this gap via spatial
variance analysis and inhibitory damping [1], [2].

The industry standard for sequence alignment, established by Altschul et al. [1], focuses on the Extreme Value Distribution
(EVD) of local alignments. While robust for homology detection, it is inherently additive. Longer sequences, even those with
significant structural gaps, accumulate higher bit-scores. This "length bias" is a known limitation when distinguishing between
functional proteins and decayed genomic fragments [3], [4].

Pseudogenes represent genomic fossils that accumulate mutations without selective pressure. Lynch [5] describes this as a
process of genomic drift where the geometric spacing between functional motifs becomes erratic. Existing tools struggle to
quantify this drift because they prioritize residue identity over positional rhythm [6], [7]. BMCS is designed to transform this
biological decay into a measurable statistical variable (D). The objective of this study is to compare a linear subtractive scoring
model with a non-linear damped inhibitory model and to demonstrate that the damped framework provides superior
discrimination between functional orthologs and non-functional pseudogenes in automated annotation pipelines.

Research methods and principles

2.1. Core Components

The BMCS framework utilizes a weighted Quality Numerator (Q) and an Inhibitory Penalty Factor (P.,). The numerator Q
aggregates quality metrics (all in [0, 1]):

where M is the match fraction, I the average identity fraction, C the average coverage fraction, and R the reverse-
complement support fraction. The coefficients ww, wi, wc, and wr are weighting terms that define the relative contribution of
each component to the composite quality score Q. In the present implementation, these weights are heuristic coefficients
selected to emphasize direct match quality and identity while still retaining coverage and reverse-support information. The
penalty P., quantifies structural and data-quality decay:

P,=apXD+apXxP

where D is the deviation penalty (see below) and P is the invalid-record fraction per reference file. Here, ap and o, are
penalty weights representing the relative contributions of the deviation term (D) and invalid-record term (P), respectively, to
the overall inhibitory penalty P... The weights are chosen so that quality and penalty contribute in a balanced way to the final
score, but alternative weighting schemes could be derived in future work by benchmark optimization, sensitivity analysis, or
supervised calibration against labelled datasets.

2.2. Model Comparison: Subtractive vs. Damped

We evaluate two approaches:

* Subtractive Framework: BMCSsy, = 100 X (Q — 0.1 X Pey)

* Damped Framework (proposed): BMCSpampea = 100 X Q / (1 + Pep)

In the subtractive model, the constant 0.1 is a penalty scaling factor that attenuates the influence of P, so that the penalty
modifies, but does not dominate, the alignment-derived quality term Q. This value was used as a pragmatic calibration constant
to apply moderate linear penalization across the benchmark cases. The damped model ensures that as P., increases, the final
score approaches zero asymptotically. Default weights: wy = 0.45, wi = 0.30, wc = 0.20, wg = 0.05, ap = 0.6, ap = 0.4 [8].

2.3. Statistical Calculation of Deviation (D)

For each reference sample j, with identity I; and coverage C; (as percentages), we define normalized deviances: Dev,? = |[;
- 1|/ orand Devc? = |G — C] / oc (set to 0 if o = 0). Then rawu”” = (Dev; + Devc) / 2 and D? = min(rawae, 3) / 3, so D € [0, 1].
A low D indicates a tight distribution (ortholog); a high D indicates structural decay (pseudogene).

As a worked example, consider three reference samples with identity values of 98, 96, and 94 and coverage values of 97,
95, and 90. If I, = 96, Crar = 94, sigma; = 2, and sigmac = 3, then for the sample with I; = 94 and C; = 90 we obtain Dev,? = |94
-96|/2 = 1.0 and Devc? = |90 - 94| / 3 = 1.33. Therefore, rawg.,” = (1.0 + 1.33) / 2 = 1.165 and D= min(1.165, 3) / 3 = 0.388.
This illustrates how the deviation term increases as a sample departs from the cohort mean in identity and coverage.

2.4. Experimental Setup

We used Human Hemoglobin Alpha (HBA1, NP_000508.1) as query against: Ortholog (Chimpanzee HBA,
NP_001009041.1), Fragment (E. coli NP_417381.1), and Pseudogene (Human HBAP1, NR_001589.1). Identity and coverage
were computed via SequenceMatcher; BLAST bit-scores used BLOSUMG62 with Karlin—Altschul parameters [1], [2], [9]. All
sequences were retrieved from the NCBI Protein database. The deviation coefficient D was computed across the three
archetypes to reflect the spread of identity and coverage values; the pseudogene is expected to exhibit higher D due to
structural decay. The BMCS formulation itself is not restricted to a fixed sequence length, because it operates on normalized
alignment-derived quantities. However, very short sequences can yield unstable estimates, whereas extremely long sequences
mainly increase the cost of the upstream alignment stage rather than the BMCS calculation itself.

Main results

Table 1 summarizes the empirical scoring data. BLAST awarded the pseudogene a score of 69.71, which was more than
4.5-fold higher than the ortholog score of 15.01, illustrating severe length bias. The Fragment (18.09) also received a higher
BLAST score than the Ortholog (15.01) despite being phylogenetically distant. The BMCS Damped model induced a 25.4%
reduction in the pseudogene score compared to BLAST and brought it below a traditional passing threshold (60). For the
pseudogene, the Subtractive model yields 63.1 while the Damped model yields 52.0. The subtractive score remains closer to
the BLAST bit-score because it applies only a moderate linear penalty, whereas the damped formulation imposes a stronger
non-linear suppression once penalty terms become appreciable.
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Table 1 - Summary of empirical scoring results for Human HBA1 against Ortholog, Fragment, and Pseudogene archetypes
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Metric BLAST Bit BMCS Sub BMCS Damped
Ortholog 15.01 47.9 41.8
Fragment 18.09 52.3 49.6

Pseudogene 69.71 63.1 52.0

Note: NCBI accessions; BLAST Bit, BMCS Sub (subtractive), and BMCS Damped scores are shown

To illustrate the scoring workflow, consider a simplified alignment example with M = 0.92, 1 = 0.96, C = 0.94, and R =
1.00. Using the default weights, Q = (0.45 x 0.92) + (0.30 x 0.96) + (0.20 x 0.94) + (0.05 x 1.00) = 0.94. If D = 0.388 and P =
0.10, then P, = (0.6 x 0.388) + (0.4 x 0.10) = 0.273. The resulting scores are BMCS_Sub = 100 x (0.94 - 0.1 x 0.273) = 91.27
and BMCS_Damped = 100 x 0.94 / (1 + 0.273) = 73.84. This example shows that the subtractive model preserves more of the
original alignment signal, whereas the damped model more aggressively down-weights the score when structural penalties are
present.

The performance comparison across archetypes is shown in Figure 1. The structural deviation (D) that underlies these
scores is illustrated in Figure 2. The differing behavior of the subtractive and damped penalty frameworks is compared in
Figure 3. Together, these results support the use of the damped model for sequence validation in annotation pipelines.

Performance comparison across archetypes

70 4 ~-~ Validation threshold
Emm BLAST_BitScore
mmm BMCS_Subtractive
| mmm BMCS_Damped

Ortholog Fragment Pseudogene
Metric

Figure 1 - Performance comparison across archetypes. BLAST assigns the pseudogene the highest score
DOI: https://doi.org/10.60797/jbg.2026.32.3.2

Note: BMCS Damped reduces it below the traditional passing threshold
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Figure 2 - Quantifying structural drift via positional variance
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Note: the ortholog exhibits low variance (D % 0.05), while the pseudogene shows high variance (D % 0.84)

Comparison of penalty frameworks
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Figure 3 - Comparison of penalty frameworks
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Note: As P., increases, the damped model exhibits rapid score collapse; the subtractive model decreases linearly.

Discussion

The empirical results highlight the identity-coverage paradox. Linear models equate sequence length with confidence.
However, in biology, functionality is non-linear. By placing P., in the denominator, BMCS heavily penalizes irregular or
inconsistent structure [10]. The damped formulation ensures that as structural deviation increases, the score approaches zero
asymptotically rather than decreasing linearly, which better reflects the biological reality that highly decayed sequences should
receive minimal confidence. The ortholog, despite its lower BLAST bit-score due to shorter length, is correctly ranked by
BMCS as a high-confidence match when D is low. The difference between the pseudogene scores in the subtractive and
damped frameworks is therefore expected rather than contradictory: the subtractive score remains closer to the BLAST bit-
score because it preserves the original alignment signal through a modest linear correction, while the damped formulation is
intentionally designed to amplify the effect of instability and structural decay.

Limitations include: BMCS is a study-specific composite metric; weight tuning should be validated on labelled datasets;
the archetype benchmark uses a small set of NCBI accessions. Future work may incorporate adaptive coefficient tuning, newly
optimized weighting schemes tailored to a specific study design, AlphaFold-predicted pLDDT scores, and vectorized
processing for large-scale metagenomic datasets. For whole-genome analyses, the main computational burden lies in the
upstream alignment stage, not in BMCS itself. Once identity, coverage, and related summary statistics are available, BMCS

4
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scoring is computationally lightweight; nevertheless, genome-scale studies would typically require multi-core CPU resources,
sufficient RAM for alignment parsing, and storage for large intermediate outputs. Despite these limitations, the benchmark
clearly shows that the damped model improves discrimination over both BLAST and the subtractive formulation.

Declarations

Availability of data and materials: All sequences were retrieved from NCBI using public accessions (NP_000508.1,
NP_001009041.1, NP_417381.1, NR_001589.1). The analysis script is available at
github.com/rajpirathap/public_shared/blob/main/bmcs_ncbi_analysis.py. Reproducibility: python -B
tools/bmcs_ncbi_analysis.py

Conclusion

The BMCS Damped model is superior for filtering non-functional genomic data. By replacing subtractive penalties with
inhibitory denominators, we provide a statistically robust method for sequence validation in automated annotation pipelines.
The structural deviation coefficient D, derived from the variance of identity and coverage across a cohort, offers a principled
way to quantify genomic drift and to distinguish orthologs from pseudogenes. We recommend the damped formulation for
integration into high-throughput metagenomic workflows.
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