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Abstract. Skeleton-based sign language recognition (SLR) uses pose and hand
keypoints as a compact, background-invariant representation, but in real signing
videos the keypoint stream produced by off-the-shelf estimators is often unreliable.
Hand trajectories frequently contain missing detections, left/right identity swaps,
duplicate outputs, temporal jitter, and occlusion-related drift. These artifacts are
not merely preprocessing noise: they directly degrade the quality of downstream
SLR training. This paper presents a quality-aware pose—hand keypoint extraction
pipeline that treats keypoint generation as an auditable, reliability-aware stage
rather than a hidden preprocessing step. The proposed method combines: (i)
pose-guided left/right hand assignment with spatial gating, (ii) pose-conditioned
second-pass region-of-interest (ROI) refinement for low-confidence or missing
hands, (iii) lightweight short-gap temporal bridging (tracking/hold), (iv) explicit
occlusion-consistent labeling, (v) plausibility checks to reject physically
implausible configurations, and (vi) anchor-preserving postprocessing for short-
gap filling and jitter reduction. Beyond cleaned keypoints, the pipeline exports
per-hand reliability semantics (provenance and state) and a dataset-ready quality
report based on proxy metrics, including coverage, confidence, recovery fractions,
intervention rates, and temporal stability indicators. A fixed composite quality
score is also defined to support reproducible ranking and filtering without manually
annotated hand landmarks. Dataset-scale evaluation on Slovo (n = 20,400 clips)

44
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shows that the proposed full configuration substantially improves extraction
reliability over a passl-only baseline: the composite quality score increases from
0.684 to 0.794, any-hand coverage from 0.889 to 0.969, and both-hands coverage
from 0.454 to 0.646, while MissingRate decreases from 0.329 to 0.193. Recovery
analysis further shows that most robustness gains come from ROI-based second-
pass recovery, with tracking acting mainly as a sparse fallback mechanism. The
pipeline is designed for reproducible keypoint export, dataset curation, and
reliability-aware SLR training.

Keywords: skeleton-based sign language recognition; hand keypoints;
pose-guided recovery; temporal consistency; occlusion robustness; quality met-
rics; MediaPipe
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AnuHoTtanus. KaHKaIbIK IepeKTepre HEeTi3IeNTeH bIM TUTiH TaHY MiHJIETTePiH/Ie
KipiC YCBIHBUIBIMBI OJIETTE€ JI€HE KalIbl MEH KOJJIBIH HETi3Ti HYKTelepiHiH
YaKbITTBIK Ti30eri TypiHAe Oepinenmi, Oy cuIaTTamMaHbl BIKIIamjaan, (oHFa
TOYENIUTIKTI a3aiTaapl. Analia HaKThI OeitHeka30amap sl OHIey Ke3iH/Ie HeTi3Ti
HYKTenepai OaraiaynblH CTaHIAPTTHl Kypalgapbl OepeTiH HOTIKENepAi Tikelen
naianany KeTKUTIKTI ceHiMII emec. Ko TpaekTopusiapblHaa TeTeKIUsIapIbIH
TYyCill Kadybl, CONl JKOHE OH KOJ COWKECTITiHIH aybICybl, Oaranaylap/bH
KalWTanaHybl, KOOPJAMHATTAPIBIH YaKbIT OOWBIHINA TYPAKCHI3ABIFBI KOHE
OKKJTFO3MsIIapFa OalIaHbICThI BIFBICYNAP KU1 Ke3feceni. MyHai OypMananymnap
KeWiHT1 TaHy MOJIENB/IEPiH OKBITY camachlHa Tikelnel ocep erteni. XKymbicTa eHe
KaJTbl MEH KOJJIBIH HETI3ri HYKTEJepiH camaHbl OaKbUIAyMEH KaJbIITACTBIPY
oMicl YCBHIHBUIAJBI, OH/MA KOOPAWHATTAP/ABI ally Ke3eHI CEHIMIUIIKTIH aWKbIH

45



Academic Scientific Journal of Computer Science 2.2026

aHHOTALHUSCHI 0ap, JepOec TEKCEPIIETIH )KOHE KaiTa )KaHF bIPTHUIATHIH CaThl pETIHE
KapacThIpblIabl. OJiC JeHe KaJIIbIHA CYHEHII COJl KoHE OH KOJIJbl TaralblHAay
MEH KaHAWJIATTapAbl KEHICTIKTIK CY3TiJey/i, CEHIMIITIriT TOMEeH He JepeKTepi
YKOK KaJIpJiap YIIiH KbI3BIFYIIbUIEIK aiiMarbiaaa (ROI) kalita HakTeUTay I, KBICKA
y3uticTepi skadyFa apHaJFaH JKEHUIIETINTeH YaKbITIIA UIECTIpin Kajaraiay MeH
Oaranayapl yCTam TYPYAbI, OKKIIO3Ws Ke3iHjaeri Oipi3mi TaHOalaylbl, KUCHIHFA
COMKECTIK TeKCepiCTepiH KOHE TiPeK KaJpiap/abl CaKTail OTBIPBIN KEHiHT1 OHACYIl
Oipikripeni. TazapTeuTran TpaekTopusiapan 06JIeK, SIiC 9p KOJI YIIiH CEHIMILTIK
CEeMaHTHKACHIH (0aranay Ke3i MeH KyHi), )xaHama MeTpHUKaJlapFa HeTi3IeNreH cana
ecebiH KOHE STAJOHIBIK TaHOAJTaHybl KOK JKarjaiaa AEpPeKTepli pamHxupiey
MEH cy3rijieyre apHaifaH KalTa >KaHFBIPTBUIATBIH Kypama cara KepCeTKilliH
KalbImTacTeipasl. Slovo nepexrep xublHbIHIA (N =20 400) TONBIK KOHQHUTYpaTUs
Kypama cama kepcetkimiH 0,684-ten 0,794-ke neitin apTteipbin, MissingRate
kepcetkimntin 0,329-nan 0,193-ke neitin TomeHaeTe.

Tyiiin ce3gep: KaHKAJBIK ACPEKTEPre HETi3AEITeH BIM TUIIH TaHy; KOJIIBIH
HETi3r1 HYKTeNepi; HeTi3Ti HyKTeJep caracklH O0aKpuIay; IeHe KaJbIHA CYHEHTeH
KaJIIbIHA KEIITiPY; yaKbITIA KeJiCIMIIITIK; )kaHama cara MmeTpukanapsl; MediaPipe
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AHHOTaUus. Axmyarsnocms. B 3amauax pacrno3HaBaHHs KECTOBOTO SI3bIKA
M0 CKEJICTHBIM JIaHHBIM BXOJHOE IPEIACTABICHHE OOBIYHO 3a7aeTCSl BPEMEHHON
MOCIIEIOBATEILHOCTBIO KIIFOUEBBIX TOYEK IMO3bI M KHCTEH, 4TO oOecreduBaeT
KOMIAKTHOCTh ONMCAaHUS W CHWXXKAeT 3aBHCUMOCTb OT (oHa. OnHako mpu
00paboTKe peasbHbIX BUACO3ANNCEH MPSIMOE UCTIOJIb30BaHUE BBIXOAHBIX JAHHBIX
CTaHJAPTHBIX CPEICTB OLIEHKM KIIOUEBBIX TOUEK OKA3bIBACTCS HEIOCTATOYHO
HajexkHbIM. [l  TpaekTopuil KHCTEH XapaKTEepHbl TPOIYCKH JETCKIHMH,
MEPEeCTaHOBKH JIEBOM M MpaBOil pyKH, AyONMpPOBaHHE OIICHOK, BpPEMEHHas
HECTaOMIBHOCTh KOOPJAMHAT U CMELICHHUS, 00yCIOBICHHbIC OKKIIO3UsIMH. Takue
HCKa)KEHUSI HEJIB3s PACCMATPHUBATh KaK HECYIIECTBEHHBIN LITYM ITpeBapUTEIbHON
00pabOTKH, MOCKOJIBKY OHHM HAamNpsMYIO BIHMSIOT Ha KaueCTBO IOCIEAYIOIIETo
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oOyueHus: mopeneil pacrio3HaBaHus. [[ers. Pazpabortare MeTon (GpopMHpOBaHUS
KIJIFOYEBBIX TOYEK IMO3bI M KHUCTEH C KOHTPOJIEM KadecTBa JUIsl IOBBIIICHUS
HAJISKHOCTH BXOHBIX CKEJICTHBIX JaHHBIX IPHU PACIIO3HABAHWU JKECTOBOIO
si3bIka. Memoowl. B pabote mpemnoxkeH MeToq GOpMHUPOBAHUS KITFOUEBBIX TOUCK
O3kl ¥ KUCTEH C KOHTPOJEM KauecTBa, B KOTOPOM JTall MOITYYCHHS] KOOPIAMHAT
paccMarpuBaeTCsi KaK CaMOCTOSITENIbHAs TIpoBepsieMass W BOCIPOU3BOAMMAS
CTa[MsI C SBHOM aHHOTAlMEH HAEKHOCTH. MeTo 00bEUHIET Ha3HAYEHNE JICBOM
Y MIPaBOM KUCTH, TPOCTPAHCTBEHHYO (WAIIBTPAIUIO KAHTUAATOB C OTIOPOH Ha 103y,
MMOBTOPHOE YTOYHEHHUE B 00J1aCTH MHTEpEca IS KaJ[pOB C HU3KOH YBEPEHHOCTHIO
WM TPONYCKaMH, KPAaTKOCPOYHOE BPEMEHHOE COMPOBOXKICHHE M YICP)KaHUE
OlICHKH. TakXe IMpelyCMOTPEHBI COIIaCOBaHHAsS MapKUPOBKA COCTOSHHM IPH
OKKJTFO3USX, IPOBEPKH MPaBIOMOAOOHNS ¥ TIOCTOOpabOTKa i 3amoJHEHUS
KOPOTKHUX Pa3pblBOB U CHIDKEHUSI HECTAOWILHOCTH TPaeKTOpui. Pesynvmamol u
66160061, J10TIONHUTENBHO (HOPMUPYIOTCS CEMAHTHKA HAJICHKHOCTU IS KaKIOU
KHCTH M OTYEeT O Ka4eCTBE Ha OCHOBE KOCBEHHBIX METPHK, BKIIFOYAIOIIMX
MTOKPBITHE, YBEPEHHOCTH, JOJI0 BOCCTAHOBJICHHS, YAaCTOTYy KOPPEKTHUPYIOIINX
BMEIIATEIbCTB M IOKa3aTell BPEMEHHOW HecTaOWIbHOCTH. Takke MpeioKeH
BOCITPOM3BOAMMBINA COCTaBHOW IOKAa3areib JIJIi PAH)KUPOBAHUS M (PUIBTPALUU
JAHHBIX TIPU TOJ'OTOBKE OOyYaromuX BBIOOPOK O€3 JTallOHHOW pa3MeTKH
Kio4eBbIx Touek. Ha garacere Slovo (n =20 400) meTox B TOTHON KOHPUTYpauu
IOBBIIIAET COCTAaBHOM IOKazarelb KadectBa ¢ 0,684 no 0,794 u cHmKaer
MissingRate ¢ 0,329 g0 0,193 no cpaBHEeHUIO C 0a30BBIM BapHAHTOM MEPBOIO
npoxona 06paboTku. [lomydeHHBIE pe3yabTaThl MOATBEPKAAIOT d(H(HEKTUBHOCTD
MPEJIOKEHHOTO TIOAX0Ja JJIsS TIOBBIIIEHUS KadecTBa CKEJIETHBIX JaHHBIX W
MOJITOTOBKH 00yYaONIUX BHIOOPOK B 3a7a4aX PacIiO3HABAHUS KECTOBOTO SI3bIKA.

KuaroueBble cjioBa: pacrio3HaBaHUE KECTOBOTO S3bIKa, CKEJIETHBIC JAHHbBIC,
KJIFOYEBBIC TOYKH KUCTEH, KOHTPOJIb KaY€CTBA KIIFOYEBBIX TOUYEK, BOCCTAHOBJICHUE
C OTIOPOIi Ha TI03Y, BpeMEHHAas COTNIACOBAHHOCTh, KOCBEHHBIE METPUKH KauecTBa,
MediaPipe.

Introduction. Skeleton-based sign language recognition (SLR) models signing
as multivariate time series of body and hand landmarks. Compared with RGB,
landmark sequences offer a compact, structured signal that is less sensitive to
background, clothing, and identity, and they enable efficient temporal modeling
focused on kinematics rather than texture. In practice, however, the effectiveness
of skeleton-based SLR is bounded by the reliability of extracted keypoints,
with hands being the dominant failure source due to fast motion, frequent self-
occlusions, and limited image evidence for fingers.

A common workflow is to export per-frame detections from an off-the-shelf
pose/hand estimator and treat the resulting keypoint stream as a preprocessing step.
This direct extraction is systematically brittle under realistic signing conditions:
hands may be missing or low-confidence, left/right identity can swap when
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hands cross, duplicate detections may appear, short detector dropouts fragment
trajectories, and frame-to-frame jitter injects high-frequency noise. These artifacts
are not benign. When SLR models are trained on corrupted keypoint sequences,
they can overfit to systematic extraction artifacts, leading to degraded robustness
and poor cross-domain generalization.

We treat keypoint extraction as a quality-critical stage and introduce a modular
pipeline that improves hand landmark reliability without requiring ground-
truth landmarks. The pipeline integrates pose-guided constraints with temporal
consistency: (i) an assignment module that associates detected hands to the
signer’s left/right identity using body pose cues and continuity, (ii) a second-pass
recovery that revisits low-quality segments to recover plausible trajectories under
occlusion and detector failures, (iii) lightweight tracking/hold logic to bridge
short gaps while limiting drift, (iv) sanity checks to reject physically implausible
configurations and inconsistent motion, and (v) postprocessing to reduce jitter
while preserving sign-relevant dynamics.

Equally important, we argue that reliable extraction must be accompanied
by measurement. Without explicit quality metrics, dataset-scale extraction is
effectively unobservable: practitioners cannot quantify how often hands are
missing, how frequently swaps occur, or which videos are unusable. We therefore
provide a quality report based on proxy metrics (coverage, confidence, continuity,
anomaly rates, and recovery impact) to support filtering, curriculum design, and
systematic debugging.

The paper makes the following contributions:

* a pose-guided left/right hand assignment procedure that reduces swaps and
duplicates;

* a second-pass recovery strategy for occlusions and detector dropouts;

* a temporal tracking/hold module and sanity validation to enforce consistency;

* postprocessing tailored to suppress jitter without erasing motion cues;

* a quality-report protocol with proxy metrics for dataset-level monitoring and
data selection.

Section 2 reviews related work on skeleton-based SLR and landmark reliability.
Section 3 formulates the problem and defines the output representation (landmarks,
reliability signals, and export format). Section 4 describes the proposed modular
extraction pipeline (assignment, second-pass recovery, tracking/hold, sanity
checks, and postprocessing). Section 5 presents the quality-report protocol. Section
6 presents the dataset-scale evaluation and results. Section 7 discusses practical
implications and limitations, and Section 8 concludes the paper.

Literature review. Research most relevant to quality-aware pose—hand
keypoint extraction for skeleton-based SLR spans four areas: (1) keypoint-based
SLR architectures, (2) pose/hand estimation and holistic extraction pipelines, (3)
robustness to corrupted keypoint streams and temporal consistency, and (4) dataset
and protocol effects. Here, extraction quality refers to measurable, extraction-time
signals—ROI validity/overlap, per-keypoint confidence (e.g., visibility/presence),
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missingness, temporal jitter, and tracking state—that determine whether landmark
trajectories are suitable for downstream learning.

Skeleton- and Keypoint-Based Sign Language Recognition

Skeleton-based SLR typically models signing as a spatio-temporal graph of body
and hand landmarks. ST-GCN isawidely used baseline, applying graph convolutions
over kinematic edges within frames and temporal edges across frames (Yan et al.,
2018). Subsequent work emphasizes that graph design is task-dependent: SAM-
SLR reports that focusing on signing-relevant joints (hands and upper body) can be
preferable to dense whole-body graphs when additional landmarks contribute non-
informative structure (Jiang et al., 2021). At the word level, models such as GCN-
BERT separate per-frame spatial encoding from temporal modeling via transformer
attention, but remain sensitive to viewpoint changes and out-of-plane motion
under 2D keypoints (Tunga et al., 2021). Temporal summarization approaches
further show degradation under speed variation and temporal misalignment
of hold phases, indicating that robust SLR benefits from stable trajectories
and explicit treatment of missing or noisy keypoints (Kindiroglu et al., 2019).
Overall, this literature largely assumes that the keypoint stream is sufficiently
reliable and rarely standardizes extraction-time quality signals that would enable
comparable training and evaluation across pipelines.

Pose/Hand Estimation and Holistic Pipelines

Practical extraction pipelines commonly rely on cascaded detection—tracking
with ROI normalization. OpenPose introduced bottom-up multi-person pose
estimation using Part Affinity Fields, but scale variation and crowding can
propagate association errors and noise downstream (Cao et al., 2017). Production
systems therefore often adopt detector—tracker designs implemented in pipeline
frameworks such as MediaPipe, enabling large-scale processing with intermittent
detection and lightweight tracking between detections (Lugaresi etal.,2019), while
models such as BlazePose additionally output per-keypoint visibility/reliability
under partial views and occlusions (Bazarevsky et al., 2020).

For hands, MediaPipe Hands detects palms and regresses 21 landmarks from
a cropped ROI, re-running detection when a learned presence score indicates
tracking failure; ROI drift and occlusion remain key sources of landmark
degradation (Zhang et al., 2020). Holistic variants incorporate refinement via
high-resolution hand re-cropping guided by pose cues (Grishchenko et al., 2022),
and targeted analysis of MediaPipe Holistic shows that default ROI heuristics can
fail under non-ideal orientations while learned ROI estimators improve overlap
and worst-case behavior (Moryossef, 2024). These works motivate ROI-aware
extraction, but do not establish a dataset-scale layer that consistently standardizes
ROI control, temporal constraints, sanity validation, and unified quality reporting
across large runs.

Robustness to Missing/Noisy Keypoints and Temporal Consistency

Robust skeleton modeling addresses occlusion, missingness, and jitter through
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reliability-aware gating and denoising objectives (Liu et al., 2016; Song et al.,
2021; Paoletti et al., 2023). In SLR, tracking error is associated with recognition
degradation, and using tracked hand regions can reduce word error rate (WER)
compared with coarse full-frame cues (Koller et al., 2015). In real-time settings,
missing keypoints are often handled with heuristics rather than explicit missing-
data modeling, which can introduce discontinuities and bias temporal features
(Moryossef et al., 2020).

However, most robustness approaches focus on recognition-time mitigation
given a fixed skeleton stream. They typically do not enforce extraction-time
temporal consistency, detect/flag trajectory failures, or produce standardized QC
outputs that can be used for dataset curation and reproducible training.

Datasets, Protocols, and Data Quality

Large-scale datasets amplify sensitivity to preprocessing and extraction
choices. WLASL provides a major word-level benchmark with metadata and
pose-based baselines, but landmarks are commonly extracted via off-the-shelf
pipelines without standardized reliability reporting, making it difficult to separate
extraction effects from modeling effects (Li et al., 2020). How2Sign provides a
large-scale continuous American Sign Language corpus with parallel modalities
and automatically extracted keypoints (including face), and reports that extraction
settings such as resolution influence confidence, particularly for hands, motivating
explicit auditing of landmark quality (Duarte et al., 2021; Cao et al., 2017). Slovo
provides large-scale Russian Sign Language data but does not include pose/
hand keypoints or quality labels, making robust external extraction important for
skeleton-based training and evaluation (Kapitanov et al., 2023). Consequently,
results can vary substantially with ROI/cropping policies, tracking behavior, and
missingness handling, and remain difficult to compare without dataset-level QC
reporting.

Prior work offers strong keypoint-based recognizers, practical extraction
components, and recognition-time robustness strategies, but lacks a unified,
dataset-scale pose—hand extraction layer that standardizes ROI quality control,
enforces temporal consistency with sanity validation, and exports consistent per-
frame and dataset-level quality reports for reproducible training and evaluation.

Problem Formulation and Output Schema. We process each sign-language
clip into a time-aligned pose—hand stream for the primary signer. The target
output is directly consumable by skeleton-based SLR models and is designed for
unconstrained footage, where hand tracks are prone to missed detections, left—
right identity swaps, drift, and self-occlusion. To make the output usable under
such conditions, the extractor provides not only landmark coordinates but also
per-hand reliability annotations that enable downstream masking, weighting, and
conditioning.

The extractor produces an ordered sequence of processed timesteps, optionally
temporally subsampled. Each timestep contains an upper-body pose estimate when
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available, left and right hand keypoints when available, and per-hand metadata
consisting of a confidence score and two categorical reliability labels.

Skeleton Stream Specification

For each processed timestep, the stream contains one pose component and two
hand components. The pose corresponds to a fixed upper-body subset of joints,
with the joint set and ordering fixed per run. Each hand is represented using a
canonical 21-landmark convention with a fixed landmark ordering. A scalar
confidence score is provided per hand.

When any component is unavailable, it is explicitly marked as missing via
a validity flag and handled consistently by the pipeline’s reliability logic. The
pose subset additionally provides global motion context and wrist priors that help
stabilize hand localization under detector dropouts and partial occlusions.

The extractor operates in a single coordinate mode per run to ensure consistency
and reproducibility at dataset scale. In image mode, coordinates are stored as
normalized 2D values relative to frame width and height; when supported, an
additional depth-like channel may be included. In world mode, 3D coordinates are
stored when available. For efficiency, pose may be computed less frequently than
hands; intermediate timesteps may reuse the nearest available pose estimate, and
such reuse is recorded explicitly.

Quality-Aware Pose-Hand Extraction Pipeline. Building on the output
representation defined in Section 3, we describe a quality-aware pipeline that
constructs the pose—hand stream and assigns per-hand provenance and reliability
labels at every timestep. The method is organized as a sequence of quality-
control stages that progressively refine hand estimates and suppress common
failure modes. Concretely, we first obtain per-frame pose and hand hypotheses
from a primary detector (pass1). Pose-derived wrist priors are used to resolve left/
right identity and reject spatially implausible hand outputs. When passl is weak
or missing, a pose-conditioned second-pass ROI refinement performs localized
re-detection to recover difficult frames. Residual short failures are bridged
via temporal robustness mechanisms (tracked/hold) and occlusion-consistent
handling, followed by lightweight plausibility checks to suppress catastrophic
artifacts. Finally, an optional anchor-based postprocessing step fills short gaps and
smooths trajectories while preserving high-confidence anchor frames (Figure 1).
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Figure 1. Overview of the quality-aware pose—hand extraction pipeline: (a) passl detection with
pose-guided identity resolution and spatial gating; (b) ROI-based recovery (pass2), temporal
robustness (tracked/hold), occlusion-consistent handling, and sanity validation; (c) stream
assembly, optional anchor-preserving postprocessing (interp), and per-video quality reporting.

Reliability-Aware Stream Construction

Rather than treating the per-hand confidence ¢ € [0,1] as a passive
diagnostic, we use it as a control signal that selects between extraction modes.
High-confidence detections are accepted as directly observed evidence, whereas
weak or missing detections trigger recovery. Specifically, if a hand hypothesis
is absent or falls below a predefined trigger threshold, the pipeline performs a
localized second-pass ROI re-detection centered on a pose-conditioned hand
prior. If recovery fails, the pipeline falls back to short-range temporal propagation
(tracked/hold) or marks the hand as missing. Confidence is derived either from
the detector’s handedness-related score (used here as a proxy confidence, default)
or from a binary presence indicator when score calibration is unreliable; in both
cases, downstream semantics are carried by the reliability labels [u rq, )

Reliability is operationalized by separatmg provenance (source) from
interpretation (state). The source label u identifies which mechanlsm produced
the final hand estimate at timestep t, whlle the state label qr provides a compact
reliability regime that is directly actionable downstream. Detector-derived outputs
(passl, pass2) are labeled as observed; temporally propagated outputs (tracked,
hold) are labeled as predicted; and overlap-driven, occlusion-consistent outputs
are labeled as occluded. When no estimate is available, the state is missing and
provenance is undefined (we set u?; = @). Postprocessing may additionally
synthesize short-gap estimates via anchor-based interpolation; such frames are
labeled u?: = interp and interpreted as g = predicted, preserving consistent
downstream handling. This separation enables SLR models to mask missing
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segments, down-weight inferred intervals, or explicitly condition on reliability
regimes rather than assuming uniform keypoint quality. Table 1 summarizes the
source—state mapping and recommended downstream usage.

Finally, we define anchors as high-confidence, sanity-validated observed frames
that serve as stable reference points for subsequent stabilization. Anchors are used
(i) as reference configurations for plausibility checks (e.g., scale and bone-ratio
consistency) and (ii) as fixed points during optional postprocessing, where short-
gap filling and smoothing are applied in an anchor-preserving manner to avoid
distorting reliable observations. For auditability, the pipeline records rejection
diagnostics when candidates fail plausibility constraints, enabling dataset-scale
inspection of typical failure modes. Anchors also delimit anchor-protected gap
filling in postprocessing: any filled frames remain explicitly marked as inferred (
u” = interp, g} = predicted) rather than being merged into observed evidence.

Table 1 — Reliability semantics used in the pipeline and recommended downstream usage.

Source (»F) | State (¢}) | Origin (how produced) Suggested usage in SLR

passl observed | primary detector output full weight; eligible anchor

pass2 observed | pose-conditioned ROI re-detection | full/near-full weight; eligible anchor

tracked predicted | temporal propagation via tracking | reduced weight or separate token; do

not treat as ground truth

hold predicted | short-gap reuse of last valid estimate | reduced weight; allow only short spans

interp predicted | anchor-based short-gap reduced weight; treat as inferred,
interpolation (postprocess) allow only short spans

occluded occluded | occlusion-consistent estimate optionally down-weight; condition
under overlap ambiguity model on occlusion regime

[0) missing | no estimate available hard mask / ignore for that hand

Pose-Guided Hand Identity Resolution and Spatial Gating

Off-the-shelf hand detectors frequently exhibit left/right identity flips and
occasional spurious or duplicated hypotheses, especially under rapid motion,
partial self-occlusion, and boundary truncation. To enforce a stable canonical left/
right ordering and suppress physically implausible outputs before downstream
recovery, we use pose wrists as geometric priors and apply pose-guided identity
resolution with spatial gating (Figure 2).

Let the left/right pose wrist references at time t be Wf{ (t) and Wﬁ (t), and let
w(H) denote the wrist landmark of a detected hand hypothesis H. We compare
hypotheses using a scale-normalized wrist proximity,

I w(H) —wE () I,
max (s(H),e) ' h € {L,R}. (1

d,(H,t) =

where 5(H) is an intrinsic hand-scale estimate (from landmark spread) to
reduce sensitivity to subject scale and camera zoom. When two hypotheses are
available, we evaluate both the no-swap and swapped assignments and select

53



Academic Scientific Journal of Computer Science 2.2026

the configuration with lower total proximity cost (Figure 2a). To avoid unstable
decisions when pose is unreliable, pose-guided assignment is applied only when
wrist priors are valid; otherwise, the detector-provided handedness is retained.

When only a single hypothesis is present, we assign it to the side whose
pose wrist yields the smaller normalized distance; if it is markedly closer to the
opposite wrist than to its current label, we reassign it (Figure 2b). Finally, we
apply spatial gating by rejecting hypotheses that are too far from their assigned
wrist in normalized units (Figure 2c), and we suppress duplicates by retaining
the higher-confidence hypothesis when two outputs are near-identical under IoU/
landmark similarity (Figure 2d).

(a) Anti-swap: (b) Single-hand (c) Spatial gating (d) Duplicate
reassignment (reject far-from-wrist) suppression (dedup)
w(H)
R [ ] FE
L R Il, 7 \‘ 3 o® -
WP. .W P ," / \ L[,
reassign f N wh ,'I e BT
@ S s
w(H SEL o 2

w(?{l) w(H?) ) high IoU

small normalized

Cour = dzz + drr dn(H,t) > 71 landmark distance

Cowap = drr + dpL keep higher confidence

_ reassign if closer - L
v to opposite wrist SHAIC S TSSINg ¢;» drop the other

Figure 2 — Pose-guided hand identity resolution and spatial filtering: anti-swap assignment,
single-hand reassignment, distance-based gating (a5 (H. £} = T; missing), and duplicate
suppression (IoU/landmark similarity), keeping the higher-confidence hypothesis ¢ [.

Second-Pass Pose-Conditioned ROI Refinement

Passl provides the primary hand hypotheses, but in unconstrained signing
it remains the dominant failure point due to motion blur, truncation, and self-
occlusion. To improve recall while preserving the reliability semantics of Section
4.1, we introduce a second-pass refinement that performs localized re-detection in
a pose-conditioned ROI. The second pass is invoked only when the pass1 output
for side h € {L, R} is missing or falls below a trigger threshold.

For each side }, the ROI is centered at an expected hand location derived from
the pose wrist prior W; (t): If the wrist prior is unavailable or unreliable, the
center falls back to the most recent valid hand location (and, if necessary, a neutral
default), ensuring stable behavior under intermittent pose failures (Figure 3).
Because the wrist prior can be imprecise, we search a small ladder of increasing
ROI scales and, at each scale, probe a compact set of local center offsets (jitter).
The search proceeds from smaller to larger ROIs and terminates at the first scale
that yields a valid candidate, keeping computation bounded while covering typical
prior error (Figure 3).
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Figure 3. Second-pass pose-conditioned ROI refinement flow. When pass1 is missing or weak,
the method centers an ROI at the expected hand location (pose wrist with fallbacks), searches a
small multi-scale and jitter neighborhood, and selects the best candidate via a confidence—center-

consistency score, yielding uP = pass2 and ql’ = observed upon success.

Each candidate hypothesis g provides a detector confidence ¢(H) and
handedness label. We select the best candidate using a confidence—center-
consistency score,

S(H) = c(H) — AG(H), 6(H) = ' W(H)_‘u”:, )

g

roi

where gt is the ROI center and 5,.,; is the ROI size used for normalization.
Candidates with excessive deviation are rejected; handedness preference is soft
to avoid systematic misses when the detector’s handedness is uncertain. Upon
success, the recovered estimate is labeled as pass2/observed; otherwise the pipeline
defers to subsequent temporal handling or missing-state output.

Temporal Robustness

Detector outputs in unconstrained signing are often intermittent: hands may
disappear briefly, reappear with jitter, or become ambiguous under overlap. To
preserve temporal continuity over bounded gaps while keeping reliability explicit,
we apply lightweight temporal mechanisms that populate the stream with clearly
labeled predicted and occluded intervals when direct observations are weak or
missing.

When a reliable hand estimate is available but subsequent frames exhibit
short detector failures, we propagate the last valid hand using optical-flow
correspondences with a constrained similarity transform to preserve hand shape,
and apply a lightweight temporal filter to reduce high-frequency jitter. Frames
produced by tracking are labeled as tracked/predicted. If tracking is unavailable
or unstable and the dropout is very short, we use a conservative hold strategy
that reuses the last exported hand configuration for a bounded number of frames,
labeled as hold/predicted.

Under strong hand—hand overlap, detector outputs may flicker and left/right
identity may become unstable. In this regime, we detect occlusion using high 2D
overlap (intersection-over-union, loU) together with depth-ordering cues when
available, and emit an occlusion-consistent estimate that preserves continuity
while explicitly exposing ambiguity; such frames are labeled as occluded/
occluded. To prevent catastrophic artifacts from propagating through temporal
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recovery, we apply plausibility constraints (e.g., scale consistency relative to
the last reliable anchor, wrist-jump bounds, and bone-ratio stability); failing
candidates are rejected and recorded for auditability. Crucially, these mechanisms
do not overwrite detector-derived observed estimates and only fill explicitly
labeled predicted/occluded intervals.

Anchor-Based Postprocessing

While the preceding stages already produce an explicit reliability-annotated
stream, brief dropouts and frame-to-frame jitter may still reduce temporal stability.
We therefore apply an optional anchor-based postprocessing step that fills short
gaps between reliable observations and smooths non-anchor segments while
preserving anchors exactly.

For each hand p, we define anchors as high-confidence, sanity-valid
observed estimates (i.e., qf = observed from detector-derived sources
uf € {passl, pass2}). For any two consecutive anchors (t,’t,), we fill only
short gaps whose length satisfies (t; — £ty — 1) = Gpay. To preserve hand shape,
each anchor configuration is represented by its wrist position pf, a scalar hand
scale %t , and normalized landmark offsets

H} —pf

of = ————
max (s, €)'

3

)

Intermediate frames t € (t,t,) are synthesized by linear interpolation
of {pl sF OF} between the two anchors, followed by reconstruction
HF =pl +stol. All filled frames are explicitly labeled as postprocessed
interpolation, u = interp and g = predicted, in accordance with the source—
state mapping defined in Table 1.

After gap filling, we optionally smooth trajectories to reduce high-frequency
jitter. Smoothing is applied only to non-anchor frames and not across long missing
intervals; anchors remain unchanged (or are restored after smoothing) to preserve
reliable detector evidence. Figure 4 illustrates the effect on a representative wrist
trajectory segment.

0.510{ == raw 2T
—— postprocessed -7 S
050579 & anchors Vi SS

0.500
0.495
0.490 4

Wrist x (normalized)

0.485
0.480

82 84 86 88 90 92 94
Frame index t
Figure 4. Anchor-based postprocessing example (zoomed segment): short gaps between anchors
are filled by anchor-preserving interpolation, and optional smoothing reduces jitter on non-anchor
frames while leaving anchors unchanged.
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Quality Report: Definitions and Metrics. The extractor is designed to
support large-scale sign-language dataset processing; however, the quality report
is defined at the level of a single video and can be aggregated across a corpus when
desired. Quality is characterized using observable proxies computed from the
extracted stream, without requiring ground-truth hand landmarks. Let T' denote
the number of processed frames. We use an indicator function I(-) that equals 1
when its argument is true and 0 otherwise. We index hands by h € {L, R}. A hand
is considered present at frame t when the extractor outputs a non-empty landmark
set; we denote this by H" # @. Let ¢/ € [0, 1] denote the per-frame confidence
of the extracted hand estimate, and let P, denote the pose estimate at frame t.
Finally, let " denote the source label of the hand estimate (Section 4.1). We
report coverage and confidence statistics, a fixed composite score for ranking, and
auxiliary diagnostic rates that explain how coverage is achieved and how stable
the stream is over time.

Coverage

Per-hand coverage measures the fraction of frames in which each hand is
present:

Covy = (%) iI(H:’ = 0) @)
Covg = (%)iI(Hf + @) %)

For compact reporting, we also define overall hand coverage as the mean of the
per-hand coverages:

Tr
1
Covgp, = (F) Z[(Hf + OVHE # 0) (6)

t=1

Both-hands coverage measures the fraction of frames where both hands are
simultaneously available, which is particularly important for two-handed signs:

Covig = (%)i[(h‘f #= 0 A HF = 0) @)

r=1

Pose coverage is defined analogously as the fraction of frames for which a pose
estimate is available in the output stream. When pose is computed sparsely, the
nearest available pose estimate is reused and still counted as available:

Covp = (%) i“I[Pr exists) (8)
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Composite quality score.

For dataset-scale ranking and filtering under a fixed extraction configuration,
we define a per-video quality score § as a weighted combination of both-hands
coverage Cov, (Eq. 7), mean per-hand coverage (Covy, + Covg)/2 (Eq. 4-5),
pose coverage Covp (Eq. 8). For each hand h € {L, R}, we define the median
confidence over frames where the hand is present as:

MedConf, = median({c] : H! # 0}) 9)
In the quality score, we use the mean of the two instances of MedConf, for 4 €
{L, R}, i.e., (MedConf, + MedConf)/2. The weights are fixed to make the score

reproducible and comparable across runs:

(Covy + Covg)

@ = 04 -Coyy + D.Z-f + 0.2-Covp
(MedConf, + MedConfy) (10)
+02- >

This score is not intended as a universal measure of correctness; rather, it
provides a reproducible proxy for how reliably a video yields usable pose—hand
skeletons for skeleton-based SLR under a chosen extraction configuration.

Auxiliary diagnostic rates.

The composite score alone does not indicate whether coverage is obtained via
direct detections or via recovery mechanisms, and it does not quantify identity
corrections or temporal jitter. We therefore report additional diagnostic rates
that are interpretable without ground truth and enable dataset-scale auditing and
ablation studies.

Recovery fractions.

Using the source label u”, we measure the fraction of frames where a hand
estimate is produced by ROI-based second-pass refinement pass2, bridged by
tracker-based temporal prediction tracked, or bridged by short-gap temporal
propagation hold. The primary detector output pass1 is omitted as the default case:

T
1
RecPrachPasﬂ = (F) ZI[:H?; = pass2) (11)
t=1
1\ T
RecFrac” ... = (F) ZI[‘:L’; = tracked) (12)
=1

These fractions distinguish videos dominated by observed frames from videos
where coverage is achieved primarily through temporal inference or short-gap
propagation.
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Failure mode rates

To characterize dominant degradations, we report per-video failure rates
computed from the exported stream. For two-hand failure modes we use a hand-
summed rate (range [0+ 2]), so the value can exceed 1 when both hands are affected
in the same frame.

Missing rate. The fraction of hand-frames where landmarks are missing:

MissingRate = (%) Z[I(Hf = Q)+ I(HF = 0)] (14)

t=1
Occlusion rate. The fraction of hand-frames flagged as occluded by the pipeline:

Tr
1
OcclusionRate = (F) Z[I[u‘? = occluded) +1(uf = occluded)] (15)
t=1

Swap rate. When left-right identity is ambiguous, the pipeline may apply
corrective operations such as swapping left/right assignments. Let S, be binary
indicator of whether a swap is applied at frame 7. We report the corresponding
intervention rates:

1
SwapRate = (F) ZSr (16)

t=1

Geometric outlier rate. To summarize temporal instability, we flag frames
where an implementation-aligned criterion detects abnormally large normalized
inter-frame changes in hand configuration and/or apparent scale. Let ﬂf and Df
be binary indicators of whether an outlier is flagged for the left and right hand at
frame t. For failure-mode profiling, we report the hand-summed per-video outlier
rate:

Tt

OutlierRate = (%) Z[Uﬁ + 0f] (17)

=1

Together, these diagnostics complement the composite score by capturing how
often the pipeline must infer hands beyond primary detection, how frequently
identity corrections are triggered, and whether the resulting trajectories are
temporally stable properties that directly affect the usefulness of skeleton streams
for SLR training.

Results. This section reports dataset-scale reliability of the proposed fault-
tolerant keypoint extraction pipeline on Slovo (rn = 20,400 clips). The analysis
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targets stream robustness (availability and stability of exported pose—hand
keypoints) rather than downstream recognition accuracy. Using the metrics defined
in Section 5, we summarize: (i) hand-keypoint availability over time via any-hand
coverage Cov,,, (Eq. 6), per-hand coverages Covy, Covg(Egs. 4-5), and both-
hands coverage Cowv, (Eq. 7); (ii) the distribution of the composite quality score
@ used for ranking and filtering (Eq. 10); (iii) failure-mode rates - MissingRate
(Eq. 14), OcclusionRate (Eq. 15), SwapRate (Eq. 16), and OutlierRate (Eq.
17) - reported with tail-sensitive statistics; and (iv) the contribution of recovery
mechanisms via per-hand recovery fractions (Egs. 11-13).

Overall, the goal is to provide a compact, reproducible quality report for
monitoring, dataset filtering, and prioritizing engineering improvements, supported
by an ablation comparison against a single-pass baseline.

Dataset coverage

We first summarize how consistently the pipeline exports hand keypoints
over time. We report any-hand coverage Cov,,,, (Eq. 6), defined as the fraction
of frames in which at least one hand is present, alongside per-hand coverages
Cov;, Covy (Eq. 4-5) and both-hands coverage Cov, s (Eq. 7).

At the dataset scale, Cov,,,, 1s high for most clips: the 10th percentile of Cov,,,
is 0.923, and 70.6% of videos achieve perfect any-hand coverage (ceo Vany = 1.0).
Low-coverage cases formarelatively small tail: 7.5% of clips have Cov,,,,, < 0.90
, and severe failures are rare (1.2% with Cg Vany < 0.5 0). Overall, this indicates
that the extraction pipeline is stable on the majority of samples, while a small
subset of clips remains challenging (e.g., hands leaving the frame, motion blur, or
strong occlusions).

Next, we assess suitability for two-handed modeling using both-hands coverage
Covyg (Eq.7), the fraction of frames where both hands are simultaneously available.
The distribution is strongly bimodal: 20.1% of clips have Cov;z = 0 (both hands
are never present at the same time), while 20.4% have Cov,z = 1 (both hands
are always present). For the remaininfi’clips, simultaneous two-hand visibility is
generally high (median Pgo= (.854, “75= 0.978). However, the existence of a
substantial e, = 0 group suggests that a non-trivial portion of the dataset is
structurally one-handed due to framing or signer behavior. Therefore, downstream
experiments that assume two visible hands should either filter by Co17,; or rely on
reliability-aware handling of missing parts.

Composite quality score distribution

We next summarize the distribution of the composite quality score @ defined
in Eq. (10). Figure 5 reports the empirical CDF of @ over the whole dataset. The
distribution is strongly skewed toward high scores: the 25th percentile is 0.598, the
median is 0.918, and the 75th percentile is 0.984. This indicates that the majority
of clips yield consistently usable pose—hand streams under the proposed extraction
configuration, with a large mass concentrated near ¢ & 1 (see the right-tail zoom).
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Right-tail zoom
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Figure 5. Empirical CDF (ECDF) of the composite quality score §f over Slovo (n =20,400).
Dashed lines indicate P,z Pgp, and Frg; the right panel shows a zoom into the high-score tail.

At the same time, the lower quartile forms a clearly separated low-quality
region (below @ 0.6), where clips are more likely to suffer from reduced
coverage, low confidence, or reliance on recovery mechanisms. Practically, this
motivates quality-aware filtering and monitoring: & can be used (i) as a dataset-
level health indicator across runs, and (ii) as a per-clip gating signal to exclude
or down-weight low-quality samples in downstream training without requiring
ground-truth landmarks.

Failure mode profile

We analyze dominant degradation patterns in the exported pose-hand
streams using the per-video failure rates defined in Section 5: MissingRate (Eq.
14), OcclusionRate (Eq. 15), SwapRate (Eq. 16), and OutlierRate (Eq. 17). To
emphasize rare but severe failures, Figure 6 reports complementary empirical
CDFs (CCDFs), S(x)=P(rate>x)=1—F(x), with a logarithmic y-axis. MissingRate,
OcclusionRate, and OutlierRate are computed in hand-summed form (range [0,2]),
so values above 1 are possible when both hands are affected in the same frame.
SwapRate is bounded to [0,1].

—— MissingRate (non-zero=79.6%, P90=1.025)
=== OcclusionRate (non-zero=55.1%, P90=0.607)
~—— SwapRate (non-zero=46.9%, P90=0.149)

— OutlierRate (non-zero=23.5%, P90=0.048)

10°

Survival fraction P(rate > x)

0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00
Rate (fraction of frames)

Figure 6. CCDFs (log y-axis) of per-video failure rates on Slovo (n=20,400): MissingRate,
OcclusionRate, SwapRate, and OutlierRate. Missing/Occlusion/Outlier are hand-summed ([0,2]);
Swap is in [0,1]. Legend shows non-zero clip fraction and Fyy.
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The results indicate that missing detections are the primary failure source at
dataset scale. MissingRate is non-zero in 79.6% of clips and exhibits the heaviest
tail among all modes (P5p=1.025), meaning that in the worst decile the stream
contains sustained missing landmarks at roughly one affected hand-frame per
frame on average (or higher when both hands are missing jointly). Occlusions
represent the second most impactful failure mode, being non-zero in 55.1% of
clips with a substantial tail (P4,=0.607), but consistently less severe than missing
detections in the high-rate region.

In contrast, identity correction and geometric instability are secondary
contributors. SwapRate is non-zero in 46.9% of clips, yet its magnitude remains
relatively limited (Pgy= 0.149), suggesting that identity ambiguities occur but
rarely dominate the temporal extent of a clip. OutlierRate is the least prevalent
mode (23.5% non-zero) and has the lightest tail (Pgp= 0.048), consistent with
sporadic instability events rather than systematic failure.

Overall, the failure-mode CCDFs provide a clear prioritization for further
robustness improvements: the largest dataset-level gains are expected from
reducing missing detections and improving occlusion handling, while swap and
outlier mitigation primarily target narrower edge cases.

Recovery contribution

We quantify how much of each exported hand stream is produced by recovery
mechanisms rather than the primary detector, using the per-clip recovery fractions
defined in Egs. (11), (12). Figure 7 compares the contribution of ROI-based
second-pass recovery and tracker-based temporal bridging for left and right hands.

1.0 T T
Median=0.412 Median=0469 | 12 racking bridge (zoomed)
IQR=0.151-0.667 IQR=0.222-0.702| Median=0.000 Median=0.000
Non-zero=89.0% Non-zero=94.2% 0.10 IQR=0.000-0.018 -000-0.
0.8 0.08 4
o 0.06 4 -
=R N
5 E 0.04 4
o 0.6
N I
=
o
8 0.00 . .
5 Left hand Right hand
Be
S0 0.4+
o>
20
Sv
o
=
0.2
[Non-zero=28.7%| [Non-zero=31.8%|
OO L T l I T 1
ROI 2nd-pass ROI 2nd-pass Tracking bridge Tracking bridge
left hand right hand left hand right hand

Recovery mechanism + hand

Figure 7. Per-clip recovered fraction (recovered / total clip frames) for ROI second-pass
recovery and tracking bridge, separately for left and right hand, on Slovo (n = 20,400). Boxes show
median and interquartile range (IQR); inset zooms the tracking regime.
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Second-pass recovery is the dominant source at dataset scale: the median
recovered fraction is 0.412 for the left hand (IQR 0.151-0.667; non-zero in 89.0%
of clips) and 0.469 for the right hand (IQR 0.222-0.702; non-zero in 94.2% of
clips). In contrast, tracking contributes little in most clips: the median is 0.000
for both hands, with small upper tails (IQR 0.000-0.018 for left; 0.000—0.022 for
right) and non-zero rates of 28.7% and 31.8%, respectively. Overall, robustness
is primarily driven by ROI-based second-pass recovery, while tracking acts as a
sparse fallback mechanism for a minority of clips.

Ablation study

To quantify the impact of the fault-tolerant components, we compare a single-
pass baseline (passl-only) against the full pipeline on Slovo (n = 20,400 clips).
We report a compact set of dataset-level reliability proxies defined in Section 5:
the composite quality score @ (Eq. 10), any-hand coverage Cov,,,.. (Eq. 6), both-
hands coverage Cov,, (Eq. 7), and the missing rate diagnostic MissingRate (Eq.
14).

Table 2 — Ablation results. pass-1 baseline vs. full fault-tolerant pipeline.

Metric Pass-1 Full A
Composite quality score 0.684 0.794 +0.110
Covgny 0.889 0.969 +0.080

Covyg 0.454 0.646 +0.192
MissingRate 0.329 0.193 —0.136

As shown in Table 2, the full pipeline improves reliability across all reported

criteria. The composite score increases by +ﬂ'110, consistent with a systematic
shift toward more usable pose—hand streams. Coverage gains are most pronounced

for simultaneous two-hand availability: Covir rises by +ﬂ'192, indicating
substantially more frames with both hands present - critical for two-handed signing

segments. Any-hand coverage also improves (‘H:"':'SD), while the missing-rate

decreases by — 0'136, confirming fewer missing hand-frames overall. Collectively,
these results support using the full fault-tolerant configuration as the default for
large-scale keypoint export and downstream quality-aware filtering.

Discussion. This work argues that pose—hand keypoint extraction for sign-
language corpora should be treated as an auditable, quality-controlled process
rather than a silent preprocessing step. The proposed quality report operationalizes
this view by providing dataset-scale reliability indicators that remain computable
without ground-truth landmarks. The Results section shows that the exported
streams are robust for most clips, while a clearly identifiable tail concentrates the
cases that require filtering, remediation, or pipeline improvements.

Afirst practical observation is that availability is high but not uniform, and two-
hand availability is structurally dataset-dependent. Any-hand coverage Cov,,,,
is near-perfect for the majority of clips, whereas both-hands coverage Cov,j is
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strongly bimodal, with a substantial fraction of clips exhibiting Cov,, = 0. This
is not necessarily an extractor failure; it often reflects framing and signer behavior
and implies that downstream pipelines assuming two visible hands should
explicitly gate by Cov; g or adopt reliability-aware handling of missing limbs. In
this sense, the coverage metrics act as a data characterization tool in addition to
being a robustness indicator.

Second, the distribution of the composite score @ is strongly skewed toward
high values, but the lower quartile forms a meaningful low-quality region. This
separation supports the use of @ as a compact quality-aware control signal: (i) for
monitoring extraction health across runs and configurations, and (ii) for dataset
filtering or sample reweighting in downstream training. Importantly, @ is designed
to be reproducible under fixed weights (Eq. 10) and interpretable through its
components (coverage, pose availability, and confidence), which reduces the risk
of treating it as an opaque scalar.

Third, the failure-mode CCDFs provide a clear prioritization for further
robustness improvements. Missing detections and occlusions dominate both in
prevalence and in tail severity, while identity correction activity and geometric
outliers are secondary contributors at the dataset scale. This indicates that the
expected return on engineering effort is highest for mechanisms that directly reduce
missing intervals and improve occlusion handling (e.g., better hand presence
modeling, occlusion-aware refinement, or data-driven thresholds), whereas swap/
outlier mitigation targets narrower edge cases.

Fourth, the recovery analysis shows that robustness gains are primarily driven
by ROI-based second-pass refinement, with tracking acting as a sparse fallback.
Together with the ablation results, this supports a concrete design implication: if
compute or implementation complexity must be budgeted, prioritizing a strong
second-pass refinement yields most of the dataset-scale benefit, while tracking
provides smaller incremental gains and primarily addresses a minority of clips.

The reported metrics are proxy measures of reliability rather than geometric
correctness, as no ground-truth landmarks are available. Recovery mechanisms
can produce plausible trajectories that may still be inaccurate, so high coverage
alone should not be interpreted as guaranteed correctness. Additionally, the
diagnostic rates depend on implementation-aligned criteria (e.g., occlusion flags,
outlier tests, identity interventions), and their absolute values may shift under
domain changes such as viewpoint, resolution, cropping, and motion blur. Finally,
while fixed weights make {J comparable across runs, the chosen weighting is still
a modeling choice; alternative weightings could be better aligned with particular
downstream objectives.

A natural next step is to validate how these reliability indicators correlate with
downstream SLR performance (e.g., WER/accuracy vs. Covy,, MissingRate,
and 2). Partial annotation of a small subset would enable calibration of proxy
metrics against geometric error and help quantify when recovered frames become
harmful. Another direction is adaptive configuration across domains (learned
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thresholds, domain-conditioned weights for @, or uncertainty-aware scoring)
to improve transferability without sacrificing interpretability. Finally, targeted
improvements for missing/occlusion handling are likely to deliver the largest
dataset-scale gains, as suggested by the tail behavior in the failure-mode CCDFs.

Conclusion. We presented a quality-aware pose—hand keypoint extraction
pipeline for skeleton-based SLR that integrates pose-guided left/right assignment,
ROI-based second-pass recovery, short-gap temporal bridging (tracking/hold),
sanity validation, and anchor-preserving postprocessing. Crucially, the pipeline
exports explicit reliability semantics together with a proxy-metric quality report,
turning keypoint extraction into an auditable and reproducible stage that supports
dataset-level monitoring, filtering, and reliability-aware downstream training.

Dataset-scale evaluation on Slovo (n =20,400) shows that the exported streams
are usable for the majority of clips: any-hand coverage is near-saturated for most
videos, and the composite quality score distribution is strongly concentrated
toward high values (Psz= 0.598, Pso=0.918, P75=0.984). Failure-mode profiling
indicates that missing detections and occlusions dominate both prevalence and
tail severity, making them the primary targets for future robustness gains, while
identity correction activity and geometric outliers are comparatively secondary.
Recovery attribution further demonstrates that robustness is driven mainly by
ROI second-pass refinement (median recovered fraction 0.412/0.469 with non-
zero rates 89.0-94.2%), whereas tracking contributes marginally (median ~ 0 with
non-zero rates = 30%), acting primarily as a fallback. Finally, ablation confirms
that the full fault-tolerant configuration improves dataset-level reliability across
coverage and quality indicators relative to a single-pass baseline, supporting its
use as the default setting for large-scale keypoint export and subsequent quality-
aware filtering.
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