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Abstract

Autonomous inspection robots deployed in industrial facilities have so far relied
predominantly on a single sensing modality, typically RGB computer vision, traversing
a fixed, pre-programmed route regardless of the actual likelihood that any given asset
harbors a developing defect. This design choice constrains both detection reliability,
since single-modality vision struggles to distinguish genuine surface degradation from
benign visual clutter such as dust, glare, or paint discoloration, and inspection efficiency,
since a fixed route allocates equal attention to low-risk and high-risk assets alike. This
study proposes Multi-Modal Fusion Autonomous Inspection (MMFAL), an architecture
in which a LIDAR-based simultaneous localization and mapping module provides the
navigation backbone, RGB, long-wave thermal, and structure-borne acoustic sensing
streams are combined through a Bayesian belief-fusion layer that cross-validates
candidate defect signatures across modalities before an alert is raised, and an
information-theoretic next-best-view planner sequences inspection stops according to
expected information gain rather than a fixed patrol route, prioritizing assets whose
condition estimate carries the greatest uncertainty or the greatest consequence of failure.
The framework was evaluated on a representative petrochemical processing unit through
comparative field trials against manual human inspection and an existing single-
modality RGB inspection robot operating a fixed route. The proposed system raised

defect-detection recall to 94.2% and precision to 91.6%, extended mean early-detection
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lead time for corrosion and thermal-hotspot onset from 9.6 to 27.3 days, and reduced
human exposure time in hazardous zones by 93% relative to manual inspection, with a
seven-year net present value nearly three times that of the single-modality robot.
Keywords

autonomous inspection robot; computer vision; thermal imaging; LiDAR; sensor fusion;
industrial safety; predictive asset monitoring.

AHHOTALUA

ABTOHOMHBIE UHCIIEKIIMOHHBIE POOOTHI, TPUMEHSIEMbIE HA MPOMBIIIICHHBIX 00bEKTaX,
JI0 HACTOSAIIETO BPEMEHU MPEUMYIIIECTBEHHO ONMUPAIMCH HA €IMHCTBEHHYIO CEHCOPHYIO
MOJAJIBHOCTh, Kak npaBwio, RGB-kamepy MammHHOrO 3peHHs, MEPEMEIasich IO
(UKCHpOBAaHHOMY, 3apaHee 3alporpaMMHPOBAHHOMY MapIIPYTy HE3aBUCHUMO OT
(akTHUECKOW BEPOSITHOCTU pPa3BUTUs Je(deKTa Ha KOHKPETHOM OOBEKTE KOHTPOJIS.
Takoil mMOAXOA OrpaHUYMBACT KakK HAJAEKHOCTh OOHApPYKEHUS, TMOCKOJbKY
MOHOXPOMHOE€ MAIIIMHHOE 3pPEHHE C TPYJIOM OTJIWYaeT NOMJIMHHYIO JErpajaluio
MMOBEPXHOCTU OT 0€300UIHBIX BU3yabHBIX MOMEX — MbUINA, OJUKOB WM W3MEHEHUS
I[BETa Kpacku, — TakK U 3(P(HEKTUBHOCTh MHCHEKIIMU, MOCKOJIbKY (DUKCUPOBAHHBIN
MapHipyT YIeIseT paBHOE BHUMAaHHME OOBEKTaM KaK C HU3KUM, TaK M C BBICOKUM
puckoMm. B HacrosiieM rcclieIoBaHUM MPEIIOKEHA apXUTEKTypa MYJIbTUMOIAIBHOTO
CIIMTHOTO aBTOHOMHOro wuHcmektupoBanus (Multi-Modal Fusion Autonomous
Inspection, MMFALI), B koTOpoi#i MOAYJIb OJHOBPEMEHHOM JIOKAM3AIUU U MTOCTPOCHUSI
kapThl Ha ocHoBe LiDAR oOecreunBaeT OCHOBY HaBUTAIlMH, MOTOKU NaHHBIX RGB,
JUIMHHOBOJIHOBOTO  TEIUIOBOTO U CTPYKTYPHO-aKyCTHYECKOTO  30HIUPOBAHUS
00BEIUHSIOTCS] TTIOCPEJACTBOM 0all€COBCKOTO CIIOSl CIUSHUS YOS KIACHUHN, MEPEKPECTHO
MIPOBEPSIONIETO MPU3HAKU MOTEHIIMATBHOTO JAe(eKTa M0 HECKOILKHUM MOJAIBHOCTSIM
10 GopMHUPOBAHUS OMOBEIICHUS, a TUTAHUPOBIIUK CIEAYIOIIEr0o HAUIYYIIIEro paKypca

Ha OCHOBC TCOpPHHU I/IH(i)OpMaHI/II/I OMnpCACIIACT IMOCICAOBATCIIBHOCTh TOYCK MHCIICKITUN
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0 OXXHMJaeMOMY NpPHUPOCTy HHPOpMamuu, a HE MO0 (PUKCUPOBAHHOMY MapIIPyTy
obxoma. Mogenp anpoOuUpoBaHa Ha THUIOBOW TEXHOJIOTHYECKON  yCTaHOBKE
HC(i)TGXI/IMI/IIIGCKOFO IMIPpONU3BOACTBA HYTéM CPaBHUTCIIBHBIX ITIOJICBBIX HUCIIBITAaHUM.
[IpennoxkeHHasi cucreMa TOBBICUIIA TMOJTHOTY OOHapyxkeHus nedextoB n0 94,2%, a
TOYHOCTh — 110 91,6%, yBenuumiia cpeiHee BpeMsi paHHET0 OOHApYKEHUS KOPPO3UH U
TEIJIOBBIX aHOMaJuil ¢ 9,6 10 27,3 CyTOK M CHU3MWIA BpeMsi MpeObIBaHUS MEepcoHaa B
OmnacHbIX 30HaxX Ha 93% mo CpaBHEHUIO C pyYHOU MHCIIEKIMEH.

Knrouesvie cnoea: asmonommuwi ucheKMMOHHblﬁ p060m,' MAWUHHOE 3peHue,
mennosusuoHuas cvémxa, LiDAR; causnue ceHcOpHbiX OAHHbLIX, NPOMbBLULIEHHAS
6e30nacyocmb; I’lpOZHOSHbZﬁ MOHUMOPUHS AKMUBOS.

Annotatsiya

Sanoat ob'ektlarida go'llaniladigan avtonom inspeksiya robotlari hozirgacha asosan bitta
sensor modalligiga, odatda RGB kompyuter ko'rishiga tayangan holda, aniq nazorat
gilinayotgan ob'ektda rivojlanayotgan nugson mavjudligining haqiqiy ehtimolidan gat'i
nazar, gat'iy, oldindan dasturlashtirilgan marshrut bo'ylab harakatlanadi. Bunday
yondashuv ham aniglash ishonchliligini cheklaydi, chunki bitta modallikdagi ko'rish
haqgiqiy sirt degradatsiyasini chang, yaltirash yoki bo'yoq rangining o'zgarishi kabi
zararsiz vizual shovgindan farglashda giynaladi, ham inspeksiya samaradorligini
cheklaydi, chunki gat'iy marshrut past va yuqori xavfli ob'ektlarga teng e'tibor beradi.
Ushbu tadgigotda Ko'p Modallikni Birlashtiruvchi Avtonom Inspeksiya (MMFALI)
arxitekturasi taklif etiladi, unda LIDAR asosidagi bir vagtning o'zida lokalizatsiya va
xarita tuzish moduli navigatsiya asosini ta'minlaydi, RGB, uzun to'lginli termal va
struktura orqgali uzatiladigan akustik zondlash ogimlari ogohlantirish shakllantirilishidan
oldin nomzod nugson belgilarini bir necha modallik bo'yicha o'zaro tekshiruvchi Bayes
e'tiqod birlashtirish gatlami orqali birlashtiriladi, keyingi eng yaxshi ko'rinish
rejalashtiruvchisi esa inspeksiya nugtalarini gat'iy patrul marshruti o'rniga kutilgan
112
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ma'lumot ortishi bo'yicha tartibga soladi. Model tipik neftkimyo qayta ishlash
bo'linmasida giyosiy dala sinovlari orgali baholandi. Taklif etilgan tizim nugsonlarni
aniglash to'ligligini 94,2% gacha, aniqligini esa 91,6% gacha oshirdi, korroziya va
termal anomaliyalarni erta aniglash o'rtacha muddatini 9,6 kundan 27,3 kungacha
uzaytirdi va xodimlarning xavfli zonalardagi bo'lish vaqtini qo'lda inspeksiyaga nisbatan
93% ga kamaytirdi.

Kalit so'zlar: avtonom inspeksiya roboti; kompyuter ko'rishi; termal tasvirlash; LiDAR;
sensor ma'lumotlarini birlashtirish; sanoat xavfsizligi; aktivlarni bashoratli monitoring
qilish.

1. Introduction and Objective

Periodic visual inspection of pressure vessels, piping, and rotating equipment remains
one of the principal mechanisms by which industrial facilities detect developing
corrosion, thermal anomalies, and structural degradation before they progress to failure,
yet the practice carries an inherent tension between thoroughness and safety:
comprehensive manual inspection of confined, elevated, or high-temperature assets
exposes personnel to exactly the hazards the inspection program exists to prevent. The
autonomous inspection robots that have emerged as a partial response to this tension
have so far replicated the structure of manual inspection routes rather than rethinking
the underlying inspection logic, typically carrying a single RGB camera along a fixed
patrol path defined at commissioning and rarely revised in response to the facility's
evolving risk profile. The scientific problem this study addresses is twofold: first, single-
modality visual inspection lacks the discriminative power to reliably separate genuine
degradation signatures from benign visual artifacts, producing a false-positive burden
that erodes operator trust in automated alerts over time; second, fixed-route patrol
scheduling allocates inspection attention uniformly across assets regardless of their

differential risk or the informativeness of re-inspecting them, wasting sensing capacity
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on low-value repeat observations. The objective of this study is to design and evaluate
the MMFAI architecture, in which multi-modal sensor fusion improves detection
discrimination and an information-theoretic path planner allocates inspection attention
according to expected information gain, and to quantify the resulting technical and
economic performance against both manual human inspection and an existing single-
modality robotic approach on a representative petrochemical processing unit. The
novelty of the proposed contribution rests on three elements: (i) a Bayesian belief-fusion
layer that combines RGB, thermal, and structure-borne acoustic evidence at the level of
a shared defect-hypothesis posterior rather than through independent per-modality
alarms subsequently reconciled by a human operator, allowing modalities to corroborate
or veto one another before an alert is generated; (ii) an information-theoretic next-best-
view planner that treats inspection routing as a sequential decision problem under
uncertainty, prioritizing assets by the expected reduction in condition-estimate entropy
rather than by a fixed geographic sequence; and (iii) an explicit quantification of human
hazardous-zone exposure time as an economic and safety metric alongside conventional
detection performance, connecting the robot's technical design directly to occupational
risk reduction.

2. Methodology and Analytical Setup

The framework was developed and field-tested in five stages on a representative
petrochemical processing unit comprising pressurized piping runs, storage vessels, and
rotating pump equipment, using a wheeled/tracked mobile platform equipped with a 3D
LiDAR unit, a gimbal-stabilized RGB-thermal camera pair, and a contact-based
structure-borne acoustic sensor deployed at designated docking points. In the first stage,
the LiDAR-based simultaneous localization and mapping module was used to construct
and continuously update a 3D occupancy map of the facility, providing the navigation

backbone against which inspection waypoints and obstacle-avoidance trajectories are
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planned, independent of the defect-detection sensing streams. In the second stage, a
Bayesian belief-fusion model was formulated in which each sensing modality m
produces a likelihood £ m(defect | observation) for a candidate defect hypothesis at a
given asset location, and the fused posterior belief is computed as
P(defect | o_RGB, o_thermal, o_acoustic) oc P(defect) - ¢ RGB(o RGB) -
{ thermal(o _thermal) - € acoustic(o_acoustic),
with an alert issued only once the fused posterior exceeds a calibrated confidence
threshold, so that a strong single-modality signal contradicted by the other two
modalities (for example, a thermal hotspot without any corroborating visual or acoustic
anomaly, consistent with a benign process-temperature variation) is suppressed rather
than immediately flagged. In the third stage, an information-theoretic next-best-view
planner was implemented, in which each candidate inspection waypoint w is assigned
an expected information gain
1G(w) = H[belief(w)] — E[H(belief(w) | observation)],

representing the expected reduction in Shannon entropy of the asset's condition-belief
distribution from re-inspecting it, weighted by a consequence-of-failure factor derived
from the asset's process criticality classification; the planner selects the sequence of
waypoints maximizing cumulative weighted information gain per unit travel time, re-
planning after each completed inspection round as new evidence updates each asset's
belief distribution. In the fourth stage, the fused defect-detection pipeline and path
planner were integrated onto the mobile platform and deployed for a six-month field
trial at the processing unit, operating alongside the facility's existing manual inspection
program and a previously installed single-modality RGB robot operating a fixed patrol
route, to allow direct comparison under identical operating conditions. In the fifth stage,
detection outcomes from all three inspection regimes were reconciled against a ground-

truth defect record established through scheduled non-destructive testing (ultrasonic
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thickness gauging and confirmed thermal-camera overlays) conducted independently of

the study, allowing recall, precision, and false-positive rate to be computed against a

common reference standard.

3. Results and Discussion

The comparative technical and economic results across the three inspection regimes are

summarized in Table 1.

Parameter Baseline/ | Existing | Proposed
Control Standard | Integrated
Model Approach | Approach
(manual |[(RGB-only| (MMFAI
human |robot, fixedframework)
inspection) route)
Defect detection recall, % 71.4 79.8 94.2
Defect detection precision, % — 68.3 91.6
False positive rate, % — 24.1 7.4
Facility inspection coverage, % of monitored 62 84 97
assets/cycle
Mean early-detection lead time — 9.6 27.3
(corrosion/hotspot onset), days
Inspection cycle time, hours/round 14.2 6.8 5.1
Human exposure time in hazardous zones, 46 11 3
hours/month
Cost per inspection round, USD 2,140 1,380 980
Estimated avoided failure cost, USD/year — 142,000 386,000
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Initial investment (robot platform, sensors, — 94,000 176,000
integration), USD
Simple payback period, months — 9.7 6.4
Net Present Value over 7 years, USD (r = 13%) 0 398,500 | 1,124,700

Table 1. Comparative technical and economic performance of the three inspection
regimes.

The improvement in detection precision, from 68.3% under the single-modality robot to
91.6% under MMFA, is attributable directly to the Bayesian fusion mechanism: manual
review of the single-modality robot's false-positive log during the trial period showed
that the majority of erroneous alerts stemmed from thermal or visual signatures that a
corroborating acoustic or visual check would have readily dismissed, precisely the veto
mechanism the fused posterior is designed to apply. This improvement in precision is
economically significant beyond its immediate effect on alarm accuracy, because a high
false-positive rate erodes operator trust and, over time, encourages exactly the reversion
to manual verification of every flagged alert that automated inspection is intended to
eliminate. The extension of mean early-detection lead time, from 9.6 to 27.3 days,
follows from the information-theoretic planner's reallocation of inspection frequency
toward higher-consequence assets: rather than revisiting every asset on an identical fixed
interval, the planner increases sampling frequency at locations where the belief
distribution’s entropy is high or narrowing slowly, allowing incipient degradation at
high-criticality assets to be caught earlier than a uniform patrol schedule would permit,
at the cost of somewhat less frequent re-inspection of low-risk, low-consequence assets
whose condition estimate is already confidently benign.

The reduction in human hazardous-zone exposure time, from 46 to 3 hours per month,

Is the most direct safety-relevant outcome and stems mechanically from the near-
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complete displacement of routine manual walkthroughs; the residual exposure
corresponds to confirmatory manual checks of the small subset of MMFAI-flagged
anomalies for which maintenance personnel elect direct visual confirmation before
scheduling an intervention, a supervisory practice retained deliberately during the trial
period rather than eliminated. Economically, despite requiring nearly twice the initial
investment of the single-modality robot, MMFAI achieves a substantially shorter
payback period (6.4 versus 9.7 months) and nearly triple the seven-year net present
value, driven primarily by the avoided-failure-cost line, which more than doubles
relative to the single-modality system — a direct consequence of the extended early-
detection lead time translating into interventions scheduled before, rather than after, a
failure event.

4. Conclusion

This study demonstrates that the value of autonomous industrial inspection depends
substantially on architectural choices that go beyond simply replacing a human inspector
with a mobile sensor platform. The proposed MMFAI framework, combining LiDAR-
based navigation, Bayesian multi-modal sensor fusion, and information-theoretic
inspection-route planning, raised defect-detection precision from 68.3% to 91.6%
relative to an existing single-modality robotic approach, nearly tripled early-detection
lead time for corrosion and thermal anomalies, and reduced human exposure to
hazardous zones by 93% relative to manual inspection, translating into a seven-year net
present value nearly three times that of the single-modality alternative despite a higher
initial investment.

The practical significance of this work is that the principal economic and safety returns
from industrial inspection automation accrue not from sensor deployment per se, but
from the fusion and planning architecture that determines how multi-modal evidence is

corroborated and how inspection attention is allocated across assets of differing risk.
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Future work should extend the belief-fusion model to incorporate additional modalities
such as ultrasonic and gas-leak sensing, evaluate the framework's robustness across a
broader range of industrial environments beyond the single petrochemical unit examined
here, and investigate multi-robot coordination strategies for facilities whose scale
exceeds the effective coverage radius of a single autonomous platform.
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