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Abstract: In the aviation industry, automated inspection is essential for ensuring quality of production.
It allows acceleration of procedures for quality control of parts or mechanical assemblies. As a result,
the demand of intelligent visual inspection systems aimed at ensuring high quality in production
lines is increasing. In this work, we address a very common problem in quality control. The problem
is verification of presence of the correct part and verification of its position. We address the problem
in two parts: first, automatic selection of informative viewpoints before the inspection process is
started (offline preparation of the inspection) and, second, automatic treatment of the acquired images
from said viewpoints by matching them with information in 3D CAD models is launched. We apply
this inspection system for detecting defects on aeronautical mechanical assemblies with the aim
of checking whether all the subparts are present and correctly mounted. The system can be used
during manufacturing or maintenance operations. The accuracy of the system is evaluated on two
kinds of platform. One is an autonomous navigation robot, and the other one is a handheld tablet.
The experimental results show that our proposed approach is accurate and promising for industrial
applications with possibility for real-time inspection.

Keywords: computer vision; manufacturing; maintenance; robotized inspection; handheld inspection;
CAD model; viewpoint selection; tracking; matching 3D/2D; augmented reality

1. Introduction

Industrial quality control is often realized as an automated end-of-line inspection system that
checks certain features on the products. In the aeronautical field, many industrial companies use
computer vision to automate tiresome operations of quality control in mechanical assembly for several
reasons. On one hand, the human operators have implicit limits like overseeing of the missing parts
and low repeatability rate [1]. On the other hand, the inspection task must be carried out in a cycle
time established for a specific production process which is hard to achieve with manual inspection [2].

In modern manufacturing, industry robots are employed to conduct the inspection tasks with
machine vision systems. These robots provide the physical link between intelligence and action.
Usually, a robot inspection system has three modules: (1) mechanical: links, joints, end-effector,
base, and mobile platform; (2) vision-based sensor system mounted on its end-effector; and (3) the
perception, planning, and control unit, which interprets the sensory input and plans and controls the
robot’s actions [3].

In this paper, we present a robust approach for detecting a common type of defect on aeronautical
mechanical assemblies whose CAD model we dispose and exploit extensively. Our system aims to
verify the presence of the correct part within the assembly. It also checks that the part is well mounted.
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The parts we are checking are metallic supports whose color and texture are often similar to the one
of the background, making our task challenging. More details as well as illustrations will be given
further in the article.

We evaluated our algorithm using two different systems: robotic and tablet-based handheld
interface. Our approach consists of two processes.

First, automatic selection of informative viewpoints is started, given a priori 3D CAD models of
the object and of the the whole assembly. The method proposed in this paper aims to find the best
viewpoint according to designed scoring function.

Second, after the favorable viewpoints have been selected, our system verifies that the needed
elements of the assembly are present and that they have been mounted in the correct position. The CAD
model is used as a reference and it describes the assembly as it should be.

The proposed method has the following advantages; it (1) combines the precise information of
CAD model with fast and inexpensive 2D sensors, (2) inspects parts with arbitrary geometrical shapes,
(3) processes in real-time, and (4) fully automates the inspection process.

This work has been conducted as a successful collaboration between the Institut Clément
Ader research laboratory and the Diota c© company (www.diota.com). More precisely, within the
Institut Clément Ader research laboratory, the “Metrology, Instrumentation, Control and Monitoring”
research group carries out research work on vision-based inspection for manufacturing or maintenance
applications. The Diota c© company has been recently focusing on vision-based solutions for industrial
control, relying on its core technology in CAD-based tracking and augmented reality.

The remainder of this paper is organized as follows. Section 2 introduces related works.
The overview of the proposed inspection system is given in Section 3. The proposed method for
the matching between the set of projected edgelets and the set of real edges is explained in Section 4.
The overview of viewpoint selection scheme and some considerations about generating a set of
candidate local viewpoints and the scoring function are detailed in Section 5. Section 6 shows a few
empirical experiments and discusses about experimental results. Finally, in Section 7, some future
directions are presented and the paper is concluded.

2. Related Work

In the aviation industry, the product inspection requirements have become stricter and more
challenging, as products become smaller and more complex and the assembling process becomes faster.
Consequently, an automated visual inspection system is one of the most important pieces of equipment
for quality assurance and production efficiency with objectivity, endurance, and repeatability equal to
and even surpassing human perception.

The systems that we are interested in are based on standard industrial robots that use a
vision-based sensor system mounted on their end-effectors, such as those described in [4] for visual
weld seam inspection, or the multi-axis Degree of Freedom (DoF) robot arm mounting an optical
3D scanner for inspection of mechanical components. We are also interested in the works aiming to
find the optimal viewpoints as the one described in [5]. Further, our focus moves to the developed
algorithms for mechanical assembly inspection. We also give some references to the works in the
domain of CAD-based tracking and localization, which are not our domains of contribution, but whose
results we use as inputs to our inspection method.

In this work, the starting point is a 3D CAD model of an assembly to be inspected. The first step
is offline viewpoint selection, which is performed per object to be inspected. In the computer
vision community, the viewpoint selection has been investigated. Examples are optimal 3D object
recognition [6], grasp detection [7], human actions recognition [8], visual search [9], or global 3D
reconstruction [10]. The problem of viewpoint selection is defined as generating candidate viewpoints
and constructing scoring function for finding the best viewpoints with the highest score as presented
by Liu et al. [11]. For reducing the search space, many authors use an approximate sphere [12] or a
cylinder to generate the candidate viewpoints [11]. In our work, the candidate viewpoints are sampled

www.diota.com
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over a sphere, therefore each viewpoint is at a safe distance from the center of mass of the element
to be inspected, so as to comply with industrial security standards for ensuring the security of the
inspected element as well as of the inspecting robot.

After the offline process of viewpoint selection is completed, the robotic inspection system is ready
for operation. Comparison of acquired 2D or 3D data with the CAD model is a fast-growing type of
inspection. In fact, it is the only effective and precise method of inspection, because the model contains
an exact specification of the part [13] and provides a rich and useful source of information. In early
works, Newman et al. [14] presented automated visual inspection (AVI) and techniques that have been
reported in the literature from 1988 to 1993. They especially focused on the expanded role of CAD
models in many systems of inspection. Jovancevic et al. [15] show that utilizing CAD model whenever
possible is beneficial for their results in the task of exterior aircraft inspection. Viana et al. [16] have
presented a CAD-based inspection of mechanical parts by means of comparison between a reference
and a test image. The CAD-based matching method compares an image generated from a CAD
model with an image acquired with the 2D camera, using primitives extracted from the contours.
Berndt et al. [17] present a new technique for the detection of assembly errors using virtual images
created from the CAD model. Their software compares a virtual image with the image of the real
component. VisionLib c©, developed by the Fraunhofer IGD, combines the strengths of real-time object
localization, live comparison against CAD data, and augmented reality for inspections and virtual
measurements. It offers augmented reality-based stationary and mobile inspection systems for quality
control. Image processing and a CAD-based approach have been also applied to the shipbuilding
inspection task [18].

Recently, systems for aircraft inspection have been developed as well, such as the mobile
robot named Air-Cobot [15] [1].

Our work strongly relies on a result of CAD-based tracking and localization by combining 3D
data with 2D images. Using model-based tracking technologies, CAD data is registered in real-time to
objects captured in camera images. De Crescenzio et al. [19] present a prototype system for aircraft
maintenance and inspection. The system includes a marker-less camera pose estimation to track
mechanical parts by using the SURF features [20] based on an offline and an online process. In the
offline process, they first acquire a reference image of the object to be analyzed and they extract local
invariant features. These extracted features are stored in the system for later use. In the online process,
the system continuously processes the camera’s video stream, processing each incoming frame by
extracting the SURF features from the frame and matching with the local features extracted from the
reference image.

To the best of our knowledge, the existing methods for assembly/CAD conformity check are
based on comparison of rendered synthetic images with real images [17], [16]. Those images are
further compared in terms of their respective sets of extracted geometrical primitives such as lines and
circles/ellipses. Our method proposes three main novelties:

1. Offline phase of 3D edgelets extraction enables the extraction of meaningful 3D edges, which are
prone to produce corresponding 2D edges.

2. Offline preparation phase: used for selecting the most favorable viewpoints for our inspection
type.

3. Matching edgelets one by one and full control of comparison between expected shape and
observed shape by taking into account the environment of the element (context) in both cases,
when the element is present and absent.
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3.TheProposedInspectionSystems

3.1.OverviewoftheProposedSystems

Weareaimingtosupporttwomodesofoperation:onebasedonutilizingmultiplesensors(two

camerasanda3Dscanner)movedbyarobot,andanotherrelyingonasinglecameralinkedtoa

handheldtablet.

3.1.1.Robot-BasedInspection

Therobot-basedinspectionplatformismadeofamobilerobot(Figure1)equippedwiththree

sensors(twocamerasanda3Dscanner)mountedontherobotarmeffector. Notethatthesensor

DiotaSensorONEisaproductcommercializedbyDiotac.Thesameholdsforawholeroboticsolution

wearedescribing,whichiscommercializedunderthenameSIRISc.

Figure1.Therobot-basedinspectionplatformandanaircraftenginetobeinspected.

Thesensorsmountedontherobot(seeFigure2)allowseveralfeatures:

• Inspection: Ahigh-resolutioncamerawithareducedfieldofviewallowscapturingdetails

andobservingtheelementsveryfinelywith7DoF.Thisisahigh-resolutioncamerawithlarge

sensor,which,togetherwith25mmfocallengthlens,enableshighsensitivityandobservability

offinedetailsintheworkingzone.Ourtypicalworkingdistanceis∼600mm.Atthisdistance,

ourimagecoversazone311mm×245mm,andeachpixelcoversasquareofdimensions

0.12mm×0.12mm.Therefore,one-pixelerrormeansanerrorof∼1/10mm.Thespecifications

oftheinspectioncameraareshowninTable1.

AsshowninFigure2,ourvision-basedsensorisequippedwitharing-typeEffiluxlightingsystem

positionedaroundtheinspectioncamera.Thislightsourceisonlyactivatedinthemomentof

imageacquisition,whentherobotisnotmoving.

• Localization:Awidefieldtrackingcameraallowspreciselocalizationoftheeffectorwithrespect

tothepartitcontrols. Thechoiceofthecameraistheresultofextensiveandpermanent

evaluationandtestingofallsignificantindustrialcamerasavailableonthemarket(uEyec

(https://en.ids-imaging.com),Baslerc(www.baslerweb.com),etc). Ouraugmentedreality

solution(seeSection4.2)iswellestablishedandhasbeenacceptedbymanyindustrialpartners.

ThespecificationsofthetrackingcameraareshowninTable2.

• 3Dscan:Astructuredlightstereosensorcomplementsthesensor’scapabilitiesbydigitizingthe

areasobservedin3D.

https://en.ids-imaging.com
www.baslerweb.com
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• Controlling: The whole is controlled by an industrial PC which manages data acquisition and
localization of the effector.

Table 1. Inspection camera specifications.

Camera name UI-3180 (PYTHON 5000)

Frame rate 73 fps

Resolution (h × v) 2592 × 2048

Optical Area 12.44 mm × 9.830 mm

Resolution 5.31 MPix

Pixel size 4.80 µm

Lens name vs-2514h1

Focal length 25 mm (25.42)

Minimal object distance (M.O.D.) 300 mm

Angel of view (h × v) 21.5◦ × 28.5◦

Table 2. Tracking camera specifications.

Camera name IDS 3070

Frame rate 123 fps

Resolution (h × v) 2056 × 1542

Optical Area 7.093 mm × 5.0320 mm

Resolution 3.17 MPix

Pixel size 3.45 µm

Lens name Kowa 8 mm

Focal length 8 mm

Minimal object distance (M.O.D.) 0.1 mm

Angel of view (h × v) 79.7◦ × 63.0◦

 

(a) (b)
Figure 2. (a) Vision-based sensory system mounted on the robot; (b) additional lighting around the
inspection camera.

In this paper, we focus on the inspection based on 2D image analysis. The preliminary results
on the automatic inspection method based on matching the 3D CAD model and real 3D point clouds
have been presented in our recent conference paper [21]. These two methods treat two different
inspection cases. Although the 2D inspection method presented in this paper puts attention on
verifying the presence of certain rigid elements, the 3D inspection method focuses on measuring a
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3Ddistancebetweennonrigidelementsandcheckingconformityofthisdistancewithpredefined

securitystandards.

3.1.2.Tablet-BasedInspection

Thetablet-basedinspectionplatformis madeofatablet witha mountedsinglecamera.

Thisset-uphasbeencommercializedsincemanyyearsbyDiotacunderthenameDiotaARTabletc.

Thetablet-basedinterface(Figure3)isequippedwithaHDhigh-speedindustrialcameraandensures

aconsistenthigh-qualityexperienceinvariousworkcontexts.Thedevicewilldisplay3Dmodel

superimposedonarealimageofthecorrespondingitemofinterest(augmentedreality). Whilethe

industrialassemblyisscannedbyanoperator,ouralgorithmicapproachautomaticallycheckswhether

ornotalltheitemshavebeenpresentandcorrectlymounted.Attheendoftheinspection,areport

isautomaticallygenerated.Itincludesdetailsofanynonconformingpartsthatshouldbereplaced

orrepaired.

(a) (b)

Figure3.Tablet-basedinterfaceequippedwithacameraforvisualinspection.(a)thetablet-based

interfaceequippedwithacamera(b)thetablet-basedhandheldinterfaceusedbyanoperatorforthe

inspectionofanaircraftengine

3.2.DataAcquisition

Weusetwokindsofplatformtocollectourdata:anautonomousnavigationrobot(Figure1)and

ahandheldtablet(Figure3).Thehandheldplatformisatabletcomputerthatutilizesasinglecamera,

whereastheroboticplatformutilizestwocameras:onefortrackingwhichhasawidefieldofview,

andoneforinspectionwhichhasasmallerfieldofview.Byindependentlyandseparatelyusingboth

platforms,totesttherobustnessofourapproach,wecollecteddataindoorswithdifferentpointsof

view(angle,scale)andwithdifferentlightingconditions.

Thedatacollectedfromthetabletismeantforreal-timeuse,thereforeimagesaswellasvideosare

collected.Thedatafromtheroboticplatformismeantfortheanalysiswithnostrongtimeconstraints,

asitcanbedoneduringandafterthedatacollectionroutineiscompletedbytherobot.Afewexamples

ofourCADmodelsanddatasamplesareshowninFigures4and5,respectively.
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(a) (b)

(c) (d)

Figure 4. Some of our CAD models: (a,b) aircraft engine, (c,d) two testing plates with several elements.

    

    

    

    

Figure 5. Examples of our dataset: (1st and 3rd rows) real images and (2nd and 4th rows) corresponding
renders of CAD models.

4. Inspection Process for the Defect Detection

Our inspection process for the defect detection, illustrated in Figures 6 and 7, consists of four main
steps. First, from the CAD model of the observed object, 3D contour points (edgelets) are extracted.
Further, the edgelets with their direction vectors are projected onto the image using a pinhole camera
model (extrinsic and intrinsic parameters). Note that the pose of the effector is due to the localization
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module.Finally,weperformthematchingbetweenthesetofprojectededgeletsandthesetofreal

edges. Weexplaineachbuildingblockofourstrategyinthefollowingsections.

Edgelets3D

Tracking

Posesandimages Projection3D/2D Processing

Decision

Inspectionreport

2DImage

2DImage

CADModel3D

3D

Supervisor
ROS

PCvision

1

Figure6.Overviewofthedetectionphaseduringonlineprocessingusingrobot-basedinspection.
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CADModel3D

3D

1
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Figure7.Overviewofthedetectionphaseduringonlineprocessingusingtablet-basedinspection.

4.1.Step1(EdgeletGeneration)

Anedgelet,Ei,isdefinedasa3Dpoint,pi=(xi,yi,zi),andanormalizeddirectionvector,di,of

theedgelet.Thesepoints,pi,representthe3Dcontourpointsofanobject,seeFigure8.Theedgelets

areextractedofflinebyrenderingaCADmodel,asexplainedin[22].Theedgeletshasbeenusedin

otherworks,see,e.g.,in[23–25].

Theedgeletgenerationprocessiswellexplainedin[22]. Loeschetal.[22]introducean

improvementofthisprocessthrough“dynamicedgelets”extractedonlineforeachpointofview.

Itshouldbenotedthatwehaveoptedforusing“staticedgelets”definedin[22],asedgeletsextracted

offlineusingthedihedralanglecriteria.Thisisbecause,asmentionedby[22],thegenerationof

dynamiconlineedgeletsinducesanadditionalcomputingcost. Moreover,weusetheextracted

edgeletsforgeneratingoptimalviewsinanofflineprocess.

• Inthecaseofrobot,thereisnointerestfordynamicedgelets,asthepointofviewisknownin

advanceandthereisneithervideostreamnortrackingasinthecaseoftablet.

• Inthecaseoftablet,wehavemoreseverelimitationsincomputingpowersothestaticedgelets

areourfirstchoiceforthemoment.

Theoutputofthisstepisasetofedgeletsthatareevenlydistributed.
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(a)

 

(b)
Figure 8. Edgelets extraction: (a) example of CAD part, and (b) edgelets extracted from this CAD part.

4.2. Step 2 (Camera Pose Estimation)

Advantage of our use case is that we dispose of the CAD model of the assembly. Further, we rely
on an in-house developed system for initial pose estimation based on 2D-3D alignment, our inspection
camera being then considered as moving in a partially known environment. The mentioned algorithm
accurately estimates the camera’s pose with respect to the object by including the geometric constraints
of its CAD model in an optimization process. In other words, the object is tracked in real time.

4.3. Step 3 (3D/2D Projection)

In this phase, we project 3D points of edgelets onto the image using known extrinsic and intrinsic
camera parameters (see Figure 9). The input of this step are an image, the camera pose with respect to
the assembly (CAD), and a set of evenly distributed edgelets of the element to be inspected.

To acquire the camera intrinsic parameters, we used an offline calibration method based on the
observation of a classical pattern. Based on various observations of the pattern under different arm
configurations, we obtained the intrinsic parameters of all the cameras used on the system along with
the extrinsic parameters (relative localization) and their absolute localization relatively to the arm
effector reference frame. A detailed description of the calibration procedure is beyond the scope of
this paper.

Having the pose and camera intrinsic parameters, we can project the 3D point pi (see Figure 9)

and the direction vector ~di. By rotating the projected direction vector ~dp
i by +90◦ and −90◦, we obtain

the inward-pointing normal, n+
i , (pointing towards the interior of the surface) and outward-pointing

normal, n−
i , (pointing towards the exterior of the surface). Therefore, following is true; ](~dp

i , n+
i ) =

+90◦ and ](~dp
i , n−

i ) = −90◦. By concatenating n+
i and n−

i , we obtain search line li (see Figure 9b).

~n+
i

~n−
i

(a) (b)
Figure 9. (a) Projection of edgelets (3D points pi), and (b) inward-pointing normals, n+

i ,
outward-pointing normals, n−

i , and generation of search line li.

4.4. Step 4 (Matching Projected Edgelets with Real Edges)

The goal of this step is the matching between the set of projected edgelets and the set of real
edges according to the direction of the normal vectors calculated in step 3. We calculate real edges by
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employing known Canny edge detector [26]. If at least one real edge is found on the search line, the
edgelet is considered matched; otherwise, it is considered not matched.

4.4.1. Parasitic Edges Handling

In this section, we describe our principal contribution, which was introduced to remove as much
as possible irrelevant edges. Namely, we anticipate the existence of some portion of parasitic edges
coming from other elements mounted in the vicinity of the inspected element. Indeed, often there are
edges very close to the external boundary of the element to be inspected. We call them parasitic edges or
unwanted (irrelevant) edges. To solve this kind of problem, we introduce a new notion called context
image of an element to be inspected (see Figure 10). From the CAD data and the particular camera
position, we form a synthetic view (context image), which has exactly the same perspective as the real
image, only that the inspected element is excluded from the assembly (see Figure 11).

 

(a)

 

(b)
Figure 10. (a) Example of CAD model; (b) context image of the blue element.

The process of decreasing number of parasitic edges is illustrated in Figure 11. First, we project
the edgelets of the element of interest onto the context image, as explained in the step 3.

Further, we form search lines (see Figure 11d) and look for the intensity change in this virtual
context image. Intensity changes are shown in Figure 11d. If such a change in context image is found,
it is very probable that this edge will be present in the real image as well. Therefore, we do not consider
this edgelet for matching. These edgelets are shown in red in Figure 11d. Other edgelets, shown in
green in Figure 11d, are considered in matching phase.
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(a

 

) (b

 

)

(c) (d)

Figure11.Illustrationoftheparasiticedgeshandling:(a)inputimage,(b)projectionoftheelement

tobeinspected,(c)contextimageoftheelementtobeinspectedanditsprojectededgelets,and(d)

gradientchangesinthecontextimageandconsiderededgelets(green)andrejectededgelets(red).

4.4.2.EdgesWeighting

Foreachedgeletinthe3DCADprojectedontotheimageplane,weareinterestedinfindingan

imagelocationthatcontainsarealchangeinimageintensity(arealedge).Forthis,wefirstproducean

edgeimageandsearchforcandidatelocationsalongasearchline,li,thatisobtainedasdescribedin

step3.Eachedgelocationalongthesearchlinethatiswithinaprespecifieddistancefromthelocation

oftheprojectededgeletisweightedaccordingtoaGaussianfunctionofthedistanceoftheedgepoint

fromthelocationoftheprojectededgelet.Wiisaweightoftheedgeei,andWjisaweightoftheedge

ej(seeFigure12).Insteadofsimplycountingmatchededgelets,theseweightswillbeaddedupinthe

finalscore. Wedothistofavorizetheedgeletsmatchedwithverycloserealedgesandpenalizethose

VersionSeptember4,2019submittedtoJ.Imaging 11of??

wj

wi

ej Ei ei
li

Figure12.Illustrationofedgesweighting

4.4.4.Gradientorientations✷✹✷

Whenwesearchforanedgeintheimage,wemayencounteredgesduetoimagenoiseor✷✹✸

geometricfeaturesthatarisefromthepartsdifferentfromtheinspectionelement.Torejectsuch✷✹✹

candidates,ateachencounterededgelocation,wecomputegradientoftheedgeandfindtheangle✷✹✺

itmakeswiththesearchlineθi(seeFig.??).Ifthisangleisgreaterthanathreshold(θi>θth),we✷✹✻

rejectthecandidateandcontinueoursearch.Ifnoedgesarefoundwithinthesearchlimitsthatsatisfy✷✹✼

theorientationcriteria,wedecidethatnoedgecorrespondingtotheinspectionelementofinterestis✷✹✽

present.Inourexperiments,wehavesetθth=20
◦.

2 4 6 8 10 12 14

X Axis

2.85

2.90

2.95

3.00

3.05

3.10

3.15

Y 
A
xi
s

Search line liGradient orientation

i

Projected edgelets

Edges detected by canny

Outlier edge

✷✹✾

Figure13.Challengesduetooutlieredgessuchasthoseduetoimagenoiseandedgesarisingfrom

featuresthatdonotbelongtotheinspectionelement,whensearchingforanimageedgecorresponding

totheprojectededgelet

Theoperationsdescribedfromsection??tosection??providetheso-calledfilteringofprojected✷✺✵

edgelets.✷✺✶

4.5.Step5(makingdecisiononstateoftheelement)✷✺✷

Producinganinspectiondecisionbasedonmatchingfilterededgeletsindependentlywithedges✷✺✸

intherealimagecanleadtofalsepositivessincethematchededgesintherealimagemayaswell✷✺✹

arisefromanelementwithnotthesameshapeastheinspectedone.Totaketheglobalshapeofthe✷✺✺

elementintoaccount,weproposetocharacterizethefilterededgeletsandtheedgesdetectedinthe✷✺✻

realimageusingtheShapeContextframework[?].TheShapeContext(representedbyasetofpoints✷✺✼

sampledfromtheedgesoftheobject)isashapedescriptorthatcapturestherelativepositionsofpoints✷✺✽

ontheshapecontours.Thisgivesagloballydiscriminativecharacterizationoftheshapeandnotjusta✷✺✾

localizeddescriptor.Thesearethenusedtomeasuresimilaritiesbetweenshapecontextrepresentations✷✻✵

ofthetwosetsofedgelocations.✷✻✶

matchedwithrealedgesthatarefaraway.

Figure12.Illustrationofedgesweighting.

4.4.3.GradientOrientations

Whensearchingforanedgeintheimage,wemayencounteredgesbecauseofimagenoiseor

geometricfeaturesthatarisefromthepartsdifferentfromtheinspectionelement.Torejectsuch

candidates,ateachencounterededgelocation,wecomputegradientoftheedgeandfindtheangleit

makeswiththesearchlineθi(seeFigure13).Ifthisangleisgreaterthanathreshold(θi>θth),wereject
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thecandidateandcontinueoursearch.Ifnoedgesarefoundwithinthesearchlimits,theorientation

criteriaaresatisfied,andwedecidethatnoedgecorrespondingtotheinspectionelementofinterestis

present.Inourexperiments,wehavesetθth=20
◦

2 4 6 8 10 12 14

X Axis

2.85

2.90
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3.05

3.10

3.15

Y 
A
xi
s

Search line liGradient orientation

i

Projected edgelets

Edges detected by canny

Outlier edge

.

Figure13.Challengesduetooutlieredges,suchasthoseduetoimagenoiseandedgesarisingfrom

featuresthatdonotbelongtotheinspectionelement,whensearchingforanimageedgecorresponding

totheprojectededgelet.

4.4.4.OcclusionHandlingUsingCRI(ColorRenderingIndex)

Imagelocationswhereedgeletsofaninspectionelementareprojectedcanbelongtoadifferent

element,duetotheinspectionelementbeingoccludedbyitintherealassembly.Searchingfor

realimageedgescorrespondingtotheprojectededgeletsatsuchimagelocationsisthusincorrect.

AnexampleofanocclusionproblemisshowninFigure14.InFigure14,wefindthattheredelement

isbehindthetransparentgreenelement.Thismeansthatpartoftheredelementshouldbeoccluded

bythetransparentgreenelement.

Occlusionsaremanagedbydeterminingwhatobjectsareinfrontofothersinascene,which

allowsdeterminingwhethereachrenderedobjectappearsinfrontofanyotherobjectinthescene,ona

per-pixelbasis.

Toignoresuchlocations,wefirstrendertheinspectionelementalongwiththesurrounding

contextbyassigningtoeachelementadifferentrandomcolorusingtheColorRenderingIndex(CRI).

Tofilterprojectededgeletsoccludedbyanotherelements,wegenerateamaskusingthecoloredrender,

sothatallareasintherenderthathaveacolordifferentfromthatoftheinspectionelementareignored.

Thisway,onlynon-occludededgeletsareconsideredformatching.

Incomputergraphics,therearetwopopularrenderingtechniquesforhandlingocclusions:

Z-buffertechniqueandclassicraytracing.

TheZ-buffer(ordepthBuffer)isintrinsicallyusedbytheclassicalgraphicpipeline,moreoverthe

Z-Bufferonlyoffersafiniteamountofprecisiontostorethedepthvalueforeachpixel,problemscan

occurwhenmultipleobjectsresolvetothesamedepthvalue.Inaddition,theavailableprecisionis

affectedbythechoiceofthenearandfarclippingplanesforthe3Dscene[27].

Raytracingisalsoaneffectiverenderingtechnique,butitisveryslowandismassivelyusedfor

collisioncheckingonsomesparsepixelsandknowingwhichtheobjectarecollided(weneedallthe

imagehereanddonotneedtoknowwhichobjectishidedbytheoneinfront).Moreover,noneofthe

twomentionedtechniquewilladdqualitytothemaskrendering.

TheproposedCRItechniqueisperfectlyadaptedtotheobjectives:knowingwhichobjectcanbe

seenatwhichpixeloftheimage.Inaddition,classicalgraphicrenderingwithusingflatcolorasindex

allowstodoitveryquickly.
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(a)

 

(b)

 

(c)

 

(d)
Figure 14. Occlusion handling by rendering using Color Rendering Index (CRI): (a) CAD model
rendered with CATIA composer, (b) CAD model rendered using CRI, (c) mask generated using CRI
render, white areas represent region to be inspected, and (d) filtered edgelets (Figure 11d) projected
inside the region of interest specified by the generated mask.

The operations described from Section 4.4.1 to Section 4.4.4 provide the so-called filtering of
projected edgelets.

4.5. Step 5 (Making Decision on State of the Element)

Producing an inspection decision based on matching filtered edgelets independently, with edges
in the real image, can lead to false positives, as the matched edges in the real image may also arise from
an element with a different shape than the inspected one. To take the global shape of the element into
account, we propose to characterize the filtered edgelets and the edges detected in the real image using
the Shape Context framework [28]. The Shape Context (represented by a set of points sampled from
the edges of the object) is a shape descriptor that captures the relative positions of points on the shape
contours. This gives a globally discriminative characterization of the shape, and it is not just a localized
descriptor. These are then used to measure similarities between shape context representations of the
two sets of edge locations.

For example, Figure 15 shows all projected edgelets (black), matched edges (green), and filtered
projected edgelets (red). In this example, the computation of the distance between the green shape and
the red shape provides a similarityscore = 0.01.
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Figure15.Theshapesusedintheshapecontextapproach.

TheworkflowofthemakingdecisionstepisshowninFigure16.Thedecisionistakenusingtwo

indicators:thesimilarityscore(similarityscore)andthematchedratio(matchedratio),representedby

similarityscore>similarityth

similarityscore

ratiomatched

ratiomatched>similarityscore

NOK

NOK OK

no yes

yesno

1

therelationshipbetweenmatchedandnotmatchededgelets.

Figure16.Decision-making.

InFigure17,weshowthematchedratioandmatchedthcomputedontwodifferentcases(element

OKandelementNOK).
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Figure17.(a)CADmodel;(b)inputimage;(c)resultofinspectionwithgreenOK(elementpresent)

andredNOK(elementabsentorincorrectlymounted);(d–f)thematchedratio(curve)andthreshold

matchedth(redhorizontalline),respectively,computedonthethreedifferentcases:elementA(absent)

inred,elementB(present)ingreen,andelementC(incorrectlymounted)inred.

• Ifsimilarityscore<similarityth,theelementisconsideredNOK(absentorincorrectlymounted).

Inourexperiments,wesetsimilarityth= 0.7,basedonanextensivecomparisonbetween

differentshapes.

• Ifsimilarityscore>similarityth,wecomputetheratiobetweenthenumberofmatchededgelets

andthenumberofnotmatchededgelets(matchedratio).

• Ifmatchedratio> matchedth,theelementisconsideredconform;otherwise,theelementis

consideredasdefective(missingorbadlymounted).Thevalueofmatchedthhasbeendetermined

experimentally(seeSection6).

• Inconclusion,thedecisionistakenusingtwoindicators:thesimilarityscore(similarityscore)and

thematchedratio(matchedratio).

5.ViewpointSelection

Theinitialset-upofcameraviewpointscannotbedonemanually,becauseahumanoperator

cannotdefinewithsufficientaccuracythecamerapositionthatwillallowacquiringthebestviewpoint

oftheelementtobeinspected.Therefore,weneedaa(semi-)automaticofflineconfigurationprocess

thatisusedtocomputethebestviewpoints,whichcanhelptoimprovethequalityandtheefficiency

ofinspection[30].

Thestrategyproposedtofindthebestviewpoint(computingthe6Dlocation(positionand

orientation)ofthecamerawithrespecttothescenetobeobserved)fortheaeronauticalmechanical

assemblyinspection,basedonthe3Dmodeloftheassembly,isillustratedinFigure18.Ascoring

functionisconstructedwhichcombinesthreefactorsincludingtheamountoftheinformation,

theviewingquality,andthevisibilityoftheinformationtoevaluatethequalityofthecandidate

viewpoint[11].Finally,thebestviewpointcanbeselectedfromallofcandidateviewpointsaccording

tothescoringfunction.
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Input:3Dmodelrepresented
bytriangularpatches

Generatecandidateviewpoints
accordingtoproposedschema
andthe3Dmodeldata

Computethevalueof
scoringfunctionforeach
candidateviewpoint

Selectthebestviewpoint
fromcandidateviewpoints

Figure18.Theoverviewofviewpointselectionscheme.

5.1.GenerateaSetofCandidateViewpoints

Aviewpoint,Vpoint,isdefinedbyapoint,V(x,y,z),aroundanapproximatesphereandthesensor

positioning(distanceandorientation)relativelytothepartsurface.Thissphereisdefinedasaset

ofviews.

Theradius,ρ,ofthevisibilitysphere(Figure19)ischosensuchthateachviewpointisata

safedistancefromthecenterofmassoftheelementtobeinspected(cx,cy,cz).Thisistocomply

withindustrialsecuritystandardsforensuringsecurityoftheinspectedelementaswellasofthe

θ

ϕ

x̂

ŷ

ẑ=|0

−̂z=|1

|Vpoint

ρ

1

inspectingrobot.

Figure19.Aviewpointonthevisibilitysphere.

Thesphere(Figure20)isdefinedasasetofviewpoints,andthecandidateviewpointsareevenly

distributedonthespheresurfaceaccordingtherangeoflongitude,θ,andcolatitude,ϕ.
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(a) (b)

Figure20.Thecandidateviewpointregionisdefinedasapartofspheresurface.Theaccessible

viewpointsingreenandtheinaccessibleviewpoints,duetoocclusionsrelatedtotheglobalCAD,in

red(a)foragivenelementtobeinspectedand(b)forthewholeassembly.

5.2.SelectionoftheBestViewpointfromCandidateViewpoints

Thebestviewpointisselectedaccordingtothevalueofthescoringfunction.Thescoringfunction

fscorequantifiesthequalityofthecandidateviewpoint.Thebestviewpointwithhighestscoreis

selected.Ourscoringfunctioncombinesthreecriteria:

– Visibilityoftheinformation,fvisibility.

– Ambiguityofobservedshapeduetoparasiteedges,fparasite.

– Similarityofobservedshapetoexpectedshape,fshape.

5.2.1.VisibilityoftheInformationfvisibility

Weevaluateeachgeneratedviewpointforvisibilityoftheinspectionelementbytakinginto

accounttheocclusionusingCRIasexplainedinSection4.4.4.

Theviewpointthatyieldsarenderwiththegreatestnumberofpixelsbelongingtotheinspection

elementischosentobetheviewpointwithbestvisibility,andthereforethebestpointofviewfor

performingtheinspectiontaskaccordingtothis“visibility”criteria(seeFigure21).

     

fscore=1 fscore=0.611 fscore=0.492 fscore=0.362 fscore=0.004

Figure21.(1strow)CADmodeland(2ndrow)differentcandidateviewpointsforinspectingthe

elementintheredrectangle,withthecorrespondingfscore.
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5.2.2. Ambiguity of Observed Shape Due to Parasite Edges fparasite

Each candidate viewpoint is also evaluated by computing the number of parasite edges and
edgelets of the inspection element in a render from the viewpoint as described in Section 4.4.1.

The viewpoint that maximizes the ratio of the number of edgelets after filtering to the number
of parasite edges is chosen as the best inspection viewpoint according to this criteria. In Figure 22,
the difference between a viewpoint that yields many parasite edges and a viewpoint that yields few
is presented.

Note that there is no guarantee that any viewpoint will be chosen for a given element, namely, if too
few edges are left, we announce not being able to perform inspection.

 

 

"best-view"

"worst-view"

Figure 22. Two viewpoints with best-view and worst-view according to the number of parasite edges.

5.2.3. Similarity of Observed Shape to Expected Shape fshape

Finally, each candidate viewpoint is alsot evaluated by computing the similarity between the
shape of filtered projected edgelets of the inspection element (obtained by rejecting those prone to
parasitic edges and occlusion) and the unfiltered projected edgelets of the same, i.e., the expected
shape (see Figure 23).
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(a) (b) (c)

(d) (e) (f)

Figure 23. (a) “Best-view”, (b) all edgelets of best-view, (c) filtred edgelets of best-view,
(d) “worst-view”, (e) all edgelets of worst-view, and (f) filtered edgelets of worst-view.

5.2.4. The Scoring Function fscore

The three criteria presented before for evaluating each viewpoint are combined using a scoring
function fscore detailed below,

fscore = wv × fvisibility + wp × fparasite + ws × fshape

wv + wp + ws = 1

wi’s are weights that assign importances to the different viewpoint evaluation criteria, and they can be
adjusted by the user depending on the importance of the criteria for a specific inspection application.
fvisibility, fparasite, and fshape are normalized.

5.2.5. Viewpoint Selection in the Handheld Tablet Mode Based on Augmented Reality

Viewpoints are generated in an offline process by using the CAD model of the assembly. While in
the robot mode, the robot is programmed to reach as close to those points as possible (path planning);
in the tablet mode, there is an augmented reality-based graphical interface which guides the operator to
reach the desired viewpoints or at least their neighborhoods (see Figure 24). Note that our CAD-based
tracking module enables the augmented reality experience and constant real-time pose estimation of
the camera with respect to the inspected assembly.
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Figure 24. User guidance in the handheld tablet mode (see the blue arrows).

6. Experiments and Discussion

6.1. Illumination Description

Our work took inside a building/factory, which allows a quite stable environment/stable light
conditions. Moreover, for the inspection camera, we can adjust the exposure depending on the object
to inspect. Either we give a constant exposure time or choose a level of exposure, which will be set by
an automatic exposure algorithm. Our robot is not moving when acquiring images. Therefore, we are
taking more than one acquisition for each element. We change the exposure time between those
acquisitions. The goal is to improve as much as we can the contrast of the image by choosing the
one which has the most favorable histogram within region of interest. Depending on the element
and the inspection task, this region of interest can be either the whole image either the part of it.
Additionally, to the exposure time of the camera, we are also controlling the additional light source
that we added around our inspection camera. We are activating this light source ONLY in the moment
of image acquisition, when the robot is not moving.

Our CAD-based tracking module, which exploits the tracking camera images, is a robust stable
solution already industrialized for years. We do not use any additional light source for this task, as
artificial light can cause problems in performing tracking. We are relying on the ambient light coming
from the context of the factory.

6.2. Performance of Tracking

In terms of performance, the reprojection error of the assembly edges is 1.5 pixels. Our use case is
conformity of the assembly with CAD (missing elements), and not precise measures of the surface
defects, etc. Therefore, 1.5 pixels is sufficient for our task.

Usually the elements which are inspected make a minority of the elements observed by the
tracking camera. The tracking module works with at least 40% of the CAD present in reality. In our
use case (typically assemblies close to the end of the production line), this is always satisfied.

6.3. Study of Some Parameters

First, we conducted experiments to determine the effect of parameters on the inspection accuracy
and also to obtain the best parameters for each type of data. Parameters used in this exploration are (a)
threshold (matchedth) for making decision on state of element, and (b) the high th and low tl threshold
used by the hysteresis procedure of Canny edge detection algorithm.
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6.3.1.DeterminationofOptimalmatchedth

Tofindtheoptimaldecisionthreshold,weconductedsomeexperimentstocomputetheoptimal

parameterofouralgorithmandevaluateitseffectivenessonsixinspectedelementswithatotalnumber

of541imagesacquiredindoorsatdifferentscale,angle,andlightingconditions.

AccordingtotheresultsobtainedinFigure25andTable3,wecanusematchedthintherangeof

{30%,60%}.Inmostcases,wesetmatchedth=

 

40%.

  

0 20 40 60 80 100

keyframes (#)

0

20

40

60

80

100

M
at
c
h
e
d 
e
d
g
el
et
s 
r
at
i
o 
(
%)

Part A

0 20 40 60 80 100

keyframes (#)

0

20

40

60

80

100

M
at
c
h
e
d 
e
d
g
el
et
s 
r
at
i
o 
(
%)

Part B

0 20 40 60 80

keyframes (#)

0

20

40

60

80

100

M
at
c
h
e
d 
e
d
g
el
et
s 
r
at
i
o 
(
%)

Part C

   

0 10 20 30 40 50 60

keyframes (#)

0

20

40

60

80

100

M
at
c
h
e
d 
e
d
g
el
et
s 
r
at
i
o 
(
%)

Piece D

0 10 20 30 40 50 60 70

keyframes (#)

0

20

40

60

80

100

M
at
c
h
e
d 
e
d
g
el
et
s 
r
at
i
o 
(
%)

Piece E

0 20 40 60 80 100

keyframes (#)

0

20

40

60

80

100

M
at
c
h
e
d 
e
d
g
el
et
s 
r
at
i
o 
(
%)

Part F

A

B

C A

B

C

D
E F D

E F

Figure25.Experimentalresultsfordeterminingtheoptimalratioth.Theredhorizontallinerepresents

theminmatchedratiointhecaseOK(elementingreen)andthemaxmatchedratiointhecaseNOK

(elementinred).
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Table 3. Determination of optimal parameter for making decision on state of element.

Inspecting Element State of Element Max Matched Edgelet Ratio Min Matched Edgelet Ratio

Part A NOK 25% 0%
Part B OK 100% 68%
Part C NOK 30% 0%
Part D OK 100% 70%
Part E OK 100% 65%
Part F NOK 25% 0%

6.3.2. Determination of Optimal Canny Edge Detection Parameters

Canny edge detection contains two adjustable parameters – high, th, and low, tl , thresholds –
for the gradient magnitude image, which can affect the effectiveness of algorithm. The number of
edge points is dependent on the choice of these thresholds. Figure 26 shows the influence of these
values on edge detection. In our experiments, we used tl in the range {20, 40}. Following Canny’s
recommendation, the high threshold should be three times the lower threshold (th = 3 × tl). In most
cases, we set (tl , th) = (30, 90). When we reduce the lower threshold, the algorithm gives more edge
points, which produces more noise (see Figure 23b). We reject noise edges by employing our gradient
orientation condition described in Section 4.4.3.

    

    

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 26. Images of Canny algorithm results. Images (b) to (h) have been obtained using the high and
low threshold values specified in Table 4.

Table 4. The proportional coefficient of high and low thresholds of Canny algorithm in Figure 26a.

Figure 26b 26c 26d 26e 26f 26g 26h

(tl , th) (10, 30) (20, 60) (30, 90) (40, 120) (50, 150) (60, 180) (70, 210)

After the optimal parameters of the algorithm have been determined, we can evaluate our
algorithm. The proposed inspection method has been tested on two kinds of platforms: a handheld
platform and a robotized platform.

The framework used for the evaluations is first provided in Section 6.4.

6.4. Accuracy, Sensitivity, Specificity

Table 5 outlines definitions of the true positive (TP), the false positive (FP), the true negative (TN),
and the false negative (FN) in defect detection [29].
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Table 5. Definitions of TP, FP, TN, and FN in defect detection.

Actually Defective Actually Non-Defective

Detected as defective TP FP

Detected as nondefective FN TN

Based on these notations, the detection success rate (known also as detection accuracy) is defined
as the ratio of correct assessments and number of all assessments. Sensitivity is defined as the correct
detection of defective samples. Similarly, the specificity can be defined as the correct detection of
defect-free samples. Finally, the overall accuracy could be calculated based on the metrics of sensitivity
and specificity. The accuracy, sensitivity, and specificity can be defined as

accuracy =
TP + TN

TP + FN + TN + FP

sensitivity =
TP

TP + FN

specificity =
TN

TN + FP

Precision and Recall

Precision and recall metrics are used to validate the performance of defect detection. Precision and
recall can be defined as

precision =
TP

TP + FP

recall =
TP

TP + FN

Fscore = 2 × precision × recall
precision + recall

The Fscore is calculated to measure the overall performance of a defect detection method.
The highest value of the Fscore is 100%, whereas its lowest value is 0%.

6.5. Experiments Using the Handheld Inspection Platform

The performance of the proposed method was evaluated by considering the performance metrics
such as accuracy, sensitivity, specificity, precision and recall defined in Section 6.4.

We performed 4 experiments with a total number of 74 inspected elements in 7256 images. A few
examples of our dataset are shown in Figure 27. The experiments show that our method can run in
real-time on a video-stream with HD resolution (1920 × 1080). The values of specificity, accuracy,
sensitivity, precision and recall of our method are shown in Tables 6 and 7.

Table 6. Result of the evaluation (TP, TN, FP, and FN).

Experiment Number of Elements Number of Images TP TN FP FN

1 (Figure 27a,b) 3 249 114 135 0 0
2 (Figure 27c,d) 16 1580 305 1264 11 0
3 (Figure 27e,f) 3 292 193 99 0 0
4 (Figure 27g,h) 52 5135 607 4482 46 0

Total 74 7256 1219 5980 57 0
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Figure27.Datasetusedtoevaluateouralgorithms:(a,c,e,g)realimagesand(b,d,f,h)corresponding

inspectionresultswithOKelementsingreenandNOKelementsinred.

Table7.Performancemeasures(Section6.5).

Accuracy Sensitivity Specificity Precision Recall Fscore

99.12% 100% 99.01% 95.53% 100% 97.71%

6.6.ExperimentsUsingtheRobotizedInspectionPlatform

Theroboticplatformutilizestwocameras:onefortrackingwhichhasawidefieldofview,andone

forinspectionwithareducedfieldofview,allowingcapturingthedetailsandobservingtheelements

veryfinely. Withadisplacementspeedof250mm/s,wecancontrol2elementsevery30s.Thedistance

betweencameraandinspectedelementhasbeensetat600mmwithatoleranceof±6mm.

Theapproachwastestedonadatasetacquiredinafactorywithatotalnumberof43inspected

elementsand643images.Eachelementisacquiredonceatatimeanddecisionismadeononeacquired

image.AfewexamplesofourdatasetareshowninFigure28.

TheoverallperformanceofourmethodisrepresentedbyFscore=76.72%.Theexperimentalresults

showthatourproposedapproachisaccurateandpromisingforindustrialdeployment.Thevaluesof

specificity,accuracy,sensitivity,precision,andrecallofourmethodareshowninTables8and9.

Table8.Resultoftheevaluation(TP,TN,FP,andFN).

NumberofElements NumberofImages TP TN FP FN

43 643 145 410 88 0

Table9.Performancemeasures(Section6.6).

Accuracy Sensitivity Specificity Precision Recall Fscore

86.31% 100% 82.32% 62.23% 100% 76.72%
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Figure 28. Some examples of our dataset used to evaluate our approach in a context of robotized
inspection in conditions of very cluttered environment.
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Note that the results obtained with the handheld mode are better than those obtained with the
robotic platform. There are three main reasons for this:

1. The robotic platform dataset is acquired in a factory, on a real and very complex assembly
at the very end of the production line (almost all the elements are mounted), see Figure 28.
Therefore, the environment around inspected element is very cluttered and the matching task
becomes much more challenging. On the other hand, the “handheld” dataset has been acquired on
quite simplified assemblies in laboratory conditions, see Figure 27. In those examples, inspected
elements are mainly placed in the middle of uniform regions and parasitic edges are not many.

2. In this moment, multiview inspection is possible with handheld platform only. This means that
we make a final decision on the element presence by fusing results obtained from multiple views;
whereas, in robotic mode, one-shot (one view) inspection is performed. This is a feature to be
added to our robotic platform as further work.

3. Mobility of the handheld system enables much more precise tracking and pose estimation which
is a crucial precondition of our method.

6.7. Viewpoint Selection

In Figure 29 and Table 10, we show the result of the viewpoint selection method on an example
where the weighting coefficients have been set to wv = 0.5, wp = 0.25, and ws = 0.25. The definition of
additional rules for selecting automatically the weighting coefficients is under study.

    

    

  

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j)

Figure 29. Images (b) to (j) correspond to different viewpoints of the element shown on image (a). The
fscore of each viewpoint is provided in Table 10.

Table 10. The fscore of viewpoints for inspecting the element of Figure 29a.

Figure 29b 29c 29d 29e 29f 29g 29h 29i 29j

fscore 0.03766 0.16894 0.27447 0.469885 0.53009 0.55625 0.60178 0.73831 0.80842
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7. Conclusions and Future Work

In this paper, we proposed an automated inspection system for mechanical assemblies in an
aeronautical context. We address the problem of inspection in two parts: the first being automatic
selection of informative viewpoints before the inspection process is started, and the second being
automatic treatment of the acquired images from said viewpoints by matching them with information
in 3D CAD model. The system is not limited to aeronautical parts; it could also be applied in a wide
range of industries. The developed system shows that the precise state-of-the-art localization methods
can support an industrial process. Furthermore, the experimental results show that our proposed
method is highly accurate in detecting missing or badly mounted mechanical parts.

We are currently working on (1) utilizing the 3D cloud of points provided by the 3D scanner
(robotized platform) in order to solve some inspection problems that cannot be solved using 2D images
(for instance when we need to check that 2 cables are at a minimum distance) [21], (2) considering how
the combination of 3D point clouds and 2D images can improve the detection results, (3) concerning the
viewpoint selection we are trying to define some rules for choosing the weighting factors automatically,
and (4) implementing multiview inspection in the robotic inspection mode in order to take the decision
by fusing results obtained from multiple views.

We are also investigating deep learning-based methods relying on synthetic data that will be
presented in a forthcoming paper.
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