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Abstract— Coverage analysis is essential for many coverage
tasks (e.g., robotic grit-blasting, painting and surface eaning)
performed by Autonomous Industrial Robots (AIRs). Coverag
analysis enables (1) the performance evaluation (e.g., @age
rate and operation efficiency) of AIRs for a coverage task, ad
(2) the configuration design of a multi-AIR system (e.g., dee
sion on the number of AIRs to be used). Multi-AIR coverage
analysis of large and complex structures involves addressj
various problems. Thus, a framework is presented in this papr
that incorporates various modules (e.g., AIR reachability AIR
base placement, collision avoidance, and area partitiongnand
allocation) for appropriately addressing the associated mb-
lems. The modules within the framework provide the flexibilty
of utilizing different methods and algorithms, depending a the
requirements of the target application. The framework is tested Fig. 1. Example of a ship-hull block [3]
and validated by extensive analyses of 10 different scenas
with up-to 10 AIRs.

focus on solving one of the above subproblems for a specific
. INTRODUCTION application. In this work, various relevant subproblems of
The fast development of robotic technologies is sigcoverage analysis are integrated as part of a framework that
nificantly improving the quality and efficiency of manyis particularly designed for large and complex structures.
industrial applications [1]. Unlike preprogrammed indizdt Note that, in this paper, the scope of coverage analysis
robots that have been widely implemented for repetitivehainly includes two aspects as follows:
mass productions within structured and unchanging envi- « Coverage rate: the percentage of a structure’s surfaces
ronments, Autonomous Industrial Robots (AIRs) are able to  that can be covered by the AIRs.
perform more complex and challenging tasks in unstruc- « Operation efficiency: the operation time of the AIRs
tured environments. AIRs are industrial robots that have for achieving the coverage rate.
self-awareness and environmental awareness enabling thenThe manufacturing and maintenance of large and complex
to operate autonomously in unknown or partially knowrstructures (e.g., airplanes, steel bridges and ship hulls)
environments [1], where prior map of the structure is notormally involve intensive labor and hazardous working
available and various changes may occur in the environmeehvironments. For example, in the rust removal process of a
To improve productivity and efficiency, some applicadarge ship-hull block (i.e., ship-hull section) as showirig.
tions may need multiple AIRs operating in a collaborativel, a dozen of workers may need to simultaneously conduct
and effective manner. As an important category of thesgrit-blasting operations for several hours in an encloset a
applications, coverage tasks may require multiple AIRs tdusty blasting room. Therefore, AIRs have great potential
process surfaces of a large and complex target object, e.@, replace human workers in performing coverage tasks
collaborative grit-blasting operation [1]. Enabling niplé  (e.g., painting, surface cleaning and grit-blasting) onhsu
AIRs to conduct a coverage task on an object is a chastructures. When utilizing multiple AIRs in such scenarios
lenging problem [2]. The associated subproblems (e.g., AlRis essential to conduct coverage analysis to obtaincatiti
reachability to the surface, AIR base placement, collisioinformation such as:
avoidance, and area partitioning and allocation) need to be, the maximum coverage rate that can be achieved by
properly solved to achieve safe and efficient collaboration the AIRs,
among AIRs. Most of the existing research works mainly , the operation efficiency of completing the achievable
bendlel Dai Mahdi H 4 il Li e © . coverage rate relative to the number of AIRs, and
Aut:n”(?rﬁéusa'éystgms' é:g;”af‘qhe b;‘ver'suityargf V%'échtnsog;r:g; © . the surfaces that cannot be covered by the AIRs.
(UTS), Australia. e-mai |l : penglei.dai @ts. edu. au; A proper coverage analysis enables: 1) the performance

mehdi . hassan@t s. edu. au; dikai.liu@ts.edu.au gyglyation of AIRs (i.e., coverage rate and operation effi-
Xuerong Sun and Ming Zhang are with China Merchants Heavydtrgl

(Jiangsu) Co., Ltd, Chinae- mai | 1 sunxuerong@mhk. com  Ciency); 2) the configuration design of a multi-AIR system
zhangni ngl@nhk. com (e.g., the selection of AIRs, the decision on the number of



AIRs to be used, and the mounting or locomotion strategy of
the AIRs). However, to the best of authors’ knowledge, there 1: CAD madel processing
does not exist a framework that adeptly integrates relevant
methodologies to obtain the above information for large and
complex structures, which need to be covered by multiple
AI RS 2: Base placement optimization

The contributions of the framework proposed in this work 5 Self-colision checking
are threefold:

The paper is organized as follows: Section Il presents
the problem formulation. Then, a framework for coverage
analysis is presented in Section Ill, which includes caitic
modules and associated methodologies. In Section 1V, the
framework is tested and validated by a real-world applica-
tion, where 10 different scenarios with up-to 10 AIRs are
considered for thorough analyses. Finally, conclusiors ar
given in Section V.

Structure’s CAD model Robot configuration

3: Robot kinematic model
(Section I1I-C)

(Section I1I-A)

4: Reachability checking
(Section I1I-D)

(Section I1I-B)

(Section IlI-E)

To the best of authors’ knowledge, it is the only frame-
work that can conduct coverage analysis for multiple

6.1: Area Partitioning and Allocation 6.2: Collision checking with the

AIRs performing coverage tasks on large and complex (Cectonl 1) CCTEEE
structures. ° i

This framework can be used for both performance

evaluation of AIRs and configuration design of a multi- Analysi resullsfor coverage

AIR system for coverage tasks.

This framework is scalable and consist of critical Fig. 2. The framework for coverage analysis

modules. It has the flexibility of enabling various
methodologies and algorithms to be implemented in

these modules, according to specific target structures® With the increase of structure’s overall dimension_s,_
and requirements of different applications. more base placements are needed for AIRs to visit

during coverage operation.

« The structure’s large overall dimensions and geometric
complexities (e.g., existence of beams, columns and
uneven surfaces) may lead to high computational cost
in the reachability checking and collision checking.

« The partitioning and allocation of the structure’s sur-
faces to AIRs becomes more complex with the increase
of the structure’s overall dimensions and complexities.

Considering the sub-problems and challenges mentioned
Il. PROBLEM FORMULATION above, it is desired to have a framework which can com-

For multiple AIRs performing coverage tasks, the probprehensively solve the problem of coverage analysis for

lem of coverage analysis consists of several sub-probled§g€ and complex structures. The framework is expected
as follows: to generate the analysis results such as achievable ceverag

rgte and operation efficiency, which are essential for the
onfiguration design and performance evaluation of a multi-
IR system.

How to represent a structure such that the structure
representations (e.g., surfaces or points) can facilita
efficient coverage analysis?

Where to place the AIRs so as to achieve the maximum |||, A FRAMEWORK FORCOVERAGE ANALYSIS

coverage rate of the structure, considering that the AIRS o 1h05ed framework is illustrated by a flowchart in
may nged to be repositioned multiple times due to th?ig. 2. The framework consists of different modules, inelud
Ia_rge size of the structure? ing CAD model processing, base placement optimization,
Given a Ioca}tlon of an AIR, how to check Whether,robot kinematic model, reachability checking, self-citin

the structure’s surfaces can be reached by the AIR§,acking and multi-AIR coverage analysis. The multi-AIR
Kinematics? , coverage analysis module (i.e., the module within the green
For the structure’s surfaces that can be reached Ry,.x shown in Fig. 2) includes Area Partitioning and
an AlR, howlto check Wh(_ether these surface.s. CaR|location (APA), collision checking with the environment
be reached without any collisions (e.g., the collisiongg coverage analysis. The framework outputs the analysis
betwgen _the AIR body and_ t_he structure)?_ results (i.e., coverage rate and operation efficiency) fer t
Considering safe and efficient collaboration amongy .y re to be processed by multiple AIRs. More details of

AlRs, how to partition the surfaces of the structurg,e moqules shown in Fig. 2 are presented in the following
and appropriately allocate the partitioned surfaces tQ,p_sactions

all AIRs?
How to compute the operation efficiency of the AIRsA. CAD model processing
for the coverage tasks? In the design, manufacturing or construction of architec-

For large and complex structures, some of the above sutaral and engineering structures, 3D CAD models are nor-
problems become more challenging due to the followingnally used. 3D CAD models normally represent a physical
reasons: structure by various geometric entities (e.g., linesnyglas



ronment.

« Appropriate density of target points is desired, which
can ensure collision-free operations of AIRs while not
requiring high computational cost.

However, a structure may consist of many surfaces with
different dimensions, which make it difficult to generate

3D CAD model

Model subdivision
(Catmull-Clark)

Target points
(Monte Carlo)

target points with uniform density throughout the whole
Y structure. To solve this problem, as illustrated in Fig.H& t

[Targetpoints(Poisson-disk)] [Sorttargetpointsintosgroups] 3D CAD model (e.g., STL model) of a structure is firstly
| subdivided using Catmull-Clark algorithm [8]. Subdividin

— __ [Target poims(vmexdusteﬁng)] each surface into small segments can help to represent
(S encheekng vith ) | the whole structure by segments with similar size, thereby
— facilitating to generate the target points with uniform sién
within all segments. Then, using Monte Carlo method [4],

an initial group of target points with high density can be
generated. A higher density of target points can achieve a
higher accuracy in collision checking with the environment
However, it may lead to higher computational cost, as more

and curved surfaces). However, representing the structU@§9€t points need to be checked. To reduce the density, as
by the collection of various geometric entities may not b&hown in Fig. 3, the Poisson-disk sampling algorithm [5] is
convenient and efficient in the coverage analysis of th/rther implemented to regenerate the target points theat ar
structures, as different entities may need to be separatdfasible for collision checking with the environment.
analyzed. On the other hand, for base placement optimization and
In the field of robotics, point clouds and meshes ar0verage analysis, more criteria may need to be considered
widely used in representing the environments and objedf) the generation of target points. To perform efficient and
s that robots interact with. Only including one form of@ccurate coverage analysis, three key criteria are suegbest
geometric entity (i.e., point), point clouds or meshes can « The target points should include normals, which indi-
be uniformly processed, which simplifies problems such as cate the orientations of a structure’s surfaces (repre-
robot reachability checking and collision checking. Thus, sented by target points) to be covered by AIRs.
this work, CAD model processing (i.e., module 1 in Fig. « The target points should be uniformly distributed, i.e.,
2) suggests converting the structure’s 3D CAD model to a the distance between any two adjacent points in hori-
collection of target points for coverage analysis of a multi zontal or vertical direction should be identical. Given
AIR system interacting with a structure. For the sake of the AIR’s operation speed, the uniformly distributed
simplicity, in the rest of this paper, target points are refe target points make it convenient to estimate the comple-
to the points generated in the CAD model processing to tion time of covering each individual surface, thereby
represent the structure. facilitating the efficiency analysis for AIR’s operation.
There exist many techniques and algorithms for convert- « The target points should be generated and distributed
ing 3D CAD models (e.g., STL model) to target points, on all surfaces of a structure.

including Monte Carlo sampling technique [4], poissonThe target points generated using Monte Carlo method
disk sampling method [5] [6], vertex clustering method [7]include the normals, which meet the first criterion listed
and etc. Depending on specific requirements of differerfhove. To convert these dense target points to uniformttarge
applications, these methods can be applied or integratp@ints satisfying the second criterion, one option is tolgpp
to generate target points. In this work, as shown in Figertex clustering approach [7]. Given the target pointdwit
2, the target points generated can be used in the modul@snse distribution throughout the structure, vertex elirsg
of base placement optimization, collision checking with th ytilizes cube-shaped 3D cells to contain the target points,
environment and coverage analysis. To generate satisfactghereby simplifying the representations of the structuye b
target points for these different modules, in this work, ahe centre points of 3D cells. Since the 3D cells are equally-
model processing approach is proposed and presented b¥jged and uniformly aligned in arrangement, the regenérate
flowchart in Fig. 3. target points (i.e., centres of 3D cells) meet the second
For collision checking with the environment (i.e., thecriterion listed above. Note that the horizontal or vettica
collision checking between the structure and the AIR bodyjistance between any two adjacent target points can be
presented in Section lI-E, target points satisfying the fo specified by the side length of the 3D cells.
lowing criteria are desired: In the generation of target points, whether the third
« The target points should have uniform density througheriterion can be met depends on the size of each 3D cells
out all structure’s surfaces, which can facilitate theas well as the minimum wall thickness of a structure. To
accurate and efficient collision checking with the envibe specific, if the side length of the 3D cells is larger than

Fig. 3. Flowchart for model processing



Fig. 4. Conversion from CAD model to uniform target points

(c)

the thickness of a wall, then the target points (i.e., ihitia Fig. 5. Example of base placements generation

target points generated using Monte Carlo method) on both

surfaces of the wall will be contained by a single layer of

3D cells using vertex clustering method. This will result inobjective optimization problem. Therefore, base placemen
a single layer of uniform target points representing thd,waloptimization (i.e., module 2 in Fig. 2) is included to geriera
which violates the third criterion. To solve this problers, a appropriate base placements, where the AIRs’ bases can be
shown in Fig. 3, the initial target points generated by Montplaced to conduct coverage tasks.

Carlo method are firstly sorted into 6 groups, according For the optimization of base placements, one efficient
to the orientations of points’ normals in cartesian spacavay is to firstly generate a collection of base placement
Then, these 6 groups of initial target points are separatet@gndidates, from which the final base placements for AIRs
processed by vertex clustering to form 6 groups of uniforro visit can be optimized. An example for the generation of
target points, followed by the combination of these groupkase placement candidates is illustrated in Fig. 5. Given th
to obtain the uniform target points representing the wholeniform target points of a structure shown in Fig. 5 (a), a
structure. An example of CAD model processing is showgroup of Possible Base Placements (PBPs) enclosing the
in Fig. 4. Given the 3D CAD model of a large and complexstructure can be first generated. As can be seen in Fig.
structure shown in Fig. 4 (a), the uniform target point$ (b), all PBPs have uniform distribution throughout the
meeting the above three criteria are generated and showhole workspace for AIRs (i.e., Cartesian space). However,
in Fig. 4 (b), with two layers of target points on each thinPBPs include the base placements where AIRs may collide

wall as illustrated by Fig. 4 (c). with the structure or can not reached to the surfaces of the
- structure. Thus, to further reduce the size of base placemen
B. Base placement optimization candidates, additional criteria can be considered to sdrt o

Given a structure (e.g., the structure shown in Fig. 4) tGavourite Base Placements (FBPs) from PBPs. FBPs refer
be covered by multiple AIRs, another crucial problem igo the base placement candidates where the AIRs are more
to find proper AIR base placements that can facilitate alikely to achieve the stated objectives and constraints. As
AlIRs to collaboratively cover the entire structure. A basghown in Fig. 5 (c), a collection of FBPs can be sorted out
placement is a fixed location for the base of an AIR, wherfom PBPs, with the consideration of criteria as follows:

the AIR can operate on the allocated area of the structure’s, Base placements with an above-threshold distance rela-
surface. Due to the large size of the target structure (e.g., tive to the surfaces of the structure, which are less likely
a structure with side length larger than 10 m), many base to cause collision between AIRs and the structure.
placements need to be selected for each AIR to visit during , Base placements where an AIR’s workspace can cov-
the operation, i.e., each AIR needs to be locomoted many er above a certain number of uniform target points
times to complete its coverage task. The problem of AIR  generated (see module 1 in Section Ill-A), so as to
base placements needs to be addressed while considering discard base placements with low potential coverage.

the following criteria: Note that the number of target points inside the AIR’s
« Maximize the coverage rate of the entire structure. workspace (with appropriate normal) can indicate the
« Minimize the overall completion time. potential coverage rate of the structure’s surfaces.

+ Minimize the number of base placements for each AIR. After obtaining the FBPs, optimization can be conducted
« Generate collision-free base placements for AIRs.  tg select the final base placements for AIRs to visit during
» Provide the visiting sequence of the base placementgoyerage task. There are some research works available
Considering the multiple objectives and constraints distefor the optimization of robot’s base placements in differ-
above, the base placement problem can be treated as a mtit applications [9] [10]. However, these works are only
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Fig. 6. AIR kinematic model represented by cylinders AR

Fig. 7. A group of poses associated to a grid from AIR workspg

applicable to a single robot. In the authors’ previous works

[11] [12] [1], optimization-based methods are proposed to

determine the base placements for multiple AIRs. Thegollision checking and collision checking with the environ

methods are promising for target structures with small gnent (see Section IlI-E for more details).

medium dimensions (e.g., small components that can be . .

covered without moving AIRs’ bases, or a vehicle thaP' Reachability checking

can be covered by several base placements of two AIRs).For base placement optimization (module 2) and coverage

With the increase of size for search space (e.g., the larganalysis (module 6.3), one task is to check the reachability

scale structures considered in this work), these methogs mi@ each target point representing the structure (module 1).

become computationally expensive, but can still be used lyote that the AIRS’ reachability can be affected by many

making some simplifications or modifications. Considerindactors, including the structure’s geometric complexihg

the stated objectives and constraints, some other methqaacements of the AIRs’ bases with regard to the struc-

such as genetic algorithm (GA) and greedy-based methdare, the AIR configuration, etc. Given the uniform target

can also be used to obtain the optimized base placemeptints representing the structure (module 1), optimizestba

from FBPs. placements (module 2) as well as the robot kinematic model

C. Robot kinematic model (moc_iule 3),_ different reachability chec_king m_ethods can be

applied to figure out whether there exist feasible AIR poses

For the framework presented in this work, the robotp reach the target points with appropriate EE orientations

kinematic model is essential for both reachability chegkingng positions.

and collision checking. A robot kinematic model can be Qpe option for checking AIR’s reachability is to perform

used to represent the robot’s forward kinematics and derivgpot inverse kinematics. As presented in Section lI-C,

the inverse kinematics. _ _ there exist two kinds of methods for computing inverse

The forward kinematics uses the robot kinematic equainematics, including analytical methods and numeric meth
tions to compute the pose of the robot's end-effector (EEjys. However, the former may be hard to obtain analyt-
from specified values of the joint parameters [13]. Usingcy| solutions, whereas the latter usually comes with low
Denavit-Hartenberg (DH) method [14], the forward kine-computational efficiency [19]. In addition, after perforgi
matic model of an AIR can be built, which is representegopot inverse kinematics, the self-collision checking.(i.
by a series of cylinders shown in Fig. 6. Conversely, givethe collision checking between all links of an AIR) needs
a desired EE pose, the inverse kinematics can be usedippe conducted to verify whether the AIR pose solution
compute whether there exists a feasible solution for thetrobjg ¢gliision-free. This will further reduce the efficiency i
joints. There are two main kinds of methods for computingeachability checking. Note that collision checking is de-
inverse kinematics, namely analytical methods [15] [16] anscriped in the next sub-section, including both self-sah
numeric methods [17] [18]. o checking and collision checking with the environment.

_In the framework illustrated in Fig. 2, only forward — apother option is to construct the lookup table using
kinematic model is included in the module 3. Dependingy|r forward kinematics (module 3), which stores feasible
on the methodologies applied in reachability checking,(i-rgpot poses for a set of discretized EE points within the
module 4 presented in Section I11-D), module 3 can be usggp ot workspace [20] [2]. Since coverage of large structure
to: is considered in this paper, then a very large number of

« derive the inverse kinematics to check the AIRS’ I'eaCh_-arget points is needed to represent the structure (e gutab
ability to the uniform target points generated from150,000 uniform target points are generated for the stractu

module 1, or - shown in Fig. 4). Thus, checking reachability to each target
- facilitate to build the lookup table that can be used fopoint can be computationally costly. As a lookup table is
reachability checking. constructed off-line (only once) and queried on-line using

In addition, the forward kinematic model in module 3 carKd-trees, Quadtrees, Octrees or similar hierarchical data
also be used to conduct collision checking, including selfstructures [21], it is computationally efficient and effeet
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for real-time applications. However, the solution accyrac
depends on the size of the lookup table (i.e., the amount
of information stored), and a larger lookup table will need  Fig- 9. Example of area Partitioning between two AIRs [33]
a larger memory space to store the data. Note that, the

self-collision checking can be considered as part of the , i ) L , ,
construction of lookup table, thereby saving computation ave h_|gh detection spegd and wide appllcatlons in read-tim
cost during coverage analyses. operations [29] [28], while CCD algorithms can overcome

In the construction of lookup table, as shown in Fig.the potential undetected problem due to discrete robot

7, the workspace of an AIR is decomposed into a |arg%onfigurations considered in DCD methods, but usually lead

number of cube-shaped and equally-sized 3D grids. Ealf high (;omputational cost [3_0] [31]. The above methods_
3D grid is associated with many discrete robot poses th&f€ applicable for the scenarios where the operation envi-
can reach the grid with different orientations. This is don&onMent is unknown or partially unknown (e.g., the target
by incrementally sweeping through all joints of the AIR andPtructure and environment need to be localized).

assigning each pose to the appropriate grid. These poseso‘s for the scenarios with known environment (e.g., the

(within each grid) are further grouped according to thdocation of target structure is given), one effective and
similarity in the orientation of the EE. Thus, if a targetf@St way for collision checking is to simplify the AIR

point representing the structure falls within one of theigri @nd represent it by spheres and capsules [32], as shown
g Fig. 8. Using robot kinematic model (module 3), the

in the lookup table, then the AIR poses associated with tH ' ) h
grid (and the relevant group within the grid) are obtainegonfigurations of spheres and capsules surrounding the robo

from the lookup table. Note that all robot poses stored in th@0dy can be computed. Then, the self-collision checking
lookup table are self-collision free, as self-collisiorecking €an be simplified by computing whether the spheres and/or

has been considered while constructing the one-off lookUjPSules overlap with each other. On the other hand, the
table. collision checking with the environment can be performed

by computing whether a target point representing part of a

E. Collision checking structure locates within a sphere or a capsules repregentin

In the reachability checking (module 4 in Fig. 2) andthe AIR. All target points that are within a certain proxignit
coverage analysis (module 6.3), the collision checking i® a sphere representing part of the AIR are checked, and
essential for safe operation of AIRs. The robot collisiorflata structures such as Kd-tree can be used for fast queries.
checking normally includes self-collision checking (ji.the ) )
collision checking between links of each AIR) and collision™ Multi-AIR coverage analysis
checking with the environment (i.e., the collision checkin  As illustrated in Fig. 2, multi-AIR coverage analysis
between individual AIRs, and objects in the environmentYmodule 6 with green background) includes three sub-
Using the lookup table (module 4 in Fig. 2), a set of AIRmodules, namely Area Partitioning and Allocation (APA),
poses for each target point representing the structure dsllision checking with the environment (described in Sec-
obtained. These poses do not self-collide and are withiion IlI-E) and coverage analysis. The APA aims to partition
the joint limits. Then, these poses are checked one-by-oa# surfaces of a target structure and allocate them to each
using module 6.2 to find one that is collision-free with thendividual AIR, whereas the coverage analysis is incluaded t
environment. obtain the results such as overall coverage rate and operati

There are many methods and techniques for robot collefficiency. These two sub-modules are further discussed
sion checking or detection in the literature. One effectivbelow.
way of achieving collision avoidance is to utilize hardware 1) Area Partitioning and Allocation: For coverage tasks
including impedance actuators [22] [23], force and torquéo be conducted by multiple AIRs, another essential problem
sensors [24] [25], depth sensor and camera [26] [27]. There how to partition the surface areas of the target structure
are two main classes of algorithms for collision detectiorand appropriately allocate the partitioned areas amonigst a
namely Discrete Collision Detection (DCD) and Continuou®\IRs. To better understand this problem, a simple example
Collision Detection (CCD) [28]. DCD algorithms normally is presented in Fig. 9, where two AIRs conduct grit-blasting



operation on a wall. As highlighted in Fig. 9, withoutin Section IlI-E). In this work, as stated in Section I, the
partitioning and allocation of the overlapped area (thearescope of coverage analysis includes two aspects, including
that can be reached by both AIRs), both AIR 1 and AlRcoverage rate and operation efficiency. For the analysis of
2 will cover the overlapped area, which may lead to lowcoverage rate, some basic criteria are listed as follows:
operation efficiency or even collision between these two
AIRs. Given the optimized base placements generated by
module 2 in Fig. 2, the base of each AIR needs to be moved
and placed many times to complete the whole coverage
task. This can not be efficiently and safely achieved without |
proper Area Partitioning and Allocation (APA). Therefore,
the APA module is included in the framework shown in Fig.

2, with objectives or constraints listed as follows:

« Every surface of the structure should be analyzed to
obtain the overall coverage rate.

Coverage of the structure’s surfaces should be checked
by reachability checking (module 4).

All reachable surfaces of the structure should be
checked by self-collision checking (module 5) and
collision checking with the environment (module 6.2).

N Depending on the requirements of the application under
« Avoid missing surface areas of the target structure fQf,nsideration, some additional criteria may need to be

AlRS 1o cover. L considered, such as robot joint torque minimization and
o Minimize the ove.rall completion time of the coveragemanipulability measure maximization [39].
task through equitable APA. To analyze the coverage of structure’s surface areas

It is challenging to simultaneously achieve the objectivesllocated to an individual AIR, one efficient option is
listed above, especially when the object’s surfaces are now only check the AIR’s reachability to selective target
planar, complex in shape and unconnected from each othsints representing the surface areas. For instance, given
[34]. There exists some methods for area decompositiorectangular surface area, it is assumed that the AIR carr cove
partitioning and allocation, including convex decompiosit the whole area only if the 4 target points at the four corners
methods [35], grid graph bisection method [36], and gradief the area can be reached by the AIR without any collisions.
ent based optimizations [37]. However, these methods onfshis option can greatly reduce the number of target points
focus on solving part of the APA problem considered irnto be analyzed, thereby improving the efficiency in the
this work. In one of the authors’ previous works, Voronoianalysis of coverage rate. However, if some other unchecked
partitioning [38] and multi-objective optimization arerme  target points within the area cannot be reached by the
bined to solve the APA problem of a multi-AIR blasting AIR, then the AIR may not be able to cover the whole
system [39]. However, with the increase in the size angdurface area. Therefore, this option may not provide ateura
geometric complexity of the target structure, simplifioa8  analysis results for coverage rate. To improve the accuracy
or modifications may be needed to reduce the computatiorsfl coverage analysis, another option is to check the AIR’s
cost of this optimization-based method. reachability to all target points representing the surface

To perform coverage rate analysis of large and complexreas. However, for large and complex structures (e.g., the
structures, one efficient solution of APA problem is tostructure represented by about 150,000 target points in Fig
use First-Come First-Served (FCFS) method with a greedy (b)), it may be computationally expensive to check AIR’s
base placement approach. Using a greedy-based placemeaichability to every target point, while considering the
approach (module 2 in Fig. 2), the base placement (i.ecriteria for coverage analysis listed above.
one of FBPs) from which the largest surface coverage (i.e., To conduct accurate and efficient coverage analysis, ap-
maximum number of target points locating within the AlR’spropriate strategies and methods can be selected for the
workspace) is obtained and allocated to an AIR. Then, th@odules and sub-modules of the framework shown in Fig.
next base placement with the largest surface coverage2s To ensure the analysis accuracy, all target points rep-
assigned to the next AIR, and so on. Every time, aftefesenting the structure need to be checked by module 4
finishing coverage at a base placement, the AIR will move t@.e., reachability checking), module 5 and module 6.2,(i.e
the next base placement with maximum potential coverageollision checking). Thanks to the CAD model processing,
At each base placement, the AIR will take all the pointsvhich can generate uniform target points throughout the
that it can cover (according to FCFS) even if some pointghole structure with proper density. On the other hand,
may be covered at a later stage by another AIR at @ improve the analysis efficiency, lookup table can be
different base placement. In this way, all surface areaspnstructed for efficient reachability checking (module 4)
of the structure can be partitioned and allocated withowote that, the self-collision checking (module 5) can also b
overlaps amongst the AIRs. Although this method may naicluded in the one-off construction of lookup table, which
provide an optimal solution, it is computationally efficien can further enhance the computational efficiency of the
for performing coverage analysis for large structures. whole framework. In addition, the fast optimization method

2) Coverage analysis. After partitioning and allocating such as greedy-based method can be applied to obtain the
the surfaces (represented by target points generated dytimized base placements for all AIRs to visit (module 2),
module 1 in Fig. 2) of a structure to the AIRs, the coveragehereas the FCFS method can be implemented to achieve
analysis needs to be conducted, while performing the collguick APA (module 6.1) for the collaboration of AIRs in
sion checking with the environment (see collision checkingoverage tasks. Finally, the target points that can be eghch



(a) (b)

Fig. 11. CAD models of Block #1

Ship-hull block

maximum achievable coverage rate as well as the surfaces
that can not be covered by the AIRs (these surfaces are to
be cleaned through manual blasting).

As shown in Fig. 1, the ship-hull blocks have the follow-

without collisions are sorted out and allocated to all AIRs',ng properties:

thereby obtaining the coverage rate of the whole structure.* Large overall dimensions (e.g., the length and width
In terms of operation efficiency, given the average openatio ~ are within [10 15]m).

speed at the AIR’s EE, it is convenient to estimate the AIRs’ * Small local features (e.g., beams and columns with
operation time of achieving the coverage rate, thanks to Small lengths, widths, and/or heights).

Fig. 10. A ship-hull block to be cleaned by a multi-AIR blasfisystem

uniform distribution of the target points. o Thin walls (e.g., the wall thickness is within
[12 20]mm).
IV. ANALYSIS AND RESULTS « Existence of outfittings (e.g., pipes and components

installed on the block).

) } ] ) In this work, for each ship-hull block, two different
In this work, a multi-AIR blasting system for cleaning scenarios (i.e., block model without outfittings and block
ship-hull blocks (i.e., large-scale sections that composgodel with outfittings) are considered in coverage analysis
an entire ship hull in shipbuilding industry) is conS|dereq:ig_ 11 presents the CAD models of Block #1, where the

as an example application. The operation environment gfo4e| without outfittings and the model with outfittings are
the multi-AIR blasting system s illustrated in Fig. 10,ghown in Fig. 11 (a) and Fig. 11 (b), respectively.

where a §hip—hu|l block is placed withir_1 the _blasting room g test and verify the framework proposed in this work,
for cleaning process. The system configuration and relategensive analyses are conducted for 10 different scenar-

A. Real-world example application

assumptions are listed as follows: ios (i.e., 5 ship-hull blocks without and with outfittings,
« UR10 robot is considered as the platform of the blastinghcluding Block #1 shown in Fig. 11). For each scenario,
AIR as shown in Fig. 6. the analysis results include:

« The underneath surfaces of the block are assumed to, Maximum achievable coverage rate.
be cleaned by the AIRs locomoted by Autonomous , Coverage rate vs. operation time.

Ground Vehicles (AGVs). . Operation time vs. number of AIRs in completing
« The other surfaces of the block are assumed to be maximum achievable coverage rate.

cleaned by the AIRs locomoted by some other faCIIItIesNote that, in this work, maximum achievable coverage rate

€.g., gantries, cherry pickers and scissor lifts. is not only determined by the structure complexities of

- Any base placement (see Section III-B) within thescenarios (i.e., ship-hull blocks) and the methodologsesiu

lblasting_room can be visited i}(l;\?e AII(?js thrOl_Jgh abov% the framework (e.g., methodologies for base placement
ocomotion measures (e.g., s and gantries). optimization and APA), but also limited by the configuration

The multi-AIR blasting system can replace human workconstraints of AIRs and end-effectors (EES).
ers in the blasting room, where the dense dust, the loud

noise, and human fatigue are hazardous for workers’ healt®. Setup of Framework Modules

However, the limited allowed duration for the cleaning This section presents the methods and algorithms that are
process of the ship-hull blocks poses high requirementsed in the modules in Fig. 2 to generate the analysis results
regarding coverage rate and cleaning efficiency that needfiar the example application presented in Section IV-A.

be met by the blasting system. Thus, before the deploymentGiven the CAD models of ship-hull blocks, two different

of such a system, it is essential to conduct coverage asalygiroups of target points can be generated using the approach
to estimate the minimum number of AIRs that can satisfyllustrated in Fig. 3. As presented in Section IlI-A, one gpo

the operation requirements. In addition, for each indigldu of target points can be used for collision checking with the
ship-hull block, the coverage analysis can also provide thenvironment (i.e., module 6.2), whereas the other group of



TABLE |
MAIN PROPERTIES OF THE LOOKUP TABLE

A target point and
a base placement

Parameter Value i ncluded by 235 N
rid representing the

Number of 3D grids for AIR workspace 720192 AR worspace?

Number of all AIR poses for 3D grids 83886080

Enquire the groups of AIR
poses associated with the grid

Number of AIR pose groups for each grid 67

v

N The target point
cannot be covered

-

Exist a pose
satisfying blasting
angle range at EE?,

uniform target points can be used for both base placemen
optimization (i.e., module 2) and coverage analysis (i.e.,
module 6.3). As described in Section IlI-F.2 (i.e., module . it collison:
6.3), to conduct accurate and efficient coverage analyss, t - B :
uniform target points with proper density are needed. Is thi

work, the density of uniform target points is represented
by the interval distance between any two adjacent target
points. For the application illustrated in Fig. 10, it dedsn
on the diameter of blasting area on the block surface, whi%\

) . . ; . In this work, to perform efficient coverage analysis, the
IS pr(_)J_ected by the_bla§tlng s_tream_ from AlRS EE. To be reedy-based method and the FCFS method are combined
specific, as shown in Fig. 9, if the interval distance of tw

0 simultaneously solve the problems of base placement

adjacent target points is set to be the diameter of Circu%ptimization and APA, which is presented in Section Ill-

Fig. 12. Flow chart for querying the lookup table

area projected by the blasting stream, then the surface ar
(t:)s\tlvél?:dn bt?,etshee thvloR t";‘lrr?ithigo\llc(t)srkc?ﬂebﬁg?ﬂizlljmdi?a;%%qn the example application presented in Section IV-A,
between the blasting nozzle at AIR’s EE and the block’s R10 robots are considered as the platforms of AIRs

surface is set as 500 mm, which results to the blastiIEilrfomlwgd bﬁtmgdclﬁerat'o?. on ?h'p'r}uﬂé):{%Cksb Lth;ﬂg
circular area with the diameter of 200 mm on the block’ method [14] and the configuration o robal, the

surface. Therefore, by setting the interval distance of throbot kinematic model is built and represented by cylinders

. . .. shown in Fig. 6. Based on the kinematic model, as shown
two adjacent target points as 200 mm, a group of umforrlrh Fig. 8, the collision checking model is constructed and
target points (including about 150,000 points) is generate 9- 5 9

Dt represented by spheres.
and shown in Fig. 4 (b). | ¢ hability checking (i dule 4 d
In base placement optimization (i.e., module 2 presented n terms of reachability checking (i.e., module 4 presente

. . i b . . in Section 11-D), considering the scales and complexities
in Section Ill-B), two criteria are given for the generatioh ship-hull blocks presented in Section IV-A, a lookup table

FBPs. In this example application, the AIRs with Workingi constructed to achieve efficient coverage analyses.isn th
radius of 2.3 m are considered, and the settings of these tV\?vc%)rk k-d tree [40] data structure is used ?n the c)c/mstr.mx:tio
criteria are listed as follows: ’

) of the lookup table. As can be seen from the lookup table
« Threshold distance between base placements and @ perties listed in Table I, a huge number of AIR poses

block’s surfaces: 0.7 m. . _ . (i.e., 83886080 poses) are included to enhance the analy-
« Threshold number of target points locating within thesis accuracy. For each individual grid representing AIR’s
AIR workspace: 1. workspace, 67 groups of AIR poses are considered where

Using the criteria listed above, the FBPs for each shipgach group contains EE poses with similar orientation. The
hull block can be generated (e.g., the FBPs of Block #flow chart in Fig. 12 illustrates the process of querying the
shown in Fig. 5 (c)). Note that a base placement with ¥okup table. More details about lookup table construction
larger number of target points locating within the AIR’sare available in the authors’ previous work in [2].

work space only indicates that the AIR is likely to cover As presented in Section IlI-F.1, multiple objectives need
more surface areas of the block at this particular bade be optimized when solving an APA problem, which can
placement. The reachability of these target points will bee viewed as a multi-objective optimization problem. In one
checked by reachability checking (i.e., module 4) and thef the authors’ previous works, the Non-dominated Sorting
collision checking with the environment (i.e., module 6.2)Genetic Algorithm Il (NSGA-II) is used to solve the APA
After obtaining the FBPs, the final base placements (i.eproblem for multiple AIRs [39]. However, in this work, the
the base placements for the AIRs to visit during blastinghip-hull blocks are characterized by large-scale dintgrssi
operation) need to be optimized and selected from FBP§.e., the side length is up to 10 to 15 m) and structure
In base placement optimization, the APA (see Section llleomplexities (e.g., the existence of small beams, columns
F.1) needs to be considered to divide and allocate thend outfittings), which make APA a challenging problem.
overlapped surface areas amongst AIRs as shown in Figor the sake of computational efficiency, as presented in



TABLE Il
NUMBER OF TARGET POINTS FOFS BLOCKS WITHOUT OUTFITTINGS

804

= 5 scenarios without outfittings
5 scenarios with outfittings

~
00
L

Block part number Number of target points

<
#1 152675 ém—
#2 149444 §74.
#3 172211 S

#4 101654 21
#5 151425 701

# " " #a s
Block part number
Section IlI-F.1, the FCFS method is combined with greedy-
based method to simultaneously solve the problems of APA Fig. 13. Coverage rates of 10 scenarios
and base placement optimization.

In this framework, as presented in Section IlI-F.2, both
coverage rate and operation efficiency need to be analyze
within coverage analysis (i.e., module 6.3). The coverage
rate indicates the maximum percentage of the whole block
area that can be covered by AlIRs. Module 6.1 (i.e., APA)
partitions and allocates the block’s surface areas (reptes
ed by uniform target points) to all AIRs. However, some
allocated target points may not be reached by an AIR, due
to the AIR configuration constraints, structure complexi-
ties (e.g., small I-beams and L-beams), and existence of

outfittings (e.g., pipes and small components installed ogach block (e.g., Block #1 shown in Fig. 11), there are two
the block). To obtain accurate coverage rate, in modulgifferent scenarios, including the block without outfitiin
6.3, the reachability of target points at the optimized basgs shown in Fig. 11 (a)) and the block with outfittings
placements is checked using the lookup table. Meanwhilgas shown in Fig. 11 (b)). This is to demonstrate how the
module 6.2 (i.e., collision checking with the environmentkgxistence of outfittings affect the coverage rate and ojerat
is used to ensure that all reachable points are covered by tficiency to be achieved by a multi-AIR blasting system.
AlRs with collision-free poses. Thanks to the uniform targeTable |l illustrates the number of uniform target points
points generated, the coverage rate of a block’s surfaces agenerated for 5 blocks without outfittings (i.e., blockstwit
simply be computed based on the number of reachable targeirt number #1, #2, #3, #4 and #5). Thus, using these 5
points. To analyze the operation efficiency, two time-etat blocks with different part numbers, 10 different scenarios
assumptions are made as follows, (i.e., 5 scenarios without outfittings and 5 scenarios with
o At each base placement, the blasting speed (i.e., tlowitfittings) are considered for thorough analyses.
speed for robot EE to move along reachable points) is The simulation results for coverage rates of 10 scenar-
considered constant: 0.07 m/s. This is a reasonable ags are presented in Fig. 13. Depending on the structure
sumption for the application under consideration sinceomplexities of different block, 75% to 80% of each block
the AIR’'s EE needs to move at a constant speed f@man be covered for the scenario without oultfittings, whereas
uniform coverage. about 69% to 72% of each block can be covered for
« For each individual AIR, the movement time betweerthe scenario with outfittings. It is interesting to note that
any two base placements is considered constant: 1f%e coverage rates are obtained under the constrains from
s. However, the actual time based on a point-to-poirftoth equipments (i.e., configuration constraints of AIRd an
planner can be used. end-effectors) and the target structures (e.g., I-beams, L
Given the reachable points at each base placement (i.Beams and pipes on the blocks). To further increase the
obtained in the coverage rate analysis) as well as twePverage rates, the AIRs and end-effectors (EEs) with highe
assumptions listed above, the blasting operation timecit eagmaneuverabilities and flexibilities can be used to cover the
base placement and AIRs’ movement time between differdiard to reach areas, which is not the interest of this work. To
base placements can be computed, thereby obtaining fidicate the accuracy of the coverage rates, the uncovered

operation efficiency of the whole multi-AIR blasting systemareas highlighted by yellow points are shown in Fig. 14,
which cannot be reached due to the kinematic limitations of

C. Reslits the AIR shown in Fig. 6.
In this work, different real ship-hull blocks are analyzed After obtaining the coverage rates of all scenarios, it
using the framework setup presented in Section IV-B. Fds necessary to calculate the system’s operation efficiency

Fig. 14. Uncovered points on Block #1 with outfittings
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in completing all reachable areas of each scenario. As

presented in Section IV-A, the AIRs on AGVs are assumedisited by the AIR towards to the end of the process. As
to blast the underneath flat surfaces of the block, whereas tban be seen from Fig. 15 and Fig. 16, for each block,
other AIRs locomoted by some other facilities (e.g., ga&stri the scenario without outfittings is characterized by higher
cherry pickers and scissor lifts) are in charge of blastingoverage rate (shown in Y-axis) and longer operation time
the rest surfaces with complex structures. Thus, comparéshown in X-axis), as compared with the scenario with
with AIRs on AGVs, the other AIRs are expected to takeoutfittings. This clearly illustrates how the existence of
longer completion time in the coverage task. Thereforeyutfittings affect the performance of a multi-AIR blasting
in this work, the underneath surfaces of the block arsystem in both coverage rate and operation efficiency. Note
not considered in efficiency analysis, assuming that thiat the differences in coverage rates shown in Fig. 13, Fig.
operation efficiency of the whole multi-AIR blasting systeml15 and Fig. 16 indicate the coverage rates to be achieved by
depends on the efficiency of AIRs locomoted by othethe AIRs on AGVs, which are not needed in the analysis of
facilities than AGVs. operation efficiency.

The operation efficiency of a single AIR is firstly ana- In the configuration design of a multi-AIR blasting sys-
lyzed, i.e., how much time it takes a single AIR to achievéem, it is essential to figure out how many AIRs are needed
the coverage rate of each scenario presented in Fig. 13. Tioesatisfy the required operation efficiency in practiceings
analysis results for the 5 scenarios without outfittings anthe FCFS method presented in Section IlI-F.1, the analysis
the other 5 scenarios with outfittings are presented in Figesults representing the relationship between operatios t
15 and Fig. 16, respectively. Depending on the dimensiormd number of AIRs can be obtained for all 10 scenarios,
and complexities of the block, it will take a single AIR 28which are presented in Fig. 17 (i.e., 5 scenarios without
to 54 hours to cover all reachable area. With the increasmitfittings) and Fig. 18 (i.e., 5 scenarios with outfittings)
in operation time, the increase in coverage rate becomssspectively. As can be seen from the analysis results, for
slower, as the base placements with fewer target poinémch scenario, the operation time drops with the increase in
(i.e., the target points within the AIR’s workspace) arghe number of AIRs. According to the specific time duration



for blasting operation in practice, proper number of AlR$11]
can be selected in the multi-AIR blasting system.

V. CONCLUSIONS

This work proposed a framework for the coverage anali2]
ysis of large and complex structures to be processed by
multiple AIRs. This framework consists of different modsile
where relevant methodologies and algorithms are presentad]
for each individual module, such that coverage analysis can
be performed efficiently for large and complex structure%14
A real-world application of a multi-AIR blasting system for
ship-hull blocks is considered. Using the ship-hull blocks
with different scenarios (i.e., without outfittings and hwit (15
outfittings), extensive analyses are conducted to gengrate [1¢)
results such as coverage rate and operation efficiency. The
results for coverage rate not only demonstrate the AIRS’
capacity in covering different blocks, but also provide the;;
block surfaces to be processed by human workers (i.e., the
surfaces that can not be covered by AIRs). On the other
hand, the results for operation efficiency are essential ftI)lrS]
the configuration design of a multi-AIR blasting system
(e.g., number of AIRs for satisfying the required produmtio[

efficiency in practice). 19]
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