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Abstract. Radioactive contamination monitoring is an important part
of radiological protection. Automation of surface monitoring poses dif-
ficulties, with a major challenge being determining the coverage of a
radiation probe over an object in close proximity without collision. We
propose a new accessibility framework to determine if radiation probes,
modelled as convex hulls, collide with 3D point clouds representing the
objects. We explain how to structure and analyze point clouds to extract
properties such as the surface normal for each point. Our method for ap-
proximating radiation probes is demonstrated using the BP4 probe. This
approach models both the probe and the sensor’s effective scan volume
with geometric primitives, providing a computationally efficient way to
detect collisions with flat surfaces. The accessibility assessment builds
on common methods within computer science for determining intersec-
tions. A laptop in various positions was used to demonstrate that the
framework can efficiently categorise points as accessible or inaccessible,
identifying unscannable regions. The output of this framework can then
be used to plan collision-free paths over objects and will be the founda-
tion of a robotic survey assistant.

Keywords: Accessibility Assessment - Contamination Monitoring - Dis-
crete Collision Detection - Health Physics - Point Cloud - Nuclear

1 Introduction

Within the nuclear industry, many roles involve possible contact with radioactive
materials, from laboratory experimentation to decommissioning work; these ac-
tivities take place in controlled or supervised areas. The scientists and engineers
who work in these areas require the use of Personal Protective Equipment (PPE).
This PPE protects individuals and reduces the possibility of spreading contam-
ination from high-level controlled zones to lower zones. To limit the spread of
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contamination, the removal of PPE must be carried out in buffer zones and at
barriers between controlled areas. All sites have contamination monitoring equip-
ment and health physics specialists situated at each egress point between buffer
zones, barriers and controlled areas to perform examinations of individuals to
ensure that no residual contamination is present [9]. Several reports [IIT4] have
highlighted the declining availability of the radiological protection workforce.
Robotics could alleviate the demand for roles such as health physics specialists
by automating these mundane tasks.

Small and large article transfer monitors [4] and full body contamination
monitors [I8] are frequently used for contamination monitoring at these barri-
ers but are limited in their application. Many systems are single purpose, i.e.
only used for scanning humans or objects of a certain size, and for use detecting
B/~ contamination due to the short mean free path of . Automation of con-
tamination monitoring poses a challenging application for robotics. For example,
robotic manipulators equipped with radiation probes could perform autonomous
monitoring operations, and advances in perception and control could allow for
the system to be used on any object, material, or personnel presented.

Radioactive contamination monitoring using robotics is a multi-faceted prob-
lem which is a growing field in the literature. Recent work by White et al. [21]
used an industrial robotic manipulator to map and profile radioactive sources
on a flat surface. Whilst work by Mauer and Kawa [§] used a manipulator and
forklift to characterise large building surfaces, performing at a distance of 1 cm
whilst avoiding unknown obstacles. These systems are limited by their applica-
tion, with [8] constrained to flat surfaces and paths. Monk et al. developed a
low-cost system which was able to scan over the tops of objects and identify
source locations, this was able to perform over various shaped objects however
only performed these tasks in a line, not completely covering the object [10].
The work presented differs from the previous approaches as it aims to be used
over complex geometries, where accessibility is considered to maximise coverage
by a given probe. It will be tested on various complex geometries that will likely
be found at barriers.

Contamination monitoring using manipulators is analogous to many surface
following approaches. Many industries are concerned with the topic of the sur-
face following from spray-painting, polishing, laser scanning, and more recently
medical applications. Surface following can be divided into two broad categories:
in-contact or at-distance. Each of these follows a similar approach of scanning
the surface to create a point cloud, generating a path, and then executing a task
along that path over the Volume of Interest (VoI), differing only in their control
strategies, overlap, collision avoidance and stand-off distance. In-contact is com-
mon in the field of medical ultrasound, Graumann et al. utilised a depth camera
to capture a point cloud which was used to generate trajectories over a convex
hull representing the Vol [2]. A review of robotic medical ultrasound imaging
and their levels of autonomy [20] concluded that there is a current limitation in
robust and reliable navigation as well as the safety strategies used.
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At-distance systems need to work in close proximity to the surface whilst
avoiding collisions with the object. It has been demonstrated that high levels
of coverage can be achieved through projecting 3D meshes created from point
clouds to 2D for coverage planning [7] and was demonstrated on flat and curved
surfaces. A mode-switching motion controller [12] for vehicle inspection can swap
between surfaces following approaches. Obstacle avoidance was performed by
moving to a safe distance away during the scan path [II]. Collision avoidance
during the motion was considered. In [I1] the motion did not follow the surface of
the obstacle resulting in decreased coverage. This cannot occur in contamination
monitoring, both works considered the size of the scanner to assess the coverage
of the surfaces. However, with the complex geometries of radiation probes and
the objects they will scan, the framework will place accessibility and coverage
at the forefront.

Radiation scanning requires the detector to be in close proximity, 10-20 mm
to the surface. Collisions are strictly prohibited as they could result in contam-
ination or damage to the sensor, invalidating the sensor readings. Furthermore,
contact with the object or personnel could spread contamination or potentially
cause damage to the object or cause injury to the individual.

None of the previous work looked at the geometry of the tools and their
accessibility to cover areas of a surface. This framework aims to fill this gap
by considering the geometry of the probes and the effective scan volumes to
determine the accessibility and coverage of objects whilst ensuring no collisions.
The framework is able to analyse and identify areas of residual contamination
which would require further examination.

Automating the monitoring process can be broken down into 3 stages: Data
Processing, Motion Planning and Control, and Human Robot Interaction (HRI).
The focus of this paper will be to develop the data processing framework. The
main contribution of this paper is a new framework which:

— Enables modelling of the radiation probe and effective scan volume.

— Expands on current discrete collision detection approaches with application
specific parameters.

— Determines accessibility of point clouds and regions of residual contamina-
tion.

The remainder of this paper is structured as follows. Section [2] will introduce
the framework used for processing and determining the accessibility of a point
cloud. The results of this approach and discussion of the outcomes will be high-
lighted in Section Concluding remarks and future work will be discussed in
Section [l

2 Framework

This framework draws on work done by [316] to combine Point Cloud (PC)
analysis techniques with those of spatial partitioning and normal estimation [5].
The framework extends the Discrete Collision Detection (DCD) approach [15]
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and describes a method to model probe geometries and their Effective Scan
Volume (ESV), that is the volume of space in front of the probe in which it can
detect radiation, as convex hulls. This results in a novel accessibility assessment
which can identify areas of inaccessibility on a PC, subsequently highlighting
areas which pose a risk of containing residual contamination.

2.1 Spacial Partitioning and Surface Normal Estimation

When working with unorganised PC data, the initial task is to spatially partition
the data in such a way that it allows for efficient searching of the data. Two
common approaches for spacial subdivision are k-d trees and octrees; each allows
for efficient and quick searching for the Nearest Neighbours (NN) in a given
region. Octrees are shallow data structures which have 8 child nodes, splitting
around a point rather than an axis like k-d trees, and do not suffer from becoming
unbalanced with the insertion of new data.

Octrees generate a bounding box around the point data with equal edge
lengths. Each bounding box which encapsulates a series of points is known as
an octant. When each of these octants exceeds the number of allowable points
within (bin number), the space is subdivided into 8 child octants with edge
lengths equal to half that of the parent octant. This continues recursively until
either the number of points within an octant is less than or equal to the bin
number or the minimum allowable edge length of the octant is reached. This
allows for control over the resolution of the generated Octree.

It has been shown by [3] that utilising Principal Component Analysis (PCA),
it is possible to discern certain properties of a PC given the set of NN. The set
of points forming the point cloud can be described as P = {py,--- ,px}, with
each point representing a location in three dimensions p € R3, with the set of
Nearest Neighbours as

Ni={pi€ P:|lpi—qjl|<r}, VjeK 1)

where K = |P| is the cardinal of the point set, q; is our query point and r is a
specified radius. This forms a family of sets {N;}p,cp where each element of N;
is a set of nearest neighbours indexed by P.

From this, it is possible to build a 3 x 3 covariance matrix 3, Vp € P which
is given by

Zi=— > (i —pi)p; —P)" (2)

jeNPi

where k is the number of nearest neighbours and p; is each point in Ny, p; is the
centroid calculated at p; from the nearest neighbours. The eigendecomposition
of this covariance matrix can be expressed as 3-X = \-X, where X is the matrix
of eigenvectors and A is a diagonal matrix of the eigenvalues. The eigenvectors
form an orthogonal frame at the point, p;, with each vector corresponding to a
principal component of the spread of points [16]. Given that Az > Ay > Ay >0
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, A1 is the eigenvalue which corresponds to the normal and therefore the first
column of the X matrix corresponds to the normal vector, n;, at the point p;.
The estimated normals are aligned utilising a Minimum Spanning Tree (MST)
as described in [5].

2.2 Modelling of A Radiation Probe and Effective Scan Volume

The nuclear industry uses radiation probes for a variety of scanning applications,
one of which is radiological protection. These devices have become ingrained in
the daily operation of many facilities, and a surplus of these devices typically
exists. Generating Computer-Aided Design (CAD) models for these probes is
time-consuming, and requires knowledge of 3D modelling software. However,
most devices can be simplified and represented by a combination of geomet-
ric primitives such as planes, cones, spheres, and cylinders. Two examples of
common probes are shown in Fig.

Fig.1: DP6 (left) and BP4 (right) radiation probes supplied by Thermo Fisher
Scientific [19].

Consider the BP4 probe shown in Fig. (1] it can be approximated as a closed
cylinder. The Effective Scan Volume (ESV), can be approximated as a second
cylinder extending from the end of the probe. This representation of a bounding
volume can be achieved by measuring a series of parameters of the probe such as
length, radius, and radius of the ESV (equal to the radius of the detector film)
as seen in Fig. 2] The depth of the ESV is determined by the Mean Free Path
(MFP) of the radiation which is to be detected.

The top and face of the probe can be described as two hyperplanes separated
by the length of the probe. Let a cylinder of radius, r, connect the 2 hyperplanes
such that the intersection of these forms a convex hull, representing the probe,
see Fig. [2] left. The ESV can be thought of as another cylinder with a smaller
radius protruding from the front of the probe, see Fig. [2| right.

A hyperplane splits space in 2 which for 2 half-spaces, these can be repre-
sented in the form B = {x € R? : nT(x — x¢) < 0} for a given normal n and
point on the hyperplane xq. For each p;, we can define a new point s; = p;+d-n;,
where d is equal to the desired stand-off distance of the probe and n; is the nor-
mal at that point. This will act as the base point for the convex hull representing
the probe and is the centre of the detector film. By defining 2 support vectors
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<

P

Fig.2: Representation of two hyperplanes and cylinder forming a convex hull
(left) and overlay of the convex hull representing the probe and ESV (purple)
on top of the probe (right).

vi =n; x [0,0,1], and vo = n; X vy, the set of half-spaces can be described by
substituting the different values for normals and points into B to generate
Cp, = {x €R3:n] (x —s;) >0}
Cti = {XERS : niT(x— (si+l~n¢)) < 0}
Coi = {x € R®: v{ (x — pi)(x = Pi) V1 + V5 (x — i) (x — pi) T v2 — 12 < 0}

Cprobe = {Ctl y Cbi ) CCL} (3)

where Cprobe is the convex hull of the probe at each point p;, [ is the length of
the probe and r is the radius of the probe. The same approach can be taken for
the modelling of the ESV

Cp, = {x e R®:nf (x —s;) <0}
Cp, ={x€R*:nf (x— (pi — (a—d)-mn;)) >0}
C., ={x¢€ R3: vlT(x —pi)(x— pi)Tvl + vg(x —pi)(x— pz’)TVZ - 7"§ <0}

CESV = {Cpl 9 Cbi ) ch} (4)

with Cggy being the convex hull representing the ESV at p;, a is the range
over which the probe can reliably detect radiation determined by the MFP of
radiation, and r, is the radius of the scan zone.

2.3 Accessibility Assessment

The accessibility assessment determines the points within the set P representing
the point cloud, which a given probe can both reach and effectively scan. For a
point p; to be valid, that is reachable without colliding, then none of the points
within its neighbourhood can satisfy Cprobe. If valid, then points it can effectively
scan at p; become any point within its neighbourhood which satisfies Cggy. This
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is visually represented in Fig. ] This approach builds upon methods used within
computer science for determining collisions between meshes or other objects [6].
The assessment considers collisions between the probe and the surface on which
the object is placed, between the probe and the PC, as well as between the probe
and other constraints modelled as planes.

It expands upon Discrete Collision detection (DCD) [15], which returns a
boolean value to whether two objects have collided. This can be generalised to a
function which assesses the intersections of a family of sets. Let I be an indexing
set of the family of sets {A;};cr then

f(A){O’ ifﬂielAi:(b (5)

1, otherwise

that is to say, if the intersection of the family of sets is empty, it is classed
as a disjoint set. If we define IV, using equation with » = 1 + 2 - d and
A; = {N,,, Cprobe }, we can use the function to evaluate whether the probe collides
with any neighbouring points. If the function returns 0, the sets do not intersect
and the point is accessible, and if it returns 1, the point is inaccessible. Equation
can also be used to evaluate whether the probe will collide with the surface it’s
placed on, assumed to be a table, or whether the probe will collide with other
constraints. Collisions with other constraints will not be considered. The table
can be modelled as Ciaple = {Xx € R3 : [0,0,1] - x < b}. While the intersection
can be solved using linear programming, a more efficient method is posed in

Section 241

2.4 Collision with Table Surface

All objects to be scanned must be placed on a surface, whether that is the floor
or a table, which adds a challenge in determining point accessibility. This issue
can be simplified to evaluate if the vertices or the minimum point of Cprobe
intersects with Ciaple. There are many approaches for solving this [6]. For convex
hulls with vertices, detecting intersections with a half-space is straightforward.
However, for Cprone without vertices, the minimal point of the convex hull is
used to evaluate the collision with the flat surface. This can be posed as an
optimisation problem, though it is computationally expensive.

Alternatively, leveraging the definition of Cprobe allows reducing this to a
constant time evaluation O(1). This is possible due to the definition of v; and
vy. Consider the intersection of the cylinder with the half-space Cp, which forms
a circle Q € R3. If n; has a positive z component, then the minimal point of the
circle will also be the minimum point of Cprobe. Let @ be expressed as

Q=s;+r-cost-vy+r-sint-vy, t=][0,2m) (6)

where r is the radius of the cylinder. Due to the properties of a vector product,
v will always be in the zy-plane and orthogonal to n;. As a result of the right-
hand rule, the second vector product, vy, will always be collinear with and in the
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direction of the minimum point. This minimum point will lie on the intersections
of the circle ) with the line r = s; +¢- va. It can be shown that this intersection
occurs at: t = 7, 37’7, with the minimum point at 7. Thus, it is only necessary
to evaluate the equation |§| at t = 5 to determine whether the probe intersects
with Ciaple- If n; has a negative z component, then s; is replaced by s; +1-n; in

equation [6]

3 Results and Discussions

To demonstrate this approach several test models were selected. A flat box, a
laptop in two positions: Laptop (1) - half closed, and Laptop (2) - open, along
with a model of a torse [I3] were used. PCs were generated from vertices taken
from the .STL files.

The framework was implemented within MATLAB R2023a. The Octree li-
brary [I7] was modified with additional functions to enable nearest neighbour
searches, normal estimation and normal alignment using an MST. The frame-
work can be described by Algorithm [I] The parameters used for the algorithm
were taken from the radiation probe with radius 0.0335 m, length 0.222 m, stand-
off distance 0.015 m, scan radius and range of 0.03 m and 0.02 m respectively.
The points which represented the base of the objects were removed as these
would not be captured during a 3D scan.

Algorithm 1 Accessibility Assessment

Require: 7,0,d,rs,a > Radius, Length, Stand-off, Scan Radius, Scan Range
function Access(P,N;)
for Vp; € P do

n; < Normal Estimation(Np,)

Vi < n; X [0,0, 1]

Vo < 1n; X vy

if |CollideWithTable(p:,v1, V2,7, l,d) then

if 1f({Np,,Cprobe}) then

A; + True > Set the accessibility of the point to True
DetermineScannedPoint(p;, vi, V2, Ts, a)

else
A; «+ False > Set the accessibility of the point to False

end if

end if
end for
return A

end function

Fig. [3] shows the output of the framework, the blue points represent poses
within the PC where the probe will not collide with the surface if it approaches
that point. The red points represent poses where the probe would collide with
the table or PC. Consider Fig. the points which are considered inaccessible
are those around the base and underside of the laptop, due to colliding with the
half-space representing the table. Not as obvious are the points along the hinge
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which are also flagged as inaccessible, this is expected due to the radius of the
sensor and the small stand-off distance causing a collision between the probe and
the screen/keyboard. Fig. [3aj and Fig. [3d| show successful coverage of the models
with only the armpits and those along the base being inaccessible, The results
of the framework showing accessible points and total coverage is presented in
Table 1l

04

X (m)

Fig. 3: Plots of the accessible points (blue) and inaccessible points (red) of both
(a) flat box, (b) Laptop (1), (c¢) Laptop (2) and (d) Torso.

Fig. has been used in Fig. [4| to illustrate several example cases, where
the probe has been overlaid onto the PC to show how the framework simulates
the probe and determines if a point will be accessible. Points around the base
are inaccessible due to collisions with the table, and points at the innermost
part of the screen are inaccessible as the probe collides with the points of the
screen/keyboard. Those on the flat exterior surfaces are accessible and as such
shown in blue.

This assessment does not consider the workspace of the manipulator or hu-
man conducting the assessment and is to identify areas of potential risk and
points which can be used to plan safe trajectories. When assessing the perfor-
mance of the approach, it is assumed that the octree, associated normals and
clusters for each point have already been calculated via Section with a min-
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025 Scanner is clear of any constraints
and does not coliide with any points
so the area is accessible

/ Scanner coiiides with the laptop
screen and so the interior points
are inaccessible

Scanner is below the Z=0
plane so these points are
inaccessiblel

0.2 0.15 0.1 0.05 0 I)

Y (m)

Fig.4: Overlap of the probe onto the PC to illustrate the assessment process
carried out in determining accessibility.

imum octant size of 0.005 m and maximum bin capacity of 8, which achieved a
good compromise between the performance and resolution.

The performance of the algorithm can be assessed using several metrics such
as execution time and time complexity, coverage, and visual inspection. From in-
specting the generated plots, it is intuitive to see that the framework is perform-
ing as expected. However, there are some discrepancies in the normal estimation
caused by the surface geometry. These points can be seen in Fig. [4] close to the
hinge (e.g. y = 0.2 m, z = 0.05 m), this causes an uneven cut-off line instead
of a straight cut-off. Although this inaccuracy is a limitation of the approach, it
is representative of the process when using real-world data. Furthermore, being
conservative in this way minimises the risk of collision.

Table 1: Results of the accessibility assessment for each generated point cloud.

Model Points Leafs Accessible |Coverage (%)| Assessment
(%) Time (s)
Flat Box 33932 7339 89.33 94.96 0.62
Laptop (1) 69653 18722 43.11 53.90 3.86
Laptop (2) 49646 17460 61.23 75.84 3.76
Torso 32424 5398 70.84 90.08 0.50

The evaluation of the execution time and time complexity, given the stated
assumption, requires assessing the performance of Algorithm [1] Assuming all
calculations and conditional statements execute in constant time, the dominant
term in determining time complexity is the loop over each leaf octant of the
octree. It is possible to conclude that this algorithm will execute in linear time
O(n). In Table [1} accessible refers the the percentage of points within P which
do not cause a collision with the probe if it approach that pose. However, some
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points may not be directly accessible but fall within the ESV of the probe at
another pose and therefore can be monitors, this is referred to as coverage.

The assessment achieving high accessibility and coverage over all models
in reasonable execution time. With the flat box and torso achieving over 90%
coverage, the results of the torso model are significant as the final intended
system will perform radiological surveys over humans.

4 Conclusion and Future Work

The results presented in this paper demonstrate the effectiveness of the frame-
work in distinguishing between accessible and inaccessible areas within point
cloud data for radioactive contamination monitoring. By modelling the probe
with geometric primitives and expanding on conventional discrete collision de-
tection, the framework quickly assesses point clouds. Constraining the probe
definition reduces the time complexity for detecting collisions between the probe
and a surface to O(1). With minimal modification, this framework can be applied
to other fields by adjusting parameters or defining new end-effector geometries.

This work could be included in existing manipulation frameworks and ex-
panded to include non-convex end effector geometries that could be used outside
of surface following, such as grasping. Future work will develop this framework
to include various probe geometries in a dedicated library and use the output
of the framework to investigate methods for discerning a near-optimal set of
scan points to be used for constructing viable trajectories over the objects which
will be used to perform surface contamination monitoring as part of a robotic
radiological survey assistant.
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