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ABSTRACT

A Flying Light Speck, FLS, is a miniature sized drone configured
with light sources to illuminate different colors and textures. A
swarm of FLSs illuminates complex 3D multimedia shapes in a
fixed volume, a 3D display. An FLS is a mechanical device. Its
failure is the norm rather than an exception, causing a point of
an illumination to go dark. In this paper, we use reliability groups
with dark standby FLSs to minimize the duration of time a point
remains dark. This study makes two novel contributions. First,
it compares a centralized and a decentralized algorithm to form
groups, demonstrating the superiority of the centralized technique.
Second, it detects when the dark standby FLSs may obstruct the
user’s field of view and relocates them with minimal impact on
their provided benefit.
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1 INTRODUCTION

A Flying Light Speck, FLS, is a miniature sized drone equipped with
one or more light sources to generate different colors and textures
with adjustable brightness. It is battery powered, network enabled,
has processing capability to implement decentralized algorithms,
and some storage. It uses the latter to store data pertaining to its
lighting responsibility at certain coordinates as a function of time.
Synchronized swarms of FLSs will illuminate virtual objects in a pre-
specified 3D volume, an FLS display [17, 18]. An FLS display may
be a cuboid that sits on a table or hangs on a wall, the dashboard of
a self-driving vehicle, a room, etc. It will render (a) static 2D or 3D
point clouds, see Figure 1, (b) slide shows consisting of a sequence
of 2D or 3D point clouds, (c) motion illuminations consisting of a
sequence of 2D or 3D point clouds with temporal constraints, and
(d) interactive illuminations for games.

An FLS display may be used by diverse applications ranging
from entertainment to healthcare, education, scientific devices (e.g.,
deep space telescopes) that produce 3D data among others. With
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(a) Dragon, 760.

(b) Hat, 1562. (c) Skateboard, 1727.

Figure 1: Three point clouds and their number of FLSs [4].

healthcare, an FLS display may illuminate 3D MRI scans of a patient
and their organs, empowering a physician to separate the different
organs (illuminations) and examine them in real time. With enter-
tainment, an FLS display may illuminate characters of multi-player
games such as Minecraft and Fortnite to come alive and interact
with one another on a table top. Visualization of 3D scientific data
is a significant challenge. An immersive FLS display addresses the
challenge by enabling a user to analyze the data from different
perspectives including stepping into the data, e.g., examining the
3D voxels of a hippocampus in an MRI scan.

An FLS is a mechanical device that fails [17, 18]. It may encounter
different kinds of failures ranging from propeller damage [23] and
rotor loss [21] that prevent it from flying to hardware and software
failures that prevent it from communicating and coordinating with
other FLSs. An FLS that must leave its swarm to charge its battery
may also be considered as a form of failure. To elaborate, STAG [18]
constructs flocks with staggered flight times, allowing an FLS F;
with an almost depleted battery to leave its flock to charge its bat-
tery while a dispatcher deploys a new FLS F¢ with a fully charged
battery to substitute for it. If Fy arrives either prior to or at ap-
proximately the same time as F;’s departure then they may switch
places gracefully. Otherwise, F;’s absence may be considered as a
form of failure that degrades the Quality of Illumination (Qol).

An FLS failure causes a point in an illumination of a point cloud
to go dark. Our objective is to minimize the duration of time for a
replacement FLS to illuminate this dark point, i.e., the Mean Time
to Illuminate a Dark point (MTID). One approach is for the display
to deploy a replacement FLS. In this case, MTID is dictated by the
distance from a dispatcher to the dark point and the speed of the FLS.
An alternative is to deploy dark standby FLSs [18] in anticipation
of a failure. These standbys are positioned in close proximity of an
illuminating FLS. When an illuminating FLS fails, the standby FLS
occupies its coordinates and resumes its lighting responsibility. By
minimizing the standby’s traveled distance, the MTID is improved.

Our objective is to construct reliability groups, each with G
illuminating FLSs and C standby FLSs. The standbys are placed
close to the group center. By minimizing the distance between the
illuminating FLSs of a group, the travel time of a standby FLS to
the coordinates of a failed illuminating FLS is reduced. Figure 2
shows the 95" percentile! of the Skateboard’s MTID as a function
of time with no reliability groups, and reliability groups of G=3

IThe 50t percentile is almost identical to the 95" percentile.
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Figure 2: MTID of the Skateboard, 95° h percentile, =300 sec-
onds, ¢=3000, Speed=66.67Meters/Seconds. Lower is better.

and G=20. With G=3 (20), the number of dark standby FLSs is
approximately 30% (5%) of the number of points in a point cloud.
This is the overhead of using reliability groups. The benefit of the
reliability groups is the significant reduction in MTID, see Figure 2.

A standby is dark and may obstruct the user’s Field of View (FoV).
Figure 3 shows the illuminating and standby FLSs for user’s FoV
from the bottom of the Dragon and the Skateboard. It shows the
obstructing FLSs with G=3 and G=20. Obstructing dark standbys di-
minish the Qol. There are several possible approaches: Prevention?,
detection, and a hybrid. Due to lack of space, this paper presents
detective techniques only.

The contributions of this paper include:

e An evaluation of a centralized (k-means [22]) and a decen-
tralized (CANF [3]) technique to form reliability groups for
a point cloud illuminated using a swarm of FLSs. k-means
is significantly faster and provides a superior MTID when
compared with CANF. (Section 4.)
o Insights into when reliability groups do not enhance MTID.
We use a simple priority queue that enables a display to
disable reliability groups dynamically when they are not
beneficial. (Section 5.)
We detect obstructing standby FLSs and present techniques
that change their location to avoid obstruction. (Section 6.)
e We open source our software implementations, and the 3D
data used in this study for use by the scientific community.
See https://github.com/flyinglightspeck/StandbyFLSs.
Table 1 shows the notations used in this paper and their definitions.
The rest of this paper is organized as follows. Section 2 provides
related work. Section 3 presents an overview of a system and the
terminology used in this paper. Sections 4-6 were detailed as con-
tributions. Brief conclusions and future research directions are
presented in Section 7.

2 RELATED WORK

The concept of FLSs and FLS displays are presented in [2-5, 10,
11, 17-19, 27, 36, 37]. The idea to form reliability groups and use
standby FLSs is introduced in [18]. It presents analytical models

2Computes a non-obstructing location for the dark standby FLSs.
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Figure 3: Bottom view of shapes. The leftmost figure shows
illuminating (blue) FLSs with some obstructed by a dark
standby (red) FLS. The other two figures show the obstructing
standby (red) FLSs only.

Table 1: Notations and their definitions.

Notation Definition

Q Ratio of illumination cell to display cell.

D Total number of dispatchers.

F Total number of FLSs required by a point cloud.
G Number of FLSs per reliability group.

C Number of standby FLSs per reliability group.
nG Number of groups ng = Lg]

MTID Mean time to illuminate a dark point due to FLS failure.
MTTF  Average amount of time an FLS operates before it fails.
A Maximum lifetime of an FLS.
@ Maximum rate of FLS deployment.
o Maximum rate of FLS failures, p = %

to demonstrate the benefits of using standby FLSs. However, it
does not describe techniques to form reliability groups. Our study
is different because it formally introduces and quantifies QoI and
the average duration of time a point is dark (MTID), introduces
a centralized and a decentralized technique to form groups and
quantifies their tradeoffs, identifies when reliability groups do not
enhance MTID, a technique to detect dark standbys obstructing
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Figure 4: The yellow cylinders of the simple architecture [18]
are dispatchers that deploy FLSs. A dispatcher deploys FLSs
at arate ¢ and a display consists of D dispatchers. Failed FLSs
fall on a conveyor belt that deposits them in a Terminus.

the user’s FoV, and how a standby changes its location to not ob-
struct the user’s FoV. These novel contributions are absent from
the aforementioned studies.

The concept of reliability groups [14, 15, 30, 31] and standbys
dates back to arrays of memory modules and disks [20, 29]. With
disk subsystems such as RAID [26], the hardware infrastructure
dictates the characteristics of the reliability groups. FLS displays
are different in that the data in the form of a point cloud dictates the
characteristics of the reliability groups. Distance between the points
that constitute a reliability group is an important consideration as it
dictates MTID and Qol. This concept is absent from prior literature
in the area of high data availability. Another difference is that, an
FLS display may use reliability groups selectivity to enhance MTID.
As detailed in Section 5, a simple priority queue enables an FLS
display to not deploy standby FLSs, disabling the concept of a relia-
bility group when it is not beneficial. Hardware and software RAIDs
do not require this flexibility. Finally, data availability techniques
do not have the concept of a standby obstructing a user’s FoV. This
important consideration is addressed in this paper.

3 TERMINOLOGY AND PROBLEM
STATEMENT

We assume the architectures of [2, 18] consisting of a hub and
one or more dispatchers to deploy FLSs. See Figure 4. The hub
is comparable to today’s server. It hosts an Orchestrator process
that communicates with FLSs using wireless communication, de-
tects failures, and coordinates the dispatchers to deploy FLSs. A
dispatcher may be in the form of a cylinder on the sides of a dis-
play? [18]. The rate at which an architecture deploys FLSs impacts
MTID.

Display cell and illumination cell are fundamental to this
study. To render an illumination, an FLS display constructs a 3D
mesh on the display volume. A cell of this mesh, a display cell [18],
is dictated by the downwash of an FLS [7, 8, 16, 28, 35]. Assuming
an FLS is a quadrotor, a cell may be an ellipsoid [7, 8, 28] or a
cylinders [16, 35] that results in a larger separation along the height

30r black tiles at the bottom of a Dronevision [2].
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dimension. Each display cell has a unique Length, Height, and Depth
(LLH,D) coordinate [18]. We use the L, H, D coordinate system
instead of X, Y, Z to identify a cell because there is no consensus
on one definition of the Y and Z axes. While the picture industry
uses the Z axis as the depth, mathematicians use the Y axis for the
depth. It is trivial to map our L, H, D coordinate system to either
definition without ambiguity.

The light emitted from an FLS fills an illumination cell. We as-
sume an illumination cell is either the same size or larger than a
display cell. Without loss of generality and to simplify the discus-
sion, we assume a display cell and an illumination cell are cubes.
We denote the ratio of an illumination cell to a display cell along a
dimension as Q. Assuming the same Q value across L, H, and D, the
number of display cells contained in an illumination cell is Q. A
maximum of Q3 FLSs may occupy different cells of an illumination
cell with one FLS illuminating the cell. We assume the remaining
Q3-1 FLSs remain invisible. This assumption is reasonable because
these FLSs may render the same light and color as the illuminat-
ing FLS with lower intensity depending on the location of their
occupied display cell.

An increase in the value of Q may be interpreted in different
ways. One interpretation is that the display is increasing in size
and the light source of each FLS is bright enough to illuminate an
increasing number of display cells. For example, with Q=10, an FLS
must illuminate 100 displays cells and the display is 10x larger along
a dimension when compared with Q=1. The second interpretation
is that the volume of downwash by an FLS has shrunk. Q=10 implies
this volume shrunk 10x when compared with Q=1, enabling the
display to construct a larger number of FLSs in an illumination cell.
In this paper, we assume the first interpretation of Q. It is trivial
to convert the results of this paper in the context of the second
interpretation®.

Definition 1. Quality of Illumination (Qol) of a point cloud is the
percentage of its points illuminated by FLSs at an instance in time.

The best theoretical Qol value is 100%. The Qol of a rendering
may be lower than 100% due to failure of the illuminating FLSs. The
tolerable Qol is application dependent.

We use Mean Time To Failure (MTTF) [18, 26, 29], to quantify
the average amount of time an FLS operates before it fails. A higher
MTTF is desirable because it reflects a longer FLS lifespan. We
construct reliability groups consisting of G illuminating FLSs and
C standby FLSs. A standby is a dark FLS assigned to a group of
G illuminating FLSs. The distance between the G FLSs should be
minimized to enable the standby to substitute for a failed FLS as
fast as possible, minimizing the MTID.

Definition 2. Mean Time to Illuminate a Dark point (MTID) is
the average elapsed time from when a point of a point cloud goes
dark due to the failure of its illuminating FLS and back to being
illuminated by a replacement FLS.

Definition 3. A group centroid is the coordinate that identifies the
center of a reliability group consisting of G FLSs. It is computed us-
ing the coordinates of its G FLSs: [é Zgl L;, é Zicil H;, é ZiGzl Di],
where [L;, H;, D;] is the coordinate of the ith FLS in the group. The

4The acceleration and deceleration components of the velocity model may impact the
conversion of the results between the two interpretations.
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Orchestrator assigns a standby to the group centroid as long as it is
not occupied by an illuminating FLS, i.e., the coordinates of a point
in a point cloud.

PROBLEM DEFINITION 1. Minimize the MTID of an illumination
given reliability groups with G illuminating FLSs and C standby FLS
without obstructing the user’s FoV.

3.1 Failure types

We assume FLS failures are either mechanical, lighting related,
or both. These prevent an FLS from either flying, rendering its
illumination responsibilities, or both. In addition, we assume an
FLS may detect these failures and use its wireless communication
interface to notify its neighboring FLSs and the Orchestrator of its
failure. We defer failure of electronics that prevent an FLSs from
communicating to future work.

When an illuminating FLS fails, its assigned point (coordinate)
goes dark. The display may illuminate this point by either requiring
a dispatcher to deploy a new FLS to the coordinates of the dark
point or use a nearby standby to fly to the coordinates of the dark
point (failed FLS) to resume its lighting responsibilities. The latter
minimizes MTID, motivating nG reliability groups with C standby
FLSs per group.

With reliability groups, we assume an illuminating and a standby
FLS are identical with the same MTTF. A reliability group may be
in either the normal or a degraded mode of operation. In the normal
mode, the group consists of G illuminating FLSs and C standbys. In
degraded mode, either one or more illuminating FLSs have failed,
one or more standby FLSs have failed or are missing (because they
substituted for a failed illuminating FLS), or a combination of these
possibilities.

When an illuminating FLS fails, it notifies its group members and
the Orchestrator of its failure. Its message identifies the group that
experienced the failure, Gf. IfG f has an idle standby FLS, this FLS
changes its status to illuminating and flies to the coordinate of the
failed FLS to assume its lighting responsibility. The Orchestrator
dispatches a new standby to G¢. The coordinates of this standby is
Gy’s centroid.

When a standby FLS fails, it notifies the G illuminating FLSs and
the C — 1 standbys in its group and the Orchestrator of its failure.
The illuminating FLSs maintain the absence of a standby and switch
to degraded mode of operation. The Orchestrator dispatches a new
FLSs to the coordinates identified by the group centroid as the re-
placement standby. In case the replacement standby fails mid-flight,
it notifies the Orchestrator to deploy a new replacement FLS. Once
a replacement standby is dispatched, it notifies the illuminating
FLSs in its group of its presence. The illuminating FLSs record the
presence of the standby and switch to normal mode of operation.

If Gf has no standby FLS and one of its illuminating FLSs fails,
either the Orchestrator or the failed FLS may notify a mid-flight
replacement standby for the group to change its destination to the
coordinates of the failed illuminating FLS and resume its lighting
responsibility. In essence, this mid-flight standby becomes an illu-
minating FLS on its way to illuminate its assigned point. Next, the
Orchestrator deploys a new standby for G . The coordinates of this
standby is G¢’s group centroid.
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With FLS failures, the number of dispatchers and the rate at
which they deploy FLSs are important factors. With fully utilized
dispatchers, standby FLSs may degrade both Qol and MTID. This is
because standby FLSs fail similar to illuminating FLSs. Deployment
of standby FLSs taxes the dispatchers and prevents them from
deploying FLSs to illuminate points that improve QoI/MTID. Below,
we formalize these concepts and highlight their interrelationships.
Failure Model: We assume a simple failure model with FLSs failing
independent of one another. This model selects a time to live (TTL)
between 1 second and a fixed constant A. The life time of an FLS
may not exceed A, TTL < A. Once this TTL expires, an FLS fails.
The distribution used to select a TTL impacts Qol. We considered
several distributions for a model. Due to lack of space, we present
the model using a uniform distribution. With this model, an FLS
selects a random value between 1 and A and approximates a mean
of the distribution close to ’%

4 GROUP CONSTRUCTION

PrROBLEM DEFINITION 2. Given a point cloud with F points (coor-
dinates) with each point assigned to a different FLS and a required
group size G, maximize the number of groups consisting of approx-
imately G FLSs such that (1) an FLS participates in exclusively one
group and all FLSs agree on participation in the same group, and (2)
the euclidean distance between the group members is minimized.

In this paper, the symmetry constraint that all G FLSs in a group
agree to be a member of the same group is fundamental. We fo-
cus on a popular centralized group formation technique named
k-means [22] and a decentralized technique named Closest Avail-
able Neighbor First, CANF [3]. With both, the number of groups
nG is bounded by [g]. At the same time, the two techniques are
different. While k-means constructs nG groups consisting of a vari-
able number of illuminating FLSs, CANF constructs nG groups each
with G FLSs>.

4.1 Centralized Group Construction: k-Means

With a centralized technique, the Orchestrator processes a point
cloud to compute nG groups and the location of each of the C stand-
bys for each group. It uses k-means [22], a clustering technique
that partitions a point cloud with F points into k groups defined by
a centroid. Given the size of a reliability group G, ng is defined as
nG=k= [g] k-means is an iterative heuristic that adjusts the nG
new centroid locations in each iteration. The first iteration selects
the nG centroids randomly [6]. Each subsequent iteration computes
point-to-cluster distance for each centroid by iterating the points
in the point cloud. It uses the average of these distances to com-
pute nG new centroid locations. It repeats until either the cluster
assignment does not change or a maximum number of iterations
(1000) is reached®. The iterative portion of this implementation
consists of two passes: batch and online. During batch updates,
each iteration re-assigns points to their nearest cluster centroid
followed by re-computation of cluster centroids. During the online

5One group is an exception when g is not an integer.

The geometry of a point cloud and the value of G dictates how quickly k-means
constructs groups. In our experiments with the point clouds of Figure 1, the number
of passes with G=3 (20) and the dragon, hat, and skatebaord is 6, 6, 4 (13, 14, 20),
respectively.
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updates, individual points are analyzed and reassigned to a different
centroid if this reassignment reduces the sum of distances. This
pass analyzes all the points.

The Orchestrator schedules one or more dispatchers to deploy
the FLSs. Failures are handled per discussion of Section 3.1. The
speed of FLSs impacts the observed MTID. Figure 5 shows the
MTID as a function of different group sizes, G, with different FLS
speeds. Faster FLS speeds result in a lower MTID. The relationship
is not linear because of the acceleration and deceleration of an
FLS. For example, increasing the speed from 3 Meters/Second to
30 Meters/Second does not reduce the MTID by 10x because the
standby FLS must accelerate from a speed of zero and slow down
(decelerate) to arrive at its destination.

4.2 Decentralized Group Construction

A decentralized group construction technique requires the Orches-
trator to first deploy FLSs. The Orchestrator assigns each FLS a
point to illuminate, a coordinate in the ground truth. An FLS may
use dead reckoning to arrive at its assigned coordinate and localize
relative to its neighbors. In addition, they may exchange messages
to implement a decentralized algorithm to form groups. They notify
the Orchestrator of their group IDs. In turn, the Orchestrator com-
putes a coordinate close to the center for each of the C standbys
and deploys them to those locations. The Orchestrator ensures the
assigned location of standby is not occupied by another FLS.

Several decentralized algorithms for group formation are de-
scribed and presented in [3, 12, 13]. A comparison of SimpleR,
CANF, VNS [9] and RS [12] with group sizes as large as 20, G < 20,
is presented in [3]. It shows CANF constructs the most number
of groups. With large group sizes, G > 10, CANF is also faster in
constructing the groups’. In this paper, we use CANF.

Algorithm 1 shows the pseudo-code of CANF [3]. Each FLS f;
executes CANF independently. It constructs groups with the objec-
tive to minimize the distance between the G FLSs that constitute
each group. We define A(f;, f;) as the distance between two FLSs f;
and fj. The weight of any two FLSs f;, and fg in R; is the reciprocal

"These prior studies do not compare the decentralized techniques with a centralized
technique such as k-means.
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Algorithm 1: CANF (i, P, G, N(f;))
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i is the unique identifier of this FLS
P is the coordinates of a 3D point of a point cloud assigned to f;
G is the size of the group
N (f;) is a set of f;’s neighboring FLSs
Ri < {}
Py 0.2
while forever do
C—{}
if proper(f;,R;) then

| C—R;
end
if N (f;) changes or with probability P; then
for f,, € N do

if f; € R, and
Score; (R, U {fn} — {fi}) > Score;(R;) then
| CeRaU () - ()
end

end
N (fi) < Sort FLSs in N (f;) in ascending distance in

Euclidean space
¢ —{}
for f,, € N(f;) do
if |C’|=G-1 then

| break
end
/* Check if f;, has a group or is ceded.
if Ry, is the empty set then

| ¢=cuf,
end

elseif f; € R, then
| c=Ccuf,
end

else

for fi. € R, do

| ¢=cufi
end
end
end
if |C’| =G — 1 then
| break
end
end
if Score;(C’) > Score;(C) then
| cc
end
Ri «—C

Wi = S5t B wUp: fo)
Transmit W; to FLS f; € N(f;)
Transmit R; to FLS f;,, € R;

end
end

*/

if Score; (R, U f,, — fx) > Score(R;) then

of their distance: w(fp, fg) = W. This definition of weight is
»Jq
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Figure 6: MTID of CANF (Skateboard) as a function of differ-
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symmetric. For each FLS f;, CANF computes set R; with the objec-
tive to maximize the sum of the weights between any 2 FLS in its
group: Wi(Ri U ) = X971 2L w(fy fo)-

Agroup R; = {fi, -, fg—1} is proper [13] if and only if for each
neighbor f; this set has a higher weight than all other groups found
by that neighbor. If this is true for all FLSs of R; then the predicate
proper(f;, R;) returns true. A score for a set R; is defined as its
weight Wj if the set is proper. Otherwise, its score is zero.

To compute Score(R;), an FLS f; exchanges messages with its
neighbors, N(f;). Its message contains its W, see Lines 46 and 47
of Algorithm 1. FLS f; gathers this information from the messages
transmitted® by its neighbors to compute its Score.

Lines 9-11 of the algorithm prevent an FLS from discarding a
good group found in a previous round. They also ensure the pro-
tocol converges. Lines 13-17 require an FLS to use a neighbor’s
transmitted group information (Lines 46-47) to improve the score
of its own group. If its score is higher than the existing group
then it is stored as R;, its weight is computed and shared with the
neighboring FLSs, and the group R; is shared with every FLSs that
constitutes R;, Lines 41-47.

Lines 18-40 implement the core functionality of CANF. They
show CANF sorts f;’s neighbors in ascending distance using their
assigned coordinates. It iterates this list starting with the closest
FLS f,, see Line 20. If f;, does not have f; as a group member, CANF
considers all of f;,’s group members as its own, see Lines 31-35. It
maintains a local R;, that denotes the proper group found thus far.
It uses R, about f;, to construct a group and decide if its grouping
is proper and compute a score. It adds f;, as a candidate only if it
results in a higher score.

In addition to the group size, the speed of FLSs impacts the MTID
observed with CANF, see Figure 6. This is similar to k-means. Note
that the scale of the y-axis with k-means (Figure 5) is more than
2x smaller than CANF (Figure 6), highlighting the superiority of
k-means.

8These transmissions facilitate discovery of neighboring nodes.
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Figure 7: Histogram of k-mean’s group sizes with the Dragon
and G=20. CANF constructs 38 groups of size G=20.

4.3 A Comparison

We implemented k-means and CANF using the Python program-
ming language. While k-means runs on a single server, we emulate
the FLSs that execute CANF using a cluster of 16 servers each with
64 cores. In all these studies, we assume the number of standbys
for a group is 1, C=1.

A key advantage of CANF is that it is decentralized, enabling
FLSs to compute their groups dynamically. A quantitative analysis
shows k-means is superior to CANF along several dimensions. First,
it constructs groups orders of magnitude faster than CANF. Second,
it enhances the overall Qol by minimizing MTID. It realizes this by
minimizing the distance between the FLSs that constitute a group.

k-means enhances MTID by constructing nG groups without
requiring all groups to have the same size G. For example, Figure 7
shows k-mean’s number of constructed groups for different group
sizes with the Dragon and G=20. It constructs groups as small as 6
FLSs and as large as 40 FLSs. Most groups consist of 15 FLSs, G=15.
This flexibility enables k-means to construct groups with both
sparse (Dragon) and dense (Race-car) point clouds effectively such
that the FLSs that constitute a group are in close proximity of one
another. In turn, a standby FLS substitutes for a failed illuminating
FLS quickly to enhance Qol.

Execution time of CANF is orders of magnitude slower than
k-means because of its message passing between FLSs, see Figure 8.
In our implementation, FLSs communicate using the UDP protocol.
k-means does not have this overhead.

k-means becomes slower with larger point clouds. With CANF,
the topology of the point cloud dictates its execution time. For
example, CANF constructs groups 13x faster with the Skateboard
when compared with the Dragon (G=>5) even though the Skateboard
has more than 2x points.

While k-means becomes faster with larger group sizes, CANF
becomes slower. The complexity of CANF increases with larger
group sizes because a higher number of FLSs compete with one
another to form larger groups. Figure 8 shows the execution time
of each algorithm in log scale as a function of G. The slow-down
(speedup) with CANF (k-means) is significant. This figure shows
k-means is significantly faster than CANF.
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Figure 9: k-means provides a lower MTID when compared
with CANF (Skateboard) for all group sizes G. FLS speed is
6.11 Meters/Second. Lower is better.

QoI and MTID of k-means and CANF is the same when the
dispatcher is the bottleneck. In this case, the standby FLSs do not
provide a benefit (see Section 5 for details) and the distance from
the dispatcher to the individual illuminating FLSs (i.e., points of a
point cloud) dictate the MTID. This distance is approximately the
same with both k-means and CANF. Hence, their identical Qol. For
example, with a dispatch rate of 30 FLSs/Second with a MTTF of
30 Seconds, the QoI of the Skateboard is approximately 50% with
both CANF and k-means. Their MTID is 28.82 Seconds.

When the dispatcher is not the bottleneck, k-means is superior
to CANF. Figure 9 shows k-means results in a lower MTID® with
all group sizes for the Skateboard. k-means minimizes the distance
between the centroid of a group and each FLS that constitutes the
group, see Figure 10. This is true with all shapes.

Qol is also impacted by the time for the dispatcher to deploy an
FLS to replace a failed standby. During this time, a second illumi-
nating FLS may fail. In this case, there is no standby and the re-
placement FLS must arrive from the dispatcher. In our experiments,

Time required for one standby FLS to recover one failure in a reliability group.
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the average distance from a dispatcher to a group is approximately
57 display cells with both k-means and CANF. Hence, its impact is
almost identical with both techniques.

5 DISPATCHERS

The rate at which dispatchers deploy FLSs () relative to the failure
rate of FLSs (o) dictates the Qol improvements observed with relia-
bility groups. When ¢ < p, reliability groups may degrade Qol as
they require a dispatcher to deploy replacement FLSs for the failed
standbys. However, standbys do not enhance Qol. Qol is enhanced
when dispatchers deploy replacements for a failed illuminating FLS.

To illustrate, consider an architecture with 1 dispatcher and
=35 FLSs/Second. With no reliability groups, its Qol is 57.24%
and MTID is 21 Seconds. With G=3, Qol is reduced to 49.10% and
the MTID increases to 30 Seconds. The replacements for the failed
standby FLSs are 33% of the FLSs deployed by the dispatcher. They
prevent the dispatcher from deploying replacement FLSs for the
illuminating FLSs, resulting in a lower Qol.

We address this limitation using priority queues. We assign a
higher priority to replacement FLSs that illuminate a point, moving
them to the head of the queue. The replacement standby FLSs may
be logical in a data structure maintained by the Orchestrator instead
of physical FLSs. In our example, use of priority queues enhances
Qol to 57.67% and reduces MTID to 21.3 Seconds. These numbers are
comparable to those with no reliability groups. For the remainder
of this paper, we assume dispatchers use priority queues.

5.1 Multiple Dispatchers

One may use D dispatchers to increase the overall rate of FLS
deployment to D X ¢. A challenge is how the Orchestrator should
select a dispatcher to deploy an FLS. We considered four policies:
Random, Round-Robin (RR), Power-of-2 [24], and Shortest Distance
First (SDF). With Random, the Orchestrator selects a dispatcher
randomly. With RR, the Orchestrator uses a simple mod function
by maintaining a monotonically increasing counter C. It selects the
dispatcher with id (C mod D) and increments C by one. With Power-
of-2 [24], the Orchestrator samples the queue of two randomly
chosen dispatchers and selects the one with the shortest queue.
With SDF, the Orchestrator computes the distance from a dispatcher
to the coordinates of the FLS to be deployed, selecting the one
with the shortest distance. It is possible to combine two or more
techniques. For example, a hybrid may require the Orchestrator
to select a dispatcher using SDF and, if it has a queue then, use
power-of-2 to select a dispatcher.

We evaluated these policies with alternative shapes. Obtained
results show the following lessons. When ¢ < p, SDF is inferior to
the other techniques. It may results in formation of a queue at a
dispatcher while other dispatchers sit idle waiting for work. When
¢ > p and with no reliability group, the example hybrid technique
provides a slightly better Qol (~ 1%), MTID (~ 1%), and a lower
traveled distance (1 to 2 display cells) when compared with the
other techniques. When ¢ > o and with reliability groups, except
for SDF, other techniques provide comparable Qol and MTID. In
most experiments, RR is slightly superior. In all experiments, SDF
provided a significantly lower Qol and MTID.
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Figure 10: Box plot of the distance from a group centroid to an illuminating FLS in the group with the Skateboard. The orange
line is the median, the box highlights the first and third quartiles, the whiskers are a distance of 1.5 times the quartile, and the
rest are outliers. The y-axis scale with k-means is 5x smaller than CANF. Lower is better.

Below, we present results from the Skateboard and the Dragon
to highlight the above lessons. We assume an architecture with
D=3 dispatchers. Each dispatcher may deploy ¢=10 FLSs/Sec and
FLS speed is 6.11 Meters/Second. With the Dragon, the failure rate
is 12 FLSs/Sec. To highlight the difference between the policies, we
remove the standbys by conducting the experiment with no relia-
bility groups. In this experiment, the hybrid technique provides the
best QoI (MTID) of 95.39% (1.46). SD provides the worst Qol (MTID)
41.84% (37.96), resulting in formation of a queue that processes the
highest number of concurrent dispatched FLSs with coordinates
closest to that queue. The queuing delay increases MTID and re-
duces Qol. In this experiment, the average queuing delay of SD is
36.79 Seconds compared with ~ 0.3 Second with other techniques.

With both the Dragon and the Skateboard and no reliability
groups, the hybrid of SD with power-of-2 provided a slightly bet-
ter Qol and MTID. For example, with the Skateboard, the hybrid
provided a QoI (MTID) of 97.64% (1.30) versus power-of-2 with Qol
(MTID) of 95.37% (1.33). In addition, its average traveled distance
(32.69) was lower (34.45). This difference does not exist with the
reliability groups. One explanation is that the different policies are
heuristics and their observed performance benefit depends on the
number of FLSs, the topology of the point cloud, and how FLSs fail.

6 OBSTRUCTING FLS

A dark standby may obstruct the user’s FoV, see Figure 11.a. The
number of obstructing FLSs is impacted by Q, i.e., the ratio of an
illumination cell to a display cell. See Figure 14a and discussions of
Section 3. Figure 12 shows the number of obstructing FLSs with G=3
and G=20 for different Q values for the top view of the Skateboard.
A higher Q value increases the likelihood of a dark standby either
being placed in a display cell of an illumination cell or eclipsed by
several illuminating cells from different angles. Figure 13 highlights
the obstructing FLSs with a red square for the different shapes from
their right side with Q=10. The number of obstructing FLSs is higher
with G=3 when compared with G=20 because it has approximately
7x more standby FLSs.

Human Eye Human Eye

Dark Obstructing / /
Standby FLS ¥

; Dark:
Illumination Cell ; Standby FLS

@) (b)

Illumination Cell

Figure 11: (a) A dark standby obstructs the user’s FoV. (b)
Suspend may move the obstructing FLS to the location of the
illuminating FLS to assume its lighting responsibility. The
illuminating FLS goes dark, moves one display cell behind
the new illuminating FLS, and becomes the new standby.

An FLS display may track the human gaze using cameras [1, 34],
computing the coordinates of the user’s gaze U. Ray tracing [33]
computes a vector V from U to an illuminating FLS f;, see Fig-
ure 11.a. A dark standby that intersects V and falls in-between U
and f; is an obstructing FLS as long as it is not in a display cell of
an illumination cell.

The Orchestrator may monitor the user’s movement to compute
a set of future locations {Uy} relative to their current coordinate
U. It may use different techniques to prevent the standby FLS from
obstructing. This section presents two. First, the Orchestrator may
dissolve the reliability group of an obstructing standby and require
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Figure 13: Three point clouds, user’s FoV is from the right
side, G={3, 20}, Q=10. The distance between the user and the
shape is 100 display cells.

the standby to fly to a hangar for permanent storage. Second, the
Orchestrator may suspend the reliability group of an obstructing
FLS and reactivate it once the user moves such that the standby is
no longer obstructing. Both increase MTID.

Below, we describe the two techniques in turn. This includes re-
sults from a scenario where a user at coordinate U walks around an
illumination at 10° intervals, and completes a 360° circle by returning
to their starting coordinate U, see Figure 14b. A key metric is the per-
centage increase in MTID when compared with the scenario where
the obstructing FLSs are present. We compute this metric by quan-
tifying the MTID with obstructing FLSs, MTIDgp. Subsequently,

we quantify the MTID after removing the obstructing standbys,
MTIDN-MTIDo

MTIDy . The percentage increase is 100 X MTIDo
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(a) O-3.

(b) 10° intervals.

Figure 14: (a) An illumination cell with ratio Q=3 along each
dimension, (b) a user circling an illumination at 10° intervals.

6.1 Dissolve

Dissolve is a technique that deactivates the reliability group of a
standby FLS that obstructs the user’s FoV, requiring the standby to
fly to a hanger for permanent storage. The geometry of a shape and
the value of Q impact the number of dissolved reliability groups.
Figure 15a shows the percentage of reliability groups dissolved as
a user walks around the Skateboard. The x-axis of this figure is the
movement of the user at 10° increments. The y-axis is the cumula-
tive percentage of dissolved reliability groups. A large percentage
are dissolved with Q=1. The percentage is lower with Q=5 and
10 because there is a higher probability of a dark standby either
occupying a display cell of an illumination cell or being eclipsed by
an illumination cell from all angles.

Dissolve increases MTID. When an illuminating FLS of a dis-
solved reliability group fails, its replacement must be deployed by
a dispatcher. The replacement must travel a longer distance, result-
ing in a higher MTID. Figure 15b shows the percentage increase
in MTID as a function of the user walking around the Skateboard.
With Q=10, the percentage increase is higher because the display
is larger, i.e., consists of Q3 (1000x) more display cells than Q=1.
This requires a replacement FLS to travel a longer distance (display
cells) from a dispatcher.

6.2 Suspend

Suspend improves on Dissolve by suspending reliability groups
pertaining to an obstructing standby instead of deactivating them
permanently. Once the user moves such that the standby is no
longer obstructing or anticipated to obstruct, a standby is restored
for the group to re-activate the reliability group. It maintains a
large number of reliability groups activated even with Q=1. This is
the key strength of Suspend, resulting in a superior MTID when
compared with Dissolve.

A disadvantage of Suspend is that a standby FLS may travel
back-and-forth from a dispatcher several times as the user walks
around an illumination. Some of the standbys restored by Suspend
after the user moves (say from 20° to 30°) may become obstructing
in a later movement of the user (say from 40° to 50°), forcing the
standby to fly back to the hangar again.

Improving Suspend: With Q > 3, the obstructing standby FLS
may fly to a different display cell instead of a hangar. This relieves
the dispatchers from deploying standbys to reactivate a reliability
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Figure 16: MTID with Suspend. Skateboard, G=3, Q=10.

group. This is advantageous when dispatchers have a limited de-
ployment rate. Moreover, it minimizes the traveled distance by a
standby to re-activate its reliability group, enhancing MTID.

A simple technique may assign the obstructing standby to a dis-
play cell of an illuminating FLS, hiding it from the user’s FoV. This
may be the closest illuminating FLS. This FLS may be a member of
the reliability group of the standby and known to the standby!?.
Alternatively, it may be a display cell of the illuminating cell that
is being obstructed. One technique to implement this is shown in
Figure 11b. It requires the obstructing standby FLS to move along
the vector V computed using Ray tracing away from the anticipated
coordinates of user’s gaze {Uf} and towards the obstructed illu-
minating FLS!!. Next, it assumes the lighting responsibility of the
illuminating FLS and occupies its display cell while the illuminating
FLS goes dark and hides behind the new illuminating FLS.

We implemented both techniques to compare'? them with one
another. Figure 16 shows their average MTID. As a comparison

OWith the shapes of Figure 1, the closest illuminating FLS is always a member of the
standby’s reliability group.

"When a standby obstructs multiple illuminating FLSs with |Ur| 2 2, the standby
moves towards the closest obstructing illumination cell.

12We employ the current coordinate of the user’s gaze. Hence, the reported MTIDs are
a theoretical lower bound. Predictive models of user movement are future work.

10

FLS present. Obtained results show hiding the obstructing standby
in the closest illuminating FLS is superior and almost as good as
when the obstructing FLSs are present. There are two explanations
for this. First, for any x-axis tick-mark, only a few standby FLSs
change location. And, the average is almost identical to having
these standbys at their original coordinates. Second, the distance
from the standby to the illuminating FLS is short and the MTID is
dominated by the acceleration and deceleration components of the
velocity model (6.11 Meters/Second?).

7 CONCLUSIONS AND FUTURE RESEARCH

In this study, we show standby FLSs may be used effectively to
enhance the Qol in the presence of FLS failures. We compared a
centralized (k-means) and a decentralized (CANF) algorithm to
form reliability groups, showing the superiority of the centralized
technique in minimizing distance and improving MTID. We detect
a dark standby FLSs that may obstruct the user’s FoV and present a
technique that re-locates this standby to avoid obstruction. Once
the user moves such that the standby is no longer obstructing, the
standby FLS is restored to its original coordinates. In general, this
technique (named Suspend) maximizes the benefits provided by
the standbys. Its disadvantage is that it requires the standby FLSs
to consume energy (battery power) to fly to new locations.

Our immediate research direction is to evaluate alternative user
movement patterns and how to predict them to minimize the num-
ber of impacted standby FLSs and their total traveled distance. More
longer term, we will implement our techniques using a swarm of
off-the-shelf drones, e.g., Crazyflies.
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