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Abstract

To arrange a proper coordination between several mobile devices
flying together, it makes sense to analyze how such a coordination is
arranged in nature, e.g., in a bird flock. In this paper, we analyze to
what extent recent discoveries about the bird flocks can be applied to
mobile devices. For this purpose, it is necessary: (1) to make conclusions
from these discoveries more convincing, and also (2) to explain why these
conclusions can be applied to general flying devices, not only to birds.
This is what we do in this paper: (1) we show that additional information
from these discoveries provides an additional confirmation that birds in a
flock only take into account location of nearest neighbors, and (2) we also
explain why the discoveries-based conclusions are applicable not only to
birds, but to mobile devices as well. We also explain the relation between
these discoveries, seven plus minus two law from psychology, and color
optical computing.
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1 How to coordinate mobile devices: what is
the problem and how a study of bird flocks
can help

Need for spatial coordination between mobile devices. The main advan-
tage of 3-D mobile devices is that they are mobile, that they can easily relocate.
Sometimes, this ability is used to spread several devices across a certain area
— e.g., during search and rescue operations. In other cases, we need to move
the whole bunch of devices to a different location. In such cases, we need to
maintain spatial coordination between the devices:



e to make sure that they do not collide (and do not get dangerously close
to each other), and

e to make sure that none of them moves too far away from others, so that
they all stay close to the desired trajectory.

Important challenge. The main challenge in arranging such a coordination
is that a mobile device can only rely on the energy that it carries with it, so
there are severe restrictions on the amount of computations that a device can
do. Also, a mobile device has a limited carrying capacity, so it can only carry
a few sensors. All this imposes severe limitations on how mobile devices can
coordinate their movements.

How can we solve this problem? A natural approach to solve a practical
problem is to look for situations in which similar problems have been solved.

e For example, when people wanted to build a flying machine, they looked
at objects that fly — namely, birds. They borrowed some techniques — like
having wings and tails — from the bird structure.

e When people thought of the best way to make computers perform intelli-
gent tasks, they started looking into how our brains perform these tasks
— and borrowed the neural network structure, which is now the main di-
rection in Artificial Intelligence (AI); see, e.g., [7].

Biological situations are very good for this purpose: not only they show how
to solve the corresponding problem, but they also give us a solution that is the
result of billions of years of improving evolution — and is therefore most probably
optimal (or at least close to optimal).

Comment. From this viewpoint, when there are several biological examples, it
makes sense to focus of the examples that correspond to later stages of biological
evolution.

How a study of bird flocks can help. In view of the above, to help coor-
dinate the joint movement of mobile devices, it makes sense to look at similar
situations where a group of objects — with limited ability to sense and to process
information — coordinates their motion. In nature, there are many examples of
creatures that fly together: bird flocks, swarms of insects. For all these crea-
tures, the need to keep them flying limits their carrying ability and their ability
to process information. It therefore makes sense to use the analysis of bird flocks
and insect swarms to come up with techniques for coordinating the joint flight
of mobile devices.

Between these two examples, birds correspond to later evolutionary stage.
So, in this paper, we will mostly focus on bird flocks.

Need to revisit this idea. Using the experience of bird flocks is a natural idea.
This idea has been used in the past when designing coordination techniques for
mobile devices; see, e.g., [27]. So why do we need to revisit this idea?



The need to revisit comes from the fact that recently, new discoveries were
made about bird flocks [1, 6]. So, it is desirable to analyze how the new discov-
eries about bird coordination can help to coordinate mobile devices.

What we do in this paper. In this paper, we provide such an analysis.

2 What are the new discoveries and how can we
apply them to mobile devices

What was known before. It has been already known, for some time, that
coordination between birds is organized by birds taking into account the location
of their nearest neighbors; see, e.g., [2, 5, 15, 21, 27].

What is new. One of the main conclusions from the new research is that, on
average, a bird in a flock adjust its location based only on the locations of at
most about 12 neighbors — and usually fewer than that.

Comment. There are many other conclusions: e.g., that the correlation between
birds in a flock linearly decreases with distance between them.

Shall we immediately adopt these recommendations for mobile de-
vices? Based on the new paper’s results, shall we immediately recommend
that a mobile devise adjusts its position based on at most 12 neighbors? Prob-
ably not immediately, there are two problems to take into account.

e The first problem is that we do not directly observe birds’ brain processes,
we cannot look into their brains, and even when we can, we cannot fully
understand what is going on there. As a result, the number of neighbors
whose position is taken into account is determined very indirectly, based on
the observed trajectories of individual birds in a flock — and this extraction
comes with uncertainty.

e Also, it is not immediately clear to what extent recommendations based
on the bird flocks are appropriate for mobile devices. In general, not all
biological features are useful. For example, while airplanes follow many
features of the bird structure in their design — e.g., they have wings and
tails just like birds do — airplanes do not follow all the details of the bird
structure. For example, birds flap their wings, while airplanes do not.

How can we increase our confidence that these recommendations will
work for mobile devices? In view of the above, to make recommendations
based on bird flock observations more convincing, we need to do two things:

e we need to gain more confidence that birds only adjust their position based
on the positions of their nearest neighbors, and

e we need to gain more confidence that the bird-flock features are of generic
nature, that they are applicable to all systems of flying objects, not just
to birds.



In this paper, we show how, in both cases, we can indeed increase our confidence
— and thus, that we can more confidently apply the bird flock recommendations
to mobile devices.

3 How to gain more confidence that birds only
adjust their position based on their nearest
neighbors

What we plan to do in this section. As we have mentioned earlier, one of
the additional pieces of information that the article [1] had is that the correlation
between the trajectories of different birds decreases linearly with the distance.
Let us show that we can use this fact to provide an additional confirmation that
birds only take into account the trajectories of their nearest neighbors.

Analysis of the situation. Let us consider n birds Ay, ..., A, along ap-
proximately the same line, so that each bird A; is a direct neighbor to A; 1.
Let ay,...,a,, denote the deviations of some location characteristic — e.g., co-
ordinate or orientation — from with the ideal trajectory. These deviations are
random, so their expected values are 0s: Ela1] = ... = Efa,] = 0. It is also
reasonable to assume that for all three deviations, the standard deviations are
the same: ola;] = ... = gla,] = o for some o > 0. Since E[a;] = 0 for all i, we
have E[a?] = 02%[a;] = 0.

Since each bird takes into account the location of its nearest neighbors, the
deviations a; and a;y; are correlated. Let us assume that the corresponding
correlation coefficient r; is the same for all 4. Since Ela;] = 0 and o[a;] = o for
all 7, the correlation coefficient has the following form:

E[ai . ai+1]

r = 2 .

o
From this, we can conclude that E[a; - a;+1] = r - 0 and thus, that for
(ai - ai+1)2 = G,iz + a12+1 —2a; - aj41,
we have
El(a; — a;41)%] = 20% — 2ry - 0%,

Since E(a;) = 0 for all ¢, the left-hand side of this formula is also equal to the
variance of the difference a; — a;y1:

V[ai — ai+1] = 20’2 — 2T1 . 02. (1)

Let us see what this implies for the correlation

Ela; - aiti)

T = 3

g

for which, similarly,
Via; — aiyx] = 20 — 21 - 0°. (2)



In situations when a bird does not take into account the locations of birds
that are not nearest neighbors, it is reasonable to expect that the differences
a; — a;41 and a; — a;41 corresponding to different ¢ and j are independent. In
this case, the difference a; — a;41 is the sum of k independent terms:

a; — aiyk = (a5 — aip1) + -+ (Gigh—1 — Qigr)-

Thus, according to the usual properties of the probabilities (see, e.g., [31]), the
variance of the difference a; — a;4 is equal to the sum of the corresponding
variances:

Vlai — aiyr]) = Via; — aip1] + ... + V]aigrk—1 — aigpr].

According to formula (1), all the variances in the right-hand side are the same,
so V]a; — ajx] = k- V]a; — a;41]. Thus the formula (2) takes the form

k- V[al - (Lﬁ,ﬂ = 20’2 - 2Tk . 0'2.
Substituting the expression (1) for V]a; — a;4+1] into this equality, we conclude
that
2k -2 =2k -1, 0% =20% — 2}, - 52,

If we divide both sides by 202, we get
k—Fk-ri=1—ry,

SO
ro=k-ri —k+1.

So, in this case indeed, the correlation rj indeed linearly depends on the distance
k between the two birds — exactly as observed in the paper [1].

Comment. Of course, the fact that in the only-interacting-with-nearest-neighbor
case, we observe the desired linear dependence, does not fully prove that neces-
sarily birds only take into account the location of nearest neighbors. However,
this fact provides an additional argument in favor of the only-interacting-with-
nearest-neighbor model.

4 How to gain more confidence that the bird-
flock features are of generic nature

What is the optimal configuration of a 3D flock: let us formulate
this problem in precise terms. Birds (or other flying objects) should not be
too close to each other — if they are too close, there is a risk of collisions. So,
the distance between any two objects should be larger than or equal to some
threshold dg.

Under this condition, it is desirable to make sure that the flock takes as little
volume as possible. Indeed, if the size of the flock is too big, then:



e it will be more difficult to fly in narrow spaces,
e it will be more difficult to defend each other, and

e it will be more difficult to use aerodynamic effects that help nearest neigh-
bors of a flying bird to fly.

So, we need to find the most compact configuration in which every two objects
A and B are at a distance of at least dy from each other: d(A, B) > dy, for some
threshold value dg.

This problem is equivalent to a known problem formulated by Kepler.
From the mathematical viewpoint, placing objects at a distance of at least dy
from each other is equivalent to placing nonintersecting spheres of radius dy/2.
Indeed:

e If we have a configuration of objects for which always d(A4, B) > dy, then
the spheres of radius dy /2 centered in two objects A and B do not intersect,
they can only touch. Indeed, if they intersected, then for each intersection
point C, we will have d(A,C) < do/2 and d(C, B) < dy/2. Then, by the
trinagle inequality, we would have

d(A, B) < d(A,C) + d(C, B) < do/2 + do/2 = do,
but we assumed that d(A, B) > d.

e Vice versa, if have a packing of spheres of radius dy/2, then we can place
objects in the centers of these spheres and — for the same reason as in
the previous bullet — conclude that always d(A, B) > do, i.e., that this a
proper configuration of objects,

From this viewpoint, the problem of forming the most compact flock is equiva-
lent to the problem of the most compact packing of the sphere of a given radius.
The sphere packing problem was first formulated by the famous mathematician
and physicist Johannes Kepler in 1611 [16].

Kepler’s conjecture. Kepler formulated a conjecture that the most compact
packing has the following form:

e Let us start with a 1-D configuration, e.g., along the z-axis. In this con-
figuration, sphere centers follow one another at the distance dy from each
other.

e To combine these 1-D configurations into a 2-D configuration, we place
centers of the next row exactly in the middle between the locations of the
points on the previous row.

e Finally, to combine the resulting 2-D configurations into a 3-D configura-
tion, we place each center from the next 2-D plane exactly at the center
between neighboring centers in the previous row.



In this configuration, each sphere is a neighbor to 6 other spheres in the same
plane, to 3 spheres above, and to 3 spheres below — a total of 12 neighbors.
In terms of centers, for each center there are exactly 12 directly neighboring
centers, i.e., centers located exactly at the minimal distance djy from the given
center.

Comment. This arrangement may sound complicated, but this is exactly how,
e.g., oranges are usually packed when they are transported and when they are
sold.

Kepler’s conjecture was solved only very recently. For almost four cen-
turies, Kepler’s conjecture remained an open problem, until it was proven, in
our 21st century, by Thomas C. Hales; see [8, 9, 10, 11, 12, 13].

Comment. Our ultimate goal is to decrease uncertainty caused by the limitations
of mobile devices. From this viewpoint, it is worth mentioning that the original
proof of Kepler’s conjecture (see [9]) was obtained by using interval computations
— a technique specifically designed for processing uncertainty; see, e.g., [14, 20,
23, 26].

What are consequences for mobile devices. The main consequence is
that a limitation to 12 neighbors is not a specific feature of the birds, it comes
from a general geometric analysis of the problem. This limitation is, therefore,
applicable to all groups of flying objects — in particular, to the groups of flying
mobile devices.

But why do birds usually adjust their positions based on the positions
of fewer than 12 neighbors? In the ideal flock configuration, a bird has 12
nearest neighbors, but it usually takes into account only some of them. Why
not with all of them — they are all at the same distance, there seems to be no
reason to prefer some of them.

In our opinion, the problem comes from the fact that birds evolved from
already well-evolved creatures who did not fly. For these creatures, the only
similar group-traveling problem that they had to solve is how to most compactly
travel on a surface. In this case, for the most compact arrangement — which is
exactly the 2-D stage of the most compact 3-D arrangement — every creature
has exactly 6 neighbors. So, to correctly navigate, the creature had to have in
mind information about 7 objects: the creature itself and its 6 neighbors. So,
the smallest number of pieces of informaton that a land-based creature should
have is seven. Naturally, the brains evolved in such a way that for these 7 pieces
of information, the processing is as fast as possible.

This explains why in human data processing we divide all objects into about
7 different categories — this is the famous “seven plus minus two law” (see, e.g.,
[25, 30]). This law not only follows from the need for a group of creatures to
travel compactly — similar estimates come from the need for a sole creature be
aware of the environment around it [4]:

e If we only consider information about what is in front, what is at the back,
what is to the left, and what is to the right, then, with the information



about the object itself, we need 5 pieces of information. The number 5 is
exactly the lower endpoint for the 7+ 2 range [7 — 2,7+ 2] = [5,9].

e If we also consider diagonal directions such as to the right in front, etc.,
then we have 8 such directions and thus, we need to process 8 +1 = 9
pieces of information. The number 9 is exactly the upper endpoint of the
7 £ 2 range.

Comment. The seven plus minus two law is indeed ubiquitous in human rea-
soning. It explains, for example, why we usually divide all possible colors of
rainbow — i.e., all possible frequencies of the visible light — into 7 colors. This
also explains why, when we think of words that describe the degree to which
a certain imprecise property likes “tall”; we usually find about 7 such words.
This feature of human reasoning is actively used in fuzzy techniques (see, e.g.,
[3, 17, 24, 28, 29, 34]).

The fact that we have the same number (about 7) in both cases explains
the efficiency of the color optical computing approach to fuzzy computations
— when we use 7 colors to represent 7 different degrees of certainty (see, e.g.,
[18, 19, 22, 32, 33]). Indeed, because of the above equality, by representing
degrees as colors:

e on the one hand, we do not lose any information, and,

¢ on the other hand, we do not introduce additional information (that would
have slowed down computations).
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