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The Convergence of Bird Flocking *

BERNARD CHAZELLE |

Abstract

We bound the time it takes for a group of birds to reach steady state in
a standard flocking model. We prove that (i) within single exponential time
fragmentation ceases and each bird settles on a fixed flying direction; (ii) the
flocking network converges only after a number of steps that is an iterated
exponential of height logarithmic in the number of birds. We also prove
the highly surprising result that this bound is optimal. The model directs
the birds to adjust their velocities repeatedly by averaging them with their
neighbors within a fixed radius. The model is deterministic, but we show that
it can tolerate a reasonable amount of stochastic or even adversarial noise.
Our methods are highly general and we speculate that the results extend
to a wider class of models based on undirected flocking networks, whether
defined metrically or topologically. This work introduces new techniques of
broader interest, including the flight net, the iterated spectral shift, and a
certain residue-clearing argument in circuit complexity.

1 Introduction

What do migrating geese, flocking cranes, bait balls of fish, prey-predator systems,
and synchronously flashing fireflies have in common? All of them are instances
of natural algorithms, ie, algorithms designed by evolution over millions of years.
By and large, their study has been the purview of dynamical systems theory
within the fields of zoology, ecology, evolutionary biology, etc. The main purpose
of this work is to show how combinatorial and algorithmic tools from computer
science might be of benefit to the study of natural algorithms—in particular, in the
context of collective animal behavior [20]. We consider a classical open question
in bird flocking: bounding the convergence time in a standard neighbor-based
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model. We give a tight bound on the number of discrete steps required for a
group of n birds to reach steady state. We prove that, within time exponential
in n, fragmentation ceases and each bird settles on a fixed flying direction. We
also show that the flocking network converges after a number of steps that never
exceeds an iterated exponential of height logarithmic in n. Furthermore, we show
that this exotic bound is in fact optimal. If we view the set of birds as a distributed
computing system, our work establishes a tight bound on the maximum execution
time. Holding for a large family of flocking mechanisms, it should be thought of
as a busy beaver type result—or perhaps busy goose.

The bound is obtained by investigating an intriguing “spectral shift” process,
which could be of independent interest. In the model, birds forever adjust their
velocities at discrete time steps by averaging them with their neighbors flying
within a fixed distance. The model is deterministic but we show that it tolerates a
reasonable amount of stochastic or even adversarial noise. While, for concreteness,
we settle on a specific geometric model, our methods are quite general and we
suspect the results can be extended to a large class of flocking models, including
topological networks [1]. The only serious limitation is that the flocking network
must be undirected: this rules out models where one bird can process information
from another one while flying in its “blind spot.”

Bird flocking has received considerable attention in the scientific and engineer-
ing literature, including the now-classical Boids model of Reynolds [21,26-28].
Close scrutiny has been given to leaderless models where birds update their ve-
locities by averaging them out over their nearest neighbors. Two other rules are
often added: one to prevent birds from colliding; the other to keep them together.
Velocity averaging is the most general and fundamental rule and, understandably,
has received the most attention. Computer simulations support the intuitive be-
lief that, by repeated averaging, each bird should eventually converge to a fixed
speed and heading. This has been proven theoretically, but how long it takes for
the system to converge had remained an open problem. The existential question
(does the system converge?) has been settled in many different ways, and it is
useful to review the history briefly.

A “recurrent connectivity” assumption stipulates that, over any time interval
of a fixed length, every pair of birds should be able to communicate with each
other, directly or indirectly via other birds. Jadbabaie, Lin, and Morse [9] proved
the first of several convergence results under that assumption (or related ones [16,
17,23,27]). Several authors extended these results to variable-length intervals [8,
13,15]. They established that the bird group always ends up as a collection of
separate flocks (perhaps only one), each one converging toward its own speed and
heading. Some authors have shown how to do away with the recurrent connectivity
assumption by changing the model suitably. Tahbaz-Salehi and Jadbabaie [24], for
example, assume that the birds fly on the surface of a torus. Cucker and Smale [7]
use a broadcast model that extends a bird’s influence to the entire group while
scaling it down as a function of distance. In a similar vein, Ji and Egerstedt [10]
introduce a hysteresis rule to ensure that connectivity increases over time. Tang



and Guo [25] prove convergence in a high-density probabilistic model. Recent
work [1] suggests a “topological” rule for linking birds: a bird is influenced by
a fixed number of its neighbors instead of all neighbors within a fixed distance.
Whether the criteria are metric or topological, the bulk of work on leaderless
flocking has assumed neighbor-based consensus rules. We are not aware of any
bounds on the convergence time.

Our model is a variant of the one proposed by Cucker and Smale [7], which
is itself a holonomic variant of the classical Vicsek model [29]. Given n birds
Bi,...,B,, represented at time ¢ by points z1(t),...,z,(t) in E3, the flocking
network G has a vertex for each bird and an edge between any two of them within
distance 1 of each other. By convention, G; has no self-loops. The connected
components of G; are the flocks of the system. If d;(t) denotes the number of
birds adjacent to B; at time t, the total number of birds within the closed unit
disk centered at B; is precisely d;(t) + 1.

Figure 1: Each bird updates its velocity by averaging it with those of its neighbors within
a unit-radius circle.

The Model. The input consists of the initial position z(0) and velocity v(1).
Both vectors belong to R%, for any fixed d > 1. For t > 1 and 1 <i < n,

xi(t) = z;i(t — 1) + v;(t),

wherdl]
vilt+1) —vit) = ci(t) D (vi(t) — vi(t)).

(Zvj)GGt

! We denote the coordinates of a vector z(t) by z;(t) and the elements of a matrix X (¢) (resp.
Xi) by @i;(t) (resp. (Xi)ij).



The self-confidence coefficients ¢;(t), so named because they tell us how much a
bird is influenced by its neighbors, are normalized so that 0 < ¢;(t)d;(t) < 1. (See
“Discussion” section below for an intriguing interpretation of these constraints.)
We assume that ¢;(t) may vary only when G; does; in other words, while all
neighborly relations remain the same, so do the self-confidence coefficients. A
natural choice of coefficients is the one used in the classical Vicsek model [29]:
ci(t) = (di(t) + 1)1, but we do not make this restrictive assumption here.

The model captures the simple intuition that, in an effort to reach consensus
by local means, each bird should adjust its velocity at each step so as to be a
weighted average of those of its neighbors. A mechanical interpretation sees in the
difference v;(t 4+ 1) — v;(t) the discrete analogue of the bird’s acceleration, so that,
by Newton’s Law, F' = ma, a bird is subject to a force that grows in proportion to
the differences with its neighbors. A more useful take on the model is to view it
as a diffusion process: more precisely, as the discrete version of the heat equation

v
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where the Laplacian L; of the flocking network G is defined by:

di(t) if i = j;
(Lt)ij = -1 if (Z,j) c Gt;
0 else.

and Cy = diagc(t) is the self-confidence matrix. Thus we express the dynamics of
the system as
v(t+1) —ov(t) = —CiLyv(t) .

This is correct in one dimension. To deal with birds in d-space, we use a standard
tensor lift. Here is how we do it. We form the velocity vector v(t) by stacking
v1(t),...,vn(t) together into one big column vector of dimension dn. Given a
matrix A, the product?] (A®1I;)v(t) interlaces into one vector the d vectors obtained
by multiplying A by the vector formed by the k-th coordinate of each v;(t), for
k=1,...,d. The heat equation would now be written as

v(t+1) = (P(t) @ Ig)v(t).

where P(t) = I, — C¢yL;. One can check directly that the transition matriz P(t)
is row-stochastic. In the case of a 3-node path, for example, P(t) has the form:

1-— C1 (t) C1 (t) 0
co(t) 1 —2¢a(t) ca(t)
0 cs(t) 1 —cs(t)

2 The Kronecker A ® B,product of two matrices A and B is the matrix we get if we replace
each a;; by the block a;; B. Formally, if A is m-by-n and B is p-by-q, then the product A ® B
is the mp-by-ng matrix C' such that cip4jkg+1 = as,kbji. We will often use, with no further
mention, the tensor identity (A ® B)(C ® D) = AC ® BD.
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Figure 2: A 3-node flock with the transitions of the middle node indicated
by curved arrows.

The dynamics of flocking is captured by the two equations of motion: For any
t>1,

{:L'(t) = a(t — 1) + v(t); O

v(t+1) = (P(t) @ Ig)v(t).

For tie-breaking purposes, we inject a tiny amount of hysteresis into the sys-
tem. As we discuss below, this is necessary for convergence. Intuitively, the
rule prevents edges of the flocking network from breaking because of microscopic
changes. Formally, an edge (7, j) of G; remains in G4 if the distance between B;
and B; changes by less than g, > 0 between times ¢ and ¢t 4 1. We choose ¢, to be
exponentially small for illustrative purposes only; in fact, virtually any hysteresis
rule would work.

The Results. To express our main result, we need to define the fourth level of
the Ackermann hierarchy, the so-called “tower-of-twos” function: 2 1T 1 = 2 and,
for n > 1,217 n = 2211"=1_ The bird group is said to have reached steady state
when its flocking network no longer changes. All the results below hold in any
fixed dimension d > 1.

e A group of n birds reaches steady state in fewer than 2 11 (4logn) steps. The
mazximum number of switches in the flocking network of n birds is at most
nO®®) . The limit configuration of each bird B; is of the form a; + b;t, where
a;,b; are d-dimensional rational vectors. After the fragmentation breakpoint
ty = no("a), network edges can only appear and never vanish.

o There exists an initial configuration of n birds that requires more than 2 11
log 5 steps before reaching steady state. The lower bound holds both with and
without hysteresis.

Past the fragmentation breakpoint, the direction of each bird is essentially
fixed, so nO?) is effectively the bound for physical convergence. (Of course,
damped local oscillations typically go on forever.) Combinatorial convergence
is another matter altogether. It might take an extraordinarily long time before



the network stops switching. The tower-of-twos’ true height is actually less than
4logn, ie, a little better than stated above: specifically, the factor 4 can be re-
placed by (logzo)~!, where z is the unique real root of 2° — 2 — 1, which is about
3.912.

fragmentation  merge phase steady state
A A N
r N\ Y )
— nO0®®) 22 1
ty=n"\" 2222 41‘ign

Figure 3: Flocks cease to lose edges after the fragmentation breakpoint ¢
and can only gain new ones. The network reaches steady state after a tower-
of-twos of height logarithmic in the number of birds.

e How many bits? The self-confidence matrices C; are rational with O(logn) bits
per entry. The bound on the maximum number of network switches holds even
if the inputs are arbitrary real numbers. Obviously, there is no hope of bounding
the convergence time if two birds can be initialized to fly almost parallel to each
other; therefore bounding the representation size of the input is necessary. The
initial position and velocity of each bird are encoded as rationals over p bits. Our
results hold for virtually any value of p. The dependency on p begins to show
only for p > n3, so this is what we shall assume when proving the upper bound
on the convergence time. Keep in mind that p is only an upper bound and the
actual number of bits does not need to be this long. In fact, the lower bound
requires only logn bits per bird. All computation is exact. The upper boundE| of
2 11 (4logn) is extremely robust, and holds for essentially any conceivable input
bit-size and hysteresis rule.

e Is the lower bound pathological? Suprisingly, the answer is no. As we mentioned,
initial conditions require only p = O(logn) bits per bird. Our construction ensures
that the hysteresis rule never kicks in, so the lower bound holds whether the model
includes hysteresis or not. The flocks used for the construction are single paths,

3 Logarithms to the base 2 are written as log while the natural variety is denoted by In. For
convenience we assume throughout this paper that n, the number of birds, is large enough. To
handle small bird groups, of course, we can always add fictitious birds that never interact with
anyone.



and the matrix P(t) corresponds to a lazy random walk with probability % of
staying in place. The lower bound holds in any dimension d > 0. Here are the
initial positions and velocities for d = 1:

T
2(0) = (o,%,z,g,...,zz,zu%,...,n—z,n—g) :

T
v(l) = (nill,O, —n Y o,ntto0,...,n 0, —n 0)

n

Flocking obeys two symmetries: one translational; the other kinetic (or “relativis-
tic,” as a physicist might say). The absolute positioning of the birds is irrelevant
and adding a fixed vector to each bird’s velocity has no effect on flocking. In
other words, one cannot infer velocity from observing the evolution of the flocks.
Indeed, only differences between velocities are meaningful. This invariance under
translation in velocity space implies that slow convergence cannnot be caused by
forcing birds to slow down. In fact, one can trivially ensure that no bird speed falls
below any desired threshold. The lower bound relies on creating small angles, not
low speeds. (Thus, in particular, the issue of stalling does not arise.) To simplify
the lower bound proof, we allow a small amount of noise into the system. Within
the next n®M steps following any network switch, the velocity of an m-bird flock
may be multiplied by I,, ® @, where & is the diagonal matrix with o = (a, ..., ag)
along the diagonal and rational |a;| < 1 encoded over O(logn)-bits. The noise-free
case corresponds to a; = 1. The perturbed velocity at time ¢ should not differ
from the original one by more than §; = lngt e9("*) but we allow a number of
perturbations as large as ¢9™*)  This noise model could be enriched considerably
without affecting the convergence bounds, but our choice was guided by simplicity.
Note that some restrictions are necessary for convergence; trivially, noise must be
bounded past the last switch since two flocks flying parallel to each other could
otherwise be forced to merge arbitrarily far into the future. Switching to a noisy
model has two benefits: one is a more general result, since the same upper bound
on the convergence time holds whether the noise is turned on or off; the other is
a simpler lower bound proof. It allows us to keep the initial conditions extremely
simple. We use only logn perturbations and J; ~ 1/t, so noise is not germane to
the tower-of-twos growth.

o Why hysteresis? Network convergence easily implies velocity convergence, but
the converse is not true: velocities might reach steady state while the network does
not. Indeed, in §3.2] we specify a group of birds that alternates forever between
one and two flocks without ever converging. This is an interesting but somewhat
peripheral issue that it is best to bypass, as is done in [10], by injecting a minute
amount of hysteresis into the system. Whatever one’s rule—and, as we mentioned
earlier, almost any rule would work—it must be sound, meaning that any two birds

at distance ever so slightly away from 1 should have the correct pairing status.



Note that soundness does not follow immediately from our definition of hysteresis.
This will need to be verified. By construction, we know that any two birds within
unit distance of each other at time ¢ are always joined by an edge of the flocking
network G;. We will show that, if we set g, = n=" for a large enough constant
b, then no two birds at distance greater than 1+ ,/g, are ever adjacent in Gj.

e How robust are the bounds? The tower-of-twos bound continues to hold regard-
less (almost) of which hysteresis rule we adopt and how many input bits we allow.
The assumption g, = n="" is introduced for notational convenience; for example,
they allow allow us to express soundness very simply by saying that no birds at
distance greater than 1 + /g, should ever be joined by an edge of the network.
Without the assumptions above, the bounds are more complicated. For the inter-
ested reader, here is what happens to the number N(n) of network switches and
the fragmentation breakpoint ¢, ie, the time after which flocks can only merge:

N(n) = n0C)(p + log 1)1,
ty= i nO(n:s)2o(p)(p + log i)n

Discussion. How relevant are this paper’s results? Why are they technically
difficult? We address these two points briefly. Our bounds obviously say nothing
about physical birds in the real world. They merely highlight the exotic behavior
of the mathematical models. Although we focus on a Cucker-Smale variant, we
believe that the bounds hold for a much wider variety of neighbor-based models.
We introduce new techniques that are likely to be of further interest. The most
promising seems to be the notion of a “virtual bird” flying back in time. We design
a structure, the flight net, that combines both kinetic and positional information
in a way that allows us to use both the geometry and the algebra of the problem at
the same time. Perhaps the most intriguing part of this work is the identification
of a curious phenomenon, which we call the (iterated) spectral shift.

Self-confidence leads to an interesting phenomenon. Too much of it prevents
consensus but so does too little. Harmony in a group seems to be helped by a min-
imum amount of self-confidence among its members. Both extreme selfishness and
excessive altruism get in the way of reaching cohesion in the group. Self-confidence
provides a retention mechanism necessary for reaching agreement. The coefficient
¢i(t)d;(t) represents how much a bird lets itself influenced by its neighbors. By
requiring that it be less than 1, we enforce a certain amount of self-confidence for
each bird. This idea is not new and can be found in [8,14,15].

Besides noise and hysteresis, our model differs from Cucker-Smale [7] in two
other ways. One is that our flocking networks are not complete graphs: they un-
dergo noncontinuous transitions, which create the piecewise linearity of the system.
Another difference is that the transition matrices of our model are not symmetric.
This greatly limits the usefulness of linear algebra. The reason why might not be



obvious, so here is some quick intuition. Cucker and Smale diagonalize the Lapla-
cian and note that, since only differences are of interest, the vectors might as well
be assumed to lie in the space 11. Not only is that space invariant under the
Laplacian but it contracts at an exponential rate set by the Fiedler number (the
second eigenvalue). From this, a quadratic Lyapunov function quickly emerges,
namely the energy v’ Lyv of the system. When the graph is connected, the Fiedler
number is bounded away from 0 by an inverse polynomial, so differences between
velocities decay to 0 at a rate of 2! for some constant ¢ > 0.

In the nonsymmetric case (ours), this approach is doomed. If, by chance, all
the transition matrices had the same left eigenvectors, then the variance of the
time-dependent Markov chain sampled at the (common) stationary distribution
would in fact be a valid Lyapunov function, but that assumption is completely
unrealistic. In fact, it has been proven [9,19] that the dynamical systems under
consideration do not admit of any suitable quadratic Lyapunov function for n > 8.
Worse, as was shown by Olshevsky and Tsitsiklis [19], there is not even any hope
of finding something weaker, such as a nonzero positive semidefinite matrix A
satisfying, for any allowable transition v(t) — v(t + 1),

Al =0;
v(t+ DTAv(t +1) <o(t)TAv(?).

Our transition matrices are diagonalizable, but the right eigenspace for the sub-
dominant eigenvalues is not orthogonal to 1 and the maps might not even be
globally nonexpansive: for example, the stochastic matrix

4 (12 3
5\10 5

has the two eigenvalues 1 and 0.133; yet it stretches the unit vector (1, 0) to one of
length 1.041. Linear algebra alone seems unable to prove convergence. The ratio-
nality of limit configurations is not entirely obvious. In fact, the iterated spectral
shift is reminiscent of lacunary-series constructions of transcendental numbers,
which is not the most auspicious setting for proving rationality. This work draws
from many areas of mathematics and computer science, including Markov chains,
nonnegative matrices, algebraic graph theory, elimination theory, combinatorics,
harmonic analysis, circuit complexity, computational geometry, and of course lin-
ear algebra.

2 A Bird’s Eye View of the Proof

To establish a tight bound on the convergence time, we break down the proof
into four parts, each one using a distinct set of ideas. We briefly discuss each
one in turn. The first step is to bound the number of network switches while
ignoring all time considerations. This decoupling allows us to treat the problem



as purely one of information transfer. In one step a bird influences each one of
its neighbors by forcing its velocity into the computation of these neighbors’ new
velocities. This influence propagates to other birds in subsequent steps in a manner
we can easily trace by following the appropriate edges along the time-dependent
flocking network. Because of self-confidence, each bird influences itself constantly.
It follows that once a bird influences another one (directly or indirectly via other
birds) it does so forever, even if the two birds find themselves forever confined to
distinct connected components. For this reason, influence alone is a concept of
limited usefulness. We need another analytical tool: refreshed influence. Suppose
that, at time g, B1 claims influence on By. As we just observed, this claim will
hold for all ¢t > ty3. But suppose that we “reboot” the system at time tg + 1 and
declare all influences void. We may now ask if B; will again claim influence on
By at some time ¢t > ¢y in the future: in other words, whether a chain of edges
will over time transfer information again from B; to Bs after ty. If yes, we then
speak of refreshed influence. Suppose now that By exerts refreshed influence on
B infinitely often: we call such influence recurrent. Although influence is not a
symmetric relation, it is an easy exercise to prove that recurrent influence is.
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Figure 4: Each bird is influenced by the one pointing to it. If this chain of
influence occurs repeatedly (not necessarily with the same set of intermediate
birds), a backward sphere of influence centered at the end of the chain will
begin to propagate backwards and eventually reach the first bird in the chain.

This appears to be a principle of general interest. If political conversations
consist of many two-way communications between pairs of people, with the pairs
changing over time, then the only way A can influence B repeatedly is if it is
itself influenced by B repeatedly. What makes this fact interesting is that it holds
even if A and B never exchange opinions directly with each other and only a
single pairwise communication occurs at any given time. Self-confidence plays
an important role in this phenomenon. It provides information retention that

10



prevents agents from being influenced by their own opinions in periodic fashion.
In fixed networks, this avoids the classical oscillation issue for random walks in
bipartite graphs.

In time-dependent networks, the role of self-confidence is more subtle. To
understand it, one must first remember one fundamental difference between fixzed
directed and undirected consensus networks (ie, where at each step, the opinion
at each node v is averaged over the opinions linked to by the edges from v). In
a fixed directed network, the fraction of an agent’s opinion that is measurable at
some other node of the network might be exponentially small in the time elapsed
since that opinion was expressed. This cannot happen in undirected networks: any
fraction of an opinion is either 0 or bounded from below independently of time.
Time-dependent undirected networks, on the other hand, are expressive enough
to (essentially) simulate fixed directed ones: time, indeed, can be used to break
edge symmetry. The benefits of undirectedness are thus lost, and time-dependent
undirected consensus networks can behave much like fixed directed ones—see [5,6]
for an application of this principle to interactive proof systems; in particular,
they can witness exponential opinion propagation decay. Adding self-confidence
magically prevents such decay. The idea would appear to warrant special scrutiny
outside of its native habitat of computer science and control theory.

e How many switches? Suppose that By exerts recurrent influence on Bs. We
show that, at some point, both birds will join a connected component of the
flocking network and remain there forever. How many switches can occur before
that event? Let V7 be the set of birds influenced by B;. As soon as everyone in
V1 has been influenced by By, let’s “reboot” the system and define V5 to be the
new set of birds with refreshed influence from B;. Obviously Vi O V5. Repeating
this process leads to an infinite nested sequence

Vi2Ve 2o V32 2V,

where V, contains at least the two birds By and Bsy. Let T} be the formation time
of Vi and let & be the difference in velocity between the two birds at time T}.
We wish we could claim a uniform bound, ||dx|l2 < (1 — €)||dk—1]|2, for some fixed
€ > 0 independent of the time difference Ty, — T;_1. Indeed, this would show that,
for k large enough, the two velocities are close enough for the hysteresis rule to
kick in and keep the two birds together in the same flock forever. Of course, since
the two birds need not be adjacent, this argument should be extended to all pairs
of birds in Vo,. While the inequality ||0x|l2 < (1 — €)[[dx—1]|2 is too much to ask
for, we show that ||0x||2 < (x, where ¢ < (1 —¢€)(x—1. In other words, the velocity
difference between B; and By may not shrink monotonically, but it is bounded by
a function that does. The uniformity of the shrinking, which is crucial, depends
critically on self-confidence and the retention mechanism it implies. Technically,
this translates into a uniform lower bound on the nonzero entries of products of
stochastic matrices. This allows us to rescue the previous argument and bound

11



the value of k such that V, = V. To bound the number of switches before time
T}, we need to find how many of them can take place between a reboot at Tj_1
and the formation of V;. The key observation is that Vj is formed by a growth
process of smaller flocks (ie, all of them of size less than n): we can therefore set
up a recurrence relation and bound the number of switches inductively.

e How much time between switches? Flock behavior between switches is linear,
so spectral analysis provides most of the tools we need to bound the inter-switch
time. At time ¢, the number of bits needed to encode the velocity is (roughly)
O(t). This means that, in the worst case, two birds can fly either parallel to
each or at an angle at least e ©®. From this we can infer that, should the
birds want to be joined together in the flocking network after time ¢, this union
must happen within a period of ¢©®. Things are more complex if the stationary
velocities of the two flocks are parallel. We need to use root separation bounds for
various extension fields formed by adjoining to the rationals all the relevant eigen-
information. Intuitively, the question we must answer is how long one must wait
for a system of damped oscillators to cross a given real semi-algebraic set with
known parameters. All of these techniques alone can only yield a convergence
time bound in the form of a tower-of-twos of height exponential in n. To bring
the height down to logarithmic requires two distinct ideas from computational
geometry and circuit complexity.

e How to bring the height down to linear? So far, we have only used combinatorics,
algebraic graph theory, linear algebra, and elimination theory. We use algorithmic
ideas from convex geometry to reduce the height to linear. We lift the birds into
4 dimensions (or d+ 1 in general) by making time into one of the dimensions. We
then prove that, after exponential time, birds can only fly almost radially (ie, along
a line passing through the origin). This implies that, after a certain time threshold,
flocks can only merge and never fragment again. From that point on, reducing
the height of the tower-of-twos to linear is easy. Our geometric investigation
introduces the key idea of a virtual bird. The stochastic transitions have a simple
geometric interpretation in terms of new velocities lying in the convex hulls of
previous ones. This allows us to build an exponential-size flight net consisting of
convex structures through which all bird trajectories can be monitored. A useful
device is to picture the birds flying back in time with exactly one of them carrying
a baton. When a bird is adjacent to another one in a flock, it may choose to pass its
baton. The trajectory of the baton is identified as that of a virtual bird. Because
of the inherent nondeterminism of the process, we may then ask the question:
is there always a virtual bird trajectory that follows a near-straight line? The
answer, obviously negative in the case of actual birds, turns out to be yes. This is
the benefit of virtuality. This fact has numerous geometric consequences bearing
on the angular flight motion of the real birds.

e How to bring the height down to logarithmic? It is not so easy to build intuition
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for the logarithmic height of the tower—of—twosﬁ A circuit complexity framework
helps to explain the residue clearing phenomenon behind it. To get a tower-of-
twos requires an iterated spectral shift. When two flocks meet, energy must be
transferred from the high-frequency range down to the lowest mode in the power
spectrum. This process builds a residue: informally, think of it, for the purpose
of intuition, as residual heat generated by the transfer. This heat needs to be
evacuated to make room for further spectral shifts. The required cooling requires
free energy in the form of previously created spectral shifts. This leads to an
inductive process that limits any causal chain of spectral shifts to logarithmic
length. The details are technical, and the best way to build one’s intuition is to
digest the lower bound first.

e How to prove the optimality of the logarithmic height? The starting configu-
ration is surprisingly simple. The n birds stand on a wire and fly off together at
various angles. The initial conditions require only O(logn) bits per bird. The n
birds meet in groups of 2, 4, 8, etc, forming a balanced binary tree. Every “colli-
sion” witnesses a spectral shift that creates flying directions that are increasingly
parallel; hence the longer waits between collisions. To simplify the calculations,
we use the noisy model to flip flocks occasionally in order to reverse their flying
directions along the X-axis. This occurs only logn times and can be fully ac-
counted for by the model we use for the upper bound. Because the flocks are
simple paths, we can use harmonic analysis for cyclic groups to help us resolve all
questions about their power spectra.

3 The Upper Bound

We begin with a few opening observations in We explore both the algebraic
and geometric aspects of flocking in We establish a crude convergence bound
in §3.3| which gives us a glimpse of the spectral shift. An in-depth study of its
combinatorial aspects is undertaken in from which a tight upper bound
follows. We shall always assume that p > n3. To highlight the robustness of the
bounds, we leave both p and g, as parameters throughout much of our discussion,
thus making it easier to calculate convergence times for arbitrary settings. For
convenience and clarity, we adopt the default settings below in §3.4] (but not
before). One should keep in mind that virtually any assignment of parameters
would still produce a tower-of-twos. Let b denote a large enough constant:

p=n’
DEFAULT SETTINGS (2)
bn3.

Ep =N

4As a personal aside, let me say that I acquired that intuition only after I had established the
matching lower bound. For this reason, I recommend reading the lower bound section before the
final part of the upper bound proof.
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Recall that p and g, denote, respectively, the input bit-size and the hysteresis
parameter. With these settings, the fragmentation breakpoint and the maximum
switch count are both n@®"),

3.1 Preliminaries

We establish a few useful facts about the growth of the coordinates over time. It
is useful to treat coordinates as integers, which we can do by expressing them as
fractions sharing the same denominator. For example, the initial positions and
velocities can be expressed either as p-bit rationals or, more usefully, as O(pn)-
bit CD-rationals, ie, rationals of the form p;/q, with the common denominator
q. We mention some important properties of such representations. We will also
introduce some of the combinatorial tools needed to measure ergodicity. The
objective is to predict how fast backward products of stochastic matrices tend to
rank-one matrices. We treat the general case in this section and investigate the
time-invariant case in the next.

Numerical Complexity. The footprint of a matrix A is the matrix A derived
from A by replacing each nonzero entry by 1. For ¢ > s, we use P(¢, s) as shorthand
for P(t)P(t — 1)--- P(s). Note that, in the absence of noise, the fundamental
equation can be rewritten as

v(t+1) = (P(t,1) ® I)u(1).

A bird may influence another one over a period of time without the converse being
true; in other words, the matrices P(t, s) and P(t, s) are in general not symmetric;
the exception is P(t), which not only is symmetric but has its diagonal full of ones.
Because of this last property, P(t,s) can never lose any 1 as ¢t grows, or to put it
differently the corresponding graph can never lose an edge. Before we get to the
structural properties of P(t,s), we need to answer two basic questions: how small
can the nonzero entries be and how many bits do we need to represent them?
As was shown in [8,14], nonzero elements of P(t,s) can be bounded uniformly,
ie, independently of ¢. Note that this relies critically on the positivity of the
diagonals. Indeed, without the condition ¢;(t)d;(t) < 1, we could choose P(t) = A
for even ¢t and P(t) = B for odd t, where

N[ =

010
A=11 0 0 B
0 0 1

o = O
N O N
o = O

For even t > 0,

9-t/2 1 _9l-t/2 9-t/2
P(t,1)=(AB)? =1 0 1 0
0 1 0
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To understand this process, think of a triangle with a distinguished vertex called
the halver. Each vertex holds an amount of money. At odd steps, the halver
splits its amount in half and passes on each half to its neighbor; the other ver-
tices, meanwhile, pass on their full amount to the halver. The total amount of
money in the system remains the same. At the following (even) step, the role of
halver is handed to another vertex (which one does not matter); and the process
repeats itself. This alternate sequence of halving and relabeling steps produces an
exponential decay. If each vertex is prohibited to pass its full amount, however,
then money travels while leaving a “trace” behind. As we prove below, exponen-
tial decay becomes impossible. This prohibition is the equivalent of the positive
self-confidence built into bird flocking.

LEMMA 3.1. For any 1 < s < t, the elements of P(t,s) are CD-rationals over
O((t — s + 1)nlogn) bits. The nonzero elements are in n= "),

Proof. Each row of P(t) contains rationals with the same O(logn)-bit denomi-
nator, so the matrix P(¢) can be written as N~! times an integer matrix, where
both N and the matrix elements are encoded over O(nlogn) bits. Each ele-
ment of P(t,s) is a product of ¢t — s + 1 such matrices; hence a matrix with
O((t—s+1)nlogn)-bit integer elements divided by a common O((t—s+1)nlogn)-
bit integer. For the second part of the lemma, we use arguments from [8,14]. Recall
that P(t) = I,, — Cy Ly, where C} is a diagonal matrix of positive rationals encoded
over O(logn) bits, so the case t = s is obvious. Let p(t, s) be the smallest positive
element of P(t,s) and suppose that t > s.

We begin with a few words of intuition. Because P(s,t) = P(t)P(t —1,s), a
nonzero entry p;;(t, s) is the expected value of py;(t—1, s), for a random k adjacent
to ¢ in P(t), or, to be more precise, in the graph induced by the nonzero elements
of that matrix. If, for all such k, py;(t —1,5) > 0, then p;;(t, s), being an average
of positive numbers, is at least p(t — 1, s), and we are done. On the other hand,
having some py;(t — 1,5) equal to 0 means that the edge (k,7) is missing from
the “graph” P(t — 1,s). If we now consider the 2-edge path formed by (k,7) in
P(t) and (i,7) in P(t — 1,s), we conclude that at least one of (,7) or (k,j) is a
brand-new edge in P(t,s). We then use the fact that such events happen rarely.

e Suppose that py;(t —1,s) > 0 for each 7,7,k such that p;;(t,s)pi(t) > 0.
Then, for any p;;(t,s) > 0, by stochasticity,

pij(t,s) = sz‘k(t)pkj(t —1,8) > (sz‘k:(t))P(t —1,8) =p(t—1,s).
k k

It follows that p(t,s) > p(t — 1, s).

e Assume now that p;;(t, s)pir(t) > 0 and py;(t — 1,5) = 0 for some 1,7, k.
Since p;j(t, s) is positive, so is p;(t)p;(t — 1, s) for some [; hence p;(t,s) >
pu(t)prj(t —1,5) > p(t —1,5)n" %M. We show that this drop coincides with
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the gain of an 1 in P(¢,s). The footprint of P(t) is symmetric, so pg;(t) > 0
and hence

Pri(ts) = > pu()py(t — 1,5) = pra(t)pij(t — 1,8) = nWpyi(t — 1,5).
z

We distinguish between two cases. If p;;(t — 1,s) is positive, then so is
Prj(t, ). Since py;(t —1,s) = 0, the matrix P(¢,s) has at least one more
positive entry than P(t — 1, s); recall that no entry can become null as we
go from P(t —1,s) to P(t,s). On the other hand, if p;;(t —1,s) = 0, our
assumption that p;;(t,s) > 0 leads us to the same conclusion. In both cases,
P(t, s) differs from P(t—1, s) in at least one place: this cannot happen more
than n? times.

If we fix s then p(t,s) > p(t—1, s) for all but at most n? values of ¢. For the others,
as we saw earlier, p;;(t, s) > p(t —1,5)n~9W); hence p(t,s) > p(t —1,s)n"9W. O

The coordinates of v(1) and x(0) can be expressed as CD-rationals over O(pn)
bits. By the previous lemma, this implies that, in the noise-free case, for ¢t >
1, v(t) = (P(t — 1,1) ® Iz)v(1l) is a vector with CD-rational coordinates over
O(tnlogn + pn) bits. The equation of motion yields

2(t) = 2(0) + ((P(t=1,1) 4+ P(L,1) + L) @ Iy ) (1),

Note that P(t — 1,1) = N~'Q, where Q is an integer matrix with O(tnlogn)-
bit integer elements and N is an O(tnlogn)-bit integer. The other matrices are
subproducts of P(t —1,1) = P(t —1)--- P(1), so we can also express them in
this fashion for the same value of N. It follows that v(¢) and z(t) have CD-
rational coordinates over O(tnlogn + pn) bits. Adding noise makes no difference
asymptotically. Indeed, bringing all the coordinates of the scaling vectors « in
CD-rational form adds only O(nlogn) bits to the velocities at each step.

LEMMA 3.2. Foranyt > 1, the vectors v(t) and x(t) have CD-rational coordinates
over O(tnlogn + pn) bits.

The £, norm of the velocity vector never grows, as transition matrices only

average them out and the noise factors are bounded by 1: since p > n3, it follows
that, for any ¢t > 1,

lo(#)]|2 = 291 (3)

Ergodicity. Ignoring noise, the fundamental motion equation gives the po-
sition of the birds at time ¢ > 1 as z(t) = z(0) + (P*(t — 1) ® I4)v(1), where

P*(t) = P(1) + P(2)P(1) + P(3)P(2)P(1) + - - - + P(t) - - - P(2) P(1).
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Products of the form P(t)--- P(1) appear in many applications [22], including the
use of colored random walks in space-bounded interactive proof systems [5,6]. One
important difference is that random walks correspond to products that grow by
multiplication from the right while the dynamics of bird flocking is associated with
backward products: the transition matrices evolve by multiplication from the left.
This changes the nature of ergodicity. Intuitively, one would expect (if all goes
well) that these products should look increasingly like rank-1 matrices. But can
the rows continue to vary widely forever though all in lockstep (weak ergodicity),
or do they converge to a fixed vector (strong ergodicity)? The two notions are
equivalent for backward products but not for the forward kind [22]. Here is an
intuitive explanation. Backward products keep averaging the rows, so their entries
themselves tend to converge: geometrically, the convex hull of the points formed
by the row keeps shrinking. Forward products lack this notion of averaging. For
a simple illustration of the difference, consider the three stochastic matrices:

1/1 1 1/2 0 1/3 1
A_2<1 1) B_2(1 1) 0_4(3 1)'
Backward products are given by the simple formula,

...ABABABAB = C,

n

for all n > 1. On the other hand, the forward product tends to a rank-one matrix
but never converges:

C evenn >1;
A oddn >0,

ABABABAB--. = {

n

) -0

Figure 5: Premultiplying a matrix, whose rows are shown as points, by a
stochastic matrix P(t) shrinks its convex hull.

As we just mentioned, the key to ergodicity for backward products resides
in the convex hull of the rows. We introduce a family of metrics to measure its
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“shrinkage.” For any p > 1, let 7,(A), the ergodicity coefficient of A, denote the
¢,-diameter of the convex hull formed by the rows of a matrix A, ie,

7p(A4) = max [[Aix — Ajulp,

)

where A;, denotes the i-th row of A. From the fact that ¢, is a metric space for
p > 1, it follows by convexity that the diameter is always achieved at vertices of
the convex hull. We extend the definition to p = 1 but, for reasons soon to be
apparent, it is important to keep the coefficients between 0 and 1, so we divide
the diameter by two, ie,

1
T1(A) = 5“}3@2 |aix — ajkl.
ok

To understand why 7,,(A) relates to ergodicity, assume that A is row-stochastic.
We observe then that

< A)=1—mi 1 ; 2 b < 1.
0<m7(A) r%bnzk:mln{alk,a]k}_

This follows from the fact that the distance |a — b|] between two numbers a,b is
twice the difference between their average and the smaller one. There are many
fascinating relations between these diameters [22]. For our purposes, the following
submultiplicativity result will suffice [14]E|

LEMMA 3.3. Given two row-stochastic matrices A, B that can be multiplied,
TQ(AB) S Tl(A)TQ(B).

Proof. Fix the two rows i, j that define 7(AB), and let o = 1 -3, min{a;, a;}.
Note that 0 < o < 7 (A). If « = 0, then A;, = Aj, and 72(AB) = 0, so the lemma
holds trivially. Assuming, therefore, that a > 0, we derive

T2(AB) = HZ @ik Brw — Y @k Bre
k k

= HZ(aik — min{ak, ajr}) Brx — > (a6 — min{aix, ;i }) B
k

k

< Tl(A)Hé > (air — min{ai, aje})Bre — £ (ajx — min{ai, ajr}) B
P P

2

2

5

Observe now that the coefficients a!(a;, — min{a, ajx}) are nonnegative and
sum up to 1, so the corresponding sum is a convex combination of the rows of B.
The same is true of the other sum; so, by convexity, the distance between any two
of them cannot exceed m2(B). O

5 Submultiplicativity is not true for 7 in general. First, to make the notion meaningful,
we would need to normalize it and use T = Tg/\/i instead, to ensure that 72(A) < 1 for any
stochastic A. Unfortunately, 7» is not submultiplicative, as we easily check by considering a
regular random walk A on K2 and checking that 7»(A?) > To(A)?.
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Figure 6: 7,(A) is the {,-diameter of the convex hull of the rows of A.

Displacement. For future use, we mention an elementary relation between bird
distance and velocity. The relative displacement between two birds B; and B; is
defined as A;;(t) = |DIST(B;, B;) — DISTi—1(B;, B;j) |, where the distance between
two birds is denoted by DIST:(B;, B;) = ||zi(t) — z;(t)||2.

LEMMA 3.4. Fort > 1, Aij(t) < Hvl(t) — ’Uj(t)HQ.
Proof. By the triangle inequality,
i () —2j(t)]l2 < l2i(t = 1) =2 (¢ = D2+ [lzi () —2i(t = 1) = (25(8) = (E=1))]l2-

Reversing the roles of ¢ and ¢ — 1 gives us a similar inequality, from which we find
that

IDIST(B;, Bj) — DI1ST—1(By, Bj) | < [|i(t) — 2i(t — 1) — (w5(t) — x;(t — 1))]]2.

O

3.2 The Algebra and Geometry of Flocking

To separate the investigation of network switches from the time analysis is one of
the key ideas of our method. Our first task, therefore, is to bound the number
of times the flocking network can change, while ignoring how long it takes. Next,
we investigate the special case of time-invariant networks. In the worst case, the
pre-convergence flying time vastly exceeds the number of network switches, so
it is quite intuitive that a time-invariant analysis should be critical. Our next
task is then to prove the rationality of the limit configuration. We also show
why the hysteresis rule is sound. We follow this with an in-depth study of the
convex geometry of flocking. We define the flight net, and with it derive what

19



is arguably our most versatile analytical tool: a mathematical statement that
captures the intuition that flocks that hope to meet in the future must match
their velocities more and more closely over time. To do this we introduce the
key concept of a wirtual bird, which is a bird that can switch identities with its
neighbors nondeterministically.

Counting Network Switches. Let N(n) be the maximum number of switches
in the flocking network, ie, the number of times ¢ such that P(¢t) # P(t + 1).
Obviously, N(1) = 0; note that, by our requirement that C; may vary only when
G does, we could use footprints equivalently in the definition. For the sake of our
inductive argument, we need a uniform bound on N(n) over all initial conditions.
Specifically, we define N (n) as the largest number of switches of an n-bird flocking
network, given arbitrary initial conditions: for the purpose of bounding N (n),
x(0) and v(1) are any real vectors, with ||v(1)||2 = 20®). This involves building
a quantitative framework around the existential analyses of [8,13-15]. We now
prove the network switching bound claimed in the “Results” section of

LEMMA 3.5. The mazimum number N(n) of switches in the flocking network is
bounded by n®"")(p + log L)" 1.

COROLLARY 3.6. Under the default settings (@, N(n) = nP®?),

Proof of Lemma|3.5. We begin with the noise-free model. Fix s > 0 once and
for all. For t > s, let N(¢,s) be the number of network changes between times
s and t, ie, the number of integers u (s < w < t) such that P(u) # P(u —1).
Since the diagonal of each P(t) is positive, P(t,s) can never lose a 1 as ¢ grows,
so there exists a smallest T} such that P(t,s) = P(11,s) for all t > T}. Consider
the first column and let ng < --- < n;; < n be its successive Hamming weights
(ie, number of ones); because pii(s) # 0, ng > 1. We define t;, as the smallest
t > s such that the first column of P(t,s) acquires weight ng. Note that ¢y = s
and ¢, < Tj. How large can N(ty11,tx) be, for 0 < k < [;? Let F denote the
subgraph of Gy, 11 consisting of the connected components (ie, flocks) that include
the nyg birds indexed by the first column of P(t,s). Intuitively, at time ¢ + 1,
bird By can claim it has had influence over the n; birds since time ¢o. At time
tr + 2, this influence will spread further to the neighbors of these ng birds in F'.
Note that having been influenced by B; in the past does not imply connectivity
among the ny birds.

e If F' contains more than n; birds then, at time ¢ + 1, at least one of these
extra birds, B;, is adjacent in Gy, , to one of the ny birds, say, B;. Then,
pij(tk—i- 1) > 0 and pjl(tk, S) > 0; hence p;1 (tk +1, S) > pij(tk + 1)pj1(tk, S) >
0. Since B; is not one of the ny birds, p;1(tx, s) = 0 and the first column of
P(t, s) acquires a new 1 between ¢, and t;+1. This implies that ¢4 = t+1
and N(tk+1,tk) <1.
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e Assume now that F' has exactly nj vertices. The flocking network Gy, 41
consists of a set of flocks totalling nj; birds and a separate set of flocks
including the n — ny others. The next N(ng) + N(n — ng) + 1 network
switches must include one between the two sets, since by then we must run
out of allowable “intra-switches.” It follows by monotonicity of N(n) that

N(tps1,te) <1+ N(ng) + N(n—ng) <2N(n—1) + 1.

F-8 VS

Figure 7: The white birds have all been influenced by By: on the left, they
propagate that influence at the next step; on the right, they have to wait for
flocks to join together before the influence of By can expand further.

In both cases, N(txy1,tx) < 2N(n — 1)+ 1, so summing over all 0 < k < Iy,

h—1
N(ty,s) = Z N(tgs1,tx) <2nN(n —1) + n.
k=0

Of course, there is nothing special about bird B;. We can apply the same argument
for each column and conclude that the time 77 when the matrix P(t, s) has finally
stabilized satisfies

N(Ti,s) <2nN(n—1)+n. (4)

The index set V; corresponding to the ones in the first column of P(7T7, s) is called
the first stabilizer. For t > T7, no edge of G; can join Vj to its complement, since
this would immediately add more ones to the first column of P(t, s). This means
that Bj can no longer hope to influence any bird outside of V; past time T7.
Relabel the rows and columns so that all the ones in P(7T1,s)’s first column
appear on top. Then, for any ¢t > T3, P(t) is a 2-block diagonal matrix with the
top left block, indexed by Vi x Vi, providing the transitions among the vertices
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of V1 at time ¢. This is a restatement of our observation regarding G; and V.
Here is why. Since the footprint of P(t) is symmetric, it suffices to consider the
consequence of a nonzero, nondiagonal entry in P(t), ie, p;;(t) > 0, with i € V;
and j € V;. This would imply that

pi1(t,s) > pij(t)pjn(t —1,5) >0,

and hence that ¢ € Vi, a contradiction. Being 2-block diagonal is invariant under
composition, so P(t, T} + 1) is also a matrix of that type. Let Ajyxw denote
the submatrix of A with rows indexed by V and columns by W. Writing V) =
{1,...,n}, for t > 17,

Plvixvy (t58) = Py (8T + 1) Py s (11, 8)-

By setting s to 17 + 1 we can repeat the same argument, the only difference being
that the transition matrices are now |Vi|-by-|Vi|. This leads to the second stabilizer
Vo C V4, which, by relabeling, can be assumed to index the top of the subsequent
matrices. We define 75 as the smallest integer such that Py, tTi+1) =
Py v (To,Th + 1) for all t > T. The set V5 indexes the ones in the first column
of Py, xv; (T2, T1 4+ 1). Iterating in this fashion leads to an infinite sequence of
times 17 < To < --- and stabilizers V] D V5 O --- such that, for any ¢t > T,

Py, <y (t,8) = Py xvi, (6 T + 1) Py xvy (The, Ti—1 + 1)
T P|V2><V1 (T27T1 + 1)})|V1><V0(T17T0 + 1)7

where Py, v, (Ti, Ti—1+1) is a [V;|-by-|V;—1| matrix and T = s—1. The stabiliz-
ers are the sets under refreshed influence from B;. We illustrate this decomposition
below:

A=

N|—
o=

2 00 110 1 00
011 B = 1 10 C=1(0 10
011 0 0 2 0 01

Consider the word M = CB3CABABA. The matrix My xvy, 1s factored as

Civexvs Bivs xva Bivixvs (BO) v v (AB) vy xvi (ABA) v, xvp 5

where Vo = Vi = Vo = {1,2,3}, Va3 =V, = V5 = {1,2} and Vg = {1}. The
factorization looks like this:

2 2 0 4 2 2
11 11 110
1 1 1 1 1
My v, = (1 0)-2<1 1>.2<1 1>-Q<1 . 0)-4 112423 3],
11 2 2 3 3

with the infinite nested sequence

‘/1:{17273}2{1>2>3}2{172}2{172}2{172}2{1}2{1}2{1}”'
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What is the benefit of rewriting the top rows of P(t,s) in such a complicated
manner? The first column of each Py, v, ,(Ti,T;—1 + 1) consists entirely of pos-
itive entries, so the submultiplicativity of the ergodicity coefficients implies rapid
convergence of the products toward a rank-one matrix. This has bearing on the
relative displacement of birds and groupings into flocks. By Lemma each en-
try in the first column of each Py, v, (T3, Ti—1+1) is at least n~ 9% g0 half the

—0(n?) < e—n’o(

n2
¢1-distance between any two rows is at most 1 —n ); therefore

_p—0(n?)

Tl(P‘ViXVif1(E7T‘i71 + 1)) <e

Lemma implies that 75(A4) < 71(A)2(I) < V2 711(A), and

k

TPy (t:9) < V271 (Bypsv (6, Tk + 1) [ [ 11 (Pisvi, (T, T + 1)) %)
=1

_O(n2
<V2ekn (n).

Let x(i,j) denote the n-dimensional vector with all coordinates equal to 0, except
for x(i,7); = 1 and x(7,7); = —1. Note that

vi(t) —v;(t) = ((x(2,5) P(t — 1,1)) ® Ig)v(1);
therefore, by Cauchy-Schwarz and ,
lvi(t) = vj ()l < Vdra(P(t = 1,1))|[u(1)[|2 < m2(P(t — 1,1))2°F). (6)

If we restrict 4,j to Vi, we can replace P(t —1,1) by Py, xy,(t — 1,1) and write
vi(t) = v (t)|l2 < T2(Pyyxvp (t — 1,1))200).

Setting k = nbon’ [p+log é] for a large enough integer constant by > 0, we derive
from that, for any ¢ > Ty + 1,

_O(n2
max [|vi(t) — v;(t)]2 < e 7T HOM) < g (7)
1,J€Vk

By Lemma it then follows that A;;(t) < &,. By the hysteresis rule, this means

that if birds B; and B; are joined after time T, +1, they will always remain so. This

leaves at most (“gﬂ) extra network changes (final pairings), so the total number

is conservatively bounded by

v
N(Tp, Tyo1) + -+ N(T1,1) + (’ 2’“').

But holds for any pair (T;,T;—1 + 1), so

N(n) < k(2nN(n —1) +n) +n?.
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Since N(1) =0, for all n > 1,
N(n) = n%"(p + log 1),

There is a technical subtlety we need to address. In the inductive step defining
N(n —1), and more generally N(n') for n’ < n, the initial conditions and element
sizes of the transition matrices should be treated as global parameters: they de-
pend on n, not n’. In fact, it is safe to treat n as a fixed parameter everywhere,
except in the recurrence . The key observation is that, as n’ decreases, the
bounds provided by and in the setting of k = nbon’ (p + log i) still provide
valid—in fact, increasingly conservative—estimates as n’ decreases. The noise is
handled by reapplying the bound after each of the 0n?) perturbations. O

7
%%

Figure 8: The arborescence of birds separating into groups.

Remark 2.1. The rationality of positions and velocities was never used in the
proof. The only requirement is that the initial velocities of the birds should have
Euclidean norm in 20(®),

Remark 2.2. The nested sequence Vi O Vo D ... is infinite but the number
of different subsets obviously is not. The smallest stabilizer V;, denoted Vj, to
indicate its relation to By, cannot be empty since a bird influences itself for ever;
hence {1} € Vj,. If |Vi,| > 1, then B; influences all the birds in Vj, recurrently,
ie, infinitely often. In fact, this is true not just of B; but of all V},, all of whose
birds influence all others in that set recurrently. The sets Vj,, ..., V}, are therefore
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pairwise disjoint or equal. This implies a partition of the bird set into recurrently
self-influencing classes. One can model the process leading to it as an arborescence
whose root corresponds to the first time the set of n birds is split into two subsets
that will no longer influence each other. Iterating in this fashion produces a tree
whose leaves are associated with the disjoint Vj,’s. Note that the stabilizers Vi, V3,
etc, are specific to By and their counterparts for B might partly overlap with them
(except for the last one); therefore, the path in the tree toward the leaf labeled
Vi, cannot be inferred directly from the stabilizers.

Time-Invariant Flocking. Birds are expected to spend most of their time
flying in fixed flocks. We investigate this case separately. The benefit is to derive
a convergence time that is exponentially faster than in the general case. In this
section, G; = (G is time-invariant; for notational convenience, we assume there is
a single flock, ie, G; is connected. The flocking is noise-free. We can express the
stochastic matrix P as I,, —C'L. The corresponding Markov chain is reversible and,
because of connectivity, irreducible. The diagonal being nonzero, it is aperiodic,
hence ergodic. The transition matrix P has the simple dominant eigenvalue 1 with
right and left eigenvectors 1 and

1

_ -1
- trO-1 ¢,

s

respectively. Lack of symmetry does not keep P from being diagonalizable, though
it denies us eigenvector orthogonality. Define

M = Cc~Y2pc'? = c=V*(1, — cL)C'Y? = I,, — CY2LCV/2. (8)

Being symmetric, M can be diagonalized as y ,_, )\kuku:kr, where the uy’s are
orthonormal eigenvectors and the eigenvalues are real. It follows that P can
be diagonalized as well, with the same eigenvalues. By Perron-Frobenius and
standard properties of ergodic walks [4,22], 1 = Ay > A9 > -+ > )\, > —1 and
ur = (V7,5 -, \/ﬂ)T Since ) ;. ukug = I, the following identity holds for all
nonnegative s, including s = 0 (for which we must assume that 0 = 1):

o= VMO = 14 4 3 MO a0V, 9)
k=2

The left and right eigenvectors of P for A\; are given (in column form) by C—1/2y,
and C'/2uy, and, together, form inverse matrices; in general, neither group forms
an orthogonal basis. We can bound the second largest eigenvalue by using standard
algebraic graph theory. We include a proof for completeness.

LEMMA 3.7. If p def max 1 | M|, then p <1 —n=00),
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Proof. By the O(logn)-bit encoding of C, each diagonal of P is at least n~?, for
some constantﬁ The matrix (1 — $n =%)"Y (P — in~°I,) is stochastic and all of
its eigenvalues all lie in [—1, 1]. It follows that A,_; > n~ %M — 1, for any k > 1.
Observe now that 1 — Ay is the smallest positive eigenvalue of the normalized
Laplacian C''/2LCY/2. The simplicity of the eigenvalue 0 (by connectivity) im-
plies that any eigenvector of the normalized Laplacian corresponding to a nonzero
eigenvalue is normal to C ~1/21: therefore, by Courant-Fischer,

1— X = min{ dTCV2LC V2 o 1TC7V22 =0 and |zfly =1 }

Write y = C'/22 and express the system in the equivalent form: 1—\o = miny” Ly,
subject to (i) 17C~'y = 0 and (ii) ||C~'/?y||2 = 1. By using ideas from [4,12],
we argue that, for some m and M, by (i), ym < 0, for some m, and from (ii)
yy > (tr C~1)~1/2. Since G is connected, there exists a path M of length at most
n joining nodes m and M. Thus, by Cauchy-Schwarz, the solution y of the system
satisfies:

1-X =y Ly= Z (yi —yj)* > Z (yi —yj)* > %( Z |yi _yj|>2
(1,5)€G (1,5)eEM (1,5)eM

1 2 1 —o(1)
> Zlya — > - _ ,
- n‘yM yml” 2 n(tr C—1) "

d

By (), foralli.j, s > 0, (P)yy = mj= s Il Vi e wn)iCun)y| > mj—nO Wy
A similar derivation gives us the corresponding upper bound; soJ’| by Lemma

HPS o 17TTHF < efsn_o(1)+0(logn). (10)

Similarly, for s > n, for a constant ¢y large enough,

n(P%)=1— n?ijn > min {(P)ir, (P*)jr}
o (11)

<1-— Z(ﬂ_k _ nO(l)e—sn*O“)) _ nO(l)e—sn*O(l) <
k=1

N[

Given a vector ¢ in R”, consider the random variable X formed by picking
the i-coordinate of x with probability m;. As claimed in the introduction, the
variance of X is a quadratic Lyapunov function. This is both well known and
intuitively obvious since we are sampling from the stationary distribution of an

5 To simplify the notation, constants such as b and ¢ are reused frequently in the text, with
their values depending on the context.

" The Frobenius norm ||M||r of a matrix is the Euclidean norm of the vector formed by
its elements. The property we will use most often is a direct consequence of Cauchy-Schwarz,
|[Mull2 < ||M]|rl|lu||2, and more generally the submultiplicativity of the norm.
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ergodic Markov chain and then taking one “mixing” step: the standard deviation
decreases at a rate given by the Fiedler value. As was observed in [19], because
the random variable involves only 7 and not P, any flock switching that keeps the
graph connected with the same stationary distribution admits a common quadratic
Lyapunov function. If £ = 1, then obviously, varX = 0. We now show that the
variance decays exponentially fast.

LEMMA 3.8. var(PX) < p?(varX).

Proof. For any £, the vector y = (I,, — 1w1)¢ is such that C~1/2y is orthogonal to
ur = (/715 \/Tn )T. Therefore the latter lies in the contractive eigenspace of
M and

IM(C™y) |2 < u|C™H2yll2;

hence, by ,
(Py) C™H(Py) = (yT CT2)(CHEPTCTI2)(CT2PCY?)(C 71 2y)
= [MCTV2y3 < p?l|C™ 2y

As a result,
(Py)"C(Py) < pPy"Cly.

Since 7 = (trC~H)~tC'1,

trC-1

)

n 2 071 Cfl
varX = ;m (fi — ZW&‘) = ET(In — 7T1T) (I, — 17T )§ = yTtr C_ly.

Because P commutes with I,, — 177,

-1

C
var(PX) = (Py)" —==(Py) < p*(varX),
and varX is the desired Lyapunov function. O

What both and Lemma indicate is that convergence for a time-

—-0(1) . .
tn , Whereas in general the best we can do is

tn_o(”2)

invariant flock evolves as e~
invoke and hope for a convergence speed of the form e~ , which is

exponentially slower.

The Rationality of Limit Configurations. The locations of the birds remain
rational at all times. Does this mean that in the limit their configurations remain
so? We prove that this is, indeed, the case. We do not do this simply out of
curiosity. This will be needed for the analysis of convergence. We cover the case
of a time-invariant connected network here and postpone the general case for later.
For ¢t > 0, we define
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t—1
Ty =-1x"t+ > P (12)
s=0

It is immediate that I'; converges to some matrix I', as t goes to infinity. Indeed,

by (),
= Z(PS —1rh) = Z ﬁ Cl/Qukufc_l/Z.

s>0 k>1

What is perhaps less obvious is why the limit is rational. We begin with a simple
characterization of I'; which we derive by classical arguments about fundamental
matrices for Markov chains [11]. We also provide a more ad hoc characterization
(Lemma that will make later bound estimations somewhat easier.

LEMMA 3.9. Ast — oo, I'y converges to I’ = —177 + (I, — P+ 1x7)~L.

Proof. Because 1 and 7 are respectively right and left eigenvectors of P for the
eigenvalue 1, for any integer s > 0,

(P—1xT)* = P* — 177, (13)

This follows from the identity

s—1
(P o 17TT)S — Ps+ kzo(_l)sk: <Z> Pk(lﬂ_T)sfk

s—1

=P+ (1n7) Y (1" (Z) = Ps—1q7.

k=0
And so, for t > 1,
t—1 t—1

Ty + 17l =1, + Z(PS — 17l = Z(P —1x7)*.
s=1 s=0

Pre-multiplying this identity by the “denominator” that we expect from the geo-
metric sum, ie, I,, — P + 177, we simplify the telescoping sum, using again,

t—1
(In—P+1x") (T + 177) = (I, - P+ 1x") > (P —177)°
s=0
=1, — (P-1a0)t =1, — (P' — 1x7T)
By @), P! converges to 177 as t goes to infinity, so (I, — P + 1a7)(I'y + 177)
converges to the identity. This implies that, for ¢ large enough, the matrix cannot

be singular and, hence, neither can I,, — P + 17L. This allows us to write:

I +1r" = (I, - P+1x")71
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There is another characterization of I' without 7 in the inverse matrix. We
use the notation (Y |y) to refer to the n-by-n matrix derived from Y by replacing
its last column with the vector y.

LeEmMMA 3.10. T'= (I, — 177 |0) ([, — P|1)~ L.
Proof. Since 7 is a left eigenvector of P for 1, 177 (I, — P) = 0; hence, for ¢t > 0,
I,—P' =, +P+---+PY(1,-P)=(I'++ 1x7t)(I, — P) =T, (I, — P).

As t — oo, P! — 17T; therefore T' (I, — P) = I, — 177. Since 1 lies in the kernel
of I't, and hence of I', the latter matrix satisfies the relation

r(I,-P|1)= (I, — 17" |0). (14)

The simplicity of P’s dominant eigenvalue 1 implies that I, — P is of rank n — 1.
Since 1 € ker (I, — P), the last column of I, — P is the negative sum of the others;
so to get the correct rank the first n — 1 columns of I,, — P must be independent.
Note that the vector 1 is not in the space they span: if, indeed, it were, we would
have 1 = (I,, — P)y, for some y € R". Since 7' (I, — P) = 0, this would imply that
1 =nrT1=7T(I, — P)y =0, a contradiction. This is evidence that (I, — P|1) is
of full rank, which, by , completes the proof. a

The motion equation becomes, for ¢t > 1,
t—1
2(t) = 2(0) + (D P& I )o(1) (15)
s=0

or, equivalently, by ,
z(t) = z(0) + t((1r D)@ I)v(1) + (T @ Ig)v(1). (16)

We call m,[z(t)] = (77 ® I;)z(t) the mass center of the flock and the vector
m.[v(1)] its stationary velocity. The latter is the first spectral (vector) coefficient
of the velocity. In our lower bound, we will make it the first Fourier coefficient of

the dynamical system. The mass center drifts in space at constant speed along a
fixed line in d-space: Indeed, 77T, = 0, so by ,

iy [2(1)] = g [2(0)] + tmr[v(1)]

and
z(t) = 2(0) + t(1 ® Ig)m,[v(1)] + (T ® Ig)v(1) . (17)
~—~ v
start linear drift damped oscillator
n—0)

The oscillations are damped at a rate of e™* . (We use the term not in the
“harmonic” sense but by reference to the negative eigenvalues that might cause
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actual oscillations.) Moving the origin to the mass center of the birds, we express
x(t), relative to this moving frame, as

a’(t) = x(t) — (1 @ la)mq[z(t)];
therefore, by simple tensor manipulation,
w(t) = 2" (t) + (1)@ Ip)a(0) + t((1nT) @ La)v(1); (18)
and, by ,
2" (t) = 2(t) — (Ar7) @ La)z(t) = (I — 177)® L3)a(0) + (T @ Ia)v(1)
and, by Lemma [3.9

LEMMA 3.11. If G is connected, the relative flocking configuration x”(t) converges
to the limit
t" = ((I, — 171 ® I)z(0) + (T ® I)v(1).

The mass center of the configuration moves in R% at constant speed in a fized
direction.

LEMMA 3.12. The elements of I' and the coordinates of the limit configuration x”
are CD-rationals over O(nlogn) and O(nlogn + pn) bits, respectively.

Proof. Let Cy denote the O(nlogn)-bit long product of all the denominators in
the diagonal matrix C. The determinant of (CL | 1) can be expressed as C, ' times
the determinant N of an n-by-n matrix with O(logn)-bit integer elements. By the
Hadamard bound [30], NV is an O(nlogn)-bit integer. For the same reason, each
element of adj (CL|1) is also the product of C; * with an O(nlogn)-bit integer;
therefore, ( )
-1 -1 adJ CL 1

(In—P|1)"" =(CL|1) = det (CL|1)
is of the form N~! times an O(nlogn)-bit integer matrix (since the two appear-
ances of C; ! cancel out). The same is true of (I, — 177 |0): this is because,
trivially, 77 = (0,...,0,1)(I, — P|1)~'. Therefore, both (I, — 177 |0) and
(I, — P|1)~! are matrices with CD-rational coordinates over O(nlogn) bits.
Lemma with the formulation of Lemma for T', completes the proof.
d

This implies that z(¢) tends toward a-+bt, where a, b are rational vectors. Since

the number of switches and perturbations is finite, this proves the rationality claim
made in O
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Soundness of the Hysteresis Rule. We begin with a proof that hysteresis
is required to ensure convergence. We build a 4-bird flock in one dimension,
whose network cannot converge without a hysteresis rule. The construction can
be trivially lifted to any dimension. The speed of the birds will decay exponentially.
In real life, of course, the birds would stall. But, as we mentioned earlier, we can
add a large fixed velocity to all the birds without altering the flocking process.
Stalling, therefore, is a nonissue, here and throughout this work. These are the
initial conditions:

z(0) = 1=(0,8,21,29);

v(1) = £(1,-1,1,-1).

The flocking network alternates between a pair of 2-bird edges and a single 4-bird
path, whose respective transition matrices are:

1200 1200
12100 11110
310 0 1 2 and 3o 111
00 2 1 0021

The beauty of the initial velocity v(1) is that it is a right eigenvector for both flock-
ing networks for the same eigenvalue —3; therefore, for t > 0, v(t) = (—3)'~tv(1)

and, by ,
2(t) = 2(0) + 3 v(s) = 2(0) + 3 (1= (=)' )o(1). (19)
It follows that

Tip1(t) — () = { 116(5 —(~3

The distance between the first and second birds stays comfortably between %

and %; same with birds B3 and B4. The distance between the middle birds By
and Bs oscillates around 1, so the network forever alternates between one and
two connected components. The pairs (By, B3) and (Bs, B4) form fixed inter-bird
distances of %, so the flocks are always simple paths. This proves the necessity
of hysteresis. As we said earlier, virtually any hysteresis rule would work. Ours is

chosen out of convenience.

LEMMA 3.13. The hysteresis rule is sound: (i) any two birds within unit distance
of each other at time t share an edge of Gy; (ii) no two birds at distance greater
than 1 + ~e, are ever adjacent in Gy, where

v=(p+log )" nf?).
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Figure 9: The flocking network alternates between two configurations forever
and never converges.

COROLLARY 3.14. Under the default settings @, any two birds within unit dis-
tance of each other at time t share an edge of Gt; on the other hand, no two birds
at distance greater than 1+ /g, are ever adjacent in Gy.

Proof of Lemma . Part (i) is true by definition. To prove part (ii), assume
by contradiction that, at time to, two birds B; and B; are within unit distance of
each other but further than 1 apart at time to + 1. Write

§ = an(p + log 2)mnPo, (20)

for some large enough constant by. Assume also that the distance is greater than
1+ at time ¢1 > ¢y and that, between ty and 71, the distance always remains in
the interval (1,140 ] and that the two birds are joined in G for all ¢ € [to, t1]. Such
conditions would violate soundness, so we show they cannot happen. Obviously,
they imply that the distance between the two birds never jumps (up or down) by
g, or more, since otherwise the hysteresis rule would cease to apply and the edge
(4, j) would break. This means that A;;(t) < &, for to <t < ;.

Consider the t; —t( relative displacements in the time interval [to, t1]. Together
they create a displacement in excess of §. Let k = ¢°(") be the number of steps
witnessing noise. Mark the unit-time intervals within [¢g,¢;] that are associated
with relative displacements witnessing a perturbation or a network switch: there
are at most N(n) + x of those, each one associated with a displacement less than
&, so this leaves us with a total displacement greater than § — &, N(n) — e,. This
is contributed by no more than N(n) + s + 1 runs of consecutive unmarked unit-
time intervals. By the pigeonhole principle, one of these runs contributes a total
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Figure 10: The distance between two adjacent birds cannot exceed 1 by
more than § before the edge breaks.

displacement of at least (6 — g, N(n) —epk)/(N(n) + K+ 1). If [sg, s1] denotes the
corresponding time interval (9 < sg < s1 < t1), then G; remains invariant for all
so <t < s1 and, by Lemma [3.5

s1
0 —eyN(n) — epk —O(m3 _

§ Agi(t) > > (%) log 1)1, 21

t:50+1 ) (t> = N(n) + K + 1 - 5”’ (p + Og Eh) ( )

We now show that this displacement is too large for two birds in the same time-
invariant flock for so long. The edge (i, j) is in the network Gy for all t € [sg, s1], so
the two birds B; and B; are in the same flock during that time period. We already

observed that 75(A4) < v2711(A). By (@ and Lemmas it follows that,

for s < t < sq,
Agj(t) < [loi(t) = (D) |2 < T2(P(t = 1,50))2°F) <7y (P ()7 s0)n 0 120()
< 9—L(t=s0)n™0|+O(p)
(22)
Technically, the way we phrased it, our derivation assumes that the flock that
contains the birds B; and B; at times sy through s; includes all the birds. This is

only done for notational convenience, however, and the case of smaller flocks can
be handled in exactly the same way. By and the hysteresis rule,

S1

S1
o0 (p+log L) < N Ay < Y min { &, 2~ L(t=s0)n= W +O() }
t=so+1 t=so+1

<min!{T o= Tn=9W]+0(p)
=jp et }
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Setting T'= 2" [p + log é} leads to

5 <ep(p —l—log )" bin? ,

for some positive constant b; independent of the constant by used in the defini-
tion of . Choosing by large enough thus contradicts our choice of 4. The two
birds therefore cannot be both joined and apart by more than 1+ 4. O

The Geometry of Flocking: The Virtual Bird. Can birds fly in giant loops
and come back to their point of origin? Are there constraints on their trajectories?
We show that, after enough time has elapsed, two birds can be newly joined only
if they fly almost parallel to each other. We also prove that they cannot can
stray too far from each other if they want to get together again in the future. We
investigate the geometric structure of flocking and, to help us do so, we introduce
a useful device, the flight net.

1
in .\u;»"' joe

Figure 11: The flight net is formed by joining together the convex polytopes
associated with birds’ new velocities.

It is convenient to lift the birds into R%*! by adding time as an extra dimen-
sionﬁ z(t) — (21(t), ..., 2q4(t), )75 v(t) — (v1(t),...,vqa(t),1)T. Since 1 is a right
eigenvector, this lifting still satisfies the equation of motion. The hysteresis rule
kicks in at the same time and in the same manner as before; in fact, the lift-
ing has no bearing whatsoever on the behavior of the birds. The angular offset
Z(zi(t),v;(t)), denoted by w;(t), plays an important role in the analysisﬂ It repre-
sents (roughly) how the trajectory of bird B; deviates at time ¢ from what it would

8This is not a projectivization.
9 We use x;(t) as both a point and a vector, trusting the context to make it obvious which is
which.
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have been had the bird reached its current position by flying along a straight line.
We will show that the angular offset decreases roughly as (logt)/t. This fact has
many important consequences.

Instead of following a given bird over time and investigating its trajectory
locally, we track an imaginary bird that has the ability to switch identities with its
neighbors: this virtual bird could be B; for a while and then decide, at any time, to
become any B; adjacent to it in the flock. Or, for a rather implausible but helpful
image, think of a bird passing the baton to any of its neighbors: whoever holds
the baton is the virtual bird. Its trajectory is highly nondeterministic, as it is
allowed to follow any path in the flight net. Although in the end we seek answers
that relate to physical birds, virtuality will prove to be a very powerful analytical
device. It allows us to answer questions such as: Can a virtual bird fly (almost)
along a straight line? How far apart can two birds get if they are to meet again
later? Another key idea is to trace the flight path of virtual birds backwards in
time. This is how we are able to translate stochasticity into convexity and thus
bring in the full power of geometry into the picture. The translation emanates
from this simple consequence of the velocity equation, v(t) = (P(t—1)®I3)v(t—1):

v;(t) € Conv{v;(t—1)|(i,j) € Gi—1 }.

By iterating in this fashion, we create the flight net N;(t) of bird B; at time t > 0.
It is a connected collection of line segments (ie, a 1-skeleton): N;(t) = N;(¢, Ky),
where K is a large integer parameter. Specifically, we set

Ky = [n™(p + logt)] (23)

for a big enough constant by. The power of the flight net comes from its ability
to deliver both kinetic and positional information about the “genealogy” of a
bird’s current state. Let K be an arbitrary positive integer; we define N;(t, K)
inductively as follows. The case t = 1 is straightforward: N;(¢, K) consists of the
single line segment x;(0)z;(1). Suppose that ¢t > 1. We say that time s is critical
if s < K or if, during the time interval [s — K, s], there is a perturbation or a
network switch, ie, the velocity of at least one flock is multiplied by by I, ® & or
Gy # Gyy1 for some u (s — K < u < s).

e If ¢ is critical, then N;(¢, K) consists of the segment x;(t — 1)x;(t), together
with the translates N;(t — 1, K) + x;(t — 1) — z;(t — 1), for all (¢,j) € Gi—1
and j = 1.

e Iftis noncritical, then NV;(¢, K') consists of the segment x;(t—1)z;(t), together
with N;(t — 1, K).

Every flight net has an antenna sitting on top, which is a line segment extend-
ing from X441 =t—1to X441 =t in the case of N;(t, K). In the noncritical case,
the antenna is connected on top of the previous one, ie, the one for N;(t — 1, K).
Otherwise, we slide the time-(¢ — 1) flight nets of the adjacent birds so that their
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Figure 12: In the critical case, the virtual net is translated from bird B; to
bird B; by the baton-passing drift.

antennas join with the bottom vertex of the new antenna: this shift is called the
baton-passing drift.

Here is the intuition. Flying down the top antenna of the net, the virtual
bird hits upon another antenna: either there is only one to choose from, in which
case it is almost collinear (because of noncriticality, the corresponding random
walk is thoroughly mixed) or else the virtual bird discovers a whole bouquet of
antennas and picks one of them. Because the old antenna is a convex combination
of the new ones, the virtual bird can continue its backward flight by choosing
from a convex cone of directions: this freedom is the true benefit of convexity and,
hence, stochasticity. This is when the baton is passed: the virtual bird changes its
correspondence with an actual bird as it chooses one of these directions. Because of
the translation by z;(t—1)—x;(t—1), this change of correspondence is accompanied
by a shift of length at most one, what we dub the baton-passing drift.

Viewed from a suitable perspective, the flight net provides a quasi-convex
structure from which all sorts of metric information can be inferred. Most im-
portant, it yields the crucial FEscape Lemma, which implies that, as time goes by,
it becomes increasingly easy to predict the velocity of a bird from its location,
and vice versa. The lemma asserts that the bird flies in a direction that points
increasingly away from its original position. We begin with a simple observation.
For any time ¢ > 0, the (d + 1)-dimensional vector

w;(t) = ai(t) (24)

represents the constant velocity that bird B; would need to have if it were to
leave the origin at time 0 and be at position z;(t) at time ¢ while flying in a fixed
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direction. Recall that that the angular offset w;(t) is Z(x;(t),v;(t)); we show that
it cannot deviate too much from the velocity offset ||v;(t) — w;(t)||2.

Figure 13: Proving that angular and velocity offsets are closely aligned.

LEMMA 3.15. For anyt > 0,
2700 l0;() — w;(t)[|2 < wit) < O(|vilt) — wi(t)|2)-

Proof. Consider the triangle ABC formed by identifying AB with v;(t) and AC
with w;(t), and let a, 3,7 be the angles opposite BC, C A, AB, respectively. Note
that o = w;(t) and ||v;(t) — w;(t)]|]2 = |BC|. Assume that 8 < 7; we omit the
other case, which is virtually identical. By , AB and AC have length between
1 and 290); therefore, if a # 0 then 279 < 8 < 7/2. The proof follows from
the law of sines, |[BC|~!sina = |AC|~!sin 3. O

LEMMA 3.16. (Escape Lemma) For any bird B;, at any time t > 0,

log ¢
wi(t) < 8%

O(n3) 1yn-1 . Lig0m) 0(n?) 11
<= (p+1log 2-) +t(2 +pn (p+log 2-) )

COROLLARY 3.17. Under the default settings @, at any time t > 1,

wi(t) < lngt nO?).
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Figure 14: Birds fly increasingly in “escape” mode.

Unlike the other factors in the upper bound, the presence of logt is an artifact
of the proof and might not be necessary. Our approach is to exploit the “convexity”
of single-bird transitions. One should be careful not to treat flocks as macro-birds
and expect convexity from stationary velocities. In premixing states, all sorts of
“nonconvex” behavior can happen. For example, consider two flocks in dimension
1, both with positive stationary velocities. Say the one on the left has higher
speed and catches up with the one on the right to merge into one happy flock. It
could be the case that the stationary velocity of the combined flock is negative, ie,
the joint flock moves left even though each one of the two flocks was collectively
moving right prior to merging. Of course, this a premixing aberration that we
would not expect in the long run.

Proof of Lemma[3.16. From the initial conditions, we derive a trivial upper bound
of 200 for constant ¢, so we may assume that ¢ is large enough and w;(t) > 0.
The line passing through z;(¢) in the direction of v;(¢) intersects the hyperplane
Xi+1 = 0in a point p at distance from the origin, ||p|l2 = Q(tw;i(t)). Recall that
the bird B; started its journey at distance 2°® from the origin. If it had flown
in a straight line, then we would have p = z;(0), hence w;(t) = %20(’“), and we
would be done. Chances are the bird did not fly straight, however. If not, then
we exhibit a virtual bird that (almost) does, at least in the sense that it does not
get much closer to the origin at time 0 that a straightline flight would. The idea is
to use the flight net to follow the trajectory of a virtual bird that closely mimics
a straight flight from p to z;(t).

Some words of intuition. If all times were critical and no perturbation ever
took place, then it would be easy to prove by backward induction that, for all
0 < s < t, the segment pz;(t) intersects each hyperplane X;1; = s in a point
that lies within the convex hull of N;(t) N {X441 = s}. This would imply that p

lies in the convex hull of the birds at time 0, which again would give us the same
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lower bound on w;(t) as above (modulo the baton-passing drift). In fact, it would
be possible to trace a shadow path from x;(t) down the flight net that leads to a
virtual bird at time 0 that is even further away from the origin than p. (We use
here a fundamental property of convexity, that no point can be further to a point
in a convex polytope than to all of its vertices.) Unfortunately, this convexity
argument breaks down because of the net’s jagged paths over noncritical time
periods. The jaggedness is so small, however, that it provides us enough “quasi-
convexity” to rescue the argument.

< ip

Figure 15: The shadow path attempts to follow the segment pz;(t) closely.

First we describe the shadow path; then we show why it works. Instead of
handling convexity in R%! we will find it easier to do this in projection. By
Lemma there exists a coordinate axis, say X7, such that

0< w,-(t) = O(Ui(t)l — wi(t)l). (25)

Note that we may have to reverse the sign of v;(t)1 —w;(t)1, but this is immaterial.
The shadow path z¥(t),z}(t —1),...,27(0) describes the flight of the virtual bird
B backwards in time. The first two vertices are z}(t) = x;(t) and z)(t — 1) =
x;(t — 1). This means the virtual bird flies down the topmost edge of N;(t), ie, in
the negative X441 direction. Next, the following rule applies for s =¢,t—1,...,2:

e If s is noncritical, NV;(¢) has a single edge ys—2ys—1, with (ys—2)g+1 = s — 2.
The virtual bird flies down ys_2ys—1 and we set z) (s —2) = y,_2 accordingly.

e If s is critical, N;(t) has one or several edges y§72ys_1, with (y§72)d+1 =s5—2.
The virtual bird follows the edge with maximum X;i-extant, ie, the one that
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maximizes (ys—1)1 — (y§_2)1. (Recall that, although neither ys_; nor yf_Q
might be the position of any actual bird, their difference ys_1 — y§72 is the
velocity vector v;(s — 1) of some B;.) We set 27 (s —2) = y*_,.

iL‘l(t)

p T 0

S Ve

s

Figure 16: Following the red shadow path.

The virtual bird thus moves down the flight net back in time until it lands at
Xg+1 = 0. The resulting collection of t + 1 vertices forms the shadow path of the
virtual bird B at time ¢. Naturally, we define the velocity of B at time s > 0
as v} (s) = x¥(s) — xy(s — 1). Note that v (¢) = v;(t). To prove that the shadow
path does not stray far from the straightline flight from x;(¢) to p, we focus on
the difference

Ve =i (s)1 —wi(t)1, (26)

for s > 1. If we could show that V; is always nonnegative then, measured in
projection along the X; axis, the virtual bird would fly back in time even further
away from the origin that it would if it flew straight from z;(¢) to the hyperplane
Xgt1 = 0 in the direction of —w;(¢). Except for the fact that a virtual bird at
time 0 may not share the location of any actual bird (an issue we will address
later), this would entirely rescue our initial argument. We cannot quite ensure the
nonnegativity of Vi, but we come close enough to serve our purposes.

Consider an interval [r, s] consisting entirely of noncritical times (hence r >
K;). The flock that contains the virtual bird B is invariant between times r — K;
and s and undergoes no perturbation during that period; furthermore, B has the
same incarnation as some fixed B; during the time period [r—1, s]. If x(j) denotes
the n-dimensional vector with all coordinates equal to 0, except for x(j); = 1, then,
forr—1<u<s,

vj(u) = (x() TP "5 @ I)o(r — Ky).
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We abuse notation and restrict P and v(r — K;) to the flock of B; and not to all
of Gr_g, =---=Gs. By , we find that

|vj(u)r = (mg[o(r — K)Di| < [[((xG)P* ") @ 1g) = (77 @ Ia))o(r — Kt) |2
<VA||P T — 15T pllu(r — K|l
< e—(u—r+Kt)n_O(1)+O(p+10gn).

We conclude that

| = |vj(r — 1)1 = v;(s)1]
< Jui(r — D1 — (mg[v(r — K)])1| + vj(s)1 — (mg[o(r — Kp)))al;

hence, using p > n?,
Vit — V| < e Kin 00+0), (27)

As usual, Kk = e9(*) denotes the number of steps witnessing noise. Suppose
now that s > 1 is critical. If no perturbation occurs at time s — 1, then v} (s)
is a convex combination of the vectors of the flight net joining X441 = s — 2 to

X4+1 = s — 1. By construction, it follows that
o5 — 1)1 = v (s):.
If the vector is perturbed by (, then

vi(s—1)1 >vj(s)1 —C > vj(s)1 — ds—1,

where §; = lngt 0% (the perturbation bound). In both cases, therefore, V5_1 >

Vs — 0s—1. Let € be the number of critical times. By , for all 1 < s <'t,

t—1
LI ST
U=s
Summing over all s,
¢ ot t—1
SV >tV — (1 - 1)ge K 00 N7
s=1 s=1

Since, by assumption, §; = 0 at all but s places,

t—1
Z 505 = reP™”) log t.
s=1

By (25), Vi = v} ()1 — wi(t)1 = Q(wi(t)); therefore,

it) = o) = 23,

+ Qe—Ktnfo(l>+O(P) + lngt HeO(n3). (28)
s=1
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By (24} 9),

SV, = Z{ )1 —a¥(s —1); — wi(t)l} = 27(t); — 27 (0)1 — tw; ()
s=1 =1
x; (t

)1 —zi(t)r — 27 (0)1 = —z7(0)1.

Since 27 (0); is the position of a virtual bird at time 0, it is tempting to infer that
it is also the position of some actual bird at that time; hence |z¥(0);] = 2°).
This is not quite true because adding together the velocity vectors ignores the
baton-passing drift, ie, the displacements caused by switching birds. At critical
times, the virtual bird gets assigned a new physical bird that is adjacent to its
currently assigned feathered creature. Recall how the net NV;(t—1, K) is translated
by x;(t—1)—x;(t—1). Since (i,7) € Gy_1, this causes a displacement of at most 1.
Note that unlike the velocity perturbations, whose effects are multiplied by time,
the drift is additive. This highlights the role of the flight net as both a kinetic and
a positional object. Summing them up, we find that |z¥(0);| < €+ 29®); hence

t
5| < € 4200, (29)

s=1

Recall that a time is critical if there exists either a perturbation or a network
switch in the past K; steps. Recall (23)) that K; = [n(p 4 logt)] for a large
enough constant by. By Lemma this bounds the number of critical times by

€ < Ki(N(n) + ) < (p+log t)n®™) (p + log L),
and the lemma follows from . O

We mention a few other corollaries of Lemma that rely on the model’s as-
sumptions. Again, recall that the sole purpose of these assumptions is to alleviate
the notation and help one’s intuition.

COROLLARY 3.18. Under the default settings (@, at any time t > 1, a bird turns
by an angle Z(v;(t),v;(t + 1)) that is at most

logt

Proof. By and §; = lngt 60(”3), no bird can take a step longer than 200
therefore the angle between the vectors z;(t) and x;(t 4+ 1) is at most %20("). As
a result,

Z(vi(t),vi(t + 1)) < ZL(vi(t), zi(t)) + L(zi(t), zi(t + 1)) + L(zi(t + 1), vi(t + 1))
= w,-(t) + l(a:i(t),xi(t + 1)) + wi(t + 1),

42



and the proof follows from Corollary [3.17] The property we are using here is
the triangle inequality for angles: equivalently, the fact that, among the 3 angles
around a vertex of a tetrahedron in R?, none can exceed the sum of the others.
Even though the birds live in higher dimension, our implicit argument involves
only 3 points at a time and therefore belongs in R3. a

COROLLARY 3.19. Under the default settings (@, if two birds are adjacent in the
flocking network at time t > 1, their distance prior to t always remains within
nO®?) logt.

Proof. For reasons discussed above, any two birds are within distance 29(®) after
a constant number of steps, so we may assume that ¢ is large enough. Consider
the time s that maximizes the distance Ry, for all s € [0,¢— 1], between the points
xi(s) and p = (s/t)x;(t) in the hyperplane X .1 = s. For the same reason, we
may assume that s > 1. By Corollaries

log s
Z(wi(s),vi(s + 1)) < wi(s) + Z(vi(s), vi(s + 1)) < % n® - (30)
Set up an orthogonal coordinate system in the plane spanned by O, p, x;(s): O is
the origin; the X-axis lies in the hyperplane X ;1 = 0 and runs in the direction
from p to z;(s); the Y-axis is normal to OX in the O, p,z;(s) plane. By (3)), the
Y -coordinate py of p satisfies

s < py < 5200

Let Y = Xtana and Y = X tan 3 be the two lines through the origin passing
through z;(t) and x;(s), respectively. Setting Y = py we find that px = py /tana
and z;(s)x = px/ tan ; therefore

R, < o1 20(P) < MSQO@).
tanf tana (sin @) (sin f3)

By construction, the velocity v;(s+1) cannot take the bird B; outside the elliptical
cylinder that is centered at the line (O, z;(t)) with the point z;(s) on its boundary
and that intersects X441 = 0 in a disk of radius Rs = |pz;(s)|. It follows that the
normal projection w of v;(s + 1) on the (X,Y)-plane forms an angle v with z;(s)
at least equal to the angle between the two lines Y = X tana and Y = X tan 3,
which is o — (5. By , therefore,

1
a— <y < Lxi(s),vi(s+1) < Ofs nf®).

Birds are at most 20 away from the origin at time 0 and, by , take no step
larger than that bound. It follows that both o and /3 are at least 2-9(®) therefore

R, < 20 nO®?) logt.
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If two birds B; and B; share an edge in a flock at time ¢, then ||z;(t) —2;(¢)|2 < 1;
so, by the triangle inequality, at any time 1 < s <'t,

S
lzi(s) = 25(s)[l < 200 O logt + 7 llzs(®) =502,

which, by the default settings , proves the lemma. O

zi(t)\

\
Y\

Figure 17: Two birds can’t stray too far from each other if they’re ever to meet again.

Suppose that birds B; and B; are distance at most D at time ¢ > 0. (No
assumption is made whether they belong to the same flock or whether holds.)

By and Lemmas

Aij(t) < floi®) = v (D)2
< Jloi(®) = Foa®lla + los(0) = 3Ol + Hlos(®) — 0l (3)
< (wilt) + w;(£)200) 4 2.

COROLLARY 3.20. Under the default settings (@, at any time t > 1, the difference
in stationary velocities between two distinct flocks joining into a common one at
time t + 1 has Fuclidean norm at most lngt nO™®)

Proof. The stationary velocity of a flock is a convex combination of its con-
stituents’ individual velocities, so the difference in stationary velocities cannot
exceed, length-wise, the maximum difference between individual ones. By and
the connectivity of flocks, the distance at time ¢ between any two birds in the
common flock at time ¢ 4+ 1 cannot exceed D = n + 2°®) . The lemma follows

from and Corollary O
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We define the fragmentation breakpoint t; as
ty = éc'}ncf"?’ (p + log é)", (32)

where c; is a large enough constant. Setting D = 1 in , we find that, by
hysteresis and the Escape Lemma, the edges of G; can break only if ¢ < t;. Past
the fragmentation breakpoint, flocks can only merge.

LEMMA 3.21. At any time t > ty, the flocking network Gy may gain new edges
but never lose any.

The Escape Lemma tells us that, after the fragmentation breakpoint, birds fly
almost in a straightline and both their positions and velocities can be predicted
with low relative error. From a physical standpoint, they have already converged.
The flocking network may still change, however. It may keep doing so for an
unbelievably long time. This is what we show in the next section. Note that,

under the default settings of , the fragmentation breakpoint ¢y is nO®?),

3.3 Iterated Exponential Growth

To pinpoint the exact convergence time requires some effort, so it is helpful to
break down the task into two parts. We begin with a proof that the flocking
network reaches steady state after a number of steps equal to a tower-of-twos of
linear height. This allows us to present some of the main ideas and prepare the
grounds for the more difficult proof of the logarithmic height in §3.4. The main
tools we use in this section are the rationality of limit configurations and root
separation bounds from elimination theory. Our investigation focuses on the post-
fragmentation phase, ie, ¢ > ty. We do not yet adopt the assumptions of ; in

particular, we use the definition of ¢; given in .

LEMMA 3.22. Consider two birds adjacent at time t but not t — 1. Assume that
the flocks that contain them remain invariant and noise-free during the period
[t1,t — 1], where ty < t; <t —1. If, at time t — 1, the birds are in different flocks

with distinct stationary velocities, then t < n@®™ : otherwise, t < t12”0(1).

Proof. Assume that the flocking network G; stays invariant during the period
[t1,t — 1]. Consider two birds B; and B; that are adjacent in G; but not during
[t1,t — 1]. The two birds may or may not be in the same flock at time ¢ — 1. Let
the flock for B; (resp. B;) consist of m (resp. m') birds: m = m/ if the birds are
in the same flock, else m +m’ < n. By abuse of notation, we use the terminology
of @D, ie, P, m, C, ug, A\, as well as v(t), to refer to the flock of m birds, and
we add primes to distinguish it from the flock of B;. We wish to place an upper
bound on ¢t — t;. Let (i) denote the m-dimensional vector with all coordinates
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equal to 0, except for x(i); = 1. By @ . for t > tq,

t—t1—1
wit) =xi(t) + (D (@TPY© Lo Jults +1)
s=0
zilt) + t—t1y+z S

where

y=(rT @ L)v(ty +1) = my[v(t; + 1)];
By, = (x()TC V2] C~12) @ Ip)v(ty + 1).

Note that, by @ ,

m t—1 m
1
y ®), = lim Y M) CVPuuf €T @ Ig)v(t + 1)
1— ) t—o0
k s=0 k=2
t—1
= lim (x(@®)"(P* = 17)) @ Lg)o(tr + 1)
s=0

= ((x(1)'T) @ Iy)v(ts + 1) ;

therefore,

zi(t) = zi(t1) + (x()'T) @ Iy)v(ty + 1) + (t — t1)y Z AL

1—/\k'

Adding primes to distinguish between the flocks of B; and B; (if need be), we find

that
zi(t) —xj(t) = A+ B(t —t) nywt ) (34)
where
(i) A=ai(t1) —z;(t) + (X)) @ La)o(ts + 1) = (' (H)TT) @ La)o' (81 + 1):

(iii)

By Lemma[3.2] the vectors v(ty + 1), v/(t1 + 1), #;(t1), and z;(t1) have CD-
rational coordinates over O(tynlogn + pn) bits, which is also O(t1nlogn),
since, by , t1 >ty > p. In view of Lemma this implies that the
same is true of the vector A.

B = y—y': The stationary distribution 7 = (tr C~1)~'C~! 1 is a CD-rational
vector over O(nlogn) bits. Together with Lemma this implies that B
has CD-rational coordinates over O(tinlogn) bits; hence either B = 0 or
HBH2 > n—Otin)

p1 > -+ > gt Each py is an eigenvalue A; or A) (1,1 > 1) and |ug| < 1.
Their number myg is either m — 1 (if the two birds B; and B; belong to the
same flock) or m +m’ — 2, otherwise.
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(iv) Each ¥y is a d-dimensional vector of the form ®;/(1 — ;) or —®;/(1 — X}).
Since the eigenvalues are bounded away from 1 by n=9(1) (Lemma , it
follows from , the submultiplicativity of the Frobenius norm, and p > n?
that ||¥y][2 = 2°®). In the same vein, we note for future reference that

{- o)
_ _(4— —-0(1
|| Z\pk ,UZ t1 H2 S e (t tl)’l’b +O(p) — 20([3) (35)
k=1

We distinguish among three cases:

Case 1. B # 0: The two flocks must be distinct, for having the two birds in
the same flock would imply that 7 = 7’ and v(t1 + 1) = v/(¢; + 1); hence y = ¥/.
By (i, i), [|A]l2 < n°®“™ and || Blj2 > n~=9"™), If the two birds are to be joined
in Gy, then pIsTy(By, Bj) = [lzi(t) — z;(t)ll2 < 1. By (32), t1 > t; > p; hence
20 — pOtin) 1t follows from that t — t; < n®®") . Note that, for
the lower bound of n=°*1™) on ||B||2 to be tight, the flock would have to be able
to generate numbers almost as small as Lemma [3.2] allows. For this to happen,
energy must shift toward the dominant eigenvalue. This spectral shift occurs only
in a specific context, which we examine in detail in the next section.

Case II. B =0 and ||A||s # 1: By (i), | A|]2 is bounded away from 1 by n=0t17),
It follows from and the triangle inequality that

lli(t) = 25 @)z = 1] = [[All2 = 1] = [ fls(t) — 25 (®)]]2 = [|All2 ]
e ) Ty P
> p=0tin) _ o= (t=t1)n=0D+0(p)

Since t; > p, this implies that, for a large enough constant by, the distance between
the two birds remains bounded away from 1 by n= 91" at any time s > t;nb.
Not only that, but the sign of DIST(B;,Bj) — 1 can no longer change after time
tinbo. Indeed, for any s > tlnbo, the distance between times s — 1 and s varies by
an increment of A;;(s), where, by ,

Aij(s) = [llzi(s) = zj(s)llz = llzi(s = 1) = 2j(s = D]2]

11— _
DS T PR DD J T [P
< e (=t ODH0(p) < o—tan?

With n assumed large enough, this ensures that, past time ¢;n%, the distance can
never cross the value 1. Thus, if the two birds have not gotten within distance 1
of each other by time ¢;n%, they never will—at least while their respective flocks
remain invariant. We conclude that t < t;n°M.

Case III. B = 0 and ||A|]2 = 1: The distance between the two birds tends
toward 1. The concern is that the two birds might stay safely away from each
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other for a long period of time and then suddenly decide to get close enough to
share an edge. The rationality of the limit configuration is insufficient to prevent
this. Only a local analysis of the convergence can show that a long-delayed pairing
is impossible. We wish to prove that, if DIST,(B;, B;) is to fall below 1 for s > ¢,
this must happen relatively soon. Recall that, by ,

zi(s) —xj(s) = A — Z\I/ ty n,

where A is a unit vector. We investigate the behavior of the birds’ distance locally
around 1.

zi(s) = z(s)3 =1 =2 AT ps ™ + 3 " T ()
% ke k!

Let 1 > p; > --- > pny > 0 be the distinct nonzero values among {|ux|, |1xir |}
(N < n?). These absolute values may appear with a plus or minus sign (or both)
in the expression above, so we rewrite it as

lzi(s) = z;(s)3 — 1= ZTk o (36)

where each
T = Tz +(-1)° T,

corresponds to a distinct pr. We distinguish between odd and even values of s so
as to keep each Y time-invariant. We assume that s is even and skip the odd case
because it is similar. Of course, we may also assume that each T = Tg + 71,
is nonzero. We know that )", T pi_tl tends to 0 as s goes to infinity, but the
issue is how so. To answer this question, we need bounds on eigenvalue gaps
and on |Yg|. Tighter results could be obtained from current spectral technology,
but they would not make any difference for our purposes, so we settle for simple,
conservative estimates.

LEMMA 3.23. For allk > 1 and k > 1, respectively,

0

L0(1)
pr<(1—2 )1 and 9112 < |Ty| = 200,

Proof. We begin with the eigenvalue gapH For this we use a conservative version
of Canny’s root separation bound [2,30]: given a system of m integer-coefficient
polynomials in m variables with a finite set of complex solution points, any nonzero
coordinate has modulus at least

9—tDotm. (37)

10 For the purpose of this lemma, we again abuse notation by letting P and n pertain to the
flock of either one of the two birds. This will help the reader keep track of the notation while, as
a bonus, releasing m as a variable.
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where D — 1 is the maximum degree of any polynomial and ¢ is the number of
bits needed to represent any coefficient. Any difference pp — p; can expressed by
a quadratic polynomial, z = z129 — 2324, where each z; is either 1 or the root of
the characteristic polynomial det (P — AI,,). The elements of P are CD-rationals
over O(nlogn) bits, so by the Hadamard bound [30] the roots of det (P — \I,)
are also those a polynomial of degree n with integer coefficients over O(n?logn)
bits; therefore, m < 5; D = n + 1; and ¢ = n®1). This proves that the minimum

gap between two pg’s is 27" Since p1 < 1, we find that, for & > 1,

o(1)

pr < (1=27""")p1,
which proves the first part of the lemma.

By (iv), ||¥]la = 29®); therefore, by Cauchy-Schwarz and the inequalities
pr < 1 and p > n?, the same bound of 2°®) applies to any ||, which proves the
second upper bound of the lemma. We now prove that || cannot be too small.
Recall that it is the sum/difference of inner products between vectors in {A, ¥y }.
We know from (iv) that ¥y, is of the form ®;/(1—X;) or —®;/(1 — X}). We assume
the former without loss of generality. By @, ,

r= zn: > nc ul T,

r=2 s>0

In view of (iv) and (33), it then follows that

o 1
1—XN 1-=X
1

DY {(X(i)Tcl/QUIUzTC_I/2CI/2ululTC_1/2) ® Id}v(tl +1)

U, =

{(X(i)Tcl/QululT cY) g Id}v(tl +1)

I
NE

——{ ()Tl €O P €TV @ Iy fu(t 4+ 1)

ﬁ
3 |
I\

{(X(z‘)T)\iCl/Quru,rC’1/2C1/2ululTC’1/2) ® Id}v(t1 +1)

||
N
vl

= ((X(i)_TTCI/QUWE‘FC*I/z) ® Loty +1) = (x(1)'T) @ Iy)W,

o

where W = ((CY2wu] C~/2) @ I;)v(t; +1). By Lemma v(t; + 1) is a vector
with CD-rational coordinates over O(t;nlogn) bits; remember that ¢t; > p. By
Lemma[3.12] the elements of I' are CD-rationals encoded over O(nlogn) bits. Any
coordinate of Wy, can thus be written as a sum Y, of at most n? terms of the form
R;c;y;2;, where:

e All the R;’s are products of the form I',,v,(t1 4+ 1), hence CD-rationals over
O(tinlogn) bits;
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e «; is the square root of a rational ¢,/c, over O(logn) bits;

e y;,z; are two coordinates of u;. Recall that, by , u; is a unit eigenvector
of C~1/2pC1/2,

By (i), A is a vector with CD-rational coordinates over O(t1nlogn) bits. It follows
that T} is a sum ), of nPW terms of the form Siviyiziyiz;:

e All the S;’s are CD-rationals over O(tinlogn) bits;

e ~; is the square root of an O(logn)-bit rational, ie, a number of the form
Vew/ex)(en/en);

® yi, 2,y 2l are coordinates of the eigenvectors (or 1, to account for AT W,,).

It is straightforward (but tedious) to set up an integer-coefficient algebraic system
over m = n®M) variables that includes Y} as one of the variables. The number of
equations is also m and the maximum degree is n. All the coefficients are integers
over O(tinlogn + n®W) bits. Rather than setting up the system in full, let us
briefly review what it needs to contain:

1. T} is a sum of nOM) quintic monomials S;7y;y;z;y,z;; where the S;’s are CD-
rationals over O(t;nlogn) bits.

2. Each ; is of the form /a/b, where a, b are O(logn)-bit integers. We express
it by the equation b%? = a. (This yields two roots, but any solution set is
fine as long as it is finite and contains those we want.)

3. The y;, zi, Y., 2. are coordinates of the eigenvectors u; of c~12pct/?2. We
specify them by first defining the eigenvalues Aq,..., A, and

det (P — \iI,) =0;
C’l/QPCl/Zui:/\iui; (1§Z<j§n)

||ul||% =1, and u;fpuj =0.

The issue of multiplicity arises. If the kernels of the various P — \;I,, are
not of dimension 1, we must throw in cutting planes to bring down their
sizes. We add in coordinate hyperplanes to the mix until we get the right
dimension. We then repeat this process for each multiple eigenvalue in turn.
(Of course, we do all this prior to forming the vectors ¥;.) We rewrite each
eigensystem as Pv; = A\jv;, where v; = CY/24y;, and again we square the
latter set of equations to bring them in polynomial form.

Once we reduce all the rational coefficients to integers, we can use the separation
bound (37), for m = n°M, D =n+1, and ¢ = O(tinlogn + nPW), which is
O(tinlogn). This gives us a bound on the modulus of any nonzero coordinate of
the solution set; hence on |Yy|. O
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By , it follows from the lemma that ||2;(s) —x;(s)||3 — 1 = Y1 pi " (1+¢),

where

1) (1)

¢ < e G2 ez _ gy

for s > t12"b1, with b; being a large enough constant. The same argument for
odd values of s shows that, after ¢;2""", either |lzi(s) — 2j(s)||3 stays on one side
of 1 forever or it constantly alternates (at odd and even times). Since the birds
are joined in Gy but not in G (t; < s < t), it must be the case that ¢ < t12”0(1>.
This concludes Case III.

Putting all three results together, we find that the bound from Case I is the
most severe, t < nCt1™) while Case II is the most lenient. When the two birds are
in the same flock at time ¢t — 1, however, the bound from Case III takes precedence.
Od

Lemmas and show that all network switches take place within the
first too = 2 17 O(n) steps. Perturbations occur within n®®") steps of a switch
and do not affect Lemma [3.2] The previous argument thus still applies and shows
that the same upper bound also holds in the noisy model. After time ¢, the
flocking network remains invariant. By virtue of , the limit trajectory of the
birds within a given flock is expressed as

z(t) = 2" + (171 @ La)x(ts) + (t — too) (177) @ La)v(too + 1),

where the stationary distribution 7 refers to the bird’s flock (and therefore should
be annotated accordingly).

3.4 Tower of Logarithmic Height

We prove that the tower-of-twos has height less than 4logn. To simplify the
notation (a decision whose wisdom the reader will soon come to appreciate), we
now adopt the assumptions of . As we discussed earlier, this means setting
the fragmentation breakpoint ¢y = nfon* for some large enough constant fy. The
improvement rests on a more careful analysis of the merges subsequent to the
fragmentation breakpoint ¢;. Note that in the proof of Lemmathe bottleneck
lies in Case I: specifically, in the lower bound on ||B||2 and the upper bound on
||Al|2. The latter can be improved easily by invoking the Escape Lemma. To get
around || B||2 requires more work. Recall from that the position vector of one
flock is given by
z(t) =a+bt+ (I't ® Ig)v,

where the matrix I'; describes a damped oscillator. The stationary velocity b is
formed by the first spectral coordinates, one for each dimension, associated with
the eigenvalue 1. The oscillator involves only the spectral coordinates correspond-
ing to the subdominant eigenvalues (|\x| < 1).
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The Combinatorics of the Spectral Shift. The reason flocks take longer to
merge into larger flocks is that they fly in formations increasingly parallel to one
another. The term bt grows linearly in ¢, so an iterated exponential growth can
only come from the oscillator. Of course, the angle between the flight directions of
two flocks is given by the stationary velocities. Therefore, for the angles to inherit
an exponentially decaying growth, it is necessary to transfer the fast-decaying
energy of the oscillators to the stationary velocities themselves. In other words, the
collision between two flocks must witness a spectral shift from the “subdominant”
eigenspace to the stationary velocities. Small angles are achieved by getting two
stationary velocities to be very close to each other. Indeed, the spectral shift does
not cause a decay of the velocities themselves but of pairwise differences. Recall
that flocking is invariant under translation in velocity space; so any interesting
phenomenon can be captured only by differences.

Let b be the stationary velocity of the new flock formed by two flocks joining
together after flying on their own during ¢ steps. Let b’ be the stationary velocity
resulting from two other flocks flying in similar conditions. The spectral shift will
ensure that the difference b — o’ has Euclidean norm e‘t”_o(l), ie, exponentially
small in the flight time. One should think of it as an energy transfer from the
subdominant eigenspaces to the stationary velocities. The challenge is to show
that this transfer can occur only under certain conditions that greatly restrict its
occurence. This requires a combinatorial investigation of the spectral shift.

A %

L L e Bl

Figure 18: Without spectral shift, the difference between stationary veloci-
ties becomes null and the two flocks never meet. The spectral shift resupplies
the stationary velocities with the fast-decaying energy located in the subdom-
inant part of the spectrum. This causes a slight inflection of the trajectory
(black lines).
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We model the sequence of post-fragmentation breakpoint merges by a forest F:
each internal node a corresponds to a flock F;, of n, birds formed at time ¢, > ty.
If a is a leaf of F, then its formation time ¢, is at most ¢y. A node with at least
two children is called branching. A nonbranching node represents the addition of
edges within the same flock. Our analysis will focus on branching nodes with no
more than two children. In general, of course, this number can be arbitrarily high,
as several flocks may come together to merge simultaneously. We will see later
how to break down multiple aggregation of this form into pairwise merges.

Let L(t) denote the minimum value of n,, the number of birds in Fj, over all
branching nodes a and all initial conditions subject to , such that ¢, > t. Our
previous upper bound shows that L(t) = Q(log™t). We strengthen this:

LEMMA 3.24. L(t) > (1.1938)l08" t=0loglogn) " yynere 20 ~ 1.1938 is the unique
real root of x® — x? — 1.

This implies that the last merge must take place before time ¢ such that L(t) <
n; hencet < 2 11 (3.912logn). By Lemma multiplying this quantity by gn®
suffices to account for the network switches following the last merge. As observed
earlier, noise has no effect on this bound. This proves the upper bound claimed

in 1] O

The Intuition. Think of the group of birds as a big-number engine. How many
bits can n birds encode in their velocities at the last network switch? The previous
argument shows that this number cannot exceed a tower-of-twos of linear height.
We show that in fact the height is only logarithmic. What keeps this number
down is the presence of residues. We begin with a toy problem that has no direct
connection to bird flocking but illustrates the notion of residue. Consider an n-
leaf binary tree whose nodes are associated with polynomials in R[X]. Each leaf
is assigned its own polynomial of degree 1. The polynomial p, at an internal node
v is defined recursively by combining those at the children u, w:

Po = DPu® Puw = Pu+ Puw+ (Pu — pw)xgh(lm—Pw)?

where h(p) is 0 if z = 0 not a root of p and h(p) is its multiplicity otherwise; in
other words, it is the lowest degree among the (nonzero) monomials of p. How
big can the degree of pyoot be? It is immediate to achieve a degree that is a
tower-of-twos of logarithmic height. Take a complete binary tree and assign the
polynomial (—1)!®z to a leaf v, where I(v) is the number of left turns from the
root to the leaf. We verify by induction that the polynomials at level k are of the
form +cz%, where d; = 1 and, for k > 1,

cpr®™ =+ 2ck,1xdk*1+2dk71.
This shows that dj, = dx_1 + 2%-1; hence the stated tower-of-twos of logarithmic
height. Couldn’t we increase the height by choosing a nonbalanced tree? The
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answer is no, but not for the obvious reason. The “obvious reason” would be that
to go from a node u of degree d to a parent of degree 2% requires not just one but
two children u, v of degree d. Nice idea. Unfortunately, it is not true:

2t @ 0= 2?4 282 (38)

Note, however, that if we try to repeat this trick we get
2
<:Ud + xd+2d> @ 0= xd<1 + x2d> ,

which increases the degree by only a constant factor. The reason for this is that
during the exponential jump in the polynomial inherited a residue, ie, the
“low-degree” monomial z¢, which will hamper future growth until it is removed.
But to do so requires another “big-degree” child. This residue-clearing task is
what keeps the tower’s height logarithmic. We prove this below.

THEOREM 3.25. A tree of n nodes can produce only polynomials of degree at most
211 O(logn).

Proof. Let L(d) be the minimum number of leaves needed to produce at the root
a polynomial of degree at least d. We prove that

L(d) > 29le™ ), (39)

from which the theorem follows. Let v be the root of the smallest n-leaf tree that
achieves d,, > d, where d,, denotes the degree of p,. Let u,w be the children of v,
with d, > dy,, and let y, z be the children of u with d, > d.. We assume that d is
large enough, so all these nodes exist. Note that

dy < dy + 2% and dy < dy +2%. (40)

Assume that

dy, dy < logloglog dy;
{ < loglog log (41)

dy < Vdy < dy < /d,.

In view of (40), this shows that d,, > d,, and dy > d,. This first inequality implies
that d,, 4 2MPu—Pw) = d: therefore, by 1} h(py — pw) > %log d,. In other words,

for some polynomial ¢, # 0. Repeating the same line of reasoning at node u, we
derive the identity dy+2h(py —Pz) = d,, from the strict inequality dy > d.. It follows

from that

d. <logloglogd, < %logd, < h(py — p.) <logd, < %log dy.
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This implies two things: first, by d. < h(py—p-), the polynomial p, has a monomial
q of degree h(p, — p.); second, that degree is strictly between logloglogd, and
%log dy. A quick look at the formula

2h(17y —pz)

Dy =Dy + Pz + (py —p2)x
shows that p, also contains ¢: indeed, by d, < h(p, — p.), it must be the case
that p, + p. contains the monomial ¢; on the other hand, the minimum degree in
(py — pz)th(py_pZ) exceeds h(p, — p.). This proves the presence of ¢ in p,,, which
contradicts . This, in turn, means that cannot hold. The monomial ¢ of
degree h(py — p-) is the residue that the big-number engine must clear before it

can continue exponentiating degrees. Since d, > %log logd, at least one of these
two conditions applies for any large enough d:

L(d) > L(3loglogd) + L(logloglogd);
L(dY*) +1.

We use the monotonicity of L to reduce all the cases to the two above. The lower
bound follows by induction. O

Clearing Residues. Recall that t, > t; is the time at which the flock Fj is
formed at node a of F after the fragmentation breakpoint t; = nfor® . With the
usual notational convention, it follows from E[) that, in the absence of noise,
for t > t,,

Va(t) = (P @ Ig)va(ta)

= (Ln, @ I)mg + > N ((CV2uud V%) @ Lg)va(ta),
k>1

where m, = (7] ® I;)v,(ts) is the stationary velocity of the flock F,, ie, the
d-dimensional vector of first spectral coordinates. As usual, it is understood that
P,C, Mg, ug, ete, are all defined with respect to the specific flock F,, and not the
whole group of n birds. We subscript 1 with the flock size for convenience. By ,

p = n?; hence, by ,
[va(t) = (Ln, ® Lo)mg|ly < e~ (¢ta)n 20+00), (43)

By the general form of the stationary distribution 7, as (trC~')~'C~'1,,, its
coordinates are CD-rationals over O(nlogn) bits. So, by Lemma[3.2] each coordi-
nate of m, is an irreducible CD-rational p,/q,, where the number of bits needed
for pg and g, is O(tgnlogn + pn) = O(tynlogn). We denote the maximum bit
length over all d coordinates by ¢(m,). The following holds even in the noisy
model:
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(mg) = O(tgnlogn). (44)

Consider a flock F, associated with a branching node ¢ of F: let a and b be
the two children of ¢ in F (hence n. = n, + np) and assume that ¢, > t; and that
no node of the forest F has more than two children, ie, flocks merge only two at a
time["T| By Corollary the difference in stationary velocities between Fy and
F}, satisfies

Img — my | < 18t O, (45)

If the difference is null, then by Cases II, III of the previous analysis (B = 0),
t. = ta2"0(1). Otherwise, by and the equivalent bound for ||my|2,

|lmg — myl|y > n~ O, (46)

The two inequalities yield an upper bound on .. By our treatment of
Cases II, III in the proof of Lemma we conclude that, whether m, = mjy or
not,

te < nO(tan)' (47)

This leads to our earlier {2(log™ t) bound on L(t). It is essentially a new deriva-
tion of our previous result. We now see how to improve it. Let F, be the forest
derived from F by removing all nonbranching internal nodes and merging the ad-
jacent edges in the obvious way. Our assumption implies that each internal node
of F, has exactly two children. Let ag,...,ax (k > 1) be an ascending path in F,
and let b; denote the unique sibling of a;. The following lemma assumes the noisy
model. Its proof is postponed.

LEMMA 3.26. Assume that 227 < logloglogt,, < tﬁo < tq, < logty,. Then,

by, = V/1oglogt,,, for some 0 <ig < k.

The Recurrence. We set up a recurrence relation on L(t) to prove the lower
bound of Lemma e, L(t) > (1.1938)l0g" t=0loglogn) [ et 5 =211 |loglogn].
It is assumed as usual that n is large enough. For ¢ < 3, we have the trivial lower
bound L(t) > 1 (choose the constant in the big-oh to be larger than 1), so we may
assume that ¢ > ty. The child b of a node ¢ (both defined with respect to F,) is
called near if t, > (logt.)?/3.

11 The simultaneous merging of more than two flocks can be dealt with by breaking ties
arbitrarily. Since there are fewer than n merges, this means that in our calculations time might
be off by at most an additive term less than n. One can verify that this discrepany has no real
effect on any of the derivations and conclusions presented below.
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Figure 19: A big flock F, may join with a small one, Fp, to form a flock
F, that produces a much larger number than either one could manufacture
on their own. This, however, cannot be repeated in the next step. To create
a bigger number at the parent flock of F,, the residual heat in F, (numbers
in box) must be evacuated, which itself requires free energy that can only
be provided by a flock Fy that roughly matches F, in size. In this way, an
abundance of spectral shifts forces balance into the forest F.

LEMMA 3.27. Any internal node ¢ of F, such that t. > 927 has at least one near
child.

Proof. By , we know that ¢ has a child bg in the original forest F such that
te = n@™)  We exhibit a near child b for c. If bo is branching, set b = by;
otherwise, set b to the nearest branching descendent of by. By Lemma [3.22]
the formation times of any node in F and its nonbranching parent differ by at
most a factor of 27°"”. Perturbations make no difference since they occur within
polynomigl time of a switch. Since F has fewer than n? nodes and ¢, > 92! , with
ty = nfon 7

ty > 2_"0(1>tb0 > 9—no® logt. > (log tc)2/3.
O
Let ¢y be an arbitrary node of F, such that
teg >t >1t9 =217 [loglogn]. (48)

By the previous lemma, we can follow a descending path in F, of near children
co,C1,--.,C, Where t., < 927 < 't¢.,,- Because tg is so much greater than ., the
path has more than a constant number of nodes—in fact, at least on the order of
loglog n. For future use, we note that
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92 < logloglogtc,. (49)
LEMMA 3.28. There exists k > 1 such that
logloglogt., < tfk <te , <logte, .
Proof. By and Lemma there exists some c¢; in F, such that
(log log tcO)2/3 < te; <logte,.

Suppose now that all the nodes ¢;, for i = j+ 1,5+ 2,...,1, satisfy tﬁi >t -
Since there are most n nodes along the path from ¢y to ¢; in F,, then, by

again,
t . e tf/2
227 > te, > t‘clj > (loglogte,)* ¥ (50)

This contradiction proves the existence of some node ¢ (j < k <) such that
te, <te,_, <logte,.
The argument used in shows that the smallest such k satisfies, via ,

—n —_n— t
tep , > tﬁj > (loglog tco)4 b 02V

Another application of the inequality above, t, , > 92/ , allows us to invoke
Lemma By virtue of t., being so big and ¢y being a near child of ¢4
(by construction),

tﬁk > (log tck_1)8/3 > 475" (logloglog te, )¥/? > logloglog te,.
O

We now prove Lemma [3.24 Setting a; = cx_; for i = 0,...,k, together
with (49), the lemma sets the conditions of Lemma This shows that ¢4, >

(logloglog tak)l/ 4 and, conservatively,
ty,, > (logloglogloglog tak)l/?’.

Nodes ag and b;, are roots of disjoint subtrees, so the number of leaves below ay
is at least that of those below ay added to those below b;,. Since L is a monotone
function and, by , ap, is an arbitrary node such that t,, > t,

L(t) > L((logloglog t)1/4) + L((log log log log log t)l/g),

for t > tg = 2 17 |loglogn], and L(t) > 1 for t < ty. We solve the recurrence
without the exponents, and then show that ignoring them makes no asymptotic
difference. Define L*(t) = 1 for t < tg and, for any ¢ > t,

L*(t) = L*(logloglogt) 4+ L*(logloglogloglogt).
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Given the bound we are aiming for, we can round off ¢ down to the next tower-of-
twos. If L*(t) = M(o), where o = log™t, we can rewrite the recurrence relation
as

M(o)=M(oc—3)+ M(c —5),

where M (o) = 1 for o < log™ty. Quite clearly, M (o) upper-bounds the maximum
number ng of leaves in a binary tree 7* where: (i) each left edge is labeled 3
and each right edge 5; and (ii) the sum of the labels along any path is at most
s = log™t —log* tg. Note that 7* is binary: the constraint that each internal node
should have exactly two nodes does not follow from the definition and is therefore
added. We seek a lower bound of the form cz®. This means that 2* > %73+ 2572,
for s > 5 and cx® < 1 else. The characteristic equation is

22— —1=0.

We choose the unique real root zg ~ 1.19385; this leads to ¢ = xg“r’. This shows
that ns > x8_5; hence,
L* (t) > 'r%)og* t—loglogn—5'

It is obvious that the binary tree 7 associated with the recurrence for L(t) embeds
in 7* with the same root. We claim that it is not much smaller: specifically, no
leaf in 7 has more than a constant number of descendents in 7*. This implies

immediately that

log* t—O(log1
L(t) Z xOOg (Og Ogn)7

which proves Lemma (3.24 O

To prove our claim, we show that no path in 7* extends past its counterpart
in 7 by more than a constant number of nodes. We model simultaneous, parallel
walks down the trees as a collaborative game between two players, Bob and Alice,
who take turns. Initially, both of them share the same value

ta=tp=t>t.

In one round, Bob modifies his current value by taking iterated logs. He is entitled
to up to 5 logarithm iterations; in other words, he can set t5 < logtg or

tp < logloglogloglogtp,

or anything in-between. Alice mimics Bob’s move but then completes it by taking
a fractional power; for example, if Bob opts for, say, loglogtp, then Alice resets
her value to (loglogt4)®, where « is a number between I and 1. To summarize,
Bob chooses the number of log iterations and Alice chooses a: they can change
these parameters at each round. A player’s score is the number of rounds before
his or her value falls below (or at) tg. Alice’s score cannot be higher than Bob’s,

so the latter is expected to play the last rounds on his own.
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The joint goal of the players is to maximize their score differential. Regardless
of either player’s strategy, we show that Bob’s score never exceeds Alice’s by more
than a constant. This follows directly from the next two lemmas, whose proofs we
postpone.

LEMMA 3.29. The score differential is mazximized when Bob always selects the
single-iterated log rule and Alice follows suit with o = %; in other words, tg «
logtp and ty «— (logtA)1/4.

With the strategy of the lemma, Bob’s score is log* ¢t — log* tg. Within an
additive constant, Alice’s score is at least the minimum h such that ¢, > ¢, where
¢; is defined by ¢y = té and, for i > 0, ¢; = 2%-1. To see why, note that the

inverse of the function z — (log 2)"/* is z — 2Z4; taking logarithms on both sides
gives the recurrence on c¢;.

LEMMA 3.30. Fort >tg, min{h|cy, >t} >log*t —log*ty — O(1).

This validates our claim that no path in 7* extends past its counterpart in 7°
by more than a constant number of nodes. This fills in the missing part in the
proof of Lemma and establishes the upper bound on the convergence time
claimed in

Proof of Lemma [3.26] We begin with a few technical facts. Recall from the
“Clearing Residues” section that the flock F, is associated with a branching node
c of F and that @ and b are its two children in F; furthermore, t, > t, and ¢, > ty,

where t; = nfon® . Assume that the velocity vector of F, at time t, is of the form
Va(ta) = (1n, ® lg)mg + (Ua @ Ia)pta + Ca, (51)
where u, € R", i, € R? and, for some real 7,

otr < 7 < 13/,

¢(mg) = O(loglog 7);

ltalloo =1 & ug > 05 (52)
" < pall2 < L

Iall < e 7P R,

e—T’I’L

Note that the d-dimensional rational vector m, is not defined as the stationary
velocity m, of F,,, though it plays essentially the same role. The term (u, ® Ig)q
creates the residue ||pql|2 of Fy. Unless Fj, can “destroy” this residue when it joins
with Fj,, one should not expect the flock formation time to grow exponentially.
The crux is then to show that only a flock Fj with many birds can perform such
a task. The following result says that, if the flock F} settles too early, its effect on
the residue of F, is negligible. The conditions on F_ stated below differ slightly
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from those for F, to make them closed under composition. The lemma below also
covers the case n;, = 0, when the transition from Fj to F. is involves the addition
of an edge within the same flock. (Here, too, we assume without loss of generality
that these additions occur only one at a time within the same flock.) We postpone
the proof of this result.

LEMMA 3.31. Suppose that F, undergoes no perturbation. If node b is well de-
fined, then assume that t, < loglog ™. Whether node b exists or not,

Uc(tc> = (1nc ® Id)ﬁla + (Uc & Id),uc +Ce,

where
”uc”oo =1¢& Ue > 0;

ltall2 O < lptellz < [lpall2
2
[Cellz < nf|Call2 +e77.

Furthermore, if node b is well defined, then m, = m, # m,.

Remark 2.3. It might be helpful to explain, at an intuitive level, the meaning
of the three terms in the expression for v,(t,), or equivalently v.(t.): m, is a
low-precision approximation of the stationary velocity my; the vector (ug, ® Ig)a
creates the residue; the remainder (, is an error term. The term m, is a low-
resolution component of the velocity that any other flock Fj has to share if it is
to create small angles with Fj, (the key to high flock formation times) Think of it
as a shared velocity caused by, say, wind affecting all flocks in the same way. This
component must be factored out from the analysis since it cannot play any role in
engineering small angles. This is a manifestation of the relativity principle that
only velocity differences matter. To create small angles with Fj, incoming flocks
F, must attack the residue vector (ug ® Ig)pq. Of course, they could potentially
take turns doing so. Informally, one should read the inequalities of the lemma as
a repeat of . The lemma states a closure property: unless Fj brings many bits
to the table (via a formation time at least loglog 7), conditions will still hold.
These conditions prevent the creation of small angles between flocks, and hence
of huge formation times. In other words, flocks that settle too early cannot hope
to dislodge the residue ||p||2. The reason is that this residue is shielded in three
ways: first, it is too big for the error term (, to interfere with it—compare e—noW
with e~ O +n0W ; second, it is too small to be affected by m,—compare % with
a rational over O(loglogT) bits; third, all of its coordinates have the same sign
(ug > 0), so taking averages among them cannot cause any cancellations. This
form of “enduring” positivity is the most remarkable aspect of residues.

By , the lemma’s bounds imply that

o 2,,—0(1) 4, O(1)

) _
<ellz <L & |l <e” ,

6—TTL
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which brings us back to . If ¢ has a (unperturbed) parent ¢’ and sibling ¥’,
then we can apply the lemma again. Note that composition will always be applied
for the same value of 7, ie, one is that is not updated at each iteration. In other
words, the first two lines of , unlike the last three, are global inequalities
that do not change with each iteration. This closure property is not foolproof.
First, of course, we need to ensure that t;y < loglog 7. More important, we lose
a polynomial factor at each iteration, which is conveniently hidden in the big-oh
notation. So we may compose the lemma only n®™) times if we are to avoid any
visible loss in the bounds of . Since the forest has fewer than n? nodes, this
means that, as long as its conditions are met, we can compose the lemma with
ancestors of ¢ to our heart’s content and still get the full benefits of .

The provision that b might not be well defined allows us to handle nonbranching
switch nodes with equal ease. Recall that v.(t.) is the velocity leading to time
tc, ie, before the flock Fp has had a chance to infuence it. The provision in
question might thus appear somewhat vacuous. Its power will come from allowing
us to apply the lemma repeatedly with no concern whether a node has one of two
children. A related observation is that nowhere shall we use the fact that ¢, is
the actual formation time of F,. It could be replaced in by any ¢, strictly
between t, and t.. We thus trivially derive a “delayed” version of Lemma[3.31} We
summarize its two features: (i) Lemma can be composed iteratively as often
as we need to; (ii) node a need not be an actual node of F but one introduced
artificially along an edge of F.

What if F, undergoes a perturbation between t, and t.? Then the flock
F, sees its velocity multiplied by I,,, ® @, where & is the diagonal matrix with
a = (aq,...,aq) along the diagonal and rational |o;| < 1 encoded over O(logn)-
bits. Observe that the two matrices P, ® I; and I,,, ® & commute; therefore the
perturbation can be assumed to occur at time ¢,. This means that, in lieu of ,
we have, using standard tensor rules,

Va(ta) = (In, ® @)(1p, ® Ig)Mg + (In, @ @)(ta @ La)pta + (In, ® €)Ca
= (1n, ® A)Mg + (U ® Q)pa + (In, ® ¥)Ca -

Bringing it in the format of , we find that
Va(ta) = (1p, ® la)Mg + (ta @ Lg)pa + Ca s

with the new assignments:

It is immediate that the conditions of still hold: the only difference is that

{(m,.) < {(mg) + O(logn).
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By , logr > tf = nfor’ so ¢(m,) stays in O(loglog7) as long as the number
of compositions is O(n?), which it is. We summarize these observations:

LEMMA 3.32. Let cg,...,c; be an ascending path in F and let d; be the sibling, if

any, of ¢;. Assume that cg, possibly an artificial node, satisfies the conditions of
node a in and that tq, < loglog T for all d;. Then,

Ve, (tcz‘) = (]‘nci & Id)ﬁlcz' + (uci by Id),UJci + Cc¢ )

where
{(m;) = O(loglog 7);
lltelloo =1 & ue, >0;
e < gl < 1
||<_CZ||2 S 6_7_27,170(1)_’_”0(1).

For all d;, mg, = m,, # m,,.

We are now equipped with the tools we need to prove Lemma[3.:26] Recall that
agp,...,ax (k> 1) is an ascending path in F, and b; denotes the unique sibling of
a;. (Note that ag---ay is a path in F, whereas, in Lemma cp--- ¢ is a path
in F.) Also,

t
227 < logloglogt,, < 7530 <tg, <logtg,.

Assume, by contradiction, that ¢, < \/loglogt,, for i = 0,...,k — 1. As we
observed earlier, Lemma [3.22] ensures that, regardless of noise, the ratio between
the formation times of any node in F and that of its nonbranching parent is
at least 277", Since there are fewer than n2 switches, this implies that Fj,

O(1
<>. Because

can undergo switches or perturbations only between ¢,, and ¢,,2"
ta, > téo > 22tf7 with ¢y = nfo"’ this shows that the entire time interval [%tdl ytay)
is free of switches and noise. Let a be the last node in F from ag to a; and let ¢
be the artificial parent of a corresponding to the flock F,, at time ¢,, — 1: we set
Ny = Ngo and te, =t,, —1. The bound in ensures that the oscillations in the

flock F, are heavily damped. Indeed,

Veo (tey) = (1nc0 @ Lg)me, + Cep (53)

where, because of the magnitude of ¢,,,

[Coolla < e~ (tar/2=DnOW+00®) o o—tayn=OW) o —r2 (54)
where 7 = %t(lz{3‘ The rest of the sequence {c;} is now entirely specified. In

particular, note that ¢; = a; and dy = by. By extension, m., = m,; so, by (45,

logta, no(n3)

ta, <

3=

[me, — myl2 <
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therefore, m., = my, + p,, where

lpcoll2 < 7 (55)

As we shall see, the presence of the square 72 in the exponent of ensures that
the oscillations of Fg, are too small to interfere with the residue |[|pc,||2. Writing
m., = my,, it follows from that

Veo (tey) = (1nc0 ® Ig)me, + (1nc0 ® Ia)ticy + Ceo 5

which matches , with ue, = 1., Since all the nodes d; are of the form b;,,

ta, < y/loglogt,, < loglogT.

Thus, we will be able to apply Lemma [3.32| once we verify that all conditions

in are met:

o 27 <7< tif‘]: This follows from our setting 7 = %(tao + 1)1/3 and our

assumption that ¢4, > 22/
e [((m,,) = O(loglogT)]: Because 7 > 22tf727

Vloglogt,, nlogn < (loglog ta0)2/3 = o(loglog 7).

The desired bound follows from :
(me,) = ¢(my,) = O(tyynlogn) = O(y/loglogt,, nlogn) < loglog .

o [e—mom < lggell2 < %] The upper bound comes from . For the lower
bound, note that m., = m,, with ¢, < t4, 2n?® " Another application of
shows that

{(mg,) = O(tgnlogn) < t7/5 < .

We just saw that £(my,) < loglogT, so pe, = m., —my, is a d-dimensional
vector with rational coordinates over fewer than 27 bits. The lower bound
follows from the fact that yic, # 0. By Lemma [3.22] the stationary velocities
m,, and my, cannot be equal, otherwise the two flocks Fy and Fj,, could not
take so long to meet at time t,,. Indeed, the time elapsed would be at least
ta, — ta, (since ty > tp,), which would greatly exceed the limit of ta2"0(1)
allowed.

o [lluclloo =1 & uey >0 & ||l < e 77 7P +nY 1. The bounds follow
from (54)) and u, =1

'I’Lao .
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Let ¢; be the node ag. By applying Lemma at ¢, we find that my, , =m,, |.
Applying the same lemma now at node ¢;_; shows that

ey (b ) = (1n¢3171 ® Ig)me,_, + (te,_y @ La)pie_y + Cory s

where o)
e,y ll2 > e™™
||uszlHoo =1& Ue,_; =03

1oy llz < e=7n~ WO,
The lemma also allows us to express the stationary velocity at ¢;_1:
mg , = (71'2;71 ® Ig)ve, ,(te, )
= (mg,_, © 1) ((Ln,_, ® La)e,_, + (ue,y ® La)peyy + Coroy)
=my,_, + (W£71Uc1_1 @ Ig)tte, |, + (7‘(’271 ® 1q)Ce -
By the triangle inequality, it follows that

e,y —my, o > (7, e, @ La)pe, -y ll2 = 11(me,, @ La)Cor, |12

> 77ty ey ll2 = 17D, @ L) # e, Il
> min(m_, )i}e 0" = Vd e O nOW om0l
A

By (5),
log tak nO(ns) )

)

||m6171 - mbk—1H2 < tay,

. 4
therefore, since t,, > 2t > nn,

_ o(1) 1.5
ta), < Hmcl—l - mbk71H22 <e™ <e

which contradicts our assumption that 7 = %t}l{?’ < (logta, )'/3. O

Proof of Lemma Using the shorthand u® = Ple~tay, and (¢ = (Plte @
1;)¢,, we express the velocity of the flock F, at time t.. From

va(te) = (Pt @ I v (ta),
we find that, by ,

Ua(tC) = (Péc_ta ® Id)(lna ® Id)ﬁla + (Péc_ta ® Id)(ua & Id),ua + Ca

= (1, ® Ig)mg, + (u* @ Ig)pa + (% (56)

Because P, is an averaging operator, ||Pi " ey, |l < |[tugllooc = 1. The vector ug
is nonnegative, so

IPE talloe = LI PE ually = ;10 P ey = Ll Pl o,
i -0(1
> hmpua > o min{(ma)i}|ualloo > =00,
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Similarly, by convexity,

1(Pae™" @ Ia)Call2 < Ve |[(Par™" @ Ia)Callo

< Vdna|lalloo < Vdna l|Call2;

therefore,

(57)

n= 00 < |Ju)oo <1 & u® > 0;
1€*]l2 < nllCallz-

Case I. Node b is well defined and ¢, < loglog 7: Since, by , te >ty > 73 >
8tf, with t; = nfon’,

~(te = ty)n W + 0(n) < 1%
so, by applying ([@3) to the flock F}, we find that
op(te) — (Ln, @ Ig)my|lp < e~ (e to)n O0+00),

hence )
Ub(tc) = (].nb &® Id)mb +e 7 2.,

where ||z.|l2 < 1. Tt follows from that

Ua(tc> (1n ® Id)fﬁa (ua ® Id),ufa (a
t prm— pr— a
ve(te) <vb(tc)) ((1nb ® Imy) 0 ez (58)
(1,, ® I4)m, u® &
g @ I *
((lnb ® Id)mb + 0 @ 1g ¢ Ha + e_TQZc
By , the stationary velocity of F, is equal to
mg = (7"5 ® Ig)va(ta) = (Trg ® 1) (1n, @ Ig)mg + (ug ® Ig)pa + Ca) (59)
=y, + (7 ug)pta + (71 @ 13)C,.
By the triangle inequality, it follows that
g — Mgllo > 75 walliallz = (g @ La)ll [l Call2
> min (ma)i}e T — VeI >
(2
which shows that
m, # m. (60)

Note also that, by ,

My — my[ly < [jmg —myglls + [Jmg — myll

< g Ualltall2 + 7 @ Lal| pliCall2 + [lma — myl2.
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We bound each term on the right-hand side: by and Cauchy-Schwarz,
WguaHNaHQ < lHTraH?HUaH? < %Vna a0 < %\/ﬁ

By andtc>7328tf,
lm, — mylls < 1.

Also, |7 ® Ii||r = O(1) and, by , I<all2 < e~ W Hn%W . erefore
i, — myfls < /L.
By , our assumption that ¢, < loglog ™ implies that
¢(my) = O(n(logn)loglog 1) < (loglog 7).

Since, by (52)), £(m,) = O(loglog 7), the squared distance ||m, —my||3 is a rational
over O(loglog7)? bits: being less than 1/7 implies that it is actually zero; hence
m, = my, as claimed in the lemma. We verify from that

def def [u® _
te 2 pra]lu®|oo and ue = < 0 > lu® |
satisfy the conditions of the lemma. By ,

Uc(tc) = (1nc ® Id)ffla + (uc & Id)/ch + Cc ,

Cc:<_€: >
e Tz,

By and ||z.|l2 < 1, the lemma’s condition on (. is trivially satisfied.

where

Case II. Node b is not defined: We set (. = (% pe = pal|t®||oo; and u. =
u®||u®||>L. This matches the identity with the one claimed in the lemma. O

Proof of Lemma Suppose that Bob does not always follow the single-
iterated log rule. We show how to force him to do so without decreasing the
score differential. If Bob uses the rule tp <« loglogtp, then Alice follows up with
ta < (loglogta)®. Let us break this round into two parts:

1. tp « logtp and t4 < logt4;
2. tp < logtp and t4 < (logta)®.

We proceed similarly for higher log-iterations and apply the modification system-
atically. This transformation increases the scores of the players but it does not
change their difference. Finally, we apply one last transformation to the new
game, which is to convert all of Alice’s moves into t4 « (logt4)'/%. This can only
increase the score differential. O
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Proof of Lemma [3.30L Consider the two recurrence relations:

and, for h > 0,
ah(az) — 2%-1(90)
b (z) = 2bn-1(2) 49,

Recall that ¢, is defined by ¢y = té and, for h > 0, ¢, = 2%r-1. We verify by
induction that, for any h > 0,

by _1(4logtg+2)
cp = 22
To prove the inequality we seek,

min{ h|cp, >t} > log"t —log™ to — O(1),

where t > to, we may assume that ¢t > 2% otherwise the result is trivial. The
assumption implies that the minimum A is positive; therefore it suffices to prove
that, for all h > 0,

bh(4 10g to + 2) S ah(4 log to + 4). (61)

We see by induction that, for all h > 0, x > 2, and € > 0,
an(z) + e < ap(z +27M). (62)
The case h = 0 is obvious, so consider h > 0. Note that, for any y > 2,
W< 2er5/27

which follows from
In(14e27Y) <e27¥ < 2,

Since ap—1(x) > 2, this shows that
an(z) + € = 9un-1(7) 4 ¢ < 9an-1(@)+e/2 < gan—1(z+e27") _ an(z + gz—h)7
which proves . Next, we show by induction that, for all h > 0 and = > 2,
bp(z) < ap(z+2—21M). (63)
The case h = 0 again being obvious, assume that A > 0. By ,

by (z) = 201 49 < gan-1(a+2-22"") | o
<ap(z+2-22" +2<ap(z+2-2""),

which establishes ; and hence . O
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4 The Lower Bound

We specify initial positions and velocities for n birds, using only O(logn)-bits
per bird, and prove that their flock network converges only after a number of
steps equal to a tower-of-twos of height logn. Our proof is entirely constructive.
The hysteresis assumption of the model is not used and, in fact, the lower bound
holds whether the model includes hysteresis or not. Our construction is in two
dimensions, d = 2, but it works for any d > 0. The n birds all start from the
X-axis (think of them on a wire), and fly in the (X,Y)-plane, merging in twos,
fourths, eights, etc, until they form a single connected flock. This process forms
a fusion tree T of height logn. (We assume throughout this section that n is a
large odd power of two.) Every flock formed in the process is a single path. The
transition matrix is that of a lazy symmetric random walk with, at each node, a
probability % of staying put.

2/3 1/3 1/3
'
~ 020~
1/3 1/3 2/3
2—1/a

Figure 20: Birds join in flocks of size 2, 4, 8, etc, up in the fusion tree, each time flying
in a direction closer to the Y-axis. The angle decreases exponentially at each level, so
the time between merges grows accordingly. The big arrow indicates the Markov chain
corresponding to a 4-bird flock. At each state, the probability of staying put is %, with
the remaining % being distributed uniformly among the outgoing edges.

Initially, the velocity of each bird has its Y-coordinate equal to 1. Since aver-
aging these velocities will only produce 1, the birds move up away from the X-axis
forever at constant speed 1. We can then factor out the Y coordinates and focus
our entire investigation on the birds’ projections on the X-axis. In fact, we might
as well view the birds as points moving along the X-axis and joining into edges
when their distance is 1 or less. In other words, we let z(t) denote the vector
(z1(t),...,2n(t)) and let v(t) = x(t) — 2(t — 1). The coordinates of the velocity
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vector v(t) will quickly decrease, but we should not be mistaken into thinking
that the birds slow down accordingly. Because of the Y motion, all the birds will
always fly at speeds very near 1. Let ¢ be a large enough odd integer: one will
easily check that ¢ = 11 works, but no effort was made to find the smallest possible
value. We leave c as a symbol to make it easier to follow the derivations.

T
2(0) :<0,§,2,§,...,2l,2l+%,...,n—z,n—%) :

INITIAL CONDITIONS T
(1) = (u*‘f,o, —n7%,0,n7,0,...,n7°,0, —n*C,o) .

n

Each nonleaf node a of the fusion tree 7 has associated with it a flock of 27
birds whose network is a single path: the index j > 0 is also the height of the
node. The flock F, at node a is formed at a time ¢; that depends only on the
height in 7; by convention, t; = 0. Given a node a at height j > 0, we denote
by v® the 27-dimensional velocity vector of the flock F, at time t; and by m, its
stationary velocity. For j > 2, if [ and r denote the left and right children of
a, respectively, then v! = v”. In other words, two sibling flocks start out with
the same initial velocity. At time t;, because of noise called flipping, the velocity
vectors of these flocks will have evolved into £v! and —Lv", respectively, where
L is a linear transformation specific to that sibling pair. This implies that

o [ Lo
=)

The stationary velocity of the flock F, satisfies

27

|

e (64)

D=

_ 1
ma—r-il(g,l,...,l,

The initial conditions provide the velocity vectors of the 2-bird flocks at height 1
one step after ¢t = 0. It follows that, if a is a node at height j = 1, the stationary
velocity m, is equal to %(—1)"“*171_0, where k is the rank of v among the nodes at
height 1 from left to right. For consistency, we must set v® = (—1)*n=¢(1, —2)7.
This choice is dictated by the initial conditions set above, so that, for any 7 > 1,
the velocity of the flock at v at time ¢ (t; <t < t;j41) is equal to P;itj v%, where

1 2 00 ... 0

1 1 1 0

110 1 11 0
szg . (65)

0 01 1 1

0 0 0 1

27
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At height 2 and above, some flocks undergo a wvelocity flip at chosen times: this
means that the sign of their current velocity is reversed and it becomes —P;-t “hiya
at time t. By abuse of notation, we say that the node flips: it is instantaneous
and does not count as an averaging transition. When does this happen and why?

Fix an integer f = 3. Again, we leave this constant as a symbol for clarity.

FLIPPING RULE: It applies at time t = t; + n! to any flock of a left
child of even height 7 > 1 and to any flock of a right child of odd height
j>2.

as

a4

az
a

Figure 21: Flipping alternates between left and right. Leaves were added to indicate
that nodes at height 1 correspond to 2-bird flocks.

Flips are convenient to make flocks collide. We show later that they conform to
the noisy flocking model. At height 2 and higher, any two sibling nodes [ and r
are assigned the same velocity vector v! = v". Their corresponding flocks evolve
in parallel for n/ steps, like two identical copies. Then, one of them “flips” (which
one, left or right, depends on the height in the tree), meaning that the two velocity
vectors become opposite of each other. The flip type alternates between left and
right as we go up the tree. Although flipping has only a trivial effect on velocities,
which decays over time, we must be careful that it does not break flocks apart.
We could rely on hysteresis to prevent this from happening, but as we said earlier
we seek a lower bound that holds whether hysteresis is present or not. That is
why we introduce the lag nf. The averaging operations act like glue and the glue
needs to dry up before changing direction.

Up to sign, v® depends only on the height j of node a, so we focus our attention
on the left spine of the tree, denoted aq, ..., ajg, in ascending order. The exact
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behavior of every flock in the system can be found in replica either at a node a;
or at a sibling of such a node. That is why, when checking the structural integrity
of the flocks, it is not quite enough to concentrate on the left spine: we must
also check the right children hanging off of it. For any 1 < j < logn, we define
0 = tj+1 — t; as shorthand for the lifetime of the flock Fy,. Our task is two-fold.
First, we must show that |m,;| decreases very fast: we prove that (roughly)

-1
m,, | < =il

which implies that 6; is exponentially larger than 6;_1; hence the logarithmic
tower-of-twos lower bound. Second, we must prove the integrity of the scheme:
that each flock remains a single path over its lifetime; that two flocks meet when
and where they should; that flipping fits within the model; etc.

4.1 The Early Phases

The proofs are technical but one can develop some intuition for the process they
mean to explain by working out the calculations for m,, (j = 1,2,3) explicitly.
At time ¢ = t; = 0, the network consists of the edges (1,2),(3,4),...,(n — 1,n).
We already saw that the 2-bird flock (B, B2) has initial and stationary velocities

vt =n"¢ <_;> and m,, = in"° (66)

Flying at Height 1. Because the velocity at time ¢ captures the motion ending
at t, the velocity of the flock (Bi,B3) at time 1 is Pyv®. By (15)), for ¢ > 0,

which gives us

t—1 i—1
xl(t) .1)1(0) S a 2 (0 s(n ¢
= P P 1 = 35 P .
(m(t)) <x2<0) + ; T (Po™) = 3 1)t Z 1\ o
Diagonalizing P; shows that, for any integer s > 0,

pi=1 G) (1 1)+ 3(=3)7° <_1> (1 -1).

It follows that, for 0 =t < t < to,

{xl(t) =ip=c 4 ln=e il (=3)= = nme (t 4 2 4 L(=3)'D); (67)

() = 3+ 0" — g T (-3 = g (- § — §(=3)7).
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Note that B; always stays to the left of By and their distance is

2a(t) — () = 2 — I (1 - (—1)"). (68)
Left to their own devices, the two birds would slide to the right at speed m,, , plus
or minus an exponentially vanishing term; their distance would oscillate around %—
%n*‘j and converge exponentially fast, with the oscillation created by the negative
eigenvalue. This is what happens until the flock at a; begins to interact with its
“sibling” flock to the right, (Bs, Bs). The latter’s velocity vector is (—n~=¢,0)7
time ¢t = 1 and, for t; <t < to,

{xg(t) =2 gn = (t4 g +3(=3)'7");
zat) = 5 — g0 (t = § = 3(=3)'7).

The stationary velocity of (Bs,Bs) is —mg, = —3n ¢, but the flock is not the
mirror image of (B1, Bs), a situation that would bring the flocking to an end. In
particular, note that the diameter of the flock is

wa(t) —z3(t) = § + 30 (1 - (=3)"), (70)

which always exceeds that of (By,Bs) for all ¢ > 0. The diameters of both flocks
oscillate around but in phase opposition: indeed, their sum remains constant
Both 2-bird ﬂocks drift toward each other at dlstancﬂ x3(t) —xo(t) = 5 —tn™
This implies that to =t; + 61 = F ¢]. Because n is an odd power of two and c
is odd, n® =2 (mod 6); hence, [%n ]=1(n°+1) and

ts=01=%(n°+1)=1 (mod 2) (71)

(69)

We conclude that

$3(t2) — xg(tg) =1- %nic. (72)
The definition of flip nodes suggests a cyclic process with period 2 that is inherent
to the flocking process. At time to, the flock at ao is formed with the initial

velocity
—C
. P! (no ) L+ (=3)17
PR yn 1 1—(=3)\—"
’[)LIQ — (_P?Q_tl,UQl) = n_c = in c _1 B (_3)1_91 (73)
() RS

By (6 , the stationary velocity for the 4-bird flock is 7 (% 1,1, %)v‘l?; hence, by
71),

0>ma2:%(

= —Lpe(LynTHD/B > _em0ma) (74

This inequality gives an inkling of the kind of exponential decay we envision as we
go up the fusion tree. Note that m,, < 0, which means that the flock is drifting
in the wrong direction: that is why a9 is a flip node.

12The linearity in t is due to an accidental cancellation that will not occur for bigger flocks.
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\

/N ]
b BN
By Bs Bs B,

Figure 22: The 4-bird flock is formed at time ¢ and acquires a negative
stationary velocity m,, .

Flying at Height 2. Again, by , for to <t <ty +nf < ts,

z1(t) N 1 f ‘; g
_ . s+1, . a2 : _ 1

: = : + Z Pymv?, with P =3 01 1 1

z4(t) z4(t2) s=0 00 2 1

By straightforward diagonalization, we find that, for any integer s > 0,

1 2
1 2 1

=4 w22n+i(5) | w1
1 -2

1
~1
1
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therefore,

z1(t) z1(t2) ! 1
. 1 1 —¢ )
: = : + my, (t — t2) 1 +3n 5
.73‘4(t) $4(t2) 1 —~11

-2 -1

2\t—ta+1 [ 1 1

—cf “ 1 —c(_q\t2—t
+n7(3) e ] )
2 1

It follows from that, for to < t < to+n', both zo(t)—z1(t) and x4(t) —x3(t)
are % + O(n™°); therefore, the two end edges of the 4-bird flock are safe, which we
define as being of length less than 1 (so as to belong to the flocking network) but
greater than % (so as to avoid edges joining nonconsecutive birds). The middle

one, (2,3), is more problematic. Its length is
z3(t) — 2a(t) = w3(ta) — wa(ta) — Hn ¢ (15 — 16(3)" "2 + (=3)"71).

We can verify that
15— 16(2)""2 + (=3)»" > 0,

for all ¢ > to, which, by , shows that the distance between the two middle
birds Bs, B3 always lies comfortably between 1 — (% +0(1))n"“and 1— %n*C. The
upper bound is both lucky and intuitive: lucky because the edge starts with length
very near 1 and it could easily be perturbed and break up; intuitive because the
two flocks have inertia when they bump into each other and one expects the edge
(2,3) to act like a spring being compressed, thereby shrinking during the initial
steps.

Flipping Velocity at Height 2. Since ay is a flip node, the velocity vector
reverses sign after a lag of n/ steps. Instead of redoing all the calculations, we can
apply a simple symmetry principle: by linearity, the positions of the flock with
and without the flip average out to what it was at time to + n/ (Figure . In
other words, for to +nf <t < ts,

xl(tg + nf) xl(t) T (t)

N =

z4(ta +nl) wa(t) gy \T1 1) ) po_pip
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d v d 5

Figure 23: The 4-bird flock at ay “flips” at time ty + n'.

15

By , the position formula for the flock can be readily updated:

z1(t) z1(t2) 1 151
: = +ma2(2nf+t2—t) 1 —i—%n*c 5
z4(1) z4(t2) 1 ~11
-2
2\ nf+1 2\ t—ta—nt -1
G -G )
o (3) ( 3 1
2
-1
a3 (2 - () | 1| o)
1

This proves that the lengths of the two end edges differ by what they were at to
by only O(n~°¢). Indeed, by , this implies that, for any ¢ < t3,

{:@(t) — a1 (t) =2+ 0(n°);

x4(t) — x3(t) = % +0(n™°). (78)
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The middle edge has length

z3(t) — 22(t) = m3(t2) — 22(t2) — 2n~°
e - () o o)

which, in view of , shows that, for to +nf <t < s,
1-0(n %) < z3(t) —a2(t) <1—3n"" (79)

This proves that the middle edge is safe and the integrity of the entire 4-bird flock
is preserved. Was it necessary to delay the flip by nf? The particular choice of
lag, n/, will be justified later by examining the bigger flocks, but we can see right
away that delaying the flip is mandatory. Indeed, if we replace n/ by 0 in the
expression above, then, for t = t5 4+ 2, we get

x3(t) — xo(t) = x3(te) — xa(ta) + %nfc =1+ %nfc,

which causes the flock to break apart. The flock (Bs,...,Bs) follows the same
trajectory as the 4-bird flock above, shifted along the X-axis by 4 but with no
velocity flip. So, by , we find that, for to +nf <t < t3,
x5(t) = x5(t2) + mg, (t —t2) + %n_c - 2n_c(%)t_t2+1 — in_c(—S)m_t;
x5(ty) = x1(ta) +4 = Ln=¢ (o + 2 + 1(=3)17%2) + 4.

At the same time, by ,

24(t) = 24(t2) + Mg, (20 + 1o —t) — Un~°
e 2\ nf+1 9\ t—to—n' . ot b
ro(3) (2= (5) ) A (2 o),
where, by (69),
l’4(t2) = g _ %n*C (tz _ % . i(_3)17t2)‘

By , this shows that, for t + nf <t < ts3,

25(t) — xa(t) = 3+ tan ¢ + 2my, (t — to — nf) + Lhn~e

2 nf+1
- 4nfc<§) - infc(—3)*"f

= 5 4 (3T 4+ 0(1))n "¢ 4 2my, (t — 2 — nf).

Recall from that m,, is negative. This allows the distance x5(t) — z4(¢) to
fall below 1. This happens at t3 = ty + 0, where 6, = nf + ©(lmg}|). Note that
|my,,| is sufficiently small for the newly formed edge (4,5) to be safe at time t3.
We can see that from , which also shows that

02 > Q(|my} () > e2mar), (80)
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We conclude this opening analysis with an estimation of the stationary velocity
myg,. The flipping rule causes the velocity of the flock (B, ..., Bs) to be reversed
at time to +nf. (It’s a flip of type “left,” so named because it involves a left child.)
Following the flip, the velocity of the 8-bird flock at ag is, at its creation,

02, a
’Ua“g — _P2 'l) 2
P292 v®2 )’

By (73} [75)),

1 1
0 — 1 _ 2\ 02 1 _ -1
Pl = e d =2 | | (-3)" 91+4(§) N G Vel
1 2 -1

By , therefore,

6
m,, = 1(3,1,1,1,1,1,1, 1) —hp o™ =1(3,0,0,—3)PJ? v
as 7 g2y Ly by by by by g P202Ua2 7\9y Y% Yy T o)L 9

-1
= Lp (4(%)92 —(-3)7") < e
Since m,, > 0, the next flip must be of type “right,” which happens to agree
with the flipping rule. Observe from how, as j increases from 1 to 3,
the stationary velocity m,; decays from polynomial to exponential to doubly ex-
ponential. To generalize this to further heights is not difficult. What’s tricky is
to show that, despite all the symmetries in the system, the stationary velocities
never vanish. For example, if we formed new flocks by attaching to a smaller one
its mirror image, this would bring the drifting motion, and hence the flocking, to

an end. We summarize our findings below :

img, | = $n=° & 01 = 1(n°+1);

-1 c—
me,| <7D 6y > Q(my ) > e (81)
Img,| < e

4.2 Velocity Analysis

Our first task is to diagonalize the transition matrix P; given in . The Lapla-
cian acting on a path is akin to its acting on a folded cycle. Since the Fourier
transform over a finite cyclic group diagonalizes the one-dimensional Laplacian,
we can interpret the spectral shift as a linear operator acting on the Fourier coef-
ficients. We explain why below.
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The Folded Cycle. The Fourier transform over the additive group Z,, provides

the eigenvectors yy, . .., ym of the linear map M defined by the circulant matrix
11 00 ... 1
1 1 10 0
10 1 1 1 0
g . )

_ O
o O
O =
— =
— =

namely,
= (17 2rik=1)/m e27ri(k71)(mfl)/m>'

The associated eigenvalue )\ is equal to

1 2m(k —1

- (1 + 2 cos M) .

3 m

We shall see shortly why using the notation Az, reserved for the eigenvalue of P;,
is legitimate. To see the relation with P;, set m = 2n — 2 and n = 27, and note
that the eigenvector coordinates (yi); and (yx)m+2—; are conjugates. This implies

that Ry, is a real eigenvector of M that lies in the n-dimensional linear subspace

F = ﬁ{wj—a?m+2_j :O}.
j=2

Furthermore, it is immediate that P; is equivalent to the restriction of M to F; in
other words, folding the cycle in the middle by identifying opposite sides creates
the desired averaging weights (in particular, 2/3 at the end nodes) and transform
the Fourier vectors into right eigenvectors for P; (hence the valid choice of the
notation \). It follows that, for 1 < k < 27,

n(k = 1) D=2 ()

COSs

uk:<1,cos SN EEEEEE —

is the unique right eigenvector (up to scaling) of P; for A\;. We note that, unlike
for the m-cycle, the transition for the n-path has only simple eigenvalues.

Consider the evolution of a flock at node a; for j > 1. Let

27 27
(3,1, 07 and  diagCy = 1(2,1,...,1,2).  (82)
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Figure 24: The folded m-cycle. Identifying opposite nodes allows us to use
the harmonic analysis of the cyclic group to the path-shaped flock.

For s > 1, we diagonalize the matrix P} = 17l + Q3 Withm by @,
27
Q=Y noPuwlc ', (83)
k=2

where the right eigenvector C; / 2vk is proportional to uj with the normalization
condition, |lvgl]l2 = 1. By elementary trigonometry, it follows that, for any 1 <
k<27,

1 2 w(k—1)
Ak = 3+ 5€08 57— .
1 m(k—1 m(k—1)(27—2 —1)k-1
UV = (5]6(%,(}08 2(j_1),...,COS ( 2]')_(1 )’ ( \}5 ) ’

where 6, = /2 (27 —1)"/2 for 1 < k < 27 and dy = (29 —1)""/2. Recall that
0; = tjy1 — t; is the lifetime of the flock F,,;. By the triangle inequality and the
submultiplicativity of the Frobenius norm, for any z,

1/2 —1/2 1/2 —1/2
1Q3zll2 < ol Y IC 2o 220 < Il Y 12 IRIC 2 P12 12
k>1 k>1

< 2711 3+ 2 cos 5711 ll2|2-

A Taylor series approximation shows that, for j,s > 1 and any z,

1Q32]l2 < e HHA 2. (84)

13We avoid decorating 7 and 1 with subscripts when their dimensionality is obvious from the
context. We use vy instead of the notation u; from One should be careful not to confuse
these eigenvectors with the velocities.
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Figure 25: The spectrum of two colliding flocks: to produce a tower-of-twos, the first
Fourier coefficients must cancel each other and be replaced by a linear combination of
the higher ones. This spectral shift must ensure that the new first Fourier coefficient is
nonzero. This will automatically produce an exponentially decaying energy spectrum.

Spectral Shift as Energy Transfer. After s steps following its creation, the
flock F; moves with velocity

27
v (s) = Pj v =mg;1 + Zak(s)C;/ka,
k=2

where ag(s) = )\ZUZ’CJ-_I/ZU“J'. For k > 1, the Fourier coefficients aj(s) decay
exponentially fast with s while the first one, the stationary velocity, remains con-
stant. What happens when another flock G; “collides” with F;? A tower-of-twos
growth requires two events: one is that, within the algebraic expressions defining
the new Fourier coefficients, the stationary velocities should cancel out; the other
is that the new first Fourier coefficients should not be zero. For example, consider
a flock G that is mirror image to F; and heads straight toward it. The two sta-
tionary velocities would cancel out, but the new one would also be zero. Restoring
the dimension Y would produce the spectrum on the left in Figure and, con-
sequently, a vertical flying direction: this would dash any hope of achieving a
tower-of-twos.

The trick is to ensure that the energy contained in the higher Fourier coef-
ficients averages out in a way that produces a new stationary velocity that is
nonzero: in two dimensions, this will create a direction close to vertical but not
exactly so (right spectrum in the figure). The spectral shift can be viewed as a
transfer of energy from the k-th Fourier coefficients (for all & > 1) to the first
one. The issue is not how to produce exponentially fast decay but how to transfer
strictly positive energy. Too much symmetry wipes out all the energy in the first
Fourier coefficient, while too little symmetry produces a new stationary velocity
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that is a nonzero average of the previous ones. The first case prevents future col-
lisions; the second one produces a new flying direction that deviates from vertical
by only a polynomially small angle.

G Ay

Figure 26: Too much symmetry makes the first Fourier coefficient vanish (left box) and
produces a vertical flying direction. Too little symmetry produces an excessive stationary
velocity and a polynomially small nonzero angle with the Y direction. The right amount
of symmetry produces an energy transfer from the decaying higher Fourier coefficients to
the first one, thus creating an exponentially small angle (right box).

The Spectral Shift in Action. Since we are only concerned with velocities
in this section, and not with positions, we may assume without loss of generality
that all flipping is of the right type: in other words, we stipulate that the flock
of any right child of height at least 2 should get its velocity reversed after the
prescribed lag time. To restore the true flipping rule will then only be a matter of
changing signs appropriately. With this simplifying assumption, the aggregating
formula of becomes, for j > 1,
0;_ . 0;_ .
S ( P]éii va@) _ ( m,, ,1 +Q?:1111 vaa'1> | )
—p/i ) p%i—1 _maj711 _ ij—l p%i—1

The averaging operator P; cannot increase the maximum absolute value of the
velocity coordinates; therefore, by ,

[v% ]2 < 2972 ][0% [|og < 29720 || = 27/%(2n7°).
In other words, for any j > 1,

[v% ]| < 20721 e, (86)
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LEMMA 4.1 For any j > 1, the stationary velocity of the flock at node a; satisfies
‘maj’ < e~ 0i-1477)

Proof. The stationary distribution for a 2/~!-bird flock, being a left eigenvector,
is normal to the right eigenvectors; hence to Q?j_ - v%-1. By

64 [83).

27 21 0.
1 /1—/\—\ 1 — ,7 p%i-1
m = : 7717' 717l Uaj_ ; l717"'717l !
al 23_1(2 2) 2]_1(2 2) _ijllv 1
9i—1 9j—1
051
1 - J aj—1
= (%717 ,17%’%717 717%’) QJG_-I !
27 —1 _jSill fUa771
2j71 2]'71 0
i Qo
: 0,...,0,4 1 0,....0 1
+2]_1< 272 )(_ij_llvj_l

1 0, . 0.1 a
— m ((Q 3 11 ’Uajil)zj—l _ (jSll UQJ71)1>'

By , therefore, |[v% 1o < 20+1)/2p=¢ and, by ,

1aJ1

S n2—C€—Q(€j,14ij) .
2

e

Imal < 577 HQJ ST

From the spectral decomposition

PP =mg 1+ Y MO ol 0P,
k>1

we see that the stationary velocity my,; is the first Fourier coefficient, ie, the
spectral coordinate associated with the dominant eigenvalue 1. The cancellations
of the two copies of m,;_, in the computation of that coefficient has the effect of
making m,; a linear combination of powers of higher eigenvalues. That part of the
spectrum being exponentially decaying, the corresponding spectral shift implies a
similar exponential decay in the new first Fourier coefficient. This is the key to
the tower-of-twos growth. Indeed, as we show next, the next inter-flock collision
cannot occur before a number of steps inversely proportional to that first Fourier
coeflicient.

LEMMA 4.2 For any j > 1, 6; = n/ + O( \m;ﬂ)

Proof. By , we can assume that j > 1. For ¢; <t < t;11, the velocity of the
flock Fy; is of the form

:I:P liga; — = +(mgy; 1+ Q;_tj v%),
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where the sign changes after a flip. By ,

HQ;—tj V|| < €j+1—Q((t—tj)4*j)Hvaj Il < n3—ce—U(t—t;)n~?)

Summing over all £, our choice of ¢ gives us the conservative upper bound,

b 1
> HQ§ Yty < <
n

t>t;

No bird belongs to more than logn different flocks, so its entire motion is specified
by the stationary velocities of its flocks plus or minus an additive “vibration” error
of o(1) on the bird’s total displacement.

Until one of them flips, the flock Fy,; and the one at its sibling node a; are
identical copies that have moved in lockstep. The distance between their leftmost
birds at time ¢; + n/ is what it was at time 0, ie, 2. We postpone the integrity
analysis for later and simply assume that the flocks are, indeed, single-paths. This
implies that the diameter of Fy; is at most 2/ — 1. By , its leftmost edge is of
length Z + o(1) between time 0 and t3. Since the first two birds always share the
same flock, the vibration bound above indicates that they always remain within
distance 2 + o(1) of each other. The same bound also shows that, at time ¢; + n/,
both flocks have diameter at most 2/ — % + o(1). By our previous observation,
they must be at distance at least % —o(1). After flipping at time t; + nf, the two
flocks head toward each othelﬁ at a relative speed of 2|my,[, plus or minus an
error speed that contributes a displacement of o(1). This implies that the time
between flipping and merging is |(6 = o(1))mg,|~". O

For j > 1, we find from Lemmas [4.1] and [4.2] that
0; > Q(e0i-147)),
Since, by , 6, > n*, it follows immediately by induction that, for any j > 1,
0; >n*0;_1, (87)

where, for convenience, we define 8y = 1. This allows us to rewrite our previous
lower bound in the slightly simpler fashion,

0, > 69(9j714*j)7 (88)
for any j > 1. Note that the tower-of-twos lower bound on the flocking time
follows immediately from . Indeed, let éj = \/@ By , 6, > 2 and, for
j>1, éj > Zéﬂ‘*l; therefore, when j reaches logn — 1,

n
bR

1We must assume that the left flock flies to the right, so as to put it on a collision course
with the other one, after flipping. Our argument is symmetric, however, and would work just the
same if directions and flip types were reversed.

0> 0;>211 log
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Figure 27: Two flocks merge after a period inversely proportional to their stationary
velocities. For convenience, we temporarily assume that all flips are of right-type and
that flocks fly to the right after they are created: these conditions will not always hold.

which establishes the main lower bound of this paper. O

For future use, we state a weak bound on stationary velocities. By Lemmas

and [4.2] for j > 1,

Q(ej_147j) < e_Q(lm;jl_l |47]) .

|m(lj| Se

By , lmg, | = [77v%| < Jo¥ oo < J% |2 < n'7¢. Tt then follows from

that
n=¢ if j =1;
mg, | <4 . L (89)
n~¢mg, | ifj>1.

It remains for us to prove that stationary velocities never vanish and that the
flocks keep their structural integrity during their lifetimes. Note that the former
would not be true if pairs of colliding flocks were mirror images of each other. The
proof must demonstrate that the symmetries needed for the spectral shift do not
cause more cancellations than needed. But, first, let us see why the flips conform
to the noisy model. Both the number of perturbations and their timing fall well
within the admissible bounds. The only nontrivial condition to check is that the
change in velocity at flip time ¢t = t; + nf (5 >1)is lngteO("?’). The ¢ norm of
the change is

§=2|P vy < 2v/n 0% 2.

We prove below ([117)) that
Hvaj ”2 < 2\/777’ ’maj—l ‘
Since f = 3, by ,

t=nl +01+ - +0;_1 <2(0;_1 —n');
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therefore, by Lemma [4.2

O(n) n logt oms)
< . = = — ) <
5_4n‘ma]71| gjflfnf O(t) -t ¢ ’

which establishes the conformity to the noisy model.

To conclude the kinematic analysis, we must prove that no stationary velocity
m, ever vanishes. This is not entirely obvious in view of all the symmetries in the
system: this would happen, for example, if one flock were the mirror image of its
sibling.

Nonvanishing Velocities. We need to take a closer look at the dynamics of the
system to show that flocks never grind to a halt. In doing so, we will uncover an
iterated process of period 4 that allows us to give a full description of the velocity
vector at any time. Again, we assume that all flipping is of type “right,” which
affects only the flocks at right children of height at least 2.

THEOREM 4.3 For any j > 1, the stationary velocity m,; never vanishes. Its
direction is such that sibling flocks head toward each other to form bigger flocks.

Proof. For j > 1, define the 2/-by-2/~! matrix

0; 1
F] = P]] ((_1> ®.[2j1> .

We form F}j by subtracting the right half of Pjej from its left half:

0, 0,
(Fikg = (P kg — (P77 i g1

For example, if j = 3 and 0; = 1,

1 2 0 0
1 1 1 0

0o 1 1 1

1{-1 0o 1 1
Fi=31-1 21 0 1
1 -1 -1 0

0 -1 -1 —1

0 0 -2 —1

By , for j > 1,
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and, at the end of its existence, the flock at a; has velocity (with right flips only):

0 0 P 1 vt 0 2 0

i\ j — i—1, a;—

Py = Py PJOj—l aj_1 | FjPTy vt = (H F1>P11 v (90)
i v i=7

Note that indices run down, as the products are not commutative. By , for

J>1,

0,
B o
a; 2j_1 PRI ) _Pjei'—llvajl
27 0.
1 e N— P4]711 v%i-1
- _(1,0,...,0,0) | "I
2(1 = 2) S
. 91
L (e o
= 50— (1,0,...,0,1)

2
1 T 0
— 2(1_2j) Zj_Ll (H Fi)Pll’Ua17

where [[, =11if j =2 and

zig = (1,0,...,0,(=1)F)T,

We now look more closely at the structure of F}, going back to the spectral de-
composition of Pjaj. By , for j > 1,

() (92)

0 0
ij —_ 12j7TT + QjJ’
Q' =D ko ikt k(Ujk — 52jk—1

)T

)

where, for notational convenience, we subscript 1 to indicate its dimension; for
any j > 1land 1 <k <27,

6.
€ k—1 7 . . ;
Hik = 55 (% + %COS ﬂ§j71)> ,with e, =21if k <2/ and ¢4 = 1;

(—1)k—1)T cRY.

— (1 m(k—1) m(k—1)(29—2) (93)
Uj,k‘— ’COST""’COSTa

Our algebraic approach requires bounds on eigenvalue gaps and on the Frobenius
norm of Q?j. Note that ;] < 1 for all j > 1 and k > 2. We need much tighter
bounds. Recall that n is assumed large enough and define pp2 = 1 for notational
convenience.
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LEMMA 4.4 For any j > 1, both |pj2/p} 1 5| and HQ?Hp are less than e ; for
Jj>1and k> 2, sois the ratio |p;/ ;2]

Proof. We leave the bound on HQ? | for last. If j = 1, then p 2 = (—3)7% and,
by , 2| < e~". Since o2 = 1, this proves the ﬁrst upper bound for j = 1.
Suppose now that j > 1. For 2 < k <27, |1 +2cos QJ i | < |14 2cos
view of the fact that j < logn and, by , 0; > n?, for all k> 2,

s
27—11

< |pjal < 02 77)e MO < e (94)

\/ij,k

By (87),

_ =i _ 4. s _ 2 _ 29 . _ 1.5
ja| < e HOAT) < om0 14T < o= o UNT0j 1) o o[

The last inequality follows from the fact that 21 773%-1 < |pj—1,2| < 1. To bound
the ratio |k /2| for 7 > 1 and k > 2, we begin with the case j = 2 and verify

directly that e is a valid upper bound. Indeed,
(%)92+1 if k=2;

p2r =<0 if k=3;
(—1)%2(3)%+1 if k= 4.

Assume now that j,k > 2. Then —1 < 1+ 2cos 57— 2 " . Since
14 2cos 2J 5 > 1, [1+2cos 2f 11)| < |14 2cos 52 577 |; therefore,
ik 1—1—20052]2%1 b3 0. (0.4~ s
%”g (ﬂ> =(2cos gz — 1) =e (0;477) < g7
Hg,2 271
For all j > 1, by and the submultiplicativity of the Frobenius norm,
9
1Q7 1l < 3 Il X Nuwsillz (luzsllz + §l1z75-12)
=2
< ;0(j)uj’2| < 90! L on!?
O

For j > 1, we express F}, the “folded” half of Pjej, by subtracting the lower
half of u;} — %Zj,k:—l from its upper half, forming

Wi-1,k = (ST Y 1) 123 1,ks (95)
where )
¢ = cos w(k;}z(lzq) ~ cog T 1)2(31 : +-1)

88



It follows from that, for j > 1,

27
T T

F; = ﬁhﬂj—m + Zﬂj,k“j,kwj—Lk‘ (96)

k=2
To tackle the formidable product [], F; in a we begin with an approximation

[L; Gi, where
T T

Gj = ggylorzj-1.1 + Hj2ujawj_y . (97)

Setting k = 2, we find that

; T
(20 -2
w2 = (1,cos 57+, COS (2]-_1 ), —1) .
For 0 <1< 2/~ 1
7l w2 -l=1)
Co8 57— +cos =5 —— = 0.

This extends to the case j = 1, so that, for any j7 > 1,

- _ - = \T.
uj,2 - (ula sy Ugj—1, —Ugj—1, ..., *ul) ’ 98
(=) (98)
U = €os 5;— -

For k = 2, we simplify & into

r(l=1) | .. m(=3)

§ = cos 55— + =1

for 1 <1 <2/~ which shows that & = &9i-1,1_y; therefore, for j > 1,

Wi—1,2 = (ﬁ)l, e, Woj—2, Woj—2,. .. ,If)l)T;
w1 = 5 +sin 27;£21; (99)
_1 .
W = CoS ”2(;:1) + sin Wg_i) (1<1<272).
By , for j > 2,

2 2

H G = H {ﬁ]ﬂiz?—l,l +Mz’,2“i,2wz‘T—1,2}- (100)

i=j—1 i=j—1

Expanding this product is greatly simplified by observing that, by , for
any j = 1,

2111y = wyuje = 0;

a2 = 2; (101)

def o ‘
w]7-:212]- = vj, where 2/ 1< v < 2+l 1,
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To prove the bounds on v;, we rely on ,

271

l_,
=12 (o 8 328),

and the fact that 2](+1 )1 < % and 7;(}:111 ? < 3, from which the two inequalities

in . ) follow readily. By (100), for j > 2,

2
ZJ'T—1,1 ( H Gi>P191 v

i=j—1

2
=211 ( 11 {ﬁbizﬁm +#i,2ui,2wiT—1,2}>P101 v (102)
i=j—1

If we drop all sub/superscripts and expand the scalar expression above, we find
a sum of 2972 words 251 - --angl v™, where each a; is of the form puw or
1z (suitably scaled). By , however, the only nonzero word is of the form
A = z(puw)(12)(puw)(1z) - - - PP o™, This necessitates distinguishing between
even and odd values of j.

j-2
1z

IAVAVAY

i-1 i-3

Figure 28: If 7 is odd, the word A is of the form
) (12) () (12) - - () PP v,

Case I. (odd j > 2): It follows from ({101) that

1(ﬁ Gi)

i=j—1
3
_ T ) . T 1 T . ) T
= Zj_1,1Mj—-1,2Uj—12W;_9 9 H {2(1,21-)121Zi—1,1/$z—1,2uz—1,2wi_272}
odd i=j—2
3
— 9, . T 1 o T _ _odd, T
—QNJ—l,ij—2,2 H {71,21121Mz—1,2wi—2,2}—aj Wi 2,
odd i=j—2
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where

3

: Yiki+1,2

a;ddzg(_l)(ﬁl)ﬂum H ﬁ (103)
odd i=j—2

One must verify separately that this also holds for the case j = 3, where : 1.

Recall that, by , w2 = (1,17 and |[v® ]2 = v5n~¢. By Lemma 4.4 and
the submultiplicativity of the Frobenius norm,

_ 1.5
wiy Q7 v™ | < w22 QT [0 |2 < ™"

By , it follows that

wly PP ot = wly (Lr + Q9 )™ = ot 40§ £ 0(e™™ ) (104)
and
2
A=z 1, ( H Gi) P191 ™ = a;-’ddwngfl ™
i=j—1 (105)
= oM (vt +08") £ O(afle™)

RVAYAYAY/

Figure 29: If j is even, the word A is of the form z(puw)(12)(puw) - -- (1z)P{* v,

Case II. (even j > 2):

2 3
T _ T T 1 T
Zi—1,1 ( H Gz‘) =Z5-11 H {Nz,2uz,2wi—1,2(72(1_21—1))121—1%—2,1}
i=j—1 oddi=j—1
3
_ T 1 Coare o T — 3.7
= %j-11 H {(2(1721'—1))“%2%2%—1%—2,1} = Bj211,
oddi=j—1
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where

3
j Yi—1Hi,2
G | =

oddi=j—1
It follows that
2
A == }—'_1’1 ( H Gi)Pfl'Ual = ﬂjzflplel Ual.
i=j—1
By (92),
A PP o™ =2 (o + Q1o = 21 1Q7 v = o (vft — v5h); (106)
therefore,
A= a;?”e” (vit —vgt), (107)
where
i : Yi—1H4,2
af’ = (=1 s ] 5T 1 (108)
oddi=j—1

This concludes the case analysis. Next, we still assume that j > 2 but we
remove all restriction on parity. Recall that G; is only an approximation of F;
and, instead of (102)), we must contend with

2
ZJT—LI ( H E>P191 ™

i=j—1
2 2t
T T T 6
= i—1,1 ( H {2(1721-)121'21'7171 + Z [,Li,kUi7kwi_1’k}>P11 'l)al, (109)
i=j—1 k=2
If, again, we look at the expansion of the product as a sum of words
B=zaj_i--- aQPfl v,
then we see that each B-word is the form
() {1z, o} {1z, w1z, pw} - PP o

where p,u,w are now indexed by k. Recall that previously the only word was of
the form A = z(puw)(1z)(puw)(1z) - - -Pla1 v®. There is no need to go over the
entire analysis again. By showing that |B| is always much smaller than |A|, we
prove

LEMMA 4.5 For any 2 < j < logn,

2 . . .

2T ( F-)P91 L — (1+ &) (v +v5 ) if j is odd;
_ | | : =

j—1,1 i=j—1 1 (1 + 5;1)(1)?1 _ Ugl)a;ven else,

where ey, €, are reals of absolute value O(e™™).
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Proof. Note that, by (101]), v; > 2¢=! — 1 for any i > 1. Also, by (66), v{* +v5' =
n=¢ and v§' — v$* = 3n=° It follows from (103} [105] [107] [108)) that, for any
2 < j<logn,

2
Al = | (T G) el e

i=j—1

(110)

n

S (1)C+1 l2,2 praz - pj—12| if j is odd;
a |12 32 - pj—12| else.

We take absolute values on the right-hand side for notational consistency: all the
factors, defined in , are strictly positive, except for p;o = (—=3)7% which,
by (71), is equal to —3~% < 0, ie, for i > 1,

12 <0< pyo. (111)

Let’s extend our notation by defining, for ¢ > 1,
pig = 5(1 -2
ui71 = 12i ]

Wi—1,1 = %i—1,1 -

) )

Then, any B-word is specified by an index vector (k;_1, ..., k2):

2
_ .7 ) ) T 01 a1
Bkj—17-~7k2 =Wji_1,1 ( H M”L,kiul,kiwi—l,ki)Pl v
i=j—1

Observe that the A-word we considered earlier is a particular B-word, ie,

A=Bg1921,...-

RAnb it At AN

Jj—2

Since we wish to show that all the other B-words are considerably smaller, we
may ignore the settings of k; that make a B-word vanish. All the conditions on
the index vector are summarized here:

1<k <20
kj—1 #1; (112)
k’iki_l#l (2<i<j).

By , foralli > 1and k > 1, [|u; gl|2 < 2/2 and for i,k > 1, lwikll2 < 2i/2+2,
so, by Cauchy-Schwarz, for ¢ > 2 and k,1 > 1,

lwi | gui—1g] < 277
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Since 2 < j < logn,

LGi4+1) (42 21
< 23HD0+2) o 2logn,

T T
wjfl,luj_l»kj—l H wi,ki+1ui,ki
i=j—2

therefore,

2
Biyta < 08" (T g leod P 0. (113)
i=j—1

We prove that all B-words are much smaller than A in absolute value.
LEMMA 4.6. All B-words distinct from A satisfy:
|Bry 1okl < e 7NAL
Proof. Since P is stochastic, by ,
] g, P 0™ | = O [|oo) = O(n™€) < 1,

and the upper bound ((113]) becomes

2
[Bi;_y, k| < n2logn H i ey - (114)
i—j—1

To maximize the right-hand side of , we may replace any instance of
k; > 2 by k; = 2 (Lemma [4.4)). This does not contradict conditions since no
index is set to 1. Note the importance for this step of having removed all vectorial
presence from . We assume that the new B-word is not A, so its index vector
is not of the form (2, 1,2, 1,...); therefore, if we end up with this very pattern, and
hence with A, obviously at least one index replacement must have taken place.
By Lemma 4.4 asuch replacement causes an increase by a factor of at least

4.6

e"” and Lemma follows. So, we may assume now that k; € {1,2} and

(kj1,kj o, .. ko) # (2,1,2,1,...).

Scan the string (kj—1,...,k2) against (2,1,2,1,...) from left to right and let k,
be the first character that differs. By , kji—1=2,502 < a < j—2; hence
j > 3. Since we cannot have consecutive ones, k, = 2 and j — a is even. By
and Lemma 4.4

1By 1, < (netlp2loen) |1j—1,2 fhi—21 Pj—32 " * Hat1,2 a2 Ha—1 ka1 " H2,ks |
Al B lthj—1.2 13,2 - Hat1,2 Pa—12 Ha—3,2 """ |
n3 logn ‘IUJJ'*QJ Hj—a1 """ Ha+2,1 Ha,2 Ha—1kq_1 """ M2,k2|
|Ma—1,2 Ha—32""" !

<
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i=j-1 j-2 j-4 2

m
o
(o]
o
o

Figure 30: The top horizontal line represents k; = 1. The white dots below
the line correspond to k; = 2. The B-word in white is brought into canonical
form (black jagged line) by setting all the indices k; > 2 to 2. This cannot
cause the magnitude of B to drop. We may also assume that the end result
is not the A-word, as this would cause an exponential growth in line with the
lemma.

The first numerator mirrors the index vector of the B-word accurately. For the
denominator, however, we use the lower bound of . The reason we can afford
such a loose estimate is the presence of the factor p, 2, which plays the central role
in the calculation by drowning out all the other differences. Here are the details.
All i’s are less than 1 and, by Lemma |ta—1,2] < |pa—1,2]; therefore,

1.5

|Bkj—17'"vk2| < p3logn |NCL,2| 3logn |/’La,2

3logn _—n
= <n e
| Al \Mllo_g{fz |1t —1 ol

which proves Lemma |4.6 O

There are fewer than n'°8™ B-words; so, by Lemma their total contribution
amounts to at most a fraction nl°8ne=""? of |A|]. In other words, by 1) for
J>2,

2 2
ZjT—1,1 ( H Fz')Pfl v =(1+ O(e_n))zgr—m ( H Gz‘)Pfl v,
i=j—1 i=j—1
and the proof of Lemma [4.5| follows from 107]). 0
Recall from that, for j > 1,

2

1 T 0
mg, = 21— 27) Zj-1,1 (H Fi)P11 (O
i=j—1
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Figure 31: We trace the index vectors of the A and B-words from left to
right until they diverge (i = a). In this case, j is odd and the index vector of
the B-word is (2,1,2,1,2,2,1,2,2).

We know from (Il()ll, |103L |108|7 |111[) that neither af"" nor a;’dd is null. By
Lemma it then follows that the stationary velocity m,; never vanishes for
j > 2. By (66] , this is also the case for j = 1,2. To be nonnull is not enough,
however: sibling flocks must also head toward each other. This is what the flipping
rule ensures. We next show how.

Drifting Direction. By , m,, <0 <mg,. By Lemma for j > 2,

1 {(1 +en) (V8 4+ 0812 if j is odd; a15)

m, = —————— J
721 -27) | (14 (vt — vyt )oY else.

We observed in (111]) that p;9 is positive for all j > 1, with the exception of
p12 < 0. By 1’ the sign of oz;’dd is that of (—1)U*+1/2. On the other hand,

by , the sign of af**" is that of (—1)i/2. By , this proves that, for j > 0,
the sign of m,; is positive if and only if j = 0,1 (mod 4). Remember that this
is what happens when all the flips are confined to the right children of height
j > 2, what we called right-type flips. The actual rule is more complex. It applies
to flocks at left children of nodes of odd height at least 3 and to flocks at right
children of nodes of even height at least 4. We verify that, after the appropriate
flip, if any, every m,; is positive, ie, all the flocks along the left spine of the fusion
tree 7 drift to the right, as they should. But, before we show this, let’s convince
ourselves that right-type flips alone would not do: indeed, note that m,, < 0, so a
right-type flip for the right child of a3 would send the two flocks flying away from
each other (Figure [32)).

Here is a quick proof of the soundness of the true flipping rule. Suppose
we follow the right-type rule. How do we then modify the velocities to end up
with the same sign assignment produced by the true flipping rule? The answer is
simple: reverse the sign of the velocities of the flocks at both children of nodes of
odd height at least 3. For j > 2, the velocity of the flock at a; will be effectively
reversed a number of times equal to [(j—1)/2]. The velocity is effectively changed
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Figure 32: A right-type flip would make the two 4-bird flocks drift away
from each other.

only when that number is odd, ie, when j = 0,3 (mod 4). Recall that m,; > 0
if j = 0,1 (mod 4) and j > 0. That implies that m,; is now positive exactly
when j = 1,3 (mod 4), ie, j is odd. When j is even, however, the node a;, being
a left child of an odd-height node, undergoes a flip, which therefore reverses its
stationary velocity and makes it positive. So, in all cases, m,, is either positive or
made positive after the lag time for a flip: the corresponding flock is then headed
on a collision course with its sibling. Note that, as we observed in the footnote of
the proof of Lemma our previous analysis leading to the tower-of-twos growth
still holds despite the restoration of the true flipping rule. This concludes the
proof of Theorem O

It remains for us to establish the structural integrity of the flocks throughout
their lifetime. But, before we do so, it is useful to revisit the spectral shift and its
parity structure.

The Hidden Periodicity of the Spectral Shift. The formula for the station-
ary velocity in (115)) reveals a built-in periodicity that illustrates a fundamental
aspect of the spectral shift. Looking at , one may wonder why the second
largest eigenvalues all appear with the same index parity: odd when j is even
and vice versa. Think of the velocity of a flock as being well approximated by
o1l + yu, where o is the speed of its drift and ~u is its vibration vector pointing
in the direction of the second right eigenvector scaled by a Fourier coefficient ~y
decaying exponentially fast with time. Take the time to be right before merging
with the flock’s sibling. Then the velocity of the new flock is of the form

ocl+~yu
—ol—~u/’

We approximate the transition matrix Pjgj as 1l 4+ 2R, where R is a fixed
matrix of rank 1. After 6; steps, the velocity becomes roughly (ignoring time-
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independent factors):

ol +~vyu

T 4

> ~ Yl + opjow,
where w is a unit vector. We ignore the lower-order term ;2. It thus appears
that the pair (o,~) becomes (v, opu;2) for the bigger flock. Note the alternation
between (o,7) and (v,0). In particular, the switch of v from the right to the
left position in the pair captures the spectral shift underlying the flocking process,
while the contrary motion of ¢ indicates a re-injection of the first Fourier coefficient
into the spectral mix. In general, we have the relation (ojy1,vj+1) = (v, 0145.2);
hence,

(012, v542) = (0552, Vit +1,2)-
This shows that 042 = (@j—2,2 115,2)0—2, which explains the parity-based grouping
of . Of course, the hard part is to show that none of these terms vanish.
Note, in particular, that the vector

177 ya

comes frighteningly close to vanishing. A little bit of symmetry in the wrong
place is enough to derail the spectral shift. A uniform stationary distribution, for
example, would destroy the entire scheme; so would a vector u with the same first
and last coordinates.

4.3 Integrity Analysis

We saw in Section[d.1]that the flocks of size 2 and 4 remain single paths during their
lifetimes. The following result establishes the integrity of all the flocks. Though
not stated explicitly, the result also asserts that the birds By, . .., B, always appear
in that order from left to right.

THEOREM 4.7 Any two adjacent birds within the same flock lie at a distance be-
tween 0.58 and 1. This holds over the entire lifetime of the flock, whether it flips
or not.

Proof. As is sometimes the case, it is simpler to prove a more complicated bound,
from which the theorem follows. For notational convenience, put m,, = %n*‘r’
and define h(i) as the height of the nearest common ancestor of the two leaves
associated with B; and B;y1; eg, h(1) = 1 and h(2) = 2. We prove by induction

on j that, for any 1 < j <logn, t; <t <t;i1,and 1 <i < 27,

1-— %(’I’L5 —|—j’I’L4)|mah(i>7l‘ < DISTt(Bi,Bi+1)
{1 if i =21 and t = t;;
<

. (116)
1— %(1 — %)]ma,L(ml\ else.
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Recall that ag, a1, etc, constitute the left spine of the fusion tree 7. By , the
upper and lower bounds above fall between 0.58 and 1, so satisfying them implies
the integrity of the flocks along the spine: indeed, the upper bound ensures the
existence of the desired edges, while the lower bound greater than % rules out edges
between nonconsecutive birds. To extend this to all the flocks, and hence prove the
theorem, we establish for nondeterministic flipping, ie, assuming that any
node may or may not flip regardless of what the true flipping rule dictates. The
issue here is that the left spine does not represent all flocks: reversing velocities
changes the positions of birds irreversibly, so technically we should prove
not just along the left spine but along any path of 7. We can do this all at once
by considering both cases, flip and no-flip, at each node a;.

We proceed by induction on j. Before we get on with the proof, we should
explain why the upper bound of distinguishes between two cases. In general,
once two consecutive birds are joined in a flock, they stay forever at a distance
strictly less than 1. There is only one exception to this rule: at the time ¢ when
they join, the only assurance we can give is that their distance does not exceed
1; it could actually be equal to 1, hence the difficulty of a nontrivial upper bound
when ¢t =t; and 7 = 2J=1 The case j = 1 is special because two-bird flocks never
flip but are provided with two different kinds of initial velocities; therefore, we
must check both (B1,B2) and (Bs,Bs). We verify directly from [70)).
Indeed, for 0 <t < t9,

2onC < ao(t) —ai(t) < wa(t) —as(t) < 2+ nC
Assume now that j > 2. By applying successively , Lemma and ,
we find that
e e ] T PR
—2n

_ _ —2
< Qn=?/Ima; 1) Img, e

By (85),
0

Oi-1  a;_q -1, a1
0% = + ( Pjéilvaj. ) — ]maj71| (_i) ® 1yj—1 + ( Qjéillv ]. ) .
7Pj—1 vt *ij_l vi-t
The + leaves open the possibility of a flip of either type, right or left, before the
27~ 1_bird flocks join at time tj. As we saw earlier, the choice of type ensures that
the flock with the lower-indexed birds drifts to the right while its sibling, with the
higher-indexed birds, flies to the left; hence the certainty that, after flipping, the

“fixed” part of the velocity vector v% is of the form [mg; ,[(1,—1)7 ® Iy-1. (In
fact, to achieve just this is the sole purpose of flipping.) It follows that

. 1 . _
v = |mg, | <_1> ® -1+ ¢, with [[{]l2 < |mg,_,Je”". (117)
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For 1 < i < 27, define

e
xi=(0,...,0,—1,1,0,...,0)".

2j

By , for s > 1,
Xi Py v =mg,x{ 1y + x] Q50" = x] Q5 v%;
hence, for t; <t <t;iq,

t—t;

DISTy(B;, Bit1) = DISTy, (B;, Biy1) + Z(—l)f(s)XfQj v, (118)
s=1

where f(s) = 1 if there is a flip and s > n/, and f(s) = 0 otherwise. Note that
there is no risk in using DIST(B;, B;+1), instead of the signed version, x;11(t) —
x;(t), that birds might cross unnoticed: indeed, the bound in applies to all
the velocities, so that distances cannot change by more than O(n'~¢) in one step.
This implies that a change of sign for ;41 (t) —z;(t) would be preceded by the drop
of DIST¢(B;, Bi+1) below % and a violation of . By Cauchy-Schwarz and

[117),
Q5 ¢l < V2IIQ5 ¢lla < V2 ¢lly < e Dy
and, since n is assumed large enough, for s > 1,
Q5 < e mg . (119)
Likewise,

T Qv | < V21Q5 v |2 < e [
_ 2
<! M) (lmy, [V 4 ¢lo)-
For s >1and 1 <i < 27, by (117),
X @5 0] < [y, e, (120)
Recall that j > 2. To prove (116]), we distinguish between two cases: whether the

birds B;, B;1+1 are joined at node a; or earlier.

Case I. (i =2/71):  The edge (i,i+ 1) is created at node a; and h(i) = j, where
2 < j < logn (Figure . We begin with the case ¢ = ¢;. By construction, the
upper bound in is equal to 1. To establish the lower bound, we observe that
at time t; — 1 the two middle birds were more than one unit of distance apart.
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Figure 33: The birds B; and B, are joined together at time t;.

By the expression of the velocity given in , which expresses the displacement
prior to t;, neither bird moved by more than (1 +e™")[m,;_,| in that one step;
therefore,

DISth (Bi7Bi+1) >1-— 3‘1’11%._1 ’, (121)

which exceeds the lower bound of 1) ie, 1— %(nE’ +jn*) lmg,,,,_,|. Assume now
that t; <t <t;41. Observe that

27
1 T 1
12j(§717"'a1a§){ 1 ®12j71}:0.

The i-th row of P; is the same as the (2/ + 1 — i)-th row read backwards. This
type of symmetry is closed under multiplication, so it is also true of P;. By ,
for any s > 0, it then follows that

G{(3) ewn =) s} = (8 o)

The following recurrence relation holds: bZ(.O) =1if1<i<27! and bz(»o) = -1
else. For s > 0, we get the identities below for [ < 27!, plus an antisymmetric
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set for [ > 2771

BRES IR if 1 =1;
b+ b b)) if1<l<2
e _ 1 bé(?;l_l =2,
—b2‘;’-_1_1 if =21 41;
o8, =08 =) 2T el << 2
—p{ — 2 if ] =29

We find by induction that

)

therefore,
1 _
Q34 <_1) @ Lyt f = ~205), < =37, (122)

Since the two middle birds in the flock Fy; get attached in the flocking network
at time t;, DISTy, (B;, Biy1) < 1. Assume that F,, does not undergo a flip. Then,

by (IT7 ([T, [I19), for £; < £ < 511,
t—t;

DISTt(BZ’, Bi—i—l) <1+ Z XZTQj %
s=1
t—t; t—t;

1
<t | odoi{ () o b+ s
s=1 s=1

é 1- %|ma]’71| + Z ’ngle; C|

s>1
_1ln_
<1—4mg, |+ |mg, ) ez
s>1
<1l- %(1 - 0(1))‘maj71| =1- %(1 - O(]'))|mah(i)71|’

-3

which proves the upper bound in for i = 2=, The negative geometric series
we obtain from reflects the “momentum” (minus the vibrations) of the two
flocks colliding and penetrating into each other’s zone of influence before being
stabilized.

Suppose now that the flock Fy,, undergoes a flip at time ¢; + nf. The previous
analysis holds for ¢; <t <t; + n’; so assume that t; + nf <t < tiy1. By
and h(i) = j,

t—t;—n' t—t;—n'
T f o a; 2 —Q(sn~24nf 2
Z |Xi Q§+n Ua]| < Z n ’mah(i)—1|e ) — O(’mah(i)AD'
s=1 s=1
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By (118)), therefore,

nf t—t;
DISTy(B;, Biy1) = DISTy, (B;, Biy1) + Zx?@j v — Z X;TFQj v
s=1 s=nf+1
t—tj—nf
5 oa
<SDIST, 4 (B Bipa) + Y, X Q5™ v

s=1
<1- 31— o(1)ma,, | +o(jma,, 1) <1—tmg,, I

This establishes the upper bound in (116|) for i = 2/~!, whether there is a flip or
not. We prove the lower bound as follows. By (11§ 121)), for t; <t < tj4q,

t—t
DISTt(BivBiJrl) >1- 3|maj71’ - Z ‘X?Q; Uaj|
=1

s=

_ 2

>1— 3|maj,1’ _ n2|maj,1| Ze Q(s/n?)
s>1

>1- n5\ma]._1] =1- n5\mah(i)_1].

Note that this derivation still holds if the flock “flips,” ie, reverses the sign of
Q;? v% . This establishes 1) for i = 2971,

Figure 34: The birds B; and B;1; are joined earlier than ;.

Case II. (i < 2/71):  This implies that h(i) < j (Figure . Recall that j > 2.
We omit the case i > 277!, which is treated similarly. The case t = t; follows
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by inductionlﬂ for j/=j—1and t = t;4. Note that ¢t # t;_1, so the inductive
use of (116]) does not provide 1 as an upper bound; furthermore it provides even
stronger bounds, as j' < j. We assume now that t; <t < t;;1. By (118] ,

IDIST(Bi, Big1) — DISTy, (Bi, Bign)| < Y Ixd Q5 v%|
s>1
_ 2
< nzlmaj_1| Ze Q(s/n%) < O(n4|maj_1]).
s>1

We apply (116 inductively once more for j' = j —1 and ¢t = tj41:

1-— %(n5 + (] - 1)n4)|mah(i)_l| < DISth (Bi,Bi+1) <1- %(1 — %(] — 1))|mah(i

)-1h

hence, for t; <t <t; 1,

1- %(n5 + (.7 - 1)n4)’mah<i)71| - O(n4|maj71‘) < DISTt(Bi7 Bi-i-l) <
1—- %(1 - %(] - 1))|mah(¢)71| + O(n4|maj71‘)‘

Because j > h(i), by , lmg; | < n¢mg, |, for h(i) > 1. In the case
h(i) =1,

jmg, | < |mg, | <07 <4n0lmg,| =n"",
for ¢ > 11. This shows that, in all cases, |mg;_,| < 4n_6]mah<i)7l|; hence (|116]).
Since sums involving velocities are immediately taken with absolute values, the
same derivation can be repeated verbatim in the case of a flip. a

5 Concluding Remarks

We have established the first general convergence bound for a standard neighbor-
based flocking model. We believe that it can be generalized to many of the metric
and topological variants of the Vicsek model. We have shown that the spectral
shift underpinning the slow convergence is resistant to noise decaying with time.
Without temporal decay, injecting a fixed amount of entropy into the system at
each step is likely to produce widely different behaviors. Whether the techniques
introduced in this work, in particular the geometric approach, can shed light on
phase transitions reported experimentally in [3,29] is a fascinating open question.

Acknowledgments

I wish to thank ITain Couzin, Joel Friedman, Phil Holmes, Ali Jadbabaie, and
Naomi Leonard for helpful discussions.

I5Tf the reader is wondering why our induction invariant is defined over the interval [t;,#;11]
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