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Population protocols are a model of computation in which an arbitrary
number of indistinguishable finite-state agents interact in pairs. The goal
of the agents is to decide by stable consensus whether their initial global
configuration satisfies a given property, specified as a predicate on the set of
configurations. The state complexity of a predicate is the number of states of
a smallest protocol that computes it. Previous work by Blondin et al. has
shown that the counting predicates > 7 have state complexity O(logn) for
leaderless protocols and O(log logn) for protocols with leaders. We obtain the
first non-trivial lower bounds: the state complexity of x > 7 is Q(logloglogn)
for leaderless protocols, and the inverse of a non-elementary function for
protocols with leaders.

1. Introduction

Population protocols are a model of computation in which an arbitrary number of
indistinguishable finite-state agents interact in pairs to decide if their initial global
configuration satisfies a given property. Population protocols were introduced in [5,
6] to study the theoretical properties networks of mobile sensors with very limited
computational resources, but they are also very strongly related to chemical reaction
networks, a discrete model of chemistry in which agents are molecules that change their
states due to collisions.

Population protocols decide a property by stable consensus. Each state of an agent
is assigned a binary output (yes/no). In a correct protocol, all agents eventually reach
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the set of states whose output is the correct answer to the question “did our initial
configuration satisfy the property?”, and stay in it forever. An example of a property
decidable by population protocols is majority: initially agents are in one of two initial
states, say A and B, and the property to be decided is whether the number of agents in
A is larger than the number of agents in B. In a seminal paper, Angluin et al. showed
that population protocols can decide exactly the properties expressible in Presburger
arithmetic, the first-order theory of addition [9].

Assume that at each step a pair of agents is selected uniformly at random and allowed
to interact. The parallel runtime is defined as the expected number of interactions until
a stable consensus is reached (i.e. until the property is decided), divided by the number
of agents. Even though the parallel runtime is computed using a discrete model, under
reasonable and commonly accepted assumptions the result coincides with the runtime of
a continuous-time stochastic model. Many papers have investigated the parallel runtime
of population protocols, and several landmark results have been obtained. In [6] it was
shown that every Presburger property can be decided in O(nlogn) parallel time, where n
is the number of agents, and [8] showed that population protocols with a fixed number of
leaders can compute all Presburger predicates in polylogarithmic parallel time. (Loosely
speaking, leaders are auxiliary agents that do not form part of the population of “normal”
agents, but can interact with them to help them decide the property.) More recent results
have studied protocols for majority and leader election in which the number of states
grows with the number of agents, and shown that polylogarithmic time is achievable by
protocols without leaders, even for very slow growth functions, see e.g. [2, 3, 4, 15, 18].

However, many protocols have a high number of states. For example, a quick estimate
shows that the fast protocol for majority implicitly described in [8] has tens of thousands
of states. This is an obstacle to implementations of protocols in chemistry, where the
number of states corresponds to the number of chemical species participating in the
reactions. The number of states is also important because it plays the role of memory
in sequential computational models; indeed, the total memory available to a protocol is
the logarithm of the number of states multiplied by the number of agents. Despite these
facts, the state complexity of a Presburger property, defined as the minimal number of
states of any protocol deciding the property, has received comparatively little attention'.
In [13, 12] Blondin et al. have shown that every predicate representable by a boolean
combination of threshold and modulo constraints (every Presburger formula can be put
into this form), with numbers encoded in binary, can be decided by a protocol with
polynomially many states in the length of the formula. In particular, it is not difficult
to see that every property of the form x > 7, stating that the number of agents is at
least 7, can be decided by a leaderless protocol with O(logn) states. A theorem of [12]
also proves the existence of an infinite family of thresholds 7 such that z > n can be
deciided by a protocol (with leaders) having O(loglogn) states. However, to the best of

Notice that the time-space trade-off results of [2, 3, 4, 15, 18] refer to a more general model in which
the number of states of a protocol grows with the number n of agents; in other words, a property is
decided by a family of protocols, one for each value of n. Trade-off results bound the growth rate
needed to compute a predicate within a given time. We study the minimal number of states of a
single protocol that decides the property for all n.



our knowledge there exist no lower bounds on the state complexity, i.e. bounds showing
that a protocol for > n needs Q(f(n)) states for some function f. This question, which
was left open in [13], is notoriously hard due to its relation to fundamental questions in
the theory of Vector Addition Systems.

In this paper we first show that every protocol, with or without leaders, needs a
number of states that, roughly speaking, grows like the inverse Ackermann function, and
then prove our main result: every leaderless protocol for x > n needs Q(logloglogn)
states. The proof of the first bound relies on results on the maximal length of controlled
antichains of N?, a topic in combinatorics with a long tradition in the study of Vector
Addition Systems and other models, see e.g. [22, 17, 1, 25, 10]. The triple logarithmic
bound requires to develop new theory for a generalisation of the antichain condition.

The paper is organised as follows. Section 2 introduces population protocols, the state
complexity function, and its inverse, the busy beaver function, which assigns to a number
of states n the largest 1 such that a protocol with n states decides x > 7). Instead of lower
bounds on state complexity, we present upper bounds on the busy beaver function for
convenience. Section 3 presents some results on the mathematical structure of stable sets
of configurations that are used throughout the paper. Section 4 shows an Ackermannian
upper bound on the busy beaver function, valid for protocols with or without leaders, and
explains why this very large bound might be optimal. Section 5 gives a triple exponential
upper bound on the busy beaver function for leaderless protocols.

2. Population Protocols and State Complexity

2.1. Mathematical preliminaries

For sets A, B we write AP to denote the set of functions f : B — A. If B is finite we call
the elements of NB multisets over B, and the elements of R? vectors of dimension |B).
Arithmetic operations on vectors in R? are defined as usual, extending the vectors with
zeroes if necessary. For example, if B C B, © € RP and y € RP then z 4+y € RP is
defined by (x 4 y)» = 23 + y», where y, = 0 for every b € B\ B’. For =,y € R? we write
x<yifz; <y foralli e B,and z S y if x < y and = # y. Abusing language we identify
an element b € B with the one-element multiset containing it, i.e. x € N¥ with x;, = 1
and z; = 0 for ¢ # b. We also write |z| := Y ,c g} for the total number of elements in a
multiset z € NP, and 1 to denote the all-ones vector of appropriate dimension. Finally,
given a vector v € R¥, we define ||v]|; = ¥ |v;] and [|v]|eo = max¥_| |vj]

2.2. Population protocols

We recall the population protocol model of [5, 7], with explicit mention of leader agents.
A population protocol is a tuple P = (Q,T, L, X, I,0) where @ is a finite set of states;
T C @ x Q? is a set of transitions; L € N@ is the leader multiset; X is a finite set
of input variables; I : X — @ is the input mapping; and O : Q — {0,1} is the output
mapping.



Inputs and configurations. An input is a multiset v € NX such that [v| > 2, and
a configuration is a multiset m € N9 such that |m| > 2. Intuitively, a configuration
represents a population of agents where m(q) denotes the number of agents in state g.
The initial configuration for input v is defined as IC'(v) :== L+, cx v(x)-I(z). Abusing
language, throughout the paper we write IC(i) instead of IC(i - z) to denote the initial
configuration for input ¢ € N, if P has a unique input state {z} = X.

The output O(m) of a configuration m is b if m(q) > 1 implies O(q) = b for all ¢ € Q,
and undefined otherwise. So a population has output b if all agents have output b.

Executions. A transition ¢t = ((p, q), (p,¢’)) is enabled in a configuration m if m > p+q,
and disabled otherwise. As |m| > 2, every configuration enables at least one transition.
If ¢ is enabled in m, then it can be fired leading to configuration v :=m —p—q+p + ¢,
which we denote m % v. Given a sequence o = tits...t, of transitions, we write m < v
if there exist configurations myi, me, ..., m, such that m LN mi LEN mo -+« My In, m/, and
m = m’ if m % m’ for some sequence o € T*. For every set of transitions 7" C T, we
write m L5 m’ if m L m’ for some ¢ € T', and m L m’ if m < m’ for some sequence
o € T™. Given a set M of configurations, m = M denotes that m = m’ for some
m' e M.

An ezxecution is a sequence of configurations o = mgmy... such that m; — m; for every
i € N. The output O(o) of ¢ is b if there exist i € N such that O(m;) = O(m;41) = ... = b,
otherwise O(o) is undefined.

Executions have the monotonicity property: If mgmims... is an execution, then for
every configuration D the sequence (mg + m)(mq + m)(ms + m)... is an execution too.
We often say that a statement holds “by monotonicity” , meaning that it is a consequence
of the monotonicity property.

Computations. An execution ¢ = mgmy... is fair if for every configuration m the
following holds:

if |{i € N:m; = m}| = oo, then [{i € N:m; =m}| =0

In other words, fairness ensures that an execution cannot avoid a configuration forever.
We say that a population protocol computes a predicate ¢ : NX — {0,1} (or decides
the property represented by the predicate) if for every v € N¥X every fair execution
o starting from IC(v) satisfies O(0) = ¢(v). Two protocols are equivalent if they
compute the same predicate. It is known that population protocols compute precisely
the Presburger-definable predicates [9].

Example 2.1. Let P = (Q,T,0,{x},1,0) be the protocol where Q :={0,1,2,3,...,2F},
I(z) :=1, O(a) = 1 iff a = 2¥, and for each a,bBkQ the set T of transitions contains
((a,b),(0,a+ b)) if a+b < 2%, and ((a,b), (2%,2%)) if a + b > 2F. It is readily seen that
Py, computes x > 28 with 28 4+ 1 states. Intuitively, each agent stores a number, initially
1. When two agents meet, one of them stores the sum of their values and the other one
stores 0, with sums capping at 25. Once an agent reaches this cap, all agents eventually
get converted to 2F.



Now, consider the protocol Py, = (Q',T',0,{z},I',0"), where @' := {0,20,21, ..., 2k}
I'(z) :=2° O'(a) =1 iffa =2, and T' contains ((2,2%),(0,2F1)) for each 0 <i < k,
and ((a,2%), (2%,2%)). for each a € Q' It is easy to see that P also computes x > 2%, but
more succinctly: While Py, has 2F + 1 states, P,. has only k + 1 states.

Leaderless protocols. A protocol P = (Q,T,L, X, 1,0) is leaderless if L =0, and has

|L| leaders otherwise. Protocols with leaders and leaderless protocols compute the same
predicates [9]. For L = 0 we have

MC () + NIC() = )\<L + 3 w(x) -I(:c)) Y (L + Y () I(x))

reX zeX
= Z v(z) - I(z)+ N Z o' (x) - I(x)
reX reX
= IC(\v + Nv')

for all inputs v,v" and A, \" € N. In other words, any linear combination of configura-
tions with natural coefficients is also an initial configuration.

2.3. State complexity of population protocols

Informally, the state complexity of a predicate is the minimal number of states of the
protocols that compute it. We would like to define the state complexity function as the
function that assigns to a number ¢ the maximum state complexity of the predicates of
size at most £. However, defining the size of a predicate requires to fix a representation.
Population protocols compute exactly the predicates expressible in Presburger arithmetic
[9], and so there are at least three natural representations: formulas of Presburger
arithmetic, existential formulas of Presburger arithmetic, and semilinear sets [19]. Since
the translations between these representations involve superexponential blow-ups, we
focus on threshold predicates of the form x > 1, for which the size of the predicate is the
size of n, independently of the representation. We choose to encode numbers in unary,
and so we define STATE(n) as the number of states of the smallest protocol computing
T >.

The inverse of STATE(n) is the function that assigns to a number n the largest n such
that a protocol with n states computes x > 7. Recall that the busy beaver function
assigns to a number n the largest 7 such that a Turing machine with n states started on
a blank tape writes 1 consecutive ones on the tape and terminates. Due to this analogy,
we call the inverse of the state complexity function the busy beaver function, and call
protocols computing predicates of the form x > 7 busy beaver protocols, or just busy
beavers.

Definition 2.2. The busy beaver function BB : N — N is defined as follows: BB(n) is
the largest n € N such that the predicate x > 1 is computed by some leaderless protocol
with at most n states. The function BBr(n) is defined analogously, but for gemeral
protocols, possibly with leaders.



In [13] Blondin et al. give lower bounds on the busy beaver function:

Theorem 2.3 ([13]). For every number of states n: BB(n) € Q(2") and BB (n) €
0(2%2").

However, to the best of our knowledge no upper bounds have been given.

3. Mathematical Structure of Stable Sets

A set M of configurations is downward closed if m € M and m’ < m implies m’ € M. A
pair (u, S), where p is a configuration and S C Q, is a base element of M if 4+ N% C M.
A base of M is a finite set B of base elements such that M = U, g)e5(k + N%). It
is well-known (an easy consequence of Dickson’s lemma), that every downward-closed
set of configurations has a base. We define the norm of a base element (u,S) as
|ty S) |0 := ||#4]|c0, and the norm of a base as the maximal norm of its elements. We
apply these notions to the stable configurations of the protocol:

Definition 3.1. Let b € {0,1}. A configuration m is b-stable if O(m’) = b for every
configuration m’ reachable from m. The set of b-stable configurations is denoted SCY.

It follows easily from the definitions that a population protocol computes a predicate
¢ : NX — {0,1} iff every configuration m with IC(v) = m fulfils m = SCy, if (v) = 0,
and m = SCq, if p(v) = 1.

Lemma 3.2. Let P be a protocol with n states. For every b € {0,1} the set SC is
downward closed and has a base of norm at most 22@n+ DL - 1y particular, SCy has a
base with at most ¥(n) := 22"*2)" elements.

Proof. We prove that SC}, is downward closed by showing that its complement SC} is
upward closed. Assume m € SC, and m’ > m. We prove m’ € SC,. Since m € SC}, we
have m = m” for some m" such that O(m”) # b. By monotonicity, m’ = m+ (m'—m) =
m” + (m’ —m), and since O(m”) # b we have O(m” + (m' —m)) #b. So m’ € SCy,.

For the second part, let 8 := 222"+ and fix a b-stable configuration m. Let S := {q e
Q@ : mg > 20}, and define p < m as follows: p; :=m; for i ¢ S and p; := 25 for i € S.
Since p < m and m is b-stable, so is u. We show that (u,S) is a base element of SCj,
which proves the result. Assume the contrary. Then some configuration m’ € p + N9 is
not b-stable. So m’ = m” for some m” satisfying m”(q) > 1 for some state ¢ € Q with
O(q) # b; we say that m” covers q. By Rackoff’s Theorem [24], m” can be chosen so
that m’ % m” for a sequence o of length 927" 4 more precise bound is lo| < B (see [16,
Theorem 3.12.11]). Since a transition moves at most two agents out of a given state, o
moves at most 23 agents out of a state. So, by the definition of u, the sequence o is also
executable from u, and also leads to a configuration that covers gq. But this contradicts
that p is b-stable.

To prove the bound on the number of elements of the base, observe that the number
of pairs (u,S) such that g has norm at most & and S C @ is at most (k + 2)™. Indeed,
for each state g there are at most k + 2 possibilities: ¢ € S, or ¢ ¢ S and 0 < pu(q) < k.
So ¥ < (22(2n+1)!+1 + 2)n < 2(2n+2)!‘ n



From now on we use the following terminology:

Definition 3.3. A b-base is a base of SC, which has norm at most 22"tV " and jts
elements are called b-base elements.

4. A General Upper Bound on the Busy Beaver Function

Our general strategy to find upper bounds for the busy-beaver function BBy (n) is as
follows:

(1) We prove a “Pumping Lemma” stating that if a protocol rejects two inputs a < b
satisfying certain conditions, then it rejects all inputs of the form a + A(b — a), for
every A > 0, and so it does not compute the predicate x > 7.

(2) Using the Pumping Lemma, we reduce the existence of the inputs a and b to the
existence of a finite sequence of vectors of dimension n satisfying certain purely
combinatorial properties; the size of b is linked to the length of the sequence.

(3) We call a sequence satisfying the combinatorial properties bad (since its existence
implies that the protocol does not compute x > 1), and good otherwise. We provide
a bound B(n) on the maximal length of good sequences.

It follows from (1)-(3) that a protocol with n states cannot compute z > n for any
17 > B(n). Indeed, if n > B(n) then every sequence of vectors of dimension n and length
1 is bad. So the sequence satisfies the conditions of the Pumping Lemma, and so the
protocol rejects all inputs of the form a + A(b — a).

In this section we apply this strategy to obtain an upper bound on BBy (n). In the
next section we apply it again, in a more sophisticated way, to obtain a better upper
bound for BB(n).

Fix a protocol P, = (Q,T,0,{z},I,0) with |Q| = n. We start by stating and proving
the Pumping Lemma.

Lemma 4.1 (Pumping Lemma). If there exist inputs a and b, a 0-base element (p, S),
and configurations mg, my € u+ N satisfying (1) ma < my, (2) 1C(a) = mq, and (3)

mq + IC(b — a) = my, then P rejects a + \(b— a) for every A > 0.

Proof. We first claim that m, + IC(A(b — a)) = mg + A(my — my) holds for every A > 0.
The proof is by induction on A. The basis A = 0 is trivial. For the induction step let
A > 1. We have

1C(a + A(b—a)) 1C(a) + IC(b — a) + IC((A — 1)(b — a))

% met IC(b—a) + IC((A— 1)(b— ) (2)
= Mg+ (mp —mg) + IC((A = 1)(b - a)) (3)
= mp+ (mp —mg) + (A= 1)(mp — my) (IH)

Mg + AN(mp —myg)

and the claim is proved. By (1) and mg,mp € p+N° we have mg + A(my —my) € p+N¥
for every A > 0. So, by (2) and the claim, SCy is reachable from IC(a + A(b— a)) for
every A > 0. So P rejects 0 for every input a + A(b — a). O



Our goal now is to find a bound B(n) such that for every protocol with at most n
states there are inputs a < b < B(n) rejected by the protocol and satisfying conditions
(1)-(3) of the Pumping Lemma. For this, observe that for every rejected input i we
have IC(i) % m; for some configuration m; € SCy, and so m; € u; + N% for some
O-base element (p;,.S;). The triple (u;, S;, m;) can be seen as a “rejection certificate” for
i. The certificate can be verified by checking that m; € y; + N5, and finding o such that
c (’L) i> m;.

Definition 4.2. For every rejected input 2 < i <n— 1, the triple cert(i) := (u;, Si, m;)
is the (rejection) certificate of i. We call (u;, S;) the type of cert(i). The certificate
sequence of P is the sequence cert(2)cert(3)...cert(n —1).

The conditions of the Pumping Lemma can now be reformulated as follows: there are
two inputs a, b such that their certificates have the same type and satisfy conditions (1)
and (3).

Lemma 3.2 shows that there are at most ¥(n) := 220+ tynes of certificates. Therefore,
if the number of rejected inputs exceeds J(n), then there are two inputs a, b such that
cert(a) and cert(b) have the same type, and so satisfy condition (2) of the Pumping
Lemma. However, their certificates need not yet satisfy conditions (1) and (3). To solve
the latter, we will construct the certificate sequence in a specific manner, by extending
the previous certificate to get to the next. For the former, we examine the certificate
sequence in more detail. More precisely, we examine the sequence mgms---my,_1. Using
the terminology of [17], it is a linearly controlled sequence, meaning that there is a linear
control function f : N — N satisfying |m;| < f(¢). Indeed, since IC(i) = m;, we have
|m;| = |IC(i)| = |L| + 1, and so we can take f(n) = |L|+n. This allows us to use a result
on linearly controlled sequences from [17]. Say a finite sequence vy, vy, - -« ,vs of vectors
of the same dimension is bad if there are two indices 0 < 7; < i3 < s such that v;; < viQ.Z
Dickson’s Lemma shows that every infinite sequence of vectors contains a bad prefix, and
the result extends from two to three or any other finite number of indices i1 < i3 < ....

The maximal length of good linearly controlled sequences has been studied in [22, 17, 10],
and the results have been used to bound the runtime of algorithms to check properties
of a number of computational models, including Vector Addition Systems, and Counter
Machines [21]. The following lemma follows easily from results of [17]:

Lemma 4.3. [17] For every 6 € N and for every elementary function g : N — N, there
exists a function Fs,: N — N at level F,, of the Fast Growing Hierarchy satisfying the
following property: For every infinite sequence vg,v1,vs... of vectors of N™ satisfying

lvi| < i+ 9, there exist ig < i1 < ... < ig(n) < Fs4(n) such that viy < vy < -+ < Vg(n)-

For the definition of the Fast Growing Hierarchy see [17]. For our purposes it suffices
to know that F, contains functions that, crudely speaking, grow like the Ackermann
function. Using the lemma we obtain:

2Unfortunately, in [17] bad sequences are called “good”. We risk this confusion to maintain the convention
that a bad sequence is a witness of the fact that the protocol does not compute = > 7.



Theorem 4.4. Let P be a population protocol with n states and £ leaders computing a
predicate x > 1 for some 1 > 2. Then n < Fyy(n), where ¥(n) is the function of Lemma
3.2.

Proof. We inductively define a sequence ms, ms, my... of configurations of SCy U SC1
satisfying:
(i) IC(i) = m; for every n > 2.
(i) m; + (j — 1) - I(x) = m; for every 2 < i < j.
(Observe that m; + (j — i) - I(x) is the result of adding (j — ) agents in state I(z)
to ml)

Since P computes x > 7, for every ¢ > 2 every fair run of P starting at IC(7) eventually
reaches SCy or SC; (depending on whether i < 7 or ¢ > n), and stays there forever. We
define mo, ms, my, .... First, we let mgy be any configuration of SCyU SC'1 reachable from
IC(2). Then, for every i > 2, assume that m; has already been defined and satisfies
IC(i) = m;. Observe that IC(i+ 1) = IC(i) + I(x). Since IC(i) = m;, we also have
IC(i+1) = IC(i) + I(x) = m; + I(z). This execution can be extended to a fair run,
which eventually reaches SCo U SCy. Let m;y1 be any configuration of SCy U SCy
reachable from m; + I(x).

Let us show that mg, mg, my... satisfies (i) and (ii). Property (i) holds for mg by
definition, and for ¢ > 2 because IC(i + 1) = IC(i) + I(z) = m; + I(z) = mi41. For
property (ii), by monotonicity and the definition of m; we have for every 2 < i < j:

mi+ (G —i)-I(x) Smipr+(G—i—1)-I(x) S S mj_1+ I(z) = m,
Assume 7 > Fy9(n). By Lemma 4.3 there exist 9(n) + 1 indices ig < i1 < ... <iy(y) <
Fy9(n) such that m;, <m; <--- < My - Since P computes x > 1, every mi; belongs
to SCy. By the definition of ¥ and the pigeonhole principle, there are a < b and a 0-base
element (u1, S) such that m;,,m;, € u+N. Rename a := i, and b := 4. By property (ii)
we have m, + (b — a) - I(z) = my. Since my,my € u+ N, applying Lemma 4.1 we get
that P rejects a + A(b— a) for every A > 0. This contradicts that P computes x > 7. [

4.1. Is the bound optimal?

The function Fy»(n) grows so fast that one can doubt that the bound is even remotely
close to optimal. However, recent results show that this would be less strange than it
seems. If a protocol P computes a predicate x > 7, then 7 is the smallest number such
that IC(n) = SC;. Therefore, letting BBP(n) denote the busy beaver protocols with at
most n states, and letting SCT and IC” denote the set SC; and the initial mapping of
the protocol P, we obtain:

BBr(n) = Pegl}gg(n) min{i € N | 3m € SCT : ICT(i) % m}

Consider now a deceptively similar function. Let All; be the set of configurations m such
that O(m) = 1, i.e. all agents are in states with ouput 1. Further, let PP(n) denote the



set of all protocols with alphabet X = {z}, possibly with leaders, and n states. Notice
that we include also the protocols that do not compute any predicate. Define

f(n) = Pé{:l’%)%n) min{i € N | 3Im € All} : ICT(i) & m}

Using recent results in Petri nets and Vector Addition Systems [14, 20] it is easy to prove
that f(n) grows faster than any elementary function®. However, a recent result [11] by
Balasubramanian et al. shows f(n) € 20 for leaderless protocols.

These results suggest that a non-elementary bound on BBy (n) might well be optimal.
However, in the rest of the paper we prove that this can only hold for population protocols

with leaders. We show BB(n) € 222@(71)’ i.e. leaderless busy beavers with n states can
only compute predicates x > n for numbers 7 at most triple exponential on n.

The scheme of the proof is similar to that of Theorem 4.4. In particular, we also rely
on a lemma bounding the length of certain good sequences of vectors. However, the
definition of a good sequence is a different one, which to the best of our knowledge has
not been studied yet. Therefore, instead of resorting to [17] we develop the machinery to
prove the lemma by ourselves.

5. An Upper Bound for Leaderless Protocols

The main property of leaderless protocols, already mentioned in Section 2, is that, loosely
speaking, initial configurations are closed under linear combinations:

AIC(i) + NIC(j) = IC(\i+ Nj)  for every i,j,\, N € N

This extends to executions: If IC(i) = m; and IC(j) = my;, then IC(Ni+ Nj) =
Am;+X'm;. We make use of this property throughout the section without explicit mention.
Observe also that even if the coefficients of the linear combination are nonnegative rationals
we can always multiply them by a suitable constant and obtain an execution.

We reuse the proof strategy described at the beginning of Section 4. In Section 5.1 we
state and prove a Pumping Lemma showing that under certain conditions the protocol
rejects infinitely many inputs, contradicting that it computes = > 7. In Section 5.2 we
introduce QQCT-sequences of vectors, and show that a bound on the length of the so
called good QCT-sequences implies a bound on 7. Finally, Section 5.3 derives a bound
on the length of good QCT-sequences.

Notation. For the rest of the section we fix a leaderless population protocol P =
(Q,T,0,{z},I,0) with n states.

3The paper [20] considers protocols with one leader, and studies the problem of moving from a
configuration with the leader in a state g;», and all other agents in another state r;,, to a configuration
with the leader in a state ¢y and all other agents in state ry. The paper uses results from [14] to
show that the smallest number of agents for which this is possible grows faster than any elementary
function in the number of states of the protocol.
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5.1. A Pumping Lemma

We first introduce some preliminaries, then formulate a first version of the Pumping
Lemma (Lemma 5.3), and then strengthen it, yielding the final version (Lemma 5.6).

Potential reachability and a first Pumping Lemma.

Let t be a transition, i.e. t = ((p,q), (p,¢')). By the definition of the reachability relation,
for every two configurations m,m/, if m % m/ then m’ = m —p — g+ p' + ¢’. This
motivates the following definition:

Definition 5.1. Let t = ((p,q), (p',q)) be a transition. The effect of t is the vector
A(t):=q¢ +r' —q—r € ZR. Given a sequence o = t...t,,, we denote its Parikh vector

= diest € NT as the vector mapping each transition to its number of occurrences in
0. We can then define the effect of o as A(0) == X (T ) A(t) = Yy All).

Observe that, since a transition only involves two agents, all components of A(¢) lie in
the interval [—2,2]. Further, observe that m < m’ implies m’ = m + A(c). In particular,
m/ depends only on the effect of 0. We introduce some useful notations:

Definition 5.2. For every sequence o € T* of transitions, we write m = m' if m' =

m + A(o). Further, we write m = m’ if there exists o such that m = m’, and say that

m’ is potentially reachable from m.

We make the following observations:

o If m & m/ then m = m/, but the converse does not hold in general.

 For fixed configurations m, m’, whether m < m’ holds or not depends only on the
Parikh vector &.

o If m = m’ and m > 2|0, then m < m’. This follows immediately from the fact

that each transition moves exactly two agents.

We formulate a first version of a pumping lemma, which we will then strengthen.

Lemma 5.3. If there is v € N and inputs sg,a,b € N such that
(1) IC(sp) = m for some m > 2,
(2) m+1IC(a) =+ N5 for some 0-base element (i, S), and
(8) IC(b) = N5 for some o such that |o| < v,

then P rejects (so + a + Ab) for every A > 0.

Proof. By (2) and (3) there exist configurations v,u € N¥ s.t. m + IC(a) % p + v and
IC(b) & u. Since a transition removes at most two agents from a state, and we have

m > 2v and |o| < 7, the sequence ¢ is enabled at m, and so also at m + IC(b). By (3)
we obtain m + IC(b) = m + u. So we get

11



IC(so 4+ a+ Ab) IC(sp) + IC(a) + NIC(b)

% m+ IC(a) + NIC(b)

= m+1C(a)+ (A —1)IC(b) +u

= 5 m+ IC(a) + A\u (1)
S ptv+Adu (2)

Since (y,S) is a O-base element and v,u € N¥, we have p + v + Au € SC, and so P
rejects (s + a + Ab). O

A stronger pumping lemma.

In the rest of the section we show that Lemma 5.3 can be strengthened by fixing the
values of v and sg, that is, one only needs to look for inputs @ and b in order to “pump”.
We first show that the sequence o can always be chosen of size at most (n + 1)%4™.

Lemma 5.4. If IC(i) = N° for some input i > 2 then IC(j) = N° for some input
j > 2 and a sequence o of length at most (n + 1)54™.

Proof. We construct a linear system of inequalities, any integer solution of which will
yield a desired sequence o with IC(j) = N¥ for some j. Then we apply a well-known
bound, showing that a small solution exists.

To construct this system, we use what is known in the analysis of Petri nets as the
marking equation (see e.g. [23]). Since the order of transitions in o does not matter,
we consider the Parikh vector @ = Sicot € NT of o, as defined above. Defining
A:Q xT — Z as the matrix where the t-th column is precisely A(t) for t € T, we get
that the effect of the whole sequence is simply A(c) = A7 .

Therefore the statement IC(j) = N is equivalent to the following system of linear

inequalities over the vector u of variables, where v; := (A;;)ier denotes the i-th row of
A, for i € Q, and = € @ the unique initial state of P:

Ju e NT U;—u_—l
vl u=0 foralli € Q\ S,i # x
v?uzo for every i € S,i # x

We know that the above system has a solution for u, so it also has an integer solution
with coefficients at most v = (n? + 1)4™. This bound follows from a result by von zur
Gathen and Sieveking [27], combined with the estimate that for any submatrix of A
its determinant has absolute value at most 4. The bound on the determinants follows
directly from a suitable Laplace expansion of the columns, as each transition t € T
has ||A(t)|1 < 4. Since there are |T| < n* different transitions, the total number of
transitions in o is at most n(n? + 1)4" < (n + 1)%4" O

This allows us to fix v := (n + 1)%4". Now we fix s9. We prove a lemma showing that
for every number  there is an input from which we can reach a configuration with at

12



least v agents in each state (we assume wlog that every state can be populated from
some input, otherwise we can remove the state). The proof is in the Appendix.

Lemma 5.5. For every v € N there exists an so < yn2" such that IC(sg) = m for some
configuration m > .

This allows us to fix so := yn2" < (n + 1)723". So together with Lemma 5.3 we finally
get:

Lemma 5.6 (Pumping Lemma). Let v := (n + 1)%4" and so := yn2". Let m, be a
configuration satisfying m~ > v and IC(so) = m.~, which exists by Lemma 5.5. If there
exist inputs a,b > 2 such that

1. my + IC(a) = u+ N for some 0-base element (u, S), and
2. IC(b) = N,
then P rejects (so + a + Ab) for every A > 0.

5.2. QCT-sequences

As we did in Section 4, we define a notion of certificate that an input is rejected, in this
case an input larger than sg. Assume P computes x > 1. By Lemma 5.5, for every ¢
with sg + i < 7 there exist sequences of transitions o; and m;, a 0-base element (u;, S;)
and a configuration m; € N% such that

[C(So—i—i)ﬂ)CW—‘rIC(i)gui—i-mi (1)

Further, for every ¢ we can assume that the sequence o; m; has minimal length and, by
Lemma 3.2, that (14, .5;) has norm at most 22(27+D'*1 Observe that execution (1) proves
IC(sg +1i) = SCy, and so that P rejects sog +i. We define the rejection certificate of i as
follows.

Definition 5.7. Let ¢ :=n—1—sg, and let i = 1,...,£. The (rejection) certificate of i is
the tuple cert(i) := (u;, Si, mq, pv;), where p;, S;;m; are as in (1), and pv; is the Parikh
vector of the sequence o; m;, defined as the mapping pv; : T — N that assigns to every
transition the number of times it occurs in o; 7;. Further, we say that S; is the colour of
i. The certificate sequence of P is the sequence cert = cert(1)cert(2)...cert(f).

Observe that the type of a certificate (i, S;, ms, pv;) is N@ x 2@ x N? x N7 with the
constraint that for every ¢ ¢ S; we have m;(q) = 0.

In Section 4 we saw that the certificates introduced there were good linearly controlled
sequences, which allowed us to use existing results. For leaderless protocols we proceed
in the same way, with the difference that now we cannot resort to the literature, but
have to develop the theory ourselves.
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Controlled QCT-sequences.

We first show that Cert is also a controlled sequence in a certain sense. The proof is
straightforward and can be found in the Appendix.

Lemma 5.8. Let Cert = cert(1)...cert(f) be the certificate sequence of P, where cert(i) =
(pis Sis i, pv;). We have ||pi|1 < 22 D i |1+ {lmil = s+, and ||pill1+[mill 1+
lpvilli < (so+ )" foralli=1,... L

Lemma 5.8 motivates the next definition:

Definition 5.9. Let Q,C,T be disjoint finite sets of states, colours, and transitions. A
QCT-tuple is a fourtuple qct = (p,c,m, pv), where u,m € N9, ¢ € C, and pv € NT,
A QCT-sequence is a finite sequence of certificates. A QCT-sequence T = qcty, ..., qcty,
where qct; = (i, ¢i, m;, pv;) is controlled if there are constants sg, «, 5 such that || ;]| co <
B, Nuilly + llmally = so +4, and |[pilly + [[malls + [|pvills < (s0 +2)* for all0 < i < L. We
call so, o, B the control parameters of T and write I(c) := {i : ¢; = ¢} for the indices of
elements with colour ¢ € C.

We can now reformulate Lemma 5.8 as:

Corollary 5.10. Cert is a controlled QCT-sequence with C' = 2Q’ and control parameters
s0< (n+1)723" o =n and B = n22@n+DHL

Linear combinations and good controlled QQCT-sequences.

We now show that Cert satisfies a property playing the same role as “goodness” of linearly
controlled sequences, but stronger. Intuitively, this makes it much harder to produce long
good sequences, which leads to a triple exponential bound instead of a non-elementary
one.

Definition 5.11. Let gctq, ..., qct, be certificates of the same colour c, where qct; =
(i, c,mi, pv;). A tuple (u,m, pv) € RC x RY x RT is a linear combination of gcty, ..., qctyg
if there are coefficients A1, ..., As € R such that we have (p, m, pv) = > ;1 Ni(fi, mi, pv;) -

Let 7 = (qct;)i=1,..0 be a QCT-sequence. A colour ¢ € C is bad if there is a linear
combination qct = (u,m, pv) of (qct;)icr(ey such that p =0, m > 0, and pv > 0. A
QCT-sequence is bad if at least one colour is bad, and good otherwise.

Before showing that Cert is a good QCT-sequence, let us give some intuition for this
definition. First of all, let us compare the bad sequences of Section 4 with the ones of
Definition 5.11. In Section 4, certificates were triples (u;, ¢;, m;), while now they have an
extra component (u;,c;,m;, pv;). To ease the comparison, ignore the pv component for
the moment. A sequence of certificates is bad in the sense of Section 4 if there are indices
© < j such that ¢; = ¢; (i.e. the certificates have the same colour), p; = fj, and m; > m;.
So we have p; — p; = 0 and m; —m; > 0, which implies m; —m; > 0 (if m; —m; = 0 then
i +m; = pj +my, which can only occur if ¢ = j). It follows that the linear combination
(p, m, pv) := —(py, My, pv;) + (p5, my, pv;) satisfies the conditions of Definition 5.11, and
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so the sequence is also bad in the sense of this definition. But Definition 5.11 is far more
permissible. The sequence is still bad if, for example, we find indices i1, 72, j1, jo whose
certificates have the same colour and p-component, and satisfy m;, 4+ mj, > m;, + m;,;
more generally, it is even enough to find (distinct) multisets of indices I and J satisfying
|I| = |J] and > ;c;mj > > ;cr my. So, loosely speaking, while in Section 4 we must wait
until we see m; < m; for some indices i < j to declare badness, now it suffices to find
two multisets I and J of the same size satisfying 3 ;c;m; <> ;c;m;. Intuitively, this
makes it much harder to construct a long good sequence, leading to a triple exponential
bound on the maximal length of good sequences, instead of the non-elementary bound of
Section 4.

Lemma 5.12. Cert is a good QCT-sequence.

Proof. Assume Cert is bad. Then there is a bad colour ¢ and a linear combination
(1, m, pv) of {cert(i) : i € I(c)} that satisfies the conditions of Definition 5.11. We
prove that there exist inputs a and b fulfilling the conditions of the Pumping Lemma
(Lemma 5.6), which contradicts the assumption that P computes = > 7.

Let (ui, ¢, m4, pv;) := cert(i) for i € I(c) and let y : I(c) — R denote the coefficients of
the linear combination (u, m, pv), meaning that we have >, y;u; = 0 and Y, y;m; > 0
and ), y;pv; > 0. These conditions are invariant under scaling of y, so we may assume
wlog that y; € Z for i € I(c).

As we already noted, potential reachability depends only on the Parikh vector of the
transition sequence. So we will extend = to Parikh vectors by writing m 2= v for

pv € NT if m = v for some sequence o € T* with 7 = pv. Note that m 22 v is thus
equivalent to m + Y, pv, A(t) = v.
Recall that due to Definition 5.7, we have
IC(So—i-Z')ﬂ)CW—‘rIC(Z')%MZ‘—FmZ‘ (*)

for every ¢ € I(c) and sequences o;,7y; € T, where pv; = oL+ 7.

Let us now define inputs a and b fulfilling the conditions of the Pumping Lemma
(Lemma 5.6). For a we simply pick any element j € I(c) and set a := j. By (%),
condition (1) of Lemma 5.6 holds for a and (p,S) := (i, c¢). It remains to prove (2).
Set b := >, vyi(so + i) and pv := Y, y;pv;. Since >, yip; = 0 and >, y;m; > 0 and
> i Yipv; > 0, we have

IC(b) = IC(Zyi(SO —|—Z)> = ZinC(SO —|—’i) % Zyl(,uz —I—mi) = Zylml Z 0

As m; € N for i € I(c) we get IC(b) = N¢\ {0}. Transitions preserve the total number
of agents, so b > 0. O

5.3. A Bound on the Length of Good (QCT-sequences

We obtain a bound on the length of a good controlled QCT-sequence with control
parameters sg, o, 3. More precisely, our goal is to prove the following theorem:
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Theorem 5.13. The length ¢ of a good QCT-sequence with control parameters sg, «,
and B satisfies

log ¢ < (log B+ 14 alog(so 4 1))(3 + «)!CICIQIHIT]

Observe that this is is purely combinatorial question, motivated by, but independent
from, population protocols.
Notation. We collect a number of notations used in the rest of the section.
o 7 denotes a QCT-sequence with control parameters sy, a, (3.
o c € C denotes an arbitrary colour of T.
e I(c) denotes the set of indices of the elements of T of colour c.

e foranyie I(c), gct; = (i, c,ms, pv;) denotes the i-th element of 7.

for any i € I(c), u; denotes the concatenation of the vectors m; and pv;, for which

we use the notation u; = (;’f}l)
1

I*(c) C I(c) denotes the the set of indices i € I(c) s.t. (Zz) is linearly independent
from {(;Z) :jel(e),j<i}.

We proceed in several steps:

e In Section 5.3.1 we use Farkas’s Lemma to construct a certificate of goodness for a
colour c. A certificate of goodness is a mapping that assigns a real number, called
a weight, to each dimension of u; and u;. The mapping itself is called a weighting.
We show how to compute basic weightings as the unique solution of a system of
equations (Lemma 5.16).

e In Section 5.3.2 we bound the size of a basic weighting, and transform this bound
into a bound on the length of 7 (Lemma 5.19). However, the bound still depends
on the size of the vectors w;, with i € I*(c).

e In Section 5.3.3 we remove this dependence and prove Theorem 5.13.

5.3.1. Certifying Goodness with Weightings
We start by formally defining weightings.

Definition 5.14. A vector (y, z), where y € R and z € R x RT is a weighting for the
colour ¢, also called a c-weighting, if z >0 and y' p; + 2" u; = —(so +1) for all i € I(c).

We now use Farkas’ Lemma to prove that the existence of a c-weighting is a certificate
of goodness for colour c.

Lemma 5.15. A colour c is good iff it has a weighting.

Proof. As stated in Definition 5.11, ¢ is a bad colour iff

—

EIxERI(C):Zmiui:()and intiz()and inmi>0 (1)
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Let A := ((MiT)ieI(c))T be the matrix where column 7 is p; and Ay := ((u?)iel(c))T.
Now (1) is equivalent to

Jz € RO Ajx = 0 and Ayz > 0 and ||Z:U,-m,-||1>0 (2)

Recall that by the definition of a QCT-sequence we have 17 (y; +m;) = ||pill1 + ||mall1 =
so+i. If we assume further that Ajz = 0 and Asz > 0 hold, we can simplify ||>°; zim;||1 >
0 as follows.

0< || Zw,mZHl = lTinmi = 1T<Z.’L'imi + Zatz,u,)

1 3
= ZmilT(ui +m;) = Zmi(so +1i)=: b
i i

where in the last step we define b € RY(¢) as b; := 5o + i for i € I(c). Hence we now have
JzeR@: Ajz=0and Apz > 0and b’z >0 (3)

Applying a variant of Farkas’ Lemma we can transform (3) into the system (4) that has
a solution if, and only if, (3) does not:

JyeRP ze R ATy+ AJz=—band 2>0 (4)

The sequence 7 is bad iff (1) is feasible. Moreover, (4) is equivalent to (y, z) being a
c-weighting. O

A good colour may have multiple weightings, even an infinite convex set of weightings.
Similarly to basic solutions of a linear program, we introduce basic weightings of a colour,
whose size we will bound using simple linear algebra. Recall that I*(c¢) denotes the set
of indices i € I(c) s.t. (Z;) is linearly independent from {(Z;) cj€I(e),j < i} Two
properties of a basic weighting are of interest: (1) it is the unique solution of a linear
system of equations, and (2) it has at most |I*(c)| nonzero components. The proof is a
straightforward application of well-known properties of linear inequalities, and is given in

the appendix.

Lemma 5.16. Let ¢ be a good colour. Then there areY C Q,Z C QUT with |Y|+|Z| =
|T*(c)| such that the system y p; + 2"u; = —so — i, for all i € I*(c), has a unique
solution y € RY 2z € R?, and (y, 2) is a c-weighting. We refer to such a (y,z) as basic
c-weighting.

5.3.2. A first bound

The next step is showing that the existence of a basic weighting implies an upper bound
on the length of the QCT-sequence. We begin by showing a general bound on a unique
solution to a linear system of equations. Again, the proof is routine linear algebra, and
can be found in the Appendix.
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Lemma 5.17. Let Ax = b denote a linear system of equations with unique solution x,
where A € 7%, and let (i) > log max{|A;;| : 7} U {|b;|} denote an upper bound of each
row i. Then log||z|lec < W(g,d), where

d—1
W(g,d) =271 =1+ 29717 "g(t) + g(d)
t=1

We now use the previous lemma to prove an upper bound on the components of some
c-weighting, for each colour ¢, based on the sizes of the linearly independent vectors
i, w; with ¢ € I*(c). To refer to these sizes, we set {l1,...,lq} := I"(c) with [; < ... <lg,
and define g.(7) := log(||pu, |1 + ||, |]1) for i = 1,...,d. We remark that Definition 5.11
immediately gives the estimate g.(i) < alog(l;).

Lemma 5.18. For each colour ¢ and d := |I*(c)|, there is a c-weighting (y, z) with
log|[ () llse < W(ge, d).

Proof. Lemma 5.16 allows us to construct a c-weighting as the solution to a specific
set of linear equations. In particular, we set A to the matrix with A;; := (u;); for
i€ I*(c),j € Y and Aj; := (w;); for i € I*(c),j € Z, and define b as b; = —sg — @
for i € I*(c). Then A(Y) = b has as unique solution y € RY, z € RZ where (y,2) is a
c-weighting. Now our desired bound follows simply by applying Lemma 5.17. (Note that
|bi] = so +1 < (so+4)* holds.) O

From this upper bound we can derive a bound on the length of the sequence (restricted
to a specific colour ¢), using that the weights for the u; must be nonnegative.

Lemma 5.19. For any colour ¢ and d := |I*(c)|, we have
logmax I(c) <logf + W (g.,d)

Proof. Let (y, z) denote a c-weighting fulfilling the bound of Lemma 5.18. Hence for
every i € I(c) we have yT,uZ- + 2Tu; = —sg —i. We know that z"u; > 0 as z,u; > 0, so
i < —y i — 50 < ||ylloollpilli. By Definition 5.11, ||ui||1 < 8, which we can plug into the
bound of Lemma 5.18 to get the desired statement. O

5.3.3. The final bound

The bound of Lemma 5.19 still depends on g, i.e. the sizes of the elements with indices
in I*(¢). We now show how to move from this bound to the one of Theorem 5.13. The
proof that the expression of Theorem 5.13 is indeed a bound proceeds by induction on
d, i.e. assuming that the bound is correct when I*(c) contains d linearly independent
vectors, we show that it remains correct when it contains d + 1. For this, observe that in
controlled sequences a bound on the length of the sequence yields a bound on the size
of its vectors. So we use the sizes of the first d linearly independent vectors to derive a
bound on the length of the sequence until the (d + 1)-th dimensional vector, which yields
a bound on the size of this vector.
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There is a slight complication in that the induction needs to be performed for all
colours at once, instead of separately for each colour. Our induction variable is thus the
total number of linearly independent vectors (of all colours) which we refer to as P. The
induction hypothesis also needs to be chosen carefully. We use that the upper bound on
max I(¢) (from Lemma 5.19) is bounded by f(P) for a suitable function f.

Theorem 5.13. The length ¢ of a good QCT-sequence with control parameters sg, c,
and B satisfies

log ¢ < (log B+ 1 + arlog(s + 1))(3 + )| CICILIHITD

Proof. Let d. := |I*(c)| for c € C and P :=Y.d.. Note that P < |C|(2|Q| + |T|). We
will prove the stronger statement that G.(d.) < f(P) for all colours ¢ with d. > 0, where

f(P) = (log B+ 1 + arlog(sg + 1)) (3 + )"

r—1

Ge(r) :==log B+ 271 + Z 271 (t) 4 ge(r)
t=1
This is a stronger statement due to Lemma 5.19 showing that logl < G.(d.) for some
colour ¢ with I(c) # 0 and thus d. > 0. The proof will proceed by induction on P.
In the base case we have P = 1 and thus ¢.(1) < alog(sg + 1) for each ¢ € C, hence
Geld:) < f(1) (with d, <1).

For the induction step, let j := max|J,I*(c) denote the last index of any linearly
independent u;, i.e. the last index at which P increases; and let ¢ denote the colour of j.
For all colours ¢’ # ¢, the value of G (d.) does not change, so the induction hypothesis
yields Gy (de) < f(P — 1) and thus Gu(dv) < f(P).

For colour ¢, we use the induction hypothesis to get log(j — 1) < f(P — 1) and
Gc(d. — 1) < f(P —1). By Definition 5.11 the size of g.(d.) (i.e. the vector at index j)
can, using the former, be bounded as g.(d.) < alog(so+j) < a(f(P —1)+1). (Here we
used log(sp + 1) < f(P —1) and log(a +b) < 1+loga for a > b.) This is then combined
with the latter:

Gc(dc) 2Gc(dc - 1) + gc(j) S 2f(P - 1) + Oé(f(P - 1) + 1)

B+a)f(P—1)=f(P)

<
<

5.4. Putting Everything Together

Let us put all the pieces together. Let P be a leaderless protocol with n states computing
a predicate x > 7, and let sg := (n + 1)723" be the constant of the Pumping Lemma

O(n)
(Lemma 5.6). We prove 1 < 22" If 1 < sg then we are done. So assume that n > sq.

e Since P rejects inputs sg, so + 1, ..., — 1, the certificate sequence Cert of Definition
5.7 has length £ =n — 1 — 5.
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« By Corollary 5.10, Cert is a controlled QCT-sequence with set C' := 2% of colours,
and control parameters sg, « :=n, and 3 = n22"tD*1 Fyurther, by Lemma 5.12
Cert is good.

e By Theorem 5.12, the length ¢ of Cert satisfies
log ¢ < (log B+ 1 + arlog(so + 1))(3 + ) CICIQIHTD

where |C| = [29] = 2", |Q| = n, and |T| < n?* (each transition consists of four
states). This expression is 929"

. 220(")
e Son={+ sp+ 1 is bounded by 2 .
This yields a triple exponential bound on the busy beaver function for leaderless protocols
(see Lemma B.1 for the precise bound):

22n+5 logn+2

Theorem 5.20. BB(n) < 2 , and thus STATE(n) € O(logloglogn).

6. Conclusion

We have obtained the first non-trivial lower bounds on the state complexity of popu-
lation protocols computing predictes of the form x > 7, a fundamental but very hard
question about the model. The obvious open questions are to close the gap between
the Q(logloglogn) lower bound and the O(logn) upper bound for the leaderless case,
and the even larger gap between O(loglogn) and (roughly speaking), the Q(«(n)) lower
bound for protocols with leaders, where «(n) is the inverse of the Ackermann function.
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A. Appendix
A.1l. Proof of Lemma 5.5

Lemma 5.5. For every v € N there exists an so < yn2" such that IC(sg) = m for some
configuration m > .

Proof. Let Q; :={q€ Q:IC(2") = q+m,m € N9} \ Q;_; fori=1,2,... and Qg := {x}
the set containing just the initial state. Intuitively, (); contains the states reachable
starting with 2¢ agents, but not 2°~!. We know that each state is reachable from a
configuration IC(s) for some s € N, so Q = ;>0 Qi-

It suffices to prove that @Q; = § implies Q; 1 = 0, as then Q = UZ Q; and each ¢ € Q
is reachable starting from I/C'(2"). Assume that this is not the case, i.e. there exists some
iand ¢ € Q; with Q;_1 = 0 and IC(2) % g+ m for m € N?. We pick such a ¢ which
minimises the length of o.

This means that the last transition of o is (q1,¢2) — (q,q3) for some q1,q2,q3 € Q.
Additionally, ¢1,q2 ¢ Q; as they are reachable by a shorter sequence. But this implies
q1,q2 € Ui;g Q;, i.e. that ¢; and go are each reachable from IC(2°~2). Hence IC(271) 2
q1+ g2 +m' 5 g+ g3 +m' for some m’' € N?, contradicting q ¢ Q;_1. O]
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A.2. Proof of Lemma 5.8

Lemma 5.8. Let Cert = cert(1)...cert({) be the certificate sequence of P, where cert(i) =
(pis Si i, pv;). We have |||y < 022D ||+ [lmil = so+i, and ||l +[lmill1+
lpvill1 < (so+1)" foralli=1,..., L.

Proof. Let r := so + 4. Since IC(so + i) = u; + m; we have ||p;l[1 + [|[mi]l1 = so +i=7.
Further, [|ui]l1 < nljpillco < 8 follows from Lemma 3.2. For ||pv;||1 we know that it is
the number of transitions of a shortest execution leading from IC(r) to p; + m;. Since
a shortest execution visits a configuration at most once, the length is bounded by the
number of configurations with r agents, which is equal to (”Jr:*l). Using r > 3,n > 2 we
obtain:

n—1 .
_ r+ _ _
il mall+lposll < v+ (7Y = e TT 5L < v (r1)r 2 <7722 1) < o7
j=1

O]

A.3. Proof of Lemma 5.16

We need a well-known elementary result from linear algebra

Theorem A.1 ([26, Theorem 7.1]). Let m,n € N, aj,...,apm,b € R", and let t :=
rank{az, ..., am, b} denote the dimension of the subspace spanned by ay,...,an, and b.
Then exactly one of the following holds.

1. b is a nonnegative linear combination of linearly independent ay, ..., ap,.
2. There is a c € R™ with¢'b< 0 and ¢'a; >0 fori=1,...,m, where ¢ a; =0 for
t — 1 linearly independent a;.

The following is an immediate consequence:

Corollary A.2. Let A € R"™™ and P :={x € R™ : Az = b,x > 0} be nonempty. Then
it has a solution x € P with at most n nonzero components.

Proof. Let a; denote the i-th column of A. If statement (2) of Theorem A.1 were to
hold, then for any € P we would have 0 > ¢'b = ¢' Az where both ¢" A and z are
nonnegative. This is a contradiction, so (1) must hold instead, which directly implies the
desired statement, as A has at most n linearly independent columns. ]

Now we proceed to prove the Lemma.

Lemma 5.16. Let ¢ be a good colour. Then there are Y C Q,Z C QUT with |Y|+|Z| =
|T*(c)| such that the system y' pu; + 2"u; = —so — i, for all i € I*(c), has a unique
solution y € RY |z € R?, and (y,2) is a c-weighting. We refer to such a (y,z) as basic
c-weighting.
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Proof. By definition, y € R¥, 2z € R? x RT is a c-weighting iff y" p; + 2 u; = —sg — i
for all i € I(c) and z > 0. We know that this system of linear inequalities is feasible as
a c-weighting exists, so its set of solutions does not change if we consider only linearly
independent rows, and we get y ' j; + 2" u; = —sg — i for i € I*(c), z > 0. The statement
then follows by considering a basic solution of the corresponding linear program.

For completeness, we provide an alternative argument involving Corollary A.2. Let y, z
denote a solution to the above system, A the matrix where the i-th row is [p; —p; u;] (i.e.
the concatenation of p;, —u;,u;) for i € I*(c), and set = := [y4 y_ 2], where y4,y_ >0
are a decomposition of y into positive and negative components fulfilling y =y — y_.
Then Ax = b, where b; := —sg — i. Applying Corollary A.2 we then find a solution
x with at most |I*(¢)| nonzero components. Picking an x with minimal number of
nonzero component, then yields corresponding y, z with a total of at most |I*(c)| nonzero
components. We then define Y and Z as the support of y and z, respectively. If the
solution (y, z) is not unique, then it would also be possible to construct a solution (y/, 2’)
and thus 2’ with smaller support, but that would contradict our choice of x. O

A.4. Proof of Lemma 5.17

Lemma 5.17. Let Ax = b denote a linear system of equations with unique solution x,
where A € Z4%4, and let g(i) > logmax{|A;;| : 7} U {|bi|} denote an upper bound of each
row i. Then log||z|lec < W(g,d), where

d—1
W(g,d) =271 =1+ 297 ""g(t) + g(d)
t=1

Proof. We perform at most m — 1 iterations of Gaussian elimination to solve for p :=
argmax; x;, the largest component of z (modifying A in the process). In iteration
i=1,...,m — 1, let v denote the i-th row of A. We know that v = 0 cannot occur, as A
has full rank, so either the only nonzero element of v is p and we solve directly for x,, or
we use v to eliminate one variable from the rest of A, taking care to leave only integer
elements. For example, to eliminate element ¢ from another row v’, we would update
that row to v;v’ — vjv (similarly for the right-hand side b). Let

aiy 1= logmax {|A;1] : 1} U {Jby)
denote the logarithm of the maximum absolute value of the j-th row of the linear system
after iteration ¢, for j = 1,....,m and ¢ = 0,...,m — 1. We then claim
ai; <g(j)+2"' -1+ Z 2" tg(t)
t=1

For i = 0, i.e. before the first iteration, this reduces to ag; < ¢(j), which holds. Using
row i to eliminate an element from row j in iteration ¢ means that we get 2% <
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20i-1,j2% 14 4 2%-112%-1j “and therefore

aij < 1+ai—1j+ai—1;

—1 1—1
<g()+1+2- 27 =1+ > 2 () + Y 27 g () + g(4)
t=1 t=1

=g(j)+2' =14 2""g(t)
t=1

As all coefficients remain integral during the computation, we finally have log||z| e <
ak—1 %, which is the bound we wanted to show. ]

B. Proof of the Final Bound
Lemma B.1. Let |Q| =n > 2, |T| <n%, so:=(n+1)723", L :=n—1— s, |C| =27,
o =n, f:=n22@ D1 gnd
log ¢ < (log B + 1 4 alog(se + 1))(3 + a)/CICIRIHITI)
Then
logloglogn < n+ 5log(n) + 2
Proof. We write 19 := 1 and 1,41 := logn;, and set P := |C|(2|Q| + |T|) = 2"(2n + n*).
m = log({ + 1+ so)

(log B + 2+ alog(so + 1))(3 + a)F

N

)
(

<(2(2n 4 1)! 4 log(n) + 3 + nlog((n +1)72%" + 1))(3 +n)"

<((2n +2)! + Tnlog(n +1) +3n)(3 +n)”

<((2n+2)!' +4n(2n+1)(3+n)” (1)
<@2n+4)!3+n)" (log(n + 1) < n)

At (1) we use log(a + b) <log(a) 4+ 1 for 0 < b < a.
n2 < log((2n + 4)!) + Plog(3 + n)
<(2n +4)log(n + 3) + Plog(3 + n) (n! < (%)")
= log(n + 3)(2"(2n + n*) 4+ 2n + 4)

Now we will use (2) log(a 4+ b) <log(a) + b/ In(2)a < log(a) + 3b/2a for a,b > 0 and (3)
loglog(n + 3) < loglog(n) 4+ 5, where the latter is due to loglog5 < 2.

n3 < loglog(n + 3) + log(2"(2n + n) + 2n + 4)
< loglog(n) + 2 + 2 +n + log(2n + nt)) (2),(3)
< loglog(n) + 2 + 2 + & + n 4 4log(n) (2)
<n+5log(n) + 2
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