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Abstract

We study a leader election protocol that we call the Swedish leader election protocol. This
name comes from a protocol presented by L. Bondesson, T. Nilsson, and G. Wikstrand in [1]. The
goal is to select one among n > 0 players, by proceeding through a number of rounds. If there is
only one player remaining, the protocol stops and the player is declared the leader. Otherwise, all
remaining players flip a biased coin; with probability ¢ the player survives to the next round, with
probability p = 1 — ¢ the player loses (is killed) and plays no further ... unless all players lose
in a given round (null round), so all of them play again. In the classical leader election protocol,
any number of null rounds may take place, and with probability 1 some player will ultimately be
elected. In the Swedish leader election protocol there is a maximum number 7 of consecutive null
rounds, and if the threshold is attained the protocol fails without declaring a leader.

In this paper, several parameters are asymptotically analyzed, among them: Success Probability,
Number of rounds K,,, Number of null rounds T,,.

This paper is a companion paper to [7] where De-Poissonization was used, together with the
Mellin transform. While this works fine as far as it goes, there are limitations, in particular
of a computational nature. The approach chosen here is similar to earlier efforts of the same
authors [8, 9, 10]. Identifying some underlying distributions as Gumbel (type) distributions, one
can start with approximations at a very early stage and compute (at least in principle) all moments
asymptotically. This is in contrast to [7] where only expected values were considered. In an
appendix, it is shown that, whereever results are given in both papers, they coincide, although they
are presented in different ways.

1 Introduction

We present a probabilistic analysis, based on an urn model, of a leader election protocol that we call
the Swedish leader election protocol. This name comes from a protocol presented by L. Bondesson,
T. Nilsson, and G. Wikstrand in [1]. The goal is to select one among n > 0 players, by proceeding
through a number of rounds. If there is only one player remaining, the protocol stops and the player is
declared the leader. Otherwise, all remaining players flip a biased coin; with probability ¢ the player
survives to the next round, with probability p = 1 — ¢ the player loses (is killed) and plays no further
unless all players lose in a given round (null round), so all of them play again. In the classical
leader election protocol, any number of null rounds may take place, and with probability 1 some player
will ultimately be elected. In the Swedish leader election protocol there is a maximum number 7 of
consecutive null rounds, and if the threshold is attained the protocol fails without declaring a leader.
In this paper, several parameters are asymptotically analyzed, starting with n players (n large):

1. Success Probability.
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2. Number of rounds K,,.

3. Number of null rounds 7},. We say that a round is null if every active player tosses tails (all
killed).

4. Number W,,, in case of failure, of players that were active at the last non-null round, the so-called
left-overs.

5. Total number C), of coins flipped.

2 Urn model

This paper is a companion paper to [7] where De-Poissonization was used, together with the Mellin
transform. Here, we approximate the relevant quantities at an early stage; the loss in accuracy results
in a gain when it comes to the complexity of the necessary computations. Indeed, we can deal here
with all moments, whereas in [7] only expected values could be computed.

Here, we will proceed as in [10], with urns numbered 1,2,.... This urn model, together with the
underlying Gumbel (type) distribution(s) is the key to the success.

Let us consider the model as a sequence of n geometric iid random variables (RVs), with distribution
pg*~!. Each RV corresponds to a ball thrown into urn i. The relation with the leader election algorithm
can be described as follows. Each player does have some life duration (given by the geometric RV)
and the players killed at step j correspond to the number of balls falling into urn j.

We state, for later use, the following properties, for large n:

e We have asymptotic independence of urns, for all events related to urn j containing O(1) balls.
This is proved, by Poissonization-De-Poissonization, in [9], [11] and [4] (in this paper for p = 1/2,
but the proof is easily adapted). The error term is O(n~¢) where C is a positive constant.

e We obtain asymptotic distributions of the interesting RVs. The number of balls in each urn is
now Poisson-distributed with parameter npg’~! in urn j containing O(1) balls. The asymptotic
distibutions are related to Gumbel distribution functions or convergent series of such. The error
term is O(n~1).

e Some summations now go to oo. This is justified, for example, in [9].

e We have uniform integrability for the moments of our RVs. To show that the limiting moments
are equivalent to the moments of the limiting distributions, we need a suitable rate of conver-
gence. This is related to a uniform integrability condition (see Loeve [6, Section 11.4]). For the
kind of limiting distributions we consider here, the rate of convergence is analyzed in detail in
[8] and [11]. The error term is O(n~).

e Asymptotic expressions for the moments are obtained by Mellin transforms. The error term is
O(n=°).

e I'(s) decreases exponentially in the direction ioco:
IT(0 + it)| ~ V2r|t|7~ 1/ 2e77IH/2,

Also, we have a “slow increase property” for all other functions we encounter. So inverting the
Mellin transforms is easily justified.

We proceed as follows: from the asymptotic properties of the urns, we obtain the asymptotic distri-
butions of our RV of interest. Next we compute the Laplace transform ¢(a) from which we can derive
the dominant part of probabilities and moments as well as the (tiny) periodic part in the form of a
Fourier series. Note that we will also need the first values of probabilities and moments, obtained via
some recurrences.



If we compare the approach in this paper with other ones that appeared previously, then we can
notice the following. Traditionally, one would stay with exact enumerations as long as possible, and
only at a late stage move to asymptotics. Doing this, one would, in terms of asymptotics, carry many
unimportant contributions around, which makes the computations quite heavy, especially when it
comes to higher moments. Here, however, approximations are carried out as early as possible, and
this allows for streamlined (and often automatic) computations of asymptotic distributions and higher
moments.

As suggested by one referee, other RVs of interest could be considered, for instance the number
of useless coin flips (i.e. coin flips that lead to null rounds or rounds where every player goes forward
to the next round). These RVs can indeed be analyzed with the same techniques, but due to length
constraints, we refrain to do this here. Such considerations would make an excellent project for
research students.

The present paper falls into the paradigm of combinatorics of geometrically distributed words;
many papers have been written on that since the mid-nineties. We cite only the first one in this
series: [12]

The paper is organized as follows: Section 3 presents our main notations; more detailed notations
will be presented at the beginning of each section. Section 4 is devoted to the success probability,
Section 5 to 8 give the asymptotic distribution and first two moments of the RVs of interest (all
moments can be derived by the same technique): we compute the dominant and periodic part, both
in the success and failure case. Appendices A summarizes some definitions and identities. In [7], was
presented an analytic treatment of the Swedish leader election protocol. In particular, the success
probability and the dominant part of the mean of the following RV was computed: total number
of rounds, total number of null rounds, number of left-overs. We prove, in Appendices B to E, the
equivalence with the results given in this paper. Some matrix expressions are presented in Appendix F
and Appendix G briefly presents the second model where we fail if we have 7 null records, consecutive
or not. Appendix H gives the proof of Theorem 8.2.

3 Notations

We will use several abbreviations for probabilities and moments in order to derive more compact
expressions.

n := number of initial players, n large,

P\ u) := e A\/ul, (Poisson distribution),
n* = ng,
q
Q:=1/q,
log := logg,
n:=j—logn* or n:=k-—logn",
L:=1InqQ,
{z} := fractional part of z,
a:=a/L,
M :=logp,
2lmi
I
; := total number of rounds, starting with ¢ players,

X1
K;
T; := total number of null rounds, starting with i players,
W; := total number of leftovers, starting with ¢ players,
Ci

; := total number of flipped coins, starting with ¢ players,



R, :=E(K,),
I, :=E(T,),
Ly, :=E(W,),
N, :=E(C,),

I := number of balls in the maximal non-empty urn,

J := either the position of the maximal non-empty urn, if it contains I > 1 balls,
or the position of the last non-empty urn before the maximal non-empty urn,
if the latter contains I = 1 ball,
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Model 1 = we fail if we have 7 consecutive null records,

Model 2 = we fail if we have 7 null records, consecutive or not.

For any of the four RVs, we will denote by 52(2), ¢ € {R,I,L,F} the expectation of the square of the
corresponding RVs.

Note that the maximal non-empty urn, if it contains ¢ > 2 balls, corresponds to a null round. If
the maximal non-empty urn contains 7 = 1 ball, the process is successful.

We will first analyze the Model 1: we fail if we have 7 consecutive null records. The Model 2: we
fail if we have 7 null records, consecutive or not, will be briefly considered in Appendix G.

4 Success probability
The notations we use in this section can be summarized as follows:!

S; = P(i) := Probability that, starting with ¢ players, we succeed,
P(i) := Probability that, starting with i players, we succeed,
given that the ¢ players were obtained in a null round, not preceded by another null round,
Sy := success probability, starting with n players,

F,, := failure probability, starting with n players =1 — 5.

Note that we need to distinguish between starting with ¢ players (used in the recurrences and the
asymptotics) and n which denotes the initial number of players.

!The tilde notation introduced here will always have the same meaning in the sequel.



We will first show how to compute the basic probabilities, which will be used in the sequel. Next, as
explained in Section 2, we proceed to some asymptotic distributions, compute their Laplace transform
and finally derive the asymptotic expressions for distributions.

We have the following recurrences:

P(1)=1, P(1)=1,

Ezplanation: We can have up to 7 — 1 or 7 — 2 null rounds (all killed), followed by ¢ survivors. Note
that ¢ =4 in the right-hand side leads to P(i).

We recall that we have asymptotic independence of urns, for all events related to urn j containing
O(1) balls. Also the number of balls in each such urn is now Poisson-distributed with parameter
npg? ! in urn j.

We also have from [10], (here and in the sequel ~ always denotes ~, o), With 1 := j — logn™,
efLm'

. . I .
— — ~ —— - >
P(J =j4,1=1) exp( pe ) a2 2, (1)
P(J=341>25)~ fi(n),

—Lni

)= D ep(—e ™) P,
=2
P(J = 5,1 =1) ~ fal0),

fan) = exp(—%e‘m) %6_“ (1 —exp (—e™*7)). (2)

Ezplanation:
The asymptotic number ¢ of balls in urn j is given by

. n J—1 ¢
exp (—npg’™?) (™). pqﬂ ) ,

and with n = j — logn*, this is equivalent to P (e*L”, 6). This leads to

P(J = j,1 =i) ~ P(%e‘L", 0)P (71,0), i =2,

P(J=j,I=1)~ P(%e‘L”, 1) [1=P (e"7,0)].
Note that the case i > 2 does not necessarily lead to a success: urn J corresponds to the first null
round, hence the multiplication by P(z) On the other hand, the case ¢ = 1 does lead to a success:
urn J corresponds to a round with one single player alive, which is immediately declared as the leader
(there are no null rounds before).

We now compute the Laplace transform. This gives

oo

0o Z+04 -
$1(c) :/ e fi(n Z 1/p (¢ —a)P(i).

=



Again from [10] the corresponding dominant part of S, is given by

o
P (T —1)
— = P(1).
=X Lz 7 (0)
i=2
The corresponding periodic part is given by

wig = Z S01’1(Xl)e—2l7ri{logn*}’

140
with
e1.1(x) = ¢1(a)|a=—LXz‘
We obtain
> Z+XZF(Z + Xl) 21( T — 1)
= P(7).
Also, i i
o) = [ eniiman=1(4) =4 (2) ra-a
2 = 2 = — — — — — .
oo Li\p P
Hence
$2(0) = % = Probability that the maximal non-empty urn contains one ball, (3)
wa1 =Y pai(x)e 2mioen}
1£0
1 q —X1 1 —Xl p1+Xl
== — - I'(1 = I'(1 .
et =1 |(1) " -a(3) Jrasw ="

And finally, with notations provided in the Appendix A, we have the following result.

Theorem 4.1 Related to success probability, we have

o0
P’ ( T 1) . p —2lmi{logn*} —2Iri{logn*}
i S A—— = il gn wi{logn
; L w () + 7+ ;901,10(1)6 + ;m,l(m)e

. Y —2lri{logn*} —2lrwi{logn*}
=:Vi+ 7 +#20901,1(Xl)6’ +#ZO<P2,1(XZ)€ :

It might look paradoxical at first sight, that the asymptotic formula involves the quantities P(i) on
the right site. However, that happens often, and convergence is quite good, so that with only a few
terms (obtained directly from the recursion) a good approximation of the numerical values can be
obtained. This phenomenon will appear in all our subsequent analyses.

Of course, F,, =1 —5,. Note also that as 7 — oo, the dominant part gives

oo
AL
Li L
i=2
as expected. For further use, we denote
II; := % (one ball in the maximal non-empty urn),
N
(i) = &
2(9) = -,

Pd(S)=Vi + % (dominant part of S,).



5 Asymptotic distribution and moments of K, — logn*

5.1 Asymptotic distribution and moments of K, —logn*, success case

Notations:

Pk (i, k) := Probability that, starting with 4 players, we succeed after k rounds,

Pk (i, k) := Probability that, starting with ¢ players, we succeed after k rounds,
given that the ¢ players were obtained in a null round,

R; := average number of rounds, starting with ¢ players, with success at the end,

R; := average number of rounds, starting with ¢ players, with success at the end.

We will first compute some asymptotic distributions, then the recurrences for the moments and
finally the asymptotics for distributions and moments.

In case of success, the moments of K,, —logn* are computed as in [10], and expressed with some
Ri, Rl@), instead of x; g, 332(252 used in [10]. They are computed as described in the sequel. Here and in
the sequel, we give the first two moments. All moments could be computed, only with more (algebraic
and Maple) efforts.

We use f1(n) as given by (4) of [10], with P (i, k) instead of P(i,k) and n := k — logn*, i.e.,
%0 1 Lk e—Lmighki _
3

fa(n) is given by (2). Indeed, in the case I =1, K is identical to J.
We have the following recurrences:

|

=0
T—2 .
Py (i k) = Z(pi)s (2) ¢ Pl k—1—5), i>2.
1

s=0 (=

Ezplanation: We can have up to 7 — 1 or 7 — 2 null rounds (all killed), followed by ¢ survivors. This
takes s + 1 rounds already. This leads to the following recurrences. As already mentioned, these
preliminary expressions will be needed in the asymptotic formulee.

T—1
Ri:ZPK(i,k)k:ZZ ;()fp"—fPK(é,k—1—3)[k—1—s+s+1},

k s=0

T—1 7 .
(=1 k s= é 1
=%1(6,7) ) @ ¢"p' T Ry + So(i, T)P(i) /21 (i, 7), Ry =0,
(=1
T—2 %
Ry =) Pgli,k)k=>_ Z()[piEPK(K,k—l—S)[k—l—s—Fs—Fl},
k k s:O (=1
T—2 7 T—2 7 .
i\s Lyi—tR Y\ 0 i—t
— S+1 P f,k—l—s
SO0 BIVAED B ST M W T )



i
Y4
T—1 A
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T—1 7 L
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k s=0 /=1
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_ iys Y\ ¢ i—tp(2) s 2 L\ ¢ ¢
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1
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Note that, in previous expressions, we could replace

Z@qui—fm by [Ri— Sa(i,7)P(0)/T1(0,7)] /51 (i 7).

(=1

To obtain the moments of K, —logn®, we plug, mutatis mutandis, Ri, ];?Z@) into the moments given in
[10]. Note that to each value I =i > 2 corresponds P(i) as explained in Section 4. Also Ag(x;) is no

more null here and P (1) = 1 by convention. This leads, with the quantities defined in the Appendix A,

Theorem 5.1 Asymptotic distribution and moments of K, —logn™, success case.

P(K, = k) ~ fi(n) + f2(n),

._ * Voo ;v 14pM
R, —logn™ = E(K, —logn™) ~U; — MV, 7 +L2 7
Ala)  TA+x) | —airiflogn)
+> [BI(XZ)_MAO(Xl>_ 77 e :
10
v
E(K, —logn*)? ~U2—2MU1—2UL + M?*V; +2M‘22 + %’; =

p(7%/6 +~?) _ 2y(pM +1) +pM2—|—2M—|—1
L3 L? L

B
+ Z {32(Xz) —2MBi(x;) — 2 31(3(1) + M? Ao (xq) + 2M
10
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Note that the periodic component contains {logn} in the exponent (and not {logn*}). Note also that,
again, the asymptotics depend on R; on the right-side.

To obtain the moments of K, — logn*, given success, we simply divide the moments given in the
theorem by 5,,.

5.2 Asymptotic distribution and moments of K,, —logn*, failure case

The analysis of this RV (as well as the next ones, with the exception of the number of flipped coins)
follows the same pattern as the previous ones. We will only present the necessary expressions.
Notations:

Pj; (i, k) := Probability that, starting with i players, we fail after k rounds,
15['( (i, k) := Probability that, starting with i players, we fail after k rounds,
given that the ¢ players were obtained in a null round,
P'(i) := Probability that, starting with 4 players, we fail = 1 — P(4),
P'(i) := Probability that, starting with i players, we fail = 1 — P(i),
given that the 7 players were obtained in a null round,
R, := mean number of rounds, starting with i players, with failure at the end,
R; := mean number of rounds, starting with i players, with failure at the end,

given that the i players were obtained in a null round.

Remark: the “” notation will always be used, in the sequel, in relation with the failure case. In case

of failure, the moments of K,, — logn* are computed as in [10], with some R;, Rl@),, computed as

follows. First we have

T—1 % .
P =1 P) = 6+ 60 Y () )a'r P

s=0 =1
=)+ %07 Y (5) (‘DIP(0), i 22, P(1) =0,
=1
Next the recurrences:
P;((l,O):O, Pl/((lvo)zov
P}((l,Zl):O, ﬁll((lvzl)zoa

T—1 7 .
. iNT i ¢ i— .
Pfl((lak):(p) [[k:T]]+Z(p)s <€>qu ZP;((Evk_l_S% ’LZQa
/=1

s=0
T—2 7 .
D! ( iNT— iys t i— .
P;((Z,k):(p) lﬂk:T—lﬂ—FZ(p) Z<€>qﬁp KPI,((Evk‘_l_S)a 222-
s=0 /=1

Ezplanation: We can have 7 or 7 — 1 null rounds (all killed) at start, leading to failure.

Ri= 77+ 2100, 3 () R+ £ain)lP) = 0]/ 100 7). Ry =
(=1



D, INT— . : i i—
Ri= ) -0+ mr -0 Y (e R,

12
+Bo(i, 7 — D[P'(d) — (')]/E1(i,7), Ry =0,

and similar equations for Rl@)/, Rgz)/. To obtain the moments of K, — logn™*, we plug R;, Rl(?)/ into

the moments given in [10], based only on fi(n) as given by (4) of [10], with P} (i, k) instead of P(i, k),
and again 7 := k — logn™, i.e.,

—Lni ,Lki

filn) = Z Z exp (—;eLke—Ln> eTIBI,((% k).

k=1 i=2

Indeed, a maximal non-empty urn with only 1 ball leads to a success. Note that to each value I =i > 2
corresponds P’(i). Also Ap(x;) is no more null here and P’(1) = 0 by convention. This gives

Theorem 5.2 Asymptotic distribution and moments of K, —logn®, failure case.

P/(Kn = k) ~ f1(77),

v
R;l —logn* =E(K, —logn™) ~U; — MV; — fQ
A .
+> [Bl(xl) — MAo(x1) — 12@) ¢~ 2lmi{logn}
1£0
E(K, —logn*)* ~ Uy — 2MU, — 2% + MV, + QM% + V?’;w
B
> {BQ(XI) —2MBi(x1) - 232)“) + M2 49(x1)
1£0

+2M

A1(x1) 4 As(x1) + As(x1) o~ 2miflogn}
L L? '

To obtain the moments of K, — logn*, given failure, we simply divide the moments given in the
theorem by Fi,.

6 Asymptotic distribution and moments of 7, (null rounds)

6.1 Asymptotic distribution and moments of 7, (null rounds), with success

Notations:

Pr(i,t) := Probability that, starting with ¢ players, we succeed with ¢ null rounds,

Pr(i,t) := Probability that, starting with ¢ players, we succeed with ¢ null rounds,
given that the i players were obtained in a null round,

Pr(t) := Probability that, starting with n players, we succeed with ¢ null rounds,

~—

:= average number of null rounds, starting with ¢ players, with success at the end,

v

i := average number of null rounds, starting with ¢ players, with success at the end,

given that the i players were obtained in a null round.
The analysis is similar to that of K,. We have the following recurrences:
Pr(1,0) =1, Pr(1,0)=1,
Pr(1,>1)=0, Pp(1,>1)=0,

10



T—1 .
Prii,t)=3 (') ) (2) ¢'p T Pr(lt—s), i>2,

= /=1
T—2 7 .
D ([ iys v i .
Pr(it) = () (g)qep Pr(tt—1-s), i>2
s=0 =1

Ezplanation: We can have up to 7 — 1 or 7 — 2 null rounds (all killed), followed by ¢ survivors. This
leads to s or s + 1 null rounds already.

Ii = ZPT(i,t)t = Z (pi)s Z (1) qui—EPT(e,t . S)[t s+ 8],
t t s=0 =1
N O i N
= Z(pl)s Z <€> ¢‘'p 1, + Z Z(pz)ss Z <£> ¢t Pr(l,t — s)
/=1

1
=%, (i,7) (;)q’f 4 2y (i, ) P() /21 (i, 7), I =0,

T—1

~

(Z> Pp(lt—1—s)t—1—s+s+1],
=1

%

- 2(p bk 11 (2) pis ZIeJrZZz (s+1) Z <Z>q‘pi“5PT(€,t— 1-s)

s=0 Y4 t s=0 /=1
—sir 1Y (6) 4D+ S iy — )P()/Sa (i), T =1,
/=1
T—1 ' i i ‘
17 =3 Pt =373 )Y <€> (PPt = )it — s+ s,
t t s=0 /=1
T—1 % i @ T—1
_ i\S 0 i—07(2 z s 2 i—f
= (p") <£>qp I, —1—22 Z() Pr(t,t—1—ys)
s=0 /=1 t s=0
T—1 i
- i
+2) (')s) €>q€pz ‘I

%

a'D I 4+ 25,7V P) /S (i, ) + 2846, 7) Y (e) a'p L, 1P =1,

=1 =1
T—2 i .
I =3P,y =330y (2) ¢ PPt —1 =)t —1—s+s+1]7,
t t s=0 /=1
T—2 7 . 7—2 1 .
i\s Y\ ¢ i—e4(2) i\s 2 Y\ ¢ i—¢
= () Z(»qp L7 +3 ) (') (s+1) Z(€>qp Pr(l,t —1—s)
s=0 /=1 t s=0 /=1
T—2 % .
? _
+2> () s+ <£) ¢'p L
s=0 /=1
= %4 (i,7 — 1); @qf P 4 Sy (i, 7 — 1P /S, 7)
+250( 1)zl:<i> iy, 1
? 0
/=1
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Again, as in previous expressions, we could replace

Z@qui—% by [Li = X4(i, 7)P(i) /X1 (4, 7)] /21 (3, 7).

(=1

Next, with (1) and n := j — logn™,
P(J :jaTn = t) ~ f3<nat)7
> 1 e ‘
t) = e <—767L”>,7P 1,1).
) ; G G br(i )

Hence

[eS) & i+a N
¢3(O&,t> :/ e 77f3 n,t d"? Z 1/121' _d)PT(i>t)'

- =2

Note that there are no null rounds if the maximal non-empty urn contains only 1 ball.
The dominant component of Pp(t) is given by

and the periodic component by

wia(t) =Y sl t)e2millosn ),

10
with
p3(xi,t) = ¢3(a, 1) |Oé=—LXl'
We obtain .
PN (i 4 x1) 5
w3(xi,t) = 7 Pr(i,t).
=2 ’

Hence we have the following theorem.
Theorem 6.1 The asymptotic distribution of the number T, of null rounds, with success, is given by
= p' —2lri{log n*
Pr(t) = X;L (,t) +;803 Xi, t)e mitlosn™}

The moments are given by

i Ej £y — pNT (i 4 X) o~ 2miflogn*}
L Li!
=2 1#0 =2

“ar Z + XI)I(Q) —2l7r1{10gn*}

i oo
2)N;§i +Zzp

Note that T, = O(1).
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6.2 Asymptotic distribution and moments of 7,, (null rounds), with failure

Notations:

Pr(i,t) := Probability that, starting with 4 players, we fail with ¢ null rounds,
]5}(1, t) := Probability that, starting with ¢ players, we fail with ¢ null rounds,
given that the ¢ players were obtained in a null round,
PJ(t) := Probability that, starting with n players, we fail with ¢ null rounds,
I! := average number of null rounds, starting with i players, with failure at the end,

I! := average number of null rounds, starting with i players, with failure at the end,

given that the ¢ players were obtained in a null round.
We have the recurrences:

P(1,0)=0, P}(1,0) =0,
Pr(1,>1)=0, PH1,>1)=0,

Ph(i.1) = [[t—T]]+Z ) (;)qui-%w,t—sx
=1

Ph(i,t) = (p')~ 1[[t—T]]+Z Z() PRt — 1 — 5).
(=1

FEzplanation: We can have 7 or 7 — 1 null rounds (all killed) at start, leading to failure.

T—1 i .
=30 P = 07+ S0 Y ()P - 9l s

t s=0 /=1

T—1 i . T—1 i .
Y )Y <2) ¢+ )s Yy (2) ¢'p PRt — s)
s=0 /=1 t s=0 /=1
= (pi)TT + 21@? T) Z <Z> quiiejé + 24(i7 T) [PI(Z) - (pi>T]/21(i7 T)? Ii =0,

(=1

T—2 7 .
0= Priitt= ) 'r+> > () Z (Z) ¢p PRt =1 = 8)[t —1— s+ 5+ 1]
t L

T—2 7 . .

=) T+ ) (@) (2) A EY Z (s+1)> <z) PPt —1 = 5)
= =1 t s=0 /=1

=)+ ST -1)) <2> q'p I+ Sai, T — DP'(6) — (p)7]/%1(i,7), 1] = 0.

(=1

Next, with (1), again with n := j — log n*,

]P)/(J =75,1T, = t) ~ f4(777t>a

> 1 _ e~ L )
t) = Zexp(—};e L") A Pr(i,t).
=2

Hence

o) o0 i+a N
¢4(O&,t):/_00 anf4 777 d77 Z 1/]2“ _d)P%(Z7t)

=

Note that there are no null rounds if the maximal non-empty urn contains only 1 ball.
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The dominant component of Py (t) is given by

e )
Otzzp PL(i, 1),
i=2 !

= \

and the periodic component by

wia(t) = palx, t)e 2millosn),

140

with
va(xi,t) = ¢4(a’t)|a:—Lxl'
We obtain -
P+ x1) =, .
pa(xi,t) = Z L(Z-,)Pf(%t)-

i=2 ’

Hence

Theorem 6.2 The asymptotic distribution of the number T, of null rounds, with failure, is given by

L
Pr(t) = ~3 % (i8) + > alp, t)e 2millosn™)
i—2 10

The moments are given by

[e.e] 7 5 oo 7;+Xl]_—‘ . B .
/ p p (l + Xl) 1 _—2lwi{logn*}
A5 3TN 3 pLalCES PRSI
=2 1#0 i=2
IY(LQ)/ 3 % ¥a -+ Z Z pH_Xl 7J + Xl) I( ) *2l7r1{logn }

Note that T, = O(1).

7 Asymptotic distribution and moments of WW,, (leftovers), with fail-
ure

Notations:

Py (i,7) := Probability that, starting with i players, we fail,
with r players remaining at the end (leftovers),
J-:’{,V (¢,7) := Probability that, starting with 7 players, we fail,
with r players remaining at the end (leftovers),
given that the ¢ players were obtained in a null round,
Py, (r) := Probability that, starting with n players, we fail,
with r players remaining at the end (leftovers),
L := average number of leftovers, starting with i players, with failure at the end,
Ii; := average number of leftovers, starting with ¢ players, with failure at the end,

given that the ¢ players were obtained in a null round.
We have the following recurrences:

Pl (r,r) = (") + X1(r,7)q" Py (r,7), hence

14



pT’T(l _pT)
1 _pr _qr _l,_q?"p'/‘T’
Pﬁv(r,r) = (pT)Tfl + 31 (ry 7 — 1)qTP{/V(r,T).

Py (r,r) =

Ezplanation: We have r players alive at start or r players alive before the starting null round.

T—1 .
. i\s t i— . ? i . )
Plivr) = S () Z(K)qep fpw,mzzlu,ﬂz(e)q% Pl(tr), i 22

s=0 l=r l=r
T—2 % . % .
~ . ins 1 i— . (3 i— . .
Py(i,r)=> ()Y <€> ¢’ D Py () = Sa(i,m 1)) <£>qép Pl(t,r), i>r, i>2,
s=0 l=r l=r

= Z1(1‘77- - 1)/21(Z7T)P{/V(27T)7 1> 2 2.

Ezplanation: We can have up to 7 — 1 or 7 — 2 null rounds (all killed), followed by ¢ survivors.

L/ 7;7'(17 ZP
P = er
1—p—qz+qp” —

; ; i—1 1
iT(] — g )
P ( - p >l i+ 14,7 ZZ (2) Z_KP{,V(E,T)T,

1 p q+qu r=0 {=r

i—1

piAT(l_.pi)A i+ 213, 7) [Z(Z ’KZPWKTT—i—Zq’PWzr ]
0
~1

- 1_pz_qz+qu1T
P (1-p) ZH

_ P71 -pY
1 _ pl _ q'L + qlpl'r
. i—1
~ (e, m—1 . INT—
L= S S Bliondr [0+ Batir = 04 R0
’ r=0

pHLZ +q [Lé -

i+ X1 (i,7) [ 1—pi— g + gipm

=0

and similar equations for LEQ)/, E@(z)/'

Next, with (1) and n := j — logn*,

V(] =j,Wn=1)~ f5(n,7),

1 —Ln e_Lni ~ .
r):Zexp(—];e ) p Py (i,7)
=2
Hence
> - 1/p H_a N2
ss(ar) = [ epstnr =3 ST @),
—00

=

Note that there are no leftovers if the maximal non-empty urn contains only 1 ball.
The dominant component of Py, (r) is given by

i

oo ; oo
W) p
¢5(0:r) = 2 T Zf )
=2 =2
and the periodic component by
wi,5( Z es(xi,T e 2mitlogn}
10

with
es(xi,m) = ds(@)] =,

15



We obtain

i p”’“ (i + X1)

Xl, Pw(’L,T’)

Hence

Theorem 7.1 The asymptotic distribution of the number W, of leftovers, with failure, is given by

—p S T-1), —2lri{log n*
P wi{logn }
i Li Si(im) W(Z7T)+l§7é0 os5(x1,7)e

Ply(r) = P(W, = 1) ~

The moments are given by

X pitxar
' p (44 X1) 7/ —ouri {1 }
~Z L+ZZ—M Liersimitios

L
1#0 1=2
> pitxa -
p (Z + Xl) 2y 72l7r1{logn }
~ Z Pk -
1#0 1=2

Note that W,, = O(1).

8 Asymptotic distribution and moments of C,, (coins flipped)

8.1 Asymptotic distribution and moments of C,, (coins flipped), with success

This RV is more delicate to analyze. In previous cases, all interesting RV were related to urns (at high
level) containing O(1) balls. Here all urns contribute to Cy,, so we must include the contribution of
urns before J, which actually lead to the dominant part of C,. Also some correlations must be taken
into account. We obtain the dominant and corrected terms of the moments as well as a central limit
theorem.

Notations:

N; := Average number of coins flipped, starting with ¢ players, with success at the end,

N; := average number of coins flipped, starting with ¢ players, with success at the end,

given that the ¢ players were obtained in a null round.

8.1.1 Case [ =1.

Note that, as explained in Section 4, this case entails a success. We will only deal here with the
non-periodic part of our expressions. The maximal non-empty urn contains 1 ball and the position of
the last non-empty urn before this maximal non-empty urn is denoted by J. Let us also denote by K
the number of balls in urn J.

P(J=4K=k)~ fe(n, k), k>1,

—Lnk
e
— eXp(—le—Ln> Z e LZ(!kH)
Explanation: q
P(J =4, K = )NP(]; “L11)P (e, )
We have



1L (k) := ¢6(0, k) = %pk.

Note that -
Zy = Z Iy(k) = % =1I; (one ball in the maximal non-empty urn)
k=1

which conforms to (3).
Let us denote by A the difference between the maximal non-empty urn (containing 1 ball) and J.
We have

P(J =j, I =1,A=0)~ f(n,9),
f?(?’], (5) = exp<_g€*[ﬂ7) e*L(77+5) (1 —exp (_ean)) 7

= exp(—LJ) exp<_gean) o Ln (1—exp (_ean)) 7

which shows that A is asymptotically independent of J.

Ezxplanation:
P(J = j,T=1,A=0) ~ P (e L0 0) P (¢ H02) 0)
P (eTHE 1) P (K o) L1 = P (717, 0)].
We have
sr(0,0) = [ gl o)
— (L) 2 | q)d i (1)d]r<1 —a),
Lqg[\p D
2 2
_ —LsP~ _ 5P
5(0) := ¢7(0,0) = e T
Note that -
ZH5(5) = % = Hl
6=1

which again conforms to (3). We have

1+a

E(A):% and B(AY) = <

However, note carefully that the player corresponding to I = 1 is actually related to a flipped coin in
urn J. So we must use a new RV G, denoting the number of flipped coins at step J: G = K + 1,
G > 2, with distribution

q o
He(g) = Zpg Lg>2
and .
1 qg e "
Js(n,9) = eXp(—fe_L”>f .
(n:9) p p(g—1)
We will also need
= p(1+q)
s = E(G) = ZH6(g)g — Lq .
g=2

Later on, we will use the following variants:

e fs(n,g), e fs(m.g), nfs(n,g9), e mfs(n.g), e *mfs(n,g).
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These variants lead respectively to ¢ (0, g):

g
7o
ap?tg(g +1)
L 9
7 ql(g =) In(p) + (g — V(g — 1) +1]
L*(g—1) ’

—[ap°[2(g = 1) + (g — 1)’ In(p) + (9 — 1)*¢(g — 1) + (g — 1) In(p)

+(g = Dy((g — 1) + 1} /[L*(g = 1)),
Q15(g) is too long to be displayed here.

This leads to Z7, Zg, Z11, Z12, Z10, Z13, Z15 as given in Appendix A: we simply sum on g > 2. Indeed,
the case I = 1 immediately leads to a success.

Now we will separate the contribution of urn J (containing G balls) from that of urns < J.

Let us denote by Sr(j,i) the sum of (n — ) iid RV I'(j), and T'(j) is a truncated geometric RV
<j. As ¥y := Zl 1 pql 1'=1— ¢!, we have (we give only the terms needed in the sequel)

7—1
E(j) :=ET() =D pg~ ll/Zo~*+qJ =g = iUV + 020 7Y),
=1
. 1+ 1+q 2¢ ;.
ED(j) .= E(T qul 125 ~ q+ j12 T8 2 g

p p
] 1+O( ) 2(] 1))

Note that, with j = n 4+ logn*,
~ 1
_ L
¢ =e WE‘
This leads, by carefully taking into account the correlation between J and G (we expand the mean
up to the log n*/n* term and the square mean up to the logn* term) to (there are n — G dead players

before attaining step J)

Cn’1 ~ Sr‘(J, G) + JG, (4)
E(Cp1) ~ E(S0(J, G) + JG),
1 nen _n—Ge‘L”

~El(n—-G)=+ —— —(logn™ + 1)
p q n q n

n —2L77

Z ——5 logn* + (logn* —i—’n)G]

EZl—*Zg)—i-ﬁéz—ﬁézl —I—f—logn

D qan n

nZyo n Z11

gn*  ¢*n
(5)

E(Ch) ~ E((Sp(J,G) + JG)?)

~ERE®@(J) + (n— G)(n— G — 1)(E(J))?

+ 2E[(n — G)E(J)JG] + E[(logn* + 1)*G?].
(6)

18



8.1.2 Case [ > 1.

First of all, we must compute the moments of C; and C;. This gives

T—1 % .
. 1 . . .
N; = Z(pl)s Z <€>quZ flsi +i+ N, Ny =0,

s=0 /=1
T—1 i 3
NP =30y (z) ¢'PEl((s + )i+ C)’)

T—1 % .
=30y Q) 0P [((s 4+ 1)i)? 4+ 2(s + 1)iNe + N,
s=0 (=1
and similar expressions for Nj, ]\71-(2).
Next, with (1),

P(J =j, I =) ~ fo(n, 1),
. 1 e—Lm’
fo(n,i) := exp(—];e Ln)i
P(J = j) ~ fio(n),
foln) = ie}(p (_le_Ln) - eXP(_le_Ln) (oxp (—e™"7) =1 — ")
i=2 p Z' p 5

/Oo e fo(n,i)dn = MW - a),

¢9(a7i) = Li

Hg(l) = ¢9(0,Z) = %Z.,

1

Py:=) My(i) =1-p/L.
=2

Later on, we will use the following variants:

e_Lnfg(nai)a 6_2Lnf9(777i)7 77f9(777i)a G_Lnﬁf9(777i)a 6_2Ln77f9(7lai)-

These variants lead respectively to ¢ (0,4):

p'p
T?
pP(i+1)
—
~ plinp) +¥(5)]
L2 ’
p'pliln(p) + (i) + 1]
L2 ’
_ P[P In(p) + 9 (0) + 2i + iln(p) + ip(i) + 1]
L2 '

i

Multiplying by P(z) and summing on i > 2, this leads to V7, V5, Vg, Vi1, V1o, Vig, Vi3, Vi5. Indeed, the
case I > 1 does not immediately lead to a success. Again we expand the mean up to the logn*/n*
term and the square mean up to the logn* term. We have (there are n—I dead players before attaining
step J)

Cho~ Sr(J, 1)+ JI +Cr, (7)
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E(CnQ) ~ E(SF(J>I) + JI+Ni)

)

~ E(Sp(J, 1) + JI) + U
1 —LIn —Tetn
NE(n—I)f—i—ﬁe* I e* (logn* +n)
p gqgn q n
n€72Lr]
— ———5logn® + (logn* +n)I| + Uy
¢ n*?
1 \% \Z 1 Vs
NEV1—7V5+E%—2—71 —i-f—ilogn*
p p an gn* an

logn* + Vig + Uy,

E(C2,) ~ E((Sr(J,I) + JI)?) + 2E[(Sp(J,I) + JI)C/]
ne Ln

~ E((Sr(J, 1) + J1)%) + 28 Hp e

logn® + I log n*} NZ}
~E((Sp(J, 1)+ JI)?) + [ U, — quogn + Us logn* ]
~ERE®@(J) + (n—I)(n— I —1)(E(J))? + 2E[(n — ) E(J)J

U.
+ E[(log n* 4 1)%I?] + 2 [nUl - ﬁ—f logn™ + Us logn*] .
p qan

8.1.3 General case.
The total mean is given by (we provide here only two terms)
E(Cp) ~ E(Cn,1) + E(Cp2)
Nn(i—l-Vl)]l)—i- (—?+Z5—V+V5>10gn

Recall that £ + V7 is equal to P4(S) as defined before. But the first term amounts to the mean of
a sum of n GEOM pg'~! RVs. (Indeed, the GEOM pg'~! RV has mean %, second moment % and

variance p2) This is easy to explain: from (4) and (7), the correction Cr g is asymptotically O(1) and
the correction —A is also asymptotically O(1). Similarly

E(C7) ~E(C 1) +E(Cp o)

2 (P 1

and the variance is finally given by (we must adequately condition on the dominant success probability
Pd(S) := £+ W)

logn*

n <2(Z7 —pZs) 2(V7 —PV5)>
0 3

E(C?2 E(Cp)\?
V(C,) ~ Pd(S) [Pil(gi - (PEl(SD } ~ Pd(S)n]%.

So we obtain
Theorem 8.1 The moments of Cy, in case of success, are given by (with Maple, more terms could be

provided, in particular the log? n* and logn* terms of the variance)

E(Cy) ~n (%

V(Cy) ~ Pd(S)n

+Vl);+(—i7+z5—v+%)logn

4
p2
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Note again that the dominant term of the variance corresponds to a sum of n iid GEOM pg~" RVs.
Intuitively, the asymptotic distribution should be Gaussian: again from (4) and (7), the correction
é]’s is asymptotically O(1), but not independent of the dominant term and the correction —A is also
asymptotically O(1), but independent of the dominant term. Actually we have the following theorem.

Theorem 8.2 Conditioned on a success,

Cn, —E(Cp)
W <z njo)o P(),

where ¢(x) denotes the Gaussian distribution function.

The proof is given in Appendix H.
See also Kalpathy et al. [5], for a leader election scheme which stops if I > 1. In this model, C,, is
shown to be asymptotically Gaussian.

8.2 Distribution of C,, (number coins flipped), with failure

Only the case I > 1 matters here. Proceeding as before (we omit the details), we finally derive

Theorem 8.3 The moments of Cy, in case of failure, are given by
1 %
E(Ca) ~nVi- + (==L + V3 ) logn*,
p p
q

Again, the distribution should be asymptotically Gaussian, but we did not check the details.
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Appendices.

A Some definitions and identities

Here, £ € {R,I,L,N}. & must be replaced by & or & depending on the case we consider. Also ]5(2)

must be replaced by P(i) or P’(i), respectively. Note that, compared with [10], we use here II5(i) = %ii

instead of pT.i, for V1,...,Vs. Also we have P(1) =1, P'(1) = 0.

o] N oo k3 i oo k3 N2 5 oo i 1.4) - P ~
vi=3 P pey, o= > P WZ)P(i), V3= %P(i), Vii=) %{”P(i), Vs =Yy P pa,
=2 1=2 i=2

0o B 0o i oo il i) + 1
IZEEDY PPpG) =pvi, Vai= > PP oGy =pvs, Vipi= > vl n(p)Lg;w“) ]

i =2 =2

P(1),

oo 20 N oo [ 1n b(i N oo iMn i -
S gzp p (L“)P(w:p?va?vl, Vi e g;p[ (?JWH By, Vigim g;pl (piz YOl
> ip2[—i? In(p) — i29 (i) — 2i + iln(p) — iv(4) + 1] ~ > ipliIn(p) + i (i) + 1]i -
Vi 1= ;2 _p'p7] (p) W( )in (p) — i (3) ]P(i), Vig i ;2717 p[ (p)L%w( ) +1] Bli),
Aolxa) == 3 T+ x) PG, Ara) == Y TG+ x)w (i + x) P(3),

i Al
=1 Li! =1 Li!
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As(x) =Y %r<i+xl>w<1,i+xl>ﬁ<i), As(a) =Y %r<i+xl>w2<i+xl>ﬁ<i>,

i=1 i=1

Bi(x) =Y. %éir<i+xl>, Bax) = Y. +=EPT(+x1), BaGa) = Y &+ x)TG + xa),
i—2 Li! i—2 Li! i=a Li!
oo oo ig(2) ) i 0o L igF . 0o i:F
_ o p'E; o pp*&i A_ p'&i(4) A_ p'ig;
B 2:: U2 . =2 Li ’ U3 . 7,222 L ' U4 . ;2 i ’ U5 . iXZ:Q Li '
p*[2 — 3p + p°] = g° p[473p+p] 2p®(p®> —3p +3)
Zg = 7q2L s Zg 1= Z = 2L s Z11 = 7Lq2 N
= p!lgl(g— ) In(p) + (g — (g — 1) + 1]
Zig = —
12 9222 L2(g—1)
S wguq—m+wq—n2m@)+w—w>w«q—n>+@—1wmm+wq—nw«q—n>+u
0= 3, - L2(g — 1)
g=2
> g—1 — 1)1 -1 -1 1 >
Zia= 3 (D) n(pL)Q-:g(g_ - )¥((g — 1)) +1]g Z1s =3 Qus(9).

g=2

B Success Probability

We show here that, where the results are given both, here, and in [7], they coincide. First, we look at
Theorem 4.1. The constant is given by

v 1 pIR p
L Z k Tk: + Z
k>2
and it should coincide with
qap
P S0 - )
k>1
We use the notation S,, from [7] as in this paper. We have the recursion

1—pk SR e
1= X ()

p

j=1
Therefore
p 1 _ ’T 1)k pk 1— ka +ka _ p(T—l)k
S st
k>2 k>2
k Tk k
D pt1l—p
= S m ST
k>2 k>2
p _ .
-S sl -y (s,
k>2 k>2
k JS. E—1 ,
P , q , _
=S sl pere- S S ()
k=1 eSS T
k JS. J
p q’ O p
= Sp——p+pq— : -,
; k ; Jj (I—prtl)i
= J=Z

which is the desired formula after trivial modifications.
For the Fourier coefficients, we have to prove that

p 1—p7 " q°p
Do+ 1)+ 3 Sl 2T K) = o Tla +1) + 3 250 + ) (o A )
k>2 E>1 q

(r—1)k
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which is done in a similar way:

1— T 1)k 1 — pk + Tk _ (T—1)k
Zskp = P +k) = ZS L 15 — F(xi+ k)
k>2 k>2 p
p* ka NG k—j j
= ZSng(Xz +E) —pLoa+1) - Y L0+ K> ( .>p ¢S5
E>1 ’ k>2 j=1 J
pk ¢S k 1 k—j
= Sk Tla+k) —plla+1) - Z LN T (a + k) GP Tl
E>1 ’ j>1 ! E>j 1)
k JS. L(x; +7)p™
p T Q' oj XiT™J)P
= Sp—T k) — pI' 1 r 1) —
; kgL O+ k) =pPOa +1) +ap™Fa +1) ; G A= prryoFR

which is the formula.

C Total number of rounds

Notations:

P (i, k) := Probability that, starting with 7 players, we end after k£ rounds,

P (i, k) := Probability that, starting with ¢ players, we end after k rounds,

given that the ¢ players were obtained in a null round, not preceded by another null round.

~ Next we turn to the nonfluctuating part of R,,. We must use the total number of rounds: R; =
R; + R.. Now from Theorems 5.1 and 5.2, we have

K py 1 +pM
L L? L
Ailx)) T +x) o—2lmi{logn}
L L

R, —logn* = E(K, —logn®) ~U; — MV —

s [Bmxl) ~ M) -
1£0

where, now,

Lq!
=2
- PRy
1 :Z Li ’
i=2
A_O(Xl) = 07
A1(x) =T (),
_ L —p
1-— I )
oL _2L—p)
Ve = 2 L

We have the following recurrences, with Px now combining S and F',

Px(1,0) = 1,Px(1,0) =1,

Px(i, k) = (p") [[k—T]]JrZ SZ()fpi—fPK(e,k—1—s),iz2,
(=1
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T—2 7 .
; I\T— i\s ? i— .
Bre(iok) = () k=7 — 1]+ () @qu Prlk—1-s), i>2
s=0 /=1

T—1 .
RZ—ZPsz T+Z S; (Z
1

)qepi—fPK(z,k —1—s)k—1—s+s+1],

4
T—1 7 i
i—f 0, i—L
)T+ R, + *(s+1) Pr(lk—1—s
§ z() B ;(E)qp K )
; . ! { i— . iNT .
= )+ 2100 Y () R+ Bl 1= 1)) /B,
=1
— l_piTZZ: ‘ qﬁpi_KRg—l-l_piT Ri=0
1—p = \L 1—pt’ ’

Ri = Zf’K(Z, k‘)k’ = (pi)T_l(T - 1) + Zl(ivT - 1) (g)q p'l KRZ’
L (=1

+Bo(i,7 = 1) [1 = ()] /%106, 7)
@) Hr = 1)+ Za(i, 7 - 1) [R‘ = 520, 7) [1 = )] /%106, 7) = 0)7] /510, 7)
+ 3o(i, 7 — 1) [ (p’)T] /314, 7)
L—p! —p' T 4
(1—=p7)(1-p)
1—p Z(T 1)
- iﬁ’

=R,

R, = 0.

In [7], the following recursion is derived:

n

Rur) = 3 (1R Rl ) 1, 70, 2
7j=1

and the interest is in R,, = R,,(7). We write

R, (1) = Du(r) + p"Ro(7 — 1) = Dy(r) + p"(Kn(r) + R(r —2)) = -~ = =L D (7).

We find the recursion

This coincides with the recursion given here. Now

Va py 14+pM

e Ve v

Vi MW=+ L
°°pRz_lan—p_1<L_7(L—p)>+m_1_plnp
Z~ Li L L L\2 L L2 L2
1 Zpi(l—p’(T D)y R Inp 1 ~ 1

L& i l—p7 L 2 L L
1ip(1—p +p7T=p ) R p 1oy 1
N pat ) 1—p7 L 2 L L
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:lipiRi_liﬂM_lip_Lr
L& i L& 1-p7

1 <=p'R; 1 Oop”i U\ i s 1 <=p P Inp 1 ~ 1
_ = _ = P IR, — = T A TS S
LZ@‘ LZiijq”LZi+L I 27171

=1
pR J iT i—] T pT lnp 1 v 1
il In(1 — Lt R W
Z Z < ) A St R Ay it it Sl A5
j>1 i>7
loopl qJR T 1 p’ Inp 1 ~ 1
=— —In(l-pH)+=—-———=-+—-——.
ng ; T+1)+Ln( I+ T -7 737171

Thus the constant term in the asymptotic expansion of R,, — logn is

lnp pR qJR T 1 p” Inp 1 ~ 1
— +1 Inl-p)+——-———=+—+-— =
itz Z ; i (1— T+1)+L nl=p)+ T -3t T
pR qu T 1 pr 1 4 1
Inl-p")+=—+-+4+—-——.
Z Z 1_ T+l> +L ( p)+L+2+L L

1>2 j>2

This is the expansion that was also obtained in [7].

D Total number of null rounds
Notations:

Pr(i,t) := Probability that, starting with ¢ players, we end with ¢ null rounds,

Pr(i,t) := Probability that, starting with ¢ players, we end with ¢ null rounds,
given that the 7 players were obtained in a null round.

We have the recurrences:

Pr(1,0)=1, Pr(1,1)=1,

Prlit) = ()T =T+ 00 Y () )a'n Prite ),
=1

s=0 Y4
15T(' t)=(p ZT 1[[t—7]]+2 SZ() fpi_gPT(ﬁ,t—l—s).
=1
T—1 %
L=> Pr(i,t)ft=0)T+> > ()Y (2) TP (Ut — )t — s+ 5]
t t s=0 =
T—1 ) N\ ) ‘ 1771 ,
=)'+ 0) T+ °s TP (0t — s)
p ;p “<£>qp 0 Zt:; Z() T
=074 3100 3 ()9 T+ Batinll - GY)/Ea )
/=1
S (Yo
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L= Prli,t)t=0p)""r+> Y () @ PPt —1 = s)[t—1—5+5+1]

T—2 7 . i 3
= (pi)T_lT + Z(pi)s 2) L PR Z Z (s+1) Z <2) qepi_éPT(f,t —1—13)
(=1

—1 t s=0
=)+ S0, = 1) L= ()7 = Su(i, )L = ()71, 7)] /80 (E,T)
+ Bo(i, 7 = D[1 = (p)7]/S1 (4, 7)

1 — pz + pi(T—i-l) _ piT 1— pz _ pi(T—l) + piT
(1_p7,7')(1_pz) (1 _prr)(l _pz)
1 7pi(7'—1) _

The mean is given by

o0 l‘~ o +XZF .
D P (i +x0) o~ 2imi{logn}
Lo~ D gt D he i

Indeed, I,, from the paper [7] satisfies the same recursion as here, after unwinding it as shown in the
previous example.
And now we look at the nonfluctuating part in the asymptotic expansion of the mean:

'

o0

- 1 1 — pn(t=1)
DL NS QU A
e~ [ LnQn 1—pn7

1 1 pt 1 nT 4 pnT n(r—1)
= —(—In(1—p)— -y = I
7 (= In(1 —p) p)+Ln>2n - n
=1-=+= 7In I - —C
L anz n L7122 n 1—p"
=1—-— =4+ = -1 - = £ VISl n
TR DI Il D Z jqp 3P
n>1 n>2 1<j<n
P 1 pn 1 pn(T—H) n o
=1-=4 = —I,— = Ip" I,
DI s n Z i)
n>1 n>1 n>1 1<j<n
_ p 1 T+1 p q I nt, n—j
Si- b T S S LS (5
7j>1 n>]
_ p 1 T+1 p q]I ‘
S L
n>1 7>1 -7 )
This is the expression given in [7].
E Total number of leftovers
We have here only the failure case. This gives
iT(1 _ =1 . . , iT(1 —
Li= 1 _];i (_ q _]i ()]’L'piTi + X1(2,7) [Z (2) QZPI_ELZ +q' [L; 1 _Z;i E q iézpwzu
=0
= [y L —pi(T‘l)qi pra-p) |, =PV, P
i 1—p 1—pi — ¢ + gipi™ 1_ pi P 1 —pl— g+ gipiT
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1— pi(T—l) , pi(T—l)(l _ z) -
1 _pi‘r i 1— 17' L

The mean is given by

- Z p L/ ZZP+XZF i+ Xl)L/ —2lmi{logn*}

1#£0 1=2
The recursion derived in [7] is
1—p" = [n
I § : n—j .37/ nTt
bn=7 b il <j>p oLy

Here, we have

nT(1 — pn 1 —pn7 n-l . . "1 —p"
[P (1—-p") g LD [ (T_b>qun_gL9+qn(L;l_ pT(1-p") n)]

j=1

I S O T e zn: AP S ol ¢ g ) B
1_pn n n l_pn ] J 1_pn_qn+qnpn7

—q"+q"p"T =
1 —pm & S

="+ (T?)qu”JL}?
L=p* H\J

and hence we do have the same recursion.
Now we turn to the nonfluctuating part of the mean:

i(t—1)

> i i1 _ i(T—1) (1 _ i
Pz p'[l-p ;P (1-p").
=2 1>2

p 1— pm‘ + pm‘ _ pz(‘rfl) 1 pi‘r(l o pi)
L; — piT L;+L; 1—pit
SR P TR ] Ly
L i>2 i>2 j=1 1= 1>2
1 : !
N R WD MR Do sz
i>2 z>2 i>2 i>2
; /
S IS T
i>2 j>1 i>] i>2

1 Zpi ) quL’~ ¢ 1 1 11
Lot L g A=ply TIioy iy

which is the same expression as in [7].

F Matrix expressions.

We will give a few explicit matrix expressions for several quantities computed before. We will not use
these expressions, but we only wanted to show that some compact relations can be written down in
some cases, showing an unified view of our different RV.
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F.1 Success probability
Let

and

Then we have the expression
o0
P()=> Mo =[-T] "1
k=0
Note that, to get some precision in S,,, only finite matrices are necessary.

F.2 Number of rounds

Let
p2(i) := Xa(i, 7)P(i)/X1(3,7), i > 2.

Then we have the expression
R =TIR + o = [I — ] ¢o.

F.3 Number of null rounds

Let
©3(i) == B4 (i, 7)P (i) /213, 7), i > 2.

Then we have the expression
I =[I—1] Yps.

F.4 Number of leftovers

Fix r. Let ,
7

Iy 4, u] := ¥4 (i, 7) <u) q“pifu, L,u >,

and .
; ; Y\ o i—r
o) = 166.7) () P

Then we have the expression
Ply () = [I — ;] 3.

G Model 2

We will only briefly mention the modifications related to the main expressions. A supplementary last
index will indicate how many null rounds are allowed before failure. Only the mean in the success case
will be given, all other cases can be similarly computed; we leave the details for any research student
who is interested.

Pl =00 Y (4o Pl -9, iz,
s=0 /=1

. =2 i A

Pli.r) = )Y (35 Pl =5 = 1) = PliT - 1),
5=0 (=1
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T—1 i .
PK(lv ka 7-) = Z(pz)s (Z>q£pi_ZPK(€7 k—1- 5T — 5)7 (s 2’

s=0 (=1 ¢
- 2 A .
Prtiskr) = 00 3 () Ptk = 1= 5,7 =5 = 1) = PGk~ ),
s=0 /=1
T—1 ‘ % i ‘ T—1 ‘ % i ‘
R = L0 S (o Blr =)+ T+ 0 ()it ),

s=0 /=1

Ni(m) =)D (2) ¢p " si + i+ No(T - s)],

Privt) = 60 Y (§)ar et = s s), i

s=0 /=1

5 =2 i A

PT@,t):Z(pwsz(£>quz—‘PT<e,t I sroso1),i>2
s= =1
T—1 % i T—1 % .

_ 7\ S 0 i—¥¢ 7\ S 01—
L) =36 Y @qp L -9+ S0 S (e)qp P(t7— )
s=0 =1 s=0 (=1
T—2 7 i T—2 7 .
ji: 7\S fi—ﬁ[ —s5—1 7\ 1 ﬁi—fp —s5—1

003 ((Jaw nir =50+ 0+ 03 () P s

T—1 % .
Py (i,r,7) = Z(pi)s Z (2) ¢ PP (T —s), i >, 0> 2,
5=0 {=r
T—2 % .
By(irr) =3 013 (5) a'p Byt — s = 1) = Fyli,rr — 1),
5=0 {=r
71 1 .

i—1

? i— iNT i . .

Li(r)=>_3" ’ ¢pY Py (b, = s)r + () + ¢' Py (i, 1, 7)),
r=0

One can now proceed as in Model 1.

H Proof of Theorem 8.2
We start from
Ch.s = [T =1][Sr1(J,G) + JG] + [I > 1][Sra(J, I) + JI + Cr5).

Here, Sr1,m are related to the case I = 1 and St 2,72 are related to the case I > 1. In the sequel,
with some abuse of notation, Oy (1) will denote a RV, asymptotically independent of n, with finite
moments. Rewriting,

Cns=> (IP[J =4, 1 =1[Sr1(j,G) + jGl + > P[J = j, I =] |[Sr2(j, i) + ji| P(i) + Cy,s} )

J 122
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We have, conditioned on a success, (we use the dominant success probability Pd(.S))

Cos L )Z P =01=1g .6)+jc)

Pd(S) ~ Pd(S I,

_‘7’ z']P(‘) [Sr2(4,7) + ji]

) i>2
ZZ _'7’ ]éi,S
) i>2
_ Plc;[(IS) ZJ: = élj = Uisa.6) +40)
_j, i]P(‘)[Srz(], i) + ji] + Oy (1).

Again we will separate the contribution of urn J from that of urns < J. So, conditioning on J = j
and I'y(j) denoting a sequence of iid truncated geometric RV < j,

= Sr1(4,0)

+ Oy (1) + (logn™ +m )G
= 5r1(4,0) +

G

Sr1(j, G) + jG = Sra(4,0) = Y _Tw(j) + jG
j=1
Oy

Ov (1) +1logn™ - Oy (1),

and similarly for St (j,4) + ji. So

., I PlJ=jI=1 ,
Cns - > =7 ]51“,1(]70)

Pd(S) ~ Pd(S) - I

—J, = z‘]f%‘)

Sr2(7,0) + Ov (1) +logn™ - Oy (1).

ji>2

Now we must show that Sr(j,0) is asymptotically Gaussian. We could simply use Feller [2, example
IX,1,a on triangular arrays|, but we want an error estimation. We will provide the first terms of our
expansions, but Maple “knows” more. The standard deviation of I'(j) will be denoted by o(j). We
have

e~ tn

E0 =1- )
np
L1 eTing—1
B ~ - UL,
P np
Vi et -1)
P 2n/q

Now the probability generating function (PGF) of T'(j) is given by

e—Lnyi

= g5 = [ )

and the PGF of Sr(j,0) is given by [F(z)]". We will now use the Saddle point method (for a good
introduction to this method, see Flajolet and Sedgewick [3, chapter VIII]). By Cauchy’s theorem,

. L[ [F@)" L[ oy
P(Sr(5,0) = k) = 5~ /Q g de= g g ) e )dz,
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where (2 is inside the domain of analyticity of the integrand and encircles the origin and

pz e Lnyi

H(z)=n (m [1 S R qz)} - 1n(zo)> — (k+1)In(2).

Set

First we must find the solution of
HY(2) =0 (H.1)

with smallest modulus.
Set Z := z* — ¢, where z* = lim,,_. 2. Here, it is easy to check that z* = 1. Set k = nE(j) +
vno(j)z, x fixed. We will soon see that ¢ = O(ﬁ% so we can expand 27 in F(2) as

(i1
](]2 )a2+-~‘

2=1—je+
Also j =logn* + 7. This leads, to first order (keeping only the € term in (H.1)), to

cim 2 o(lE)

This shows that, asymptotically, ¢ is given by a series of powers of n~/2, where each coefficient is
given by a series of powers of logn*. To obtain more precision, we set again k = nE(j) + /no(j)z,
expand in powers of n~Y/2, and equate each coeflicient to 0. We have, with Z := z* —e =1 — ¢,

P(Sr(j,0) = k) = 2il/ﬂexp [H(E)—FH(Q)( )z — 2)? 2'+ZH (z—2 /l'}

Note that the linear term vanishes. Set z = Z + i7. This gives

o0

P(Sr(j,0) = k) ~ % exp[H (2)] /

—00

exp [H (2)(ir)2/2! + ZH (it /zv} (H.2)
Let us first analyze H(Z). We obtain
~ 1
H(Z) = —a%/2 + (9(%)
Also,

H®(z) = npi +0(/n),
HY(z) = O(n).

We can now compute (H.2), for instance by using the classical trick of setting
S (z)(ir) /2'+ZSD (i)' 1 = —u? /2.

Computing 7 as a truncated series in u, this gives, by inversion,
U 1
re Mol
V/ng/p? n
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Setting dr = g—;du, and integrating on —oo < u < o0, this gives

1 [1 Lo <1>]
V2mng/p? v/l
Finally (H.2) leads to

1

2m1q/;>26_zm [1 + O(\/lﬁﬂ .

P(Sr(j,0) = k) ~

Now we consider

Cn,S _ ]E(Cns)
P ( Pd(S) Pd(S) < .%')

Vng/p®
P pg(ls) Zj P[J:ﬁ"f:” [Sr1(4,0) — nEy(f)] + #(15) Zj Zz‘ZQ W[SF,Q(ﬁ 0) — nka(j)]
Vng/p?
N Oy (1) +logn 2- Oy (1) <z
Vng/p

P ( Pty X5 150 (5,0) — nE ()

Vvnoi(j)
n %(IS) D2 i wwﬂﬂ]} 0) — nEa(j)] <.
Vnoa(j) -
as )
o) 4

\Vq/p?* e
Now

V(Cy)

_ 1
Pd(S)nq/p? n—oo

which concludes the proof.
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