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Abstract

We obtain the asymptotic behaviour of the longest increasing/non-decreasing subse-
quences in a random uniform multiset permutation in which each element in {1,...,n}
occurs k times, where k may depend on n. This generalises the famous Ulam—Hammersley
problem of the case k= 1. The proof relies on poissonisation and on a careful non-
asymptotic analysis of variants of the Hammersley—Aldous—Diaconis particle system.

2020 Mathematics Subject Classification: 60K35 (Primary); 60F15 (Secondary)

1. Introduction

A k-multiset permutation of size n is a word with letters in {1, 2, ..., n} such that each
letter appears exactly k times. When this is convenient we identify a multiset permutation
s=(s(1),...,s(kn)) and the set of points {(i, s(i)), 1 <i<kn}. We introduce two partial
orders over the quarter-plane [0, 00):

X <@,y)ifx<x andy <y,
X<, y)ifx<x andy<y'.
For a finite set P of points in the quarter-plane we put
L - (P)=max {L; there exists P{ < P, < --- < Py, where each P; € P},
L<(P)=max {L; there exists P| < P» < --- < P, where each P; € P}.

In words the integer L£_(P) (resp. L<(P)) is the length of the longest increasing (resp.
non-decreasing) subsequence of P.

Let Sk., be a k-multiset permutation of size n drawn uniformly among the (kn)!/k!" pos-
sibilities. In the case k=1 the word S., is simply a uniform permutation and estimating
L (S1:n) = L<(S1:n) is known as the Hammersley or Ulam—Hammersley problem. The first
order was solved by Ver$ik and Kerov [VK77] and simultaneously by Logan and Shepp:

n—-400
IE[£<(Sl;n)] ~ 2\/%-
Note that the above limit also holds in probability: £(S}.,) = 2+/n + op(4/n). This prob-
lem has a long history and has revealed deep and unexpected connections between
© The Author(s), 2024. Published by Cambridge University Press on behalf of Cambridge Philosophical Society.
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Fig. 1. A uniform 5-multiset permutation Ss.30 of size n =30 and one of its longest non-de-
creasing subsequences.

combinatorics, interacting particle systems, calculus of variations, random matrix theory,
representation theory. We refer to Romik [Rom15] for a very nice description of this
problem and some of its ramifications.

In the context of card guessing games it is asked in [CDH 22, question 4-3] the behaviour
of L_(Sk.) for a fixed k (see Fig. 1 for an example). Using the VerSik—Kerov Theorem
we can make an educated guess. The intuition is that, for fixed £, it is quite unlikely that
many points at the same height contribute to the same longest increasing/non-decreasing
subsequence. Thus at the first order everything should happen as if the kn points had distinct
heights and we expect that

['<(Sk;n) ~ ['S(Sk;n) ~ »C<(S1;kn) ~ 2‘/5-

The original motivation of this paper was to make this approximation rigorous. We actually
adress this question in the case where k depends on n.

THEOREM 1 (Longest increasing subsequences). Let (k,,) be a sequence of integers such
that k,, < n for all n. Then

IE[AC<(Skn;n)] =2/ nk, — k, + o(\/nky). (D
(Of course if k;, = o(n) then the RHS of (1) reduces to 2+/nk, + o(s/nk;).)

Remark 1. If k,>n for some n then the following greedy strategy shows that
E[L (Sk,:n)] =n — o(n) so the picture is complete.

Indeed, first choose the leftmost point (x, 1) in Si,., which has height 1. Then recur-
sively define (x¢, £) at the leftmost point (if any) in Sk,., with height £ such that x; >
Xx¢—1, and so on until you are stuck (either because ¢ =n or because there is no point in
Skyin N (xg—1, kn] x {€}). A few elementary computations show that this strategy defines an
increasing path of length n — o(n) with probability tending to one. As £_(Sk,.n) < n a.s. this
yields E[L(Sk,.n)] =n — o(n).

THEOREM 2 (Longest non-decreasing subsequences). Let (k,,) be an arbitrary sequence
of integers. Then

E[L<(Sk,:n)] = 2v/ nkn + ky + o(y/ nky). 2)

Strategy of proof and organisation of the paper. In Section 2 we first provide the proof of
Theorems 1 and 2 in the case of a constant or slowly growing sequence (k). The proof is
elementary (assuming the VerSik—Kerov Theorem is known).
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For the general case we first borrow a few tools in the literature. In particular we intro-
duce and analyse poissonised versions of £ (Sk,.n), L<(Sk,.n). As already suggested by
Hammersley ([Ham72, section 9]) and achieved by Aldous—Diaconis [AD95] the case k = 1
can be tackled by considering an interacting particle system which is now known as the
Hammersley or Hammersley—Aldous—Diaconis (HAD) process.

In Section 3 we introduce and analyse the two variants of the Hammersley process adapted
to multiset permutations. The first one is the discrete-time HAD process [Fer96, FM06], the
second one appeared in [Boy22] with a connection to the O’ Connell-Yor Brownian polymer.
The standard path to analyse Hammersley-like processes consists in using subadditivity to
prove the existence of a limiting shape and then proving that this limiting shape satisfies a
variational problem. Typically this variational problem is solved either using convex duality
[Sep97, CG19] or through the analysis of second class particles [CG06, CG19]. The issue
here is that since we allow k;, to have different scales we cannot use this approach and we
need to derive non-asymptotic bounds for both processes. This is the purpose of Theorem 9
whose proof is the most technical part of the paper. In Section 4 we detail the multivariate
de-poissonisation procedure in order to conclude the proof of Theorem 1. De-poissonisation
is more convoluted for non-decreasing subsequences: see Section 5.

Beyond expectation. In the course of the proof we actually obtain results beyond the esti-
mation of the expectation. We obtain concentration inequalities for the poissonised version
of L(Sk,:n)» L<(Sk,:n): see Theorem 9 and also the discussion in Section 6. We also obtain
the convergence in probability, unfortunately for some technical reasons we miss a small
range of scales of (k;)’s.

PROPOSITION 3. Let (k) be either a small or a large sequence. Then

£<(Sk,,;n) prob. £<(Skn;n) prob.
Z=ken POy ZE0ken) PR
2/ nk, — k, 2/ nk, + k,

We refer to (3),(31) below for the formal definitions of small/large sequences. Let us just
say that sequences such that k, = O((log n)! ~#) for some & > 0 are small while sequences
such that (log n)' ¢ = O(k,,) are large. Sequences in-between are neither small nor large so
in Proposition 3 we miss scales like &, =~ log (n).

Regarding fluctuations a famous result by Baik, Deift and Johansson [BDJ99, theorem
1-1] states that

ﬁS(Sl;nl) - 2\/ﬁ @ T™W
nl/6

where TW is the Tracy—Widom distribution. The intuition given by the comparison with the
Hammersley process would suggest that the fluctuations of £_(S,.x), £<(Sk,:») might be
of order (k,n)'/% as long as (k,) does not grow too fast. A natural question to explore for
furthering this work would involve understanding for which (k,) the model preserves KPZ
scaling exponents. The non-asymptotic estimates of Section 3 could serve as a first step in
this direction.

Comparison with previous works. There are only few random sets P for which the
asymptotics of £L_(P), L<(P) are known:
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(i) as already mentioned, the case of a uniform permutation (and its poissonised version)
is very well understood, via different approaches. For proofs close to the spirit of the
present paper, we refer to [AD95] and [CGO05];

(ii) the case where P is given by a field of i.i.d. Bernoulli random variables on the square
grid has been solved by Seppilédinen in [Sep97] for £ and in [Sep98] for L. (See
[BEGG16] for an elementary proof of both results.)

We are not aware of previous results for multiset permutations. However Theorems 1 and
2 in the linear regime k, ~ constant x n should be compared to a result by Biane ([Bia01,
theorem 3]).

We need a few notations to describe his result. Let W,,.x be the random word given by
of gy i.i.d. uniform letters in {1, 2, ..., N}. The word W,,.x is not a multiset permutation
but since for large N there are in average gy /N points on each horizontal line of W,,.y we
expect that £L_(Wyy.n) ~ L (Sqy/n:n) and L<Wyy.n) = L<(Sgy/N:N)-

Biane obtains the exact limiting shape of the random Young Tableau induced through the
RSK correspondence by W,y in the regime where ,/gy/N — ¢ for some constant ¢ > 0.
As the length of the first row (resp. the number of rows) in the Young Tableau corresponds to
the length of the longest non-decreasing subsequence in Wi, (resp. the length of the longest
decreasing sequence) a consequence of ([Bia01, theorem 3]) is that, in probability,

1
qN

lim inf

1
7 L Wayn) = (2 =), lim sup LWgyN) =2+ 0).
N

For that regime our Theorems 1 and 2 respectively suggest:
£<(WqN;N) ~ £<(SqN/N;N) ~ £<(SCZN;N) ~2Nc —*N ~ (2 —0oV4n.
LWyyn) = L<(Sqy/nn) X L<(S ) ~ 2Ne + N ~ (2 + ¢),/qn,

which is indeed consistent with Biane’s result.

2. Preliminaries: the case of small k,

We first prove Theorems 1 and 2 in the case of a small sequence (k). We say that a
sequence (k,) of integers is small if

12 (ky)! = o(y/n). 3)
Note that a sequence of the form k,, = (log n)! ¢ is small while k, = log n is not small.

Proof of Theorems 1 and 2 in the case of a small sequence (k,). (In order to lighten
notation we skip the dependence in n and write k = kj,.)

Let oy, be a random uniform permutation of size kn. We can associate to oy, a k-multiset
permutation Sy., in the following way. For every 1 <i < kn we put

Sien(D) = [0 (D)/k].
It is clear that Sj., is uniform and we have

£<(Sk;n) < Lf(okn) < Ef(Sk;n)- 4
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The Versik—Kerov Theorem says that the middle term in the above inequality grows like
2+/kn. Hence we need to show that if (k) is small then

L<(Skn) = L(Skzn) + op(Vkn),

which proves the small case of Proposition 3 and Theorems 1 and 2. For this purpose we
introduce for every § > 0 the event

Es = {Ef(Sk;n) = »C<(Sk;n) + 8\/ﬁ} .

If &5 occurs then in particular there exists a non-decreasing subsequence with §./n ties, i.e.
points of S, which are at the same height as their predecessor in the subsequence. These
ties have distinct heights 1 <ij < ... < iy < n for some §/n/k < € < §./n. Fix

Integers my, ..., my > 2 such that (m; — 1)+ - - + (mg — 1) = 8/n;
Column indices ry| <...<Tim <121 <Tom <...<TFg1 <...<TFlmy.

We then introduce the event (Fig. 2)
F=F((i)e, (rij)i<tj<m;)
={Stri,)="-=SC1m)=i1,....8(e1)="-=Srim)=ic}.

By the union bound (we skip the integer parts)

PE)< Y > > P(F(Goes (iglizejzm)) -

Sn/k<t<8n 1<ii<-=<ig=<n (rijli<tj<m;

Using that

S/n—1
card {Zmi=8ﬁ+€;eachmi 22} = card {Zpi=8ﬁ; each p; > 1} = ( {__ | )
we obtain

> o= () ()

(riji<tj<m; L —

; , ] )
choices of s hoices of nihs

x( kn—>" m; )
k—m)(k—mp) ...(k—mp)k... k

choices of kn — Y m; remaining points

_ (k) (3y/n— 1)
T S+ OIS — O — DIk — m)ik —ma)! x - x (k—mg)!"

Bounding each factor (k — m;)! by 1 we get

> BW)= wf
= GV Yn— O — D!

(riji<ej<m;
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Fig. 2. The event F: a subsequence with §./7 (ties are surrounded) is depicted with x’s.

We now sum over 1 <ij < --- <iy <n and then sum over ¢:

‘% n (k)"
P(&s) < ( ) '
7, ) G TG = e = 1)

"D k1)t n (k)P
= 2 (z) sJm)lt1(s O —1 '+3<3 ) 8/n—2  ©
sk /m* (@ y/n— O\ — 1) Vn) (8/n) (8/n —3)!

Using the two following inequalities valid for every j <m (see e.g. [CLRS09, equation
(C35)D

J
("7) 5<E) , m! > m" exp(—m)
J J

we first obtain that if k,,! = o(/n) (which is the case if (k,) is small) then the last term of (5)
tends to zero. Regarding the sum we write

P(Es) < wf3 (E)‘Z (k1) o
5 s b (/)1 (8/1 — £)Vi—Le—dVnt(g — [yi—1g—E+]
5/n—3 e .
() 2 (i)
Sy/nl(t —1) s/n sn—1¢
=8k
=1 <e/3<l1
() () o
= T 86(( — 1) (Sﬁ —¢
8\/5—3 2 V4 5ﬁ_3 2,2 ¢
\/ﬁe k‘ e k k'
= ) <m> +oh= Y- <83ﬁ) +o(1) ©)
=8k Sy

https://doi.org/10.1017/S0305004124000124 Published online by Cambridge University Press


https://doi.org/10.1017/S0305004124000124

The Ulam—Hammersley problem for multiset permutations 7
which tends to zero for every § > 0, as long as (k) satisfies (3). This proves that £<(Sk.,) =
L (Sk:n) + op(+/kn). Combining this with (4), this proves that

»C<(Skn;n) prob. ﬁg(skn;n) prob.
— T, —— 1,
2k, 2/nky
which is the “small” case of Proposition 3 since k, = o(v/nky,).

To conclude the proof of small cases of Theorems 1 and 2 we observe that we have the
crude bounds £ (Sk,,) <n and L<(Sk.,) < nk,. This allows us to write

E [|£<(Skn) — L<(Skan)| ] < 8/ + nky x P(not &).
Together with equation (6) this implies that
E[L<(Skn)] = ELL <(Sin)] + o/ k).
We use again VerSik—Kerov and (4) to deduce that both sides are 2+/nk, + o(y/nky,).

3. Poissonisation: variants of the Hammersley process

In this section we define formally and analyse two semi-discrete variants of the
Hammersley process.

Remark 2. In the sequel, Poisson(i) (resp. Binomial(n, q)) stand for generic random vari-
ables with Poisson distribution with mean p (resp. Binomial distribution with parameters

n, q).

Notation Geometric>o(1 — ) stands for a geometric random variable with the convention
P(Geometricso(1 — B)=k)=(1 — ﬁ)ﬂk for k> 0. In particular E[Geometric=o(1 — B)] =
B/(1—B).

3-1. Definitions of the processes L. (t) and L<(t)

For a parameter A > 0 let TI™ be the random set [T") = U,-l'[l(»)“) where Hg)”)’s are inde-

pendent and each HEA) is a homogeneous Poisson Point Process (PPP) with intensity A on
(0, 00) x {i}. For simplicity set

n® =n® n((o,x] x {1,....1).

The goal of this section is to obtain non-asymptotic bounds for £ (1'[92) and L< (Hfj}).
Indeed if we then choose

A~ —, x=kn, t=n

1

n

then there are kn + O(+/kn) points on each line of a I'I)(Z‘,) and we expect that
kn,n

Lo(Mpn)~ Lo, L=(TE) ~ L(Skn).

Fix x> 1 throughout the section. For every re{0,1,2,...} the function y € [0, x] —
Ly, 1) (resp. L<(y, 1)) is a non-decreasing integer-valued function whose all steps are equal
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to +1. Therefore this function is completely determined by the finite set
L_(t):= {y <L (,H=L_(y,t7)+ l} .
(Respectively:
L.(t):= {y <x,L<(y,H=L<(y, 1)+ 1} )

Sets L. (¢) and L<(t) are finite subsets of [0, x] whose elements are considered as particles. It
is easy to see that for fixed x > 0 both processes (L(?)); and (L<(t)); are Markov processes
taking their values in the family of point processes of [0, x].

Exactly the same way as for the classical Hammersley process ([Ham72, section 9],
[AD95]) the individual dynamic of particles is very easy to describe:

The process L. We put L_(0) = . In order to define L_(¢ + 1) from L_(¢) we consider
particles from left to right. A particle at y in L_(f) moves at time ¢ + 1 at the location of the

leftmost available point z in Hgi)l N (0, y) (if any, otherwise it stays at y). This point z is not

available anymore for subsequent particles, as well as every other point of l'[;fl N, y).

Configuration L (t+1)

Configuration L(t)
oy}
+1
is created in L_ (¢ + 1), located at the leftmost point in Hii)l
particle comes from the right.)

A realization of L_ is shown on top-left of Fig. 3.

If there is a point in IT;)”, which is on the right of y' := max{L.(¢)} then a new particle

N (Y, x). (In pictures this new

The process L<. We put L<(0) = (. In order to define L<(¢ + 1) from L(#) we also con-
sider particles from left to right. A particle at y in L<(f) moves at time ¢ + 1 at the location
of the leftmost available point z in Hgi)l N (0, y). This point z is not available anymore for

subsequent particles, other points in (z, y) remain available.

Configuration L<(t+1)

0 Configuration L<(t) r

If there is a point in H(A)l which is on the right of y := max{L_(¢)} then new particles

t+
are created in L. (¢ + 1), one for each point in Hgfl NGy, x).

A realization of L< is shown in top-right of Figure 3.
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Fig. 3. Our four variants of the Hammersley process (time goes from bottom to top). Top left:
the process L (t). Top right: the process L<(#). Bottom left: the process L(i"” )(t). Bottom right:
the process L(Sﬁ’ﬁ )(t).

Processes L (f) and L<(¢) are designed in such a way that they record the length of longest
increasing/non-decreasing paths in IT. In fact particles trajectories correspond to the level

sets of the functions (x, £) > L~ (1'[5:‘2), x> L< (Hi’},)).
PROPOSITION 4. For every x,

L. (Hfﬁ)) —cardL_(t)), L (HQ)) — card(L=(1)),
where on each right-hand side we consider the particle system on [0, x].

Proof. We are merely restating the original construction from Hammersley ([Ham72,
section 9]). We only do the case of L_(?).

Let us call each particle trajectory a Hammersley line. By construction each Hammersley
line is a broken line starting from the right of the box [0, x] x [0, 7] and is formed by a
succession of north/west line segments. Because of this, two distinct points in a given longest
increasing subsequence of Hfét) cannot belong to the same Hammersley line. Since there are
L_(f) Hammersley’s lines this gives £ (1'[5:‘2) < card(L(?)).

In order to prove the converse inequality we build from this graphical construction a
longest increcreasing subsequence of Hfé,) with exactly one point on each Hammersley line.
To do so, we order Hammersley’s lines from bottom-left to top-right, and we build our
path starting from the top-right corner. We first choose any point of Hg,) belonging to the
last Hammersley line. We then proceed by induction: we choose the next point among the
points of of 1'[)(('}, lying on the previous Hammersley line such that the subsequence remains
increasing. (This is possible since Hammersley’s lines only have North/West line segments.)

This proves £ (H;’}t)) > card(L_(1)).
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3-2. Sources and sinks: stationarity

Proposition 4 tells us that in on our way to prove Theorem 1 and Theorem 2 we need to
understand the asymptotic behaviour of processes L., L<.

It is proved in [FMO06] that the homogeneous PPP with intensity & on R is stationary for
(L<(1));. However we need non-asymptotic estimates for (L (#)); (and (L<(?));) on a given
interval (0, x). To solve this issue we use the trick of sources/sinks introduced formally and
exploited by Cator and Groeneboom [CGO05] for the continuous HAD process:

Sources form a finite subset of [0,x] x {O} which plays the role of the initial
configuration L (0), L<(0).

Sinks are points of {0} x [1, ] which add up to IT"”) when one defines the dynamics
of L_(#), L<(t). For L(¢) it makes sense to add several sinks at the same location (0,
i) so sinks may have a multiplicity.

Examples of dynamics of L, L< under the influence of sources/sinks is illustrated at the

bottom of Figure 3.
Here is the discrete-time analogous of [CGO0S, theorem 3-1]:

LEMMA 5. Forevery A, a > 0 let L(f’” )(t) be the Hammersley process defined L _(t) with:

(1) sources distributed according to a homogeneous PPP with intensity o on [0, x] x {0};
(i1) sinks distributed according to i.i.d. Bernoulli(p) with

)\' —
Ao

p. %

If sources, sinks, and TI™ are independent then the process (L(E"P )(t)> o is
=

stationary.

LEMMA 6. For every B> A >0, let L(Sﬁ’ﬁ *)(t) be the Hammersley process defined like
L (t) with additional sources and sinks:

(i) sources distributed according to a homogeneous PPP with intensity  on [0, x] x {0};

(ii) sinks distributed according to i.i.d. Geometric>o(1 — 8*) with
BB =1 )

If sources, sinks and TI™ are independent then the process (L(i’g’ﬁ *)(t))t>0 is stationary.

Proof of Lemmas 5 and 6. Lemma 6 could be obtained from minor adjustments of
[Boy22, chapter 3, lemma 3-2]. (Be aware that we have to switch x <> ¢ and sources <«
sinks in [Boy22] in order to fit our setup.) For the sake of the reader we however propose
the following alternative proof which explains where (8) come from.

Consider for some fixed ¢ > 1 the process (Hy)o<y<y given by the number of Hammersley
lines passing through the point (y, 1) (Fig. 4).
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******************* _H

0 Conﬁgulatlon Lﬁ ﬂ (t-1) z

e

The corresponding process (H,)

Fig. 4. A sample of the process H.

The initial value Hp is the number of sinks at (0, 7), which is distributed as a
Geometric>o(1 — B*). The process (Hy) is a random walk (reflected at zero) with ’+1 rate’
equal to A and ’—1 rate’ equal to 8. (Jumps of (H,) are independent from sinks as sinks are
independent from IT™).) The Geometrics((1 — g*) distribution is stationary for this random

walk exactly when (8) holds. The set of points of L(Eﬂ’ﬁ *)(t) is given by the union of Hik)

and the points of L(f’ﬂ *)(t) that do not correspond to a *—1’ jump. Computations given in
Appendix B show that this is distributed as a homogeneous PPP with intensity .

Lemma 5 is proved exactly in the same way, calculations are even easier. In this case the
corresponding process (Hy)o<y< takes its values in {0, 1} and its stationary distribution is
the Bernoulli distribution with mean A /(« 4 1), hence (7).

3-3. Processes L(t) and L<(t): non-asymptotic bounds

From Lemmas 5 and 6 it is straightforward to derive non-asymptotic upper bounds for
L (1), L<(®).

Fory <xlet SO)(;X) be the random set of sources with intensity « and for s <1 let Sigp) the
random set of sinks with intensity p. In particular,

card(S0®) € poisson(ax),  card(Si?”) L Binomial(r, p).

It is convenient to use the notation £—_(P) which is, as before, the length of the longest
increasing path taking points in P but when the path is also allowed to go through several
sources (which have however the same y-coordinate) or several sinks (which have the same
x-coordinate). Formally,

L_ -(P)=max {L; there exists P| =< Py =< - - - =< Py, where each P; € P},
where
x<xandy<y,
(x,y)=<,y)if {or x=x'=0andy<y),
or x<xandy=y =0.

Proposition 4 generalises easily to the settings of sinks and sources.
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Claim 1.

L. (nﬁf} USo® U SiE”)) = L (1) + card(Si?). )

Proof of the Claim. By the same reasoning as in the proof of Proposition 4 the LHS is
exactly the number of broken lines in the box [0, x] x [0, ¢]. Each such line escapes the box
either through the left (it thus corresponds to a sink) or through the top (and is thus counted

by LE(1)).
LEMMA 7 (Domination for £.). For every a,p € (0, 1) such that (7) holds, there is a
stochastic domination of the form:
L. (1'[2‘2) =< Poisson(xa) 4+ Binomial(z, p). (10)
(The Poisson and Binomial random variables involved in (10) are not independent.)
Proof. Adding sources and sinks may not decrease longest increasing paths. Thus,
L. (Hﬁft)) <L (Hﬁf) USo® U Siﬁp))
= L") (t) + card(Si?) (using (9))
@ LL“’” )(O) + card(Si(p) ) (using stationarity: Lemma 5)
@ Poisson(xa) + Binomial(z, p).
Taking expectations in (10) we obtain
E [£< (Hfé))] <xa +1p.

The LHS in the above equation does not depend on «, p so the idea is to apply (10) with the
minimising choice

o,pi= argmina,p satisfying (7) {xa +1p},

A A
a=J% %  p= XT XG4 tp = 2v/x1h — XA (11)
X
We have proved
E [£< (Hﬁf))] < 24/xth — XxA.

(Compare with (1).) We have a similar statement for non-decreasing subsequences:

LEMMA 8 (Domination for L<). For every B8, 8* € (0, 1) such that (8) holds, there is a
stochastic domination of the form:
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L (I'Ifc'},)) < Poisson(xp) + Qim +o4+ G, (12)

where g}ﬂ') s are i.i.d. Geometric>o(1 — B*).

We put
2 A% .__ . ﬁ*
ﬂ» :3 = argmlnﬂ,ﬂ* satisfying (8) x:B +1 1 — ,3* > (13)
ie.
B 2 B* : B+t( b ) 2Vxth+xh. (14)
=,/— , =—, X — | =2Vx XA.
X 1+ t/xA 1—pB*
(In particular 8 > A, as required in Lemma 6.) Equation (12) yields
E [55 (nfj})] < 2/xth + XA (15)

(Compare with (2).)

THEOREM 9 (Concentration for L, L<). There exist strictly positive functions g, h such
that for all € > 0 and for every x,t > 1, A > 0 such that t > x\:

P(L(TTY) > (1 4 €)1k — x4)) < exp(—g(e)(Vxth — xA)), (16)
P(L_(MY)) < (1 — &)tk — x)) < exp(—h(e)(Vxth — xA)). (17)
Similarly:
P(L<(T$)) > (1 4+ )(2V/xth + x14)) < exp(—g(e)Vxth), (18)
P(L<(T1{)) < (1 — £)(2Vxth + x1)) < exp(—h(e)V/xth). (19)

For the proof of Theorem 9 we will focus on the case of L_, i.e. Equations (16), (17).
When necessary we will give the slight modification needed to prove Equations (18) and
(19). The beginning of the proof mimics lemmas 4-1 and 4-2 in [BEGG16].

We first prove similar bounds for the stationary processes with minimising sources and
sinks.

LEMMA 10 (Concentration for £_ with sources and sinks). Let &, p be defined by (11).
There exists a strictly positive function g| such that for all ¢ > 0 and for every x,t > 1, A > 0
such that t > xA:

P(L—- (T US0®@ USIP) > (1+ &)(2v/xih — x1)) < 2 exp(—g1(e)(Vxth — xA))  (20)

P(L— (%) US0@ USI?) < (1 — &)2vxih — xA)) < 2 exp(—g1(e)(Vxth — x2)). (21)
Proof of Lemma 10. By stationarity (Lemma 5) we have

£ USo® U SIP) @ poisson(xa) + Binomial(r, j).
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X Point of T

. : A source

I ;"'\/ @ sink

\|/ R4 / : = = = Maximising path for £__

T l N L. »’\/1 3 N = Maximising path for LX_ _

| - o

Fig. 5. A sample of Hg‘,), sources, sinks, and the corresponding trajectories of particles. Here
£=<(H(k) U 80§f’> U Sigp)) =5 and L(f’p )(t) =2 (two remaining particles at the top of the box).

X,t

Then
P(Lo-(MY) USO@ USI? > (1 +&)2Vxth — x1))

< P(Poisson(x&) > (1 + %) <M — xk))
+ ]P’(Binomial(t, 5>+ g)«/ﬁ) .

Recall that xa = +/xtA — xA, tp = +/xtA. Using the tail inequality for the Poisson distribu-
tion (Lemma 15):

P(Poisson(x&) > (14 g)(vxzx - x,\)) < exp(—(«/xtk — xh)s? /4) .
Using the tail inequality for the binomial (Lemma 16) we get
P(Binomial(r,p) > (1 + 5)VAth) < exp(— 5 Varh) < exp(— 56 (Varh —xh)  (22)

The proof of (21) is identical. This shows Lemma 10 with gi(g) = g2 /12.

For longest non-decreasing subsequences we have a statement similar to Lemma 10. The
only modification in the proof is that in order to estimate the number of sinks one has to
replace Lemma 16 (tail inequality for the Binomial) by Lemma 17 (tail inequality for a sum
of geometric random variables'). During the proof we need to bound +/xfA + xA by +/xtA,
this explains the form of the right-hand side in Equations (18) and (19).

Proof of Theorem 9. Adding sources/sinks may not decrease £ - so
Loo(IF) USO® USI) = Lo(T1)),

thus the upper bound (16) is a direct consequence of Lemma 10.
Let us now prove the lower bound. We consider the length of a maximising path among
those using sources from O to ex and then only increasing points of l'[;’},) N([ex, x] x [0, t])

! Note that it is only stated for 0 < & < 1 but this is enough for our purpose since the left-hand side of (22)
is non-increasing in €.
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(see Figure 5). Formally we set

=<,&

L, = card(SOg@) +£((M8) N (lex, 51 x [0, 11))

D poisson(exa) + £ ((nﬁj) A ([ex, x] x [0, z])) . (23)

*
=<,

The idea is that for any fixed ¢ the paths contributing to L
to Lo <1'I)(C’},) U So;&) U Si@) =% )(t) + card(Sigﬁ)). Indeed Equation (23) suggests that
for large x, t

will typically not contribute

L* _ _ ~E[Poisson(exx)] + E [£< (Hi’}t) N([ex, x] x [0, t]))]

=<,&

~xed + 2/ x(1 — e)at — x(1 — g)A
=2V xAt — xA — A/ xtAS(¢e),

where §(¢) =2 — e —24/1 — ¢ is positive and increasing. In order to make the above
approximation rigorous we first write

2V/xht = xh — AV/x1a8(e) = xed + E/xtnd(e) + 2/x(1 — &)t — x(1 — )A + 1v/x128(e).
(24)
Combining (23) and (24) gives
]P><L*=<,8 > 24/xAt — xh — %«/xt)u?(s)) <P, + Py,

where

P = P(Poisson(xs&) > xea + %th)\é(s)> ,
P, = P(@(nﬁj) A(lex, x1 x [0, £1) = 2/x(1 — e)rt — x(1 — &) + %thké(s)) .

Using the tail inequality for the Poisson distribution (see Lemma 15) we have that

xtA8(e)? s
Py fexp< 6 482(\/)“7_)0\)) §exp(—thA8(e) /64e ) .

Besides

P, < P(£<(n§§2 N(lex, x] x [0, 1]) z(Z (1 — )t —x(1 — g)A) x (14 %5(8)))

< exp(—g(é(e)/S)(\/x(l ek —x(1 — 8)k)> (using the upper bound (16)).
Finally we can find some positive 4 such that
]P’(L*:<,€ > 24/xht — X\ — %x/xt)\é(s)) < exp(—h(e)(«/xtk - x)»)) . (25)

One proves exactly in the same way a similar bound for the length of a maximizing
path among those using sinks in {0} x [0, ¢f] and then only increasing points of I'I)(C'},) N
([0, x] x [et, t]).

Choose now one of the maximizing paths P for £_ (Hfé\,) U Soff‘) U Si@) (if there are
many of them, choose one arbitrarily in a deterministic way: the lowest, say). Denote by
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16 LucAs GERIN
sources(P) and sinks(P) the number of sources and sinks in the path P:

sources(P) = card {0 <y < x such that (y, 0) € P}.

In Figure 5 the path P is sketched, in that example sources(P) =2, sinks(P) = 0.

LEMMA 11. There exists a positive function \ such that for all real n > 0

]P’(sources(P) + sinks(P) > n\/W) <2exp(—y(n)(VxAt — xA)).

Proof of Lemma 11. (As the left-hand side is non-increasing in 7 it is enough to prove the
lemma for n < 1.)

If the event {sourceS(P) > n«/x)»t} holds then there exists a (random) & such that the

two following events occur:
So,, > VXAt

L =L (ny},’ USo® U Siﬁ’_’)) = L%P () + card(Si).

=<,

This implies that this random ¢ is larger than 7/2 > 0 unless the number of sources in
[0, xn/2] is improbably high:

P(sources(P) = nvxit) < P(S0yy/2 = nvxit)
+P(sources(P) = n/xAt; SOyx/2 < v/ XAL).

Therefore

P(sources(P) > nv/xit) < P(S0,./2 > nv/xit)
+ PAEP(1) < Vxit — x — 18(n/3)v/xt)
+ P(eard(Si{”) < vxit — 18(n/3)/xk1)
+ P(LL_, >2/xAt — xA — $8(n/3)¥/xAt for some n/2 <& <1).

Let us call the four terms in the right-hand of the above display P3, P4, IPs5, Pg respectively.
From previous calculations, the three first terms in the above display are less than exp(—
@d(n)(+/xAt — x))) for some positive function ¢. To see why:

(i) we bound P3 with Lemma 15 again (recall So,/> is a Poisson random variable);
(i1) the term P4 is bounded thanks to Lemma 10 (recall also (9));
(iii) we bound P5 with Lemma 16 (recall that Si;p) is a Binomial).

To conclude the proof it remains to bound Pg. Let K be an integer larger than 144 /53, by
definition of L* we have for every 1 <k < [xK] and every ¢ € [k/K, (k+ 1)/K)

=<,&

Lr_, <L _,x +card(Sol™ Mg, 5.

=<,
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Thus

]P’( U {L;Q > 2/xht — xh — %3(;7/3)\/)%} >

n/2<e<l

< ¥ P(L;<’k/K > 2Vh — xh — 5(;7/3)M)

k>|nK/2]

+ Y P(cardSo® NIk, KD > Jatn/3)vnr)

k= (0K 2]
= Y P(LLo gk > 29k — 3k — 8(/K)V 5 )
k= [nK /2]

+ Y P(cardSol® NIE, KD > Lam/3anr)
k=LK /2]

In the last inequality we use the facts that K > 144/5> > 6/ and that § is increasing. Using
now (25) it holds that

P( U {L*:<’s > 2/Xht — xh — %5@/3)@} )

n/2<e<l

k=|nK/2]

< > exp(—h(k/K)(Vxth — x1))

+K x P(Poisson(&/K) > %5(77/3)«/%)
< K exp(—h(n/3)(~/xth — x1)) (26)
+K x P(Poisson(&/K) > %8(77/3)«/)%) .
We finally bound the last display. First recall from our notation that
a<+ih/x, x>1, 8(e)=2—¢—2J1—¢>¢%/4.
Then:
P(Poisson(& /K) > %a(n/3)«/ﬁ) - P(Poisson(& JK)>a/K —a/K + 18 /3)@)

< ]P’(Poisson(& /K) > a/K + M(—LK + %a(n /3)))
X.

3 2
on(a . "o
< IP’(POlsson(a/K) >a/K+ x/x)»t<—m + 7—2)) )
27

We can find a positive function ¢ such that (26) and (27) are both less than
(144/ n)e“/’(”)(m_“). We then choose a positive function i such that

min {1’ @e—w(n)(«/ﬂ—m) + 3€—¢(n)(\/m-x)»)} < 2o~ W I(Vath—x)
, <
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and thus P(sources(P) > nv/xit) < exp(—v(n)(+/xth — x1)). With minor modifications
one proves the same bound for sinks (possibly by changing v): P(sinks(P) > nv/xAf) <
exp(—y¥ (n)(«/xth — xA)) and Lemma 11 is proved.

We can conclude the proof of the lower bound in Theorem 9. Let us write
L_(t)> LT USO™ U Si”) — sources(P) — sinks(P),

we bound the right-hand side using Lemmas 10 and 11.

4. Proof of Theorem 1 when k,, — +00: de-Poissonisation

In order to conclude the proof of Theorem 1 it remains to de-Poissonise Theorem 9. We
need a few notation. For any integers i1, ..., i, let S;, _;, be the random set of points given
by i, uniform points on each horizontal line:

.....

Sitoin = Ul U U} x (0},

where (Up,)e, is an array of i.i.d. uniform random variables in [0,1]. Set also e;; _; =

.....

.....

Poisson random variables with mean k then
Elex,..x,] =E [£<(H% ’j;)] — 2/, — oy + 0(y/1ky). (28)

The last equality is obtained by combining Theorem 9 for

1
x =nky,, t=n, Ap=—
n

with the trivial bound £<(H:(11k{7 ”,)Z) <n. In order to exploit (28) we need the following
smoothness estimate.

LEMMA 12. Foreveryiy,...,ipandji,...,jn

Proof. Let §=3;,,..;, be as above. If we replace in S the y-coordinate of each point of
the form (x, £) by a new y-coordinate uniform in the interval (¢, £ + 1) (independent from
anything else) then this defines a uniform permutation oy, 4...4;, of size i; + - - - +i,. The
longest increasing subsequence in S is mapped onto an increasing subsequence in o;, 4...4;,
and thus this construction shows the stochastic domination £(S;,,. i) < L<(0i)4-+i,)-
Thus for every iy, ..., i,

eiy,...in <E[L (0 4ti)] SOVi1 + -+ - +ip. (29)

(The second inequality follows for example from [Ste97, lemma 1-4-1].) Besides, consider
for two n-tuples iy, ..., i, and ji,...,j, two independent sets of points S;, i, Sj...J.,
then

...............
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This proves that
eil ..... in = e11+j1 ln“l’jn S eil ----- in + ejl’---xjn'

(In particular (i1, . . ., i) — €;,
Therefore

i, 1s non-decreasing with respect to any of its coordinates.)

.....

€ eovsin = €(i =)t lin—j)t T €1 =1 =) seeedn— (i)™
= €liy—jiloeeslin—jul T €jtaeeiin-

By switching the role of i’s and j’s:

1€i.osin = €tcin| = €lir—jiLlin—jnl <O lee—fel
=1

using (29).

Proof of Theorem 1 for any sequence (k,) — +00. Using smoothness we write

12
lek,..k — Elex,,. x, I <E[lex .k —ex;,.x,|] <6 x E (lee—kl) N V)

Using twice the Cauchy—Schwarz inequality:

n 1/2 n
(Z be —k|> < |E [Z 1Xe _k'}
=1 =1

< vnE[|X1 — ]
< nE[1X1 — k2] = \ny/Varxn) =y nv.

If k = k, — oo then the last display is a o(4/nk,) and Equations (30) and (28) show that
Ck,...k = E[£<(Sk;n)] = 2\/ nk, — k, + 0(\/ nkn)

5. Proof of Theorem 2
5-1. Proof for large (k)

We now prove Theorem 2 for a large sequence (k). We say that (k) is large if

n2ky exp(—(kn)*) = o(/nky) 31)

for some « € (0, 1). Recall that k,, = log n is not large while k,, = (log n)1 e is large.

We first observe that de-Poissonisation cannot be applied as in the previous section. We
lack smoothness as, for instance, E[L<(Si, 00...0)]1 =11 # O(/)_ i¢). The strategy is to
apply Theorem 9 with

S| =

x =nky, t=n, —s

(The exact value of X, will be different for the proofs of the lower and upper bounds.)
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Proof of the upper bound of (2) for large (k).
Choose « such that n2k,, exp(—kyy ) = o(v/nky,). Put

18
An=—+—,  withd, =k, 17/
n

Let Eﬁ" be the event
EM = { there are at least k;, points in each row of H%{”)n} .
N

The event E,, occurs with large probability. Indeed,
1 — P(EM) < nP(Poisson(nkyin) < ky)
< nP(Poisson(nk,A,) < nk,\, + k, — nk,A,)
< nP(Poisson(nk,A,) < nky\, — k,,8,)
<nexp (ﬁ) <n exp(—ékﬁﬁ) =n exp(—ékf,‘) . (32)
dnk, A,

At the last line we used Lemma 15. The latter probability tends to O as (k) is large.

LEMMA 13. Random sets S, ., and H( ") , can be defined on the same probability space
in such a way that

L<(Styn) < LT ) 4 nky (1= 1), (33)

nky.n

Proof of Lemma 13. Draw a sample of n“ ”)” and let I'I( ”) be the subset of H(A”)

obtained by keeping only the k,, leftmost points in each row. If E,, occurs then the rela—
tive orders of points in H )””) , corresponds to a uniform kj,-multiset permutation. If E} does
not hold we bound Ef(SkM) by the worst case nk;,.

Taking expectations in (33) and using the upper bound (15) yields
ELL < (k)] < 2v/mhn (1 + ) + k(1 + 8,) + 'k, exp(—;kf;) :
hence the upper bound in (2).

Proof of the lower bound of (2) for large (k). Choose now A, = (1/n)(1 — §,) with §, =
k;(l_a)ﬂ. Let F,, be the event

Fﬁn = { at most k;, points in each row of H%)ﬂ} .

The event F; ﬁ” occurs with large probability. Indeed
1— ]P’(F,’}”) < nP(Poisson(nk,A,) > k,) < nexp (—ékg) ,

(An)

which tends to zero. Random sets S,., and I1 ot

space in such a way that

can be defined on the same probability
L<(Styn) = LTI ).

nky.n
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n ) . 5
[n/A)A x ®

\ |
/Al x| | x| ® I®® x“/

1 ><®® X X | %

1 kA[n/A]

Fig. 6. Illustration of the notation of Lemma 14. Top: the multiset permutation Si.,. Bottom:
the corresponding S. The longest non-decreasing subsequence in Sk, (circled points) is mapped
onto a non-decreasing subsequence in S, except one point with height > A|n/A].

Therefore

P(L(Skin) < @YrkalT =80 + ka1 = 5,001 = £)) <
P(L=(MGY,) < V(1= 8,) + ku(1 = 8,)(1 = &) + P(not F})

and we conclude with (19).

5-2. The gap between small and large (ky): conclusion of the proof of Theorem 2

After I circulated a preliminary version of this paper, Valentin Féray came up with a
simple argument for bridging the gap between small and large (k,). This allows to prove
Theorem 2 for an arbitrary sequence (k;,), I reproduce his argument here with his permission.

LEMMA 14. Let n, k, A be positive integers. Two random uniform multiset permutations
Ska;|n/A] and Sy, can be built on the same probability space in such a way that

L<(Skn) < L<(Skazinja)) + KA.

Proof of Lemma 14. Draw Sy, uniformly at random, the idea is to group all points of Sk,
whose height is between 1 and A, to group all points whose height is between A + 1 and 2A,
and so on.

Formally, denote by 1 <ij <iy <... <iga[n/4] the indices such that 1 <iy < |n/A] for
every £ (see Fig. 6). For 1 <{ <kA|n/A] put

S(0) = [S(ig) /1.

The word § is a uniform kA-multiset permutation of size |n/A]. A longest non-decreasing
subsequence in S is mapped onto a non-decreasing subsequence in S, except maybe some
points with height > A|n/A]| (there are no more than kA such points). This shows the
Lemma.
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We conclude the proof of Theorem 2 by an estimation of E[L< (Skn;n) ] in the case where
there are infinitely many k,,’s such that, say, (log n)y/* <k, < (log n)>/4. For the lower bound
the job is already done by Theorem 1 since

E[L< (Sk,,;n) 1> E[L- (Skn;n) 1=2y/nky — ky + o(y/ nkp),

which is of course also 24/nk, + o(nk,) for this range of (k,). For the upper bound take
A = |logn| in Lemma 14:

E[L<(Skyn) 1 < ELL<(Sk, logniln/llogn]]) 1+ knlogn (34)
and we can apply the large case since
(n/ log n)’ky log n exp(—(k,, log n)*) = o(k,, log n x |n/|logn]]).
Thus the right-hand side of (34) is also 2+/nk,, + o(x/nk,).

6. Conclusion: Proof of Proposition 3

In this short section we give the arguments needed to enhance estimates in expectation
into convergences in probability. We have to prove that for every ¢ > 0:

P(L< (k) > @v/nks — k)1 + ) = 0,
P(L< (k) < 2v/nks — k)1 = ©)) =0,
P(L (Skyn) > /by + k(1 +)) = 0,
P(L<(Styn) < @k + ko)1 = £)) = 0
We only write the details for the first case, as the three other ones are almost identical.

The case where (k;) is small has been proved in Section 2 so it remains to prove the case
where (k) is large. We reuse the event Eﬁ‘,” introduced in Section 5-1.

[P’(L< (Skn;n) > (2v/nk, — k,)(1 + 8))

< P(Eﬁ” does not occur)

+IF’<£ (1‘1“") ) >(1+38

nky,n

nky, — ky +e
146,
<nexp()
<nexp(—3k, (recall (32))
+ IP’(E (nfy)n) > (2y/nkn(1 + 84) — kn(1 +8

< nexp(—KE ) + exp(—(e/ 2/ ks — k),

+¢
O

for large enough n and for some positive g, using (16). This tends to zero as desired.
The lower bound for L (S, .,) is proved in the same way. For the convergence of L< (S, .n)

we reuse the event Fﬁ" with A, = (1/n)(1 4 log (n)).
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A. Useful tail inequalities

We collect here for convenience some (non-optimal) tail inequalities.

LEMMA 15 (See [JL.ROO0, chapter 2]). Let Poisson(A) be a Poisson random variable with
mean A. For every A >0

P(Poisson(A) <A —A) < exp(—A2/4A),
P(Poisson(1) > A + A) < exp(—A?/41).

LEMMA 16 ([JEROO0, theorem 2-1]). Let Binomial(n, p) be a Binomial random variable
with parameters (n,p). For 0 <e < 1,

P(Binomial(n, p) < np — enp) < exp(—sznp/Z) ,
P(Binomial(n, p) > np + enp) < exp (—82np/3> .

LEMMA 17. Fix a €(0,1) and let g(‘"), el g,ﬁ"” be i.i.d. random variables with distri-
bution Geometric>o(1 — o). Then E[g%a)] =a/(1 —a) and for every 0 < e < 1,

IP’(Q{"‘) +o 4GP >+ )k ia) < exp(—azka/20> ,

IP’(Q{“) o+ G < (- ek fa) < exp(~e%a/20)

Proof of Lemma 17. We will use the two inequalities:
1
exp(z) <1 + 7+ 72 for lz] <1, 1o <exp(u+ u?) for lul < 1/2.
—u
Fix A such that |A| < min {1, (1 — «)/4a} so that (a/(1 — a))|A 4+ A% < 1/2:

1 e

I—a

(1-w _

1 —aet 1—%((3}‘—1)6

E[emgi“’)—ﬁ)] _ o

1 _pa
ST w5 a0¢ !
1 — = (A +29)

<exp| — A+ +[— ) G+ —r——
]l -« 1l -« l—«

@ 2 2 2_ @
Sexp<(1_a)2x (242 +2,\)> Sexp<5,\ (1—a)2>’

(cr) a
Thus, for every |A| <1/ := min{l,(l —«)/4a} it holds that E[eMZLl Gi _km)] <
exp(vzkz/Z) where v2 1= 10ka/(1 — ).
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This says that for every k > 1 the random variable g§“> 4+t g]((“) is subexponential and
the Chernov method applies (use e.g. [Wail9, proposition 2-9] with ¢t = ko /(1 — &)):

o
P(g§“)+~~+g,§“)z(l+e)k1 _a>

- 2 22 o? (1—a)?
X =X —& X
=P\ 72 P d—a? 2 x 10ka

—exp (—82k(x /20) :

as long as

o
0k in{l,(1 —a)/4

g S = Ok min (1.1 — /e

which is always the case if ¢ < 1. The similar inequality holds for the left-tail bound (see

[Wail9, proposition 2-9] again).

B. An invariance property for the M/M/1 queue

To conclude we state and prove the very simple property of the recurrent M/M/1 queue
which allows to prove stationarity in Lemma 6. It is very close to Burke’s property of the
discrete HAD process [FM06].

Let 8> A >0 be fixed parameters. Consider two independent homogeneous Poisson
Point Process (PPP) I1 ~, [T\ over (0, +00) with respective intensities A, 8. Let (Hy)y>0
be the queue whose ’+1’ steps (customer arrivals) are given by IT » and ’-1’ steps (service
times) are given by I\ and whose initial distribution Hy is drawn (independently from
IT », T\ ) according to a Geometric>o(1 — B*) with g* =1/p.

Let ITp be the point process given by unused service times:

ITo = {y € I\ such that H, = 0} .
LEMMA 18. The process I := I1 A UTIlg is a homogeneous PPP with intensity B.

Proof. (The reader is invited to look at Fig. B1 for notation.)

The point process IT » UTI\ is a homogeneous PPP with intensity A + 8, independent
from Hy. We claim that T is a subset of IT ~ UTI\, where each point in IT » UTI\_ is
taken independently with probability /(A 4+ B), it is therefore a homogeneous PPP with
intensity f.

We need a few notation in order to prove the claim. Set Pp =0 and for i > 1 let P; be the
ith point of IT » U IT\ and let (I:Ii)izo be the discrete-time embedded chain associated to H,
i.e. H;=Hp, for every i.

We will prove by induction that for every i > 1:

the points P; belongs to IT with probability 8/(A + B) independently from the events
{Prell},... . {Pi el o
H; is independent from {P; € I1}, . . ., {P; € I1} and is a Geometric>o(1 — 8*).
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P

I~

Fig. B1. Notation of Lemma 18. Points of TI are depicted with %’s.

This implies the claim and proves the Lemma. For the base case:

P(Py eTl, [:11 =k)=P(P; € H/,I:I() =k— D=1 +P(P; € H\,[:I() = 0)13—0,

x (1= BB Mgzt + x (1 — B*)i=o,

B
B A+ B

A+
— L= (recall ppr =),
A+ B

More generally let E; be one of the two events P; € ﬁ/Pj ¢ II:
PP, e Hi=k|Ey,....E_)=P@P; e s, Hi_1=k—1|Ey,...,E_) =1

+P(P; e NI\, Hi—1 =0 | Ey,. .., Ei—1)1i—o,

=P(Piell -, Hi_1 =k — D>

+ P(P; e T1, Hi 1 =0)1—0, (by induction hypothesis).

_ ﬂ _ p* *\k
_)»-i-,BX(l BB
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