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Abstract

A random n-permutation may be generated by sequentially removing random cards
C1,...,C, from an n card deck D = {1,...,n}. The permutation o is simply the
sequence of cards in the order they are removed. This permutation is itself uniformly
random, as long as each random card C} is drawn uniformly from the remaining set
at time t. We consider, here, a variant of this simple procedure in which one is given
a choice between k£ random cards from the remaining set at each step, and selects
the lowest numbered of these for removal. This induces a bias towards selecting
lower numbered of the remaining cards at each step, and therefore leads to a final
permutation which is more “ordered” than in the uniform case (i.e. closer to the
identity permutation id = (1,2, 3, ..., n)).

We quantify this effect in terms of two natural measures of order: The number of
inversions [ and the length of the longest increasing subsequence L. For inversions,
we establish a weak law of large numbers and central limit theorem, both for fixed and
growing k. For the longest increasing subsequence, we establish the rate of scaling,
in general, and existence of a weak law in the case of growing k. We also show that
the minimum strategy, of selecting the minimum of the k£ given choices at each step,
is optimal for minimizing the number of inversions in the space of all online k-card
selection rules.
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1 Introduction

A random n-permutation may be generated with a deck of n cards D = {1, ...,n} as
follows. Draw a random card C'; from the deck and remove it, then draw and remove
another random card Cs from the remaining cards, and so forth until all n cards have
been removed. The permutation is o = (C4, ..., C,,), where C} is the card removed at time
t. This permutation is itself uniformly random, as long as each random card C}; is drawn
uniformly from the remaining cards in the deck at time t.
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Inversion and longest increasing subsequence for random permutations

If, however, one is given a choice between k& > 2 (uniformly) random cards to remove
at each step one can bias the resulting permutation by an appropriate selection rule
to achieve a particular objective. For example, one can seek to maximize the number
of fixed points, number of cycles, length of the longest cycle, etc. Our aim here is to
create a permutation which is as “ordered” as possible. That is, closest to the identity
permutation id = (1,2, 3, ...,n). For this, we choose the natural strategy of selecting the
lowest numbered, or minimum, of the £ random card choices at each step.

We refer to the resulting procedure for constructing our random permutation as the
k-card-minimum procedure. Formally, it is defined below.

Definition 1.1. For k,n € IN the k-card-minimum (kCM) procedure is the following
random algorithm for generating a permutation o of the integers 1, ..., n.

e D;={1,..,n}

e Fort=1,...n:
Ci, ..., Cy are i.i.d uniform samples from D,
Cy =min{Cy1,...,Cr 1}
Dyy1 = Dy /{Ct}

e 0= (C4,..,Cp)

Here, D; represents the set of cards remaining in the deck at time ¢, just before the
t-th card is selected. Ci1,...,C; ), are the k random card choices from the remaining
set D;, and the minimum of these, C}, is selected for removal. The final permutation
o= (C4,...,Cy) is simply the sequence of cards in the order they are removed.

With £ = 1, of course, the kCM procedure reduces to the original procedure in
which a single random card is drawn at each step, and the final permutation o is
uniform. However, for any k£ > 2 one expects the selection rule to create a more ordered
permutation. We allow the case k = 1 in the definition only because it facilitates easy
comparison to the uniform case from our theorems, and does not add any increased
difficulty in the proofs.

1.1 Measures of Order

The extent to which a permutation is “ordered” is not, a priori, a well-defined mathe-
matical concept, but we will consider two natural measures of order for our analysis:
The number of inversions I and the length of the longest increasing subsequence L.

Definition 1.2. For an n-permutation o = (o(1),...,0(n)),

I(o)=H{i<j:o(i) >0o(j)}| and
Lio)=max{¢:31<i; <..<iy<nwitho(iy) < ..<o(i)}.

Intuitively, of course, a more ordered permutation should have fewer inversions and
a longer longest increasing subsequence, and, in fact, this intuition can be justified
concretely in the following sense.
I(o) =dar(o,id) and L(o) =n — dr(o,id)
where d 7 and dpr are the standard permutation metrics defined by
dar(o,0’) = min # adjacent transpositions required to transform ¢ into ¢”,

dr(o,0’) = min # reinsertions required to transform o into o”.
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Here, as usual, two permutations ¢ and ¢’ are said to differ by a single adjacent
transposition if they are of the form

0 ="(i1,rtn), 0 = (11, s im—1,im+1, Im, bm+2, -, in)
and to differ by a single reinsertion if they are of the form

. . ’ . . . . . . .
0= (217 teey Zn) , 0 = (217 teey Zm717lm+j7lm7 v bmdj—15 tm4j+1, '~'77l’n)

or the form
. . Iy . . . . . .
g = (7,1, ...,Zn) , 0 = (7,17 ---;Zm—lazm+1>--~aZm+j71maZm+j+la ...,Zn).

1.2 Summary of Results and Comparison to Uniform Case

For a uniformly random permutation, I ~ n?/4 and converges to a standard normal
distribution when appropriately centered and rescaled [9], whereas L ~ 2v/n [1, 12, 17]
and converges to a Tracy-Widom distribution when appropriately centered and rescaled
[4]. For fixed k, we find that I and L still obey the same n? and /n scalings, but
decreased and increased, respectively, by constant factors. However, if k = k,, — oo then
the scaling rates are altered. In particular, if k,, — oo with k,, = o(n), then I scales as
n?/k, and L scales as v/k,n. More precise statements, including weak laws and central
limit theorems, will be given below in Section 2.

1.3 Motivation and Related Work

If n balls are placed into n bins independently and uniformly at random, then the
number of balls in the fullest bin or maximum load is roughly log(n)/loglog(n) with high
probability. If, however, the balls are placed sequentially, and at each step one is allowed
to choose from among k independent randomly selected bins, then the maximum load
can be reduced dramatically to loglog(n)/log(k), by always choosing to place the ball in
the least full bin of the given choices [3]. This is one of the first, and most remarkable,
examples of the power of choice in stochastic models.

Another important example is the Achlioptas model, which is a modification of the
standard Erdds-Rényi random graph process (G(n,m)),,, in which one is allowed to
select from among k independently chosen random edges to add to the n-vertex graph at
each step, rather than simply adding a given random edge. Using appropriate selection
rules with £ = 2 in this model, one can accelerate or delay the onset of the giant
component from the Erdds-Rényi critical point of m = n/2 edges by a constant factor: to
as early as 0.385n or as late as 0.829n [6, 15]. Using other selection rules one can also
substantially delay (with fixed k) or accelerate (with growing k) the first appearance
time my of a fixed subgraph H [10, 11].

Our random permutation model is, of course, mathematically quite different than
either the balls and bins selection model or the Achlioptas random graph model, but the
questions we are interested in are very similar in spirit. We begin with a well studied
base model, the uniform permutation, which can be generated by a sequential procedure,
removing cards one at a time. Then, we add choice to the procedure with the goal of
modifying some statistical property of the resulting random object. In particular, we
wish to make the final permutation more ordered, so we select at each step the lowest
numbered card from among the & given choices.

This is a very simple strategy, essentially a greedy algorithm. However, as we
will show below (Proposition 2.11) it is, in fact, optimal for minimizing the number of
inversions I, just as the simple greedy strategy of selecting the least full bin from among
the k choices is optimal for reducing the maximum load in the balls and bins model
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[3]. For maximizing L our greedy selection rule is not optimal, but it still substantially
increases L for large fixed k£ or growing k.

Another motivation for the study of KCM random permutations comes from the Mal-
lows random permutation model [13]. Heuristic arguments and simulations suggest that
the kCM model should have a similar band structure to the Mallows model as discussed
in [5], and our theorems, along with the previous work on Mallows permutations in
[5, 14], show that with an appropriate choice of parameters both I and L scale at the
same rate in the two models. That is, if one chooses parameters to ensure roughly
the same number of inversions, then one also gets roughly the same length of longest
increasing subsequence. A more thorough discussion of the connection between the
kCM and Mallows models will be given in Section 6.

2 Statement of Results

In this section we state formally our results for the statistics of inversions and the
longest increasing subsequence in kCM random permutations. These are divided into
four subsections: inversion results for fixed k, inversion results for growing k, scaling
results for L (both for fixed and growing k), and optimality results for the minimum
strategy. Proofs will be given later in Sections 3, 4, and 5.

Throughout we use the following notation:

e [n]={1,..,n}.

e 24 and % denote, respectively, convergence in probability and convergence in
distribution.

* 0 =(Cy,...,C)) is a random permutation generated according to the kKCM proce-
dure of Definition 1.1.

e [ is the number of inversions in ¢, and L is the length of the longest increasing
subsequence in o.

* PP, is the probability measure when the KCM procedure is run on a deck of n
cards with given k.

* E, x(X) and Var, ,(X) denote, respectively, the expectation and variance of a
random variable X under the measure P,, ;.

2.1 Inversion Results for Fixed k
For k € N, let

k

and bn = S e 2)

1
TS 1)

Then, we have the following asymptotics for E,, ;(I) and Var,, ;(I), as n goes to infinity
with fixed k.

Proposition 2.1. For any fixed k € IN,
E,x(I) = apn® + O(n) and Var, i (I) = bpn® + O(n?). (2.1)
Moreover, a weak law of large numbers and central limit theorem both hold.
Theorem 2.2 (Weak Law of Large Numbers). For any fixed k € IN,

I

— 5 ap, asn — . (2.2)
n
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Theorem 2.3 (Central Limit Theorem). For any fixed k € IN,

I-LE,()

A7 asn — oo (2.3)
Var,, ()

where Z is a standard normal random variable. Equivalently,
I—ag-n?

N

2.2 Inversion Results for Growing k

i>Z, asn — oo. (2.4)

Throughout this section we assume that (k,)S2; is a nondecreasing sequence of
positive integers such that k,, — oo with k,, = o(n). Our first proposition gives asymptotic
estimates for the expectation and variance of the number of inversions I, analogous to
Proposition 2.1.

Proposition 2.4.

1 n? n? 1 nd 3
Enk, (1) = 3 + o (k) and Var, i, (I) = 3 + o <Z2> . (2.5)

Using this proposition, along with some intermediate estimates used in its proof, we
also obtain a weak law of large numbers and central limit theorem for the number of
inversions I, analogous to Theorems 2.2 and 2.3.

Theorem 2.5 (Weak Law of Large Numbers).

k 1
I-22 22 asn— . (2.6)
n? 2
Theorem 2.6 (Central Limit Theorem).
I—E,, (I)

A7 asn — oo 2.7)
Var”akn (I)

where Z is a standard normal random variable.

2.3 Scaling of L

The following theorem is our primary result for the longest increasing subsequence
in kCM random permutations. It establishes the scaling rate of L as n — co up to a
universal constant factor, both for fixed and growing k.

Theorem 2.7. If (k,)22, is any sequence of positive integers satisfying k,, = o(n), then

. . Enk (L) . ]Enk (L)
1/2 < liminf —2En2) < fimgup —mkals) < ge 2.8
N s Y @9
Moreover, for any e > 0,
lim P, (1/2 e < L/\knn < de + e) ~ 1. 2.9)
n—oo

In the case k,, — oo, we also obtain the existence of a weak law of large numbers,
though we do not know the exact constant for the weak law.

Theorem 2.8 (Weak Law of Large Numbers). If (k, )22, is any sequence of positive
integers such that k,, — oo with k,, = o(n), then
L

p.
— 231, asn — oo.
Ey k, (L)
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A central piece of the proof of Theorem 2.8 is the following variance estimate for L,
which, interestingly, does not depend on k.

Proposition 2.9. For any k,n € IN,
Var,, (L) < n/4. (2.10)
Remarks.

1. The constants 1/2 and 4e in Theorem 2.7 can be improved a bit by a somewhat
more careful analysis than we give here. However, we do not believe they can be
made to match without substantially different methods.

2. Our theorem shows that L is increased by roughly a factor of \/k,, from the uniform
24/n scaling, up to moderate corrections. However, for k,, = k fixed and small these
moderate corrections are of the same order as the 'k increase. Thus, the theorem
is most informative only for fixed large k or growing k.

3. It is natural to consider how fast the sequence (k,) must grow to increase the
scaling rate of L from the order n'/? uniform scaling to a larger power law n<,
for some a > 1/2. According to our theorem, one must also take k, as a power
law, k, ~ n® where a = 1/2 + 3/2. Since any 3 € (0,1) is possible, while still
maintaining k, = o(n), any o € (1/2,1) is also possible.

2.4 Optimality Results for the Minimum Strategy

In the kCM procedure we are given k independent random card choices Cy 1, ..., Cy i
from the remaining set D; at each step, and we select the lowest numbered of these.
This selection rule was chosen in order to create a more ordered final permutation, and
it is a simple and natural rule for doing so. However, it is reasonable to ask if some other
selection rule may be better for this purpose. More generally, given any real-valued
statistic X = X (o) to maximize or minimize (for us X = I or L), one may ask if a given
selection rule or strategy is optimal for maximizing or minimizing this statistic.

The kCM strategy Smin, in which the minimum of the k card choices is always
selected, is quite simple. It does not depend explicitly on n or k, or on any of the
previously removed cards C1,...,C;_1. In principal, though, it is reasonable to allow a
strategy to depend explicitly on both n and %, as well as the cards (1, ...,C;_; removed
before time ¢, as these will be known to an individual making the card selections. We,
thus, define a (k,n) choice strategy as follows.

Definition 2.10. For k,n € N, a (k,n) choice strategy S is an n-tuple of choice functions
S = (f1,..., fn) where for eacht € [n] :

e The domain of f; is the set of allowable input pairs ((c1, ..., ¢t—1), (Ct,1, .-, Ct,k)) Such
that each ¢;,ct; € [n], ¢r # ¢ forall T # 7/, and ¢;; # ¢, for each 1 <1i < k and
1< 7<t—1.

e filler,yee—1), (et,15 -, ce)) € {cen, ..., ce i } for each possible input
((Cl? (XS ct—1)7 (Ct,17 weey Ct,k)))'

On the event {C. =¢;,1 <7 <t—1 and C;; = ¢;;,1 < i < k} the strategy S selects
Cye{cia,...,ee ) by therule Cy = fi((c1, s ci—1)s (Ce1y s CLk))-

We say a (k,n) choice strategy S is stochastically optimal for maximizing a real-valued
statistic X = X (o) if for every other (k,n) choice strategy S we have

PS (X >2)>PS, (X >x), forallz € R,
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Similarly, we say a (k,n) choice strategy S is stochastically optimal for minimizing a
real-valued statistic X = X (o) if for every other (k,n) choice strategy S we have

Pi,k(X <z)> Pf,k(X <z), forallz € R.

The following proposition shows that the simple strategy Sni, is actually the best
strategy for minimizing inversions.

Proposition 2.11. For each k,n € IN, the k-card-minimum strategy Sy, is stochastically
optimal for minimizing I.

The situation for the longest increasing subsequence is more complicated, though,
and S,,;, is no longer optimal. In fact, no optimal strategy exists for any k£ > 2 and n > 5.

Proposition 2.12. For any k > 2 and n > 5 there is no (k,n) stochastically optimal
strategy for maximizing L. However, for each k > 2 and n > 4 there exists a strategy
Scopy, Which is strictly better than the k-card-minimum strategy for maximizing L. That
is,

Py (L 2 w) 2 P (L 2 @)

for all z € R, with strict inequality for some values of x.

Nevertheless, as shown by Theorem 2.7, the minimum strategy Spin still increases
L substantially compared to the uniform case for large fixed k or growing k. Moreover,
although the minimum strategy is strictly dominated by Sy, this dominance is very
weak. As the name suggests, Scopy COpies Smin almost all of the time, and only behaves
differently in very specific instances, for which it can increase L by 1. Thus, Sy,jn may
still be “essentially optimal” in the sense of the scaling rate given by Theorem 2.7. A
natural question, for which we do not yet have an answer, is whether the minimum
strategy is, indeed, optimal in terms of this scaling rate. More precisely:

Question - Does there exist some absolute constant B > 0 such that for any sequence
(kn)S; with k,, = o(n) and any sequence of (k,,n) choice strategies (S,,)2

n=1-

lim PS5, (L< BVkan) =17

n—oo

3 Analysis of Inversions

In this section we analyze statistics of the number of inversions I in a kK CM random
permutation, proving the results of Sections 2.1 and 2.2. We treat separately the case of
fixed k in Section 3.3 and the case of growing £ in Section 3.4. First, however, we begin
with some general set up in Sections 3.1 and 3.2 that will be used in both cases.

3.1 Preliminaries

3.1.1 Relative Positions

The sequence (C;)}, is highly dependent. Partly this is because of simple exclusion; if
Cy = i then C; # i, for all 7 # t. However, unlike in the uniform case, there is strong
dependence beyond this as well since the kCM procedure has a bias towards selecting
lower numbered of the remaining cards at each step. Theoretically at least, at any time
t > max{i — 1,n — i} card i could be the lowest or highest remaining card in the deck,
or anything in between. So, the probability that C; = i (assuming ¢ is still left at time ¢)
depends heavily on which cards were removed at earlier times 7 < ¢. The main idea for
analyzing inversions is to consider the relative card positions, which are independent,
and, thus, circumvent this difficulty.
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Fort=1,...,n we define 6’t to be the relative position of card C} in the remaining set
of cards D, from which it is selected:

a = j <= (} is the j-th lowest numbered card in D;.

Since the selection rule for the kCM procedure depends only on the relative values of the
k card choices Cy 1, ..., Cy ;, and not on the actual numbers of these cards, the relative
position CN't of the ¢-th card selected is independent of the previously removed cards
Cq,...,Ci—1. Equivalently, 6’t is independent of the relative positions of the previously
removed cards 51, ...,@_1. Since this holds for each t = 1,...,n, it follows that the
sequence of relative card positions 5‘17 s én is independent, as claimed above.

The relation to inversions is as follows. If we define

L=|{t+1<7<n:C >C.}

to be the number of cards selected at later times 7 > ¢, which are inverted with card C;,
then

I =C—1. (3.1)

To see this, note that if the j-th lowest numbered of the remaining cards is selected at
time ¢ (i.e. @ = 7), then there are exactly j — 1 lower numbered cards remaining in the
deck at time ¢ + 1, which eventually must be removed at times 7 > ¢ 4 1. Thus, there will
be exactly j — 1 cards removed at times 7 > ¢ 4+ 1, which are inverted with card C; (i.e.
L=j5-1). B N

From (3.1) and independence of the relative positions C1, ..., C,, it follows that Iy, ..., I,
are independent as well. These facts are summarized below in the following proposition,
which also characterizes the distribution of the random variables 575 and ;.

Proposition 3.1. For any k,n € IN, the random variables 51, . 5'7,, are independent and
the random variables 11, ..., I,, are independent. Moreover, for eacht =1, ...,n we have

N\ k
~ . n—t+1—-y .
P, =(———— 2} | j=0,1,..,n—t+1 3.2
#CG i) = (EET) =0t (2)
and
n—t—7j k
Poi(l;>)=——2) ,j=0,1,...,n—t 3.3
k(L > j) (n_t+1) J n (3.3)

Proof. Independence of the (/N‘t’s and independence of I;’s was established above, and
(3.3) follows from (3.1) and (3.2). Thus, it remains only to prove (3.2).

To see (3.2), note that at time ¢ there are exactly n —t+ 1 cards left in the deck to pick
from (i.e. |Dy|=n—t+1), and Cy > 4 if and only if each of the k independent random
choices C% 1, ..., Ct i, is greater than D, ; = j-th lowest card in D;. Thus,

b M n—t+1)—j

]Pn,k(ét > j) = H]Pn,k(ct,i > Dt,j) = H n—t+1
i=1 i=1

Now, of course, the total number of inversions I is simply

n—1
I= Z I,. (3.4)
t=1

So, by Proposition 3.1, we have [ expressed as a sum of independent random variables
I;, t =1,...,n — 1, with explicit distribution (3.3). The analysis of I (both for fixed and
growing k) is based upon this decomposition.
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3.1.2 The Lindberg-Feller Central Limit Theorem

The I;’s are independent, but not identically distributed. Our proof of the central limit
theorem for the number of inversions I (both in the case of fixed and growing k) will use
the following general central limit theorem for sums of independent random variables.
See, e.g., [8].

Theorem 3.2 (Lindberg-Feller Central Limit Theorem). Let Xt("), nelNandl <t<n, be
independent mean zero random variables such that:

(i) Foreachn e N, Y7 | Var(Xt(")) =1.

(ii) For each ¢ > 0, lim, o {ZL E (, XM,

x| > e)} =o.

Then 3", X\™ = X % 7, asn — oo, where Z is a standard normal random variable.

3.1.3 Some Basic Estimates for Sums

For calculation of the expectation and variance of the random variables I; we will need
the following basic estimates for sums.

Lemma 3.3. For positive integers m, k

mE+1 m L (er 1)k+1
Rl S ;T S (3-5)
and
k+2 k+1 m k+2 k+1
(m + 1) _ Hm+1) < Z(m—T)Tk < m + 2m .
(k+1)(k+2) E+1 (k+1)(k+2) k+1

(3.6)

Remark. The constants 2 and 4 in (3.6) are likely not optimal and are chosen only for
convenience.

Proof. If a,b € Z witha <band f : [a —1,b+ 1] — R is a continuous nondecreasing
function, then

b+1

b b
/_1 flayde < > f(r) < f(x)da. (3.7)

a

Similarly, if a,b € Z with a < band f : [a —1,b+ 1] — R is a continuous nonincreasing
function, then

b b

/ f@yds > S ) > F(@)da. (3.8)
a—1 r—a a

The first pair of inequalities (3.5) is immediate from (3.7) since the function xzF is

increasing on [0, m + 1]. To prove the second pair of inequalities (3.6) note that the

function f(x) = (m — x)2* is increasing on [0, m(;%+ )] and decreasing on [m(;2=), m + 1]

k+1 k+
. . .
with max,cjomit) F(2) = fmax = f(m(kiﬂ)) < @1 Thus, letting A = [m(5)],
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B = (m(kiﬂ)] and applying the inequalities (3.7) and (3.8), we have

m

A-1 m
Zf(T)Sz_:lf(T)+ Z f(T)+2'.fmax

T=1 T=B+1

A m
§/1 flx)dx + /B flx)dz + 2+ fiax

k+2 k+1

< m N 2m
“(k+1)(k+2) k+1

and

m—+1
> / F@)dr — 3+ fume
+1)k+2 4(m 4 1)1

(m
“(k+1)(k+2) kE+1

for all m > 2. In the case m = 1, the inequalities (3.6) may be verified directly.

3.2 Estimates for E, ;(I;) and Var, ,(I;)

For a random variable X taking values in {0,1,...,m},

[ay

m— m—1

E(X)= > P(X >j) and BE(X?) =E(X)+ > _ 2j-P(X > j).

Jj= j=0

(3.9)

Using these formulas along with Proposition 3.1 and Lemma 3.3, we now obtain estimates

for B, x(I;), E, x(I}?), and Var,, x(1;).
Claim 3.4. Uniformlyin1 <t<n-—1andk € N,

n—t
En i (It) = el o).

Proof. By (3.3) and (3.9),

Bt =S (20 ) = 2R

= n—t+1

Applying (3.5) gives

En,k(It) S

n—t+1)F

(n—t+1)"/(k+1) n-—t 1
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and

(n—t)**1/(k+1)
(n—t+1)k

_L_t+n7_75 1_¥ k_l
k41 k41 n—t+1
n—t n-—t k
1—— ) -1
k+1+k+1<( n—t+1> )
n—ti
“k+1

]Emk(lt) Z

In the second to last inequality we use the fact that [T/_, (1 — z;) > 1 — Y7 x;, for real
numbers z1, ...,z € [0,1]. O

Claim 3.5. Uniformlyinl <t<n-—1andk €N,

2(n —t)? O(n)
Bl =Gty Tk (3:12)

Proof. By (3.3) and (3.9),
n—t—1 n—t 7]‘ k
(1) = Eaat) + 3 2 (2219 )

and, by (3.6), we have the estimates

n—t—1 ’n—t—j k 2 n—t
Z & (n—t+1) T n—t+ 1)k ((n=t)=nyr*

2 : (n—t)F2  2(n—t)kt!
T (n—t+1)F |[(k+1)(k+2) k+1
2(n —t)? 4(n—1t)

~(k+D(k+2) k+1 7

[ —

n—t

(n—t)—7)r*

M

n—t—1 . ’I’L—t—j k 2
() = i
; n—t+1 (n—t+1)k

=1

( t—i—l k+2 4(n—t+1)k+1
n—t+1 [( )(k+2) k+1
2(n —t)? n—t+ 1)
“k+1)(k+2) k+1

Using (3.11) and the fact that I; is nonnegative gives

— $)2 _ 12
2(n—t) _8£<Enk(12) 2(n—1) 6n

(k+1)(k+2) &k — k+1)(k+2) k&

Claim 3.6. Uniformlyinl1 <t<n-—1andk € N,

(& %2—(& %) " Oi;n) +0Q). (3.13)

Var,, ,(I;) =
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Proof. By Claims 3.4 and 3.5,

o 2n—t)? O(n) n—t 2
Varn (1) = <(k+ DE+2) Tk > - <k+1 +0(1)>

 k(n—1t)? O(n)
S GruGiy Tk oW

O
3.3 The Case of Fixed k
Throughout Section 3.3 we assume k € IN is a fixed positive integer.
Proof of Proposition 2.1. By Claim 3.4 and linearity of expectation
-t n?
E.r(I) = o)) =——— O(n).
) ; <k+1 + O )> sern T OW
By Claim 3.6 and independence of the I;’s
n—1
k(n —t)? O(n)
Var,, (1) = o1
ar,, (1) ; ((k+1)2(k—|—2) + k + o)
kn3
o I )
stz T O
O

Proof of Theorem 2.2. By Proposition 2.1 we have E,, (I/n?) — ax and Var,, ,(I/n?) —
0, as n — oo. Thus, the theorem follows by Chebyshev’s inequality. O

Proof of Theorem 2.3. Run the k-card-minimum procedure independently on decks of
each size n = 1,2, ... with given k. Denote by It(") the random variable I; for the n card
deck, and by I("™) the random variable I for the n card deck. Also, denote the probability
measure for this joint process simply by P and expectations and variances under this
measure simply by E(-) and Var(-).

Forn € IN and 1 <t < n define random variables Xt(") by

1B

X" =
Var(I(m)

(3.14)

Note that the Xt(")’s are independent with zero mean, and moreover the following both
hold.
(i) For each n, 7, Var(X") = W S Var(1f™) = 1, since Iy = 0, and
1!, 1 are independent.

(ii) With probability 1, uniformly in ¢,

n
(ben® + O(n2))/?

x| < = O(1/n1/?).

So, for any ¢ > 0,

tim 3B (x| x7] > ¢) = 0.
t=1

EJP 20 (2015), paper 11. ejp.ejpecp.org
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Thus, we may apply Theorem 3.2 to conclude that

IW-B(I"™) Kom a
I _BUY) S5 X0 2y 7 asn— o0
Var(1(m)) t=1

proving (2.3). (2.4) follows since

E (I™) — aq;n? Vb, - n3/2
lim MZO and lim bkinzl
n—00 Var(I(™) n—oo \ /Var(I(™)

3.4 The Case of Growing &

Throughout Section 3.4 we assume that (k,)2°; is a nondecreasing sequence of

n=1
positive integers such that k,, — oo with k,, = o(n). We will give proofs of Proposition 2.4
and Theorems 2.5 and 2.6. The methods are very similar to those used in the previous
section to establish the corresponding results in the case of fixed k.

Proof of Proposition 2.4. By Claim 3.4 and linearity of expectation

E, 1. (I) nzl(”_t +O(1)> Lo +o(”2)
n.kn = _ - . — JR— .
— \kn+1 2k, kn,

By Claim 3.6 and independence of the I;’s

kn(n —1t)2 O(n)
1 ((kn+1)2(kn ) ke 0(1)>

n3 n3

Proof of Theorem 2.5. By Proposition 2.4 we have E, 5, (I - %) — 1/2 and
Var,, 1, (I . ’:L—Q) — 0, as n — oco. Thus, the theorem follows by Chebyshev’s inequality. O

gl

varn)kn (I) =

w\»—lﬂ*

O

Proof of Theorem 2.6. Run the k-card-minimum procedure independently on decks of
each size n = 1,2, ... with k£ = k,, on the n card deck. As in the proof of Theorem 2.3, let
I™ and It(n) be the random variables I and I; for the n card deck, and define Xt(”) by
(3.14). Also, denote the probability measure for this joint process by IP and expectations
and variances under this measure by IE(-) and Var(-).

Again, the Xt(")’s are independent with zero mean and satisfy )", Var(Xt(")) =1,
for each n. So, the theorem will follow from Theorem 3.2 if we can show that

n
. M2 x| s ) =
nlggoz_;E(;Xt %X > ¢) =0, foranye>o0.

(n)
Now, by Claim 3.4 and Proposition 2.4, \/% = O(1/n'/?), uniformly in ¢t =
1,...,n. So, for any fixed ¢ > 0, we know that for all sufficiently large n
P(X§><—e)=]P Lo ZBL ) ) g, (3.15)
Var(1(7))
foreacht=1,...,n.
EJP 20 (2015), paper 11. ejp.ejpecp.org
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On the other hand, by Proposition 2.4 we also have the following upper bound on
P (Xt(") > e) for all sufficiently large n and each 1 < t < n:

IP(Xt(")>e)§]P<It(n)))>e> gIP(It(")>e-\/m).

Var(I(®

Since It(n) takes only integer values between 0 and n — ¢, it follows that P (Xt(n) > e)

can be nonzero only if k,, > 1en®?/(n — t). In this case, the probability may be upper
bounded as follows using Proposition 3.1, for all  sufficiently large that en®/2/(2k,) > 1:

P (X > ) <P (1" > en®/2/(2h))
= [(n=0 = Len®2/2k))) /(0= e+ 1)
< [(n-en®2ak)) /0]

(e

< —(e/an'?, (3.16)

Combining (3.15) and (3.16) shows that for all sufficiently large n

P (|X{"]>€) <e @0 1 <i<n,

To complete the proof, we note that ’It(") - IE(L("))‘ can be at most n, for any ¢. So, by
Proposition 2.4, with probability 1 for all sufficiently large n

n
<n'?2 1<t<n.

X € s <
Var(I(")

Hence,

. - (n)|2, (n) . | o—(e/ant? o 1/2 2:| _
nlLrI;OZE(|Xt |,|Xt |>e)§ lim n [e (n ) =0.

n—00
t=1

4 Analysis of Longest Increasing Subsequence

In this section we establish the results of Section 2.3 for the length of the longest
increasing subsequence in a kCM random permutation. An outline of the steps is as
follows.

* In Section 4.1 we establish a (high probability) upper bound on L. The general
method of proof is to divide the time set [n] = {1,...,n} into blocks B; in an
appropriate way, and use Markov’s inequality to upper bound the probability of
having too long an increasing subsequence in any time block.

* In Section 4.2 we establish a (high probability) lower bound on L. The proof
method is constructive, showing that a particular type of long enough increasing
subsequence will occur with high probability.

e In Section 4.3 we establish the variance estimate of Proposition 2.9 using the
Efron-Stein inequality.

e Finally, in Section 4.4 we prove Theorems 2.7 and 2.8, using Proposition 2.9 and
the estimates of Sections 4.1 and 4.2.
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4.1 Upper Bound on L
In this section we prove the following proposition.

Proposition 4.1. Let (k,)>2, be a sequence of positive integers satisfying k, = o(n).
Then, for any n € IN and € > 0 sufficiently small that 4e(1 + 2¢)vk,n < n,

1 2ky 1\ SevelFaky/tnl/t
P, k. (L>4e(1+26)\/k‘771) < (Og\/w).(“r ) _
€

log 4

Before proceeding to the proof, however, we must first introduce a bit more ter-
minology and notation. We say s = ((j1, ..., je), (t1, ..., t¢)) is a time-indexed increasing
subsequence of [n]if 1 < j; < ... <jr<mand 1<t <..<ty<n.Also, we say that s is
contained in the random permutation ¢ (written s C o) if Cy, = j1,...,Ct, = jo. Finally,
for a subset of times A C [n], we define Sy4 4., to be the set of all length-¢ time-indexed
increasing subsequences with times ¢; C A, and N4 ¢, to be the (random) number of
these that occur in o.

SA,Z,n = {S = ((jla "'7j€)7 (tla até)) 1 S jl <. < j@ S nvtl <. < t(ati S A,VZ},

NA,Z,n = |{S € SA’gyn s C 0}‘

The structure of the proof is as follows. We divide the time set [n] into blocks B;
according to a 4-adic splitting, estimate IE,, ., (Np, ¢.n) for each block B;, and then use
this estimate and Markov’s inequality to show that, with high probability, the length
L; of the longest increasing subsequence in the i-th block cannot be too large. Hence,
L <3, L; also is not too large, with high probability. The details are given below.
Proof of Proposition 4.1. Fix any n € IN and e > 0 sufficiently small that 4e(1+2¢)/k,n <

n. Note that the condition on ¢ implies log yn/(ePhn) Vlzg/fk") > 1. Define ig € IN and the time
blocks B;, i = 1, s 20, by

ig = \\log VTL/((%")J and B; = {n — Ln/4i71J +1,...,n— Ln/4lJ} ;

log 4

so that By, ..., B;, form a partition of the time set {1,...,n — [n/4%|}.
The first piece of the proof is to bound E,, ;, (Np, ¢n), for each i = 1,...,4, which we
do through a series of three steps as follows.

1. At time ¢ there are n — t + 1 cards in D; left to pick from. So, by the union bound,
for each card j and any choices cy, ..., c;_1 for the first ¢ — 1 cards such that ¢, # 7,
T=1,..,t —1, we have

P, (Cr = jlCr =c1,..., Cio1 = c1—1)
<Pk, (3F1<m<ky:Cipm=jlCi =c1,...,C_1 = ¢1—1)
<k,/(n—t+1). (4.1)
Hence, for any choices ci, ..., ¢, |, 4i-1] of the first n — |n/4""!| cards removed
before time n — [n/4""'| + 1 =min{t : t € B;} and any s = ((j1, ..., je), (t1,....t)) €
SB,.e.n such that jq, ..., jo Z{ci, ..., Cn,Ln/4i—1J}, we have

IPn,kn(s C O’|Cl =1, "'7Cn—Ln/4i—1j = Cn—\_n/4’7—1j)

4

= H Pk, (Ci,. = jm|C1 = c1, e, Conyai—1| = Cn—nyai—1,Cty = j1, ., Cpr_y = Jim—1)
m=1
I4 L i\ 4
kn kn k4"
< < - <|l—] . 4.2
nll__lln—tmﬂ(tn/ﬁlel) ( n ) “2)
EJP 20 (2015), paper 11. ejp.ejpecp.org

Page 15/27


http://dx.doi.org/10.1214/EJP.v20-3602
http://ejp.ejpecp.org/

Inversion and longest increasing subsequence for random permutations

2. For any particular choices ci, ..., ¢, | 4i-1| Of the first n — [n/4"!| cards,

41’71 2
{5 € Syt 1y e € dY] < (WE J) @.3)

where
d= [n]/{ch ...,Cn_\_n/4i—lj}

is the remaining set of cards at time n — |n/4'~!| + 1. The first factor of (L”/ ‘iilj)
comes from possible choices for the cards ji,...,j¢, and the second factor of

(L"/iilj), which is an over estimate, comes from possible choices for the times
th, .. te.

3. Combining the estimates (4.2) and (4.3) shows that for any particular choices
Cly ey Cn|nyai—1 ) for the first n — [n/4°7!| cards

En,kn (NBi,&nlCl =C1y .0y Cn—l_n/4i_1j = cn—l_'n/éli_lj)

= Z Pn,kn (S C 0’|01 =Cl,.eny Cn_lﬂ/éliflj = Cp— Ln/4i—1J)
{SGSBiwzyntjl ..... je€d}

Ny RN ’
< k4 ' Ln/4 1J < 6?knn '
- n l — \ 422
Hence, the same estimate also holds non-conditionally:

e2k,n ¢
q4i—2¢2 ) -

Enk, (N, on) < ( (4.4)

Now, let 4, = ’746(1 + e)\/knn/4i—‘, and let L; be the length of the longest increasing
subsequence for cards in the time block B;:

L, = max{f :3dtq, ..., ty € B; with t; < ... <ty and Ctl < ... < Ctg}'

Then, applying Markov’s inequality to (4.4) gives

k,n\ " 1\ %
olle 2 6= Bt (Nt 21 <4z—2£%> (1 n e>

Further, by the definition of iy, we know that for each i =1, ..., 49,

0 > 4e(1 4 €)\/kpn/4io > de(1 + €)\/ek3/4nt/4,

Thus,

1 ) 8e(14-¢€)y/ek/*nt/4

Pn,kn(31<i<ioiLi>€i)<i0'<1+€

The claim follows, since on the event {L; < ¢;,i =1, ...,40}, we have
L<Y (ti—1) + [n/4°]
i=1

<Y de(+)VEan/4 + dev/kan
=1
< de(1+ 2¢)\/kpn.
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Remarks.

1. One may consider partitioning the time set [n| with an z-adic splitting, for any
x > 1, rather than specifically with the 4-adic splitting we use. That is, one may
replace 4 by x in the definition of B;. Doing this for general z, using estimates as
above, gives an upper bound on L of roughly \/?—1 -vknn, up to e corrections. This
bound is minimized by taking x = 4.

2. A more straightforward approach would be to not partition the time set into
blocks at all, and simply bound the expected total number of length-{ time-indexed
increasing subsequences occurring in ¢ by

En,kn (Nﬁ,n) < |S€,n‘ . Sréléix IPn,kn,(S - U)
Ln

where Sy, is the set of all length-{ time-indexed increasing subsequences of [n].
However, this does not work as easily, because the bound (4.1) is not good ift is too
large, and, therefore, obtaining a good bound on PP,, . (s C o) for an arbitrary time-
indexed increasing subsequence s = ((j1, ..., j¢), (t1, ..., t¢)), without any constraint
on the times t1, ..., ty, is more difficult.

4.2 Lower Bound on L
In this section we prove the following proposition.

Proposition 4.2. Let (k,)52; be a sequence of positive integers satisfying k,, = o(n).
Then, for any 0 < € < 1/2 there exists no € IN such that

2
Pk, (L <(1/2-¢)v knn) < exp <—4(1€_6> . \//%Tn> (4.5)
for alln > nyg.

Proof. Throughout 0 < € < 1/2 is fixed and ny = ng(e) is chosen sufficiently large that
for all n > ny,

n7/271>(1/276) kyn and e”VFe/m <1 — (1 —€)\/kn/n.
] 12 R e TS0k

Our proof is based upon the constructive procedure given below.

» Let Ty = 0 and R{ = [n].

e Then, form=1,2,...:

* Let S, be the set consisting of the lowest | 4 /n/kn—‘ cards in R} .
* Let T, = min{t > Ty,,—1 : Cy € S, } be the first time some card in the next

target set S,, is picked.
* Let R} ={j € Dr,,+1:j > Cr, } be the set of cards remaining in the deck

after time T,,,, which are higher than card Cr,,.

e Continue in this fashion until the first time m, such that there are fewer than
n/ kn—‘ cards in the remaining set R;,. Thatis, R, S,,, and T,, are defined
inductively by the above relations for m = 1, ..., M where

M:min{m:|R:§l\ < {M-‘}

EJP 20 (2015), paper 11. ejp.ejpecp.org
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With this construction we have Cr,,,, > Cr,,, for each 1 < m < M, so the random
sequence Cry, ..., Cr,, is an increasing subsequence in o. Therefore, it suffices to show
that for all n > nyg,

2
Po. (M < (1/2 = OVin) < exp (5= Viun ) @)

4(1 —¢)
To this end, we define the following additional random variables.

+1<A4, < [\ /n/ knw is the relative position of card C'r,, in the m-th target interval
Sm, and B, is the number of cards greater than C'; _, which are removed from
the deck between times 7,1 and 1,,,:

Am = |{] €S : CTm > ]}| and B,, = |{Tm_1 <t<T,, :Ci> OTm_l}‘

where Cr, = Cp = 0.

» m(t) is the index of the most recent stopping time 7,,, and 7T is the set of times
t < Ty; at which the random card chosen, C}, is greater than the card chosen at
the most recent stopping time:

m(t) =max{0 <m <M :T,, <t} and T ={t <Tp: C; >0Tm(t)}-

* N=|T|and, for 1 <i < N, t; is the i-th lowest element of 7.

We observe that:

@ SM A, <M L/n/kn].
i XM Bpn=N-M<N-1.
(i) [R5 =n—>"1" An—>", By, foreach1 < m < M. So, in particular, 2%21 A+
Zﬁf:l B, >n— [ n/k’n—‘

Points (i) and (ii) follow directly from the definitions, and (iii) is easily shown by induction
on m. Our proof is based on these simple facts and the following claim.

Claim: For n > ng,

2

P, (N > [n/2], M < (1/2—6)\/an) < exp (—4(166) : \/H) 4.7)

If N < [n/2], then (ii) and (iii) imply that "7 A,, > n/2 — L/n/k:n-‘, which, in turn,
. . n/2 _1> _ > i i
implies M > 7{\/71/7”] 1> (1/2 — €)vknn, for all n > ng, by (i). Thus, if (4.7) holds so

does (4.6). So, it remains only to show (4.7). This we do through a series of four steps
below.

1. The event {m(t) < M} depends only on (4, ...,C;_1, and conditioned on m(t) < M
and C; > CTmm the k,, random card choices C} 1, ...,Ct, are ii.d. uniform on
Df={jeD :j> CT,. }- Thus, if c1, ..., ¢;—1 are any particular choices for the
first t — 1 cards such that Cy = ¢y, ...,Ci—1 = ¢;—1 implies m(t) < M, we have

Pk, (Ct & Sim(t)+11C1 = ¢ty ., Cro1 = ¢1-1,Cy > O, )

_ (HW>"‘" g (wn/*kn)’“" e

d n
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where L/n/k,ﬁ < d < n is the size of the set D, on the event {C} = cy,...,C;_1 =
¢t—1}. Hence, for all n > ng and any such ¢y, ..., ¢;—1, we have
IPnJC”(Ct S Sm(t)+1|Cl = Cq1y ey Ct—l = C¢—1, Ct > CT (t)) (1 — 6)\/ kn/n (48)
2. Let (Z;)ien be defined by
Z; = !
0, otherwise.

Then, by (4.8), for any particular values z1, ..., 2;_1 of the random variables 71, ..., Z; 1
such that the event {Z; = z1,..., Z;_1 = z;_1, N > i} is possible we have
Pn,kn(Zizl‘Zl = 21y ey Zz 1 = Zi— 1,N>Z) (1—6)\/ kn/n (49)

3. Let pe,n = (1 — €)y/kn/n. Then, by (4.9), it is possible to couple a sequence of
ii.d. Ber(p.,) random variables, (X;);en, to the kCM process such that, for all
1 <1¢ <N, Z; =1whenever X; = 1. That is, by enlarging the underlying probability
space for the kCM process (C;)}_,, we may define this process along with the i.i.d.
Bernoulli sequence (X;) on a common probability space (2, such that Z; = 1, for all
1 <1+ < N with X; = 1. The measure for this joint space will, with a slight abuse of
notation, continue to be denoted PP, 1, .

4. If X has Bin(m, p) distribution, then by [2, Theorem A.1.13],

2

P(X < mp—x) Se_(';Tp) , Vo > 0.

Taking X = ["?! X; and = = €\/k,/n [n/2] gives

[n/2]
]Pn7kn ( Z X; < (1/2 — 6)\/]6”771)
i=1

/2]
< ]Pn,k”< Z X; < (1—e)Vkn/n[n/2] —e\/kn/n fn/2]>

(e\/k‘n/n fn/21)2 2
= P <_ 2[n/2] (1— m/W) = e (_4(1—6) ' M) '

Thus, since M = Zivzl Z;, the coupling between the X;’s and Z;’s implies

Pok, (N = [n/2] M < (12— )Vkan)
:Pn,kn< > [n/2] ZZ < 1/2—6)F)

Tﬂ/ﬂ

N>[n/2],Y Zi< (1/2—6)\/knn)

<IPnk:

< IPn kn

(
[n/2]
<Py, (N > [n/2], Z X; < (1/2—6)\/knn)
=1
(

(/2]
X< (1/2- e)\/knn)

i=1
€

oo (=g VR)

proving (4.7).
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4.3 Variance Estimate for L

In this section we prove Proposition 2.9. For this we will need the following two
lemmas.

Lemma 4.3 (Efron-Stein Inequality). Let X;, ..., X,, be independent random variables
andletY = f(Xy,...,X,), for some measurable function f : R™ — R. Then

Var(Y) < E{Var(Y|X1, ..., X;—1, Xig1, ., Xn) }-

t=1

Lemma 4.4. Let ji, ..., jn € [n] X ... x [1] be any sequence of possible choices for the

relative card positions C1, ..., C, and let i, ...,1, be the associated choices of actual cards
C4,...,C,. That is,

61 = j17 76n :]n — Cl = i17...7Cn = in.

Also, let t € [n], let j; 7é j+ be another possible choice for the relative position of the
t-th card, and let i 21, .., i1, be the associated sequence of cards (1, ...,C,, obtained with
relative choices C; = j; and Cr = = j,, for all T # t. That is,

Ci=jiand C, = j, V1 £t Cy =i},...Cp = i,.

Finally, let ¢ and ¢ denote, respectively, the lengths of the longest increasing subse-
quences in the permutations o = (i1, ...,4,) and ¢’ = (i}, ...,4,,). Then

|6 — 0] <1.

Using these lemmas the proof of the proposition is actually quite simple. So, we
present this first, followed by the more involved proof of Lemma 4.4, which requires
analysis of several different cases. For a proof of Lemma 4.3, see [7]. An earlier proof in
the case of i.i.d. random variables is also given in [16].

Proof of Proposition 2.9. L is a (deterministic) function of the relative card choices
Cl, .. Cn, and by Proposition 3.1 these relative card choices are independent. So, by
Lemma 4.3, we have

Var, (L) < Z {Varn W(ELICy oy Cor, G, ...,('fn)} : (4.10)

Moreover, by Lemma 4.4, L can take only one of two possible consecutive integer values
if Cl, .. Ct 1, Ct+1, s C are fixed. So, for each ¢,

E, x{Var, x(L|C1, ..., Ci—1, Crs1, ..., Cn)} < m[%Var{Ber( p)}=1/4. (4.11)
pe

Together (4.10) and (4.11) imply the claim. O
Proof of Lemma 4.4. For the proof we will need the following additional notation.

¢, and /¢, denote, respectively, the lengths of the longest increasing subsequences
ino; = (i1, s Gg—1, 5441, oy 0n) @D 0 = (8, 00y By 1, 054 1, ens Oy)e

» Foreach 7 € [n], d; = [n]/{i1,....,3-—1} and d. = [n]/{3},...,¢,_1}. Also, d, ; is j-th
lowest numbered element in the set d,, and d’ is j-th lowest numbered element
in the set d..

EJP 20 (2015), paper 11. ejp.ejpecp.org
Page 20/27


http://dx.doi.org/10.1214/EJP.v20-3602
http://ejp.ejpecp.org/

Inversion and longest increasing subsequence for random permutations

* Finally, for convenience, we write ¢ ~ (it,,...,it,) to mean that (i,,...,%,) is a
longest increasing subsequence in o (i.e. t; < ... <ty and 4, < ... <14,). Similar
notation is also used with ¢, ¢;, and /.

From the definitions, it is immediate that:

(i) £e{l, 0.+ 1} and ¢ € {0, 0, + 1}.

(ii) i, =i/, foreach 7 =1,...,t — 1.

(iii) The position of card d;y; ; in o is the same as the position of card d2+1,j in o/, for
each j = 1,..,n —t. Thatis, for any 7 > ¢, i, = diy1; if and only if @7 = dj ;.
Hence, for any sequence of times t < t; < ... <1, <n, iy < .. <1, if and only if
iy, < .. <1

m

In the remainder of the proof we will assume, without out loss of generality, that
Jji > ji. Under this assumption we have also the following relations between the elements
of d, di41, and dj ;.

(iv)
Forj=1,..5: =1, dij1j=diyy; =dpj.
Forj = ji,osjy — 1, dig1,j = di jt1-
For j = ji, ..., jy — 1, d;+17j =d ;.

. -/ !
FOI‘] =Jts - —t, dt+17j = dt—i—l,j = dt7j+1.

In particular, dy4+1,; > d;&+1,j foreach j =1,...,n—t. So, i, > i/, for all 7 > t, by (iii).

Using facts (i)-(iv) we now prove the lemma through a series of two claims.

Claim 1: ¢/ </{+1.

Proof: Let (i ~ (i, ...,i; ) and let M = max{m : ¢, <}, with the convention M = 0 if
there is no such m. If M - £, then i, < ... < itq by (i), and if M =0 then iy, < ... < itz;
by (ii). If0 < M < f; then i, < ... < iy, by (i), éry,, < ... < it, by (iid), and
Gtargn = 0, > By, = ity DY (iv). Thus, again, 4, < ... < it - It follows that ¢, > ¢}, from
which the claim follows by (i).

Claim 2: ¢ < ¢ +1.
Proof: Let { ~ (it,,...,4t,) and let M = max{m : ¢, < ¢}, with the convention M = 0 if
there is no such m. We consider separately two cases: M € {0,/—1,¢} and 0 < M < ¢{—1.

Case 1: M € {0,¢—1,¢}.

IfM={orM=1{—1,theni; <..< i;g_l by (ii), which implies ¢/ > ¢ — 1. If M = 0 then
it is possible ¢, = ¢, but t,, ..., ¢, are all greater than ¢. Thus, by (iii), 7}, < ... < i;l, which
implies ¢/ > ¢ — 1.

Case2: 0 <M < —1.
In this case, i;,,,, = d; , for some a and i;,,,, = d;; for some b > a, and it follows from
(iii) and (iv) that i;M“ = dyp for some b’ > b — 1. Thus, we have i;MH =diy > dig =
Bta+1 > Gty = iy, Also, iy < ... <iy by (ii), and 44, , < ... <7, by (iii). So, altogether,
we have iy <. <i, <d . <..<i;, whichimplies ¢’ > ¢ — 1.

O
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4.4 Scaling of L. and the Weak Law
In this section we prove Theorems 2.7 and 2.8.

Proof of Theorem 2.7. (2.9) is immediate from Propositions 4.1 and 4.2, and the lower
bound in (2.9) gives

1/2 <liminf E, x, (L)/v/ knn.

n—oo

Thus, it remains only to show

limsup Ey, , (L)/vVknn < 4e. (4.12)

n—oo

To do this we will use the upper bound of Proposition 4.1.
For n € IN, let ymax = Ymax(n) be defined by 4e(1 4 2ymax)vVknn = n, and, for € > 0,

8e
let cc > 0 be defined by e = (1}re) . Then, by Proposition 4.1, we know that for any

€ > 0 the following estimate holds for all sufficiently large n and each ¢ < y < yyax(n):

] o L\ Seva(yky Ant/t
Pk, (L > 46(1+2y)M) < < og \/n/(y )) _ <1+y>

log 4

< log(n) - e=cen'"y,

Thus, using the change of variables = = 4e(1 + 2y)v/k,n, we have

n
E, k, (L) = / P,k (L > x)dx
0

<de(l+2e)\/k,n + / Py, (L > x)dx
4e(142€)VEnn

Ymax 1/4
<de(1+2e)\/knn + 8ex/knn/ log(n) - e~ %" "y dy

—cont/te

< de(1+26)\/knn + 8ey/knn - log(n) - 671/4
CeM
for all sufficiently large n. So,

limsup E,, ., (L)/vVknn < de(1 + 2¢).

n—oo

Since € > 0 is arbitrary this shows that (4.12) holds, completing the proof. O

Proof of Theorem 2.8. By Theorem 2.7, E,, ;. (L) > %\/knn for all sufficiently large n. So,
by Chebyshev’s inequality and Proposition 2.9, we have

Py k, (

for all sufficiently large n. The theorem follows, since the right hand side of (4.13) tends
to 0, if k,, — oo. O

L Var,, x, (L) 4

— =1 >e) < < (4.13)
E, x, (L) ‘ ) 2 (Epp, (L)* ~ €kn

5 Analysis of Optimality for the i-Card-Minimum Procedure

In this section we prove Propositions 2.11 and 2.12. Random variables and probability
measures are defined as above for the KCM procedure, but with superscripts to indicate
the strategy used as needed.
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Proof of Proposition 2.11. Fix k,n € IN and let Syther # Smin be any other (k,n) choice
strategy. Couple the Sy and Syiner Processes so that in both processes the k£ ran-
dom card choices C; 1, ...,Cy ; at each time ¢ occupy the same relative positions in the
remaining sets D;. That is, foreach 1 <t <nand1<: <k,

Cin = j-th lowest card in D" <= C7"*" = j-th lowest card in D"

Then, under this coupling, we will have C~‘tmi“ < 5{’theT with probability 1, for each t.
Hence, also, I™® < [?the” with probability 1, and I™® < [°the" with probability 1, by
relations (3.1) and (3.4). The claim follows. O

Proof of Proposition 2.12. We show separately the two claims of the proposition.

Claim 1: For any k > 2 and n > 5 there is no (k,n) stochastically optimal strategy for
maximizing L.

Proof: Fix k > 2, n > 5 and let { = [n/2], m = [n/2]. Assume there exists a (k,n)
optimal strategy S, and consider the event A that:

1. ¢} zf—&—l,C’g:€+2,...,Cm_2:€+m—2:n—2,and
2. Cp—1n=1land Cy—1j =n—1,foreach2 < j < k.

There are two possibilities on the event A. Either card 1 or card n — 1 is selected with
the strategy S for C,,,_;. In either case, we define the strategy S as follows:

« S uses exactly the same selection rules as S forall 1 <t <m — 2.
e If A does not occur, S also uses the same selection rules as S for all ¢ >m—1.

« If A does occur, then S makes the opposite selection as S for card C),,_1, and then
uses the choices of the minimum strategy Sy, for all ¢ > m.

We consider separately two cases, depending on which of the two possible choices the
strategy S selects for C,,,_; on the event A. In each case, we will show that

]Pf,k(L >z) > P, (L >x), forsome z,

which contradicts the fact that S is stochastically optimal.

Case 1: S selects C,,,_1 = 1 on the event A.

In this case, S selects Cp,_1 = n — 1 on the event 4, and thereby guarantees a length m
increasing subsequence (¢ 4+ 1,¢+ 2, ..., +m = n) in the final permutation o. Whereas,
under S one is only guaranteed a length m — 1 longest increasing subsequence on the
event A. Since there is positive probability that A will occur, and S and S behave
identically if A does not occur, it follows that

PS4 (L >m) > PS (L >m).

Case 2: S selects C,,,_1 = n — 1 on the event A.

In this case, S selects Cimn—1 = 1 on the event A, and there is some chance of ending
with a length ¢ + 2 increasing subsequence (1,...,¢,n — 1,n) in the final permutation o.
Whereas, under § the maximum possible length of increasing subsequence is only ¢ 4 1
on the event A. Since there is positive probability that A will occur, and S and S behave
identically if A does not occur, it follows that

PS L (L>0+2)> PS5, (L>0+2).
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Claim 2: For any k > 2 and n > 4 there exists a strategy Sc.py, Which is strictly better
than S,,;, for maximizing L.

Proof: Define S..,y to be the strategy that uses exactly the same selection rules as
Smin for 1 <t < n — 3, and also the same selection rules as S,,,;,, for t > n — 2 unless both
of the following conditions hold:

1. Cl = 2,02 == 37 ...,Cn_g =n-—2.
2. {Cp—21,...,Cph_2x} = {1,n — 1}. That is, one is given only copies of cards 1 and
n — 1 to pick from at time n — 2, and at least one copy of each.

In this case, the strategy Scopy Selects C),_o = n — 1 (instead of C),,_» = 1, as selected by
Smin)'

In the critical case when the two strategies select differently for C,_s, Scopy ensures
a length n — 1 increasing subsequence (2,3, ...,n) in the final permutation o, whereas
with Spin one is only guaranteed a length n — 2 longest increasing subsequence. Since no
length n increasing subsequence is possible in this instance, as C; # 1, Scopy is strictly
better for maximizing L in this instance than S,,;,. In all other instances S.opy and Smin
behave identically, so the claim follows. O

6 Connection to the Mallows Model

The Mallows measure introduced in [13] gives to a permutation ¢ probability propor-
tional to ¢/(?), where ¢ € (0,00) is a parameter and /(o) is the number of inversions in
ag:

ia 1 [
P20 = '),
n,q

The quantity Z,, , is a normalizing constant with the following explicit form:

—_

1
Zng =
1 l—q

(2

n
,q#1 and Z,;=nl

For ¢ > 1 the Mallows measure favors permutations with more inversions, whereas
for ¢ < 1 the Mallows measure favors permutations with fewer inversions, like the kK CM
measure (k > 2). For ¢ = 1, the Mallows measure is simply the uniform measure.

In this section we present some rough heuristic arguments connecting the Mallows
model of random permutations to the kCM model and some simulations supporting these
heuristics. Throughout it is assumed that ¢ < 1, so the Mallows permutation is biased
towards having fewer inversions than in the uniform case, like a kKCM permutation. This
connection between the kCM and Mallows models was pointed out to us by Ron Peled.

6.1 Algorithmic Construction of a Mallows Permutation

Similarly to the £KCM construction, a permutation with any prescribed distribution can
be constructed by removing cards (1, ..., C,, sequentially from an n card deck, accord-
ing to an appropriate (random, possibly history dependent) selection rule, and setting
o = (Cy,...,Cy). For a Mallows permutation the relative position (j‘t of the t-th card
removed has a truncated geometric distribution with parameter 1 — q. More formally, we
have the following:
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Procedure to Construct an (n, g)-Mallows Permutation o

* Dy ={1,...,n}

e Fort=1,...,n:
@ is sampled according to v1_g p—¢+1
Cy = C~‘t-th lowest numbered card in D;
Dyy1 = D /{C4}

e 0=(C1,....,Cp)

Here, for p € (0,1) and m € NN, v, ,, is the truncated geometric measure

, (1—py! ,
i) = e, 1< j < m.
Vp, (]) Zi=1(1 7p)z,1 J m

6.2 The kCM-Mallows Correspondence

From the algorithmic construction of a Mallows permutation given above, it follows
that, for any fixed € € (0, 1), the relative position C, of the t-th card selected in construct-
ing a Mallows permutation is roughly geometrically distributed with parameter 1 — ¢, for
all sufficiently large n and 1 <t < (1 — €)n. On the other hand, it follows from (3.2) that
in a kCM permutation

_ I j
P i(C) > ) = (”HJ> o o (o) o (1 k)

n—t+1 T n—t+1

forlarge n, 1 <t < (1 —¢)n, and j,k < en. This approximation is not so good for j of

order n, but as long as k = k,, — oo with k = o(n) we have ]Pnyk(CN't > cn) — 0, as n — oo,

for any ¢ > 0. So, over the range of j with a “reasonable probability" that 6,5 = j the

distribution of ét is roughly geometric with parameter n%m
This suggests the time-dependent correspondence

k

_— 6.1
n—t+1 (6.1)

1 — gefe(t) =
That is, the kCM model is something like a Mallows model with a time-dependent
“effective ¢ value". As t increases the effective q decreases, giving a greater bias in the
selection of C~'t.
Nevertheless, roughly speaking, one may expect a kKCM permutation to behave
something like a Mallows permutation under the correspondence

k

1~ geff =1 — degf(1) = (6.2)

The actual effective bias in the kCM selections is greater than this for ¢ > 1, but not
so much greater as long as t is not too close to n. In fact, at this very rough level of
correspondence it should not be necessary that k — co as n — oo, only that k = o(n).

6.3 Graphical Representations and Band Structure

A permutation o can be depicted graphically as a set of n points (¢,0(¢)), t € {1,...,n},
in the square [1,n] x [1,n]. In [5] it is shown that for a Mallows permutation most points in
this graphical representation lie in a strip around the main diagonal with width of order
1/(1 — q). Thus, if n is large and k < n, so that the correspondence (6.2) is reasonable,
one expects that in the graphical representation of a kCM permutation most points will
be concentrated in a strip around the main diagonal with width of order 1/(1—qgff) = n/k.
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Furthermore, since the bias in the selection of CN’t in a kKCM permutation increases with
t, one expects that the points (¢, 0(¢)) should be concentrated more closely around the
main diagonal for larger values of ¢ in the graphical representation. Figure 1 presents
some simulation results confirming this intuition.

6.4 Scaling of ] and L

According to results from [5] and [14], if ¢ = ¢, — 1 and n(1 — ¢) — oo then for
an (n,q)-Mallows permutation L is of order ny/T — ¢ and I is of order n/(1 — ¢). Thus,
by (6.2), one expects that for a kCM permutation if k = k, — oo with k& = o(n), then
L should be of order n./I — gofr = Vkn and I should be of order n/(1 — gofr) = n?/k.
These are indeed the correct orders of magnitude given by our theorems.

Figure 1: Graphical representations of simulated kCM permutations for various values of
n and k. The diagonal strip between the black lines in each plot has width proportional
to n/k. The size of the markers for points (¢, 0(t)) in the different plots is adjusted based
on the number of points and width of the strip.
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