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Abstract

Random regular graphs play a central role in combinatorics and theoretical computer
science. In this paper, we analyze a simple algorithm introduced by Steger and Wormald
[10] and prove that it produces an asymptotically uniform random regular graph in a
polynomial time. Precisely, for fixed d and n with d = O(n!'/3¢), it is shown that the
algorithm generates an asymptotically uniform random d-regular graph on n vertices in
time O(nd?). This confirms a conjecture of Wormald. The key ingredient in the proof
is a recently developed concentration inequality by the second author.

The algorithm works for relatively large d in practical (quadratic) time and can be
used to derive many properties of uniform random regular graphs.

1 Introduction

One of the most important and interesting models for random graphs is the model of random
regular graphs. The study of this model has been pursued by a large number of researchers
for decades. Random regular graphs have been playing a crucial role in theoretical computer
science, especially in the theory of expanders. For instance, it is now known that a uniform
random d-regular graph has asymptotically the best possible expansion rate, namely, the
second eigenvalue of it is almost surely (24 0(1))V/d, for any constant d (see [3]). For more
information, the reader is referred to a recent survey by Wormald [12], which contains lots
of results, questions, and more than one hundred references. Here and later, by graphs we
always mean simple graphs, that is, without loops and parallel edges.

Fix a pair of positive integers 1 < d < n and let S(n,d) be the set of all simple d-regular
graphs on a set of n vertices. The uniform random d-regular graph G, 4 is obtained by
sampling with respect to the uniform distribution from S(n,d). The probability of each
simple d-regular graph is thus 1/|S(n,d)|. Since nd is twice the number of edges in G, 4,
we always assume nd is even.

Despite an extensive study, a very fundamental, and perhaps practically the most impor-
tant, question concerning random regular graphs has not yet been answered in a satisfactory
way:
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Question. How do we generate a uniform random reqular graph?

Besides its obvious practical importance, the above question is also critical from the theo-
retical point of view, as it is difficult to study properties of random regular graphs (or any
random objects) without knowing how to generate them.

By definition, the most straightforward method is making a list of all (simple) regular
graphs and then choosing one uniformly at random from the list. This, unfortunately, could
never be done in practice, as the number of regular graphs is huge (see Section 3 for an
asymptotic estimate).

A Dbetter approach is to follow the configuration model proposed by Bollobés [1], and
Bender and Canfield [2]. In order to generate a uniform random d-regular graph on n
vertices, we consider a family of n sets of size d. Each set may be regarded as a set of
d copies of each vertex. All together there are nd points, or nd copies of the vertices.
Draw a uniform random perfect matching on these copies and connect two vertices ¢ and
j if the matching contains an edge consisting of copies of ¢ and j. It is easy to see that
the resulting multigraph is d regular and the distribution, conditioned on the graph being
simple, is uniform. It is known that if d is a constant then the probability of being simple
is bounded by a positive constant, uniformly in n. This, however, is no longer true if d is
large, for instance logn or n%, so that most of the time one gets a non-simple graph. More
precisely, it has been shown [12] that the probability is about exp(—%) , which tends to 0
extremely fast in d. Even for a modest parameter such as d = 14, one, in expectation, has
to try e > 10?° times until he or she obtains a simple graph. This clearly rules out the
possibility of using this approach in practice unless d is very small. From the theoretical
point of view, the configuration model is not very useful if d > logn, as one has to beat the
failure probability exp(—%). For more discussion about this point, we refer to Wormald’s
survey [12]. In [7], McKay and Wormald gave an algorithm with polynomial running time
which generates uniform random regular graph with degree d = O(nl/ 3). However, Steger
and Wormald [10] pointed out that this algorithm is rather complicated to implement.

For many practical and theoretical purposes, it is usually sufficient to generate random
d-regular graphs which are asymptotically uniform. After all, most statements we want to
prove about a random model are of an asymptotic nature. It has turned out that allowing
asymptotically uniform distributions makes the problem more feasible.

A natural way to generate an asymptotically uniform random regular graph is to use the
Markov chain technique. This was done by Jerrum and Sinclair [4], using their algorithm
for generating random perfect matchings in dense graphs. On the other hand, although
the algorithm is proved to be in P, its running time is Q(n!?), which is only theoretically
polynomial. Moreover, it seems to us that it is very hard to prove properties of random
regular graphs based on this algorithm.

More recently, a faster and very practical algorithm was analyzed by Steger and Wormald
[10], following an earlier work of Ruciriski and Wormald [9]. This algorithm is a natural
refinement of the configuration model algorithm of Bollobas, and Bender and Canfield.
Again let us consider a set V' of nd points which is the union of n disjoint sets of size d. We
want to construct a perfect matching which does not give rise to loops and parallel edges.
We achieve this by building the matching one edge at a time. First of all, we never pick



an edge which creates a loop. Namely, we never pick an edge with both ends in the same
set of size d. Assume that a bunch of edges are picked. In the next step, we only pick an
edge which does not create a parallel edge, namely, we ignore all the edges connecting two
sets I and J after some ¢ € I and j € J are connected for the first time. An edge is called
suitable if it creates neither a loop nor a parallel edge. When we pick an edge, we pick it
with respect to the uniform distribution over the set of all suitable edges. At the end, we
obtain a random perfect matching, which provides a simple, d-regular random graph. The
implementation of the algorithm is straightforward and its running time is only O(nd?) (see
[10]), which is sub-quadratic for d < n'/2. The only matter here is the distribution of this
random graph.

Steger and Wormald [10] proved that if d = o(n'/?®), then the distribution in question
is asymptotically uniform. Wormald [12] conjectured that the distribution is still asymp-
totically uniform for any d significantly less than n'/3.

The first purpose of this paper is to prove this conjecture. This way, we obtain a very
fast method to generate asymptotically uniform random regular graphs with degree up to
n'/3=¢ for any positive constant €. Our result also has a considerable theoretical value,
as we can rely on the algorithm to prove many highly non-trivial properties of uniform
random regular graphs. In fact, it was shown, using a weaker version of this result, that
if logn < d < n'/37¢, then the random regular graph Gp.,q behaves very much like the
(non-regular) Erdds-Rényi’s random graph G(n,p) of the same density [6]. Among others,
it follows immediately that in this range of d, G,, 4 almost surely contains a hamiltonian
cycle, since the Erdds-Rényi graph with density significantly larger than logn/n has this
property. The interested reader is referred to [6] for a precise statement.

The other purpose of the paper is to introduce a further application, via the proof,
of a recently developed concentration inequality by the second author [11] , which can be
applied for functions with large Lipchitz coefficients, a situation where standard tools such
as Azuma’s and Talagrand’s are ineffective. This concentration result plays a critical role
in the proof. We will partly follow the somewhat natural approaches in [10] and then use
the concentration result together with more sophisticated analysis.

In the whole paper, Pr denotes probability and E denotes expectation. 1x is the
characteristic function of the event X: 1x = 1 if X occurs and 1x = 0 otherwise. The
asymptotic notation is used under the assumption that n tends to infinity. All logarithms
have the natural base.

2 The algorithm and the result

Let N(d,n) be the number of d-regular graphs on n vertices. McKay and Wormald [8] have
shown that for d = o(nl/z)

(nd)! (l—al2 d? dQ))

N = ynara iy ot
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Consider the set S(n,d) of all d-regular graphs on n points equipped with the uniform
distribution. The (uniform) probability of each graph in S(n,d) is p, = 1/N(d,n).



Let us now describe the algorithm:

Algorithm A.

(I) Start with a set U of nd points (nd even) partitioned into n groups of size d.

(IT) Repeat the following until no suitable pair can be found. Choose two random points i
and j in U and if ¢j is suitable, pair ¢ with j and delete them from U.

(ITII) Create a graph G with an edge from r to s if and only if there is a pair containing
points in the r** and s groups. If G is regular, output it, otherwise return to step (I).

Throughout the paper, Pr4(G) denotes the probability that the output of A is a par-
ticular graph G. In [10], Steger and Wormald analyzed the above algorithm and proved the
following theorem.

Theorem 2.1 If d = o(n'/?®), then for every simple d-regular graph G on n vertices
Pra(G) = (140(1))py.
Our goal is to extend the above result for larger d. We shall prove
1/3—¢

Theorem 2.2 For any positive constant € < 1/3 the following holds. For any d <n
and any simple d-reqular graph G on n vertices

Pra(G) = (1+o(1))p..

The rest of the paper is devoted to the proof of Theorem 2.2. The next two sections
describe the main ideas of the proof. In particular, we shall state a series of properties
which imply Theorem 2.2 (see Section 4). The essential technical ingredient, the new large
deviation inequality, will be presented in Section 5. The remaining sections of the paper
are devoted to the proofs of the properties stated in Section 4.

3 Preliminaries

It is well-known (and easy to check) that for each d-regular graph G, there are exactly (d!)"
different simple perfect matchings on U which give rise to G. (A perfect matching is simple
if it gives rise to a simple regular graph.) So to prove Theorem 2.2, it suffices to show that
if d satisfies the assumption of the theorem, then for any simple perfect matching M

ind)12nd/? 2_
Pra(M) = (1+0(1))(2(Tzdﬂexp(d41>. (1)

Consider an ordering M = x1,...,T,4/2 Where x,, are the edges of M. Assume that the
first m edges of M are obtained and let G,,(M) be the graph formed by the projection of
these edges. Thus G,,(M) is a subgraph of G. To count the number of suitable edges, notice
that there are ("dfm) ways to form an edge. However, an edge is suitable if and only if it
does not join two vertices that come from the same group or two vertices that come from two

already adjacent groups. The number of edges of the first type is AL}J M)=>", (d_Qd“) and

the number of unsuitable edges of the second type is AL%] (M) = ZUNG (M)v(d—du)(d—dv),



where d,, is the degree of u in G, (M). Set A, (M) = AlY (M) +AZ (M). Then the number
of suitable edges is ("d_22m) — Ay (M). Tt follows that

nd/2—1

Pry(M) = .
= 1 G 3

(2)

Set (5,%} = %(nd—Qm)2% and (55} = (nd— Qm)QM It will be useful to think of 57[711]

n2d?
as a sort of expectation of Am with respect to a random choice of M. Define 6,, = 51,11] +57[,2L}.
A routine, but somewhat tedious, calculation shows that for d = o(n'/?) (one may refer
Lemma 3.6 of [10] for the details)

nd/2—1 (nd72m)

11 Mww(ﬂw(l))- 3)

m=0 2

Also notice that
nd/2—1

T (") - g @

m=0

Define

nd/2—1 (ndem) - 5m

M) = 2 .
= 11wy =5

Using (2, 3, 4), it is clear that to prove (1) it suffices to show

Y fM) = (1+o(1))(nd/2), ()

MEeS(M)

where S(M) denotes the set of all orderings of the edges of M. Notice that S(M) has
exactly (nd/2)! elements, so (5) is equivalent to saying that the expectation of f(M) with
respect to the uniform distribution on S(M) is 1+o0(1), that is,

E(f(M)) = 1+0(1). (6)

In [10], this is shown for d = O(n'/?®). To prove (6) for d = o(n'/3), we shall show the
upper bound and the lower bound separately;

E(f(M)) <1+o0(1) (7)
and

E(f(M)) > 1-0(1). ®)

The proof of (7) is rather difficult and occupies most of the rest of the paper, including
Sections 3,4 and 5. The proof of (8) follows easily from a lemma developed for the proof of
(7) and is presented in Section 7.

The general idea for proving (7) is the following: we first partition S(M) into many
classes according to the order of magnitude of f(M). Next, we upper bound the measures



of these classes with respect to the uniform distribution on S(M). There will be one main
class which contributes 1—o0(1); all other classes together contribute o(1).

The partition is non-trivial and bounding the measures is not at all easy. We need
very strong tools and the key one is a recent concentration result, proved in [11]. This
result provides a very tight control on the deviation tail A,, (M) —d,,, where M is sampled
randomly from Q(M). Consequently, we obtain a sufficiently good bound on the measures
of the classes in the partition.

4 Partition

Let w = 1og®% n. Set \g = wlogn and \; = 2\;_; for all i = 1,2,...,L, where L is the
smallest integer such that Ay > cd?logn, where c is a sufficiently large constant. For each
0 < m < nd/2, we will define a function T, so that the sequence {1y, (Ao) < Trn(A1) < ... <
Tm(AL)} satisfies certain properties. We first present the properties and then define 7).

Let € < 1/3 be an arbitrarily small positive constant and let S*(M) be the set of all
orderings M with A,,(M) < (1—¢/2) (”dgzm) for all m = 1,2,...,nd/2. In order to prove
(6), we will show that

E(f(M)1s(an ) = 1-0(1). (9)
and

E(f(M)ls(M)\S*(M)> =o(1), (10)

where the expectations are taken over the uniform random ordering of M.

Here and later 1g«(pp) is the characteristic function of the event M € S*(M): 1g«(pp) = 1
if M € §*(M) and 1g+(pr) = 0 otherwise. Similarly, 1s)\s+(ar) is the the characteristic
function of the event M € S(M)\S*(M).

To bound the contribution of $*(M), we partition S*(M) as follows. For i =1,2,...,L,
let A; be the set of all orderings M satisfying
Ay (M) =6, < Tin(N;) for all m,

and Ao be the set of M such that there is some m such that A,,(M)—6,, > T (AL).

We further partition Ag: For each j = 0,1,2,..., K, where K is the smallest integer satisfying
2K > Mologn+1, let B; be the set of all orderings M € Ay with A,,(M) < 27 for all
m > (nd—wlo)/2. Let C' = By. Then M € C yields A, (M) = 0 for all m > (nd—wlg)/2

since A,,(M) is a nonnegative integer. The desired properties of T,, are as follows.

Property 4.0 For all m,

Timn(Ao) < Xologn  Vm > (nd—wg)/2.

This property implies that

Am(-A/l) < Tm()‘O)+6m < Xologn+dpm,



for M € Ay and m > (nd—w\p)/2. Since Ag = <U]K:1 Bj) UC, we have
* o L K
S (M) —AooU(UizlAi\Az;l)U(szlBj\Bj—l)UC- (11)

For (9), let us consider

L

E(f(M)ls-n)) = E(S(M)La. )+ Y E(F(M)Lana, )
i=1
K

+ Y E(F(M)gp, ) +E(f(M)10). (12)

J=1

We will show that E(f(/\/l)lc> < 1+0(1) and the other terms are o(1). These estimates
are direct consequences of the following properties for the uniform random ordering of M:

Property 4.1 For all M € C, f(M) <1+o0(1).

Property 4.2 (a) Pr(A;\ Ai—1) < exp(—Q(X\;)), for all1 <i< L
(b) f(M) < exp(o(Xi)) for M € Ai\ A1

Property 4.3 (a) Pr(B;\Bj_1) < exp(—Q(27/2logn)) for all 1 < j < K
(b) f(M) < exp(O(2¥/1)) for M € Bj\Bj-1.

Property 4.4 (a) Pr(As) < exp(—5d*logn),
(b) f(M) < exp(4d?logn) for all M € Aw.
Now we define the critical parameters T;,,(a). The heart of the proof is to show that T, (a)’s

satisfy certain properties that easily imply Properties 4.1-4.4.

Definition 4.5 First set ¢, = (nd—2m)/nd and pp, = 1—¢qy, for allm =0,1,...,nd/2—1.
Neaxt, let

am(a) = cy/a(nd2q2,+a?)(dgm +a)

Bmla) = ev/a(nd®Z, +a?)(Pqm +a)

Tm(a) = cv/a(nd3q3, +a3)(d?¢2, +a?)
UV = 8nd3q3,,

where ¢ is a sufficiently large constant. Define

T (a) = min (Oém(a)—l—ﬁm(a)+’ym(a),am(a)+ﬁm(a)—|—ym> if nd—2m > wa
" a?/w otherwise



Property 4.0 follows from the definition. The function T}, arises naturally from the large
deviation consideration in the next section. Technically speaking, 7;, has been set so that
we can conveniently derive the large deviation parts, or parts (a), of Properties 4.2-4.4 from
a general concentration result. On the other hand, it turns out that this definition of T,
does satisfy the second parts of the properties (see Section 5).

The proofs of the properties will be presented in the next two sections. These properties
together with (12) imply that E(f(M)ls«s)) < 1+0(1). In Section 8, we prove (10) and
(7). The proof of (8) is presented in Section 7. This proof follows relatively easily from
certain estimates in Section 6.

5 Large deviation

In this section, we prove the large deviation part of Properties 4.2-4.4. The most difficult
proof is that of Property 4.2 and the vital tool for this proof is the following concentration
result, proved by the second author in [11]. This result refines an earlier result by the
authors in [5].

Consider independent random variables t1,...,t, with arbitrary distributions on the
interval [0,1]. For a polynomial Y = Y(¢1,...,t,) of degree k and a multi-set A of size
at most k, d4Y denotes the partial derivative of Y with respect to A. For instance, if
Y = 2t3t3+t5 and Ay = {1,2}, Ay = {1,1,3}, then 04, (F) = 4t1tot3 and 0, (F) = 2t3,
respectively. If the set A is empty then 94Y =Y. For all 0 < j <k, let

E;(Y) = &@E(aA(Y))

be the maximum expectation of a partial derivative of order at least j of Y.

Theorem 5.1 Let Y be a polynomial of degree k with positive coefficients at most 1. For
any collection of positive numbers Ey > &1 > ... > & =1 and X satisfying

o & > E;(Y)

0 &i/Ei+1 > A+4jlogn, 0 < j < k-1,

the following holds
Pr(|Y—E(Y)| > \/)\8051) < 26790,
where the constant in Q(X) depends on k.

In our present application, t;’s are i.i.d binary random variables and each monomial
in the polynomials of interest is a product of distinct t;’s. While partial derivatives are
convenient to use symbolically, the reader could also interpret the quantities E;(Y) in a
combinatorial way as follows. For j > 1, E;(Y) is the maximum average effect of a group
of at least j atom variables. In other words, changing the value of any group of at least j
variables would change Y, in expectation with respect to the random variables outside the
group, by at most E;(Y).

The crucial advantage of Theorem 5.1 is that the average effects are usually much less
than the maximum effect (or maximum martingale difference) one needs to consider when
apply an Azuma type inequality. This advantage thus enables us to often derive a tighter
concentration result, compared to what one has from Azuma’s. (It would be useful for



the reader to try to use Azuma’s inequality instead of Theorem 5.1 and see what he or
she obtains.) Theorem 5.1 and many variants are discussed in details in [11], which also
contains a variety of applications.

Since a sum of independent random variables can be seen as a polynomial of degree one,
one can also view Theorem 5.1 as an extension of Chernoff’s bound.

5.1 Proof of Property 4.2, part (a)

We need to show

Pr(A;\ Ai—1) < exp(—Q(N\)).

Since A\; = 2X\;i—1, Tn(N;) < 8T, (Xi—1) by definition. Given the definition of the set A;
and the fact that A; > logn, it suffices to prove the following two lemmas

Lemma 5.2 For any m such that nd—2m > wl;

1
Pr(Am(M)—ém > < min (am()\i)Jrﬂm(/\i)+'ym(/\i),am(/\i)+ﬂm()\i)+z/m>) < exp(—Q(\)).
Lemma 5.3 For any m such that nd—2m < wl;

Pr(Am(M) = X /4w) < exp(~Q(\). (13)

Part (a) of Property 4.4 also follows instantly from Lemma 5.2 by adjusting the constant
¢ in the definition of Ajy,.

Proof of Lemma 5.2 It is more convenient to consider the following model: G), , is the
random subgraph of G' = G,,q/2(M) obtained by keeping each edge of G' with probability
Pm = 2m/nd, independently. A standard calculation shows that with probability at least
1/nd, Gp,, has exactly m edges. Since \; > lognd, to prove the lemma, it suffices to show
that for each m
Prg,. (Am(M) =8 > < min (amX)+Bn(0) +5m () @A) +Bn(A) +1im ) ) < exp(~0().
(14)

Till the end of this proof, we fix m and ¢ and ignore the subscripts ¢ and m in all other
relevant quantities; Pr means Prg, , and A means \;.

Notice that ¢ has been defined (on purpose) to be exactly the expectation of A(G)) (and
61 61 the expectations of AM(G,), ARI(G,), respectively). Therefore, (14) is a corollary
of the following fact

ol =

Lemma 5.4 We have

Pr(Al(G,) ~E(AM(Gy)) = a/8) < exp(~0(N) (15)

By ftv

Pr (A[Ql(Gp) ~E(AP(G,)) > min( .

)) < exp(—2(V).



For each edge e of GG, define a random variable t. as follows: t, = 1 if e is not chosen
in G, and 0 otherwise. Obviously, the ¢.’s are i.i.d. binary random variables with mean
q = gm = (nd—2m)/nd. Clearly,

1
Al :52 Z tets.

u edu,fou
et f

First, we have E(Am) < %ndqu; there are n choices for u, each u provides at most

(‘21) < d?/2 pairs e, f and each product tt ¢ has expectation ¢%. Next, for each t., OteAm =
D ffresd, fretri there are 2(d—1) < 2d terms in the sum, so the expectation of a partial

derivative of order 1 is less than 2dg. Finally, any partial derivative of order 2 of Alll is 0
or 1. So

Eo(All) < max(%nd2q2,2dq, 1), Ei(A) < max(2dg,1)

and EQ(AM) = 1. Now set & = nd?¢>+2)\2, & = 2dg+ ) and & = 1. Since A > logn, it is
easy to show that the conditions of Theorem 5.1 are satisfied. On the other hand, setting the
constant ¢ in Definition 4.5 large enough, one can guarantee that A& &1 < /8. Theorem
5.1 yields

Pr(1al(G,) ~E@MN(G,) = a/8) < Pr(1aM(G,) ~EAN(G,)] = VA&E)
< exp(—Q2(})),

completing the proof of (15).
For the proof of the second statement, we need to verify the following two inequalities

Pr(AP(6,) ~E(API(G,) = TEY) < exp(-000). (16)

and

s B+v

Pr(AB(G,) ~E(AR(G,y) ) < exp(—Q(N). (17)

Consider the set X of all triples (e, g, f) where e, g, f are edges of G and they (in this order)
form a path of length 3 in G. A short consideration shows that A2l = 3~ (d—dy)(d—dy)

can be expressed as

NGPU

> tetp(l—ty) =Y -2,
(e,9,f)eX
where Y1 =37 o pexlety and Yo =37, o pexletsty. (Cf. Lemma 3.5 of [10]). A routine

argument (similar to the one presented for Alll) shows that Eo(Y;) < max (nd®¢?,2d%q,1)
and E1(Y7) < max(2d?q,1). Set & = nd3q?+2)\2, £ = 2d%q+ )\ and verify that they satisfy
the conditions of Theorem 5.1. By adjusting the constant ¢ in Definition 4.5, we can assume
that A& &1 < (/8 (where A is the constant in Theorem 5.1). Theorem 5.1 yields

Pr(Vi-EM) > 6/8) < Pr(vi—E(M)| > VA&E)
< exp(—Q(N). (18)

For Ys, one can show that Eo(Y2) < max(nd3q¢?,2d%q¢?,dq, 1), E1(Y2) < max(2d%q¢?,dq,1)
and E2(Y2) < max(dg,1). We define & = nd®q>+3X3, & = 2d%¢*>+2)\? and & = dg+ )

10



and verify the conditions in Theorem 5.1. Again by adjusting the constant ¢ in Definition
4.5, we can assume that VA& &1 < /8 (where is the constant in Theorem 5.1). Similarly
to (18), we have

Pr(a—E()| 2 9/8) < Pr(la-EM)| = V2GS )
< exp(—Q(V)). (19)
(18) and (19) imply (16); (17) follows from (18) and the following simple observation
API_EAP) < v -EMW)|+E(¥2)
< Vi—E(Y)|+nd’¢’
Y1 —E(Y1)|+v/8

Our proof of Lemma 5.3 is thus completed. O

Proof of Lemma 5.3. In this lemma, nd—2m is small so that G,, is very dense. Consider
its complement G,. Let No(u) = Ng,(u)U{u}. Then

A(Gy) <Y dg,(u) > da,(v).
u vENp (u)

If A(Gp) > A?/4w then one of the following should hold

1
G4 has more than ZwQ/\ edges (20)
For some u, Z dag,(v) > MW, (21)
vENp (u)
The probability that (20) holds is at most
nd/2\ 1,2\ 2end \ 7¢°A
(iuﬂ)\>q4 = ( w2\ q) ' (22)

Recall that ¢ < wA/nd; it follows that the right hand side in (22) is at most

exp(~ 367N = exp(~(N) (23)

For (21), notice that there are at most d? edges in G' that contain at least one vertex in
No(u), and each edge contributes at most two in the sum 3, v, () dc, (v). In particular,

2
Pr( Y dg,(v) = M) < (A /Céw?))qug

vENp (u)
2 3
n()\;élw))qy/%
. ( 26(5;}4 ) A/20®

IN

IN

exp(—Q(%logn))
= exp(—Q(N)), (24)

as we have chosen w < logl/?’n. U

11



5.2 Proof of Properties 4.3 and 4.4, parts (a)

This proof is more or less identical to the proof of Lemma 5.3. Again we omit the sub-index
m, but let us remark that we are interested in only those m in the range nd—2m < wlg.
Since whg = w?logn < log®n, there are only o(log2 n) such indices. Therefore, it is enough
to prove the bound for each individual m.

Similarly to (20) and (21), if A(Gp) > 277! then one of the following should hold

G, has more than 27/2/2 edges

For some u, Z dag,(v) > 2112,
vENy(u)
The rest of the proof can be easily worked out along the lines of (22, 23, 24). O
By repeating the proof of Property 4.2 for the special case i = L, we have that
Pr(As) < exp(—Q(\)) = exp(—Q(cd*logn)).

where ¢ is the constant in the definition of A;. The hidden constant in €2 does not depend
on ¢, so by setting ¢ sufficiently large, we can have Q(cd?logn)) > 5d%logn and

Pr(As) < exp(—5d*logn),

as claimed. O

Remark. In fact, by increasing ¢ we can have that
Pr(Ay) < exp(—ad?logn),

for any constant a. This fact will be important in the proof of (10).

6 Bounds

In this section, we prove the second half of Properties 4.1, 4.2, 4.3 and 4.4. All the proofs
here are quite elementary and are presented here for the sake of completeness.

Recall
nd/2—1

rm = TJ (1+

m=0

Ap (M) —dp, )
(nd—22m) —Am(M) :

Since (”d_;m) > (1—¢/2)7 1A, (M) for M € S*(M), we have

nd/2-1 B/ max( B M)~ 0, Oy,

fM) < H <1+ (nd—2m)? (25)
m=0

12



6.1 Property 4.2, part (b)
It is sufficient to show that for any M € A;
d/2—

m(M)—=0pm,0
Z nd 27)71) ):O()\i)

m=

max (A, (M)—6m,0)
(nd—2m)? :

To this end, we omit the sub-index ¢ and use the short hand g(m) for
/
Since g(m) = O(1) for any m, Z;\léw%i 59(m) = o(X), so we only have to consider the

sub-sum starting from nd—2m = )\/wl/ 2. Notice that the numerator in g(m) is at most

T (A), so due to the definition of 7,,(\) we have

nd wA wA?
A2 m(N) + B (A) +
< I
Y oglm) < > S o T > Gd—omgr
nd—2m=\/wl/2 nd—2m=\/wl/2 nd—2m=w\
nd/2

_ 2

nd—2m=w\2 (nd 2m)

To bound the three sums on the right hand side, we require a series of elementary estimates,

presented below. The need for these estimates will be justified in the rest of the proof. In
the following we use the fact that ¢, = (nd—2m)/nd

id: (And3¢3)/? A2 M 1
nd—2m=2 (nd—2m)2 - " —2m Y ’I’Ld 2m
nd/2 1 )\1/2
5 And'gi)? o(2, f: L)
(nd—2m)2 nl/2 nd—2m
nd—2m=2 nd—2m=2
- o( . lognd) (28)
nd (/\3dqm)1/2 A\3/2 1
o, (nd—2m)? (n1/2 i, (nd 2m)3/2)
)\3/2
= o(n1 =) (29)
nd )\2 ) nd N
— <\ / 7% =o0(A). 30

(27, 28, 29) imply the next three estimates, respectively.

13



nd
(And®q3,)1/? 12 |

Z (nd—2m)? :O</\/ ;) (31)
nd—2m=2

nzd A(nd®¢2,)'/? ()\dl/?lognd) (32)
it (nd—2m)2 nl/2
nd
()\3d2qm)1/2 B )\3/2(11/2
e, (nd—2m)? _O< nl/2 ) (33)
Furthermore,
nd
(/\3nd3q;’n)1/2 3/2 d
i (nd—2m)? O(/\ n) (34)
by (27), and
nd
N2dgm, 2 1
nd;ﬁ (nd—2m)2 O(Fan—Zm)
A2logn
- o =
nd
A? 3 [ 2
d—QZ v (nd—2m)2 O()\ /wvx 830)
)\3
- O(W) = o(\) (36)
W\ nd3¢3 W\ nd—2m w2\
Z (nd—2m)? - Z n? :O( n? ) (37)
nd—2m=2 nd—2m=2

Important remark. Notice A\ < Ay = O(d?logn), so for d = o(n'/3/w'/31log'?n) the
right most formula in (27)-(37) is o(\). In fact, only in (37) we need this bound on d. The
stronger assumption d < n'/37¢ is required only for an estimate in Section 8.

Due to the basic inequality vVA+B < v A++/B for any two non-negative numbers A
and B, we have

am(A) = 0((And3q?n)1/2 FAd2 @) + (N ) H?)
ﬁm()‘) =

O((And®a3,) 4+ And?@2,) /2 + A(Ad ) 2+ N2
Tm(A) =0

(
(GG 2+ (Nond®al,) 2+ (N2 g2) 24 X°).

14



It follows from (27, 28, 29, 30) that

nd/2

> (ndmem)Q = 0(A)- (38)

nd—2m=w\
Similarly, it follows from (30, 31, 32, 33) that

nd/2 3
Z (nd—2m)?

nd—2m=w\

= o(\). (39)

Notice that in (38, 39), the sum start from w). We need the bound nd—2m > wA? only
for ~y (see (36)). Using (34, 35, 36), we have that

nd/2 N
d_QZ_ T ET (40)

(38, 39, 40) shows that last sum of (26) is o(\). To handle the second sum, given (38) and
(39), we need only show

wA2

2. aamp =W

nd—2m=w

This follows trivially from (37) and the fact that we can set w so that w?A3 = o(n?).

A2 W1/2

Clearly, the first sum of (26) is O(5;“5—~) = o()), which completes the proof. O

6.2 Property 4.1

By the definition of the set C, 222‘32m:2g(m) = 0. It remains to show that if A,,(M)—
Om < Tin(No) for all m such that nd—2m > w( then

nd/2

> g(m)=o(1).

nd—2m=w\g

Clearly it is sufficient to prove that

nd/2
3 m — o(1). (41)

nd—2m=w\g

The proof of this is similar to the proof in the previous subsection, with a slight modi-
fication. Instead of (36) and (37), we shall use

nd

A3 o
nd_;w/\g(nd—%mﬂ - o(% /w i 20z )
(i) =0

3
WAy

15



3
wWAG

nd3q3 B (nd—2m) w2)\8 B
nd—;nzg(nd_m)z B ZT o O( n2 > = o(1),

respectively. In all other estimates, the right most formula is o(1) for A = Ag. We invite the
reader to work out the rest of the proof. U

6.3 Properties 4.3 and 4.4 , parts (b)
By the definition of the set Bj,

wAo wAo

Z g(m) < Z m§217

nd—2m=2 nd—2m=2

completing the proof. O
Part (b) of Property 4.4 was proved in [10].

7 Proof for the lower bound

In this section we prove (8). Due to (13, 18, 19)

Pr(18m =8l = am(R0) + B (M) +m(N0) ) = o(1) (42)

(recall 0, = %(nd—Qm)Q(d;il) + (nd—2m)2mfldg;21)2), for all m such that nd—2m > wy.
Consider an ordering M where |A,, — 9| < am(Ao) + Bm (o) +vm(Xo) for these m. We
have

nd
am(>\ )‘f’ﬂm()‘ )‘}"Ym()‘ )
fM) > nd?];[:mg(l—@/a S )
nd72m:w)\8 5
< 11 (1-(3/@@) (43)

nd—2m=2

Part of the proof of (41) shows that ZZZ_QW:M% am(’\o)a%@(?’)%;wm(’\o) = o(1). This

implies that the first product is 1 —o0(1). The second product is also 1—o(1) since §,, =
O<(nd—2m)2(% + %)) and wo = o(log?n). These together with (42) yield that

E(f(M)) = 1—o(1), (44)

completing the proof. O

Remark. The proofs in this and the previous sections yield the following corollary, which
will be useful in the next section.

16



Corollary 7.1 By setting the constant ¢ in the definition of \;, sufficiently large, we have

10 nd/2—1

E(exp (:2 max (A, —§n(M),0)

(nd—2m)?

)) = 1+o0(1). (45)

In fact, 10 can be replaced by any constant.

To prove (45), it suffices to notice the following:

e In the proofs of the (b) part of the Property 4.2, we actually bound

max (A, — 0, (M), 0
exp( Z ((nd—2m<)2 ) ))

instead of f(M). We first upper bound f(M) by Hnd/ 21 ( 4 Bfe) m?’g{f_’g%*‘sm’o))

(see (25)). Next, we upper bound this product by

nd/2—1

max (A, — 0, (M), 0
P ((3/6) ";) ((nd—2m()2 ) )>

Then we actually prove that the sum in the exponent is o(A;). This, together with
the (a) part of Property 4.2, implies that the contribution of the sets A;\A4;_1 in
the expectation in (45) is o(1). The extra factor 10/e? does not really matter since
10/e2 x o(\;) is still o();).

e Similarly, one can show that the contribution from the sets B;\B;_; is also o(1) and
the contribution from C is 1+o0(1). Here the factor 10/c? is swallowed by the extra
logn term in the (a) part of Property 4.3.

e To bound the contribution from A, it is not enough to use the stated bounds in
Property 4.4, because of the extra factor 10/e2. To handle this extra factor, we
invoke the remark at the end of subsection 5.3. This remark allows us to replace the
bound exp(—5d%logn) in part (a) of Property 4.4 by exp(—g—ng logn). Following the
proof of the (b) part of this property we have that

nd/2—1

10 max(A,, —dy,(M),0)
P (7 Z (nd—2m)?

) < exp( d2 logn).
Thus, the contribution of Ay is at most exp(—?—gd2 logn+ §—8d2 logn) = o(1).

8 Proof of (10)

Let us recall the definition of S*(M): S*(M) is the set of all orderings M with A,,(M) <
(1—¢/2) ("dgzm) for all m = 1,2,...,nd/2, where ¢ is an arbitrarily small positive constant.
We assume that d < n'/37¢. In this section, we deal with the set S(M)\S*(M) which

contains those M where the condition A,,(M) < (1—¢/2) ("d;2m) is violated for some m.

17



It is known ([10] p.383) and not hard to prove that
A (M) < d*(nd—2m) /2.

In particular, if nd—2m > (1—¢/2)"'d?+1, then A,,(M) < (1—6/2)("d_22m). Thus, the
condition A,,(M) < (1—¢/2) (nd—QQm) could be violated only when m is relatively close to
nd/2, namely, m < nd/2—(1—¢/2)"d?. Let S;(M), i = 1,...,(1—¢/2)"1d?, be the set of
all orderings M of M such that
d—2
Ap(M) < (1-¢/2) <n 5 m> Vm < nd/2—1i

and
nd—2m

B0y > (1-e/2) ("
Since Y%, n~¢ = 0(1), in order to prove (10), it suffices to show that
E(f(M)lg,) < (1+0(1))n~%" foralli=1,...,(1—¢/2)" d>.

Notice that (”dgzm) — A (M) is at least nd/2—m, for nd/2—m edges in M remain to
be selected. This yields

> for m = nd/2—1.

(")

<nd-—2
(nd—22m) —Am(M) =n m

and hence
nd/2-1 (nd—2m)
2

H (nd—2m) —Am(./\/l)

m=nd/2—1 2

< 241 < 2¢°,

where the last inequality 2%! < 2i’ can be verified by induction. Moreover, the fact that
Ap(M) < (1—5/2)("d_22m) for all m < nd/2—1 yields

nd/2—i— nd—2m nd/2—i—
/i_[ 1 (452 — 6, _ /i_[ 1<1+ A (M) =6, )
mzo (") = Am(M) im0 (") = Am(M)
nd/2—i—1
5 max (A, (M) =6, 0)
= exp(E 'rnZO (nd—2m)? )
Therefore,
nd/2-1 (nd72m) -5
FMls, = 1s ] g2t 0
mr:[o ("57) = Am(M)
nd/2—i—1
y 5 max (A, (M) =, 0)
s x 13iexp(g Zo (nd—2m)? )’

and Holder’s inequality gives
nd/2—i—1

E(f(M)ls,) < QiiE(lgiexp(g S

max(A,, — 0,
i)
nd/2—i—1 B .

> i)

10
2

< 2iiE(13i)l_E/2E(exp<

m=0

18



Since (45) gives

nd/2—i—1

E (exp (38 Z::O max(a";(_ﬂgjn;fm’g)))s/zz1+o(1),

we only need to show that
2 Pr(8;) /% < (1+0(1))n"%".

Let m = nd/2—1i and I'(u) = I'p,m(u) be the set of all neighbors of u (excluding u) in the
graph generated by first m edges of M. Since

1

Ap (M) = §Z(d—du) Z (d—dy—T1{u=y})
u vel (u)U{u}
and 42 .
nd/2—m
(") = 5 L) -~ 1)
Ap (M) > (1—-¢/2) (”d/2 ™) implies that there is a vertex u with d—d,, > 0 such that
(A== pmy) > (1=/2) S (d—dy— Tgumsy),
vel (u)U{u} v

or equivalently

IN

> (d-dy)

ol (u)U{u}

€
5 Z(d_dv - 1{u:v})

- g(nd—Qm— 1) < ei. (46)

Notice that d,, = [I'(u)| and d—d,, > 0 means |I'(u)| < d. Moreover, any of the last i edges
of M that is not entirley in I'(u) contributes at least 1 in the first sum of (46). Hence
the number of such edges is at most i, or all but at most ei of the last i edges of M are
entirely in I'(u). Let j = d—|I'(u)| and [ be the number of edges entirely in I'(u). Then it
is required that j > 1 and [ > (1—¢)i. The probability that d—d, > 0 and (46) without
the two middle steps occur for a (fixed) vertex w is upper bounded by

(4 (“57)y (nd/2—d—("37)
-y O

J=11>(1—¢)i i

and hence

i—j—1
(nd/2) ’

%

d) ((d ])) (nd/2fd7(dgj))
(S)<P7‘(E|suchau) <nz Z .

Jj21i>(1-e)i

()=t ()=

19
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nd/2—d—(17) _ (nd/2)'3"!
( il > = i)
and, as i = O(d?) = o((nd)'/?),

7 7!

(nd/?) (1o /2

we have that

prisy < oy Y () (G ()

Ji>1i>(1—¢)i
dn!
- arony 3 (1)) (),
Jj21i>(1-e)i
where (jil) = W'g—l)' Since the summand decreases at least geometrically in the ratio

O(id/n) = o(1) as j or [ increases, the last double sum asymptotically equals the (first)
term with j =1 and [ = (1—¢)i. So

Pr(s) < (2+0(1))i((1i_81)i> (%)(1_8”.

Since € < 1/3, we have

() ()" ()

which together with i < (1—¢/2)~'d? and d < n!/3~¢ implies that

d? (23/2d) (1*35/2)>i

2 Pr(S;) 2 < (4+o(1))i(m

n
: 23/2 —3e—(1-3¢ :
< (4+o(1))2(mn1 51 3/2))

< (L+o(1)n™,

completing the proof. O

9 Remarks and Open Questions

To start this section, we would like to make some remark concerning the sharpness of our
analysis. The assumption d < n'/3 was used at two places. The first is in the proof of (37)
(see the remark in Section 6), where we need to assume that d = o(n'/3/log/?n). The
second place is the end of the proof of (10) (see the last paragraph of Section 8), where
we need to assume that d < n!/37¢. Our feeling is that the arguments in Section 8 are
somewhat more flexible, so there might be a chance to improve the calculation here. On the
other hand, improving the analysis in Section 6 seems like a bigger challenge. Thus, while
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we think that our current analysis might be tightened to yield a slightly better bound, say
d < n'/3 /polylogn, we do not see how one can obtain d < n'/3+¢,

The next, and natural issue is whether one could really expect the bound d < nl'/3+¢

from by the proposed algorithm (Algorithm A). Wormald [12] conjectures that n'/? may
be the right threshold for this algorithm. Except Jerrum-Sinclair result (mentioned in the
introduction) there is no other result, as far as we know, about generating random regular
graphs with degree larger than n!/3.

In many cases (in both theory and practice), one would be satisfied with a random sample
whose probability is comparable to the uniform probability. In other words, the distribution
is not uniform, but has a constant torsion factor. Technically, we want Pra(G)/p, = ©(1)
for any d-regular graph G. In fact, it is already useful to have Pr(G)/p, = ©(1) for most
d-regular graphs G. The formal question we would like to pose is:

Question. For which d does Pr(G)/p, = ©(1) hold for all d-regular graph G on n vertices,
with a possible exception of a set of measure o(1).

Finally, the random graphs created by Algorithm A, regardless their distribution, form
a quite reasonable model for random regular graphs. The study of this model has been
suggested by several researchers [9, 12]. In a recent paper [6], the present authors proved
that random graphs created by Algorithm A behave very much like Erdds-Rényi graphs
G(n,p) of the same density, for all logn < d < n'/3/log?n. By comparing with Erdés-
Rényi graphs, one can easily compute several parameters (such as the chromatic number)
of the random graphs in the new model.
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