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Abstract

We consider random walks on edge coloured random graphs, where the colour of an
edge reflects the cost of using it. In the simplest instance, the edges are coloured red or
blue. Blue edges are free to use, whereas red edges incur a unit cost every time they are
traversed.

1 Introduction

The cover time of a connected graph is the maximum over the start vertex of the expected
time for a simple random walk to visit every vertex of the graph. There is a large literature
on this subject see for example [1], [13], including [4]-[8] which give precise estimates of cover
time for various models of random graphs.

We consider the following scenario: There is a connected graph G in which the edges are
colored red and blue. We study the cover time of such a graph when there is a bound on the
number red edges that can be used. We can think of blue edges as free to use, whereas red
edges represent toll roads, the bound being the maximum budget. The decision to use, or not
to use, a toll road can be made in various ways, which we characterize as congestion charging,
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flip walks, oblivious walks and smooth walks. In the simplest case, the oblivious model, the
random walk uses edges of G regardless of colour until the budget is used up, after which it
will be restricted to the blue sub-graph.

Models of red-blue regular graphs. Let GG be a connected n-vertex graph, and let W =
WI(R, B) be a simple random walk on G subject to the given constraints on the use of red and
blue edges. We use C = Cg(R, B) for the constrained cover time of G' by the walk W(R, B),

and use Cg for the corresponding unconstrained cover time of G.

Let
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One simple model is to take G as the union of a random n-vertex r-regular graph with red
edges and a random n-vertex b-regular graph with blue edges. For such graphs, w.h.p. the
unconstrained cover time of G (see [4]) is asymptotic to Cg = ogpnlogn = (r+b—1)/(r+b—

2)nlogn, whereas for b > 3, the cover time of a walk restricted to the blue edges is asymptotic
to Cq(B) = ognlogn = (b—1)/(b— 2)nlogn.
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Another simple model is to take G as the union of a blue Hamilton cycle and a random
r-regular graph with red edges. This model, based on short cutting a Hamilton cycle, is
one of the original Watts-Strogatz type small world models [17]. For r = 1 (the union of
a Hamilton cycle and a random 1-factor) the diameter was studied by Bollobds and Chung
[3]. Subsequently, the fact that 3-regular graphs are Hamiltonian w.h.p. was established by
Robinson and Wormald [16]. Thus almost all 3-regular graphs have a decomposition into a
blue Hamilton cycle and a random red 1-factor.

Smooth walks. The walk alternates in phases between using edges of either colour (a
red/blue phase) and edges of colour blue only (a blue phase). In a red/blue phase the walk is
on GG, and in a blue phase the walk is on G, the subgraph induced by the blue edges. The
length of the phases can vary, but to analyse the model, we require that the length of each
phase is at least w7 logn where T is a mixing time given by (2), and w — oo with n. We
call such a walk smooth. We say that such a random walk is a-constrained if in total, it is
only allowed to use a red edge at most y(a)nlogn times, where v(«) is given in Theorem 1(a)
below.

The congestion pricing model fits naturally as a special case of smooth walks. Peak and
off-peak periods alternate as in the smoothed model. The length C,F (charged, free) of
the peak and off peak periods are fixed and in constant proportion. The walk uses the red
(charged) edges only in off-peak periods when they are free to use. In peak periods the walk
uses only blue (free) edges. We assume there are at most n’ distinct phases of equal length
C + F, for some small # > 0 constant.



Theorem 1. (SMOOTH WALKS) Let G be the union of a random r-regular graph with red
edges and a b-reqular graph with blue edges where r > 1 and b > 2.

(a) If b > 3 and o < 1 constant, then w.h.p. the cover time of an «a-constrained smooth
random walk on G with budget v(a) = (aorpr)(r + b)nlogn is asymptotically equal to
Co(R,B) = (aogp + (1 — a)og)nlogn.

(b) If b =2, r > 1, and the blue edges span a Hamilton cycle then in the congestion pricing
model with periods C, F', the cover time of a random walk on G is asymptotically equal to
Co=1+C/F)(r+1)/r)nlogn.

Flip walks. In a flip walk there is no hard bound on the number of times we use a red
edge, only a stochastic one. At any step, let pgr be the probability of transition down a given
red edge adjacent to the current vertex and pp the probability of transition down a given
blue edge. Thus the probability the next transition is red is rpr etc. Examples include the
following. Let pr = a/r, and pp = (1 — «)/b in which case the probability of transition down
a red edge at any step is «, and a blue edge is 1 — «.

Theorem 2. (FLIP WALKS)

(a) Simplest case. If r =1, b= 2, and ¢ = 2pp = 1 — pr, where 0 < pr < pp, the cover time
of a flip walk on G is asymptotically equal to Cq ~ Onlogn where
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This cover time is minimized at 2nlogn when pr = pp = 1/3, and all edges have the
same transition probability.

(b)) If r =1, b > 2 and 0 < pr < pp then w.h.p. the cover time of a flip walk on G is
asymptotically equal to Ce ~ (1/(1 — f))nlogn. Here f is the smallest solution in [0, 1]
to F(z) = 0 where F(2) is given by (24).

Theorem 2(a) confirms that for the simplest case, the cover time cannot be improved by
biassing the walk probabilities. The general solution r» > 2,b > 2 seems difficult to obtain.

Oblivious walks. The simplest case. The random walk uses edges of G regardless of colour
until the budget is used up, after which it is be restricted to the blue subgraph. In the
case where b = 2, r > 1 and the budget is less than the unconstrained cover time Cg ~
(r +1)/rnlogn, things go seriously wrong for the walk; see Theorem 3(b)—(c) below.

Theorem 3. (OBLIVIOUS WALKS) Let € > 0 constant.



(a) Suppose b > 3. and the budget is (1 — e)ogpnlogn.The cover time of an oblivious walk
on G is asymptotically equal to (aorp + (1 — a)opg)nlogn w.h.p., as given in (1) where

(b) Suppose that b = 2, v > 1, the blue edges span a Hamilton cycle, and the budget be at
most (1 —e)(r + 1)/rnlogn. The cover time of an oblivious walk on G is asymptotic to
Ca(R, B) ~n%/2, w.h.p.

(c) If b = 2 and the blue edges span a random 2-factor then w.h.p. an oblivious walk with
budget of at most (1 —e)(r 4+ 1)/rnlogn steps will fail to cover G.

Related models. The underlying graph of the random walk we consider varies structurally
over time (temporally) in a predictable fashion; but within the constraint of a fixed budget.
Many authors have considered aspects of this, or related problems. We mention a few below.

For a survey on temporal networks, see Holme [10]. Random walks whose transition probabil-
ity alters depending on structural condition have been studied extensively. An early model by
Kemperman [12], the oscillating random walk, remains one of the simplest and most attrac-
tive. Citing from [12]: Let {Y,,n = 0,1,...} denote a stationary Markov chain taking values
in R?. As long as the process stays on the same side of a fixed hyperplane E, it behaves as a
ordinary random walk with jump measure p or v, respectively.

As a general instance of an application of random walks with edge costs, Coppersmith, Doyle,
Raghavan and Snir, [9], use random walks on graphs with positive real costs on all edges
to study the design and analysis of randomized on-line algorithms. Two recent papers by
Majumdar et al., [14], [15], which study variable charges for walk transitions, have some
bearing on the model we consider. In [14], [15], a one-dimensional walker’s position X; at
discrete time t is a positive random variable evolving according to X; = X;_; + ;. Transitions
are priced according to their length n, there being one price for short distances and another
for longer ones. This reflects how taxi fares are calculated in congested cities'. The authors

compute the average and variance of the distance covered in n steps when the total budget C'
is fixed.

Proof outline. Our main tool will be the First Time Visit Lemma. This technique, intro-
duced in [4], allows us to make very precise estimates of cover time in certain classes of graphs.
The technique was subsequently refined in [7], and in [8] where various technical conditions
were removed. In outline, the approach is to bound the cover time above and below using

1[15] The municipality prescribes a threshold speed 7. derived from statistical analyses of local traffic
patterns. If the taxi surpasses 7., the meter tallies the fare based on the distance covered, while a slower pace
results in time-based fare computation. This approach ensures that drivers are compensated even when they
face prolonged periods of slow progress.



(4) of Lemma 4. Much of the work is in constructing the lower bound on the cover time. On
regular graphs the walks we consider have uniform stationary distribution, and are rapidly
mixing. The unvisit probability (4) has a parameter p, ~ m,/R, (see (3)) where R, is the
expected number of returns to vertex v during the mixing time.

2 Background material

Notation. We use A4,, ~ B, to denote A,, = (1+0(1))B,, and thus lim,_,, A,/B, = 1. We
use w to denote a quantity which tends to infinity with n more slowly than any other variables
in the given expression. The expression f(n) < g(n) indicates f(n) = o(g(n)). The inequality
A < B which stands for A < (1 + 0(1))B is used to unclutter notation in some places.

2.1 First Time Visit Lemma

Let G denote a fixed connected graph, and let u be some arbitrary vertex from which a
walk W, is started. Let W,(t) be the vertex reached at step ¢, let P be the matrix of

transition probabilities of the walk, and let P.” (v) = P(W,(t) = v). Let 7 be the steady state

distribution of the random walk W, . For an unbiased ergodic random walk on a graph G' with
d(v)

m = m(G) edges, T, = 5, where d(v) denotes the degree of v in G.

We denote the steady state probability of a simple random walk on G = (V, E') being at v € V'

is g (v). We let ]P’S)G(U) denote the probability that a simple random walk on G started at u
is at v after ¢ steps. We then define a mixing time Tz by

") — (v
Te = min {7’ : max { ’Pu’G(;)(U) Ol } =o(1) for t > T} : (2)

For ¢t > 0, let A;(v) be the event that W, does not visit v in steps Tg,Tg + 1,...,t. The
vertex u will have to be implicit in this definition. We will use the following version:

Lemma 4. Let R, > 1 is the expected number of visits by W, to v in the time interval [0, T¢].
Suppose that Tgm, = o(1) and R, = O(1). Let
7TU

R,(1+ O(Temy))

(3)

Py =

Then for all t > T,

1+ O(Tgﬂ'y))
(14 py)t

B(A(0) = | L O(T2me 1), (4)

where p = Q(1/T¢).



2.2 Properties of random regular graphs

The use of (4) will require us to verify some facts about random regular graphs. These will
by and large be taken from [4]. Let

o= {logl/2 nJ : (5)

Say a cycle C'is small if |C| < 0. A vertex of G is locally tree-like if v is at distance at least
o from the nearest small cycle.

Theorem 5. Let s > 3 be a constant and let G be chosen uniformly from the set G of s-reqular
graphs with vertex set [n]. Then w.h.p.

P1. G is connected.
P2. T = O(logn).
P3. If v is locally tree-like then R, = =5 + o(0 ™).

P4. There are at most s° non locally-tree-like vertices and if v is not locally-tree-like then
R, <3.

P5 The second eigenvalue X of G is positive and A < 1 — 0 for some positive constant 6.

3 Proof of Theorem 1

3.1 Proof of Theorem 1(a)

In this section we prove that if b > 3 then w.h.p. the cover time of an a-constrained smooth
random walk on G with budget y(a) = (aogrpr)/(r + b) nlogn is asymptotically equal to
Ce = (aogp + (1 — a)op) nlogn. It was shown in [4] that the unconstrained cover time of G
is 6(; ~ orpnlogn w.h.p. Without any constraint on the choice of the next edge, a walk of
length C; would cross a red edge ~ Z30rp nlogn times. It follows that w.h.p. we will not be
able to complete the walk within the budget without having to avoid red edges a significant

number of times.

If the phases are o(T¢) in length then there are some technical difficulties that we have not
yet managed to overcome, see Remark 1 below.

Remark 1. There does not seem to be a compelling reason for us to only consider smooth
walks. If we allow the walk to switch between allowing red edges and not allowing them,
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then we have no problems with mizing. This is because the steady state probabilities are 1/n
regardless. The problem arises because R, will depend heavily on how we switch between the
two possibilities.

3.1.1 Upper bound

Suppose now that we start a walk at vertex u and that we alternate between red/blue phases
and blue phases. Take ty5 = 0, and suppose we change phase at times t1,%s,...,%;,.... Assume
that whenever i is even we start a red/blue phase at t; and switch to a blue phase when i is
odd. At each step in a red/blue phase there is an r/(r + b) chance of using a red edge. We
also know that this walk will finish at least as early as one that only uses blue edges. This
follows from Lemma 4 and the fact that s/(s — 1) decreases as s increases. We will assume
ti —tiig > wlog®n > Ty for 1 < i < m, so that

logn
trB = Z(t%—i—l —tai) < (1 -0 (nlg/Q )) aogpnlogn. (6)

>0

Multiplying the RHS of (6) by r/(r + b) and applying the Chernoff bounds yields an upper
bound of y(a)nlogn on the number of times a red edge is used.

Let T (u) be the time taken to visit every vertex of G by the random walk W,. Let U, be the
number of vertices of G which have not been visited by W, at step t. We note the following:

C,=ETg(u) = Y P(Ta(u) > 1), (7)
P(Tg(u) >t) = P(U; > 0) < min{l, EU,}. (8)

It follows from (7), (8) that for all ¢

Co<t+> EU =t+Y > P(A,(v)). (9)

s>t veV s>t

In both phases the random walk is on a regular graph and so m, = 1/n throughout.

We are stopping the RB walk at t* ~ oggnlogn when the budget runs out. At that time the
walk has made tgp ~ aogrpnlogn RB steps, and t5 ~ (1 — a)opnlogn B steps, consisting of
m phases each of B and RB up to t*. This is followed by a final 'blue forever’ phase of length
ty=t—t*.

So,

P(A,(v)) = (1 +0 (loin>)mexp {_ A (ST I tml)} . (10)

o o
RB 59 B>




Now assuming that t = O(nlogn) and because each phase has length at least wlog?® n we have
m = o(n/logn), and so we have

P(A,(v)) < exp {— (a + é (msgn _ aURB)) logn}

t 1 1
= exp —%7+a033 P logn ;. (11)

For non locally tree-like vertices, using P4, we can write

P(A,(v)) < e /3, (12)

Define a time to = (1 + €)7¢, by
to=(1+¢)(aorp + (1 —a)ognlogn).

We note this value of ¢y, (and ¢; below), is unrelated to our previous use of notation ¢; for a
smoothed period, but is consistent with [4].

Thus if ¢ = log™"?n going back to (9) and using P4, (11), we see that for some absolute
constants 7y, v > 0,

Cu S tO + Z Z]P)(At0+T)

v€[n] 7>0
—~1log!/2n —v27logn 3loglogn —7/3n
StO‘l‘ne ’Y11g1 Ze 72 g —|—(7"+b) g log Ze
>0 T>10
=ty + o(n). (13)

This confirms the upper bound in Theorem 1(a).

3.1.2 Lower bound

For the lower bound we let t; = %nlogn and argue that C, > t; w.h.p. Proceeding
as in [4], for any vertex u, we can find a set of vertices S such that at time ¢;, the probability
the set S is covered by the walk W, tends to zero. Hence T (u) > t; whp which together

with (13) completes the proof of Theorem 1(a).

We construct S as follows. Let o be given by (5). Let S C [n] be some maximal set of locally
tree-like vertices all of which are at least distance 20 + 1 apart. Thus |S| > (n — r37) /r(o+1),



Let S; denote the subset of S which has not been visited by W, after step ¢;.

t logn\\ a(r+0b)logn [ 1 1
E|51|~Zexp{—037+(1+O<n1/2>) . P

ves

30\ — (2041 ea(r +b)logn
> (n —r39)r( +)exp{—(b_2)(r+b_1)}—>oo. (14)

Let Y,; be the indicator for the event that W, has not visited vertex v at time t. Let
Z ={v,w} C S. We will show below that

t 1 b)1 1 1
st o {2 (G (10 (38)) 222 (G- D)) oo
opn n r ORB 0B

Thus

E(Yo 1Y) = (14 o())EY, 1, )E(Yup ). (16)
It follows from (14) and (16), that
(E[S(ty)])? 1
P(S(t1) #0) > =5 =1-o0(1).
|5t [(1St, [=1) -
E[S(t)] s + (IS, )

Going back to (10), we see that with these values of 7y, Rz, this completes the proof of
Theorem 1(a), apart from (15) which we give next.

Proof of (15). Let I' be obtained from G by merging v, w into a single node Z. This node
has degree 2r and every other node has degree 7.

There is a natural measure preserving mapping from the set of walks in G which start at u
and do not visit v or w, to the corresponding set of walks in I' which do not visit Z. Thus the
probability that YV, does not visit v or w in the first ¢ steps is equal to the probability that
a random walk W, in I" which also starts at u does not visit Z in the first ¢ steps.

That 77 = % is clear. We also have

T
R,<Rz<R,+ Y (muw+X)=R,+0(T\").

t=20+1

The sum here being a bound on the probability that WV, is at w before the end of the mixing
time. The value A is the second eigenvalue in P5. a

3.2 Congestion model: Theorem 1(b)

Let t1 = (1 +¢)(14+ C/F)orgnlogn where € > 0 is arbitrary. The amount of time spent in a
free phase is (1 + €)ogpnlogn and so w.h.p. G will be covered.
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For the lower bound, let to = (1 —¢)(1+ C/F)orpgnlogn. We defer the proof that G will not
be covered until Section 5.4.

4 Proof of Theorem 2

Stationary distribution and mixing time. Let d = r + b be the total degree of a vertex
in the red/blue coloured graph G. Assume d > 3 and G satisfies the conditions of Section 2.2.

In the flip model, pgr (resp. pp) is the probability of transition over a given red edge (resp.
blue edge). This corresponds to a weighted graph in which w(eg) = pgr, w(eg) = pp for
red and blue edges respectively, all vertices v have weight w(v) = 1 and w(G) = n. Thus
mre(v) = 1/n, and G has uniform stationary distribution. For a given set S C V, the
conductance (bottleneck ratio) ®rp(.S) is

o (S) _ Q(S7 SC) _ ZUGS,wGSC WUPRBO]’ U)) o ZUGS,wGSC PRB(U’ w)
RB - - -
W(S) ZUES Ty ‘S|

Comparing with a simple random walk on G,

1 :
= Y Prp(v,w) >min(pg, ps)

|S| vES,WES®

where E(S : S°¢) is the number of edges between S and S¢ and ® gy refers to the conductance
of a simple randpm walk.

E(S : 5%

—d5 = min(pgr, p8)Psrw (5),

As G satisfies P5, the conductance ®§pyy, of a simple random walk on G is constant for some
0 < ¢ < 1. Assuming min(pg, pp) is also a positive constant, the conductance ®% 5 of the flip
walk is constant, i.e.,

Prp = w(?)ligr%p Prp®(S) > min(pr, pB)Psry -

It follows that the flip walk on G is rapidly mixing and satisfies (2) as required.

Return probability. The proof of Theorem 2 will follow from the proof in [4], once we es-
tablish R, for locally-tree-like vertices. To do this we argue as follows. The initial formulation
is for the general case r > 1,b > 2. We then prove existence of solutions for r = 1,0 > 2, and
state the exact value of R, for the special case r = 1,b = 2. The journey to the answer is
longer than we might expect.

Consider an infinite d-regular tree Ty, where r +b = d and in which each vertex has r red and
b blue edges. For discussion we regard Ty as rooted at a designated vertex v, with all edges
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nominally oriented outward from v. With this orientation, a transition away from v (resp. u)
at a vertex u, is a transition uw down an out-edge of u. Relative to this orientation, a vertex
other than v is red if its in-edge is red, and blue if its in-edge is blue. With the exception of v
this induces an alternating pattern of red and blue vertices in T}, in which e.g., a red vertex
has (r — 1) red out-edges, and b blue out-edges.

Recall that, in the flip model, pr (resp. pg) is the probability of transition over a given red
edge (resp. blue edge). Let f be the probability of a first return to v in Ty, then the expected
number of returns to v is R,(Ty) = 1/(1 — f). Let ¢, r (resp. ¢, ) be the probability of a
return to v given the particle exits v on a red (resp. blue) edge. Thus

f =TpPR (bv,R + pr va,B‘

Let u be a red vertex, and uw a red edge pointing away from v and thus away from v. Define
®rR = ¢§$%(uw) by

¢rr =P( the walk returns to u | u is red and the walk exits away from u on a red edge),

and define ¢rp, ¢pp, ¢pr similarly. Note that orr = ¢dpr = ¢u.r = ¢r, say. For a red vertex
u, let ¥g(u) be the probability the walk moves away from v at u, and subsequently returns
to u. Thus with P(u,w) the colour dependent transition probability over the edge uw, ¢(uw)
the colour dependent return probability, and N7 (u) the red out-neighbours of u etc.,

Vr(u) = Z P(u, w)p(uw) = Z PRORR + Z PBORB-
wENT (u) wENE (u) wENF (u)

If u is red, there are r — 1 red out-neighbours, and b blue out-neighbours, so

Yr = (r—1)proOr + bppos.

Suppose the transition is away from u over a red edge uw to a red out-neighbour w, then the
walk moves back to u with probability pr and so

(W) (00N . Jppt o= LB 17
rr(Uw) = pr +Yrpr+ -+ (V) pr+ -+ = —— (17)
Here the term (¢)r)’ pg is the probability that the walk returns to u after making j returns to
w that do not include a visit to u.

For a walk arriving at u, three things can happen. It moves directly back towards v (probability
pr > 0), moves away from u and returns to u later (probability ¥g), or moves away from u
and never returns (probability {g). Thus

pr+ YR+ Er =1, (18)

and Yp <1 — pg < 1, and similarly for ¢p < 1. This justifies division by 1 — ¢g in (17).

11



We obtain

(r—Dpg | bpg

¢R= 1_¢R +1—77Z)B’ (19>
_ o (0—1)pk

wB_l—Q/}R_'_ 1_¢B ) (20)

;e % bp (21)

1T n  1-dp

Do (19) and (20) always have solutions g, g in [0, 1] and if more than one solution, which
to choose? This is discussed next. Assume for now that solutions exists. Then for a given
solution ¥p, using (20) and (21) we see that

A 2
1 —1p
As1/R,=1— f+o(1) in G, we obtain the required solution to the cover time of G as
Ca ~ ! nlogn. (23)
1—=f

General solution in the case r = 1. Put Yg = x,¢¥p = 2. Asr =1 we have pg+bpg = 1.
Assume b > 2 and pr < pp so that 0 < pr < 1/(b+1). Use (19) to get

L 1—-=z
l—2 1—z—0bp%’

and substitute this for 1/(1 — z) in (20) giving

2(1—2 b—1)p?
o Ph( )2+( )PB.
1—2—bpy 11—z

Put ¢ = bpp and pgr = 1 — g where b/(b+ 1) < ¢ <1, to consider F(z) = 0 where

(1-¢(-2) (-1
1—¢/b— =2 b2(1—2)

F(z)=2z— (24)
If pp = 1/(b+ 1) then all edges are equivalent in a b+ 1 regular tree and the roots z* are
1/(b+1),b/(b+ 1). If ¢ = 1 (no useable red edges) then the problem reverts to a b-regular
tree, in which case the roots z* of F(z) are 1/b, (b —1)/b.

Ifb=2¢g=1, z=1/2is the only root to F'(z) = 0. Ignoring this case which corresponds to
a random walk on the line, we will assume that ¢ < 1 and b > 2. Let g = 1 — ¢%/b. In the
interval Iy = [0, 2], F'(0) < 0, F(z;) = —oo. It can be checked that F(z) is concave on Ij. In
the interval I; = [29, 1], F(2;) = 0o, F(1) = —oco and F(z) is monotone decreasing. So there
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are between one and three roots in [0, 1] depending on what happens in Iy. We will establish
that if b > 2, ¢ < 1, then F(1/2) > 0 which implies there are two roots in Iy. We have

1 b(1—gq)® 2(b—1)¢
F(1/2) = - — — :
(1/2) 2 b—2¢? b2
It can be checked that OF/0b > 0 for any fixed ¢, so as F'(1/2) is monotone increasing with
b, and b = 2 has the largest range of ¢, (i.e., 2/3 < ¢ < 1), we check this case. After some

simplification we obtain that if b = 2,

1+¢q 1
F(1/2)=(1—- _— .
w2 =0-0 (50 157)
So F(1/2,b =2) > 0 boils down to (1+¢)*> > 2. Asq>2/3=10/(b+ 1), and (5/3)* > 2, it
is indeed the case that F'(1/2) > 0 as required.

The simplest case: Theorem 2(a). We solve F(z) = 0, where F(z) is given by (24), in
the simplest case; namely » = 1, and b = 2. Thus pgr + 2pp = 1. Put ¢ =1 — pg = 2pp, and
w = 1—z to give, after some rearrangement, F'(w) = N(w)/D(w). Here the numerator N (w)

is
q 3 1

N(w) =w® — L4 = gu? + 22w — 4.

(w) =w 2( q)w +4qw U

It can be checked that w = ¢/2 is a factor of N(w) and so
N(w) = (w = q/2)(w?* + w(g/2)(q = 3) + ¢°/4).

The roots of F(w) = 0 are ¢/2, (¢/4)[(3 —q) £ /9 — 10¢ + ¢?|. We prove that the smallest
root z € [0,1] is indeed the correct one. We use pp + g + g = 1 from (18). As pp = ¢/2
and ¥p = 2z =1 — w we obtain {5 = w — ¢q/2.

The root w™ = (¢/4)[(3—¢q) — /9 — 10q + ¢?] implies {g < 0 for ¢ < 1. As {p is a probability,
this is impossible. The root w = ¢/2 (or w™ (¢ = 1)) imply that {5 = 0. This corresponds to
a recurrent system, an answer we do not accept (see below). Thus the only feasible root is
wt = (¢/4)[(3 —q) + /9 — 10q + ¢?] giving g = z = 1 — w™, this being the smallest root of
F(z)=0.

We briefly sketch why the system is not recurrent. For a random walk on the half-line
{0,1,2,...} starting from vertex 1, let ¢,p be the probability of moving left and right re-
spectively at any vertex ¢ > 0. Then assuming ¢ < p, the probability of absorption at the
origin 0, is 1y = ¢/p. Thus for our system

{ PR PB } o { PR PB }
Ty < max , = max<{ —, .
l—pr 1—psB 2pp pB+ PR

As we assume 0 < pr < pp it follows that my < 1, £ > 0 and the system is not recurrent.
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Refer to (22) and (23). With ¢p =1 —w and pg = ¢/2. the value of 6 = 1/(1 — f) is

g L1 1
S 2\w+q/2 w—q/2)’

The largest value of w among the roots, and hence the smallest value of z = ¢, gives

0 (25)

2 )
q5—q++/9—-10¢+¢*) q(1—-q++/9—10q+ ¢?)

The minimum of §(q) is at ¢ = 2/3, which follows by checking the derivative. This corresponds
to pr = pp = 1/3. The value ¢ = 2/3 gives § = 2, and hence value of Cg ~ 2nlogn in (23).
This confirms the w.h.p. cover time of a random 3-regular graph from [4] as the minimum
cover time for this model. The value of # is plotted in Figure 1.

10

Theta

I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0

Value of q

Figure 1: Plot of = 6(q) from (25) as ¢ varies from 0 to 1. The minimum value of § = 2 is
at ¢ = 2/3, giving a cover time of 2n logn for random 3-regular graphs. Values of ¢ for which
pr < pp are to the right of the vertical line at ¢ = 2/3. The plots diverge at ¢ = 0, 1.

14



5 The oblivious model: Proof of Theorem 3

5.1 Proof of Theorem 3(a).

This follows directly from Theorem 1(a).

5.2 Proof of Theorem 3(b).

We prove that if b = 2, and the blue edges span a Hamilton cycle H, then the cover time of
an oblivious walk on G with budget t; = (1 —¢)(r + 1) /rnlogn is asymptotic to n?/2.

Divide H into £ = n” consecutive intervals I, I, . .., I; of length L = n*=* where 0 < v < /3.
Fix one such interval /. Let Sy be the locally tree-like vertices in I and then choose S by
greedily choosing a subset of Sy where each pair of vertices are at distance 20 + 1 apart. Note
that |S| > n'=v—o),

Let S; = Si(t1) denote the subset of S which has not been visited by the walk W at step
t1 =(1—¢)(d—1)/(d—2)nlogn, where d = r+b as usual, and b = 2. Let X, be the indicator
that vertex v € S is unvisited at step t;. Thus applying Lemma 4 as in Section 3.1, we obtain

R, d—1
E[S1] :ZX” = ZGXP{—(lﬂLn); (1 —a)d 2n10gn}

veS veES
1—v
_n —l+eto(l) _ &
=N =nNn
d3e )

where 0 = ¢ — v 4 o(1). Here n = o(1) combines the errors arising from estimating R, =
(d—2)/(d—1)(1+ o(1)), the convergence via (2) of W to m, = 1/n, and the approximation
of p, = /Ry, (1 + O(T,) in Lemma 4.

We next prove that |S;(¢1)] > 0 by adapting the approach used in Section 3.1.2. When
calculating the variance of |S;| by contraction of pairs u,v € S, the main error v comes from
the change in R, due to the probability that the walk travels between the pair of contracted
vertices u,v in the mixing time. From [4] this is

B = ZG(’]TU + ) = o(1/logn) (26)

t=20

assuming A = 1 — 6 for some 6 > 0 constant, and o is given by (5).
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For X =" X,

EX(X —1) =) EX,X,

u,WES

d—
- Z exp{—(l —1—77)%]%(%1,)(1 +8) (1 —g)d_ ;nlogn}

u,vES

=n2pOB/mn) = (ES;)? (1 +0 (%)) ,

where f is defined in (26). So,

Var|S;| =EX (X — 1) + E|S;| — (E|Sy])?

s 0(%5)

—E|S1|(1 + o(1)).

Using the Chebychev Inequality we deduce that
P(S, = 0) < P(|S1 — ESy| > ES,/2) < —— — O (=
1= 1 12 E21/2) S go- = 5

Let v = ¢/3. The expected number of segments with S; = ) is at most

14 n” 1
0 (m) =0 <n£—u+o(l)) - nvto(1)”

We conclude that w.h.p. each segment I has at least one unvisited vertex in Sy(/) when the
budget runs out at ¢;. Thus we have to effectively walk around the cycle to reach them all.
This requires ~ n?/2 time w.h.p. Let Cogy(g) be the cover time of an oblivious walk with
budget at most t; = (1 — ¢)C(G), then

TL2

OOBV(?E) ~ C(On) ~ ?

5.3 Proof of Theorem 3(c).

We first observe that the space F(2,7) of graphs formed by the union of a random 2-factor
and a random r-regular graph is contiguous to the space G(r + 2) of random (r + 2)-regular
graphs, see for example Wormald [18]. So, the Red/Blue walk has mixing time O(logn) w.h.p.
(we apply contiguity to the property of having a small second eigenvalue as in P5).

We next prove a basic lemma on random 2-factors.
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Lemma 6. W.h.p. a random 2-factor contains at least 2 cycles of length at least cn/(log®n)
for some absolute constant ¢ > 0.

Proof. We begin by arguing that the number of cycles in a random 2-factor is O(logn) w.h.p.
It follows that w.h.p. there is at least one cycle of length Q(n/logn), among which we
choose the longest. We then argue that w.h.p. the maximum length of this cycle is at most
¢ =n—n/logn. As at least n/logn vertices remain after removing this cycle it follows that
there is another cycle of length at least Q(n/log®n).

Number of cycles. Let S, denote the set of permutations of [n], and let S” C S,, be the
subset with minimum cycle length 3. We can obtain a random 2-factor F' by choosing a
random permutation from S’. This is not done uniformly, but we choose permutation = with
probability proportional to 5; where ¢ = {(r) is the number of cycles in 7. Having chosen
we obtain our 2-factor by ignoring orientation. A 2-factor F' with ¢ = ¢(F") cycles arises from
2¢ distinct permutations and so a 2-factor F is chosen with probability 2¢(F) . 2Tlp) . L where

M
M =3 s 5t Now the proof of Proposition 2(a) of Karp [11] implies that

P(¢(7) > alogn) < P(Bin(alogn,1/2) < log,n) < n~%? for a > 2. (27)
So, P({(7) > 2logn) < n~2/3. Because |S'|/|S,| = ¢ ~ e~*/2 this also holds for S’. Summing
over ',
1 1 en!(1 — O(n=2/3))
M= Z %Jr Z ge(w)2 n2 :
{(m)<2logyn {(m)>2logy n
And

{m e S 4(m) =m}| _
2mM

P({(F) > 3logyn) = Y O(n™1).

m2>3logyn

Longest cycle. We use the configuration model of Bollobés [2]. In this model the expected
number of cycles of length at least £ > ¢y =n — n/logn is

Xn: n\ (k —1)! ok (2n —2k)!  nl2m Xn:Q_%n!n! 2n — 2k
k 2 (n—k)2n=k (2n)! & 2k (2n)!\ n—k
=%0

k={g

=0 (%) + O(y/logn) log <L>
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Given Lemma 6 we proceed as follows: let C, C5 be two of the cycles of length at least
Q(n/log?n), as promised by Lemma 6. As in Section 5.2, let L = n'™ where v > 0.
Partition each of the cycles C, C5 into intervals of length L. We know that w.h.p. at time
th =(1—¢)(d—1)/(d—2)nlogn, (where d = r + b) there will be unvisited vertices in C;, Cy
and the result follows.

5.4 Finishing the proof of Theorem 1(b). The lower bound

For the lower bound, let ¢ty = (1 —¢)(1 + C/F)oggnlogn. The length C, F of the charged
and free periods are fixed and in constant proportion. The ¢, steps are divided into 7 = nf
phases of equal length C' + F = n'~%+°() The total amount of time spent in free phases is
(1 —e)ogrpnlogn.

In phase 1 < ¢ < 7, during a charged period C' the walk will w.h.p. cover an interval J; of the

Hamilton cycle of length n(1=9/2+°() Let I, I,, ..., I, be intervals of length L = n'~, where
v = £/3 as in Section 5.2. In total, the intervals Jy, Jo,...,J. cover at most n’ n(1+0)/2+o(1)
vertices.

We require nfT(1+0/2+(1) <« [, = nl=¢/3 which is satisfied by 6 = (1 — ¢)/4. With this value
of 0, w.h.p. each interval I; j =1, ..., ¢ will contain a vertex unvisited during the free phases.
This completes the proof of Theorem 1(b).
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