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—— Abstract

Network motifs are small patterns that occur in a network significantly more often than expected.
They have gathered a lot of interest, as they may describe functional dependencies of complex
networks and yield insights into their basic structure [22]. Therefore, a large amount of work went into
the development of methods for network motif detection in complex networks [20, 28, 8, 31, 16, 1, 25].
The underlying problem of motif detection is to count how often a copy of a pattern graph H occurs
in a target graph G. This problem is #W][1]-hard when parameterized by the size of H [14] and
cannot be solved in time f(|H|)n°*D under #ETH [7].

Preferential attachment graphs [3] are a very popular random graph model designed to mimic
complex networks. They are constructed by a random process that iteratively adds vertices and
attaches them preferentially to vertices that already have high degree. Preferential attachment has
been empirically observed in real growing networks [24, 19].

We show that one can count subgraph copies of a graph H in the preferential attachment
graph G7,, (with n vertices and nm edges, where m is usually a small constant) in expected time
f(|H|)mO(‘H‘5) log(n)o(‘H‘m)n. This means the motif counting problem can be solved in expected
quasilinear FPT time on preferential attachment graphs with respect to the parameters |H| and m.
In particular, for fixed H and m the expected run time is O(n'™*) for every € > 0.

Our results are obtained using new concentration bounds for degrees in preferential attachment
graphs. Assume the (total) degree of a set of vertices at a time ¢ of the random process is d. We
show that if d is sufficiently large then the degree of the same set at a later time n is likely to be
in the interval (1 £+ s)d\/m (for € > 0) for all n > t. More specifically, the probability that this
interval is left is exponentially small in d.
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1 Introduction

Network motifs are small patterns that occur in a network significantly more often than
expected. They are relevant for example in the analysis of biological networks such as
transcription networks of bacteria [22]. Detecting network motifs is computationally very
expensive and there exist numerous algorithms for this task [20, 28, 8, 31, 16, 1, 25]. The
underlying problem of motif detection is to count how often a copy of a pattern graph H
occurs in a target graph G. This can be very hard, as counting perfect matchings is #P-
hard [29]. One of the fastest algorithms by Curticapean, Dell, and Marx can count subgraph
copies of a graph H with k edges in a graph G of size n in time kOF)p0-174k+0(k) [12]. When
it comes to parameterized complexity, counting k-cliques is #W/1]-hard [14] and cannot be
done in time f(k)n°*) under #ETH [7].
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A general question is whether problems that are hard on general graphs can be solved
efficiently in real-world networks. To this end, the average run time of algorithms on random
graphs has been considered (see [15] for a survey from 1997). For example Janson, Luczak
and Norros show that in certain scale-free random graphs with exponent a > 2 one can find
a maximal clique in polynomial time [18].

Preferential attachment graphs [3] are random graphs designed to mimic complex networks.
They are constructed by a random process that iteratively adds vertices and attaches
them preferentially to vertices that already have high degree. Scale-free behaviour has
been identified as a central property of many complex networks [6, 9] and the preferential
attachment process is a widely recognized explanation [5] of this behaviour. Preferential
attachment has been empirically observed in real growing networks [24, 19].

Recently, the behaviour of some algorithms on preferential attachment graphs has been
analyzed. Let G, be the preferential attachment graph with n vertices and m edges per
vertex by (see Section 2 or a rigorous definition). For example, Korula and Lattanzi present
a reconciliation algorithm with proven 97% success in preferential attachment graphs [21]
and Cooper and Frieze show that the cover time of a simple random walk on G7;, is with
high probability asymptotic to %nlog(n) [10].

We show that the motif counting problem can be solved in expected quasilinear time on
preferential attachment graphs by a simple algorithm for any motif of constant size. For
simple graphs G and H let #Sub(H, G) be the number of subgraphs of G isomorphic to H.
If the graph G has loops or multi-edges (as preferential attachment graphs do) then the
subgraphs is counted with respect to the simple graph corresponding to G. Our main result
is the following.

» Theorem 5. There exists a function f such that for every graph H and n,m € N one can
compute #Sub(H,G",) in expected time f(|H|)mO(|H‘6) log(n)CUHI )y,

This means one can compute #Sub(H, G) in expected quasilinear FPT time on pref-
erential attachment graphs with respect to the parameters |H| and m. In particular, for
fixed H and m the expected run time is O(n'*¢) for every ¢ > 0. Our results can be easily
extended to alternative definitions of #Sub(H, G) for multigraphs.

Our result is obtained as follows: At first, we define a value 7;(G) for every graph G
and [ € NT and present a simple algorithm to compute #Sub(H, G) in time f(|H|)vz|(G)
for some function f (Lemma 3). We then bound 7;(G) by the number of subgraphs in
G of bounded size with at most two pendant vertices (Lemma 7). Using this insight, we
can bound the expected value of ;(G) in preferential attachment graphs by E[y,(Gp,)] =
mOPU) log(n))p (Theorem 4), which directly yields the efficient subgraph counting
algorithm. This analysis is based on concentration bounds for vertex degrees, which are
proven in Section 5.

Concentration Bounds for Degrees in Preferential Attachment Graphs

A large part of the analysis of our motif counting algorithm is based on concentration bounds
for degrees, which we believe to be of individual interest. Aspects of the degree distributions
in preferential attachment graphs are well studied [5, 4, 2, 17, 23, 27, 26, 32]. For example,
Bollobés et al. [5] show that the degree sequence follows a power law distribution and Pekoz
et al. [26, 27] bound the rate of convergence of the degree of individual vertices to a limit
distribution. The resulting tail bounds for degrees of individual vertices, however, have
only polynomial accuracy. We complement these results by providing exponentially strong
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concentration bounds for vertices or sets of vertices with high degree. We believe these
bounds to be useful for proving structural properties and analyzing algorithms on preferential
attachment graphs beyond motif counting.

Let the vertices in a preferential attachment graph be v1,vs,v3,... in order of insertion.

Let t € N and S C {vy,...,v:}. We analyze the evolution of the degree of S in the random
process over time. For n >t and m > 1 we define d}},(S) to be the sum over all degrees of
vertices in S in GI, (we define d, (v;) := d*,({v;})).

Assume the degree of S at a time ¢ to be d!, (S) = d. It can be shown that the expected
degree of S at a later time n > t of the same random process asymptotically approaches
E[d}(S) | d,(S) = d] ~ \/%d [30]. In general, the preferential attachment process is too
unstable and chaotic to guarantee that the degree of S closely centered around its expected
value. We show, however, that if d is sufficiently large then the degree of S at time n is likely
to be in the interval (1 £ s)ﬁd (for £ > 0) for all n > t. More specifically, the probability
that this interval is left is exponentially small in d. This is formalized by the following
theorem.

» Theorem 19. Fort,m,d e N*,0<e<1/2, S C {vq,...,v:} with Pr[dL,(S)=d] #0
and d > log(log(3tm))e =200

Pr[(l — E)\/?d <dy(S)<(1 +5)\/§d for alln >t ’ d (S) = d} 51 e,

Note that concentration is guaranteed for all n > ¢ simultaneously. This means especially
that the degree of large sets of vertices is strongly concentrated at all times of the random
process. The constants have been chosen to ease calculations and can be greatly improved.

2 Preliminaries

We will denote probabilities by Pr[] and expectation by E[x]. The logarithm is the natural

logarithm. We use common graph theory notation [13]. The order of a graph is |G| = |[V(G)].

The size of a graph is ||G|| = |V(G) + E(G)|. All graphs (except preferential attachment
graphs) are simple graphs. The underlying simple graph of a multigraph is obtained by
replacing multi-edges with a single edge and removing self-loops. In this work we focus on
the preferential attachment random graph model [3]. The model generates random graphs by
iteratively inserting new vertices and edges. It depends on a parameter m that equals the
number of edges attached to a newly created vertex. We follow the definition of Bollobas
et al. [5]: For a fixed m, the random process is defined by starting with a single vertex and
iteratively adding vertices, thereby constructing a sequence of graphs G G2 ... G  where
G!, has t vertices and mt edges. We define d!,(v) to be the degree of vertex v in the graph
Gt.. The random process for m = 1 works as follows. A random graph is started with one
vertex v that has exactly one self-loop. This graph is Gi. We then define the graph process
inductively: Given G%™! with vertex set {vy,...,v;_1}, we create G% by adding a new vertex
vy together with a single edge from v; to v;, where i is chosen at random from {1,...,t} with

P[-, ]7 di_l(US)/(Qt_l) 1<s<H,
T e it

This means we add an edge to a random vertex with a probability proportional to its degree
at the time. For m > 1, the process can be defined by merging sets of m consecutive vertices

in G to single vertices in GY, [5]. Let v},..., v/, be the vertices of G{**. The graph G%,

13:3

FSTTCS 2019



13:4

Motif Counting in Preferential Attachment Graphs

/ ;o .
(i—1)m+17* * +» Vi 10O & single vertex v;.

The graph GY, is a multigraph. The number of edges between vertices v; and v; in Gb,

with vertices v1,...,v; is constructed by merging v

equals the number of edges between the corresponding sets of vertices in G7**. Self-loops
and multi-edges are allowed.

In this work we obtain concentration bounds for the total degree of a set of vertices
S C{vy,...,v:} during the random process. We define the degree of a set S at time n >t

as dp, (5) = 3 ,cs di (v)-

3  Subgraph Counting

We start by presenting a very simple algorithm that decides for a graph G and a connected
pattern graph H if there exists a subgraph of G isomorphic to H. Then Lemma 2 and 3
generalize this algorithm into a counting algorithm for arbitrary pattern graphs.

Assume there is a subgraph H' of G isomorphic to H that we want to find and let I = |H|.
Since H' is a connected graph with at most [ vertices there exists a vertex v € V(G) such
that H’ is contained in the I-neighborhood G[NF(v)] of v. We build a spanning tree T' of
G[NF (v)]. Since T is a tree, it is fairly easy to find H’ if H' is a subgraph of 7. But what
happens if H' contains edges that are not contained in 77 We call the edges of G[NZ (v)]
that are not in T the extra edges of the l-neighborhood of v. Since H has at most (é)
edges, there exists a subset F' of at most (é) many extra edges such that H is contained in
(V(T),E(T)UF). The graph (V(T), E(T) U F) is a tree with at most (é) extra edges and
therefore has bounded treewidth. Using Courcelle’s theorem [11] it is still easy to find H' in
(V(T), E(T) UF). In summary, one can find the graph H’ by enumerating all v € V(G) and
sets F' of at most (é) extra edges in the [-neighborhood of v in GG, and then using Courcelle’s
theorem.

We define a value 7;(G) of a graph G, which can be obtained by multiplying the size of
each [-neighborhood with the number of sets of extra edges of size at most (é)

» Definition 1. Let G be a graph and | € NT. We define

(z) SVl — INC oy —
wG) = >IN (”G[Nz Ol . INE (v)| 1)'
k=0

veV(G)
For multigraphs G, ~v,(G) is defined with respect to the simple underlying graph.

We now show that 7;(G) captures the run time of the previously discussed algorithm (up to
a factor independent of G). We start with counting connected patterns and generalize this
afterwards to arbitrary patterns.

» Lemma 2. There exists a function f such that for every graph G and connected graph H
one can compute #Sub(H,G) in time f(|H|)y u|(G).

Proof. Let [ = |H|. We compute spanning trees T, of G[NF(v)] for v € V(G) in time
ZUEV(G)O(”G[NlG(v)]”) by breadth-first searches. Let F, := {F | F C E(G[NF()]) \
E(T,),|F| < (é)} be the set of all subsets of at most (é) edges that are in G[NF(v)] but not
in T,,. We construct the sets 7, for v € V(G) in time }, .y O(IGINE ()|l + | Fu1?).
Let I be the set of all subgraphs of G isomorphic to H. For v € V(G) and F € F, let
I,,.r be the set of subgraphs H' of (V(T), E(T,) U F) such that H' is isomorphic to H,
v € V(H') and F C E(H'). We claim that #Sub(H,G) = I = X ,cy ¥ per, L Let
H' be a subgraph of G. If H' is not isomorphic to H then by definition H' ¢ I, p for all
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v € V(Q), F € F,. Assume now that H' is isomorphic to H. To prove the claim, need to
make sure that H' is counted exactly |H| times. This is the case because H' € I, p if and
only if v € V(H') and F = E(H')\ E(Ty).

In order to compute #Sub(H, G), it is now sufficient to iterate over all v € V and F € F,
and compute |I, p|. The graph (V(T,), E(T,) U F) is a tree with at most (é) additional
edges and therefore has treewidth at most (é) + 1. By Courcelle’s theorem [11], there exists
a function f’ such that one can compute |1, | in time f/(1)|NF (v)|.

The run time of this procedure is dominated by the time taken to compute T,,, F, for
v € V(G) and |I, p| for v € V, F € F,. Since ||GINF (v)]|| < |[NF(v)| + | F,|, this run time is
bounded by

> O(IGINEWIIl + IFJ2 + 1 F NS OINE@)]) = O(F' 1) Y IFINE@)l). <

veV(G) veV

» Lemma 3. There exists a function f such that for graphs G and H one can compute
#Sub(H, G) in time f(\H|)’y‘H‘(G),

Proof. (Sketch) Let H be a representative set of all connected pairwise non-isomorphic
graphs with at most |H| vertices. We compute #Sub(H’, G) for every connected graph
H' € H. Via inclusion-exclusion, we can compute #Sub(H, G). We sketch how the procedure
works if H consists of two components. Via induction, it can be generalized to an arbitrary
number of components. Let C; and Cs be the components of H. The value ¢ = #Sub(C1, G)-
#Sub(Cs, G) counts all ways in which the two components of H can be embedded in G.
However, ¢ might be larger than #Sub(H, G) since it also counts all embeddings where the
two components intersect in GG by sharing one or more vertices. Every intersection of the
two components is connected, thus, we can count them and subtract them. <

We now have a subgraph counting algorithm with efficient run time if the function | (G)
is small. If G has bounded degree or is a tree, then 74 (G) is an fpt function for the
parameter |H|. It remains to show that the function is also small for certain random graphs.

4 Bounding 7, in Preferential Attachment Graphs

The remainder of this paper is concerned with the analysis of the run time of the aforemen-
tioned algorithm on preferential attachment graphs. This is done by using our concentration
bounds for degrees (Theorem 19) to prove the following theorem.

» Theorem 4. Let l,n,m € N withn > 2. Then E[v,(G%)] = mO) log(n)o(ll2)n.
This is then sufficient to prove our main result.

» Theorem 5. There exists a function f such that for every graph H and n,m € N one can
compute #Sub(H, G",) in expected time f(\H|)mO(‘H‘6) log(n)o(‘mlz)n.

Proof. Direct consequence of Lemma 3 and Theorem 4. <

We prove Theorem 4 via multiple steps. In Lemma 7, we bound for every graph G and
l € NT, 7(G) <1615 |B25(G)|, where BY(G) is defined below.

» Definition 6. For a graph G and [,b € N let BY(G) be the set of subgraphs in G of size at
most | with no isolated vertices and at most b pendant vertices. If G is a multigraph then
BY(G) is defined with respect to the simple underlying graph.

13:5
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Then we use the degree bounds from Theorem 19 to step by step (Lemma 8 — 11) bound the
expected value of |BY(G)| in preferential attachment graphs.

» Lemma 7. Let G be a graph and | € N*. Then v(G) < 161° | B3 (G)].

Proof. For every v € V(G) let T, be a breadth-first spanning tree with root v in G[NZ (v)]
and F, := {F | F C E(GINF (v)]) \ E(T,),|F| < (})} be the set of all subsets of at most (3)
edges that are in G[N(v)] but not in T,,. Clearly v,(G) = 2 vev(c) INE (0)]|Fol-

Let v € V(G), w € NF(v), F € F,. Let U C V(G) be the set containing v, w and all
endpoints of the edges in F'. We define a graph H,, ,, r as follows: Start with the empty
graph, add the vertices U, the edges F', and for every u € U the unique path in T, from v to
u. Since T, is a breadth-first spanning tree, every path in T, starting at v contains at most
I+ 1 vertices. Since also |U| < 2( ) + 2, we can bound V (Hy,u,r) < (2( )+ 2)(1+1) <403
Furthermore H, ., 7 contains no vertices with degree zero and every vertex in H, ,, p except
for v and w is guaranteed to have degree at least two. This implies H,, o r € Bip (G).

Let further v’ € V(G), w' € N (v). If there exists F' € F(v') with Hy . r = Hy o 7
then v € V(Hyw,s) and w € V(Hy ). Also there exists at most one F' € F, such
that Hy . pr = Hy w p. Thus, there are at most 161° choices for v/, w’, F’ such that
Hyw,r = Hy w - <

It is now sufficient to bound the expected value of |BY(G)| in preferential attachment
graphs. At first, we use Theorem 19 to give an upper bound on the degrees of single vertices.

» Lemma 8. There exists h > 0 such that for a € R, n,t,d € N with n > at, and
a > hloglog(3at) it holds that Pr [d?(vt) > a\/?} <ea/h,

Proof. Let S = {vs,...,v¢41as51} Then df (v¢) < d7(S). We assume h to be large enough
that @ > 1000. Therefore ¢+ [a/5] < at <n and a/5 < diHa/E’](S) <2[1+4+a/5] <a/2. We
use these inequalities to bound

la/2]
dn (ve) \/7 Z Pr [dt+fa/5W(5):d} Pr{d?(S)ZQﬁd‘dtﬁ[“m(S):d )

d=[a/5]

Let € = 1/2. We choose h large enough such that a/5 > log(log(3(¢t + [a/5])))e 2% and
£209q/5 > a/h. Theorem 19 yields for [a/5] < d < |a/2]

Pr d’iL(S) > (1 +E) /#d ’ dt+"a/5-| (S) —d < 6_5200(1 < e—a/h. <

While it is easy to use the expected degree of a vertex to show that the probability that
a single edge v,v, exists in GT is close to 1/,/xy, it is surprisingly involved to bound the
probability that multiple edges occur. This is because the existence of some edges influences
the degree. Lemma 8 helps us here. We first show the result for m = 1 (Lemma 9) and then
lift it to arbitrary values of m (Lemma 10).

» Lemma 9. Letn>2 and E C ({“1 ’“”}). Then

Pr[E C E(GY)] <log(m)°1ZV* T 1/yaw.

VypUy EE
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Proof. We can assume E that E = {vy,vy,,...,05,0y,} with z; < y; for 1 < ¢ <[ and
y; < y; if i < j. Also, we define for k < I, Ey = {vy,vy,,...,05,0y, } as the subset of the
first k edges. The chain rule gives us

l
Pr[E C E(GY})] H r[ve, vy, € E(GY) | Ex_1 C E(GY)].

We fix some 1 < k <[ and set £ = x, y = yi. It is now sufficient to show that
Prlogvy € B(GY) | FBy_1 C B(GY)] < log(n)°® / /7.

If &' (v,) = I for | € N then the edge v,v, is inserted with probability I/(2y — 1). Thus

Prlv,v, € E(GY) | Ex_1 C E(GY)) Z (2y — 1) -Pr[dV ' (v,) =1 | Ex_1 C E(G})]

=1/(2y = 1)-Eld{"'(v2) | Bxo1 C E(GY)] < E[d}(v,) | Ex—1 € E(GD)]/y. (1)

Let now A € R, whose value we will specify later. Since d¥(v,) < 2y, the law of total
probability states

E[d{(vz) | Ex-1 € E(GY)] < A+ 2y Pr(d{(vz) > A | Bx—1 € E(GY))
< A+ 2yPr[dY(v,) > \]/Pr[Ex_1 C E(G})]. (2)
We now need to find a lower bound for Pr[Ey_; C E(G7)]. For the first y steps the summed
degree of all vertices is at most 2y. Also each vertex has degree at least one. This means

that every individual edge has probability at least 1/2y, independent of where previous edges
are. This observation together with the chain rule yields

k—1
Pr[Ey 1 C E(GY)] = [ Prlvs,vy, € E(GY) | Eioa € E(GY)) < 1/(2)". (3)
i=1

Combining (1), (2), and (3) yields
Prlv,v, € B(GY) | E C E(GY)] < My + 2y Pr[d} (v:) > Al(29)"/y. (4)

Let h be the constant from Lemma 8 We now set A\ = hlog(y)?*y/y/x. Then (4) and
Lemma 8 (with a = hlog(y)?* and e =y~ 2k) yield

Prlv,v, € E(GY) | E C E(GT)] < hlog(y)* y/z/y + 2y~2* (2y)* = log(n)°®) //zy. <

» Lemma 10. Let n,m € NT, n>2 and E C ({“1"'2"””}). Then

Pr{E C E(G,)] < log(n)OEV m2 Bl T 1//aw.

VpUy EE

ll

Proof. One can simulate G}, via GT*", by merging every m consecutive vertices into a single
one. For vyvy € E let Eyy = {vgvy | m(z—1)+ 1<z’ <mz,m(y—1)+1 <y <my}.
This means the edge v,v, is present after the merge operation in G7;, if any edge from E,, is
present in G7"". The union bound and Lemma 9 yield

PrE C B(Gy)] <logm)®P" T 37 1y

’L)I’UyGE’Uz/Uy/eEmy é log(n)O(|E|)2m2|E| H 1/\/@
VepUy EE <
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We can now bound E[|BY(G?,)|] by iterating over all possible embeddings of graphs of
size at most [ with no isolated vertices and b pendant vertices into GJr,. We use Lemma 10 to
bound the probability that the edges required for this embedding are indeed present in G7.,.

» Lemma 11. Let I,b,n,m € N* with n > 2. Then E[|BY(G?,)|] = n®/? log(n)0HmO) .

Proof. Let H be a graph with at most [ vertices, at most b pendant vertices and no isolated
vertices. Let p be the expected number of subgraphs of G}, that are isomorphic to H. We
want to give an upper bound for p. Let V(H) = {w1,...,uy} with v <[ and let d1,...,0,
be the degree sequence of V(H). We compute the following bound for later

1 if 5; > 2,
e <1 {og(n)l > (5)

1 noq
EE / v
r; /;C;_si 1 Vadi 2vy/n  if §; = 1.

For integers 1 < z1,...,2, < n, we consider an embedding of H into G}, that maps
u; to vy, (for 1 < i < ). According to Lemma 10, the probability that this embedding of

H is a subgraph of G, is at most 1og(n)o(l4)mo(l2) T, 32151 . We sum over all possible

embeddings and use (5) to bound p by

n

zn: zn: log(n)°ImC T \lf = log(n)°0ImO) 3 \/1? zn: 157

z1=1 zy=1 i=1 xf’i z1=11/2] zy =11/ x

D 10g(n)2U MmO (1 1 log(n)) (1 + 2v/0)" = nb/21og(n)O¢) MmO,

For an arbitrary but fixed graph H with at most [ vertices, no isolated vertices and at
most b pendant vertices we have bound the expected number of occurrences p. There
are no more than 2 graphs with at most [ fixed vertices. Therefore, E[|BY(G™,)|] <
2V pb/2 log(n)o(l4)mo(lz). <

At last, Theorem 4 is a direct consequence Lemma 7 and Lemma 11.

5 Degree Bounds

In this section we show that under certain conditions the degree of vertices is closely centered
around their expected value. This is formalized in Theorem 19, which is proven at the end
of this section. We separately show upper and lower bounds and then join these bounds
together. These bounds are proven by first giving bounds that hold for a short interval of
time (Section 5.1) and then extending these bounds for longer intervals of time (Section 5.2).

Let n >t and S C {vy,...,v:}. Remember that d,(S) is the degree of a set S in G7,.
Due to the technical nature of this section, we sometimes consider the set S C {vy,..., v}
to be fixed and write D(n) as shorthand for d}(S) to avoid having large formulas as a
superscript. We also define D(n) := D(|n]) for n € R. For n >t we can explicitly state the
probability distribution of D(n) under the condition D(n — 1) as

D(n—1)/(2n—1) r=Dn—-1)+1
Pr[D(n) =z |D(n—-1)]=<1-D(n—-1)/2n—1) z=D(n—1)

0 otherwise.
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5.1 Short-Term Degree Bounds

Here we show that for small ¢ from time-step ¢ to (1 + 0)¢ it is very likely that we increase
the degree of the set S by a factor of 1+ /2 + O(6?).

» Lemma 12. Let0<d <1 andt > 6%. Then

5
Pr[D((1+6)t) < (1+ 5 —26%)D() | D] < e 520,
Proof. For every t' € R D(t') = D(|t'|). For every ¢’ € N either D(¢') = D(¢’ — 1) or
D(') =Dt — 1)+ 1. Let N be the number of integers between ¢ and (1 + §)¢. Let A; with
1 < ¢ < N be the Bernoulli variable indicating that D(|t| +¢) = D([t] +i— 1)+ 1 and
A=A;+---4+ Ay. Then D(t) + A = D((1 4 6)t). Furthermore

D(U+z‘—1)> D(t)
2([t) +i) —1 — 2(1+ o)t

Let X = X7 +--- 4+ X be the sum of identically distributed Bernoulli variables with

PI‘[Al =1 | Ala . '7Ai—1aD(t)]

Pr[X;=1] = LU We consider two experiments: The first game is N tosses of a fair coin.

2(1+0)t
The second one is IV tosses of a biased coin, where the probability that the ith coin comes up

head depends on the outcome of the previous coins but always is at least 1/2. Obviously, the
probability of at least s heads in the second experiment is at least as high as the probability
of at least s heads in the first experiment. The same argument implies

Pr[A < s | D(t)] < Pr[X < s | D(t)]. (6)

With t > & we get N > 6t —1 > (6 — $6%)t and

ELX | D] = N afx, = 1] Do) = C2220, )

In contrast to A, we can directly apply Chernoff bounds to X:
Pr [X < (1-0)E[X | D(t ‘ D(t } —36*BIX|D(1)] (8)

Combining the above inequality with (7), (6) and (8) yields

Pr[A<(1_5)((z1+62§2 ‘D ]wé?)Pr[XS(l §)E[X | D(t) ‘D (t)

2 c-tepxing) D - TEIDO L - heDw ()

For 0 <6 <1, U=9P-0/2 > 8 — 252 Thus, by (9) and D((1 +6)t) = A + D(t)
Pr[D((1+0)t) < (1+6/2—26%)D(t) | D(t)] = Pr[A < (6/2 —26%)D(t) | D(t)]

< e 169° D),
<

Unfortunately, an additional factor of log(2et) is introduced in the following upper bound.

The proof is very similar to the previous one and is omitted for lack of space.

» Lemma 13. Let 0 <6 < % and t > %. Then

Pr [D((l +0)t) > (1+6/2+26%)D ’ D(t } < log(2¢t)e—$9°D®),

13:9
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5.2 Long-Term Degree Bounds

In the previous subsection we established bounds for a small interval from step ¢ to step
(1+ 8)t with an error of order §2. In this subsection we combine these bounds into long-term
bounds. We get these bounds by defining positions tg =t and 41 = (1 + dx)tx with £k € N
and using the union bound to guarantee that for each interval from time t; to tx41 the
short-term bounds hold. The choice of ¢y, is of high importance for the success of this strategy.
It turns out that we need the product []y-, (1 + dx) to diverge, but the error []p, (1 + 637)
to converge. We settle for d;, = £/k%/3, which satisfies both conditions.

Lemma 14 and Lemma 15 bridge the gap between the bounds for small intervals and
longer periods by stating that if the degree differs by a factor of (1 & €) from its expected
value then there has been one interval where the allowed error O(§?) has been exceeded.

> Lemma 14. Let 0 <e<1/8,t >0, and f: R — R be an increasing function. For every
k€N let 6 = 55, b =112 (1 +6;), and ¢, = 1‘[’“*1(1 + 16— 252).

If there is an n € N, such that t <n and f(n (1-¢) \/>f , then there is a k € N
such that f((1+ 6g)hit) < (1 + 36, — 262) f(hyt) (md f(hkt) > f(t )

Proof. Consider any n € N, n > t. Let k(n) € N be the maximal value such that hy,)t < n.

Then T’L() < hinyt, because of the maximality of k(n). Notice that

n 1 n 1
1— e [V < e 28 [ <L e3¢
( E)\[ \[ Viee = i r 0y = VI

and for all k € N

2

k—1 k—1 1 00 3 1
1 2 2 _ 3¢ 3 2 1
cr > | I e§5¢—35i > (I | eéi) | Ie 4/3 ( ) —4e > e3¢ /hk-
=1 =1 i=1

Combining the upper two inequalities gives us (1 — ¢€) \/7 ck. We assumed f(n) <

(1 —&)y/%f(t). Monotonicity of f yields f(hk(n)t) < fn) < (1 =e)/Ef(t) < cumy f(1).
Let J ={j > 0] f(hjt1t) < ¢j+1f(t) }. The set J is not empty because k(n) —1 € J

by the equation above. Furthermore, 0 ¢ J because hy = ¢; = 1 and therefore f(hit) =

f(t) = c1f(t). Let now k be the minimal value in J. Then k > 0, f(hxt) > ¢ f(t), and

f(hrg1t) < o1 f(t). At last, we have

.

1 1
F((1400)hit) = f(higat) < epyn f() = (1450 = 202)er f(t) < (1+ 50k = 202) f(hit).
The proof of Lemma 15 is similar to the one of Lemma 14 and is therefore omitted.

» Lemma 15. Let 0 < e <1/40,t >0, and f: R — R be an increasing function. For every
k€N let 6 = o5, b =112 (1 +6:), and ¢, = H’Hu + 15, + 252).

If there is an n € N, such that t < n and f(n 1+¢ \/Wf , then there is a k € N
such that f((1+ 6g)hit) > (1 + 365 + 262) f(hyt) (md f(hkt) < e f(t ).

=TI (1 +5)),

» Lemma 16. Let 0 <e <1/40, t > %. For every k € N let b, = 575,
o = Hf;ll(l + 16; +207) and ¢, = Hi:ll(l + 16; — 262). Then

Pr [D((l + 6 )hit) < (1+ %&c —267)D(hit), D(hit) > ¢, D(2) | D(t)} < e T6%ke, D)

Pr {D((l + k) hit) > (1+ %&g +267)D(hit), D(hit) < ¢f D(t) | D(t }

< log(2et)e” % Sey D(b)
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Proof. At first we focus on the first bound. By the law of total probability

Pr [D((l + 6p)hit) < (1+ %@ —267)D(hit), D(hit) > ¢, D(2) | D(t)}
< Pr [D((l + 0p)hit) < (1 + %@ —267)D(hit) | D(hit) > ¢, D(1)].

The second line of this equation states the probability that the degree of a vertex is in the
future below a certain threshold under the condition that it is currently above a certain
threshold. We can bound this probability if we assume that it currently is not above, but
exactly at the threshold:

Pr [D(u + o) hit) < (1+ %&C —262)D(ht) | D(hit) > c,;D(t)]
<Pr [D(u +o)het) < (1+ %@ — 262)D(hit) | D(ht) = ¢z D(®)).

Similarly, the probability that the degree of a vertex is in the future above a certain threshold
under the condition that it is currently below a certain threshold can be bounded by assuming
that it is exactly at the threshold. Thus, it suffices to prove the following two bounds

1 1 £3 —
Pr [D((l + dk)hnt) < (L+ 50k — 267)D(hyt) | D(hyt) = c,;D(t)} < e~ 16% ¢ D)

1 1¢3
Pr [D((l +1)hit) > (L+ S0 +26) D(hit) | D(hit) = ch(t)} < log(2et)e~ $9iet DO,

Lemma 12 and 13 state that if 0 < 6, = e/kg’/2 < 1/e? and hyt > 2/5,% for every k then these
bounds are true. We observe that for 0 < & < 1/8 the first precondition is always satisfied. We
will finish the proof by showing that hyt > 2/82 for every k. Observe that for 0 < k < 1 we
have hit > 2/82 > 2/6]3. We can therefore assume k& > 2. First, we need a lower bound for hy.

k—1 k—1
13 = 1/3 1/3
h — 1 _ > eig/g > e38(k—1) > eQek
k 1_[1( + i2/3) =11 > >
= i=

One can show that e®/z* > e*/256 for > 0. We therefore get for 2 = 2ck/3

2k 166 e 166 et 168 2¢6
A

h > 2€k1/3: P _
k= (2ek1/3)8 52 = o1 52 ~ 956 62 — o7

IV

6

Since t > L it follows that hxt > 6%. <
k
» Lemma 17. For 0 <e<1/40 and 5z <t €N

Pr [(1 - g)\/fp(t) < D)< (1+ s)ﬁD(t) for alln >t ’ D(t)]
> 1 —log(15t)e % exp(—e'°107*'D(t)).

Proof. Observe that

Pr[(1 - 5)ﬁD(t) <Dn) < (1+ E)ﬁD(t) for all n > ¢ ‘ D(t)} >1—(pt+p)

FSTTCS 2019
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with
p~ :=Pr [D(n) <(1- 6)ﬁD(t) for some n > ¢ ) D(t)}
pti=Pr [D(n) > 1+ s)\/fD(t) for some n > t j D(t)]

We proceed by finding upper bounds for pt and p~. For k € N let 6, = = e =

Hi:ll(l —0i), ¢ = Hi:ll(l — 16, —26%) and ¢} = Hi.:ll(l — 16; + 267). Every function
f(@): R — R that is a realization of the random variables D(¢) is monotonically increasing.
It follows using Lemma 14, Lemma 15, the union bound over all possible choices of k, and

Lemma 16 that

M8

1
p™ < DO Pe[D((1+ 80)hut) < (14 50k = 263) D(hit), Dkt = ¢ D(t) | D(1)]
k=0 00
<3 ote DO,
k=0
- 1
Pt <Y Pr[D((L+00)hut) > (1+ 560 + 203 D(hut), Dlt) < ¢ D(#) | D(1)|
k=0

< Z log(2et)e™ §0Rel D),
k=0

It remains to show that p* + p~ < log(15t)e~° exp(—51510*24D(t)). This last last step
requires a longer calculation which we omit because of space limitations. |

The next lemma is a slight variant of Lemma 17. The proof is omitted for lack of space.

» Lemma 18. Fort ¢ R, t > 1, 0 < e < 1/2, d € N with Pr[D(t) = d] # 0 and
d > log(log(3t))e =200

Pr{(l - 5)\/§d <D(n) <1+ 5)\/§d foralln >t ‘ D(t) = d} >1—e 4,
At last, we generalize this result to different values of m.

» Theorem 19. Fort,m,d € N*, 0 <e <1/2, S C{vy,...,v;} with Pr[d},(S) =d] #0
and d > log(log(3tm))e 2%

Pr{(l - 5>\/§d < dp,(S) < (1 +E)ﬁd foralln >t ’ dt (S) = d] >1 e

Proof. As stated in the introduction, we can simulate G}, via G1"", by merging every m
consecutive vertices into a single one. Let G, be a graph with vertices V' = {v1,...,v,}.
We can assume that this graph has been constructed from a graph G7'™ with vertex set
V' ={v],...,v., .} by merging UZi—l)m—&-l’ ey U into v; for 1 <4 < mn. Let S" C V' be the
set of vertices in GT"" that are merged into S. Since the graph allows multi-edges, d7*,(S) and
di™(S’) have the same probability distribution. Lemma 17 states with d7**(S") = D(mn)

Pr{(l_g)\/fd <d"(8') < (1+6)\/fd for all nm > tm | di™(S) = d} >1—e=""d 4
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