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Abstract. We study the subgraph counting problem in data streams.
We provide the first non-trivial estimator for approximately counting the
number of occurrences of an arbitrary subgraph H of constant size in a
(large) graph G. Our estimator works in the turnstile model, i.e., can
handle both edge-insertions and edge-deletions, and is applicable in a
distributed setting. Prior to this work, only for a few non-regular graphs
estimators were known in case of edge-insertions, leaving the problem
of counting general subgraphs in the turnstile model wide open (cf. [I3]
Problem 11]). We further demonstrate the applicability of our estimator
by analyzing its concentration for several graphs H and the case where
G is a power law graph.

1 Introduction

Counting (small) subgraphs in massive graphs is one of the fundamental tasks
in algorithm design and has various applications, including analyzing the con-
nectivity of networks, uncovering the structural information of large graphs, and
indexing graph databases. The current best known algorithm for the simplest
non-trivial version of the problem, counting the number of triangles, is based on
matrix multiplication, and is infeasible even for a graph of medium size. There-
fore it is natural to consider the problem in the data streaming setting, where
the edges come sequentially and the algorithm is required to approximate the
number of subgraphs without storing the whole graph.

Formally in this problem, we are given a set of items si,$2,... in a da-
ta stream. These items arrive sequentially and represent edges of an underlying
graph G = (V, E). Two standard models [I5] in this context are the Cash Register
Model and the Turnstile Model. In the cash register model, each item s; repre-
sents one edge and these arrived items form a graph G with edge set E := |J{s;},
where E' = () initially. The turnstile model generalizes the cash register model
and is applicable to dynamic situations. Specifically, each item s; in the turn-
stile model is of the form (e;,sign;), where e; is an edge of G and sign; € {+, —}
indicates that e; is inserted to or deleted from G. That is, after reading the ith
item, E < E U {e;} if sign, = +, and E < E \ {e;} otherwise.

In a more general distributed setting, there are k distributed sites, each
receiving a stream S; of elements over time, and every S; is processed by a
local host. When the number of subgraphs is asked for, these k hosts cooperate
to give an approximation for the underlying graph formed by Ule S;.
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Our Results & Techniques. We present the first sketch for counting arbitrary
subgraphs of constant size in data streams. While most of the previous algorithms
are based on sampling techniques and cannot be extended to count more complex
subgraphs, our algorithm can approximately count arbitrary (possibly directed)
subgraphs. Moreover, our algorithm runs in the turnstile model and is applicable
in the distributed setting.

More formally, for any fixed subgraph H with a constant number of edges,
we present an algorithm that (1 + ¢)-approximates #H, the number of oc-
currences of H, in the underlying graph G. That is, for any constant 0 <
e < 1, with probability at least 2/3 the output Z of our algorithm satisfies
Z e[(1—c¢) -#H,(1+¢) #H]. For several families of graphs H, our algorithm
achieves a (1 £ €)-approximation for the number of subgraphs H in G within
sublinear space. Our result generalizes the previous works which can be only
used for counting cycles in the turnstile model [I1, 12], and answers the 11th
open problem in the 2006 IITK Workshop on Algorithms for Data Steams [13].

Our sketch relies on a novel approach of designing random vectors that are
based on different combinations of complex numbers. By using different roots of
unity and random mappings from vertices in G to complex numbers, we obtain
an unbiased estimator for #H. This partially answers Problem 4 of the survey
by Muthukrishnan [I5], which asks for suitable applications of complex-valued
hash functions in data streaming algorithms. Apart from counting subgraphs in
streams, we believe that our new approach will find more applications.

We further consider the problem of counting stars in power law graphs, which
include many practical networks from computer science, biology and sociology.
We show that O (E% -log n) bits suffice to get a (14¢)-approximation for counting
stars Sg, while the exact counting needs n - log n bits of space. Our main results
are summarized in Table [T on the next page.

To demonstrate that for a large family of graphs G our algorithm achieves
a (1 4 e)-approximation within sublinear space, we consider the random graph
G = G(n,p), where each edge is placed independently with a fixed probability
p = (1+¢)-1In(n)/n. Random graphs are of interest for the performance of our
algorithm, as the independent appearance of the edges in G = G(n,p) reduces
the number of particular patterns. In other words, if our algorithm has low space
complexity for counting a subgraph H in G(n,p), then the space complexity is
even lower for counting a more frequently occurring graph in a real-world graph
G which has the same density as G(n,p).

Regarding the space complexity of our algorithm on random graphs, assume
for instance that the subgraph H is a Ps or S5 (i.e., a path or a star with 3 edges).
The expected number of occurrences of such a graph is of order n*p? > 1. It
can be shown by standard techniques (cf. [I, Section 4.4]) that the number of
occurrences is also of this order with probability 1 — o(1) as n — co. Assuming
that this event occurs, Theorem along with the facts that m = ©(n?p) and
A(G) = O(np) imply a (1+e)-approximation algorithm for Ps (or S3) with space
complexity O( 6% -n -logn). For stars Sy with any constant k, the result from
Theorem yields a (1 + €)-approximation algorithm with space complexity
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Conditions Space Complexity Reference
any graph G ( 1 mP AR Tog n) Theorem
any graph H 2 (#H)? :
any graph G ( a1 )

H with §(H) > 2 O = (#H)z -logn Theorem
any graph G ( nl— 1/k ( n3/2-1/(2k) . 5 (G)2k ) . )
stars Si #5072 +1)-logn Theorem

Power law graph G

stars Sk o (s% -log ”) Theorem

Table 1. Space requirement for (1 % €)-approximately counting an undirected and
connected graph H with k& = O(1) edges. Here § and A denote the minimum and
maximum degree, respectively. Space complexity is measured in terms of bits.

O (% -/n-logn). Finally, for any cycle with k& = O(1) edges, Theorem
gives an algorithm with space complexity O(}2 -p~% .logn), which is sublinear
for sufficiently large values of p, e.g., p = O(1).

Related Work. Bar-Yossef, Kumar and Sivakumar were the first to consider
the subgraph counting problem in data streams and presented an algorithm
for counting triangles [3]. After that, the problem of counting triangles in data
streams was studied extensively [4, [0, [IT], [I7]. The problem of counting other
subgraphs was also addressed in the literature. Buriol et al. [7] considered the
problem of estimating clustering indexes in data streams. Bordino et al. [5] ex-
tended the technique of counting triangles [6] to all subgraphs on three and four
vertices. Manjunath et al. [I2] considered counting cycles of constant size in data
streams. Among these results, only two algorithms [IT], T2] work in the turnstile
model and these only hold for cycles.

Apart from designing algorithms in the streaming model, the subgraph count-
ing problem has been studied extensively. Alon et al. [2] presented an algorithm
for counting given-length cycles. Gonen et al. [10] showed how to count stars and
other small subgraphs in sublinear time. In particular, several small subgraphs
in a network, named network motifs, have been identified as the simple building
blocks of complex biological networks and the distribution of their occurrences
could reveal answers to many important biological questions [14] [19].

Notation. Let G = (V, E) be an undirected graph without self-loops and mul-
tiple edges. The set of vertices and edges are represented by V[G] and E[G],
respectively. We will assume that V[G] = {1,...,n} and n is known in advance.
For any vertex u € V[G], the degree of u is denoted by deg(u). The maximum
and minimum degree of G are denoted by A(G) and 6(G), respectively.

Given two directed graphs H; and Hs, we say that Hy is homomorphic to
Hj if there is a mapping ¢ : V[Hy] — V[Hs] such that (u,v) € E[H;] implies
(i(u),i(v)) € E[Hs]. Graphs H; and Hj are said to be isomorphic if there is a
bijection i : V[H;] — V[Hz] such that (u,v) € E[H;] iff (i(u),i(v)) € E[Hs]. For
any graph H, let auto(H) be the number of automorphisms of H.
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For any graph H, we call a not necessarily induced subgraph H; of G an
occurrence of H, if Hy is isomorphic to H. Let #(H, G) be the number of occur-
rences of H in G. When the reference to G is clear from the context, we simply
write #H. A kth root of unity is any number of the form e2™7/k 0 < j < k.

Organization. The paper is structured as follows. Section [2] presents an unbi-
ased estimator for counting arbitrary subgraphs, followed by the correctness and
concentration analysis in Section [3] In Section 4| we consider two approaches to
reduce the space complexity and give an improved algorithm for counting stars.
Due to page limitations, some proofs and lemmas are omitted in this extended
abstract and can be found in the appendix.

2 An Unbiased Estimator for Counting Subgraphs

We present a framework for counting general subgraphs. Suppose that H is a
fixed graph with ¢ vertices and k edges, and we want to count the number of
occurrences of H in GG. For the notation, we denote vertices of H by a, b and c,
and vertices of G are denoted by u, v and w, respectively. Let the degree of vertex
a in H be degy(a). We equip the edges of H with an arbitrary orientation, as
this is necessary for the further analysis. Therefore, each edge in H together with
its orientation can be expressed as ab for some a,b € V[H]. For simplicity and
with slight abuse of notation we will use H to denote such an oriented graph.

At a high level, our estimator maintains k& complex variables Z—(G), ab €
E[H], and these variables are set to be zero initially. For every arriving edge
{u,v} € E[G] we update each Z—(G) according to

Z=(G) « Z=(G) + M= (u,v) + M= (v,u)

where M~ : V[G] x V[G] — C can be computed in constant time. Hence

Z5(G) = Y Mz(u,v) + Mo (v,u)

{u,v}€E[G]

Intuitively M= (u,v) expresses the event to give {u,v} the orientation ut and

map u to %, and M= (u, v) + M= (v, u) is used to express two different orien-
tations of edge {u, v}. For every query of the number of subgraphs, the estimator
simply outputs the real part of «- Hz Z@(G), where a € R" is a scaling factor.

More formally, each Ma(u, v) is defined according to the degree of vertices
a,b in graph H and consists of the product of three types of random variables
Q, X .(w) and Y (w), ¢ € V[H] and w € VI[G]:

— Variable @ is a random 7th root of unity, where 7 := 2t — 1.

— For vertex ¢ € V[H],w € V[G], X.(w) is random degz(c)th root of unity,
and for each vertex ¢ € V[H], X, : V]G] — C is chosen independently and
uniformly at random from a family of 4k-wise independent hash functions.
Variables @) and X,,c € V[H] are chosen independently.
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— For every w € V[G], Y (w) is arandom element from S := {1,2,4,8,...,2/71}
as part of a 4k-wise independent hash function. Variables Y (w),w € VI[G]|
and @ are chosen independently.

Given the notations above, we define each function M— as
Y (u) Y (v)
M= (u,v) 1= Xo(u) Xp(v) QI=n(@ QIn®
Estimator [1] gives the formal description of the update and query procedure.

Estimator 1 Counting #(H, G)

Step 1 (Update): When an edge e = {u,v} € E[G] arrives, update each Z— w.r.t.
Z=(G) +Z=(G) + M= (u,v) + M= (v, u). (1)

Step 2 (Query): When #(H, G) is required, output the real part of

tt
t - auto(H) Zu(G) )
where Zp is defined by
Zu(G) = [ 23(G) . (3)
abeE[H]

Estimator [I] is applicable in a quite general setting: First, the estimator runs
in the turnstile model. For simplicity the update procedure above is only de-
scribed for the edge-insertion case. For every item of the stream that represents
an edge-deletion, we replace “4+” by “—” in . Second, our estimator also
works in the distributed setting, where every local host maintains variables Z—,
ab € E[H], and does the update for every arriving item in the local stream. When
the output is required, these variables located at different hosts are summed up
and we return the estimated value according to . Third, the estimator above
can be revised easily to count the number of directed subgraphs in a directed
graphs. Since in this case we need to change the constant of accordingly, in
the rest of our paper we only focus on the case of counting undirected graphs.

3 Analysis of the Estimator

In this section we first prove that Zpy(G) defined by (3)) is an unbiased estimator
for #(H,G). Then we analyze the variance of the estimator. The main result of
our paper will be presented at the end of this section.

Let us first explain the intuition behind our estimator. By definition we have

Zu(@) = ] Zz@= ]] > (M%(u,v)—k/\/ln(v,u)) . (4)

abe E[H] abe B[] {uv}€E[G]
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Since H has k edges, Zy(G) is a product of k terms and each term is a sum
over all edges of G each with two possible orientations. Hence, in the expansion
of Zy(G) any k-tuple (e, ...,ex) € EF[G] contributes 2 different terms to

Zn(G) and each term corresponds to a certain orientation of (eq,...,ex). Let
= (e_f, ce e_k)) be an arbitrary orientation of (ey, ..., ex) and G= be the graph

induced from T

At a high level, we use three types of variables to test if G= is isomorphic
to H. However, the roles of these variables are different. (i) Through function
Y every vertex u € Vz maps to one element in S randomly. If [V=| = |S] = ¢,
then with constant probability, vertices in V= map to different ¢ numbers in S.
Otherwise, [Vz:| < t and vertices in Vz: cannot map to different ¢ elements. Since
@ has the property that E[Q] #0 (1 <i<7)iff i = 7, where 7 = Y, 4 (, the
combination of @ and Y guarantees that G contributes to E[Zp(G)] only if
graph H and Gz have the same number of vertices. (ii) For ¢ € V[H],w € V[G],
random variable X.(w) guarantees that G contributes to E[Zy(G)] only if
there is a homomorphism from H to G=.

Now we analyze our sketch and prove that Zg(G) is an unbiased estimator
for #(H, Q).

Theorem 3.1. Let H be a graph with t vertices and k edges. Assume that vari-
ables X .(w),Y (w),c € V[H],w € V[G] and Q are as defined above. Then

_ t!-auto(H)

B[Zu(G) = =5

-#(H,G) .

Proof. For a k-tuple T = (e1,...,er) € EF[G], let Gz = (Vz, E2) be the
induced multi-graph from set Ez . ie., G? has edge multi-set Em = {e1,...,ex}.

Let ? = (e—f, cee e_k)) be an arbitrary orientation of (ey, ..., ex), where e = un,.
Consider the expansion of Zy(G) below:

Zu(@) = [ zz@) = ]I > <M3<u,u)+Mn(u,u)>.

abe E[H] abe B[] {uv}€E[G]
The term corresponding to (e_f7 RN @) in the expansion of Zg(G) is
k k Y (uy) Y (v;)
[T M iy vi) = T ] X, (wi) X, (v) QEnten Qo (5)
i=1 i=1

—
where a;b; is the ith edge of H (where we assume any order) and w0, is the ith
edge in ? We show that the expectation of is non-zero if and only if the

graph induced by ? is an occurrence of H in G. Moreover, if the expectation of
is non-zero, then its value is a constant.
For a vertex w of G and a vertex c of H, let

Oz (c,w) = Hz | (u; =w and a; = ¢) or (v; = w and b; = c)}’
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be the number of edges in 7 with head (or tail) w mapping to the edges in H
with head (or tail) ¢. Since every vertex ¢ of H is incident to degy (c) edges, for
any ¢ € V[H] it holds that ) 07 (c,w) = degy(c). By the definition of 6z,

weVrp
we rewrite as

0= (c.w)Y (w)

H H Xf?(c’w)(w) ) H H QSR

ceV[H] weVz ceV[H|weVx

Therefore
Zu(G)

62 (e, w)Y (w)

= > X M I x7“"w]|-| I TI @ ===

€1y-,€k T —> =2 eV [H] weV; cV[H|weV;
EieE[G]?_(el,...,ek) cEV[H] weVzp cEV[H] we Vg

where the first summation is over all k-tuples of edges in E[G] and the second
summation is over all their possible orientations. By linearity of expectations of
these random variables and the assumption that X.(w) (c € V[H],w € V[G]),Y
and () have sufficient independence, we have

E[Zu(G)]

9? (c,w)Y (w)

-F Z Z H ngz(c,w)(w) ) H Q dEn

€1,.--,€k (= = ceV[H cVI[H
e; €E[G] ?_(61"'”7616) cwe\[/?] Cwe\g'?]

9?(c,w)Y('w)

- Y (IE| )| ) e I e

€1,k T —»  — eV[H weV; cVI[H
S T=@ i) \eeVIH]  [weVy Sy

Let

02 (c,w)Y (w)

oz = [ E| [T x*““w)||-E| T T[] @ =@ |. ()

ceV[H] weVR ceEV[H]weVz

A B

We will next show that a= is either zero or a nonzero constant independent of

?. The latter is the case if and only if G, the undirected graph induced from
edge set ?, is an occurrence of H in G.

We consider the product A at first. Assume A # 0. Using the same technique
as [12], we construct a homomorphism from H to G= under the condition A # 0.
Remember that: (i) For any ¢ € V[H] and w € Vz, 0z (c,w) < degy(c), and
(i) E [Xi(w)] # 0 if and only if i = degy(c) or i = 0. Therefore for any
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ﬁxed ? and Cc € ‘/[}I]7 E [HWEV? Xg?(c,w)(w)} 7& 0 lf and Only lf 9?(C, 'LU) c

{0,deg(c)} for all w. Now assume that E [Hwev? Xf7(c’w) (w)} # 0 for every

c € V[H]. Then 6= (c,w) € {0,degy(c)} for all ¢ € V[H] and w € V[G]. Since
> w07 (c,w) = degy(c) for any ¢ € V[H], there must be a unique vertex w € V
such that 6= (c,w) = degy(c). Define ¢ : V[H] — V= as ¢(c) = w for the vertex
w satisfying 0= (c,w) = degy(c). Then ¢ is a homomorphism, i.e. ab € E[H]
implies ¢(a)p(b) € E[G=]. Hence A # 0 implies H is homomorphic to Gz, and

[ e[|l x7“w|= I E[x&=O@e]=1. @

ceV[H] weVn ceV[H]

Second we consider the product B. Our task is to show that, under the
condition A # 0, Gz is an occurrence of H if and only if B # 0. Observe that

0 (cw)Y (w) 0= (c,w)Y (w)
E H H 0 ?degH(q -F [chev[y] ZwEV? B oy

ceV[H]weVz

Case 1: Assume that Gz is an occurrence of H in G. Then |V[H]| = [Vz]| and
function ¢ constructed above is a bijection, which implies that

9? c,w)Y (w)
ce; w;;: degH

5 9?<c,go<c>>y<so<c>>: > Ylple) =3 Yw) .

cEV[H] degy(c) cEV[H] weV

Without loss of generality, let V2 = {wy,...,w}. By considering all possible
choices for Y (wy),...,Y (w), denoted by y(wi),...,y(w:) € S, and indepen-
dence between @ and Y (w),w € V[G],

j=0 y(w1),.,y(we) €S
Pi=y(w1)+-+y(we),7|9

T—1 t .
Z 1 1 2
T t T

7=0 y(wi),..., y(we)€ES
Fr=y(w1)++y(w), 70
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Applying Lemma [A.2| with R = exp ( ) the second summation is zero. Hence
by Lemma [A3] we have

1\' 1\' 1\’ #!
y(wi),...,y(ws) €S y(wy),...,y(we)€S
Tly(w1)+-+y(we) y(wi)+-+y(we)=7

Case 2: Assume that Gz is not an occurrence of H in G and let Vo =
{wi,...,wp}, t" < t. Then there is a vertex w € Vz and different b,c € V[H],
such that ¢(b) = ¢(c) = w. As before we have

0= (c,w)
oy EE) s )

cEV[H] we Ve degyy(c) ceV[H]

By Lemmam T4 X cevim Y (0(c)) regardless of the choices of Y (w1), ..., Y (wy).
Hence

>

Jj=0 y(wl) Sy(wy)€S
_ZCEV [H] y(e(c))

>

y(wi),....y(wy)ES
9= chv[H TJ(‘F(('))

oy

Il
M*
L
S
7N
| =
N———
ﬁ\

@

[

e}
7N
[N}

3

<

53
N————

Il
3
Il |
o =
S =
Y
~+ | =
~_
- S
o]
e}
7 N
[\
E
)
<
~
|
(a=)

J

where the last equality follows from Lemma [A.2| with R = exp (22).
Let IG?E g be the indicator expression that is one if G? and H are isomor-
phic and zero otherwise. By the definition of graph automorphism and @

EZu(G) = ) > z (1% H):M'#(H,G). O

We can use a similar technique to analyze the variance of Zy(G) and then
use Chebyshev’s inequality to upper bound the number of trials required for the
desired approximation. Since Zy (G) is complex-valued, we need to upper bound
Zu(G) - Zu(G).

Lemma 3.2. Let G be any graph with m edges, H be any graph with k edges for
a constant k. Random variables X .(w),c € V[H],w € V|G| and Q are defined
as above. Then the following statements hold:

1. If6(H) > 2, then E [ZH(G) : ZH(G)] =0 (mh).
2. Let H be a connected graph with k > 2 edges and H be the set of all sub-
graphs H' in G with the following properties: (i) H' has 2k edges, and
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(i) every connected component of H' contains at least two edges. Then
E [ZH(G) . ZH(G)} = O (|H|). In particular,

E[24(6)- Zu(G)] = O (m" - A(G)")

By using Chebyshev’s inequality, we can get a (1 £ €)-approximation by run-
ning our estimator in parallel and returning the average of the output of these
individual estimators. This leads to our main result for counting #(H, G).

Theorem 3.3. Let G be any graph with m edges and H be any graph with
k = O(1) edges. For any constant 0 < & < 1, there is an algorithm to (1 £ ¢)-

approzimate #(H,G) using (i) O(Z - e -logn) bits if 6(H) > 2, and (ii)

(#H)
using O(Ei2 . % -log n) bits for any H.

Discussion. Statement (i) of Theorem extends the main result of [I2 The-
orem 1] which requires H to be a cycle. Note that a naive sampling-based ap-
proach would choose a random k-tuple of edges and require m*/(#H) space.
Theorem improves upon this approach, in particular if the graph G is sparse
and the number of occurrences of H is a growing function in n.

4 Extensions

We have developed a general framework for counting arbitrary subgraphs of
constant size. Our algorithm is general in the sense that, for any fixed subgraph
H, one only needs to (i) give vertices of H an arbitrary labeling, and edges of
H an arbitrary orientation; (ii) choose hash functions according to H, and (iii)
run Estimator [1| multiple times in parallel. A reasonable number of executions
guarantees a (1 + €)-approximation.

For several typical applications we can further improve the space complexity
by grouping the sketches or using certain properties of the underlying graph G.
For the ease of the discussion we only focus on counting stars throughout the
section.

Grouping Sketches. The space complexity in Theorem relies on the number
of edges that the sketch reads. To reduce the variance, a natural way is to
use multiple copies of the sketches, and every sketch is only responsible for the
updates of the edges from a certain subgraph.

To formulate this intuition, we partition V = {1,...,n} into g := n'~1/(2F)
subsets Vi,..., Vg, and V; := {j: (i—1)-nCR 41 <5< nl/(%)}. Without
loss of generality we assume that n'/(?*) € N. Associated with every V;, we
maintain a sketch C;, whose description is essentially the same as Estimator
and can be found in the appendix. For every arriving edge e = {u,v} in the
stream, we update sketch C; if u € V; or v € V;. Since (i) the central vertex of
every occurrence of Sy is in exactly one subset V;, and (ii) every edge adjacent to
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one vertex in V; is taken into account by sketch C;, we know that every occurrence
of Sy in G is only counted by one sketch C;.

More formally, let #(Sk, Gly,) be the number of Sy whose central vertex is
in V;. Then it holds that # (S, G) = 39_, #(Sk, Gly,). This indicates that if
every C; is unbiased for #(Sy, Gly,), then we can use the sum of returned values
of different C; to approximate #(Sk, G). See Section for a detailed analysis.

Theorem 4.1. Let G be a graph with n vertices. For any constants 0 < € < 1
and k, there is an algorithm to (1 £ €)-approzimate #(Sk, G) with space com-

plexity
pl=1/CR)p3/2-1/CR) . A(G)2k
. 1]-1 .
O( e ( #F5r ) Og")

To illustrate Theorem let us consider graphs G with A(G)/0(G) =
o(n'/) and §(G) > k. Since #(Sk,G) = 2 (n - §(G)*), Theorem [4.1| implies
that o (6% -n - log n) bits suffice to give a (1 %+ ¢)-approximation.

Counting on Power Law Graphs. Besides organizing the sketches into groups,
we will see now that the space complexity can be also reduced if we assume
the underlying graph G to have certain properties. One of the most important
properties shared by many biological, social or technological networks is the so-
called Power Law degree distribution, i.e., the number of vertices with degree d,
denoted by f(d) := |[{v € V: deg(v) = d}|, satisfies f(d) ~ d=#, where 8 > 0 is
the power law exponent. For many technological networks, experimental studies
indicate that £ is between 2 and 3 (see [10]).

Formally, we use the following model from [I8] based on the cumulative
degree distribution. For given constants ¢ > 1 and dp,;, € IN, we say that G has
an approximate power law degree distribution with exponent 8 € (2,3), if

n—1
S fde(le™ n kP o n kTP YV E > din
d=k

Hence, the degree distribution below the threshold d,,;, is arbitrary. Note that

for this model, the maximum degree A(G) is of order n'/(8=1) (see also [8} [I6] for

some justification why this should be the right order of the maximum degree).
We now state our result for counting stars on power law graphs.

Theorem 4.2. Assume that G has an approximate power law degree distribution
with exponent B € (2,3). Then, for any constants 0 < ¢ < 1 and k, we can
(1 + €)-approzimate #(Sk, G) using O (% - logn) bits.
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A Omitted Details from Section [3l

In this section, we provide the omitted details from Section [3] In Section [AT]
we list three auxiliary lemmas that are used to show that Zy(G) is an unbiased
estimator. Section gives several upper bounds on the number of subgraphs,
which are used to bound the variance in Section [A3l

A.1 Auxiliary Algebraic Tools
The following three lemmas are used to prove Theorem

Lemma A.1 ([9]). Let X.,c € V[H] be a randomly chosen degy(c)th root of
unity. Then for any 1 < i < degy(c), it holds that

E[X,L] 1u Z:degH(C) )
a 0, 1<i<degg(c) .

In particular, E[X ] =1 if degy(c) = 1.

Lemma A.2. Let R be a primitive Tth root of unity and k € N. Then

i(Rk)é _ {7’, Tk,

0, 71k .

Proof. (1) If 7 | k, then R¥ =1 and ;0 (R¥)! = Y37_g 1 = 7. (2) If 7 { k, then
RF #1 and
T—1

1— (Rk)r 1— Rk"r
RF)! = = —0. 0
S = R =

Lemma A.3. Let x; € Z>( and El o%i=t. Then 2" — 1| Zf;é 2t x; if and
only if xg = =x;1 = 1.

Proof. Let xg,...,7,_1 be sequence so that (i) Not all z; = 0, (ii) 2 — 1 |
Ztil 2z, and (iii) Zf:o x; is minimal among all sequences {z;} satisfying the
conditions (i) and (ii).

It is easy to see that x; < 2 for each i. This is because otherwise decreasing
x; by 2 and increasing x;11 by 1 (or decreasing x;—; by 2 and increasing g by
1) preserves .'_0 2%z; mod 2¢ — 1 and decreases Y'_) ;. On the other hand,
if z; < 1 then Zt_l 2z, < 2 — 1 with equality iff z; = 1 for all ¢. Thus

= = x;_1 = 1 is the unique solution to 2! — 1 | Zt Loig. for #; > 0 and
0 < 27 0% <t ]
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A.2 Bounding the Number of Subgraphs

In the following, we list four lemmas that all give upper bounds on the number of
subgraphs with certain properties in G. These bounds are used later to analyze
the variance of our unbiased estimator.

Lemma A.4 ([12]). Let G be a graph with m edges and H be a set of subgraphs
of G such that every H € H has the following properties: (1) H has k edges,
where k is a constant. (2) Each connected component of H is an Eulerian circuit.

Then |H| = O(mF/2).

Lemma A.5. Let G be a graph with m edges and H be any fixed graph with k
edges and 6(H) > 2, where k is a constant. Then #(H,G) = O (m*/?).

Proof. Case 1: Every vertex in H has even degree. Assume that H has { con-
nected components Hy, ..., Hy where each H; has k; edges. Note that #(H,G) <
Hle #(H;,G). Since every H; is Eulerian, by Lemma we have #(H;,G) =
O (m*i/2), and #(H,G) = Hle O (mki/?) = O (mk/?).

Case 2: There is a vertex in H with odd degree. We prove the statement
by induction on |E[H]|. By the handshake lemma, at least two vertices must
be of odd degree. Let P = (vg,...,v¢) be a path of minimal length between
vertices of odd degree in H. Thus deg(vo), deg(v¢) are odd, and deg(v;) is even
for all 1 < 7 < £— 1. Let H' be the graph obtained from H by removing the
edges in P and the vertices v; of degree exactly 2 (which would upon removal of
edges in P have degree 0). Then 6(H’) > 2. Thus by our inductive hypothesis,
#(H',G) = O(mF9/2). We split into two cases based upon whether ¢ is even
or odd.

— If /is even, then a homomorphism H — G is determined by a homomorphism
H' — G along with the images of the edges {v1, va}, {vs,va}, ..., {ve—1,v¢}.
Thus the number of such homomorphisms is at most O(m(¥—0/2) . m/2 =
O(mF/?).

— If /is odd, then a homomorphism H — G is determined by a homomorphism
H' — @G along with the images of the edges {v1, v2}, {vs, va}, ..., {ve—2,v0-1}.
Hence

#(H,G) < #(H',G) - mED/2 = 0(m*=9/2) . (=072 = o(m*/?). 1O
We now prove a general upper bound on the number of connected subgraphs
with k edges in terms of the k-th moment of the degree distribution.

Lemma A.6. Let G be any graph and H be an arbitrary connected subgraph
of G with k edges (possibly with multiple edges), where k is a constant. Then

#(H,G) = O (X,ev (deg(w)*).

Proof. For any u € V[G], define H,, to be the set consisting of all subgraphs H’
with & edges in G so that u = argmax,,cy g {deg(w)} (If there is more than
one such vertex u, pick an arbitrary one). Since we can specify any H € H,, by
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(i) choosing all edges incident to u, (ii) choosing all edges incident to u, or the
other endpoint of the edges chosen in (i), and so on, we have
k
. k
[l <[]0 - deg(w)) = O ((deg(u))") .

i=1
Let Hy be an occurrence of H in G and let u = argmax,, ¢y, {deg(w)}. Note
that Hy; € H,. Therefore

#HO< Y Hu|=0<§j<deg<u>>’“> 0

ueV[G] ueV

By partitioning the subgraph H into connected components, we easily obtain
the following result.

Lemma A.7. Let G be any graph with m edges and H be an arbitrary subgraph
of G with k edges (possibly with multiple edges), where k is a constant and
every connected component of H contains at least two edges. Then #(H,G) =

O(mF/2 Ak/2),

Proof. Assume w.l.o.g. that k is even. Partitioning all subgraphs with k£ edges
into at most k/2 connected components with ¢1, ..., £y /2 edges each and applying
Lemma [AZ6] to every component separately, we conclude that

#(H,G) = > IT © (Z deg(u)fa)

01, liy2€{0.2,3,. K} j: 4,32 \ueV
k/2
Y b=k

= > IT © (M-l > deg(u)>

01,..,01,2€{0,2,3,... k} 5 £;>2 ueV
=k
— 3 0 (AIH{J‘: 622} {4 ej>2}|>
l1,..,8,/2€{0,2,3,....k}
k
S =k

_ Z O(Ak-(m/A)l{j:éj>2}l)
C1reorly,2€40,2,3,...,k}
SF =k

=1

=0 (A2 ) D

A.3 Bounding the Variance

After the preparations in Section [A-T]and Section[A’2] we are now ready to prove
Lemma which provides two upper bounds on the variance of our estimator.
Lemma (from page E[) Let G be any graph with m edges, H be any graph
with k edges for a constant k. Random variables X.(w),c € V[H]|,w € V[G] and
Q@ are defined as above. Then the following statements hold:
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1. If6(H) > 2, then E [ZH(G) : ZH(G)} =0 (mh).
2. Let H be a connected graph with k > 2 edges and H be the set of all sub-

graphs H' in G with the following properties: (i) H' has 2k edges, and
(ii) every connected component of H' contains at least two edges. Then

E {ZH(G) . ZH(G)} = O (|H|). In particular,

E|20(0)- Zu(G)] = 0 (m" - AG)")

Proof. Note that there is a trivial bound E [ZH(G) : ZH(G)} = O(m?*), since

in the expansion of Zp(G) - Zi(G), each term corresponds to a tuple of 2k edges
with an arbitrary orientation and each such term is bounded by a constant.
To obtain the two statements of the lemma, we have to bound the number of
occurring subgraphs more carefully. We start to prove the first statement now.

As in our analysis for E[Zy(G)], we analyze the subgraphs that contribute

to E {ZH (G) - ZH(G)]. However, instead of considering subgraphs of G with k

edges, we need to analyze the subgraphs in G with 2k edges. By the definition
of Zy(G), we express Zy(G) - Z(G) as follows:

Zu(G) - Zu(Q)

O (cw) Y (w)

_ Z Z H Xffl’ (c,w) (u)) . H QW
N

€15k Ty =(e1,...,e7) ceV[H] ceV[H]
wGVﬁ wGVﬁ»

07 (,w)Y (w)

Z Z H X;OT—;(c,w)(w) ) H wa
L e

e‘/’) cEV[H] cEV[H]
weV= wEV,F2>

= Z Z Z Z H Xfﬁ(c,w)—eﬁ(cyw) (w)

€1,.-,Ck 1)—(?1 e—>)e’1,.“,e’ =7 7 ceV[H]
Ti=(e1,....eq kTo=(e],..,e))
11)€VT—>1LJVT~>2

e (Suevy, tmp ey 0)-Suer o em)y @) [ desa)

By the linearity of expectations and the condition that random variables X.(w) (¢ €
V[H],w € VI]G]) are 4k-wise independent, and X, ¢ € V[H],Q are chosen inde-
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pendently, we have

E [ZH(G) T(G)}

SR ONNDSERD SR VR I 1 St

€1,.. 7€kT1 (@, ,ek)el ..... ekT2 (61’ "‘?k) ceV[H]

g [ (zwevﬁ Oz (ew)Y () =T ev, Oz (cw)Y () / deg 7 (c)

Let us define

[T I e[x )

ceV[H] 'weVFl» UV@
Since

we only need to consider the number of graphs induced by 1_11), J_g with the proper-
ty az 7 # 0. Remember that: (i) For any ¢ € Vg and w € Vi iz, E[Xi(w)] # 0
if and only if ¢ is divisible by deg(¢), and (ii) for any ¢ € Vg and w € Vo
it holds that 0 < Hﬁ(c, w) < degy(c) and 0 < Oﬂ(c,w) < degy(¢). Therefore
ag # 0 if and only if for every ¢ € V[H] and every w € Vi i, one of the
following three conditions holds: (i) 0—>(c, w) = degy(c) and Qﬁ(c, w) = 0; (ii)
0—>(c w) = 0 and 0—>(c w) = deggy(c ); (iil) 07 (c,w) = 97—92(0,10). We partition

Vq—guj-g into three dlSJOlIlt subsets A, B and C éleﬁned by

A=V \ Vg, B:=Vyp\ Vg, C:zVﬁﬂVI—g.

Sets A, B, C are defined corresponding to the above conditions (i), (ii) and (iii).
By the assumption §(H) > 2, the degree of every vertex in sets A and B is at
least two. By condition (iii), every vertex in C has nonzero and even degree,
. == 4
and hence the degree is also at least two. Hence the edges in T7J7» form a
homomorphic copy of some graph H' with 2k edges and §(H') > 2. Clearly there
are at most O(1) isomorphism classes of such graph H’, and by Lemma [A.5|each
isomorphism class embeds in at most O(m*) ways. Therefore the number of such

subgraphs in G is bounded by O(m*) and E {ZH(G) : ZH(G)} = O (m"). This
finishes the proof of the first statement.
We now show the second statement of the lemma. Fix ?1 and T2 with o 7 #+

0. We first show that there is no connected component consisting of a smgle edge

JE—
in GTluT2
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Assume for contradiction that there is one connected component in Gﬁuﬂ
that consists of a single edge e := {u, v}. Since every vertex in set C' has even
degree, it holds {u,v} C AU B. By the proof of the first statement, there is no
edge in Gi)ui—“; connecting A and B directly. Therefore vertices u, v are in the
same set. For simplicity assume {u,v} C A. Then there is a mapping between
edges in E[H] and edges in G . Because H is connected, one of u, v has degree at
least 2. Therefore there is another edge incident to edge e, which contradicts the

7 =0(1),E [ZH(G) : ZH(G)} = O(|H]) by the definition

assumption. Since aF
of set H.
Using this and Lemma [A77] we obtain the second statement. O

Theorem (from page . Let G be any graph with m edges and H be any
graph with k = O(1) edges. For any constant 0 < € < 1, there is an algorithm
to (1 + )-approzimate #(H,G) using (i) O(Z - % -logn) bits if §(H) > 2,
and (ii) using O (s - % -logn) bits for any H.

Proof. We run s parallel and independent copies of our estimator, and take the
average value Z* = % Zle Z;, where each Z; is the output of the i-th instance
of the estimator. Therefore E[Z*] = E[Zy(G)] and a straightforward calculation
shows

E[7°7') - [B(2') = L (EZu(G) - Zu(G)] - [EZu()]P)

By Chebyshev’s inequality for complex-valued random variables (see, e.g., [12,
Lemma 3]), we have

E[Zu(G) - Za(G)) - ElZu(G)] - EZu(O)
s-22 - [ElZa ()]

Pr{|Z7 —E[Z"]| > ¢ [E[Z7]]] <

For Statement (i), by Lemma Statement 1, we have
E[Zu(G) - Zu(G)) - E[Zu(G)] - E[Zu(G)] < E[Zu(G) - Zu(G)] = O(m") .

By choosing s = O ( & - , we get Pr|[|Z2* —E|[Z*¥]| > ¢ |E[ZF]|] < 1/3.
€

_m"*
(#H)?
Hence the overall space complexity is O (s% . ﬁ -log n) By using the same
analysis and Lemma Statement 2, we obtain (ii). O

B Omitted Details from Section [4]

B.1 Grouping Sketches

This part gives the omitted details of counting stars by grouping sketches.
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Lemma B.1 (Decomposition Lemma). Let Vi,...,V, be a partition of V.
For any fized V; C V, define G|y, = (V/, El) as the subgraph of G such that: (i)
V! C VYV, U0V, where 0S is the set of neighbors of vertices in S; (ii) For every
{u,v} € El iff u € V; orv € V;. Then for any star Sy, it holds that

g
Sk7 Z Sk»

where #(Sk, Gly,) is the number of stars in G|y, whose central point is in V;.

Proof. Assume that H is an occurrence of Sy in G and the central vertex of star
H is U. Since Vi, .. V is a partition of V, vertex u is in exactly one set V;. By
. Hence graph H is an occurrence of Sy in G iff H
is an occurrence of S, in exactly one G|y,. By the definition of #(Sk, Gly,), the
statement follows. a

With the help of Lemma we revise our estimator as follows. In the
initialization step, we have g X k random variables, where g := n!=1/ k) Every
k variables form a group S®*) which is used for counting #(H,G |y, ). That is,
we have g identical copies of the estimator and the i-th copy only uses random
variables in group S. Then for every coming edge (u,v) € E[G], we update
the random variables of group S@ if u € V; or v € V;. In the end, instead of
computing Zs, (G), we calculate Zs, (Gly,), ..., Zs,(Gl|y,) and output

Zs,(G) = Zs, (Glv,) (8)

as the approximation of #(H, G). Estimator |2| presents a revised estimator for
counting #(Sk, Gly,), where vertex a is the central vertex of the star.

Estimator 2 Counting #(Sg, G

v, ), update procedure

Step 1 (Update): When an edge e = {u,v} € E[G] arrives, update each variable Z—:
(a) If w € V; and v € V;, then

Z=(G) +Z(G) + M= (u,v) + Mz (v, u).
(b) If w € V; and v € 9V, then
Z=(G) +Z=(G) + Mz (u,v).
(c) If w € V; and v € V;, then

Z=(GQ) +Z=(G) + Mz (v, u).
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Lemma B.2. Let H be an Sy for any constant k. Then E[Zy(G)] = #(H,G)
and

E[Z(G) - Zu(@)] = O (n*™H/0) . A%) 4 (#(H,G))°.

Proof. Since for any star Sy in G with central point w, S is only counted by
exactly one G|y, with the property that w € V;, it holds that

#(H,G) = S F(H,Cly,). (9)

i=1
On the other hand, by linearity of expectations we know that

E[Zu(G) =) E[Zu (G

i=1

Combing (9)), (10) and the fact that E [Zx (Gly,)] = #(H,
#(H,G). We bound E[Zy(G) - Zy(G)] as follows.

E[Zu(G) - Zu(GQ)]

<Z Zy (G|v1)> : <Z Zy (G|vi)>

v (10)

v,) yields E [Z(G)] =

=E

E[ZZH(GVJ'ZH(GWJJF > Zu(Gh.)- Zu (Glv,)

i=1 1<i£5<g
g
-3 E {ZH 7 (G } S E[ZH ) Zn (G|vj)}
i=1 1<i#j<yg

Note that every G|y, has at most n'/(?) . A edges. Since H = S}, we know by
Lemma Statement 2, that every graph contributing to E {ZH (Glv,) - Zn (G\Vl)}

only consist of connected components having at least two edges. Hence,

E [ZH (Gy,) m} -0 ((nl/(zk)A)k . Ak) -0 (nl/Z ) AQk) _

Therefore

ElZu(G) - Zu(G)]

=0 (VR ) S B (2 (Gl E [Z (G
1<i#j<g

g

(

2
— 0 (n1-1/0) 172 A%) 4 (Z#(H,Gh;i))
H

-0 (nsm—l/(zk) . A?k) +(#(H,G))?,

which completes the proof. a
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Theorem (from page . Let G be a graph with n vertices. For any con-
stants 0 < ¢ < 1 and k, there is an algorithm to (1 £ ¢)-approximate #(Sk, G)
with space complezity

pl=1/2R) p3/2-1/CR) . A(G)2k
o . 1) logn ).
( g2 ( (#Sk)? i ) ogn)

Proof. Since the space requirement of a single execution of all g estimators is O(g-

logn) = O(n'~1/(¥).1og n) bits, following the proof of Theoremwe know that
in order to achieve (1 + €)-approximation, we run O (E% : (W + 1))
independent executions of each estimator and the total space requirement is

n1=1/(2k)  /p3/2-1/(2k) | A2k
. 1] -1 .
O( &2 ( #5007 ) Og">

B.2 Counting Stars on Power Law Graphs

We apply Lemmal[A.6]to graphs with approximate power law degree distribution
(See Section[d]for the precise definition). As it turns out, the number of connected
subgraphs with k edges is ©(A*), which is matched for stars with k edges.

Lemma B.3. Let G be a graph that has an approzimate power law degree distri-
bution with exponent B € (2,3). Let H be any connected graph with k > 2 edges
(some of which may be multi-edges). Then #(H,G) = O(n*/B=1). Moreover,
if H =S, then #(H,G) = O (n*/(5=1).

Proof. We use Lemma [A6] and the approximate Power law degree distribution
to obtain that

#(H,G) =0 <Z (deg(u)k)>

ueV
dmin A

=0 (Z ne(dein)*+ ) f(d)- d’“)
d=1 d=dmin+1

[logy (A/dmin)] dmin-2"

=0 (n+ > fd)-df

r=1 d=dmin-2""1+1
[ogs(A/dmin)] 4
=0 |n+ D @20 D> fld)
r=1 dzdmin‘QT_l-"_1

[logy(A/dmin)]
e Z (duin - 27)F 1+ (i - 277 1) 7!

r=1

—0 (n in. Ak—w—l)) —0 (nk/w—l)) :
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where in the last line we used our assumptions k > 2,8 € (2,3) and the fact
that A = ©(n'/(B=1). Similarly, we can prove if H = Sy, then

#(H,G) = 2 (AF) = 0 (nk/w*l)) . 0

We point out that Lemma [B.3]implies that we can get a constant factor approx-
imation for #(Sk, G) by simply estimating the maximum degree of G. However,
even if we knew the maximum degree of G exactly, then this would only yield
an approximation of #(Sk, G) up to some large constant factor.

Based on Lemma[B:3]and the results from Section 3] we can now easily prove
that the unbiased estimator from Section [2] requires only logarithmic space for
approximately counting the number of occurrences of Sy in power law graphs.

Theorem (from page . Assume that G has an approzimate power law
degree distribution with exponent 8 € (2,3). Then, for any constants 0 < ¢ < 1
and k, we can (1 £ €)-approximate #(S, G) using O (E% -log n) bits.

Proof. Let us consider E [ZH(G) - Zu(@) } If H = Sy, then by Lemma|3.2] this

term is upper bounded by the number of subgraphs of G with 2k edges so that
every connected component consists of at least two edges (possibly, multi-edges).
By partitioning all graphs with that property into the at most k connected
components and applying Lemma to each connected component with ¢; > 2
edges separately, we conclude that

E [ZH(G) T(G)} — 3 I1 o (nei/(ﬁ—n) —0 (nzk/(ﬁ—1)> .

01,00, 0, €{0,2,3,...,2k} i1 £;>2
Sk =2k

Since #(Sk, G) = 2 (nk/(ﬁfl)), we obtain the result as in Theorem [3.3| by taking
the average of O (Eiz) independent executions and applying Chebyshev’s inequal-
ity. a
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