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Abstract. A secret-sharing scheme realizes the forbidden graph access
structure determined by a graph G = (V, E) if a pair of vertices can
reconstruct the secret if and only if it is an edge in G. Secret-sharing
schemes for forbidden graph access structures of bipartite graphs are
equivalent to conditional disclosure of secrets protocols, a primitive that
is used to construct attributed-based encryption schemes.

We study the complexity of realizing a forbidden graph access struc-
ture by linear secret-sharing schemes. A secret-sharing scheme is linear
if the reconstruction of the secret from the shares is a linear mapping. In
many applications of secret-sharing, it is required that the scheme will
be linear. We provide efficient constructions and lower bounds on the
share size of linear secret-sharing schemes for sparse and dense graphs,
closing the gap between upper and lower bounds: Given a sparse graph
with n vertices and at most n'*? edges, for some 0 < 8 < 1, we con-
struct a linear secret-sharing scheme realizing its forbidden graph access
structure in which the total size of the shares is O(n'*#/%). We pro-
vide an additional construction showing that every dense graph with n
vertices and at least (;) —n'*# edges can be realized by a linear secret-
sharing scheme with the same total share size. Furthermore, for the above
graphs we construct a linear secret-sharing scheme realizing their forbid-
den graph access structure in which the size of the share of each party is
()(nl/4+ﬁ/4)_

We prove matching lower bounds on the share size of linear secret-sharing
schemes realizing forbidden graph access structures. We prove that for
most forbidden graph access structures, the total share size of every linear
secret-sharing scheme realizing these access structures is £2(n®/?); this
shows that the construction of Gay, Kerenidis, and Wee [CRYPTO 2015]
is optimal. Furthermore, we show that for every 0 < 8 < 1 there exist
a graph with at most n'™# edges and a graph with at least (;) —ntth
edges, such that the total share size in any linear secret-sharing scheme
realizing these forbidden graph access structures is (Z(n”ﬁ / 2). Finally,
we show that for every 0 < 8 < 1 there exist a graph with at most n'*?
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and by the Spanish Government through TIN2014-57364-C2-1-R.
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edges and a graph with at least (;) —n'*# edges, such that the size of the
share of at least one party in any linear secret-sharing scheme realizing
these forbidden graph access structures is Q(n1/4+5/4). This shows that
our constructions are optimal (up to poly-logarithmic factors).

Key words. Secret-sharing, share size, monotone span program, conditional dis-
closure of secrets.

1 Introduction

A secret-sharing scheme, introduced by [14, 43, 35], is a method in which a dealer,
which holds a secret, can distribute shares to a set of parties, enabling only prede-
fined subsets of parties to reconstruct the secret from their shares. These subsets
are called authorized, and the family of authorized subsets is called the access
structure of the scheme. The original motivation for defining secret-sharing was
robust key management schemes for cryptographic systems. Nowadays, they are
used in many secure protocols and applications, such as multiparty computa-
tion [11,21, 23], threshold cryptography [27], access control [41], attribute-based
encryption [34, 48], and oblivious transfer [44, 47].

In this paper we study secret-sharing schemes for forbidden graph access
structures, first introduced by Sun and Shieh [46]. The forbidden graph access
structure determined by a graph G = (V,E) is the collection of all pairs of
vertices in F and all subsets of vertices of size greater than two. Secret-sharing
schemes for forbidden graph access structure determined by bipartite graphs are
equivalent to conditional disclosure of secrets protocols. Following [7, 8], we study
the complexity of realizing a forbidden graph, and provide efficient constructions
for sparse and dense graphs.

A secret-sharing scheme is linear if the shares are a linear function of the
secret and random strings that are taken from some finite field. Equivalently, a
scheme is linear if the reconstruction of the secret from the shares is a linear map-
ping. A linear secret-sharing can be constructed from a monotone span program,
a computational model which introduced by Karchmer and Wigderson [37], and
every linear secret-sharing scheme implies a monotone span program. See [4] for
discussion on equivalent definitions of linear secret-sharing schemes. In many of
the applications of secret-sharing mentioned above, it is required that the scheme
will be linear. For example, Cramer, Damgard, and Maurer [23] construct gen-
eral secure multiparty computation protocols, i.e., protocols which are secure
against an arbitrary adversarial structure, from any linear secret-sharing scheme
realizing the access structure in which a set is authorized if and only if it is
not in the adversarial structure. Furthermore, it was shown by Attrapadung [3]
and Wee [49] that linear secret-sharing schemes realizing forbidden graphs ac-
cess structures are a central ingredient for constructing public-key (multi-user)
attribute-based encryption. These applications motivate the study in this paper
of linear secret-sharing schemes for forbidden graph access structures.
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1.1 Related Work

Secret-Sharing Schemes for Arbitrary Access Structures. Secret-sharing
schemes were introduced by Shamir [43] and Blakley [14] for the threshold case,
and by Ito, Saito, and Nishizeki [35] for the general case. Threshold access struc-
tures, in which the authorized sets are all the sets containing at least ¢ parties
(for some threshold t), can be realized by secret-sharing schemes in which the
size of each share is the size of the secret [14,43]. There are other access struc-
tures that have secret-sharing schemes in which the size of the shares is small,
i.e., polynomial (in the number of parties) share size [12,13, 17, 37]. In particular,
Benaloh and Leichter [12] proved that if an access structure can be described
by a small monotone formula, then it has an efficient secret-sharing scheme. Im-
proving on this result, Karchmer and Wigderson [37] showed that if an access
structure can be described by a small monotone span program, then it has an
efficient secret-sharing scheme.

The best known schemes for general access structures (e.g., [35, 13,17, 37]) are
highly inefficient, i.e., they have total share size of 29(") (where n is the number
of parties). The best known lower bound on the total share size of secret-sharing
schemes realizing an access structure is 2(n?/logn) [25,24]; this lower bound is
very far from the upper bound.

Graph Access Structures. A secret-sharing scheme realizes the graph access
structure determined by a given graph if every two vertices connected by an
edge can reconstruct the secret and every independent set in the graph does not
get any information on the secret. The trivial secret-sharing scheme for realizing
a graph access structure is sharing the secret independently for each edge; this
results in a scheme whose total share size is O(n?) (times the length of the
secret, which will be ignored in the introduction). This can be improved — every
graph access structure can be realized by a linear secret-sharing scheme in which
the total size of the shares is O(n?/logn) [29,19]. Graph access structures have
been studied in many works, such as [20, 18,45, 16, 15,9, 26,7, 8]. In particular,
Beimel, Farras, and Mintz [7] showed that a graph with n vertices that contains
(g) — n'*B edges for some constant 0 < B < 1 can be realized by a scheme in

which the total share size is O(n?/4136/4),

Forbidden Graph Access Structures. Gay, Kerenidis, and Wee [32] have
proved that every forbidden graph access structure can be realized by a lin-
ear secret-sharing scheme in which the total size of the shares is O(n®/?). Liu,
Vaikuntanathan, and Wee [38] have recently shown that every forbidden graph
access structure can be realized by a non-linear secret-sharing scheme in which
the total size of the shares is n!*o(),

Beimel, Farras, and Peter [8] showed that any graph with n vertices and with
at least () —n'*? edges (for some constant 0 < 8 < 1) can be realized by a
linear secret-sharing scheme in which the total share size is O(n7/6+28/3), They
also showed that if less than n'*# edges are removed from an arbitrary graph
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that can be realized by a secret-sharing scheme with total share size m, then
the resulting graph can be realized by a secret-sharing scheme in which the total
share size is O(m 4 n"/6%28/3). These results are improved in this paper.

Secret-sharing schemes for graph access structures and forbidden graph ac-
cess structures have similar requirements, however, the requirements for graph
access structures are stronger, since in graph access structures independent sets
of vertices should not get any information on the secret. Given a secret-sharing
scheme for a graph access structure, we can construct a secret-sharing scheme
for the forbidden graph access structure: We can independently share the se-
cret using the scheme for the graph access structure and the 3-out-of-n scheme
of Shamir [43]. The total share size of the new scheme is slightly greater than
the former. Therefore, upper bounds on the share size for graph access struc-
tures imply the same upper bounds on the share size for forbidden graph access
structures.

Conditional Disclosure of Secrets. Gertner et al. [33] defined conditional
disclosure of secrets (CDS). In this problem, two parties Alice and Bob want
to disclose a secret to a referee if and only if their inputs (strings of N bits)
satisfy some predicate (e.g., if their inputs are equal). To achieve this goal,
each party computes one message based on its input, the secret, and a common
random string, and sends the message to the referee. If the predicate holds,
then the referee, which knows the two inputs, can reconstruct the secret from
the messages it received. In [33], CDS is used to efficiently realize symmetrically-
private information retrieval protocols. In [32], it is shown that CDS can be used
to construct attribute-based encryption, a cryptographic primitive introduced in
(34, 42].

We can represent the CDS for some predicate as the problem of realizing a
secret-sharing scheme for a forbidden graph access structure of a bipartite graph
and vice-versa: Every possible input for Alice is a vertex in the first part of the
graph and every possible input for Bob is a vertex in the second part of the
graph, and there is an edge between two vertices from different parts if and only
if the two corresponding inputs satisfy the predicate. Given a CDS protocol for
a predicate, we construct a secret-sharing scheme realizing the bipartite graph
defined by the predicate in which the share of party z is the message sent in
the CDS protocol to the referee by Alice or Bob (depending on z’s part of the
graph) when they hold the input z. Thus, given a predicate P, we get a bipartite
graph with n = 2V vertices in each part (where N is the size of the input of
the parties) such that the length of the messages required in a CDS for P is the
length of the shares required by a secret-sharing realizing the forbidden graph
access structure.

Gertner et al. [33] have proved that if a predicate P has a (possibly non-
monotone) formula of size S, then there is a CDS protocol for P in which the
length of the messages is S. A similar result holds if the predicate has a (possi-
bly non-monotone) span program, or even a non-monotone secret-sharing scheme
(this is a secret-sharing scheme realizing an access structure defined in [33] in
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which for every bit in the input there are two parties, one for every value of the
bit). This result provides a rich class of predicates for which there are efficient
CDS protocols. Thus, there is a rich class of forbidden graph access structures
that can be realized by efficient secret-sharing schemes (by the equivalence be-
tween CDS and secret-sharing schemes for forbidden graph access structures).

It was shown in [32] that for every predicate there exists a linear CDS such
that the size of each of the messages sent by the two parties to the referee is
2N/2 3 This implies that for every bipartite graph there exists a linear secret-
sharing scheme realizing the forbidden graph access structure in which the size
of each share is O(n'/2) (where n is the number of the parties); in particular,
the total share size of this scheme is O(n?/2).

Liu et al. [38] have recently shown that every predicate has a non-linear
CDS scheme in which the size of the messages the parties send to the referee is
20(VNTogN) - Ag a corollary, we get a non-linear secret-sharing scheme realizing
the forbidden graph access structure for every bipartite graph with n vertices, in
which the size of each share is n@(V1eglogn/logn) — yo(1). iy particular, the total
share size of this scheme is n'tO(Vloglogn/logn) — pl+o(l) By a transformation
of [10, 8], the above two results hold for every graph (not necessarily bipartite).

Applebaum et al. [2] and Ambrona et al. [1] have shown that if we have
a linear CDS for some predicate P with message length ¢ and shared random
string length 7, then we can construct a linear CDS for the complement predicate
P in which the message length and the shared random string length is linear
in ¢ and 7. Translated to secret-sharing, we conclude that if we have a linear
secret-sharing scheme that uses r random field elements in the generation of the
shares and realizes the forbidden graph access structure of a bipartite graph G,
then we can realize its complement bipartite graph G with a linear scheme in
which the size of each share is O(r).

Another result shown in [2] is that for every predicate there exists a linear
CDS for secrets of k bits, where k is double-exponential in IV, such that the size
of each of the messages sent by the two parties to the referee is O(k - N). This
gives us an amortized size of O(NN) bits per each bit of the secret, much better
than the size of 2/2 for one-bit secret that was shown in [32]. When considering
forbidden graph access structures, we get that for every forbidden bipartite graph
access structure with n vertices there exists a linear secret-sharing scheme with
secrets of length k and total share size of O(knlogn), provided that the size of
the secret k is exponential in n.

1.2 Our Results

The main result we show in this paper is the construction of linear secret-sharing
schemes realizing forbidden graph access structures for sparse graphs and dense
graphs. We also prove tight lower bounds on the share size of linear secret-sharing
schemes realizing forbidden graph access structures.

3 A linear CDS is a CDS in which if the predicate holds, then the reconstruction
function of the referee is linear.
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Constructions. Our main constructions of linear secret-sharing schemes are
the following ones:

— Given a sparse graph with n vertices and at most n'*# edges, for some 0 <
B < 1, we construct a linear secret-sharing scheme that realizes its forbidden
graph access structure with the total size of the shares is O(n't#/2). The
best previously known linear secret-sharing scheme for such graphs is the
trivial scheme that independently shares the secret for each edge; the total
share size of this scheme is O(n!*#).

— Given a dense graph with n vertices and at least (g) —n'*P edges, for some
0 < B < 1, we construct a linear secret-sharing scheme that realizes its
forbidden graph access structure with total share size O(nHﬁ/ 2). The best
previously known linear secret-sharing scheme for such graphs is the scheme
of [8], which has total share size O(n7/6+28/3),

— Given a sparse graph with n vertices and at most n'*# edges, for some
0 < 8 < 1, we construct a linear secret-sharing scheme that realizes its
forbidden graph access structure such that the size of the share of each party
is O(n'/*t#/%). The same results holds for forbidden graph access structures
of dense graphs with at least (g) — n!*h8 edges. The best previously known
linear secret-sharing scheme for such graphs is the scheme of [32], which has
no restrictions on the number of edges; the share size of each party in this
scheme is O(n'/?).

— As a corollary, we construct a secret-sharing scheme for forbidden graph
access structures of graphs obtained by changing (adding or removing) few
edges from an arbitrary graph G. If the forbidden graph access structure
determined by a graph G can be realized by a secret-sharing scheme with
total share size m and G’ is obtained from G by changing at most n'+? edges,
for some 0 < 3 < 1, then we construct a secret-sharing scheme realizing the
forbidden graph access structure of G’ with total share size m + O(n't7/2).
If the secret-sharing scheme realizing the forbidden graph access structure
determined by G is linear, then the resulting scheme realizing the forbidden
graph access structure determined by G’ is also linear.

Taking into account the connection described above between CDS protocols
and secret-sharing schemes for forbidden graph access structures, our construc-
tions imply linear CDS protocols with message size 2N (1/4+8/4) for two families
of predicates f : {0,1}" x {0,1}" — {0,1}, predicates f with few zeros, i.c.
[ {(x,y) : f(z,y) =0} | < 2NO+H) (for some 0 < B < 1) and predicates f with
few ones, i.e. | {(z,y) : f(z,y) =1} | < 2N0+5),

Overview of Our Constructions. We construct the secret-sharing scheme
realizing forbidden graph access structures determined by sparse graphs in few
stages, where in each stage we restrict the forbidden graph access structures
that we can realize. We start by realizing fairly simple bipartite graphs, and in
each stage we realize a wider class of graphs using the schemes constructed in
previous stages.
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Our basic construction, described in Lemma 3.2, is a linear secret-sharing
scheme realizing a forbidden graph access structure for a bipartite graph G =
(A, B, E), where A is small and the degree of each vertex in B is at most d,
for some d < n. To construct this scheme, we construct a linear subspace V
for each vertex a € A, and a vector zp for every vertex b € B, such that
zp € V, if and only if (a,b) € E. The total size of the shares in the scheme
we construct is O(d|A| + |B]). A naive scheme for this graph, which shares the
secret independently for each edge, has total share size O(d|B|). Our scheme is
much more efficient than the naive scheme when A is small and B is big. This
is the scheme that enables us to construct efficient schemes for sparse forbidden
graph access structures.

In the second stage, we construct, in Lemma 4.1, a secret-sharing scheme for
a forbidden graph access structure for a bipartite graph G = (4, B, E), where
the degree of every vertex in B is at most d (and there is no restriction that
A is small). Then, we construct in Theorem 4.2 a secret-sharing scheme with
total share size O(nv/dlogn) for bipartite graphs with |A| = |B| = n, where the
vertices in B have degree at most d. The idea of this construction is to randomly
partition the set A to £ = O(v/dInn) = O(v/d) “small” sets Ay, ..., As. We prove
that with high probability, for every 1 < i < ¢, the degree of every vertex b € B
in the bipartite graph G; = (4;, B, EN (4; x B)) is at most O(v/d) (compared
to its degree in G, which can be at most d). We now realize each sparse graph
G; using the basic scheme.

In the third stage, we construct, in Theorem 4.3, a secret-sharing scheme
for a bipartite graph G = (A, B, E), where the number of edges in G is at
most n!*# for some 0 < B < 1 (where |A| = |B| = n). That is, we realize
forbidden graph access structures for bipartite graphs where the average degree
of each vertex in B is at most n”. To this purpose, we use an idea from [7]
(also used in [8]). Fix some degree d, and let Bz be the vertices in B whose
degree is at least d. Furthermore, let Byman = B \ Bhuig. Since the number of
edges in G is at most n'™#, the size of Bhy,ig is at most n'*#/d. Using the fact
that DBpig is small (however, the degree of each vertex in By can be n), the
secret-sharing scheme of [32] (alternatively, the scheme of Lemma 4.1) realizes
the graph Guig = (A, Bhig, £ N (A X Byig)) with “quite small” shares. Using the
fact that the degree of each vertex in Bgpan is small, the secret-sharing scheme
of Lemma 4.1 realizes Gsman = (A, Bsman, £ N (A X Bgman)) with total share
size O(n\/;i logn). By taking the appropriate value for d, we get a secret-sharing
scheme realizing G in which (for small enough values of ) the total share size
is o(n'*#), but still larger than the promised total share size. To get a secret-
sharing scheme realizing G with total share size O(n'*#/2), we group the vertices
in B into O(logn) sets according to their degree, where the ith set B; contains
the vertices whose degree is between n/2'*! and n/2¢. We realize each graph
G; = (A,B;,EN (A x B;)) independently using the secret-sharing scheme of
Lemma 4.1.

In the last stage, we construct, in Theorem 4.4, a secret-sharing scheme for
any forbidden graph access structure with the promised total share size. That is,
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if the number of edges in G is at most n'™# for some 0 < 3 < 1 (where |V| = n),
then the total share size is O(n't#/2). The last stage is done using a generic
transformation of [10, 8], which constructs a secret-sharing scheme for any graph
from secret-sharing schemes for bipartite graphs.

To summarize, there are 4 stages in our construction for sparse graphs. The
first two stages are the major new steps in our construction. The third stage uses
ideas from [7], however, it requires designing appropriate secret-sharing schemes
in the first two stages. In the last stage, we use a transformation of [10, 8] as a
black-box. The construction for forbidden graph access structures determine by
dense graphs is similar, however, we construct a different scheme for the first
stage.

The construction of a scheme realizing a forbidden graph access structure
determined by a graph G’ obtained by adding or removing few edges from a
graph G is done using ideas from [8] as follows: First, we share the secret s using
the secret-sharing scheme realizing the sparse graph containing all edges added
to G (we add at most n!*# to G). In addition, we share the secret s using a
2-out-of-2 secret-sharing scheme. That is, we choose two random elements s;
and s, such that s = s; @ so. We share s; using the scheme of the graph G and
share sy using the secret-sharing scheme realizing the dense graph containing all
possible edges except for the edges removed from G (this graph is a dense graph
with at least (g) — nl*h edges, since we remove at most n'*? from G).

Next, we construct a linear secret-sharing scheme realizing bipartite graphs
G = (A,B,E), where |A| = |B] = n and the number of edges in G is at
most n't8, for some 0 < B < 1, in which the share size of each vertex is
O(n'/*+8/*1ogn). The construction of this scheme is similar to the construction
of our previous scheme that presented in the third stage. Let d = n!/2+5/2,
and let Ap;z (respectively, Byig) be the vertices in A (respectively, B) whose
degree is at least d. Furthermore, let Agman = A\ Abig (respectively, Bsman =
B\ Byig). Since the number of edges in G is at most nitP, the size of Abig
(respectively, Buig) is at most n'*#/d = n'/2¥8/2_ Thus, we can realize the
graph (Apig, Bhig, £ N (Apig X Buig)) using the scheme of [32] in which the share
size of each vertex is O((n'/2+#/2)1/2) = O(n'/4+P/4). Next, since the degree of
each vertex in Agman (respectively, Bsman) is at most d, we can realize each of
the graphs (Aa Bsmth EN (A X Bsmall))a (Asmall, B, EN (Asmall X B)) USing our
scheme of the second stage in which the share size of each vertex is O(v/dlogn) =
O(n'/*+8/*1ogn), and get the desired share size.

Lower Bounds. We prove that for most forbidden graph access structures,
the total share size of every linear secret-sharing scheme realizing these access
structures, with a one-bit secret, is £2(n®/2), which shows that the construction
of Gay et al. [32] is optimal. This also shows a separation between the total
share size in non-linear secret-sharing schemes realizing forbidden graph access
structures, which is n'*°() by [38], and the total share size required in linear
secret-sharing schemes realizing forbidden graph access structures. This lower
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bound implies that, for most predicates P : {0,1}" x {0,1}"¥ — {0,1}, in every
linear CDS protocol for P the length of the messages is £2(27V/2).

Furthermore, we show that for every 0 < 8 < 1 there exist a graph with at
most n't# edges and a graph with at least (g) —n'*P edges, such that the total
share size in any linear secret-sharing scheme realizing their forbidden graph
access structures is £2(n'T#/2). Finally, we show for every 0 < 3 < 1 there exist
a graph with at most n'™# edges and a graph with at least (g) — P edges,
such that the size of the share of at least one party in any linear secret-sharing
scheme realizing their forbidden graph access structures is .Q(nl/ 448/ 4). These
lower bounds show that our constructions are optimal (up to poly-logarithmic
factors). Our lower bounds are existential and use counting arguments. They
previously appeared (in a somewhat less general form) in the master thesis of
the third author of this paper [39].

2 Preliminaries

We denote the logarithmic function with base 2 and base e by log and In, re-
spectively. We denote vectors by bold letters, e.g., v.

2.1 Secret-Sharing

We present the definition of secret-sharing scheme as given in [22, 6]. For more
information about this definition and secret-sharing in general, see [5].

Definition 2.1 (Secret-Sharing Schemes). Let P = {p1,...,pn} be a set of
parties. A collection I' C 2 is monotone if B € I and B C C imply that C € I.
An access structure is a monotone collection I' C 2F of non-empty subsets of
P. Sets in I' are called authorized, and sets not in I' are called unauthorized.
The family of minimal authorized subsets is denoted by minI".

A distribution scheme X' = (I, ) with domain of secrets K is a pair, where
1 is a probability distribution on some finite set R called the set of random strings
and II is a mapping from K X R to a set of n-tuples K1 X Ko x - --x K,,, where K;
is called the domain of shares of p;. A dealer distributes a secret k € K according
to X by first sampling a random string r € R according to p, computing a vector
of shares II(k,r) = (s1,...,8n), and privately communicating each share s; to
party p;. For a set A C P, we denote II4(k,r) as the restriction of II(k,r) to
its A-entries (i.e., the shares of the parties in A).

Given a distribution scheme, define the size of the secret as log |K|, the (nor-
malized) share size of party p; as log|K,;|/log|K]|, the (normalized) max share
size as maxi<;<y, log|K,;|/log|K]|, and the (normalized) total share size of the
distribution scheme as 3, .., log|K;|/log|K].

Let K be a finite set of secrets, where |K| > 2. A distribution scheme (II, 1)
with domain of secrets K is a secret-sharing scheme realizing an access structure
I if the following two requirements hold:

CORRECTNESS. The secret k can be reconstructed by any authorized set of par-
ties. That is, for any set B = {p;,,... ,pi‘B‘} € I', there exists a reconstruction
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function Reconp : K;, x ... x K;
every random string r € R,

— K such that for every secret k € K and

|B|

Recong (HB(k:,r)> = k.

Privacy. Every unauthorized set cannot learn anything about the secret (in the
information theoretic sense) from their shares. Formally, for any set T ¢ I,
every two secrets a,b € K, and every possible vector of shares (s;)p.er,

Pr[IIr(a,r) = (sj)p,er ] = Pr[ 7 (b,r) = (sj)p,er |,
when the probability is over the choice of r from R at random according to .

Definition 2.2 (Linear Secret-Sharing Scheme). Let ¥ = (II,u) be a
secret-sharing scheme with domain of secrets K, where u is a probability dis-
tribution on a set R and II is a mapping from K X R to K1 X Ko X -+ X K.
We say that X is a linear secret-sharing scheme over a finite field F if K = F,
the sets R, Ky, ..., K, are vector spaces over F, II is a F-linear mapping, and
1 s the uniform probability distribution over R.

2.2 Monotone Span Programs

Monotone span programs (abbreviated MSPs) are a linear-algebraic model of
computation introduced by Karchmer and Wigderson [37]. As explained below in
Claim 2.4, MSPs over finite fields are equivalent to linear secret-sharing schemes.

Definition 2.3 (Monotone Span Programs [37]). A monotone span pro-
gram s a quadruple M= (F, M, 0,v), where F is a field, M is an a X b matriz
over F, 6 : {1,...,a} — P (where P is a set of parties) is a mapping labeling
each row of M by warty,‘l and v is a non-zero vector in F®, called the target
vector. The size of M is the number of rows of M (i.e., a). For any set A C P,
let M4 denote the sub-matriz obtained by restricting M to the rows labeled by
parties in A. We say that M accepts a set B C P if the rows of Mp span the
vector v. We say that M accepts an access structure I' where M accepts a set
B if and only if B I'.

By applying a linear transformation to the rows of M, the target vector can
be changed to any non-zero vector without changing the size of the MSP. The
default value for the target vector is e; = (1,0,...,0), but in this work we also
use other vectors, e.g., 1 (the all one’s vector).

Claim 2.4 ([37,4]). Let F be a finite field. There exists a linear secret-sharing
scheme over F realizing I' with total share size a if and only if there exists an
MSP over F of size a accepting I'.

4 We label a row by a party rather than by a variable x; as done in [37)].
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For the sake of completeness, we explain how to construct a linear secret-
sharing scheme from an MSP. Given an MSP M = (F, M, §,e1) accepting I,
where M is an a X b matrix over F, define a linear secret-sharing scheme as
follows:

— Input: a secret k € F.

— Choose b — 1 random elements 7o, ..., 7, independently with uniform distri-
bution from F and define r = (k,ra,...,7p).

— Evaluate (s1,...,8,) = Mr”, and distribute to each party p € P the entries
corresponding to rows labeled by p.

In this linear secret-sharing scheme, every set in I" can reconstruct the secret:
Let B € I' and N = Mp, thus, the rows of N span e, and there exists some
vector v such that e; = vIN. Notice that the shares of the parties in B are NrT.
The parties in B can reconstruct the secret by computing v(Nr”), since

v(NrT) = (vN)rl =e; -t7 = k.
The proof of the privacy of this scheme can be found in [37, 5].

2.3 Graphs and Forbidden Graph Access Structures

Recall that a bipartite graph G = (A, B, E) is a graph where the vertices are
AU B (A and B are called the parts of G) and E C A x B. A bipartite graph
is complete if E = A x B.

Definition 2.5 (The Bipartite Complement). Let G = (A, B, E) be a bipar-
tite graph. The bipartite complement of G is the bipartite graph G = (A, B, E),
where every a € A and b € B satisfy (a,b) € E if and only if (a,b) ¢ E.

Definition 2.6 (Forbidden Graph Access Structures). Let G = (V, E) be
a graph. The forbidden graph access structure defined by G is the collection of
all pairs of vertices in E and all subsets of vertices of size greater than two. °

Remark 2.7. When we say that a secret-sharing scheme realizes a graph G,
we mean that the scheme realizes the forbidden graph access structure of the
graph G.

Remark 2.8. In applications of secret-sharing schemes for forbidden graph access
structures (e.g., conditional disclosure of secrets), the only requirement is that
pairs of vertices can reconstruct the secret if and only if they are connected by an
edge. To fully specify the access structure of a forbidden graph, we also require
that all sets of 3 or more vertices are authorized. This additional requirement
only slightly increases the total share size required to realize forbidden graph
access structures, since we can independently share the secret using the 3-out-
of-n scheme of Shamir [43], in which the size of the share of every party is the
size of the secret (when the size of the secret is at least logn). To simplify the
description of our schemes, in all our construction in Sections 3 to 5 we implicitly
assume that we share the secret using Shamir’s 3-out-of-n secret-sharing scheme.

5 In [46], the access structure is specified by the complement graph, i.e., by the edges
that are forbidden from learning information on the secret.
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2.4 Conditional Disclosure of Secrets

For completeness, we present the definition of conditional disclosure of secrets,
originaly defined in [33].

Definition 2.9 (Conditional Disclosure of Secrets). Let f : {0,1}" x
{0,13"Y = {0,1} be some function, and let ENC4 : {0,1}" x 8 x R — My,
ENncp : {0,1}" x S x R — Mp be deterministic functions (also called pred-
icate), where S is the domain of secrets and R is the domain of the common
random strings, and DEC : {0,1}" x{0,1} x My x Mg — S be a deterministic
function. Then, (ENC4, ENCp, DEC) is a conditional disclosure of secrets (CDS)
protocol for the function f if the following two requirements hold:

CORRECTNESS. For every z,y € {0,1}N with f(z,y) = 1, every secret s € S,
and every common random string r € R,

Dec(z,y, ENCa(z, s,7), ENCE(y, s,7)) = s.

PRIVACY. For every x,y € {0, 1}N with f(xz,y) = 0, every two secrets s1, 89 € S,
and every messages ma € Ma,mp € Mp:

Pr[ENCa(z, s1,7) = m4 and ENCp(y, s1,7) = mp]

= Pr[ENC4(z, s2,77) = ma and ENCg(y, $2,7) = mp],

when the probability is over the choice of r from R at random with uniform
distribution.

3 The Basic Construction for Graphs of Low Degree

Our basic construction requires the following construction of linear spaces, which
will be used both for sparse graphs and for dense graphs.

Claim 3.1. Let G = (A, B, E) be a bipartite graph with A = {a,...,an}, B =
{b1,...,bn} such that the degree of every vertex in B is at most d and let F be a
finite field with |F| > m. Then, there are m linear subspaces Vi,...,V,, C Fdt!
of dimension d and n + 1 vectors z1,...,2n, W € F¥1 such that

zj € V; if and only if (a;,b;) € E,
and w ¢ V; for every 1 <i <m.

Proof. We identify vectors in F4+! with polynomials of degree at most d in
the indeterminate X. That is, for a vector v € F?*! we consider a polynomial
v(X) € F[X] of degree d in which the coefficient of degree i is the (i + 1)-th
coordinate of v.

For each vertex a; € A, we associate a distinct element a; € F. We define
the subspace V; C F4t! of dimension d as the one associated to the space of
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polynomials P(X) of degree at most d such that P(«a;) = 0, i.e., the space of
polynomials spanned by {(X — o), (X2 — o, - X),..., (X —a; - X471)}. Since
these d polynomials are independent, the dimension of each V; is d. Furthermore,
for a vertex b; € B, whose neighbors are a;,,as,, ..., a;, (for some d’ < d), we
define

ZJ(X) = (X _ail) . (X —aiz) et (X — Oéid,).

Note that z; € V; if and only if z;(a;) = 0 if and only if «; € {ail yQligy e ey aid,}
if and only if (a;,b;) € E.

Finally, define w(X) = 1. For every 1 < i < m, since w(a;) = 1 and v(a;) =0
for every v € V;, the vector w is not in V;. O

Lemma 3.2. Let G = (A, B, E) be a bipartite graph with |A| = m, |B| = n,
such that the degree of every vertex in B is at most d. Then, there is a linear
secret-sharing scheme realizing G with total share size n + (d + 1)m.

Proof. Denote A = {a1,...,an}, B = {b1,...,b,}, and let Vq,...,V,, and
Z1,...,2Zy be the linear subspaces and vectors guaranteed by Claim 3.1. We
construct a monotone span program accepting GG, where there are d + 1 rows
labeled by a; for every 1 < i < m and one row labeled by b; for every 1 < j < n.
By Claim 2.4, this implies the desired linear secret-sharing scheme.

Let {vi1,...,via} be abasis of V;, and for 1 < ¢ < d, define VLZ = (0,0,viy)
(that is, v{ , is a vector in F4+3 whose first two coordinates are 0 followed by
the vector vi,). The rows labeled by a; are vi,,...,v{4 and (0,1,0,...,0).
The row labeled by b; is zg = (1,0,2;). The target vector is (1,1,0,...,0).
The monotone span program accepts (a;,b;) if and only if (1,1,0,...,0) €
span {zJ’.,vg)l, cvigs (0,1,0,. 0)} if and only if z; € span{vi1,...,Via}
if and only if z; € V; if and only if (a;,b;) € E.

Furthermore, two vertices from the same part do not span (1,1,0,...,0): For
two vertices in A, this follows since the first coordinate in all vectors they label
is 0. For two vertices in B, this follows since the second coordinate in the vectors
they label is 0. Therefore, the monotone span program accepts G. a

We next show that Lemma 3.2 can be used to realize every bipartite graph
by a linear secret-sharing scheme with total share size O(n®/2). This scheme
has the same total share size as the linear secret-sharing scheme of [32]. This
construction is presented as a warmup for our construction for bipartite graphs
with bounded degree.

Lemma 3.3. Let G = (A, B, E) be a bipartite graph such that |A| = |B| = n.
Then, there is a linear secret-sharing scheme realizing G with total share size

O(n3/?).

Proof. We arbitrarily partition A into \/n sets, Aq,..., A s, each set of size at
most /n. By Lemma 3.2, the bipartite graph (A4;, B, E N (A; x B)) (in which
every vertex in B has at most |A;| = v/n neighbors) can be realized by a linear
secret-sharing scheme with total share size O(n + (v/n + 1)y/n) = O(n). We use
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this construction for each of the /n sets A, .. .y A /. Hence, the total share
size of the resulting scheme is O(n3/2). O

It can be verified that in the secret-sharing scheme of Lemma 3.3, the size of
the share of each vertex is O(n'/2).

4 Secret-Sharing Schemes for Sparse Graphs

In this section we present efficient secret-sharing schemes for forbidden graph
access structures of sparse graphs, that is, graphs with at most n'*# edges for
some 0 < f < 1. The main result is Theorem 4.4, where we show that these
graphs admit secret-sharing schemes with total share size O(nHB/ 2]og® n). Its
proof is involved, and we use several intermediate results. First, we construct an
efficient secret-sharing schemes for sparse bipartite graphs. In the construction
for a sparse bipartite graph G = (A, B, E) in Theorem 4.3 we partition the
vertices in B into O(logn) sets according to their degree, that is, the vertices in
the ith set B; are the vertices whose degrees are between n/2! and n/2!. We
realize each graph G; = (4, B;, E N (A x B;)) independently using the secret-
sharing scheme of Lemma 4.1. This methodology is the same as in [7,8]. The
main new technical result in this section is Lemma 4.1, and it is the basis of
this construction. Finally, using a transformation that appeared in [10], we use
the schemes for sparse bipartite graphs to construct a scheme for general sparse
graphs.
Lemma 4.1. Let G = (A, B, E) be a bipartite graph with |A| = n, |B| < n such
that the degree of each vertez in B is at most d for somed < n. Ifd|B| > n log® n,
then there is a linear secret-sharing scheme realizing G with total share size
O(y/n|B|dlogn).
Proof. Let § = log, d (that is, d = n%), v = log,, | B| (i.e., |B| = n?), and

1~ 4

=- 4L 1
a=g+5 -5 (1)

and denote ¢ = 2n'~*Inn. We first prove that there are sets A;,..., Ay C A of
size n® that satisfy the following properties:

(1) U, 4; = A, and

(IT) for every 1 < ¢ < /, the degree of the vertices in B in the graph G; =

(A;, B,EN (A; x B)) is at most 12n®+o—1,

For each 1 < i < ¢, we independently choose A; with uniform distribution
among the subsets of A of size n®. We show that, with positive probability,
A, ..., Ay satisfy properties (I) and (IT).

First, we analyze the probability that (I) does not hold.

¢ an f
Prid#U4] <Y Prlag¢ua)=> [[Prla¢ Al=Y" (1-’2)

acA acAi=1 acA

1—a 1 1
< e T = = =
= Z n2 _ n

a€cA
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Now we show that the probability that the sets A;,..., Ay do not satisfy
Property (II) is less than 1/4. Fix an index 1 <4 < ¢ and a vertex b € B. We
analyze the probability that the degree of b in G; is larger than 12n*+t9~1 We
view the choice of the random set A; as a process of n® steps, where in the jth
step we uniformly choose a vertex a; € A amongst the vertices that have not
been chosen in the first j — 1 steps. Using this view of choosing A;, we define
the following binary random variables Zi, ..., Z,o, where Z; = 1 if (a;,b) is an
edge of GG;, and 0 otherwise. Then, we consider Z = Z;’:l Zj, that is, Z is the
degree of b in Gj.

We would like to apply a Chernoff bound to these variables, however, they are
not independent. We use Z1, . .., Z,o to define new random variables Z1, ..., Z)
that are independent. For every vector z = (z¢)¢;, let

Pz = Pr[Z; = 1|Z; = 2 for all t # j].
By convention, if Pr[Z; = z for all t # j] = 0, then p, = 0. Note that

nd 2
<

n—ne ~ pl-d’

Pz <

where d = n® is the upper bound on the degree of b given in the lemma. Observe
that the last inequality follows because n'/? < n5/2+7/2/ logn, and so

n® = pl/2H7/2-8/2 < (6124 /247/25/2 [0 1y < /2,

obtaining that n — n® > n/2.

The random variables 77, ..., Z! . are defined as follows: Let z1,..., 2,0 be
the values given to Z1,...,Zpe. If z; = 1, then ZJ’- = 1 and if z; = 0, then
Z} = 1 with probability (2/n'~° —p,)/(1 — p,) and Z} = 0 otherwise. Thus,
Pr(Z} = 1|Z; = z forallt # j|] = 2/n'~9. Therefore, 7} is independent of
(Z4)15, and, hence, independent of (Z7);.

Let Z/ = Z;il Z}. The expected value of Z’ is n®-2/n*~% = 2n*+9~1, Using
a Chernoff bound [40, Theorem 4.4, (4.3)], we obtain

a+8—1

Pr[Z > 12n°T071 <Pr[Z’ > 12n°T°7 1] < 27120

By (1) and since n7t% > nlog®n, we obtain n®t0—1 = p1/2+3/2=1/2 > Jogn,
Thus,
Pr[Z > 12p°T071] < 1/n'? < 1/(4n0).

Property (II) holds if for every b € B and every 1 < i < ¢, the degree of b
in G; is at most 12n*+°~1. By the union bound, the probability that (IT) does
not hold is at most 1/4. Thus, again by the union bound, the probability that
random sets Ay, ..., A, satisfy properties (I) and (II) is greater than 1/2, and,
in particular, such sets exist.

Given valid sets A1,..., Ay, we construct a secret-sharing scheme for each
bipartite graph G; = (4;, B, E N (A; x B)) using Lemma 3.2. In each one of
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these subgraphs, the degree of each vertex in B is at most 12n>+9~1. Hence, the
total share size of the resulting scheme will be

4
Z |B| + |A | 12n0¢+5—1 + 1)) =0 (z(n’y + nana+§_1))

=1

( 1= alnn(n'y+n2a+5_l))

@)
O (logn(n'*t7= 4+ na”)) .

This value is minimized when 1+~ — « = a + 4, that is, when o = £ + 7 — g
(this explains our choice of «). Using this value of «, we obtain total share size
of O(n'/?+7/2+3/210g n). O

The following theorem is a special case of the above lemma, when |A| = |B|.

In the proof of Theorem 4.3 below, we also use Lemma 4.1.

Theorem 4.2. Let G = (A, B, E) be a bipartite graph such that |A| = |B| =n
and the degree of every vertex in B is at most d for some d < n. Then, there is

a linear secret-sharing scheme realizing G in which the share size of each vertex
is O(v/dlogn). The total share size of this scheme is O(nv/dlogn).

Proof. If d < log®n, we use the secret-sharing scheme of Lemma 3.2; in this
scheme the share size of each vertex is O(d) = O(v/dlogn), and the total share
size is O(nv/dlogn).

Otherwise, d > log®n, and let § = log, d, ¢ =2n%/?Inn, and Ay,..., A, C A
be the sets of size n'~%/2 guarantied from Lemma 4.1 (taking v = 1). We can
assume that each vertex in A is a member of exactly one set (by removing the
vertex from every set except from one). Note that the sets still satisfy the two
desired properties.

Next, as in Lemma 4.1, we construct a secret-sharing scheme for each bi-
partite graph G; = (A;,B,E N (A; x B)) (for 1 < i < {) using the scheme
of Lemma 3.2. The degree of each vertex in B in the graph G; is at most
12n%/2 = O(\/ﬁ) Every vertex in B participates in ¢ schemes, and gets a share
of size one in each of these schemes. Hence, the share size of every vertex in
B is £ = O(v/dlogn). Every vertex in A participates in one scheme, and gets
a share of size 12n%/2 + 1 = O(V/d) in this scheme. Overall, the share size of
each vertex in the resulting scheme is O(v/dlogn), and the total share size is

O(nvdlogn). 0

Theorem 4.3. Let G = (A, B, E) be a bipartite graph with |A| = |B| = n and
with at most n'1P edges, for some constant 0 < 3 < 1. Then, there is a linear
secret-sharing scheme realizing G with total share size O(nl“‘ﬁ/2 1og2 n).

Proof. If n® < log®n, we use the trivial secret-sharing scheme, where we share

the secret independently for each edge; in this scheme the total share size is
O(n'*+#) = O(n'*#/2logn).
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We next deal with the interesting case where n? > log®n. In this case, we
partition the vertices in B according to their degree, that is, for i =0,..., (1 —
B)logn — 1, define

Bi:{beB:%<deg(b)§%}

and Bgpnay = {b € B :deg(b) < nﬁ}, and G; = (4,B;, EN (A x B))).

We realize each graph G, for i = 0,...,(1 — 8)logn — 1, using Lemma 4.1.
Since the number of edges in G is at most n'™# and the degree of every vertex
in B; is at least n/2i+1, the number of vertices in B; is at most % = 2it1ph,
By adding dummy vertices to B; with degree 0, we can assume that |B;| =
2i+1nf. By Lemma 4.1, there is a secret-sharing scheme realizing the forbidden
graph access structure of G; with total share size O(y/n - 2:TInf - n/2¢ -logn) =
O(n'*8/21ogn). Note that, as required in Lemma 4.1, d|B;| = n/2" - 2i*1nf >
nlog®n.

Finally, we realize (A, Bsman, EN(AX Byman)) using the secret-sharing scheme
of Theorem 4.2; the total share size of this scheme is O(n't5/21logn) as well.
Since we use 14 (1 — () log n schemes, the total share size of the resulting scheme
is O(n'*t5/210g” n). 0

Theorem 4.4. Let G = (V, E) be a graph with n vertices and with at most n*+#
edges for some constant 0 < 8 < 1. Then, there is a linear secret-sharing scheme
realizing G with total share size O(n'*t7/2log®n).

Proof. To simplify notation, assume that n is a power of 2. As in [10], we cover
G by logn bipartite graphs, each graph having at most n!*? edges. We assume
that V' = {v1,...,v,}, and for a vertex v; we consider i as a binary logn string
i = (i1,...,%0gn)- For every 1 < ¢ < logn, we define the bipartite graph H; =
(Ay, By, Fy) as the subgraph of G in which A; is the set of vertices whose t-th
bit is 0, B, is the set of vertices whose ¢-th bit is 1, and F; = EN(A; X By), i.e.,
F; is the set of edges in E between the vertices of A; and B;.

To share a secret s, for every 1 <t < logn, we share s independently using
the secret-sharing scheme of Theorem 4.3 realizing the bipartite graph H; with
total share size O(n“‘ﬁ/2 log? n). Since we use logn schemes, the total share size
in the scheme realizing G is O(n'*#/21og®n).

For an edge (v;,v;) € E, where i = (i1,...,%10gn) and j = (j1,..., Jlogn)s
there is at least one 1 < ¢ < logn such that i, # j;, thus, (v;,v;) € F; and
{vi,v;} can reconstruct the secret using the shares of the scheme realizing H;. If
(vi,v;) ¢ E, then (v;,v;) ¢ Fy for every 1 <t <logn, and, hence, {v;,v;} have
no information on the secret. a

5 Secret-Sharing Schemes for Dense Graphs

In this section we study forbidden graph access structures of dense graphs. The
main result of this section is Theorem 5.5, where for every dense graph we present
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a linear secret-sharing scheme realizing its forbidden graph access structure.
For sparse graphs, we designed a general construction starting from a basic
secret-sharing scheme, described in Lemma 3.2. For dense graphs, we follow the
same strategy, replacing the basic construction with a different scheme, given in
Lemma 5.1.

Lemma 5.1. Let G = (A, B, E) be a bipartite graph with |A| = m, |B| = n,
such that the degree of every vertex in B is at least m —d. Then, there is a linear
secret-sharing scheme realizing G with total share size 2n + (d + 1)m.

Proof. Denote A = {ay,...,am}, B = {b1,...,b,}. Let G = (A, B, E) be the
bipartite complement of G, and let Vi,...,V,, C F¢t1 be the linear subspaces
of dimension d and z1, . .., z,, w € F*! be the vectors guaranteed by Claim 3.1
for the graph G. As proved in Claim 3.1, z; € V; if and only if (a;,b;) ¢ E and
w ¢ V; for every 1 < i < m.

Next, we construct a monotone span program where there are d 4+ 1 rows
labeled by a; for every 1 < ¢ < m and two rows labeled by b; for every
1 <j < n. Let {vi1,...,via} be a basis of V;. The rows labeled by a; are
(0,0,vi1),...,(0,0,vi4),(0,1,0,...,0) and the rows labeled by b; are (0,0, z;)
and (1,0,...,0). We take (1,1, w) as the target vector.

We first prove that the span program accepts an edge (a;,b;) € E. Since
(a;,b;) € E, it holds that z; ¢ V; and so the dimension of span {z;, vi1,...,Via}
is 1 plus the dimension of V;, i.e., span{zj,vi1,...,Vid} = Fé+1 and in partic-
ular,

w € span{z;,Vi1,...,Vid} -

Thus, (1,1, w) is in the span of the vectors labeled by a; and b;.

We next prove that this monotone span program does not accept any pair
(@i, b;) ¢ E where a; € A and b; € B. By Claim 3.1, w ¢ V;. Since (a;,b;) ¢ E,
it holds that z; € V; and so w ¢ span{zj,vi1,...,via} = V;. Thus, (1,1,w) is
not in the span of the vectors labeled by a; and b;

Furthermore, two vertices from the same part do not span (1,1, w): For two
vertices in A, this follows since the first coordinate in all vectors they label is
0. For two vertices in B, this follows since the second coordinate in the vectors
they label is 0. Therefore, the monotone span program accepts G. a

Lemma 5.2. Let G = (A, B, E) be a bipartite graph with |A| = n, |B| <n, and
let G = (A, B, E) be the bipartite complement of G. If the degree of B in G is at
most d, for some d satisfying d < n and d|B| > nlog?n, then there is a linear
secret-sharing scheme realizing G with total share size O(y/n|Bldlogn).

Proof. We use the techniques presented in the proof of Lemma 4.1. We take
§ =log,d, v =log, |B|,a=3+3— g, and ¢ = 2n'~%Inn. By the proof of
Lemma 4.1, there exist sets Aq,..., Ay C A of size n® that satisfy:

(1) Ui_, 4 = A, and -
(IT) for every 1 < ¢ < /, the degree of the vertices in B in the graph G; =
(A;, B,EN(A; x B)) is at most 12n®+9~1,
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Then, we construct a secret-sharing scheme for each bipartite graph G; =
(A;, B,EN(A; x B)) using Lemma 5.1. The degree of each vertex in B in the
graph G is at least |A4;| — 12n°T9~1 so the total share size will be

l
0 (Z |B| + |44 - 12na+5‘1> =

i=1
=0 (Inn(n'~* + no‘+5)) = O(n*/**/%3/21og ).

O

Theorem 5.3. Let G = (A, B, E) be a bipartite graph such that |A| = |B| =n
and the degree of every vertex in B is at least n—d for some d < n. Then, there is
a linear secret-sharing scheme realizing G in which the share size of each vertex

is O(v/dlogn). The total share size of this scheme is O(nv/dlogn).

Proof. If d < log® n, we use the construction in [8, Lemma 3.8]; in this scheme
the share size of each vertex is O(d) = O(v/dlogn), and the total share size is
O(nv/dlogn).6

Otherwise, d > log2 n, and let 6 =log,, d, { = 2n9/2Inn, and Aq,..., Ay C A
be the sets of size n'~%/2 guarantied from Lemma 5.2 (taking v = 1). As in
Theorem 4.2, we can assume that each vertex in A is a member of exactly one
set, and the sets still satisfy the two desired properties.

Next, as in Lemma 5.2, we construct a secret-sharing scheme for each bi-
partite graph G; = (4;, B,E N (A; x B)) (for 1 < ¢ < ¢) using the scheme of
Lemma 5.1. The degree of each vertex in B in the bipartite complement of G;
is at most 12n%/2 = O(v/d). Every vertex in B participates in ¢ schemes, and
gets a share of size two in each of these schemes. Hence, the share size of every
vertex in B is 2¢ = O(v/dlogn). Every vertex in A participates in one scheme,
and gets a share of size 12n°/2 + 1 = O(v/d) in this scheme. Overall, the share
size of each vertex in the resulting scheme is O(v/dlog n), and the total share
size is O(ny/dlogn). O

Theorem 5.4. Let G = (A, B, E) be a bipartite graph with |A| = |B| = n such
that its bipartite complement G = (A, B, E) has at most n'™# edges, for some
constant 0 < B < 1. Then, there is a linear secret-sharing scheme realizing G
with total share size O(n*+#/2log®n).

Proof. As in the proof of Theorem 4.3, for i = 0,...,(1 — 8)logn — 1, define
B; = {b € B 5 < degg(b) < 2ﬂ} and Bgman = {b € B :degg(b) < nﬁ}.

For every 0 <i < (1 — 8)logn — 1, we use Lemma 5.2 to construct a secret-
sharing scheme realizing the graph (A, B;, EN (A x B;)); the total share size of
this scheme is O(y/n - 2i¥1nB . n/2i-logn) = O(n*+#/21logn). Finally, we realize
(A, Bsman, £ N (A X Bgman)) using the secret-sharing scheme of Theorem 5.3; the
total share size of this scheme is O(n'*#/21logn) as well. Since we use 1 + (1 —

5 in [8, Lemma 3.8], it is only stated that the total share size in the scheme is O(nd),
however, in their scheme the size of the share of each vertex is O(d).
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/) log n schemes, the total share size of the resulting scheme is O(n't#/2log? n).
(|

Theorem 5.5. Let G = (V,E) be a graph with n vertices and with at least
(g) — n'*P edges, for some constant 0 < B < 1. Then, there is a linear secret-

sharing scheme realizing G with total share size O(n”ﬁ/2 log® n).

Proof. For every 1 <t < logn, we define the bipartite graph Hy; = (A, By, Fy)
as in Theorem 4.4. The bipartite complements of these bipartite graphs have at
most n'*# edges. By Theorem 5.4, each such bipartite graph admits a secret-
sharing scheme with total share size O(n'*+#/2 log? n). The total share size of the
resulting scheme is O(n'+#/2log® n). O

We use Theorem 4.4 and Theorem 5.5 to show that the total share sizes
required to realize two graphs that differ in a few edges is close.

Corollary 5.6. Let G = (V, E) be a graph with n vertices that can be realized
by a secret-sharing scheme in which the total share size is m, and let G' be a
graph obtained from G by adding and removing n'*P edges, for some constant
0 < B < 1. Then, there is a secret-sharing scheme realizing G' with total share
size O(m +n't8/21og3 n).

Proof. Let s be the secret, E' C E be the set of edges removed from G, and E”
(where E” N E = () be the set of edges added to G. Note that G’ = (V,(E\
E'YU E") and |E'|,|E"| < n'*A. First, we share the secret s using the secret-
sharing scheme of Theorem 4.4 realizing the sparse graph (V, E”) with total
share size O(n't#/2log® n). Next, we independently share the secret s using a
2-out-of-2 secret-sharing scheme. Le., let s1,s2 be two random elements such
that s = s1 ®s2 (i.e., s1 is chosen at random and s = s1 @ s). We independently
share s; using the scheme realizing G with total share size m, and share s5 using
the secret-sharing scheme of Theorem 5.5 realizing the dense graph (V, E’) (note
that [E7| > (%) — n'*?) with total share size O(n'*#/2log®n). The total share
size of the resulting scheme is O(m + n'*#/2log® n).

For an edge e in the graph G’, if e € E”, then it can reconstruct the secret
using the scheme of Theorem 4.4 realizing (V, E”), and ife €¢ E\ E' = ENE’,
then it can reconstruct s; using the scheme realizing G and can reconstruct so
using the scheme of Theorem 5.5 realizing (V, E’), and, hence, can reconstruct
the secret s.

For an edge e not in the graph G, if e € E’, then it cannot get information
on the secret s from the scheme realizing (V,E") (since E” N E' = (), which
implies that e ¢ E”), and it cannot learn information on sy from the scheme
realizing (V, E'), and, hence, it cannot get information on the secret s from the
2-out-of-2 scheme. Otherwise, if e € EU E”| then it cannot get information on
the secret s from the scheme realizing (V, E”) (since e ¢ E”), and it cannot
learn information on s; from the scheme realizing G (since e ¢ E), and, hence,
it cannot get information on the secret s from the 2-out-of-2 scheme. O
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6 Lower Bounds for Linear Secret-Sharing Schemes

In this section, we prove that for most forbidden graph access structures with n
parties, the total share size required by any linear secret-sharing scheme realizing
these access structures, with a one-bit secret, is £2(n*/?). We then use this result
to prove that for most forbidden graph access structures with n parties and at
most n' 77 edges, the total share size required by any linear secret-sharing scheme
realizing these access structures, with a one-bit secret, is 2(n'+5/2). As we show
in this paper, this bound is tight up to a poly-logarithmic factor. Furthermore,
we bound the share size of families of access structures whose size of minimal
authorized sets is small. Since linear secret-sharing schemes are equivalent to
monotone span programs (see Claim 2.4), we prove the lower bounds using MSP
terminology.

The section is organized as follows: We start with some definitions, then in
Section 6.1 we discuss dual access structures and the dual of MSPs. In Sec-
tion 6.2, we prove lower bounds for MSPs in which each party labels a bounded
number of rows; this implies lower bounds for the max share size in linear secret-
sharing schemes. In Section 6.3, we prove a stronger result — the same lower
bounds hold for the size of MSPs; this implies lower bounds for the total share
size in linear secret-sharing schemes (this result uses the results of Section 6.2).

Definition 6.1. Let M = (F,M,6,1) be an MSP accepting an access structure

o~ o~

I'. Define p;(M) as the number of rows labeled by i, and define p(M) as the
mazimal number of rows labeled by a single label: p(M) = max;cp p;(M). Define

pq(I) as the minimum p(]\//f) over all MSPs accepting the access structure I’
over F,.

o~

Define size(M) as the number of rows in the matriz M and sizeq(I") as the
minimum size(M) over all MSPs accepting the access structure I over F,.

Notice that p,(I") is the minimal max share size of all linear secret-sharing
schemes accepting I" over Fy, and size,(I") is the minimal total share size of all
linear secret-sharing schemes accepting I" over IF,.

Definition 6.2. We say that an access structure I' has rank r if the size of
every minimal authorized set in I is at most r.

By counting arguments it is possible to prove lower bounds on the monotone
span program size for most access structures: Assume that every access structure
can be accepted by an MSP of size S. The number of MSPs with n parties over
F, whose size is at most S is at most nSqS2 (as proved in Proposition 6.6 below,
we can consider MSPs in which the number of columns in the matrix of the
MSP is at most S, thus, there are ¢° ’ possible matrices and n° possible ways to
label the rows, where n is the number of parties). Since the number of monotone
access structures is at least 22 /v™ and every MSP accepts one monotone access
structure, it must be that nsqs2 > 22"/Vn e, Slogn 4+ S%logq > 2" [\/n,
which implies that Slogq > Sv/Togq = 2(2"/2/n'/*) (where Slogq is the non-
normalized total share size of the scheme).
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It is not clear how to use direct counting arguments to prove lower bounds
on the size of MSPs accepting forbidden graph access structures: the number of
graphs is 20(”2), thus, we get that nsqs2 > 20("2), which only implies the trivial
lower bound S'log g > Sv/logq = 2(n).

6.1 Dual of Monotone Span Programs

‘We use the notion of dual access structures and dual MSPs, since their properties
would enable us to use a counting argument that will yield tight lower bounds
on the size of MSPs accepting forbidden graph access structures. Such dual’s
were studied in many papers, e.g., [36, 31, 28, 30].

Definition 6.3 (Dual Access Structure). Given an access structure I' C 2F,
its dual access structure I'" is defined as

+2{Bcprp:P\B¢r}.

For example, for the t-out-of-n access structure Iy = {B C P : |B| >t} (where
|P| =n),

I ={BCP:|P\B|<t}={BCP:|B|>n—t}.

Given an MSP, we can define its dual MSP. For this construction, recall that
given an MSP (F, M,,1) accepting I', for every authorized set A € I' there
exists a reconstruction vector ra such that raM = 1, and (rA)T is non-zero
only in rows labeled by A.

Construction 6.4 (Dual MSP). Given an MSP M = (F,M,6,1) accepting

I over F, construct an MSP M+ = (F, M=, 5,1) in which for every minimal
authorized set A € min I there exists a column (va)T in M=, where ra is a

reconstruction vector for A in M. The MSP ML = (F, M+,5,1) is called the
dual MSP.

The following claim can be found in [31]. For completeness, we include its proof.

Claim 6.5. Let M = (F, M, 0,1) be an MSP accepting an access structure I' C
9P, The dual MSP ML —= (F,M*,6,1), as defined in Construction 6.4, is an
MSP accepting the dual access structure I''-. The sizes on/W\ = (F,M,4,1) and
ML= (F,M+,5,1) are the same.

Proof. We begin by proving that for every authorized set A € I', the set B =
P\ A is rejected by ML. It suffices to consider only minimal authorized sets
A € min I'. The reconstruction vector ra of A is a column of M=, and has non-
zero entries only in rows labeled by A. The rows labeled by B = P\ A cannot
span 1, since in the column (ra)7 all entries labeled by B are zero.

Now, assume that A ¢ I'. In this case, the rows of M labeled by elements
from A do not linearly span 1. By orthogonality arguments, there is a column
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vector v such that 1-v =1 and M v = 0, where M4 are the rows of M labeled
by elements from A. Denote w = (Mv)". We prove that wML = 1, ie., w is

a reconstruction vector of B = P\ A in M-L. For every column rc of M~ the
following is true:

w-(re)l = M) (re) =vIMT (re)! =vixeM)T =vT 17 =1,
T

This implies that w - M+ = 1. Furthermore, the vector w’ is non-zero only in
rows labeled by B = P\ A (since M4v = 0). Thus, the set B has a reconstruction

vector for the MSP M+, and, therefore, is accepted by ML,
Since the MSP and its dual MSP have the same labeling, the size of the MSP
and the dual MSP are the same. a

Claim 6.5 implies that lower bounds on the size of the dual MSPs over F for
forbidden graph access structures yield lower bounds on the total share size of
linear secret-sharing schemes over F for forbidden graph access structures. The
following simple proposition bounds the number of columns of an MSP.

Proposition 6.6. For every non-empty access structure I' and every prime-
power q, there is an MSP M = (Fq, M, §,1) accepting I' such that size(M) =
sizeq(I") and the number of columns in M is at most size(M).

Proof. Let M/ = (Fq, M',6,1) be an MSP accepting I" such that size(]\/i’) =
sizeq(I"). We remove all dependent columns from the MSP M?; this does not
change the sets accepted by the MSP. We obtain an MSP M= (Fq, M, 9,1)
accepting I" such that all columns of M are linearly independent. Since column
rank equals row rank, the number of columns in M is at most the number of
rows in M, which is the number of rows in M’.7 ad

Given an access structure I" of rank 7 and an MSP M = (F, M, d,1) accepting

I, we consider its dual ML= (F, M~,6,1) which accepts I't. We can assume
that M+ has at most S independent columns that form a basis spanning all
reconstruction vectors {ra} ., (Where S is the size of the MSPs M and

M), In particular, for every column in M= there is a set of parties A of size at
most r such that the non-zero elements in the column are only in rows labeled
by A.

6.2 Counting Monotone Span Programs with Small Max Share Size

We next compute the number of access structures of rank r that have an MSP
such tglat each party labels at most s rows and prove that there are at most
20(rnsloga) guch access structures.

" Notice that the rows are not necessarily linearly independent (since rows labeled by
different parties can be dependent). Therefore, the number of columns can actually
be smaller than the number of rows.
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Theorem 6.7. Let g be a prime power and s,r,n be integers such that s > logn.
The number of access structures I' with n parties, rank v, and py(I') < s is at
most 22rn32 logq'

Proof. If py(I") < s, then, as explained above, there is an MSP MT = (F,M=+,6,1)
accepting I'* of the following form:

— M+ is an ns x ns matrix (this can be achieved without changing the validity
of the MSP by adding zero rows or duplicating columns).

— 4 is fixed and 6(i) = [%], i.e., the first s rows are labeled by the first party,
the next s rows are labeled by the second party, and so on.

— Every column of M is a reconstruction vector of some minimal authorized

set A € minI" (by Claim 6.5).

Every dual of a rank r access structure has an MSP of this form, and the number
of these MSPs is bounded by the number of possible matrices. Every matrix has
ns columns, each is a reconstruction vector of some A € min I'. By the definition
of reconstruction vectors, the columns can have non-zero values only in entries
labeled by some i € A, that is, at most rs entries can be non-zero. Therefore, the
number of possible column vectors for a given minimal authorized set A € min I’
is at most |Fy|"® = ¢"*. Since we allow the entries in rows labeled by A to be
zero, we can assume that the size of A is exactly . The number of sets of size
r that can label a column is () < n” < 27 (since s > logn). Thus, since the
number of columns is ns, the number of such matrices is at most

(2rsqrs)ns < 227‘ns2 logq.
O

Theorem 6.7 bounds the number of MSPs over a given finite field. We use
this result to give a lower bound on the share size in sharing a one-bit secret
for forbidden graph access structures by a linear secret-sharing schemes over all
finite fields.

Theorem 6.8. For most forbidden graph access structures, the mazx share size
for sharing a one-bit secret in a linear secret-sharing scheme is 2(y/n).

Proof. If we share a one-bit secret using an MSP M over F, with p(]\/i) = s,
then the size of the share of at least one party is slogq. For the max share size
to be less than /n, it must be that g < ovn (otherwise, every share contains at
least \/n bits), and, furthermore, slogq < y/n.

We next bound the number of forbidden graph access structures that can be
realized by a secret-sharing scheme with max share size at most 6. Recall that
in forbidden graph access structures all sets of size 3 are authorized. On one
hand, by Theorem 6.7, the number of forbidden graph access structures I', each
one of them has rank at most 3, with n parties and p,(I") < 0/logg, is at most

2 2 . . .
206n(0/logq)"loga 9679~ Qince we are counting linear schemes, we need to sum
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the number of the MSPs for every possible finite field (there are at most 2vV"
such fields, because ¢ < 2\/5). Consider the MSPs for which the max share size in
the secret-sharing schemes defined by the MSPs is at most 6 < /n. The number
of such MSPs is at most 2V - 267" < 279" On the other hand, the number

of graphs is 9(3) ~ 9n*/2 T hus, if half of the forbidden graph access structures
have a linear secret-sharing scheme with max share size , then 27" > % on/2,

ie., 0 =0(/n). O

Since CDS protocols are equivalent to secret-sharing schemes for forbidden
graph access structures, we get the following corollary.

Corollary 6.9. For most functions f: {0,1}" x {0,1}" — {0,1}, the commu-
nication complexity of every linear conditional disclosure of secrets protocol for

fis 2(2N/?),

The same lower bound holds for graph access structures. Furthermore, if
we take sparse forbidden graphs with at most n'*# edges for some constant
0 < 8 < 1, then the number of such graphs is at least

1+8
(nfﬁa) > <n12/ 2) = g logn),
n — \nlt

Thus, the max share size 6 for such forbidden graph access structures has to
satisfy nf? > Q2(n'*tPlogn), i.e., 0 = 2(n’/2\/logn).

6.3 Counting Monotone Span Programs with Small Total Share
Size

Theorem 6.7 counts the number of rank r access structures with p(I") < s. The
total share size of access structures with max share size s can still be small,
i.e., n+s. Next, we count the number of forbidden graph access structures with
MSPs of size at most S.

Theorem 6.10. Let g be a prime power and S,n be integers such that S >
nlogn. The number of forbidden gmph access structures I' with n parties and
size,(I') < S is at most on?/3+(728% log q)/n

Proof. Let M= (F, M, 6,1) be a monotone span program accepting a forbidden
graph access structure I" of a graph G = (V, E) with n parties V = {v1,...,v,}
such that size(]/W\) < S. Let B C V be the set of parties such that each one of the
parties in B labels more than 45/n rows in M. The size of B must be at most
n/4. Let M = (F,M’,§’,1) be the monotone span program obtained from M
by removing the rows of M labeled by parties in B. Notice that p(]\//j’) < 4S/n.
Furthermore, M accepts the forbidden graph access structure I obtained from
I' by removing all the authorized sets containing parties from B. That is, I is
the forbidden graph access structure of the graph G’ obtained by removing B
from G (ie., G = (V\B,ENn(V\B) x (V\ B))).
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We say that a forbidden graph access structure I is efficient if size,(I") < S.
For every efficient forbidden graph access structure I" of a graph G with n parties,
arbitrarily choose an MSP Mg accepting it whose size is exactly S,® choose a
set Bg of size exactly n/4 such that each party in V' \ B¢ labels at most 45/n
rows in ]\/JE, and let Hg be the graph obtained by removing Bg from G. As
explained above, if I" is efficient then p(M') < 45/n.

Fix a set B C V of size n/4 and a graph H = (Vg, Eg) such that Vg C
{v1,...,v,} and |Vg| = 3n/4. We next give an upper-bound on the number of
efficient forbidden graph access structures I" such that B = B and Hg = H.
The number of graphs G = (V, E) such that H is obtained by removing B from
G is at most 2(%4) 2T < on*/4 (where the first term corresponds to possible
edges between vertices in B and the second term corresponds to possible edges
between a vertex in B and a vertex in V' \ B).

To conclude, the number of efficient forbidden graph access structures over
F, is at most

n . 2n2/4 . 26(3n/4)(4.5'/n)2 logq 2n2/3+72(52/n) log q
n/4 - ’

where the first term is the number of possible choices of B, the second term is an
upper bound on the number of graphs such that the graph obtained by removing
B from these graph is the same, and the third term is an upper bound on the

number of forbidden graph access structures I'"” whose set of parties is V'\ B and
pg(I") < 4S/n. O

Corollary 6.11. For most forbidden graph access structures, the total share size
for sharing a one-bit secret in a linear secret-sharing scheme is §2(n%/?).

Proof. If we share a one-bit secret using an MSP M over F, with sizeq(Z/W\) =5,
then the total share size is S log q. For the total share size to be less than n3/2, it
must be that ¢ < 2v" (otherwise, each share contains more than /n bits, and,
in total, the share size is more than n3/2), and, furthermore, Slogq < n3/2.

On one hand, by Theorem 6.10, the number of forbidden graph access struc-
tures I' with n parties and size,(I") < ©/logq is at most

2n2/3+(72(@/ log ¢)2 log q) /n < 2n2/3+72@2/n.
Since we are counting linear schemes, we need to sum the number of the MSPs
for every possible finite field (there are at most 2V™ such fields, because ¢ < 2V™).

Consider the MSPs for which the total share size in the secret-sharing schemes
defined by the MSPs is at most © < n3/2. The number of such MSPs is at most

VT 2n2/3+72@2/n.
On the other hand, the number of graphs is 2(5) ~ 2n%/2, Thus, if half of the

forbidden graph access structures have a linear secret-sharing scheme with total
share size O, then /n +n?/3 4 7260%/n > n?/2 — 1, ie., © = 2(n3/?). O

8 By adding all-zero rows we can assume that the size is exactly S.
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We cannot apply Theorem 6.10 directly to prove lower bounds on the total
share size of linear sghemes for sparse or dense forbidden graph access structures,
since the term of 2% /3 in Theorem 6.10 dominates the number of sparse graphs.
To prove lower bounds for sparse forbidden graph access structures, we use an
idea from [7].

Corollary 6.12. Let 0 < 8 < 1 be a constant. There exists a forbidden graph
access structure with at most n**t# edges such that the total share size for sharing
a one-bit secret in a linear secret-sharing scheme is 2(n*+P/2). Furthermore,
there exists a forbidden graph access structure with at least (g) — n'*tP edges

such that the total share size for sharing a one-bit secret in a linear secret-sharing
scheme is 2(n*1t8/2),

Proof. By Corollary 6.11, for every n there exists a graph with n vertices such
that the total share size in any linear secret-sharing scheme realizing its forbidden
graph access structure is £2(n®/2). We use such a graph (with fewer vertices) to
construct a sparse graph G = (V, E) with n vertices. We partition the vertices
of G into n'~” disjoint sets of vertices Vi, ..., V,1-s, where |V;| = n® for 1 <
i <n'~B. We construct the edges as follows: For every i (where 1 < i < n'=F),
we construct a copy of a graph from Corollary 6.11 with n? vertices among the
vertices of V;. We denote this graph by G;. There are no edges between vertices
in different sets.

Since all edges in the above construction are between vertices in the same
set, the number of edges is at most (”;)nl_ﬁ < n'*tB. The total share size of
any linear secret-sharing scheme realizing G; (for 1 < i < n'=#)is 2((n?)%/?) =
Q(n?’ﬁ/ 2). Thus, the total share size of any linear secret-sharing scheme realizing
G is 2(n'~Pn3b/2) = Q(n'*+h/2),

To construct a dense graph with at least (;) —n!th# edges that requires large
shares in every linear scheme realizing its forbidden graph access structure, we
use a similar construction, however, we add all edges between different sets.
Similar analysis implies that the resulting graph has at least (§) — n'*# edges

and the total share size of any linear secret-sharing scheme realizing the graph
is 2(n'*h/2). 0

Theorem 6.13. Let ¢ be a prime power and S,n,r be integers such that S >
nlogn. The number of rank r access structures with n parties and size,(I") < S

ot e (0= an (1) + 80

Proof. The proof is similar to the proof of Theorem 6.10, i.e., given an MSP of
size S, we find a set B of size at most n/4 containing all parties such that each one
of these parties labels more than 45/n rows. Let I be an access structure over
3n/4 parties such that each one of them label at most 45/n rows. To complete
the proof, we need to upper bound the number of rank r access structures with
n parties whose restriction to 3n/4 parties is I'"”. The number of sets of size r
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that intersect B is the number of sets of size » minus the number of sets of size
r contained in P\ B i.e.,

()= (%) > 0-emn()

Thus, the number of rank 7 access structures with an MSP over I, of size at
most S is at most

< n ) . 9(=/4))(7) . 92r(3n/4)(45/n)* log g _

n/4
e (01— (1) + 1oz ).

O

We conclude that for most rank r access structures with n parties, the size
of the shares in every linear secret-sharing scheme realizing the access structure
with a one-bit secret is 2(n("+1)/2),

7 Bounds on the Max Share Size for Linear Schemes

In this section, we show a lower bound of 2(n'/4*#/4) and an upper bound
of O(n'/*+5/*10g?n) on the max share size of linear secret-sharing schemes
realizing forbidden graph access structures, for sparse graphs with at most n!+?
edges and for dense graphs with at least (g) — n'*tP edges, for some 0 < 8 < 1.
These bounds are tight up to a poly-logarithmic factor.

CDS protocols are equivalent to secret-sharing schemes for forbidden graph
access structures for bipartite graphs, and the max share size of such schemes
equals to the size of the messages sent by the parties in the corresponding CDS
protocols. Thus, these results imply lower and upper bounds on the messages
length in CDS protocols for functions that either have few zeros or few ones.

7.1 Lower Bounds on the Max Share Size for Linear Secret-Sharing
Schemes

We show a lower bound on the max share size in sharing a one-bit secret for
forbidden graph access structures by a linear secret-sharing schemes, for sparse
graphs and dense graphs.

Proposition 7.1. Let 0 < 8 < 1 be a constant. There exists a forbidden graph
access structure with at most n' P edges such that the maz share size for sharing
a one-bit secret in a linear secret-sharing scheme is 2(n'/*+#/4). Furthermore,
there exists a forbidden graph access structure with at least (g) —n'tB edges such

that the max share size for sharing a one-bit secret in a linear secret-sharing
scheme is Q2(n/*t8/4),
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Proof. By Theorem 6.8, for every n there exists a graph G,, with n vertices such
that the max share size in any linear secret-sharing scheme realizing its forbidden
graph access structure is 2(y/n). We use this graph (with fewer vertices) to
construct a sparse graph G = (V, E) with n vertices. We fix an arbitrary set of
vertices V! C V of size n’ = n'/?*#/2 and consider the graph G, = (V', E)
with the set of vertices V'. Let G = (V, E’), that is, the vertices in V' are
connected according to E’ and the vertices in V' \ V' are isolated.

Since all edges in G are between vertices in V', the number of edges is at
most (”1/22%/2) < n't8. By Theorem 6.8, the max share size of any linear secret-
sharing scheme realizing G is 2(v/n') = 2((n'/2+8/2)1/2) = Q(n'/4+8/4). Thus,
the max share size of any linear secret-sharing scheme realizing G is .Q(nl/ 4+8/ 4).

To construct a dense graph with at least (g) — n'*tP edges that requires
large max share size in every linear scheme realizing its forbidden graph access
structure, we use a similar construction, however, we add all edges incident to
vertices in V' \ V’. Similar analysis implies that the resulting graph has at least
(g) — n'*P edges and the max share size of any linear secret-sharing scheme

realizing the graph is 2(n!/4t8/4). O

7.2 Upper Bounds on the Max Share Size for Linear Secret-Sharing
Schemes

We start by showing linear secret-sharing schemes realizing sparse graphs, with
small max share size.

Theorem 7.2. Let G = (A, B, E) be a bipartite graph with |A] = |B| = n
and with at most n**# edges, for some constant 0 < 3 < 1. Then, there is a
linear secret-sharing scheme realizing G in which the share size of each vertez is
O(n'/**+B/*1ogn). The total share size of this scheme is O(n®/*+#/*logn).

Proof. Define Agpan = {a € A:deg(a) < n1/2+6/2}, Apig = A\ Agmall, Bsman =
{b € B :deg(b) < n'/**8/2} and By = B\ Boman.
Since the number of edges in G is at most n!*? and the degree of every

vertex in Apiz and B, is at least nt/2+8/2 the number of vertices in Apig and
the number of vertices in Byig is at most 7117}2712/2 = n!/?+8/2_ By Lemma 3.3,

there is a secret-sharing scheme realizing the forbidden graph access structure
of the graph (Apig, Bbig, £N (Apig X Bpig)) in which the share size of each vertex
is O((n1/2+,6/2)1/2) — O(n1/4+[3/4)_

Next, since the degree of every vertex in Agman and Bgpan is at most nt/2t8/ 2
we realize the graphs (A, Bgman, EN (A X Bsmall))a (Asmalla B, EN (Asmall X B))
using the secret-sharing scheme of Theorem 4.2 (by adding dummy vertices to
Agman and to Bgman with degree 0, we can assume that |Agman| = |Bsman| =
n); the share size of each vertex in these schemes is O((n'/?+#/2)1/21ogn) =
O(n'/*+8/*1ogn). Hence, the share size of each vertex in the resulting scheme
is O(n'/4t8/*logn), and the total share size is O(n®/*t5/4logn). O
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The proof of the following theorem is similar to the proof of Theorem 4.4,
except that we use the scheme of Theorem 7.2 to realize each of the log n bipartite
graphs instead of the scheme of Theorem 4.3.

Theorem 7.3. Let G = (V,E) be a graph with n vertices and with at most
n'*tP edges, for some constant 0 < 3 < 1. Then, there is a linear secret-sharing
scheme realizing G in which the share size of each vertex is O(n'/4+5/4 log? n).
The total share size of this scheme is O(n®*+F/*log? n).

The same results, with minor changes in their proofs, hold also for dense
graphs.

Theorem 7.4. Let G = (A, B, E) be a bipartite graph with |A| = |B| = n such
that its bipartite complement G = (A, B, E) has at most n'*# edges, for some
constant 0 < B < 1. Then, there is a linear secret-sharing scheme realizing G in
which the share size of each vertex is O(n”‘Hﬁ/4 logn). The total share size of
this scheme is O(n®/*+#/4logn).

Theorem 7.5. Let G = (V, E) be a graph with n vertices and with at least () —
n'*B edges, for some constant 0 < 3 < 1. Then, there is a linear secret-sharing

scheme realizing G in which the share size of each vertex is O(n*/*+t8/410g?n).
The total share size of this scheme is O(n®/*+5/*10g®n).

7.3 Implications to CDS Protocols

Recall that CDS protocols are equivalent to secret-sharing schemes for forbidden
graph access structures for bipartite graphs. Specifically, the size of the message
that a party sends to the referee while holding an input z in the (linear) CDS pro-
tocol is the size of the share of the vertex z in the (linear) secret-sharing scheme
realizing the corresponding forbidden graph access structure. Thus, Theorem 7.2
and Theorem 7.4 implies efficient CDS protocols for functions with few zeros or
few ones.

Corollary 7.6. Let f : {0,1}" x {0,1}" — {0,1} be a function such that
{(,9) : fz,y) = 0} < 2YOFD or [{(z,y) : f(a,y) = 1} < 2N+ for some
constant 0 < B < 1. Then, there is a linear CDS protocol for f with messages
size O(2N(/4+8/4) . N,
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