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Abstract

To date, a group signature construction which is efficient, scalable, allows dynamic adversar-
ial joins, and proven secure in a formal model has not been suggested. In this work we give the
first such construction in the random oracle model. The demonstration of an efficient construction
proven secure in a formal model that captures all intuitive security properties of a certain primitive
is a basic goal in cryptographic design. To this end we adapt a formal model for group signatures
capturing all the basic requirements that have been identified as desirable in the area and we con-
struct an efficient scheme and prove its security. Our construction is based on the Strong-RSA
assumption (as in the work of Ateniese et al.). In our system, due to the requirements of provable
security in a formal model, we give novel constructions as well as innovative extensions of the un-
derlying mathematical requirements and properties. Our task, in fact, requires the investigation of
some basic number-theoretic techniques for arguing security over the group of quadratic residues
modulo a composite when its factorization is known. Along the way we discover that in the basic
construction, anonymity does not depend on factoring-based assumptions, which, in turn, allows
the natural separation of user join management and anonymity revocation authorities. Anonymity
can, in turn, be shown even against an adversary controlling the join manager.

*Research partly supported by NSF Career Award CNS-0447808.
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1 Introduction

The notion of group signature is a central anonymity primitive that allows users to have anonymous
non-repudiable credentials. The primitive was introduced by Chaum and Van Heyst [13] and it involves
a group of users, each holding a membership certificate that allows a user to issue a publicly verifiable
signature which hides the identity of the signer within the group. The public-verification procedure
employs only the public-key of the group. Furthermore, in a case of any dispute or abuse, it is possible
for the group manager (GM) to “open” an individual signature and reveal the identity of its originator.

Constructing an efficient and scalable group signature has been a research target for many years
since its introduction with quite a slow progress, see e.g., [14, 12, 10, 11, 8, 27, 3, 2, 9, 24, 7]. In many
of the early works the signature size was related to the group size. The first construction that appeared
to provide sufficient heuristic security and efficiency properties and where user joins are performed by
a manager that is not trusted to know their keys, was the scalable scheme of Ateniese, Camenisch, Joye
and Tsudik [2]. It provided constant signature size and resistance to attacks by coalitions of users. This
scheme was based on a novel use of the DDH assumption combined with the Strong-RSA assumption
over groups of intractable order.

Recently, Bellare, Micciancio and Warinschi [4], noticing that the work of [2] claims a collection of
individual intuitive security properties, advocated the need for a formal model for arguing the security
of group signature. This basic observation is in line with the development of solid security notions
in modern cryptography, where a formal model that captures the properties of a primitive is defined
and a scheme implementation is formally proven (in some model) to satisfy the security definitions.
They also offered a model of a relaxed group signature primitive and a generic construction in that
model. Generic constructions are inefficient and many times are simpler than efficient constructions
(that are based on specific number theoretic problems). This is due to the fact that generic constructions
can employ (as a black box) the available heavy and powerful machinery of general zero-knowledge
protocols and general secure multi-party computations. Thus, generic constructions typically serve
only as plausibility results for the existence of a cryptographic primitive, cf. [20]. The relaxation
in the model of [4] amounts to replacing the dynamic adversarial join protocols of [2] where users
get individual keys with a trusted party that generates and distributes keys securely (relevant in some
settings but perhaps unlikely in others).

The above state of affairs ([2, 4]) indicates that there exists a gap in the long progression of research
efforts regarding the group signature primitive. This gap is typical in cryptography and is formed by
a difference between prohibitively expensive constructions secure in a formal sense on the one hand,
and efficient more ad-hoc constructions with intuitive claims on the other. In many cases, as indicated
above, it is easier to come up with provably secure generic inefficient constructions or to design efficient
ad-hoc constructions. It is often much harder to construct an efficient implementation that is proven
secure within a formal model (that convincingly captures all desired intuitive security properties). To
summarize the above, it is apparent that the following question remained open by earlier works:

Design an efficient group signature with dynamic joins (and no trusted parties) which is
provably secure within a formal model.

One of our contributions is solving the above open question by, both, adapting a new model for
group signatures (based on the model of traceable signatures of [23]), which follows the paradigm of
[22] for the security of signature schemes, as well as providing an efficient provably secure construction
(in the sense of the scheme of [2]), and a comprehensive security proof.

These contributions reveal many subtleties regarding the exact construction parameters, and in
particular issues regarding what intractability assumptions are actually necessary for achieving the



security properties. For example, the anonymity property in our treatment is totally disassociated from
any factoring related assumption. We note that, methodologically, in order to reveal such issues, a
complete proof is needed following a concrete model. This has not been done in the realm of (efficient)
group signatures and concrete proof and model are unique to our work. (We note that even though we
try to build our constructions on prior assumptions and systems as much as possible, we need to modify
them extensively as required by the constraints imposed by following formal model and arguments).
Our investigation also reveals delicate issues regarding the proper formal modeling of the group
signature primitive with regards to the work of [4]. For example, the need of formalizing security
against attacks by any internal or external entity that is active in the scheme (i.e., no trusted parties).
Lack of such treatment, while proper for the non-dynamic setting of [4], is insufficient for proving the
security of schemes that follow the line of work of [2] (i.e., where there are no trusted key generators).

Our Contributions. Below, we outline what this work achieves in more details.

1. MODELING. To model schemes like the scheme of [2] with dynamic (yet sequential) joins and no
trusted parties we adapt the model of [23] which is the first formal model in the area of group signing
without added trusted parties. In particular, our model has the three types of attacks that involve the GM
and the users similarly to [23]. We extend the model to allow adversarial opening of signatures (see the
next paragraph). All the attacks are modeled as games between the adversaries and a party called the
interface. The interface represents the system in a real environment and simulates the behavior of the
system (a probabilistic polynomial time simulator) in the security proof. The attacker gets oracle query
capabilities to probe the state of the system and is also challenged with an attack task. We note that this
follows the basic approach of [22] for modeling security of digital signatures, yet in the complicated
system with various parties, a few attacks which can co-exist are possible, and needed to be described
as part of the system security.

2. ADVERSARIAL OPENING IN EFFICIENT SCHEMES. As mentioned above, our formal model ex-
tends the security requirements given by the list of security properties of [2] by allowing the adversary
to request that the system opens signatures of its choice. In the work of [2], opening of signatures
was implicitly assumed to be an internal operation of the GM. We note that such stronger adversarial
capability was put forth for the first time in the formal model of [4]. For achieving an efficient scheme
with adversarial opening we needed to develop novel cryptographic constructs. (Note that adversarial
opening can also be applied to strengthen the notion of traceable signatures).

3. STRONGER ANONYMITY PROPERTY. In the scheme of [2] anonymity is claimed against an ad-
versary that is not allowed to corrupt the GM. This is a natural choice since in their scheme the GM
holds the trapdoor which provides the opening capability, namely an ElGamal key. The GM also holds
the trapdoor that is required to enroll users to the group, namely the factorization of an RSA-modulus.
However, pragmatically, there is no need to combine the GM function that manages group members
and allow them to join the group (which in real life can be run by e.g., a commercial company) with the
opening authority function (which in real life can be run by a government entity). To manage members
the GM who is the “Join Manager” still needs to know the factorization. The opening authority, on
the other hand, must know the ElGamal key. This split of functions (separation of authorities) is not a
relaxation of group signatures but rather a constraining of the primitive. One should observe that the
introduction of such additional functionalities in a primitive potentially leads to new attacks and to a
change in the security model. Indeed in the separated authorities setting, we must allow the anonymity
adversary to corrupt the GM as well.

4. NUMBER-THEORETIC RESULTS AND CRYPTOGRAPHIC PRIMITIVES. The last two contributions
above required building cryptographic primitives over the set of quadratic residues modulo n = pq that
remain secure when the factorization (into two strong primes) p, g is known to the adversary.
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To this end, we investigate the Decisional Diffie Hellman Assumption over the quadratic residues
modulo n and we prove that it appears to be hard even if the adversary knows the factorization. In
particular, we prove that any adversary that knows the factorization p, ¢ and solves the DDH problem
over the quadratic residues modulo a composite n = pgq, can be turned into a DDH-distinguisher for
quadratic-residues modulo a prime number. This result is of independent interest since it suggests that
the DDH over (QR(n) does not depend to the factorization problem at all.

Also, the present work requires a cca2 (chosen ciphertext attack) secure encryption mechanism that
operates over the quadratic residues modulo 7 so that (i) encryption should not use the factorization of
n, (i.e., the factorization need not be a part of the public-key), but on the other hand (ii) the factorization
is known to the attacker. In this work we derive such a primitive in the form of an ElGamal variant
following the general approach of twin encryption, cf. [29, 16, 19] which is cca2 secure under the
DDH assumption in the Random Oracle model (note that our efficient group signature requires the
random oracle anyway since it is derived from the Fiat-Shamir transform, cf. [18, 1]).

5. EFFICIENT CONSTRUCTION. We provide an efficient construction of a group signature that is
proven secure in our model. While, we would like to note that our scheme is motivated by [2] (and
originally we tried to rely on it as much as possible), our scheme, nevertheless, possesses many subtle
and important differences. These differences enable the proof of security of our scheme whereas the
scheme presented by [2] claims security in heuristic arguments that are not complete and, in particular,
cannot be proven secure in our model: There are many reasons for this, e.g., the scheme of [2] lacks
an appropriate cca2 secure identity embedding mechanism. Moreover, our efficient construction can
support formally (if so desired), the separation of group management and opening capability — some-
thing not apparent in the prior scheme of [2]. Finally, we note that a syntactically degenerated version
of our construction (that retains its efficiency) can be proven secure in the model of [4] (and is, in fact,
a non-dynamic group signature scheme of the type they have suggested).

An interesting technical result with respect to anonymity compared to previous work is highlighted
in our investigation. Anonymity was argued in the work of [2] to be based on the decisional Diffie-
Hellman Assumption over Quadratic Residues modulo a composite and given that the GM was assumed
to be uncorrupted, the key-issuing trapdoor (the factorization of the modulus) was not meant to be
known to the adversary. As argued above, we prove that anonymity still holds when the adversary is
given the factorization trapdoor. Thus, we disassociate anonymity from the factoring problem. Taking
this result independently it also implies the separability between the opening authority and the group
manager. In addition, we note that many other technical and subtle details are different in our provable
scheme from prior designs.

An extended abstract of the present paper appeared in [26].

Organization. In section 2 we present some background, useful tools and the intractability assump-
tions. In section 3 we investigate the behavior of the DDH assumption over the quadratic residues
modulo a composite which is multiple of two strong primes, when the factorization is known to the
distinguisher. In section 4 we discuss the kind of cca2 security that will be required in our setting
(over QR(n) but with known factorization) and we present an efficient and provably secure construc-
tion based on the ElGamal twin-encryption paradigm. In section 5 we present our security model and
definitions and in section 6 we give our construction and its proofs of correctness and security. In sec-
tion 7 we present group signatures with separated authorities (i.e., the Group Manager (GM) and the
Opening Authority (OA)).



2 Preliminaries

NOTATIONS. We will write PPT for probabilistic polynomial-time. If D; and D5 are two probability
distributions defined over the same support that is parameterized by v we will write dist 4(D1, D2)
to denote the computational distance |Prob,. p, [A(z) = 1] — Prob,.p,[A(xz) = 1]|. Note that
typically dist 4 will be expressed as a function of v. Similarly, we will write dist(D;, D2) to denote
the maximum distance among all PPT predicates .A. Note that the statistical distance of the distribu-
tions Dy, Do, namely % > |[Probp, [z] — Probp,[z]| might be much larger than the computational
distance.

If n is any number, we will denote by [n] the set {1,..., |n]}. If we write a =,, b for two integers
a, b we mean that n divides a — b or equivalently that a, b are the same element within Z,,. A function
f + IN — R will be called negligible if for all ¢ > 0 there exists a v, such that for all v > v,
f(v) < v~°. In this case we will write f(v) = negl(r). PPT will stand for “probabilistic polynomial
time.” Throughout the paper (unless noted otherwise) we will work over the group of quadratic residues
modulo n, denoted by QR(n), where n = pg and p = 2p’ + 1 and ¢ = 2¢' + 1 and p, ¢, p’, ¢’ prime
numbers. All operations are to be interpreted as modulo n (unless noted otherwise). In general we
will use the letter v to denote the security parameter (i.e., this value will be polynomially related to the
sizes of all quantities involved). Next we define the cryptographic intractability assumptions that will
be relevant in proving the security properties of our constructions.

The first assumption is the Strong-RSA assumption. It is similar in nature to the assumption of the
difficulty of finding e-th roots of arbitrary elements in Z; with the difference that the exponent e is not
fixed (i.e., it is not part of the instance).

Definition 1 Strong-RSA. Given a composite n (as described above), and z € QR(n), it is infeasible
to find u € 7}, and e > 1 such that u® = z(modn), in time polynomial in v.

Note that the variant we employ above restricts the input 2z to be a quadratic residue. This variant
of Strong-RSA has been discussed before, cf. [15], and by restricting the exponent solutions to be only
odd numbers we have that (i) it cannot be easier than the standard unrestricted Strong-RSA problem,
but also (ii) it enjoys a random-self reducibility property (see [15]).

The second assumption that we employ is the Decisional Diffie-Hellman Assumption (see e.g., [6]

for a survey). We state it below for a general group G and later on in definition 5 we will specialize this
definition to two specific groups.
Decisional Diffie-Hellman Given a description of a cyclic (sub)group G that includes a generator g,
a DDH distinguisher A is a polynomial in v time PPT that distinguishes the family of triples of the
form (g*, ¥, g*) from the family of triples of the form (g%, g¥, g*¥), where x,y, z €g #G. The DDH
assumption suggests that this advantage is a negligible function in v.

Finally, we will employ the discrete-logarithm assumption over the quadratic residues modulo n
with known factorization (note that the discrete-logarithm problem is assumed to be hard even when
the factorization is known, assuming of course that the factors of n are large primes p, ¢ and where
p — 1 and ¢ — 1 are non-smooth).

Definition 2 Range-bounded Discrete-Logarithm with known factorization. Given two values a, b that
belong to the set of quadratic residues modulo n with known factorization n = pq, so that there is an
x € AN CIpd]:a® =0, p,qare safe primes, #A = O(n) for a given constant € > 0, it is infeasible
to find in time polynomial in v the integer x so that a® = b(modn).



3 DDH over (QR(n) with known Factorization

Our constructions will require the investigation of the number-theoretic results presented in this sec-
tion that albeit entirely elementary they have not being observed in the literature to the best of our
knowledge. In particular we will show that DDH over QQR(n) does not depend on the hardness of
factoring.

Let n be a composite, n = pg withp = 2p' + 1 and ¢ = 2¢' + 1 (p,q,p’, ¢’ primes). Recall that
elements of Z;, are in a 1-1 correspondence with the set Z x Z;. Indeed, given (b,c) € Z, x Zj,
consider the system of equations = b(modp) and x = ¢(modq). Using Chinese remaindering we
can construct a solution of the above system since ged(p,q) = 1 and the solution will be unique
inside Zy,. Alternatively for any a € Z,, we can find the corresponding pair (b, c) in Z; x Z; by
computing b = a(modp) and ¢ = a(modgq) (note that gcd(a,n) = 1 implies that b # 0(modp) and
¢ # 0(modg). The mapping p from Ly, X Ly to Zy, is called the Chinese remaindering mapping.
Observe that p preserves quadratic residuosity: p(QR(p) x QR(q)) = QR(n).

The following two lemmas will be useful in the sequel. They show (1) how the Chinese remainder-
ing mapping behaves when given inputs expressed as powers inside the two groups Q R(p) and QR(q),
and (2) how discrete-logarithms over Q) R(n) can be decomposed.

Lemma 3 Let g1, g2 be generators of the groups QR(p) and QR(q) respectively, where the groups are
defined as above. Then, if 5 = p(g7*, g5°), where p is the Chinese remaindering mapping, it holds that

_ g x1+p' T2 _ (@)=t @)t
0=« (modn) where o = p(g, » 95 ) is a generator of QR(n).

Proof. First we show that « is a generator of Q R(n). Assume without loss of generality that p’ > ¢'.
Then it holds that ¢’ € Z;, and as a result ¢’ is an invertible element of Z;,. It follows that g] =

n—1
ggq )™ is well defined and is a generator of QR(p) (since g; is a generator of QQR(p)). Furthermore
p'(mod¢’) € Zy, since it cannot be the case that p’ = 0 as this would mean that either p’ = ¢’ or p' is

/\—1

not prime. It follows that p’ has an inverse modulo ¢’ and as a result g, = gép )™ is well defined and is
a generator of QQ R(q) (since g9 is a generator of QQ R(q)). Finally we remark that if g;, go are randomly
selected generators of QR(p), QR(q) respectively, it holds that ¢}, g are uniformly distributed over all
generators.

Since a = p(g4, g5), it follows that a =, ¢} (p) and o =, g5(q). It is easy to see that o must be
a generator unless the order of « inside Z is divisible by either p’ or ¢’; but this can only happen if
a =, 1 or a =, 1 something not possible unless either g| =, 1 or g5 =, 1. This case is excluded given
that g}, g5 are generators of their respective groups QR(p) and QR(q). This completes the argument
that « is a generator of QR(n).

Now, since = p(g7", g5*) it follows that § = ¢7*(p) and 5 = ¢5°(q); Using this fact together
with the properties of a: we have:

/ / / /\—1 /
drmtp'ze — 4T — (@) w1 —  x
« =p & =p (1 ) =p 91

7 / . / . (p")~ LW o
QT TP = a2 =) (g3 =y g5°
Due to the uniqueness of the Chinese remaindering solution inside Z, it follows that 5 = i w1tp w2 ( mod

n) is the solution of the system. O

Lemma 4 Fix a generator o of QR(n) and an integer t € IN. The mapping 7o, : Zy X Ly — QR(n),
with 7o (21, 22) = ol 51+E) 22 s g bijection. The inverse mapping 7L is defined as ;1 (a") =
((¢")"'z mod p', (p') 'z mod ¢).



Proof. Let (x1,x2), (2, 2%) € Zy X Ly be two tuples with T(ml,xg) = 7(, x%). Tt follows that
() 21+(0)' 22 Zonies (4)'at-+ ()i since i a generator, g’ | ()1 —a})+(0)' (w2—),
from which we have p | (¢)%(x1 — x}) which implies p’ | x1 — 2/, i.e., z1 = z}. In a similar fashion
we show that 23 = 4. The onto property follows immediately from the number of elements of the
domain and the range.

Regarding the inverse, define ¢*, p* to be integers inZy, Ly respectively, so that ¢*(¢')! = » 1 and
p*(p')! =4 1. Moreover let y; = ¢*z mod p’ and y = p*z mod ¢'. Let 71, 2 be 1ntegers so that
¢*x = mp +y1 and p*z = maq' +y2. We will show that (g ) y1+ (p ) Y2 =p'¢ © which will complete
the proof.

In order for p'q’ to divide (¢')'y1 -+ (p')!y2 —z it should hold that both p’, ¢’ divide (¢')!y1+(p')ty2—
z. Indeed, p’ divides (¢')y1 + (p')'y2 — x since (¢')'y1 + () 'y —z = (¢ (¢*z —mp ) +p'y2 — 2 =y
(¢')'q*x — x =, 0. In a similar fashion we show that ¢’ divides (¢)*y1 + (p')'y2 — x. From these two
facts it follows immediately that (771 (a®)) = 7({y1, y2)) = o*. O

Let desc(1”) be a PPT algorithm, called a group descriptor, that on input 1 it outputs a description
of a cyclic group G denoted by dg. Depending on the group, da may have many entries; in our setting
it will include a generator of GG, denoted by Jg.gen and the order of GG denoted by dg.ord. We require
that 2v~1 < cig.ord < 2%, i.e., the order of GG is a v-bit number with the first bit set. Additionally
d¢ contains the necessary information that is required to implement multiplication over G. We will be
interested in the following two group descriptors:

e descy: Given 17 find a v-bit prime p’ > 2“~! for which it holds that p = 2p’ + 1 and p is
also prime. Let g be any non-trivial quadratic residue modulo p. We set QR(p) to be the group
of quadratic residues modulo p (which in this case is of order p’ and is generated by g). The
descriptor desc,, returns (g, p, p’) and it holds that ifd — descp (1Y), d.ord = p/ and d.gen = ¢.

e descc: Given v find two distinct primes p’, ¢’ of bit-length v/2 so that p'¢’ is a v-bit number
that is greater than 2“~! and so that there exist prirnes p,q such that p = 2p/ + 1 and ¢ =
2¢ + 1. The descriptor descc returns (a,n,p, g, p',¢') and it holds that if d — descc (1Y),
d.ord = p/¢/ and d.gen = . The implementation of desc. that we will employ is the following:

execute descp twice, to obtain dy = <gl,p, p') and dy = (g2,q,q') with p # ¢, and set d =

(9,m = pg,p,q,p',q') where a = p(ggq/) , ggp )Nl). For such a description d we will call the

descriptions d; and do, the prime coordinates of d. Note that in the (unlikely) event p = ¢ the
procedure is repeated.

Definition 5 A Decisional Diffie Hellman (DDH) distinguisher for a group descriptor desc is a PPT
algorithm A with range the set {0, 1}; the advantage of the distinguisher is defined as follows:

AdviET (v) = dist 4 (DS, RE™)

where DI contains elements of the form (d, g%, g¥, g*"Y) where d — desc(1”), g = d.gen and
T,Y <R [d ord], and R3¢ contains elements of the form <d 9%, 9Y,g%) where d «— desc(1”), g =
d. genand x,y,z <R [d ord]. Finally we deﬁne the overall advantage quantified over all distinguishers

as follows: AdvdDe?CH (v) = maxppr 4 AdVdesc,A< v).

The main result of this section is the theorem below that shows that the DDH over QR(n) with
known factorization is essentially no easier than the DDH over the prime coordinates of QR(n). The
proof of the theorem is based on the construction of a mapping of DDH triples drawn from the two
prime coordinate groups of Q) R(n) into DDH triples of Q R(n) that is shown in the following lemma:



Lemma 6 Let’cvl~ « descc(1¥) with dy, dy « descy(1*/2), its two prime coordinates, such that dy =
(91,p,p') and dy = (92, 4q,q’). Consider a mapping p* defined as follows:

p*({dy, A1, By, C1), (d2, Az, Ba, Cs))

:df{ (d, p(A1, As), p(B1, B), p((C1)7', (C2)?))
n

so that the 1 output is given if and only if dy.ord = dy.ord. Then it holds, that p* satisfies the properties

e d d 3log 2 coy qs d d 3log 2-
(i) dist(p* (D55 ™, DY), Dfesce) < 322 g (i) dist(p* (RLSy?, RLTy?), Rilesee) < 2oz,

Proof. Observe that if A} = gi*, By = g{*,C1 = ¢7"¥" and Az = g5%, By = g5*,Cy = ¢7*%*, based
on the properties of the mapping p shown in lemma 3 it follows that

p(Al, A2) = aq’x1+p/12 and p(Bl, BQ) - aq’y1+p/y2

p((C1)7, (Co)?) = (@) (') ezps

Now we show that if (A1, By, C1) is a DDH triple from dy, and (Ag, By, C3) is a DDH triple from do
then (A, B, C) is a DDH triple from d that has d; and ds as its two prime coordinates:

l08a Aloge B\ (d'z1+p'w2)(q'y1+p'y2)

— (@114 221240 (w12 2291)
=, o(@V e+ 22y — o

From the above and lemma 4 and standard results on the distribution of primes we can deduce easily that

dist(p* (DS;;C”, DS;ZCP), Ddesce) < 31;5/2"’, i.e., the two distributions are statistically indistinguishable.

We conclude that the distribution defined by p* when applied to two distributions of DDH triples from
DS;ZC" over the respective groups is statistically close to the distribution D°°. This completes the
proof for property (i) of the lemma. Regarding property (ii), observe that if A1 = g{', By = ¢{*,Cy =
g7t and Ay = g5%, By = g3°, Cy = g2, based on the properties of the mapping p shown in lemma 3 it
follows that

p(Al, Az) = aq/x1+p/zg and p(Bl, BQ) _ a(I’lerp’yg
p((C1)T, (Ca)?) = @) 21+ ()22

and thus, using lemma 4, dist(p*(Ri(;s;", jos;"), Resce) < 31;5;/3'”, i.e., the two distributions are

statistically indistinguishable. O

The lemma is used for the proof of the theorem below:

Theorem 7 AdvyPH (1) < 2AdvE2H (1/2) + (6log2 - v)/2V/2.

descc descp

Proof. Let A be any DDH-distinguisher for descc. Using property (i) of lemma 6, we have that

3log2-v

. desce * desc desc
dist4(D;, %%, p*(D,,,°, D5 ")) < 502

v/2 "7 v/2

and given that

. % d d % d d
dist (" (D557, DI, " (RESP, Do) <

< AdvDPH (1, /2)

descp

9



we obtain
(Fact 1) diStA(fZ)Sescc7 p* (Rdescp Ddescp)) <

v/2 T v/2
3log2-v
DDH
< AdVese, (V/2) + oz
Now using property (ii) of lemma 6 we have that
3log2-v

. desce * desc, desc
dist 4 (R, p (7?,1//2”,731//2 M) < 502

and given that
dista(p’ (RS D), o (RUS™ RUE?)) <

< AdvDPH (1 /2)

descp
we obtain
Fae2)  distalp (RUE DRI =
3log2-v

= Advial (v/2) +

ov/2
Finally by applying the triangle inequality to facts 1 and 2 above, we obtain:

AQVRDH, (1) = dist (Dl Rk <

6log?2- v
ov/2
Since the above holds for an arbitrary choice of A the statement of the theorem follows. O

< 2-AdvPPH (3, /9) 4

descp

We proceed to state explicitly the two variants of the DDH assumption:

Definition 8 The following are two Decisional Diffie Hellman Assumptions:
e The DDH assumption over quadratic residues modulo a safe prime (DDH-Prime) asserts that:
AdvPPH (1) = negl(v).

descp
e The DDH assumption over quadratic residues modulo a safe composite with known Factorization

(DDH-Comp-KF) asserts that: Advi2H (v) = negl(v).

descc
We conclude the section with the following theorem (where = stands for logical implication):

Theorem 9 DDH-Prime — DDH-Comp-KF.

Proof. An immediate corollary of theorem 7 and the easy fact that if f;, fo are negligible functions in
vthen 2 - f1(v) + fa2(v) is also a negligible function.
O

10



4 PK-Encryption over () R(n) with split n

Our constructions will require a special identity embedding mechanism that is cca2 secure; such a
mechanism is presented in this section.

A public-key encryption scheme comprises three procedures (Gen, Enc,Dec). The syntax of these
procedures is as follows: Gen(1") returns a pair (pk, sk) that constitutes the public-key and secret-key
of the scheme respectively. The probabilistic encryption function Enc takes as input the parameter 17,
a public-key pk and a message m and returns a ciphertext 1. The decryption function Dec takes as
input a secret-key sk and a ciphertext ¢/ and returns either the corresponding plaintext m, or the special
failure symbol L. The correctness of a public-key encryption scheme requires that for any (pk, sk),
Dec(sk,Enc(1¥, pk,m)) = m with very high probability in the security parameter v (preferably al-
ways). There are various notions of security for public-key encryption, cf. [21, 29, 31, 17]; below
we will be interested in the so-called CPA and cca2 security in the indistinguishability sense. For
completeness we define these notions below:

A cca?2 adversary A against a public-key encryption scheme (Gen, Enc,Dec) is a PPT predicate
with range in {0, 1} that is thought to operate in the following game:

The cca2 Game G2, for security parameter v (denoted by G2, (1%)):

(pk, sk) <« Gen(1");

(auz, mg, m1) — AP*°() (choose, 17, pk)

Choose b < {0,1};

Set ¢* « Enc(1”, pk, my);

Set Dec™" (sk, x) to be “if x # 1)* then return Dec(s, x) else return 1”;

b* — APee k] (guess, au, 4*);

. if b = b* return T else return L;

A CPA adversary A operates as above but is denied access to the Dec oracles in steps 2 and 6 in

the above game. The corresponding restricted game is called Gg"‘)a.

N kLD =

Definition 10 For X € {cca2,cpa}, A public-key encryption scheme satisfies X-security if for any PPT
predicate A it holds that 2Prob[Gst (1Y) = T] — 1 = negl(v).

Now consider the following cryptosystem (Geng,, Encgy, Decgr):

e The key-generator Gen,, on input 1” samples the description d= (g,m,p,q,7,q") — descc(1"),
selects a value x < [p'q’] and outputs pk = (g, n,p,q, h = ¢g*) and sk = x.

e The encryption function Enc,, operates as follows: given M € QR(n), it selects 7 «—p [[n/4]]
and returns the pair (¢" mod n, h" M mod n).

e The decryption operation Decg, is given (G, H) and returns G~* H (modn).

Note that this cryptosystem is an ElGamal variant over quadratic residues modulo a composite,
so that (i) the factorization is available to the adversary, but: (ii) the factorization is not necessary for
encryption.

Theorem 11 The cryptosystem (Geng,,Ency,,Decgy,) described above satisfies CPA-security under
the assumption DDH-Compo-KF, and thus under the assumption DDH-Prime (theorem 9).

11



Proof. The proof of CPA-security for the ElGamal variant we define is very similar to the proof of CPA-
security for regular ElGamal encryption as formulated by [33], and we omit it (in fact the simplification
of this proof was one reason for introducing DDH-Compo-KF in the first place). O

We remark that ElGamal variants over composite order groups have been considered before, e.g.,
[28]; in the setup that was considered the adversary was denied the factorization and security proper-
ties of the cryptosystem were associated with the factoring assumption. Our variant above, on the other
hand, shows that the semantic security (in the sense of CPA-security) of the composite modulus ElGa-
mal variant we define still holds under the standard prime-order Decisional Diffie-Hellman assumption
DDH-Prime.

Now let us turn our attention to achieving cca2 security in the above setting. To achieve this
goal we will employ the double encryption approach. Double encryption has been employed as a
tool to obtain chosen-ciphertext security originally in [29]. Based on double encryption the so called
“twin-conversion” has been formalized in [19]: it transforms a CPA-secure cryptosystem into a cca2-
cryptosystem by employing proofs of language membership that are “simulation-sound” , cf. [32].

In the remaining of the section we will present a transformation of the ElGamal variant we presented
above in the general spirit of the twin-transform. For various technical reasons we cannot employ the
transform in a generic fashion and below we will provide a direct stand-alone argumentation for the
security of the construction. We start by presenting the cryptosystem:

e Gen;, samples (g,n,p,q,p’,q) — descc(1”), selects x1,z2 <p [p'¢’] and returns the pk’ =
{g,m,D,9,y1 = g*', y2 = g*2) and the secret-key sk’ = (x1, z2).

e The encryption Encg,,: in order to encrypt a message m, we form the two ciphertexts (¢", y;'m)
and (g™, y5*m) with r1,r < [|n/4]] and we attach a proof of language membership for the
language:

T2

Lgr = {(n, 9,91, 92, (9", y1°m), (9", y3°m))
| 71,72 € [[n/4]],m € QR(n)}

Note that we want to preserve the property that encryption does not use the factorization of n. In
order to prove language membership of a tuple (n, g, y1, y2, (G1, Y1), (G2, Y2)) to Ly we will
use a proof of language membership defined below in definition 12.

It follows that the output of Encgr is of the form (G1,Y1,Ga,Ys, ), where 7 is the non-
interactive proof of language membership in L.

/
qr?
returns |, otherwise it applies 71 to G and returns (Y;-G7“')? mod n. Note that the decryption

does not return M but rather M? mod n. We will explain the reason for this choice later on in
the construction of the group signature.

e The decryption Dec, ., operates as follows: first it checks the proof 7, and if the check fails it

Definition 12 The proof of language membership for L,,. Suppose that the values r1,ry € [[n/4]].
The interaction between the prover and the verifier is as follows: the prover selects t1,ts € [—2’“‘H In/4],
..., 25% n /4] and transmits to the verifier the values By = g, By = ¢'2, By = y!' /yk2. The verifier
selects a challenge ¢ € {0, 1}’“, and subsequently the prover computes s; = t; —c-r; fori = 1,2
and transmits to the verifier the values s1, s2. The verification check is the following: g°*(G1)¢ =2 By,
§%2(G2)¢ =2 By and (y;*/y5?)(Y1/Y2)¢ =2 Bs. In order to make the proof non-interactive using a
hash function H : {0,1}* — {0,1}* we perform the following: the non-interactive proof 7 in the
description of Encilr will have the form

<C = H(n)guylayQ)Glayi)G27Yé7BlvBZaB3)a51)82>

12



!/

and the verification step that is part of Dec,,

m = (¢, $1, S2), the check is implemented as:

operates as follows: given the non-interactive proof

Slyc
c =7 H<na97y17y27 Gl: Ylv G27 Y27951G§7982G5? z}gzylc>
2 2

The set of proofs w constructed as above for a given ciphertext will be denoted by

nizk’'[n, g, y1, y2, (G1, Y1), (G2, Y2)]

Given the description of constructing the non-interactive proof of knowledge it is easy to verify that
valid encryptions of messages m will never result in the decryption function DeCf;r returning L. The
introduction of 7 though along with each ciphertext introduces a possible security concern since the
random coins used for encryption are employed in the construction of 7r. To settle this issue we willfirst
present the following technical lemma:

Lemma 13 Consider a fixed x € [L, R] withm = R—L and the random variables t € g [—2"'m, 2k+lm),
c € {0, 1}*. The statistical distance of the random variable § = t—c(x— L) from the random variable
s €g [—2F*m, 2Mm)] is less than 27,

Proof. We will denote by D, the distribution of the random variable s and by D,, the distribution of
§ =t —c(x — L). Assume that the support of the two random variables is Z.

e Regarding D, observe that a certain sq in [—25T/m, 2Tim] has probability of being selected
equal to m (uniform probability distribution). Any sq & [—2%+!m, 2¥+!m] has proba-
bility 0.

e Regarding D}, observe that a certain sg has the following probabilities of being selected:

1. For each sq € [—2Fm, 28+lm — (2% — 1)m] and for each of the 2* different cq € {0, 1}*
we can find a unique tg such that s = tg — cox, as a result the probability of obtaining the
given sg according to Dy, is

2k _ 1
2k (1426 +1+1m) T 142kHHIy
2. For sg € [—2Ftm — (2F — 1)m, —2Fthm — 1] or 59 € [28Fm — (2F — 1)m + 1, 28 m]

the probability of obtaining so according to Dy, lies in the real interval [0, m}

3. For the remaining sq < —2*+'m — (2% — 1)m and sq > 2#+!m the probability of selecting
them according to Dy, is equal to 0.

It is clear from the above that the absolute difference between the probability of a certain sg accord-
ing to Dy, and D, is O for the integer ranges of cases 1 and 3 above. The distributions D, and D}, will
accumulate some statistical distance though due to their different behavior for values sg that belong to
the integer range specified in item 2. In this case, for a specific sg, distribution D, assigns probabil-
ity either O or m whereas distribution Dy, assigns probability that belongs in the real interval
[0, m] Clearly, in the worst case for each specific sg the absolute difference will be Wllmﬂ
The number of elements s of case 2, are 2 - (2¥ — 1)m thus it follows that the statistical distance of
the distributions D, and D}, cannot be greater than (28 — 1)m/(2¥*1m + 1) < 27=1 < 271, This

completes the proof. O
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Now consider the following algorithm S: given n, g, y1, y2, (G1, Y1), (G2, Y2) and parameters k, [
it selects a random ¢ € {0, 1}* and random s1, s2 € [—2¥+!|n/4], 28! |n/4]] and then produces the
values:

By = QSIG% By = gSQGgﬂ Bs = (yil/y?)(yl/}a)c?C? 81,82

In the following proposition we will establish that in the random oracle model an adversary is
incapable of taking any significant advantage of the extra information provided by the attachment of 7
to a ciphertext.

Proposition 14 Consider the following two experiments executed with any probabilistic polynomial-
time adversary A’ that has access to a random oracle H and operates in two stages: in the first stage
it receives a public-key of the encryption scheme (Genflr, Encflr, Dec;,,) and it outputs two plaintexts
mo, M1, in the second stage it receives an encryption of my, under Encgr, where b is a random bit and

produces a single bit output. The experiments are defined as follows:

o (Experiment 1.) Simulate A’ so that queries to H are answered on-the-fly by generating the
table of H. When A outputs mg, m1, encrypt my using Encflr and finish the simulation of A by
returning the output of A.

o (Experiment 2.) Proceed as in experiment 1, with the following modification: the proof 7 in the
encryption of Encflr is substituted by a string ™ = (c, s1, S2) where ¢, s1, Sy are obtained from an
output (B1, Ba, B3, ¢, 51, $2) of a simulation of S. The table of H is modified so that

<X = (nvg7y17y27G17Y17G27Y27B17-BQ7BS)7C>

is an entry of the table. If no such modification is possible (i.e., an entry X exists already in the
table of H) the experiment fails.

Let Expl (resp. Exp2) be the event that experiment 1 (resp. 2) returns 1. It holds that |Prob[Expl] —
Prob[Exp2]| < gy - 272 + 271 where gy is the random oracle queries allowed to A during its first
stage, assuming that p'q’ > 2.

Proof. First observe that the probability space over which the two experiments are defined is essentially
identical: the only difference is that experiment 1 selects ¢1, to where experiment 2 selects s1, s2 (the
domain in either case is identical). Consider now the following event Bad that refers to the first stage of
the adversary and is defined as the event that the adversary produces a query to the random oracle H that
is equal to (n, g,vy1,v2, G1, Y1, Ga, Ys, By, By, B3), where G1,Y7,G2,Y> is the ciphertext produced
after A terminates the first stage. It is easier to compare the two games as long as —Bad happens.
Indeed in this case it is easy to see that the statistical distance between the two games is at most
2 .27t = 27*1 based on lemma 13. It follows that we can bound the statistical distance between the
two games by Prob[Bad] 4+ 27/, Now observe that the values G'1, G are unknown to the adversary
as they are selected on the fly after the stage 1 terminates. Given that p'q’ > 2 it follows that the
probability that .4 makes a single query to  and fixes G'1, G is less than 272*. The statement of the
theorem follows easily. O

The above proposition ensures that it was not harmful to attach a proof 7 along with our ciphertext
since 7 carries a negligible amount of information about the random coin tosses used to encrypt M or
about the message itself (at least in the random oracle model). Of course it is still not apparent whether
the attachment of 7 to any ciphertext can be of any use for proving cca2 security. We establish the
connection in the following proposition that we show that an adversary is incapable of producing a twin

14



ciphertext and a string 7 that can convince the decryption test to not return L when the twin ciphertext
is inconsistent (i.e., each ciphertext encrypts different plaintexts). It follows that as long as a decryption
oracle deems the ciphertext as valid this means that both siblings in the twin ciphertext encrypt the same
message.

Proposition 15 Consider the following probabilistic polynomial-time adversary A™ that has access
to a random oracle H and operates as follows: it receives a public-key of the encryption scheme
(Geny,., Ency,., Decy,.) and the factorization of n. A outputs a ciphertext 1) = (G1, Hy, G2, Ha, ).
Consider the event Cheat to be the event that Decy, (1) # L and (Y1 - G21)2 £ (Yo-G~*2)2(mod n).

Suppose that Prob[Cheat] > 27F; then it holds that Prob[Cheat] < 2v/2- g3 - 27%/% where gy is the
number of queries A poses to H, assuming that p', ¢’ > 2F.

Proof. Consider all ciphertexts 1 to be of the form py, ¢, po where p1 = (n, g,y1,y2,G1, Y1, G2, Ya,
9GS, g2 GS, (y1' YY) /(y52Ys)) and po = (s1, s2). Let @ be a predicate operating over a ciphertext
such that Q(p1,c,p2) = T if and only if the event Cheat as defined in the theorem’s statement is
satisfied.

It follows that based on lemma 30 there is an algorithm that succeeds in producing two ciphertexts
with the same first value (the p;) and different challenges ¢ # ¢/. We call the success probability of
this the event Imp. From lemma 30 we obtain that Pro[lmp] > Prob[Cheat]?/(4qx) — (g + 1)27%.

*

Consider now the setting when Imp happens. We have the following: ¢ 1 = Gy g% =
GS ¢, and yfl_sf/ygrs3 = (Y1/Y2)¢ ~¢. Now recall that ¢,c* < 2% < p/, ¢ thus it holds that
c* — c is an invertible element in Z,/,. From this we know that there exists an integer ¢ such that
t = (¢* —¢)~! mod p'q’. For such integer ¢ we can rewrite G1 = 01¢"* and Go = 029" where
r1 = (s1 — s7)t mod p'q’ and o = (s2 — sb)t mod p'q/, and 01,09 € Z are elements of order
2. In a similar fashion we rewrite y;* /y5?> = Y1/Y20 where o is also ane element of order 2 inside
Z;,. From the above it follows that if Y5 = y5?m, i.e., Go,Y> is a ciphertext encrypting m then
we have that G, Y7 is a ciphertext encrypting o - m. This contradicts the fact that (Y; - G=%1)2 £
(Yo - G=*2)2(modn). It follows that Prob[Imp] = 0. Given that Prob[Imp] = 0 we have that
Prob[Cheat]? < 4¢3 (g + 1)27%. From this we obtain that Prob[Cheat] < 2v/2 - ¢, -27%/2. O
Theorem 16 The cryptosystem Geny,., Ency,., Decy,. satisfies cCa2 security in the indistinguishability
sense under the DDH-Comp-KF in the Random-Oracle model.

Proof. We will show how to transform any cca2 adversary A’ against the “twin” cryptosystem
Geny,., Ency,, Dec;, to a CPA adversary B in the standard model against the cryptosystem (Gen,
Encg,, Decy,). The CPA adversary B receives as input the public-key pk. Then it sets pk; = pk and pre-
pares pk, by selecting 5 from the appropriate domain. In this way the twin public-key pk’ = (pky, pko)
is formed. Then B starts the simulation of A giving pk’. Whenever A submits a query to the random
oracle H, BB uses the on-the-fly generated table for H to answer consistently. Whenever .4 submits a
twin ciphertext for decryption to its decryption oracle, B3 parses the ciphertext as (G, Y1, Go, Yo, 7),
verifies the non-interactive proof 7, and if the proof is valid it responds by (G5 **Y2)? (contrary to the
standard cca2 simulation where the answer (G 'Y7)? is given instead).

When A provides the two challenge plaintexts mg, m1, B forwards them to its own challenge
oracle to obtain the challenge ciphertext G7, Y;". Then, B computes G3, Y5 at random from the un-
derlying group and produces a simulated proof 7* by inserting the appropriate value into the ran-
dom oracle table H (if this is not possible then I3 simply fails). Observe that the challenge ciphertext
Y* = (GY, Y, G5, Y, m*) is not valid (i.e., the two components encrypt different plaintexts). 3 pro-
ceeds with the simulation of .4 by providing the challenge ciphertext and continues the simulation of
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A. The simulation of the decryption oracle for A in the second stage is similar to the first stage with
the following difference: if a ciphertext query of the form (G}, Y7, G5, Y, , ') # ¢* is such that 7’ is
a valid proof and (G,Y{) = (G7,Y7") then B fails; in other cases whenever 7’ is a valid proof then
B replies as in the first stage of the simulation. Finally B terminates by returning the output that A
returns. Clearly B is a CPA adversary for (Geng,, Encg,, Decgy).

We will show that the success probability of B is close by a negligible fraction to the success proba-
bility of A", We will establish this by observing the following sequence of games. First consider game
Gy to be the standard indistinguishability cca2 game that A plays and wins with some probability of
success.

Consider the following modification to game (G that results in game (1. Instead of answering the
decryption queries of A as (G| ™ Y1)? we answer them by (G5™ Y2)?2. Clearly the distance between the
two games would be bounded by Prob[Bady] where Bad is the event that the adversary .A produces
a valid non-interactive proof 7 for a twin ciphertext (G, Y1, G, Yo, 7) that satisfies (Gl_C“Y;[)2 #
(G572Y2)?(modn). It is easy to bound the probability of the event Bad using proposition 15: based
on the statement of the proposition we know that this happens with probability c - g2~ %/? where
c is a small constant and thus distance between game Gy and game G is negligible (assuming that
qudec2_k/ 2 is negligible, where gqec is the number of decryption oracle queries). Note that game G
does not employ the secret key of 1 at all.

Next we modify game (77 into game (G5 in the generation of the challenge ciphertext: instead of
preparing the challenge ciphertext according to the specifications we produce a fake proof by inserting
the appropriate value into the table of H and using the simulator S in the same way that this is performed
in proposition 14. Now observe the following: the only difference between game G and game Gy is
in the way that the non-interactive proof 7* in the challenge ciphertext is computed. Observe now that
games G1 and (G2 define the two experiments of proposition 14 and thus it follows that the statistical
distance between G and G isat most 272k gy, 4+ 27111,

Finally we perform the following modfication to G2 to obtain a game (G3: we modify again the
challenge ciphertext so that G9, Y5 are selected at random from QR(n). It is easy to see that this
modification can incur a distance between the games (Go and game G that is bounded by the best
possible advantage a polynomial-time distinguisher may have against DDH-Comp-KF. Finally observe
that G5 is identical to the operation of BB as defined above. Given that 3 is a CPA indistinguishability
attacker against a cryptosystem that is secure under DDH-Comp-KF we conclude the proof.

O

Remark. Having completed the presentation of the cryptosystem Genﬁlr, Encgr, Decfp, a number of

observations are in place (that will be of importance later in the construction of the group signature):
1. The encryption and decryption functions do not require the factorization of n.

2. The factorization n is made available to the adversary.

3. The decryption does not invert the encryption operation entirely as it returns the square of the
encrypted plaintext. While the availability of the factorization can recover the plaintext, such
recover will be unnecessary in the group signature construction that we will present.

S Group Signatures: Model and Definitions

The parties that are involved in a group signature scheme are the Group Manager (GM) and the users.
In the definition below we give a formal syntax of the five procedures the primitive is based on.
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Our formalization is geared towards schemes as the scheme of [2] where users are joining the
system by executing a join-dialog with the GM (and not any other trusted entity or tamper-proof element
exists). Naturally, this formalization can capture also the case where a third party creates the user
signing keys privately and distributes them through private channels and with trusted parties, however
we do not deal with this simpler case in our model.

Definition 17 A group signature scheme is a digital signature scheme that comprises the following five
procedures;

SETUP: On input a security parameter 17, this probabilistic algorithm outputs the group public
key Y (including all system parameters) and the secret key S for the GM. Moreover SETUP initializes
a public-state string St with two components St sers = () (a set data structure) and Styans = € (a
string data structure).

JOIN: A protocol between the GM and a user that results in the user becoming a new group member.
The user’s output is a membership certificate and a membership secret. We denote the i-th user’s mem-
bership certificate by cert; and the corresponding membership secret by sec;. Since JOIN is a protocol,
it is made out of two interactive Turing Machines (ITM) Jyser, Jgm. Only Juser has a private output
tape. An execution of the protocol is denoted as [Jyser(17,Y), Jom (17, St, YV, S)] and has two “out-
put” components: the private output of the user, (i,cert;,sec;) «— U[Jyser(1”, ), Jem(1”, St, Y, S)]
and the public transcript, (i, transcript;) «— T[ Juser(1¥,Y),Jam (17, St, YV, S)]. After a successful
execution of JOIN the following (public) updates are made to the state: Stysers = Stysers U {i} and
Stirans = Stirans|| (i, transcript;).

SIGN: A probabilistic algorithm that given a group’s public-key, a membership certificate, a mem-
bership secret, and a message m outputs a signature for the message m. We write SIGN(), cert;, sec;, m)
to denote the application of the signing algorithm.

VERIFY: An algorithm for establishing the validity of an alleged group signature of a message with
respect to a group public-key. If o is a signature on a message m, then we have VERIFY(), m, o) €
{T,L}

OPEN: An algorithm that, given a message, a valid group signature on it, a group public-key, the
GM'’s secret-key and the public-state it determines the identity of the signer. In particular OPEN(m, o,
V,S,5t) € Stysers U{L}.

Note: the identity of the user that gets the ¢-th user’s membership certificate is assumed to be authenti-
cated and thus associated with .

Notation. We will write (i,cert;,sec;) =y (i,transcript;) to denote the relationship between the
private output of J,ser and the public-transcript when the protocol is executed based on the group
public-key ) and a state St (note that we omit St in the subscript for convenience). Moreover, any
given cert, based on a public-key ), has a corresponding sec; we will also denote this relationship
by cert =y sec (overloading the notation). We remark that =y in both cases, will be considered a
polynomial-time relationship in the parameter v.

Given a (), S) < SETUP(1"), a public-state St is called well-formed if it is effectively produced
by a Turing machine M that has unlimited access to a Jgy oracle (following the public state update
procedures as in definition 17). A well-formed state St’ is said to extend state St, if it is effectively
produced by a Turing machine as above but with the public-state initially set to St instead of (), €).
Correctness. The correctness of a group signature scheme is broken down in four individual proper-
ties: (i) user tagging soundness mandates that users are assigned a unique tag (depending on order of
joining) by the JOIN protocol; (ii) join soundness mandates that the private output tape of Jyse, after
a successful execution of the JOIN dialog contains a valid membership certificate and membership se-
cret; (iii) signing soundness mandates that the group signature scheme behaves like a digital signature;
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(iv) opening soundness mandates that the OPEN algorithm succeeds in identifying the originator of any
signature generated according to specifications. Formally,

Definition 18 A group signature is correct if the following statements hold with very high probability
over the coin tosses of all procedures. Let (), S) «— SETUP(1").

e User tagging soundness. In every well formed public-state St it holds that the cardinality of the
set Stysers equals the number of transcripts in the string Styrans.

e Join soundness. If (i, cert;, sec;) «— U[Juser (17, ), Jam(1”, St, Y, S)| then it holds that cert; =y
SeC;.

e Signing soundness. For any cert =~ sec, and any message m,
Yy

VERIFY(), m,SIGN(),cert,sec,m)) = T

e Opening soundness. For any certificate cert; and secret sec;, transcript transcript; and well-
formed public-state St s.t. (i, cert;,sec;) =y (i,transcript;), if St’ is a well-formed public-
state that extends St with (i, transcript;) € Sty,.n. then for any message m, and any o «—
SIGN(), cert;, sec;, m) it holds that OPEN(m,0,), S, St') = i.

Security. Below we present the general model for security. A number of oracles are specified. Through
these oracles the adversary may interact with an Interface that represents the system in the real world,
and simulates its operation (i.e., a simulator) in the security proof. This allows us to model adver-
saries with capabilities (modeled by subsets of the oracles) and attack goals in mind, in the spirit of
[22]. However, since we deal with a “privacy primitive” we have to deal with a number of goals
of mutually distrusting and mutually attacking parties, thus we need more than one adversarial sce-
nario. The interface Z is an ITM that employs a data structure called state statez and is initialized
as (St,),S) < SETUP(1”). The interface accepts the types of queries listed below. We remark that
during an attack the adversary interacts with the interface and the oracles in a stateful fashion and the
interface performs a number of bookkeeping operations that involve statez as explained below.

e Quub and Qyey: the interface looks up statez and returns the public-and secret-key respectively.

e O, _join: the interface initiates a protocol dialog simulating Jgm. The user created from this in-
teraction (if it is successfully terminated) will be entered in St scrs and the transcript in Stipqns
following the updating rules of definition 17. Additionally the user will be marked as U® (adver-
sarially controlled).

e Op_join: the interface initiates a protocol dialog simulating Juser. The user created from this
interaction (if successfully terminated) will be entered in St,s.,s and the transcript into Sty rqns
as described in the update procedure of definition 17. Additionally, the user will be marked as
U®. Upon successful termination the resulting membership certificate and membership secret
(i.e., the whole output of the user protocol including the user name tag) will be appended in a
private area of stater.

Following the above we note that the adversary when executing the Qp_;oin query will be effec-
tively required by the interface to choose a unique and properly defined tag for the current user
(according to definition 17). This is not a restriction since this can be enforced in practice by
having the user checking the public user name database during normal protocol executions. Note
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that even when assuming an adversarial GM the user name database St, s, is not entirely ad-
versarially controlled; indeed, if St sers 1s compromised then clearly no group signature scheme
can have any form of identification robustness.

o Qread, Qurite: these two queries allow to the adversary to read and write respectively statez.
The query O,caq returns the whole statez excluding the public and secret-key as well as the
private area of statez that is used for the Qy,_join queries. The query Q,ite is allowed to perform
arbitrary changes as long as it does not remove/corrupt elements from St sers, Stirans (but €.g.,
insertion to these structures is allowed).

® Qggn(i,m): giventhati € U b the interface simulates a signature on m by looking up the mem-
bership certificate and membership secret available in the private area of stater and returns a
corresponding signature.

e Ogpen(0): the interface applies the opening algorithm to the given signature o using the current
St. If S is a set of signatures we denote by Q;,Sgen the operation of the opening oracle when
queries for signatures in S are declined.

We remark that the interface Z maintains a history of all queries posed to the above oracles (if these
queries accepted an input); for instance, we use the notation histz(Qsign) to denote the history of all
signature queries.

Security Modeling. We next define our security model, which involves three attack scenarios and
corresponding security definitions. These security properties are based on our modeling of Traceable
Signatures, [23], and are ported from the traceable signature setting to the group signature setting,
augmenting them with adversarial opening capability. In particular, we use the same terminology for
the attacks to facilitate the comparison between these two primitives.

The first security property relates to an adversary that wishes to misidentify itself. In a misidenti-
fication attack the adversary is allowed to join the system through Q,_join queries and open signatures
at will; finally he produces a forged group signature (cf. an existential adaptive chosen message at-
tack, [22]) that does not open into one of the users he controls (actually without loss of generality the
adversary controls all users of the system; thus the adversary wins if the opening algorithm returns ).

The Misidentification-Attack Game G2 (denoted by G:A._(1*)):
stater = (St,Y,S) <« SETUP(1);

(m, o) «— AI[qubvgafjoin7Qread7Qopen](1V)

i = OPEN(m, 0, ), S, St)

4. If (VERIFY(Y,m,0) = T) A (i ¢ U®) then return T else return L.

W

Our second security property relates to a framing type of attack. Here the whole system conspires
against the user. The adversary is in control not only of coalitions of users but of the GM itself. It is
allowed to introduce “good” users into the system by issuing Q},_join queries to the interface and obtain
signatures from them. Finally the adversary produces a signature that opens to one of the “good” users.
Note that the adversary can take advantage of Q,ite to create dummy users if it so wishes.

The Framing-Attack Game G, (denoted by G# (1)):

stater = (St,),S) « SETUP(1");

<m70‘> — AI[qub:lewQbfjoineread7Qwriteygsign](1”)

i = OPEN(m, 0,),S, St)

If (VERIFY(Y, m,0) = T) A (i € U®) A ((i,m) & histz(Qsign)) then return T else
return L.

A
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Finally we model anonymity. In an anonymity-attack the adversary operates in two stages play and
guess. In the play stage the adversary is allowed to join the system through Q,_j.in queries, as well
open signatures through Qgpen queries. The adversary terminates the play stage by providing a pair of
membership certificates/secrets (that were possibly obtained through Q,_jein queries). The adversary
obtains a “challenge signature” using one of the two membership certificate/secrets it provided at ran-
dom, and then proceeds in the guess stage that operates identically to the play stage with the exception
that the adversary is not allowed to open the challenge signature. Note that this attack is similar to a
cca2 attack when an individual group signature is considered an identity concealing ciphertext.

The Anonymity-attack Game G4\, (denoted by G2t (1*)):

stater = (St,),S) « SETUP(1");

(aux,m, certy, secy, certy, secy, ) « ALQpubsQajoin, Qread: Qopenl (play, 1¥)
if =((cert; =y secy) A (certy =y secz)) then terminate and return L ;
Choose b «—p {1,2};

o « SIGN(), certy, secy, m);

bt AI[qubyga—joimQread7Q;pgr)1‘}} (guess, aux);

if b = b* return T else return L ;

N kW =

Definition 19 A group signature scheme is secure if for all PPT A it holds that (i) Prob[GA. (1¥) =

mis

T] = negl(v) (ii) Prob[G#., (1¥) = T] = negl(v) and (iii) 2Prob[G%on(17) = T] — 1 = negl(v).
Capturing the intuitive security properties put forth by [2]. Given the above security model is
relatively straightforward to see that the informal security properties that were put forth by [2] are
captured by the above three security properties. In particular, (1) Unforgeability: an adversary that
given the public-key forges a signature, will either produce a signature that opens to _L or a signature
that opens to one of the users; such an attack is prevented by both misidentification and framing security
above; (2) Anonymity, is captured by the anonymity security property above, (3) Unlinkability, is also
captured by the anonymity security property, (4) Exculpability is captured by framing security (since the
secret-key of the GM is released to the adversary), (5) Traceability, is ensured by misidentification (a
signer cannot produce a signature that opens to 1) and framing security (a signer cannot frame another
user). (6) Coalition resistance is built-in into our security properties since w.r.t. misidentification we
allow the adversary to adaptively build a coalition of malicious users, whereas in the case of framing
attack the adversary has the GM’s key (and as a result it can build a coalition if it wishes it).

We remark that independently of the present work (which originally appeared in [25]), [5] presented
a group signature formal model that captures the dynamic group case as the present paper does. We note
that the construction presented in that paper is a feasibility result rather than a practical construction
since it employs generic zero-knowledge techniques. That work also explicitly design the underlying
authenticated channel (assumed here and in prior schemes) with public key infrastructure.

6 Building a Secure Group Signature

The public-parameters of the group signature are a composite modulus n of v bits, such that n = pq
with p = 2p’ + 1 and q = 2¢' + 1 (where p, ¢, p’, ¢’ are primes), as well as a sequence of elements
inside QR(n) denoted by ay, a, g, y and parameters k, [.

The membership certificates are of the form (A, e) so that A € QR(n) and e is a prime number
in I'. The membership secret is a value € A such that aga® = A°. Note that ' = [y9,71],A =
[Xo, \1] are integer ranges within {1, ...,p'q'} such that the following two conditions are satisfied: (i)
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2FHEZ (A = Xo+y1 —0) + A1 +27/27 17008 Y) < g (i) (70)? > 2542 (74 —0) +1. In particular
we may select the values as follows: let v be the number of bits for which an RSA safe composite
modulus is considered to be hard to factor; then we set A = [\g, \{] = [2¥/2% — 2v/2=k=1=T 9v/2-4)
and T = [’YOa’Yl] — [211/2—27 ov/2-2 + 21//2—k—l—7]‘

Before we advance to the description of the construction we will prove the following basic lemma
that shows that given a set of certificates, under the Strong-RSA assumption, it is hard to produce one
additional certificate, even if the produced certificate is allowed to be slightly “malformed.” We note
that a weaker formulation of the lemma below is part of the exposition of [2] (note that such weaker
formulation seems insufficient for the proof of security).

Lemma 20 Let n be an RSA modulus and k,l € Z as above and a,aq € QR(n) be two random
quadratic residues. Also, for i = 1,..., K, let (A;,e;,x;) be such that A" = apa™ (modn) e; €
' N Prime, z; € A, where T' = [y9,71] and A = [X\g, \1] are integer ranges as defined above. Let
A be an PPT such that given n,a,ag,{{A;,e;,x;)}5 | it returns a tuple (A, e, x) such that A° =
:I:aoax(modn), <A, €, l’> Q {<Al, €, mz>}£1 and x € [)\0 - 2k+l+2()\1 — )\0), /\1 + 2k+l+2()\1 — )\0)]
and e € [yo — 282 (v — v0), 71 + 22 (41 — 40)] N Odd. Then the Strong-RSA assumption fails.

Proof. Let z,n be a challenge for the Strong-RSA problem. Consider first the following PPT B :

B, selects random elements z; €z A and ¢; €z I' N Prime. Then it sets ag = 2z"%°K and
a = z°1°K where r €g [0,21’/2_1_0(1°g”)], e; €gr I' N Prime, and x; €gr A. Next B; computes
A; = (apa;)'/¢(modn) (observe that the factorization of n is not needed). As proved in [23], as-
suming the hardness of factoring, the selection of  €x [0,2"/2~1=9(°e")] is sufficient to make ag
indistinguishable from a random element of QR(n) if ag is a generator of QR(n) (and in fact ag is
with overwhelming probability). This ensures that the public-key (as well as the values A;) are selected
in a manner indistinguishable to the main protocol.

B proceeds to simulate A to obtain the value A, e, x with the stated range constraints. If it holds
that ged(e, e ...ex) > 1 then By aborts. Otherwise, 131 proceeds as follows: first, denote by p =
e1...ex(x +r). By computes § = ged(e, p) = ged(e, z + r). Observe that due to the properties of
ranges ', A it holds necessarily that § < e.

It follows that B; can compute A, e, p so that A® + z”, e is odd and § = ged(e, p) < e. We show
how to solve the given String-RSA instance given such values below. If 6 = 1, 3; computes «, 3 such
that ae 4+ Bp = 1 and it follows that z = 2°®2P8 = 2°%(£A°)P = £(2*A%)¢ = (£2*A%)¢ where the
last equality holds since e is odd. Obviously B; can recover a solution to the strong-RSA challenge by
using A, o, (3 in this case (0 = 1).

In case d > 1 By will proceed as follows: let & = ged(d,2p'¢’) (recall 2p'¢’ is the exponent of
Z¥). If & = p'¢’ a multiple of ¢(n) can be easily obtained from ¢ and thus the factorization of n
can be recovered. On the other hand if § = 1 it holds that A5 = +25 from which we can solve the
Strong-RSA problem as described in the previous paragraph.

Next, we consider the case that & = p/. This means that § = p/ - s, i.e., B; can compute a multiple
of p/. It follows that if b € Z with probability 1/2 it will hold that b = 1 mod p, and thus we can
see that ged(b® mod n — 1,n) will reveal a factor of n. Note that the case 6 = ¢ is of course identical.
Finally observe that the case 6 = 2 would mean that § is even and thus e is even as well something
that has been excluded in the theorem’s statement. This completes the description and analysis of B
that solves the given Strong-RSA instance with non-negligible probability as long as .4 finds a new
certificate with non-negligible probability conditioned on the fact that ged(e, €1 ... ex) = 1.

Now we describe a second algorithm called Bs: Bo, selects random elements xz; €z A and e; €

€1...€ €1...€
pELCK 1CK

I' N Prime. It also selects j at random from 1,..., K. Thenitsets A; =2 % anda =2z %
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where r € [0,2/271700¥)] ¢; € T NPrime, and z; € A. Next By computes ag = A7 /a® and
fori=1,...,K,i# j, A; = (apa;)"/®(modn) (observe that the factorization of 7 is not needed).
As shown in [23] the selection of r € [0, 22/2~1-O(0e V)] is sufficient to make the two elements ag, a
indistinguishable from random in Q) R(n) (under the hardness of factoring).

Given the above values By proceeds to simulate .4 and obtains values A, e, x that satisfy the the-
orem’s constraints. .4 computes 6 = gcd(e, e;) and if § = 1 it aborts. Otherwise observe that due to
the fact that e; is a prime it holds that § = e;. It follows that e = ée; and we can write A® = aga” as

Afei = 42 e 420 Leps — ged(€ej, K (r 4 & — x;)). First observe that due to the range
properties that relate to I' it is impossible to havé that some e; with ¢ # j divides € (this would make
e = ée; too large). Thus it holds that § = gcd(€ée;,r + x — x;). Moreover, again due to the properties
of Aand I' we have that e; > r+x —z; thus § < e; < e. It follows that if p = =55 (r + 2 — ), Ba
can compute values A, e, p such that A° = +2” with e an odd number and so that § = ged(e, p) < e.
It follows that B can solve the Strong-RSA instance in a similar fashion as B;.

Now consider the following Strong-RSA solver that employs both By, Ba: B flips a coin and simu-
lates either By or Bs. It is easy to see that if .4 is successful with non-negligible probability then B will
produce a solution to the given Strong-RSA instance with non-negligible probability. g

6.1 The Construction

In this section we provide our construction for the group signature scheme. Note that the construction
makes use of a hash function H that is modeled as a random oracle.

SETUP: On input a security parameter v, this probabilistic algorithm first samples a group de-
scription for (g,n,p,q,p',¢') « descc(1”). Then, it selects x,& «g Zy,,, ao,a,h —r QR(n)
and publishes the group public key Y =4¢ (n,a9,a,9,h,y = g%, = ¢°) and the secret key is set
to S =q4f (p,q,z,Z). The procedure also selects the parameters k,! € IN as polynomially related
functions in v. The ranges I, A are also defined as in the beginning of the section.

JOIN: A protocol between the GM and a user that allows the joint computation of a membership
certificate (A;,e;) so that only the user obtains the membership secret z;. We give the functionality
of the protocol using a trusted party T: first JI__ (1”,)) sends “go” to the trusted party T', who in
turn selects z; «—pr A and writes to the GM’s communication tape the value C; = a” mod n and
writes to the user’s private tape the value x;. JEM(P’, Y, S) reads C; from the communication tape
with T, it selects a prime e; < I' — {p/,¢'} and computes A; = (apa)'/* (modn); finally it writes
(1, A;, e;) in the communication tape where 7 is the next available user tag (a counter is employed) and
terminates. JI_. reads (i, A;, ;) from the communication tape and writes (i, A;, e;, ;) in its private
output tape. As shown in the “non-adaptive drawings of random powers” protocol of [23] it is possible
to derive an efficient protocol Jyser, Jom that does not employ a trusted party and achieves the above
ideal functionality. We remark that the GM is accepting join protocols only in a sequential fashion.

In the above description, cert; = (A4, e), sec; = x, transcript; = (i,C, A, e). If transcript =
(i1, Ct, Ay, er) and cert = (A, e.), sec = x., the relationship cert =y secis true iff AS® = aga® ( mod
n), and the relationship (i, transcript) =y (i, cert, sec) is true iff i; = i, Ay = A., et = e, and
cert =y sec.

SIGN: The signing algorithm is based on a proof of knowledge that is preceded by the values

(T, Ty, Ty, T, Ts, T4) defined as follows when invoked by the i-th user:
T,f,f R Ul/éu . T1 = Ain,

T2 = g’f'7 Tl = Aif/fv TQ = gf7 T3 = geihf
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To complete the description of the signature, we need a proof of knowledge for the variables
7, e, 5,8, 8", so that they satisfy the following relations: Tb = ¢", Th = ¢, Tl/Tl =y )y Ty =
gehT, TS = gs” aoaxiys’ — Tfi,ng — 9(92)5”hr'

This proof ensures that 77,75, Tl, Tg is a “twin” ElGamal encryption of a value A that if raised to
an odd integer e;, it can be split by the prover in the form aga™ . The signature on a message M will be
formed by employing the Fiat-Shamir transform over the proof of knowledge. The proof of knowledge
itself is an extension of the protocol of definition 12 and we describe it in detail in definition 21 below.

VERIFY: given a signature o = (171, 15, Tl, Tg, T3, ¢, 1,52, 53, 84, S5, S6, S7) the verification algo-
rithm will apply the verification algorithm of the non-interactive proof of knowledge.

OPEN: The opening procedure given a signature o is as follows:

1. Verify o using the public verification procedure VERIFY.
2. Parse o to recover the values 17, T5.
3. Compute A = (T1T5 *)? mod n.

4. Match A to the square of some user’s first component of the membership certificate (A;, ;) (as
available in the database Stq5s maintained during the JOIN protocols).

5. If either steps 1 or 3 or 5 fail, return _L, else return the user found in step 5.

Remark. In order to ensure non-repudiation in the opening procedure it will be useful that each user
signs his C; value based on a PKI. Then, based on the PKI, the GM will be capable of proving that a
signature opens to a certain user in a non-repudiable fashion. It is also possible for the GM to issue
a proof that it performs the decryption correctly. We chose not to include these functionalities into
the formal model of group signatures for the sake of keeping the model simple (note that they can be
modularly added easily).

Definition 21 The group signature proof of knowledge. We describe it as an interactive protocol first
between a prover and a verlﬁer Both prover and verifier have input the public parameters as well as
Ty =Ay " To=g", T = A; i, Ty = g 15 = g‘%h’” and the prover has additional input the values
r, 7, T, e;, x;. The prover computes also the values s' = e;-r,s" = (e; — 1) /2. The interaction between
the prover and the verifier is as follows: the prover selects t,, tz, tz € [—2F|n/4], 28 |n/4]]
te, €r [—2FT Ay, 2K Ay), where Ay = y1 — Yo, e, Er [—2FTLAN, 2FH AN, where AN = A1 —
o, ty € [~2FHAT 28HAT], where AT = 7 — g and Ty = v, 0 = |(y0 — 1)/2], te ER
[—28 A, 28 A i), where Ap = py — po and piy = 1 - [n/4], po = 0.

The prover transmits to the verifier the values By = g'v, By = ¢'*, B3 = yi” /ygr, By = gteinlr,
Bs = (Ty Y)eigls , Bg = al=iyts (T )i, By = (g2)'s"h™. The verifier responds by a challenge
c € {0, 1} , and subsequently the prover computes s, = t,—c-r, s; = tp—c-t, Si = ti—cC'T, S¢; = te,—

c-(ei—=0), Su; = ta;—c-(Ti—Ng), Sg =ty —c-8', sgn = tgn—c- (8" —710) (all over 7.) and transmits to
the verlﬁer the values s, s3, 57, Se; Sw;> Ss!s Sl The verification check is asfollows 9°" (T)¢ =7 By,

g (T3)¢ = By and (y* /3% )(T1/Th)¢ =7 Ba, g™ h**(Tag 10)¢ = By, (Ty )i g™ (T3°)° =
B5, asiy®s (T )% (ag ) (a0 T7°) =2 Bg, (9%)%" h*"(Tsg~")*(¢°™) "¢ =2 Br. To produce a
signature out of the above proof of knowledge we use the Fiat-Shamir heuristics as follows: suppose
that H : {0,1}* — {0,1}* is a hash function. To compute a signature o for a message M, the
signer will compute the By, ..., By values as above and then compute the signature as follows: o =
(¢, 81,...,87), where

= H(M,n,g,a,a0,9,h,y,9,T1, To, T1,Ts, T3, By, . . ., Br)
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and (S1, 82, 3, S4, S5, 56, S7) = (Sr, Si, Sity Se;y Sz Ss'+ Ss). The verification on the signature on the
other hand requires the computation of all the lefthand-sides of the verification equations performed by

the verifier and the comparison with the hash c. Moreover the verifier will verify the range restrictions
54 €7 [2MH Ay — (28 — 1) Ay, 28 Ay, 55 €9 [-2FHAN — (2F — 1) AN, 2FH AN

Lemma 22 (/) Suppose A is a PPT that given the public-parameters of the system n, g, a, ag, h,y, 9
produces Ty, T, Ty, Ts, Ty and two accepting conversations of the proof of knowledge with the same
first move but different second moves. Then, it holds that we can either solve the Strong-RSA problem
or extract witnesses r,7, 7, e,x',s',s" so that (i) x € [Ag — 2 HF2ZAN Ay 4+ 28FH2AN] and e €
(o — 2KFHH2 A,y 4+ 26HH2 AN (i) Ty = +g", Ty = +4", T1/T1 = +y" /i, T3 = +g°h", T =
+¢%, apa®y® = +T¢, Ty = +g(g%)*" h".

(2) Suppose A is a PPT that given the public-parameters of the system n, g, a, ag, h,y,y as well
as the factorization of n, produces T, T5, Tl, Tg, T3 and two accepting conversations of the proof of
knowledge with the same first move but different second moves. Then, it holds that we can extract
witnesses v, 7,7, e,x' s " so that Ty = byg", Ty = bog", T1 /Ty = o3y" /i, T3 = byg®h", TS =
b5gsl, aoazysl = b1y, T3 = b7g(92)5// h", where by, ..., by are order 2 elements in .

Proof. First consider part (1). Let By,...,Br,c,s1,...,57,¢",5],...,5; to be the two accepting
conversations with the same first move. Based on the verification equations we have the following:
first, g°' 15 = gS:TQC* from which we have that g5 5 = TQC*_C. Using a standard argument we
conclude that either ¢* — c divides s, — s or we can turn A into a Strong-RSA solver. Thus we

7.5

conclude that T, = Ug <~ where o € Z and is a k-bit order element. Given that k < p/, ¢’ we have
that o is an order 2 elements and we conclude that under the hardness of factoring it must hold that

Sp—8%

o = +1. We set 7 = 2= In a similar fashion we conclude that g = Tg where 7 = ——F.
Then, we proceed to yST [ (T1/T1)¢ = y5+ /g5 (T1/T1)¢" from which we obtain: 3557 /{5 % =

*

(Ty/11)¢"~¢. Based on the previous calculations we have that y% / g =0T, /11 where o
is a k-bit order element within Z),. As before we can ensure based on the hardness of factoring that
o = +1. We conclude that T} /T = +y" /i)’ .

We proceed then to the relation of By, gih™ (T3g10)¢ = g¢*:ihsF (T3g~7°)¢" which implies
that, g°i % hS7 =57 = (T3g~10)¢"~¢ It follows that under the Strong-RSA assumption we have that

Se; —S
e; e; SE— sk

g =< h T =g - T3g~"° from which we obtain that g°h™ = +T3¢~ " (assuming factoring is hard)

Se; .
e; ez

where e =

+yand 7 = SCT*__SE Note that by the verification of the ranges of s, s, we have
that e satisfies the stated range constraints. Specifically, due to the fact that s, s;. € [—2FH Ay —
(28 — 1) Ay, 2" Av] we obtain that s¢, — s}, € [—2FT 1Ay — 2(2% — 1)Av, 2" 1 Aq] and as a
result we have that : e € [y — 2FHFT Ay — 2(2F — 1) Ay, 40 + 2571 A~] which is a subset of the
range ['70 _ 2k+l+2A% M+ 2k+l+2A'y].

For the relation of B, from which we have (T Y)sei gos (T50)¢ = (Ty V)i g (T5°)¢" which
implies that (T ! )5‘31 cigts TS = = (T3°)¢ ~¢; conditioning on the previous calculations we have that

% g e : . :
g TS = (T, ¢ *)¢"=¢ from which we obtain under the Strong-RSA assumption that ¢* — ¢ must

divided sy — s% as well and setting s’ = sy — s¥, we have that gs/ = +T5.
For the relation of Bg from which we have

s%y (T 1)552(6151)0(&_)\01?0)0:

* *

_ asﬂ?iyss/ (T1_1> ZZ (aol) ( 7)\0TiYO)c*
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which implies a®® iy =5 (Tl_l)s%‘_szi = (ag ") ~¢(a—?0T7°)¢" ~¢. From this equality and con-
ditioning on our previous extraction we obtain that a**i ~** = (y~%agla= T ~¢ from which we
obtain that under the Strong-RSA it must be that ¢* — c divides s, — s as well and thus if we set

+ Ao we obtain aga® = +T¢ /y*". Note that z; € [Ag — 28HH2AN Ay 4+ 2FH+2A ). Fi-

*

.
Su;— Sz,

Ti = ~o—¢
nally, from the relation of By we have (g2)%s” h57 (T3~ )(g2™)~¢ = (g2)*s h5 (T3~ 1)< (¢2™) ¢
which implies (g2)%" %" h57 =% = (T3g~')¢ ~¢(g~%™)¢ ~¢. Conditioning on previous extractions
we rewrite this as (g2)%" % = (h~"T3g71g~27)¢ ~¢ from which we obtain that under the Strong-

*
Sgtt 783,,

RSA assumption it must be that ¢* — ¢ divides sy» — s¥, and if we set s” =
Ty = £g> 117

Regarding part (2) we proceed as in case (1) with the following modifications: when confronted
with an equation of the form ¢ —5 = T ~¢ we use the fact that ¢,c* < 2* < p/, ¢ to argue that
¢* — cis invertible in Z, , and thus we can compute (¢* — ¢)~! mod p'q’. Given this we set r =

+ 719 we have that

c*—c

(sr — 85)(c* — ¢)~H(modp'q’) as the reconstructed witness and by raising both sides of the equation
to (¢* — ¢)~! we have that g" = b - T where b*> = 1(modn). Using this idea the proof of the second
part of the lemma is completed easily following the same plan as in part (1). O

6.2 Correctness and Security of the Construction

Theorem 23 The group signature (SETUP, JOIN, SIGN, VERIFY, OPEN) defined above is correct.

Proof. Regarding user tagging soundness, it follows immediately since the GM maintains a counter
for ¢ that is incremented after each successful join. Regarding join soundness, it follows immediately
since by construction the user obtains (i, A, e, x) so that cert; = (A,e) and sec; = =z that satisfy
the relationship cert; = sec;, which is A° = aga”(modn). Regarding signing soundness, observe
that a user that holds the membership certificate (A, e) and the membership secret z, if she follows
the specifications in the construction of the values 77,75, Tl, Tg, T3 she will know a witness for the
discrete logarithm relation she is required to prove by setting s’ = er and s” = % Based on the
completeness (which can be shown easily based on definition 21) of the proof of knowledge she can
create a valid signature. Finally, regarding the opening soundness, observe that for any valid signature,
the OPEN algorithm will recover the value A = (7% (7%)~*)? which is equal to the square of the first
component of the membership certificate (A, e) that corresponds to the originator of the signature.
By matching this to the database St;qns that contains all JOIN transcripts of the form (C, A, e) the
identity of the user (the number 7) will be revealed, as long as every user is assigned a unique square
A component. The probability that the JOIN dialog assigns to a user the same square A component is
negligible. Indeed, if two users are assigned the same square A-value in their certificate, it must be the
case that (agC)"/¢ = o(apC")"/¢ where o is an order 2 element of Z* for a random choice of e, ¢’ from
the space I' — {7/, ¢’} and a random choice of C, C". In this case it must hold that (agC)¢ = (agC")®
which is a negligible probability event, since C,C’ are uniformly distributed over QR(n) and both
f(a) = a®(modn), f'(a) = a® (modn) are bijections over QR(n) (also recall that e, ¢’ are prime
numbers). O

The proof of security of our scheme is naturally more involved and will be broken down into three

theorems one for each security property.

Theorem 24 (Security against misidentification attacks) For any PPT A it holds that Prob[G4._(1¥) =

mis
T] = negl(v) assuming the Strong-RSA assumption (definition 1) in the random oracle model.
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Proof. We will assume the Strong-RSA assumption and show that the existence of a PPT misidentifica-
tion attacker that succeeds with non-negligible advantage leads to a contradiction. We will use lemma
20 as a main tool for refuting the Strong-RSA. Let n, a,ap € QR(n), I, A be as specified in the claim
and let (z;, e;, A;) be K tuples such that A" = aga®™ (modn) (following the specifications of lemma
20).

Below we describe a procedure P74 that employs the misidentification adversary A’ and has
access to the two oracles as defined in lemma 30 (note that we will not need to employ the oracle
R in this proof). Prior to the beginning of the simulation, P computes two tuples ), S as follows:
YV :=(n,ao,a,g,h,y,)) where h < QR(n),z,2 g [|n/4]],y = ¢°,9 = ¢*,and S := (x,2). In
the simulation of A by P, the queries of A are answered as follows:

e O, query: P returns ). Observe that this answer to the Qpp query is indistinguishable from

the answer in the actual misidentification attack game.

e O,_join query: based on the simulation properties of the non-adaptive drawings of random pow-
ers protocol that we employ during the JOIN protocol, we can assume that A simply submits go
to the trusted party in order to obtain its certificate. P will simulate such trusted party and supply
to the i-th JOIN instantiation the certificate (z;, e;, A;) that P has as input.

e OQgpen query: such queries are answered following the OPEN algorithm; note that 7P possesses
both decryption keys z, .

e H queries are answered by simply forwarding them to the P’s own H oracle.

In the above fashion the simulation of A is completed and .A produces a group signature 77, 75,
Tl, Tg, T3,¢,81,...,S7 that opens to none of the adversarially controlled users (i.e., it opens to L).
Specifically this means that (7, “T})? & A3,...,A%. If we call A = T, T then we have that
A#+A; modnforali=1,..., K.

Based now on lemma 30 and the soundness property of the employed proof of knowledge (lemma
22) we can obtain a PPT P’ that under the Strong-RSA assumption, it succeeds in constructing a
witness for the proof of knowledge employed in a group signature. The witness yields the values
r, 7,7 e s, 2, s" such that aga® y* = +T¢, Ty = +g°h", T3 = ig(gQ)s//hF, TS = +g¢5, Ty = £¢".
Based on these equalities we obtain that 2s’ = 2e-r (in particular, if this equality does not hold it is easy
to factor n). As aresult T2¢ = (aga® y°")?. From these relations we obtain that (T, “T71)¢ = (agaf’)?
i.e. the decryption of the ciphertext T, T5 (squared) is an e-th root of the value aoa?f, (also squared).

As aresult, if A = T, T} mod n it follows that A° = +apa® . Note that the range constraints
that are required for lemma 20 are ensured by the soundness of the proof of knowledge. Finally we
argue that e is indeed odd. Observe that T3 = ¢?*"+Dp2" and also T§ = ¢%*h?". From this we
obtain that 92(25//“) = g%¢. Given that g generates QR(n), a p’'q’ order subgroup of Z, it follows
that e = 2s” + 1 mod p'q’. From the above it follows that e = 2s” + 1 which implies that e is an odd
number (otherwise 2s” + 1 — e would be a multiple of p’¢’ from which information we can factor n).
We conclude by observing that the conditions of lemma 20 are all satisfied and thus the Strong-RSA
assumption is violated.

O

Theorem 25 (Security against framing attacks) For any PPT A it holds that Prob[G;‘r‘a(l”) =T]=
negl(v) assuming that the Discrete-logarithm problem is hard over the Q R(n) with known factorization

(cf. definition 2), in the random oracle model.

Proof. Let (n,p,q,a, A) be an instance of the discrete-logarithm problem over QR(n) with known
factorization p, ¢ with p = 2p/ + 1 and q = 2¢' + 1 (p/, ¢’ primes) where v is the number of bits of n.
Let A be any framing adversary that has access to the random oracle H.
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Below we will detail a procedure P that operates on (n,p,q, g, A) and has access to a random
oracle H and to an oracle reprogramming process R (cf. lemma 30).

Prior to the beginning of the simulation, P computes two tuples ), S as follows: first it selects
aj € {l,...,K} at random to be used later; then, it computes, ) := (n,ag,a,g,h,y, ) where
g, h—g QR(n),x,& g [p'¢], ap = a™ where 1o € [P'¢), y = 9°,§ = ¢*, and S := (p, q, z, &).

PRM will simulate A™. In the simulation of A by P, the queries of .4 are answered as follows:

o Oy or Qye, query: P returns Y or S respectively. Observe that this answer to the Qpp query
is the indistinguishable from the answer in the actual framing attack game.

e Op_join query: P upon receiving such a query it should initiate a JOIN protocol dialog with the
adversary. Suppose that this is the i-th instantiation of the query. If ¢ # j, P selects z; < A
and submits to the adversary the value C; = a®. This must be done using the simulatability
of the drawing of random powers protocol as demonstrated in [23]. On the other hand, in case
i = j, it sets C; = A. Subsequently the adversary replies by (i, A;, ;) so that A" = aoC; and
the protocol dialog terminates. P stores the values (i, r;, A;, e;) as part of its internal state.

e Qggn query: such a query includes the tuple (i, M), where i corresponds to one of the users that
were introduced through Q_jqin queries. Note that P cannot answer this query by following the
protocol due to the fact that P does not know the membership secret sec; of the i-th user. In order
to answer the query, P first forms 17, 715, Tl, TQ, T3 as in the description of the actual scheme.
This is possible since no knowledge of z; = log, (A;"/ap) is required in the formation of these
values. To complete the signature, the proof of knowledge (c, s1, ..., s7) for the discrete-log
relation set must be simulated. The proof of knowledge will be simulated by selecting a challenge
c at random from {0, 1}* as well as s1, ..., s7 from their respective domains and then forming
the B, ..., By values to satisfy the verification equations of definition 21. No knowledge of any
witness is required for this calculation. Finally, P will need to reprogram the oracle H so that
the simulation is consistent and tuple (c, s1, ..., s7) together with 77, T5, 11, T, T becomes a
signature of M. This is done by invoking the reprogramming oracle R. Note that the entropy of
the reprogramming query satisfies the requirements of lemma 30. Based on lemma 13 it follows
that the statistical distance between the real signature and a simulated one as above is negligible.

e H queries are answered by forwarding them to P’s own H oracle.

In the above fashion the simulation of A is completed and .4 produces a group signature
<T17T27 T17 T27 T37 CyS1y-nny 87>

that opens to one of the honest users. Specifically this means that (7, Ty)? € A2,... ,Aﬁf. If we
define A’ = T, *T) then we have that (4")? = (A;,)? mod n for some ig € {1,..., K} where K
is the number of users that A created through the Qp_join queries. If ig = j then P fails otherwise it
continues.

Similarly to the proof of theorem 25, it holds that P satisfies the requirements of lemma 30, and
based on it we can produce an algorithm P’ that produces two distinct proofs of knowledge with
the same first move (and of course with the same header 17,75, Tl, Tg, T3). Based on part (2) of
lemma 22 we can reconstruct the witnesses for the proof of knowledge. In particular we obtain the
values 7, 7,7, e,a’,s', 8" such that Ty = big", Ty = bag", T1/T1 = os3y" /3", Ts = bag®h", T§ =
bsg® , apay® = be 17,15 = b7g(92)5” h™ where by, ..., b; are order 2 elements in Z;. From this we
obtain the following: (1) T%¢ = ¢**' which in combination to T3 = ¢*" suggests that g2 = ¢
from which we obtain that er = s'(modp’q’). As a result T2¢ = (apa®y"®)? or equivalently that
(Thy™)% = (apa®)?. Now given that y = g* we obtain that (717, ¥)?*¢ = (apa®)? or equivalently
that (A")?¢ = (apa®)?.
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Now recall that (A")% = (A;,)? and A;, = (agA)'/0. These equations imply that
(aoa:c)Q/e _ (CLoA)2/ei0

which is equivalent to alrot)eis — groe A€ since ag, a, A € QR(n)andas aresult A = alrot)eig/e=ro,
i.e., we can compute the discrete-logarithm of A base a. O
O

Theorem 26 (Security against anonymity-attacks) For any PPT A it holds that 2Prob[G4 ., (1¥) =
T] — 1 = negl(v) assuming the DDH-Compo-KF in the random oracle model.

Proof. Let A be an adversary for the anonymity-attack game G;‘Lon. We will describe a transformation

of this adversary to a CPA adversary against the cryptosystem (Gen,,, Ency,, Decy,) following the
same strategy as theorem 16.

First, following a similar argument as that of proposition 14 we can show that any procedure B
that has access to a random oracle H and produces two certificates (sec, certg, secy, cert;) and then
receives a group signature on an arbitrary message under either of the two membership certificates
is incapable of distinguishing between real and simulated signatures. Note that the simulation of the
signature is produced based on lemma 13 in a standard fashion (selecting the si, ..., s7 from their
respective domains and computing the By, ..., By values in the way that they are specified in the
verification equations of definition 12. In particular the statistical distance between the two games is at
most g2~ 2k +7.27¢,

Next, consider L, be the language of all valid signature “headers”, i.e., the set Lgig = { (T, T5, 11,
TQ,Tg) ’ Elr,f,ei,:ni,s’,s” : T2 = gr,TQ = gf,Tl/Tl = yr/g)f,Tg = geihr,Tfi = gsl,aoaxiysl =
17,1 = g(g2)sﬁ h"}. Following a similar argument as that of proposition 15 we can show that any
procedure B that has access to a random oracle 7/ and produces a group signature that does not open
to L and has a header (17,75, Tl, Tg, T3) that does not belong to the language Lsjg, has probability of
success that is bounded by 2V 2qp 27 F/2,

Given the above two results we continue with a similar argument as that of theorem 16. Let G be
the attack game G;‘}wn that is played between the adversary .A and the interface. The first three oracles
used by A, Qpub, Qa—joins Qread are all easily simulatable, given the factorization of n and we will
not alter their simulation throughout the proof arguments. The fourth oracle used by A is Qgpen; the
simulation of Qgpen Will be modified appropriately in the following arguments.

Define (i1, a slightly modified game where all Qqpen queries are simulated by using the & = log, y
key as opposed to the z = log, y.

Clearly the games Gy, G1 are identical unless the adversary produces some group signature o for
which it holds that (7775 ®)? # (11T, *)? and at the same time OPEN (') # L. But then observe that
such o will have a header (71, 75, Tl, Tg, T3) & Lsig and as a result the probability of such an event
would be bounded by 2\/§qopean2_k/ 2 where open 18 the number of Qqpen queries.

Consider now the following modification to game G that results in game Ga: we modify the
challenge oracle so that the proof of knowledge used for the signature it is simulated as opposed to
computed properly (i.e., without the knowledge of the witnesses). The statistical distance between the
two games can be at most g2~ 2% + 7 - 2/ as argued above.

We now produce the final modification to game G2 to obtain game G3: we again modify the
challenge oracle so that the values Ty, T, are selected at random from QR(n). This modification
violates the consistency of the “twin” ciphertexts 77, 75 and Tl, T5 but has no impact on the proof of
security which is simulated per the modification of game G». It follows that if there is any significant
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statistical distance between the two games we can transform the two games into a distinguisher for
DDH-Comp-KF.

Now observe that in game G'3 we do not employ the key x = logg(y) and moreover the challenge
oracle produces entirely simulatable data except for the ciphertext 77,75 that with probability 1/2
encrypts either the A; or A depending on which user the challenge oracle is to issue a signature on
behalf of. This suggests that we can turn A into a PPT cpa attacker B against the cryptosystem (Geng,,
Encg,, Decgy,) that will have the same success probability as game G3. Given that DDH-Compo-KF is
assumed we conclude that B (and thus G3) will have success probability that is different from 1/2 only
by a negligible fraction. Putting these arguments together using the triangular inequality we obtain that
the advantage of A in the GZL__ game is negligible under the DDH-Compo-KF.

anon

O

7 Separability: Anonymity vs. the GM

In a group signature with separated authorities we differentiate between the GM, who is responsible for
group membership operations and an Opening Authority (OA), who is responsible for the revocation
of anonymity (opening a signature). This separation is relevant to practice, since group management
should be typically considered an ISP operation whereas revocation of anonymity must be performed
by some (possible external) third-party authority (which can even be distributed). This authority sep-
arability is natural and is not designed to assure that certain processes are tamper-proof; note that it is
a different (weaker) notion of separability compared to what [11] considered (who considered the full
disassociation of all involved parties). The extension of the present formal model to stronger notions
of separability, cf. [27], is possible. Nevertheless in this case we are interested in what can be achieved
without incurring any additional cost at our basic construction. Stronger notions of separability can be
achieved nevertheless at additional costs (both in terms of communication and computation).

The syntax of a group signature with authority separability is similar to the group signature syntax
as presented in definition 17 with the modifications:

Definition 27 A group signature scheme with authority separability is a digital signature scheme com-
prising the following six procedures; the parties involved are the GM, the opening authority and the
users.

SETUPGMm: On input a security parameter 17, this probabilistic algorithm outputs the group public
key Yom (including necessary system parameters) and the secret key Sgm for the GM. SETUPgm also
initializes a public-state string St with two components Stysers = O and Stirqns = €.

SETUPoa: On input a security parameter 17, and the public-key Ycwm, this probabilistic algorithm
generates the public and secret-key of the opening authority denoted by Yoa and Soa.

We will denote the concatenation of Yoa and Yom by Y.

JOIN: The JOIN protocol is identical to that of definition 17 with the only exception Jgnm requires
only the secret key of the GM, Sgm.

SIGN: identical to definition 17.

VERIFY: identical to definition 17.

OPEN: the opening algorithm is the same as in definition 17 with the exception that only the opening
authority’s secret-key Soa is required.

Note that above we consider that the setup procedure for the OA acts on the public-key of the GM.
While our construction below will take advantage of this syntactic condition, it is not hard in general to
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avoid it at the expense of extending the length of the signature by a constant amount (and thus separate
the GM and OA even in the setup phase).

Correctness. Given the above minor syntactic differences, the correctness of a group-signature with
separated authorities is defined in the same way as definition 18 by taking into account the above
modifications that correspond to the fact that Jgy requires only Sgpm and OPEN requires only Soa.-

Security. The security properties of a group-signature with separated authorities must remain the same
so that any secure group signature with separated authorities must also be a secure group signature (by
collapsing the GM and the OA into a single entity).

Moreover in the separated authority setting (1) the anonymity-attack can be made stronger by
adding the adversarial capability of corrupting the GM. (2) the misidentification attack can be made
stronger by adding the adversarial capability of corrupting the OA.

Regarding the security modeling, in the queries that can be posed to the interface, the query Qjey
will be substituted with two distinct queries Qyeyom and Qieyoa With the obvious results. The definition
of the three attacks will remain unaltered with the following syntactic modifications:

(i) in a misidentification-attack the adversary will have additionally at its disposal the query Qyey0A
(i.e., the adversary can corrupt the OA). Note that this will obviate the Qqpen oracle in the defi-
nition of the property.

(ii) in a framing-attack the adversary will have at its disposal both the queries Queyom and Qyeyoa
(i.e., the adversary can corrupt both the GM and the OA)

(iii) in an anonymity attack, the adversary will be given additional access to the QyeyGm, Qurite
queries in both phases of the attack game. This will obviate the Q,_join oracle in the defini-
tion of the property.

The above three modifications are straightforward and thus we will not list the security properties
again in this section. The modified games will be denoted by G;ﬁ‘aisep, G;ﬁis_sep, G;‘}mn_sep.
Definition 28 A group signature scheme with separated authorities is secure if for all PPT A it holds
that (i) Prob[G{;‘_sep(ll’) = T]| = negl(v) as well as (ii) Prob[Gﬁjtfsep(l”) = T] = negl(v) and
(iii) 2P1ob|Gghon_sep(1”) = T] — 1 = negl(v).

Note that any scheme secure under the above definition is also a secure group signature under
definition 19.

Construction. The design of a group signature with separated authorities can be based directly on our
construction of section 6 with the following modification: the SETUPgp\ procedure will produce Vom =
(n,ag, a, g, h) with Sgm = (p, ¢), whereas the SETUPpa will produce Yoa = (y, §) with Soa = (x, Z).
In all other respects the scheme will proceed in the same fashion. It is straightforward to split the SETUP
procedure to the two authorities, with the condition (as specified in definition 27) that the GM should
go first so that the value n is made available; afterwards the OA can select the values y,J € QR(n)
with known log, y and log, ¢ and publish the two additional elements to form the combined public key
Y = (n,ap,a,g,y,7). To allow the differentiation we specify Yom = (n, ap,a, g, h), Sem = (p, q),
Yoa = (¥, 9), and Soa = (log, y, log, 7). The design remains unaltered otherwise.

In our security proofs of section 6.2 we took special care to describe the proofs in a way that the
extension to separated authorities will follow immediately. Taking advantage of this, the following
theorem follows easily:
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Theorem 29 The group signature with separated authorities presented above is correct and secure;
in particular: (i) it is secure against misidentification-attacks under the Strong-RSA assumption in the
RO model. (ii) it is secure against framing-attacks under the Discrete-Log hardness assumption over
QR(n) with known factorization and the RO model. (iii) it is secure against anonymity-attacks under

DDH-Compo-KF in the RO model.

Proof. The proof is based directly on the proofs of theorems 24, 25 and 26. g
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Generalized Forking Lemma

Below we present a generalized lemma that is useful in proving the security of complex signature
schemes (like the ones in the present paper) in the random oracle model. The lemma is a generalized
variant of Pointcheval and Stern’s “forking-lemma”, cf. [30]. One of the dissimilarities to this previous
work is the existence of oracle reprogramming queries that substitute signing queries. The lemma as
stated below has no direct cryptographic interpretation and this is the main advantage of the formulation
as we want to apply it in more complex settings compared to the digital signature setting of [30].

Lemma 30 (Generalized Forking Lemma). Consider a probabilistic PPT P, a PPT predicate () and
a hash-function H with range {0, 1}k assumed to be a random oracle. The predicate () satisfies the
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property Q(x) = T = (z = (p1,¢,p2)) A (c = H(p1)). R is a process that given (t,c) it “repro-
grams” 'H so that H(t) = c provided that t was not queried to H before. P is allowed to ask queries
on H and on R. Moreover, it is assumed that P behaves in such a way so that queries (t, c) submitted
by P to R adhere to the following conditions:

e The component c is uniformly distributed over {0, 1}*.
e The component t follows a probability distribution so that the probability of the occurrence of a
specific to is bounded by 2/2F (i.e., the min-entropy of t is at least k — 1).

Assume now that PR (param) returns output x with a probability o > 2% such that x satisfies
the following: (i) Q(x) = T and (ii) if v = (p1, ¢, p2) it holds that (p1, c) was not queried to R. Then,
there exists a PPT P’ so that if y < P'(param) it holds with probability at least o /4q—(q-s+1)-27F+1
that: (i) y = (p1, ¢, p2, ¢, ph) (i) Q((p1, ¢, p2)) = T, (iii) Q({p1,¢, p2)) = T, (iv) ¢ # ¢, Here q is
the number of H-queries performed by P, and s is the number of R queries. The probabilities are taken
over the choices for H, the random coin tosses of ‘P and the random choice of the public-parameters
param.

Proof. First assume that no queries to R are made whatsoever by P. Let 2 be the probability space
for the simulation of P, i.e., each string in €2 fixes the coin tosses for P as well as all answers of the
random oracle H to the queries posed by P (note that we only define H for the queries that are posed
by P).

Let SuccP C € be the event that P simulated on w € SuccP terminates outputting = such that
Q(z) = T. Let Que; C €, fori =0, ..., q be the event that P produces some x such that Q(z) = T
where = = (p1, ¢, p2) and p; was the i-th query submitted to the oracle H by P; if i« = 0 then no query
on p; was ever submitted to 7. We remark that Prob[SuccP N Queg] < 27 and thus SuccP must
overlap with some of the events Quey, . .., Que,.

Consider now the probability space 2 and the following algorithm P’ operating over this space:
given (w,w’) € Q2 P’ simulates P over w; when P terminates and as long as some event Que; happens
with ¢ > 0 then P’ replays P from the point of the i-th query using the appropriate suffix from coins
of the string w’ (note that «’ will also redefine the random oracle H).

We define the event SuccP’ C Q2 to be the event that both simulations of 7’ terminate successfully,
i.e., P simulated on w terminates in a SuccP event and at the same time it holds that Que; for some
i > 0; in addition SuccP and Que; hold also true for the second simulation that follows merge,; (w,w’)
(where this function merges the prefix of w and the suffix of w’ just at the point that the value of the
i-th query to H is requested by P; merge is also defined for ¢ = 0).

Consider Queg,j C Q2 to be the event that P if simulated on w terminates so that the event Que;
is true and P if simulated on merge;(w,w’) then the event Que; is true. The events Quegyj for 4,7
constitute a partition of 2. Based on this we obtain that

Prob[SuccP’] = Z Prob[SuccP’ | Que; ;|Prob[Que] ;]
0,

Let ;; = Prob[SuccP’ | Que; ;] and §;; = Prob[Que; ;] It is easy to see that by definition it
holds that «; ; = 0 whenever ¢ # j or when ¢ = 0 and thus the above equation gets simplified to
Prob[SuccP’] = 37 | ;-

Next we proceed to bound the probability «; ; i.e., the probability of the event SuccP’ in the con-
ditional space Que;’i. This conditional space contains the set of all coin tosses (w,w’) that make P
terminate the i-th query in both simulations. Let a; = Prob[SuccP | Que;;/]. Note that oy =
Prob|[SuccP | Que;] (since SuccP depends only on the first simulation).
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Let Q2-; be the prefix set of {2 up to the i-th query to H, we define Q; = {[w]<; | w € Q}. For
any w € {l.; we define Que?’i = {w' € Q| merge;(w,w’) € Que;} where w is the bitstring that is 0
everywhere except [w]<; = w; below we will use this as a convention, i.e., @ will stand for [w];.

Now we define the event SSuccP; C Q: SSuccP; C SuccP N Que; such that w € SSsuccP; if and
only if

#{w' | merge,;(w,w’) € SuccP N Quez}
#Quew K 2

Next we prove that Prob[SSuccP; | Que;] > «;/2. Indeed assume for the sake of contradiction
that the opposite holds true, i.e., #SSuccP; < s;/2 where s; = #(SuccP N Que;). Based on this we
have that #SSuccP; > s;/2. Also let ¢; = #Que;.

Now observe that for each w € SSuccP; it holds that less than «; - ¢¢/(2#Q<;) where ¢¥ =
#Que‘f’i elements of SuccP N Que; share the same “head” with w. The set of all possible heads is 2;.
It follows that the set of all elements of SuccP N Que; that shares the same head with some element of
SSuccP; has cardinality less than «; - Zweﬂd qf’ /(2#Q«;). Observe that trivially SSuccP; is a subset
of this set and as a result #SSuccP; < ;- ;0 q% /(2#<;). From this we obtain that it must be
$i/2 < 8/ Dpea., q¥ /(2#Q«;) which implies D e ¢ > q; - #Q; which is easily seen to
be a contradiction. It follows that Prob[SSuccP; | Que;] > «;/2.

From the above result it can be easily seen that o; ; > a? /4 and as a result

1

Prob SUCCP - Qﬁi’i

”NQ

Next we focus on the 3; ; probability and its relation to 3; = Prob[Que;]. Let Head; (@) C € be
the event that for a given w it holds that w.; = @; clearly {Head;(w)}seq_, is a partition of 2. Now
observe that Que; = >, , Que; N Head;(w) and Que;; = #Qo; - > oea., (Que;N Head;(@))?. It
follows that:

#Q<i D peq.;(Que; N Head; (@ ))?
(#9)?

Next we use the inequality: Y\ a3 > (3 ,cp @r)?/#A to obtain from the above that 3;; > (7.
Applying this inequality to the bound for the probability of SuccP’ we have:

Bii =

1
Prob[SuccP’] azﬁz Z Z i 3;)?

Recall now that 7 o, 3; = Prob[SuccP] and as a result

T MQ

1
4

—_

Prob|SuccP’] > Z(Prob[SuccP] — apProb[Quey))?

To complete the proof observe that ag < 27% and as a result

Prob[SuccP’] > %(Prob[SuccP] —27F)2

Now define RewS to be the event of ? such that SuccP happens and ¢ # ¢’. It is easy to verify
that Prob[RewS] > Prob[SuccP)?/4q — 27+,
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Next we consider the setting where R queries are allowed. It holds now that the procedure P is
not considered to be successful if it outputs a reprogrammed string p1, ¢, p2. This does not affect the
analysis above. However there is the possibility of jamming the the oracle R by reprogramming a query
that has been asked before. The probability of jamming can be bounded as follows: each time a query
is made a fresh ¢ value is selected that has min-entropy k£ — 1. This means that the probability that ¢ has
been asked already is go - 27 %1 where ¢y is the number of queries that have been asked to  oracle till
the /-th query to R. It follows that the probability of jamming is at most 27++1 > 7—1 qe- In the worse
case we will have ¢y = ¢ forall £ = 1, ..., s and we will obtain 27**1¢ - s as the upper bound. Based
on all the above we conclude that Prob[RewS] > (Prob[SuccP])?/4q — (q-s + 1) - 27*+1,

O
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