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Abstract. The only known blind signature scheme that is secure in the
standard model [20] is based on general results about multi-party com-
putation, and thus it is extremely inefficient. The main result of this
paper is the first provably secure blind signature scheme which is also ef-
ficient. We develop our construction as follows. In the first step, which is
a significant result on its own, we devise and prove the security of a new
variant for the Cramer-Shoup-Fischlin signature scheme. We are able to
show that for generating signatures, instead of using randomly chosen
prime exponents one can securely use randomly chosen odd integer ex-
ponents which significantly simplifies the signature generating process.
We obtain our blind signing function as a secure and efficient two-party
computation that cleverly exploits its algebraic properties and those of
the Paillier encryption scheme. The security of the resulting signing pro-
tocol relies on the Strong RSA assumption and the hardness of decisional
composite residuosity; we stress that it does not rely on the existence of
random oracles.

1 Introduction

Provable security: standard vs. the random oracle model. Provable se-
curity is the defining paradigm of modern cryptography. Here, complex crypto-
graphic constructs are designed starting from simpler ones, and the security of
the former is proved exhibiting a reduction to the security of the latter. Although
security proved this way is not unconditional, the guarantees that are obtained
in this framework (known as the “standard model”) typically rely only on a few
widely studied and accepted assumptions.

The random oracle [3] model is a popular alternative to the above paradigm.
Here, protocols are designed and proved secure under the additional assumption
that publicly available functions that are chosen truly at random exist,’ and
concrete implementations are obtained by replacing the random oracles with
cryptographic hash functions (such as SHA-1).

Although existence of random oracles enables very efficient cryptographic
solutions for a large number of problems (digital encryption and signing, iden-
tification protocols etc.), in general, security proofs in this model are not sound
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! These random oracles can only be accessed in a black-box way, by providing an input
and obtaining the corresponding output.



with respect to the standard model: there exist constructions of various cryp-
tographic schemes [6,23, 18, 1] provably secure in the random oracle model, but
for which no instantiation of the random oracle yields a secure scheme in the
standard model. As a consequence, a central line of research in modern cryptog-
raphy is designing efficient schemes provably secure in the standard model. We
address this issue in the context of blind signature schemes.

Blind signatures. Since their introduction [7], blind signature schemes have
been used in numerous applications, most prominently in anonymous voting
schemes and anonymous e-cash.

Informally, blind signature schemes allow a user to obtain signatures from
an authority on any document, in such a way that the authority learns nothing
about the message that is being signed. A bit more formal, a signer .S with public
key pk and secret secret key sk, interacts with user U having as private input
m. At the end of the interaction, the user obtains a signature o on m. Two
seemingly contradictory properties must be satisfied. The first property, termed
blindness, requires that after interacting with various users, the signer S is not
able to link a valid message-signature pair (m, o) obtained by some user, with
the protocol session during which o was created. The second security property,
termed unforgeability, requires that it be impossible for any malicious user that
engages in k runs of the protocol with the signer, to obtain strictly more than
k valid message-signature pairs. These security notions were formalized in [20]
building on previous work [25, 27].

In contrast with the random oracle model where several very efficient schemes
are already known [25,26, 2], in the standard model only one such scheme has
been designed [20]. The construction is based on general results regarding two-
party computation and is thus extremely inefficient. In fact the authors them-
selves present their construction as an existence result.

Our results. Our main result is the design of an efficient blind signature scheme,
provably secure in the standard model. The idea of the construction is similar
to the one of [20]: consider the signing function Sig(-,-) of a signature scheme
provably secure in the standard model, with input arguments a secret signing key
sk and a message m. The output of the function is a signature ¢ on m which can
later be verified using the public key pk associated to sk. We obtain a secure
blind signature protocol by providing a secure two-party computation of this
signing function in which the signer provides as input its secret key sk and the
user provides the message m to be signed. In our implementation only the user
learns the outcome of the computation, i.e., learns a signature o = Sig(sk, m),
and the signer learns nothing. Security of the resulting protocol is implied by
standard properties of secure two-party computation: because S learns nothing
about the message that it signed the protocol satisfies the blindness condition.
Since after each interaction the user only learns a signature on a message of his
choice, and nothing else, our blind signature scheme is also unforgeable.?

2 A secure two-party computation is also used by Mackenzie and Reiter in [22] for
generating DSA signatures. The problem they address is different and it does not
seem possible to extend their solution to achieve blind signing.



We start with a more efficient and provably secure variant of the Cramer-
Shoup signature scheme proposed by Fischlin [16]. Still, due to efficiency reasons,
we do not implement this scheme directly; one of its essential ingredients is the
use of a randomly chosen prime exponent each time a signature is created. In
order to avoid this step, which seems to be a difficult and time consuming task,
we further modify the Cramer-Shoup-Fischlin scheme by replacing the randomly
chosen prime exponents with randomly chosen odd integers. An interesting re-
sult on its own, we show that the resulting scheme(mCSF) remains secure. We
note that the same modification can be applied to the original Cramer-Shoup
signature scheme, leading to a scheme which does not involve prime number
generation. Next, we show how to implement the signing algorithm of the mCSF
signature scheme as a secure two-party computation as discussed above. Effi-
ciency is achieved by exploiting in a crucial way the algebraic properties of the
mCSF signature scheme and those of Paillier’s encryption scheme.

We prove the security of our scheme in a slightly weaker sense than the one
captured by the the model of [20]. There, the setting that is considered involves
an adversary interacting with the the honest party via multiple, possibly inter-
leaved executions of the protocol. In contrast, we prove security of our scheme
in a setting the signer executes the protocol sequentially only. The reason for
this is that our proof of unforgeability requires rewinding of the user which, in
the case of interleaved sessions, typically leads to an exponential blow-up of the
reduction. This is similar to what Dwork et al. observed for rewinding w.r.t. to
proving zero-knowledge for arbitrary proof systems [14]. We note that in fact,
similar restrictions need to be applied to the scheme of Juels et al. [20], a point
which until today has been overlooked. We postpone for the full version of the
paper a discussion on the techniques that could potentially be used to achieve
security of the protocol in such a concurrent setting.

The rest of the paper is organized as follows. In §2 we present some back-
ground on ingredients that go into our construction. §3 contains formal defini-
tions of security for blind signatures. We then introduce and prove secure the
mCSF signature scheme, §4. Finally we present a two party protocol computing
the signing function of this scheme and prove that the resulting blind signature
scheme is indeed secure.

2 Preliminaries

Statistically hiding commitment schemes. A building block, fundamental
for our scheme, is a statistically hiding commitment scheme with an efficient
statistical zero-knowledge proof of knowledge of the committed value. Consider
a domain X. A commitment scheme to elements in X is given by a family
{Comit},en, where Comit,, : X x {0,1}"(™) — {0,1}(); here r(n) represents the
number of random coins used to commit, and I(n) is the bit-length of such a com-
mitment. The security requirement that we need is that the scheme is statistically
hiding, i.e., for any zp,x; € X, the distribution ensembles {Comit(zq, U(r(n))}x
and {Comit(z1,U(r(n))}, are statistically indistinguishable, where U(r(n)) de-



notes the random variable of choosing an integer uniformly from {0,1}"("). We
are using essentially the scheme of [17,11]: if G is a group of unknown order
(for example Z, with n an RSA modulus with unknown factorization,) and g
and h are random group elements then Comit(z) is defined by g*h”, where r is
randomly chosen from a big enough domain.

Paillier encryption. Our protocol also makes use of the Paillier encryption
scheme. Following [24], the algorithms defining the scheme, i.e., (X, &, D) are as
follows. For a security parameter k, the key generation X algorithm picks two
primes p and q of of bit-length &, sets n to be the product of the two primes and
h := n + 1. The public key is (h,n), and the secret key is d = lem(p — 1,q — 1).
A message m € [0,n — 1] is encrypted by choosing u € Z,2 and computing the
ciphertext ¢ := h™u" mod n?. Given the secret key d, the clear-text 7 can be
obtain from the cipher-text c as 7 := md~! mod n with m = (%)

We will use the homomorphic properties of the Paillier encryption: if ¢; and
co are the encryptions of m; and mg respectively, then c is the encryption of
myr and cjCs is the encryption of my + mo mod n.

Efficient proof protocols. A Y-protocol [9] is a protocol between a prover and
a verifier, running on some common input y. Additionally, the prover has some
additional input z. Such protocols are three move protocols: in the first move
the prover sends the verifier a “commitment” message ¢, in the second move the
verifier sends the prover a random “challenge” message ¢, and in the third move
the prover sends the verifier a “response” message s.

Such a protocol is special honest verifier zero knowledge if there exists a sim-
ulator that, on input (y, ¢), outputs (¢, s) such that the distribution of the triple
(t,c,s) is is indistinguishable from that of an actual conversation, conditioned
on the event that the verifier’s challenge is ¢. This property implies (ordinary)
honest verifier zero knowledge, and also allows the protocol to be easily and effi-
ciently transformed into one satisfying much stronger notions of zero knowledge
(e.g., using techniques in [10]).

Such a protocol is said to satisfy the special soundness condition with respect
to a property P if it is computationally infeasible to find two valid conversations
(t,c,s) and (¢, c,s"), with ¢ # ¢/, unless the input y satisfies P. Via standard
rewinding arguments, this notion of soundness implies the more general notion
of computational soundness.

We use notation introduced by Camenisch and Stadler [5] for the various
zero-knowledge proofs of knowledge of discrete logarithms and proofs of the
validity of statements about discrete logarithms. For instance,

PK{(a,,7) :y = g*h” A n==2g"0" A (u<a<wv)}

denotes a “zero-knowledge Proof of Knowledge of integers o, 8, and v such that
y = g*h®, vy = +g°b”, and u < a < v holds,” where y,g,h,n,g, and b are
elements of some groups G = (g) = (h) and & = (g) = (h). The convention is
that the elements listed in the round brackets denote quantities the knowledge
of which is being proved (and are in general not known to the verifier), while all
other parameters are known to the verifier. To make this distinction easier, we



use Greek letters to denote the quantities the knowledge of which is proved, and
non-Greek letters for all quantities.

Smoothness of integers. Our proofs use several number theoretical facts re-
lated to the smoothness of randomly chosen integers. We will denote

W(:E7y)=#{0<n§x:n1 Sy}7 W($7y72>:#{0<”§37?n1Syﬂ”bzﬁz}

where n; and ng are the first and the second biggest prime factors of n. Various
bounds on these quantities are known from the existing literature (see for exam-
ple [13,12,21,19]) and these bounds are further used to derive concrete bounds
on the probability that certain randomly chosen integers are (semi-)smooth.

3 Formal Model for Blind Signatures

In this section we recall the formal definition and the standard security notion
for blind signature schemes introduced in [20].

Syntax. A blind signature scheme BS = (Kg, Signer, User, Vf) is given by:

— the probabilistic key generation algorithm Kg takes as input security pa-
rameters params and outputs a pair (pk, sk) of public-secret keys; we write
(pk, sk) €r Kg(params) for the process of running the key generation algo-

rithm with fresh coins;
— Signer and User are two interactive probabilistic Turing machines that run

in polynomial time. Each machine has a read-only input tape, a write-only
output tape, a read/write work tape, and a read-only random tape. The ma-
chines communicate using a read-only and a write-only tape. Both machines
have a common input that consists of a public key pk produced by the key
generation algorithm. As private inputs, the Signer machine has the secret
key sk corresponding to pk, and the User machine has a message m to be
signed. The two parties interact, and, at the end of the interaction the ex-
pected local output is as follows. The Signer outputs one of the two messages
completed, not-completed, and the User outputs either fail or a signature o
on m.

We write o €g [User(pk,m), Signer(pk, sk)] for the process of producing

signature o on message m.
— the deterministic Vf verification algorithm takes as input the public key pk,

a message m and a candidate signature o and outputs 0/1, i.e., it either
rejects or accepts.

It is required that for all (pk, sk) that have non-zero probability of being output
by Kg, and all messages m, if o € [Signer(sk), User(m)] then Vf(pk, (m,0)) = 1.
The essential security properties for blind signatures, defined in [20] are un-
forgeability and blindness:

Unforgeability and strong unforgeability. Unforgeability is defined via an
experiment parameterized by a security parameter k. The experiment involves
an adversarial user user U and is as follows: First a public/secret key pair for the



signer is generated by running the key generation algorithm (pk, sk) €r Kg(k).
Then, U engages in polynomially many runs of the protocol with the signer,
interleaved at its own choosing. Finally U outputs a list of message-signature
pairs ((m1,01), (M2, 02), ..., (Mg, 01)) with m; # m;. Let s be the number of runs
successfully completed by the signer. We define the advantage of U by

AR () — Pr[ (V1 < i < 1, VE(pk, (my, 7)) = 1) A (s < 1)]

and say that blind signature scheme B8 is unforgeable if Advggfgrg(-) is neg-

ligible for any adversary U. If (m;,0;) # (m;,0,) instead of m; # m; holds for
message-signature pairs output by the adversary, the blind signature scheme is
said to be strongly unforgeable?.

Blindness. We define blindness via an experiment involving an adversarial
signer S. The experiment is parameterized by a bit b and security parameter
k. It starts out by generating public/secret keys (pk,sk) by running the key
generation algorithm on the security parameter. Then, the adversary outputs
a pair of messages (mg, m1) lexicographically ordered. In the next stage of the
experiment 8§ engages in two (possibly correlated and interleaved) runs with two
honest users, with inputs m; and mg, respectively. If both users obtain valid
signatures, on their respective message, S is also given these two signatures; oth-
erwise there is no extra input to §; in either case, S is required to output a bit
d. We define the advantage of 8 by:

AdvBind gy — 2. Prp=d] -1

and say that BS satisfies the blindness property, if for all polynomial time ad-

versaries 8, the function Advglsi%d() is negligible (in the security parameter)

for any polynomial time adversary 8.

4 A Modification of the Cramer-Shoup-Fischlin Signature
Scheme

In this section we introduce the mCSF signature scheme. Recall that the original
scheme [16] is parameterized by two security parameters k (the length of the
RSA moduli) and ! (the length of the hash function outputs), with [ < k, and
is strongly unforgeable under chosen message attack, assuming that the strong
RSA assumption holds.

Before we provide our modified scheme, we discuss our motivation for the
modifications. If we wanted to use the plain Cramer-Shoup-Fischlin signature
scheme as a basis for our blind signatures scheme, we would have to implement
the generation of a random prime exponent as a two party protocol. This would

3 This distinction which is analogous to the case of standard signature schemes, was
not explicitly made in [20]. We note that for the main application of blind signatures,
i.e., electronic cash, unforgeability (rather than strong unforgeability) suffices.



be quite costly and thus not result in an efficient blind signature scheme. How-
ever, jointly generating a random integer can be done very efficiently, using a
suitable commitment scheme. ;From our analysis on smooth numbers, it turns
out that one can indeed replace the random prime exponents by random suf-
ficiently large integers. That is, if one considers a random interval I of size 2
of integers of size at least 2%, one finds that the probability that all integer in
the interval have a prime factor that is bigger than 2l is negligible for suitably
large u (and suitable I'). In fact, these prime factors will be unique: Assume the
contrary, i.e., let eg = pko and e; = pky, with p being a common factor larger
than 2. Now eo—e1 = plko —k1). As p > 21/, it follows that not both ey and
e can lie in I and hence any (prime) factor p > 2! of an element in I is unique.

Considering the security proof of the Cramer-Shoup-Fischlin scheme, one
finds that it requires the exponents to have a unique prime factor that is bigger
than the outputs of the hash function. So, if we set I’ to be bigger than the
output length [ of the hash function used, we can indeed replace the random
primes by random integers from the interval I. However, it turns out that this
required to choose rather large integers. Fortunately, we can do better: A closer
inspection of the signature scheme’s security proof shows that it is sufficient that
(1) every integer in the interval has a unique prime factor larger than 2" and
(2) that the integers the signer uses to sign have either a prime factor larger
than 2! or two prime factors larger than 2! with 2/ > I. This facts allow us to
choose much smaller intergers. We will give a detailed concrete treatement of
the security of the resulting scheme in the full version of this paper.

We are now ready to describe our modification of the Cramer-Shoup-Fischlin
signature scheme. Apart from using random integer exponents instead of prime
ones, we operate two further modifications. The reason for both of them is purely
technical. The first one takes care of the problem of when doing proofs of knowl-
edge modulo an RSA modulus that is safe-prime product. That is, we introduce
an extra squaring in the verification equations which will allow us later in the
blind signature generation protocol to square the “blinded message” to cast it
into the group of squares modulo n. The second one is splitting the signing
algorithm in two stages: To sign message m, the algorithm first outputs some
random data and then, in the second stage, outputs the remaining part of the
signature on m, deterministically determined by the message and the output of
the first stage. This modification will allow us to reduce the security of our blind
signature scheme to the security of the mCSF scheme.

The mCSF Signature Scheme. The scheme uses parameters k, [, I, and u
where [/2 < 1" < [ and u is a real number. The parameters I’, and u are as
above. The parameter k denotes here the bit-length of the prime factor of the
RSA modulus, [ is the bit-length of the output of a public, collision resistant
hash function 3() : {0,1}* — {0,1}!. Also, let ¢ be the maximal number of
messages to be signed.

The parameters I’ and u strictly depend on [ and can be chosen such that
the discussed above smoothness probabilities are sufficiently small. Also, we note



that for practical purposes it is possible to choose u based on concrete bounds.
We will show how to derive these bounds in the full version of our paper.

The algorithms defining the mCSF signature scheme are the following:

- The key generation algorithm KGen generates two random safe primes p =
2p' +1 and ¢ = 2¢’ + 1 of bit-length k and sets N := pq. It also draws
at random x,hi,he € QR and a random integer fo ER]O,QI“_ZI[ and sets
f =2 fo+ 1. Then, it chooses a public collision-resistant hash function H().
The public key is (N, hy, ha, x, H(), f,1'), and the corresponding secret key is
¢=p—-1)(qg—1)=4p'q.

- Signing a message m is done as follows. Pick a random [-bit string a and
a random odd number e from the interval [f, f + 2" and output it. This
completes the first stage of the signing process. Then, on a further request
(not necessarily executed immediately afterwards) compute y such that y¢ =

1
(whehlerHmImed 202 “mhe gienature on m is o = (e, a,y).

- A signature (e,a,y) on message m is valid if e is odd and the following two
relations are valid

f<e<f+2" and y°= (xh‘fhéa'wf(m) mod 21))2 . (1)

Security analysis. The security of the mCSF signature scheme is captured by
the following theorem:

Theorem 41 Let H() be a collision-resistant hash function, let I > I > 1/2
and u be such that ¥ (21“, 21/) 2l gnd @ (21“, 2t 21/) o1t /5 e negligi-
ble. Then mCSF is strongly unforgeable under adaptive chosen message attack
provided that the strong RSA assumption holds.

Moreover, the signature scheme is secure under the more general attack,
where the adversary is allowed to query for pairs (e,a) and then, at some later
point, ask for signatures on a hash of a message w.r.t. some of these pairs (but
only once per pair).

We postpone the proof for the full version of this paper.

Notice that if we are interested in signing only short messages, we do not
need to assume a collision resistant hash functions.

Two issues are raised in comparing the original scheme to our modified ver-
sion. On the one hand, our scheme has a more efficient signing algorithm: the
prevailing cost for signing in the original scheme is to find the prime exponent e.
In our scheme the signer just needs to choose a random number which, for the
computation of y, the signer can further reduce it modulo ¢(n). On the other
hand, our verification protocol is less efficient, as the verifier has to perform a
computation with an exponent e that is much larger in our case (and the verifier
cannot reduce it modulo ¢(n)).



5 Our Blind Signature Protocol

In this section we give the construction of our blind signature scheme. As we
have anticipated, its signing protocol is a two-party computation of the signing
function of the mCSF signature scheme, while the verification algorithms is the
same. The two parties, henceforth a user U and a signer S, provide as private
inputs to the signing protocol a message m and a secret key ¢, respectively,
and jointly compute an mCSF signature ¢ = (a,e,y) on m. The properties of
the joint computation are such that S learns absolutely no information (in a
strong, information-theoretic sense), and the user U learns the signature o, but
no information on ¢ (in a computational sense.)

We start by discussing the main ideas behind our construction. Recall that
given the public key (N, hy,ho,x,H(), f,1'), the signer, which has the corre-
sponding secret key ¢, and the user, having some private input m, need to
compute values (e, a,y) such that y¢ = (xh%hgﬂr%(m) med 2l)2 (mod N). This is
done as follows.

First the parties jointly generate a random e and a in such a way that only
U learns their values. For this, U first commits to random shares for e and a
(via a statistically hiding commitment scheme), and sends these commitments
to the signer. The signer replies with his own shares, allowing U to compute the
resulting e and a as sum of the corresponding shares. At this point, U computes
the value xh‘fhé‘”jc(m) mod 2°) by himself, blinds it using a mechanism similar
to the one in Chaum’s RSA-based blind signature scheme [8], and sends the
resulting value to the signer.

The signer and the user together compute the value é = ee + r¢, which is
statistically independent from e and thus reveals no information about e to the
signer. At this point the signer can compute an eé-th root modulo N of the
blinded message which he then returns to the user. Finally, the user eliminates
the blinding factor and obtains (e,a,y), a signature on m. A key element of
our protocol are efficient zero-knowledge proofs that all messages of the user
follow the protocol as outlined above. We note that the signer does not need to
prove that it behaves according to the protocol: the signer can only cheat in the
computation of the last message it sends which will result in an invalid signature
therefore the user will note cheating here. We now proceed with the detailed
description of our scheme.

Key generation. The key generation algorithm Kg takes as input four security
parameters k, k', 1,1 (k,l,l' are as in Theorem 41 and k" &~ 100 is a parameter
that controls the statistical blindness of e) and is as follows:

Algorithm Kg(k, k', 1,1'):

1. Select keys for the Paillier encryption scheme, i.e., pick two primes p,q >

QUut2k+ k' +1)/2. got n:= pq, h:= (14 n), d :=lem(p— 1,9 — 1)

Choose u > 1 as described in §4.

3. Select keys for the mCSF signature scheme, i.e., pick two safe prime p and ¢
of bit-length k, set N :=pq, and ¢ := (p — 1)(¢ — 1).

o



4. Pick H() at random from a collision resistant hash function family with an

output size of [ bits;

Select a random f; from the interval ]0, Qlu—V [; set f:= 2l fo + 1;

Select random x, hy, ha, hs €Er QR .

Select v € Zf and set c := h?v" mod n?.

Select auxiliary keys for the proof-protocols, i.e., pick two safe prime p, q of

bit-length k, set n := pq. Select two generators g and ) of QR,,.

9. Set the public key of S to (N, hy,ha, hs,z, fyn,h,g,n,¢,h k& 11 u), set
the secret key of S to (¢,d).

® N o>

We imagine that this key generation algorithm is either run by a trusted third
party which then hands over the secret key to the signer or, alternatively, the
signer runs the key generation by itself, and then proves to a trusted party that
it had followed the protocol. Specifically, it needs to prove that 1) the moduli
N and n are indeed products of safe-primes, 2) that hy, hy € (h3) and g € (b),
and 3) that c is a Paillier encryption of ¢(N). Proving these statements can
be done via standard protocols: Showing that N and n are products of two
safe prime can be done as in Camenisch and Michels [4]. In order to prove
that hi, he € (hs3), it is sufficient to show that the h;’s are squares [15] and to
check that ged(hs &1, N) = 1. Similarly, one can show that g € (h). Finally, the
statement that c is an encryption of ¢ can be proved, given an auxiliary modulus
i that is the product of two safe primes of bit-size k and two generators g and 6
of QR such that the signer does not knows the factorization of i or an integer it
such that 6 = g% (Such parameters could be generated either by a trusted third
party, or by the party verifying the proof). Because this proof is less known,

we give its details in the sequel: The signer chooses v1,v2 €g [1, L%H, computes

P .= ﬁ%“ and P := gpflﬁw, sends @ and P to the verifier and runs the protocol

Proof 0= PK{(a, 3,7,6,&1,...,64) 1 & = +3°h5 A P =4§°p% A
~N

& = £P7hE A E—P = +(GP)h% A c=h" (modn?) A1<f<N—2}

with the verifier. (See Theorem 51 for an analysis of this protocol.) The signer
could prove these statements just once to the certification authority (or to some
other representative trusted by the users in this respect) or to each user individ-
ually.

Blind signing protocol. We give the details of the blind signature protocol in
Figure 1. The protocol is as follows:

The user U sends to the signer S commitments Ey, Ay, and M to random
values ey and ay and to H(m), respectively, and proves to the signer that she
knows how to open these commitments by running the interactive protocol

Proof 1= PK{(a,,7,0,¢,0) : Eu =+g*p" A M =+g"p° A Ay = +g°p°}

with the signer. If the proof succeeds, the signer S responds with random values
as and eg with which U to computes e and a. Thus both parties are assured



U (m, params) S((¢,d), params)

ev €r {0, 1}l/_1 es €ER {0,1}1/_1
av €r {0,1}, as €r {0, 1}
e cn {0’ 1}2k+k’717 ren {0’ l}lquk’

ug, u1,u2 €g [1, L‘Z‘J]
Ey :=g®vh"°, Ay :=g"Uh™

M = gﬁ(m)huz
Ay, Eu, M, Proof 1
€s,as
e:=2((ev +es) mod 2" ")+ f
e:=2¢+1

U3, Ug, U5, U9 ER [17 \_%H
E p— gebug\,’ R = g’l‘hug
B gy, 0= gt
ué€ErZy,

€ := c"h®®u" mod n?

X

E’ E? R’ E7 7PTOOf€

ber (L, [F]]

a = ay + as mod 2'

m = (hgel‘h%hgu+g{(m> mod 21))€
o ur,us € (1, 3]

A= gahua7 B := gbbu7

A= g(a+i}f(m) mod QL)bus

m, A, B, A, Proof 3
T

&= ((Elmedn®)=lyg4-1 1o

n) mod ¢
g :=m*¢ (mod N)

<

Yy
2

ghz %" (mod N)
y© = (

xh%héa-ﬁ-ﬂ-f(m) mod 21))2

Output (e, a,y)

Fig. 1. A two-party protocol for producing mCSF signatures. The signer does not learn
any information about the signed message. Here, the common parameters params are
((N7 h17 h'27 h37 z, f7 n, h7g7 n,c, h7 k7 k:/, l7 l/v 'LL))



that a and e are chosen randomly but .S does not learn anything more about a
and e.

Next, the two parties compute (an encryption ¢ of) é = eé + r¢(N) from
the encryption ¢ of ¢(NN): U picks random blinding factors e and r, computes
€ := c"h®®u" mod n?, and sends ¢ to S. By means of the auxiliary commitments
E, E, and E and the Y-protocol

E
PTOOf,Q: PK{(aaﬁ3775757€17' <. 758) : 97 = i(gz)ahgl A

E
E?Jg(2€s+f)

E/E=+(E*Pp% A R==4g’h% A c=c’h?€l  (mod n?) A
ae {0,131 A Be{0,1}FF 1 A §e {0, 1} K}

= +(g% )2p% A E/g=+(g?)°h% A E = +g7h% A

U convinces S that € was correctly computed, that » and € have the required
length, that e was computed as 2(ey + eg mod 25,_1) + f, and that € is odd
(cf. Theorem 51). It is not hard to show that ee +r¢(N) is statistically indepen-
dent of e.

Next, U computes the “blinded message” m = (
where b is the randomly chosen blinding factor, and sends m to S. Using the
auxiliary commitments A, B, and M and the X-protocol

Iy
hgexh,llhga+ﬁ—((m) mod 2 ))e’

Proof 3= PK{(c, 8,7,6,&, 11,0, p,w, Vs ki, &1,y .o, €11) : A= Hg%h% A
B:igﬁh§2 A A:ig’ths A E:i96b£4 A E:igsh£5 A
1.1
M:iguh&ﬁ A ﬁz:ih?xeh‘l’hg A 1:iAs(§)a(6>§7 A
51 1 ¢ ~ 1 1 ¢ ot
1=+B (E)W(E)s Al=+A (5)0(6)9 A Ay = +g“p52 A

l A l
= +(g%)"po A A (g2 ) A a,p,y € {0,1})

A
Aygas

she convinces S that 7 is correctly formed, that a is computed as ay+ag mod 2,
and that H(m) € {0,1}" (cf. Theorem 54).

Next, the signer decrypts € to obtain é(= ee+r¢(N) (mod ¢(N))), calculates
7 :=m?/¢, and sends § to U. It is immediate that

g _ (hgemh%hgaJrﬂ{(m) mod 21))26/(e€+r¢(N)) _ h%b($h(11h(2a+g{(m) mod 2’))2/3).

Finally, U removes the blinding factor by computing y := ghg 2 and thereby
obtains the signature (e, a,y) on m.

5.1 Security of the Scheme for Sequential Sessions

Proving security of our protocol requires analyzing the X-subprotocols. Their
security is captured by Theorems 51, 52, 53, and 54 whose proofs are postponed
for the full version of this paper.



Theorem 51 Under the strong RSA assumption and provided that N is a prod-
uct of two primes, Proof 0 constitutes a statistical zero-knowledge argument that
c is an encryption of ¢(N).

Theorem 52 Under the strong RSA assumption Proof 1 constitutes a statistical
zero-knowledge proof of knowledge of the integers committed to by Ey, Ay, and
M. Also, the proof is witness indistinguishable w.r.t. the integers committed to
by EU, AU, and M.

The proof of this theorem follows from the explanations in §2 and the fact
the commitments Ey, Ay, and M are statistically hiding.

Theorem 53 Under the strong RSA assumption and provided that ¢ encrypts
a value p such that 0 < p < 228, Proof 2 constitutes a statistical zero-knowledge
argument that

1. ¢ is an encryption of the integer ee+rpu, where r is an integer in {0, 1}1“““/,
2. e= 2((eU—|—es) mod 2! _1)—|—f and € is odd, where e is the integer committed

by E, € is the one committed by E, and ey is the integer committed by Ey .

Moreover, the protocol is witness indistinguishable w.r.t. all €, e, and r such that
e€ + ru equals the value encrypted in C.

Theorem 54 Under the strong RSA assumption Proof 8 constitutes a statistical
zero-knowledge argument that

m = :l:hgé(mh'fhga+m mod 2l))g ., a=ay+asmod?2 | and é=eé (2)

holds, where a is the integer committed to by A, ay is the integer committed
to by Ay, e the integer committed to by E, € the integer committed to by E, é
the integer committed to by E, and i the integer committed to by M. Also, the
protocol is witness indistinguishable w.r.t. all a, ay, b, e, €, €, and m such that
the Equations (2) hold.

Our main results is the following theorem.

Theorem 55 Under the strong RSA and the decisional n-residuosity assump-
tions the blind signature scheme depicted in Figure 5 is blind and strongly un-
forgeable under an adaptive chosen message attack, if executed sequentially poly-
nomially many times.
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