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Abstract. Functional encryption (FE) supports constrained decryption
keys that allow decrypters to learn specific functions of encrypted mes-
sages. In numerous practical applications of FE, confidentiality must be
assured not only for the encrypted data but also for the functions for
which functional keys are provided. This paper presents a non-generic
simple private key FE scheme for the inner product functionality, also
known as inner product encryption (IPE). In contrast to the existing sim-
ilar schemes, our construction achieves the strongest indistinguishability-
based notion of function privacy in the private key setting without
employing any computationally expensive cryptographic tool or non-
standard complexity assumption. Our construction is built in the asym-
metric bilinear pairing group setting of prime order. The security of our
scheme is based on the well-studied Symmetric External Diffie-Hellman
(SXDH) assumption.

Keywords: Functional encryption - Inner product - Function privacy -
Asymmetric bilinear group

1 Introduction

The recent advancement in cloud technology has triggered an emerging trend
among individuals and organizations to outsource potentially sensitive private
informations to external untrustworthy servers and remotely carry out various
computations on the outsourced data at some later point in time by querying
the server. Functional encryption (FE) is an ambitious vision of modern cryptog-
raphy that attempts to preserve confidentiality of externally stored data while
allowing entities to delegate computations on the outsourced data in such cloud
computing platforms. FE supports “restricted” decryption keys, also known
as “functional keys”, that enable decrypters to learn specific functions of the
encrypted data and nothing else. More precisely, in an FE scheme for certain
function family F, it is possible to derive functional keys sK¢ for any function
f € F from a master secret key. Any party given such a functional key SKy and
a ciphertext CT, encrypting some message z, should be able to learn f(z) and
nothing beyond that about z.
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A principle focus of research on FE has been to identify what class of functions
F can be supported and what notion of security can be achieved. In terms of
functionality, starting with the seminal notions of identity-based encryption (IBE)
and attribute-based encryption (ABE), FE has progressively evolved through a
series of distinguished works to support more and more expressive function fam-
ilies culminating into the recent state of the art schemes which are now able to
realize computation of arbitrary polynomial-size circuits [6,7,10-12]. Regarding
security, the vast majority of research on FE so far has concentrated on protecting
privacy of the encrypted contents [6,15].

1.1 Function Privacy in Functional Encryption

A wide range of practical applications, however, demands not only privacy of
the encrypted messages but also privacy of the functions for which functional
keys are provided. This is especially desirable whenever the function embedded
in the functional key itself contains sensitive informations.

Consider the following motivating scenario: Assume that a health organiza-
tion subscribes to a cloud service provider to store medical records of its patients.
To ensure confidentiality of informations, the organization encrypts those records
locally using an FE scheme prior to uploading them to the cloud server. Now,
using the inherent feature of FE, later on the organization can request the cloud
server to perform some analysis on the encrypted records by providing the server
the functional key for the respective function. However, if the FE scheme in use
does not guarantee any hiding for the functions, which may include sensitive
contents, embedded in the functional keys, then the functional keys might reveal
the functions completely to the cloud, thereby leaking sensitive informations.

Private key vs public key setup: Countless real-life applications have driven
the research on function privacy in the context of FE, using the private key
setting first by Shen et al. [16] followed by the works of [2,8], while in the pub-
lic key setting by Boneh et al. [4,5]. Intuitively, function privacy requires that
functional keys reveal no unnecessary information on their functionality. How-
ever, the extent to which function privacy can be satisfied differs dramatically
between the private key and public key regimes. Specifically, in the public key
domain, where anyone can encrypt messages, only a limited form of function
privacy can be attained. To formulate a meaningful security definition, a frame-
work must assume that the functions come from a distribution having sufficient
entropy [4,5]. On the contrary, in the private key setting, function privacy has
been shown to have tremendously greater potential compared to the public key
domain, both as a stand-alone feature and as a very useful building block.

Full-hiding security model for private key FE: For private key FE schemes,
the strongest (indistinguishability-based) notion of function privacy, also known
as full-hiding security, formulated in [2,8] considers both privacy of functional
keys and privacy of encrypted data in a perfectly symmetric manner. More pre-
cisely, full-hiding security considers adversaries that interact with
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(I) a left-or-right functional key generation oracle and
(IT) a left-or-right encryption oracle,

where both oracles operate using the same bit ¢ € {0,1}. The adversaries sub-
mit a pair of functions (fU9), fU:1) to the functional key generation oracle
in order to make the j-th functional key query while they submit a pair of
messages (z(‘]’o),z(f’l)) to the encryption oracle for making the ¢-th ciphertext
query. Depending on the bit ¢, the functional key generation oracle returns the
functional key SKy(;,.) whereas the encryption oracle sends back the ciphertext
CT, ). The adversaries are allowed to interact with these oracles for any polyno-
mial number of queries and the adversaries’ goal is to distinguish the cases ¢ = 0
and ¢ = 1. The constraint on the adversaries is that for all (f(9 fG1) and
(z(“)), z(“)) with which they query the functional key generation and encryp-
tion oracles respectively, it should hold that f9(z(60)) = fG1(2(ED) This
is clearly the minimum necessary restriction as otherwise the adversaries can
trivially determine the bit ¢ used by the oracles.

Regarding the construction of function private FE schemes in the private key
setting, recently Brakerski and Segev [8] have presented a generic transforma-
tion from any private key (possibly non-function-private) FE scheme for general
polynomial-size circuits into one that achieves function privacy in the strongest
model discussed above. Then by combining [8] with the works of [11,12], or [10],
one can obtain private key function-private FE scheme supporting general cir-
cuits with strong security guarantee. However, the most significant drawback of
the resulting constructions is that they would employ computationally intensive
tools for secure computation such as fully homomorphic encryption or program
obfuscation and their security would rely on strong assumptions such as indis-
tinguishability obfuscation, extractability obfuscation, or polynomial hardness
of simple assumptions on multilinear maps. Consequently, these solutions are
far from being practical.

1.2 Inner Product Encryption and Function Privacy

A current motivation of cryptographic research community is to design direct and
efficient FE schemes for functionalities of practical interest which are still expres-
sive enough for real-life applications. As a first attempt, researchers have focused
on the inner product functionality which is an extremely useful functionality in
the context of descriptive statistics, for example, to compute the weighted mean
of a collection of informations. Further, the inner product enables computation
of conjunctions, disjunctions, polynomial evaluations, and exact thresholds.

An inner product function family 7P, is parameterized by a prime integer
p. A function 1Pz € ZP), is associated with a vector i € Zj of length n over the
finite field Z,. On a message ¥ € Zy, 1P5(¥) is defined to be the inner product
(Z, ) modulo p of the vectors Z and 3. We stress that this formulation of inner-
product FE, also referred to as inner product encryption (IPE) is distinct from
[2,13,14,16] which study inner product in the context of predicate encryption
(PE). In inner product PE, a message M is encrypted along with a tag Z € Ly
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and decryption with a key corresponding to a vector § € Z; yields M if and
only if (Z,4) = 0. In contrast, the objective in the IPE formulation is to learn
the actual inner product value in Z, itself.

The first construction of IPE was presented by Abdalla et al. [1] who devel-
oped a selectively secure construction in traditional discrete log groups. However,
this construction is built in public key domain and do not support any form of
function privacy. Very recently, Bishop et al. [3] have taken a first step forward
towards exploring the possibility of attaining function privacy in the context
of IPE utilizing efficient and well-studied primitives. In fact, they have con-
structed a function-private IPE scheme in private key domain that withstands
any polynomial number of ciphertext and functional key queries. Their construc-
tion makes use of asymmetric bilinear pairing groups and derives its security from
the well-studied Symmetric External Diffie-Hellman (SXDH) assumption albeit
in a rather weak and unrealistic security model.

1.3 Owur Contribution

The current state of the art leaves open the problem of constructing a private key
IPE scheme achieving the strongest practical notion of full-hiding security under
standard assumptions without employing any heavy-duty cryptographic tool. In
this paper we provide a positive answer to this challenging problem. In partic-
ular, we develop a simple and efficient private key IPE scheme achieving the
strongest notion of function privacy based on well-studied complexity assump-
tion. As in [3], our construction utilizes asymmetric bilinear pairing groups of
prime order and we are able to establish the stronger form of security under the
SXDH assumption. In order to ensure correctness of our construction, like [1,3],
we assume that the target inner products will be contained within a range of
polynomial-size. As pointed out in [1,3], this assumption is quite reasonable for
statistical applications, where, for instance, the average of some bounded quan-
tity over a polynomial-size database will naturally be included in a polynomial
range.

Although our construction has some resemblance to that of [3], we highlight
several differences below:

— We innovate new technical ideas in order to realize the strongest notion of
full-hiding security while maintaining the simplicity of the scheme. For all
(790 70:D) and (240, 1) with which the adversaries query the func-
tional key generation and encryption oracles respectively, the security frame-
work of [3] assumes that

(@0, Go0) = (@O, o) = (6D, 00 = (D, GGy (1)
whereas according to the full-hiding security framework of [2,8], the only
constraint should be

(00, GO0) = @D, ). @
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The additional restriction in the security model of [3] has not only weakened
the security of their construction significantly but also it has rendered the
security model itself rather unrealistic. Our security framework is free from
any such restriction beyond that specified in Eq. (2), therefore, much more
practical compared to that of [3].

— As in [3], we make use of the concept of dual pairing vector spaces (DPVS)
introduced in [13,14] to obtain the features of hidden subspaces in prime
order bilinear group setting. However, our two DPVS have dimensions 4n + 2
and 6 respectively while those of [3] have dimensions 2n and 2 respectively.
Here n is the dimension of vectors for functional keys and ciphertexts. This
results in some loss in efficiency. However, this seems rather unavoidable for
strengthening the security both from theoretical and practical point of view.

— Analogous to [3], we consider two pairs of dual orthonormal bases, one for
each of the two dimensions considered. But instead of including the complete
bases like [3], we put certain portions of them in the master secret key while
preserve the remaining dimensions for the security reduction. Specifically, we
employ 3n and 3 hidden dimensions of the pairs of bases of dimensions 4n + 2
and 6 respectively to move things forward in our hybrid security argument.

— At a technical level, [3] used each component of the vectors twice while encod-
ing the vectors in ciphertexts and functional keys by coupling them with the
basis vectors included in the master secret key. On the contrary, in our con-
struction, we utilize the components of these vectors only once in the process
of encoding with the basis vectors of the master secret key.

— Although similar to [3], we treat ciphertexts and functional keys in a symmet-
ric fashion in our construction, our hybrid security proof does not maintain
any such symmetry. Specifically, the approach of [3] first established the pri-
vacy of encrypted messages in the multiple ciphertext framework and then
leveraged the symmetry between the structures of ciphertexts and functional
keys to flip the same reasoning to argue for function privacy. In doing so, they
relied on an information theoretic step that required the additional constraint
as in Eq. (1) on the queries of the adversaries. In order to remove the extra
restriction, we face several challenges. For our security analysis, we design
our hybrid argument differently using a different information theoretic prop-
erty of DPVS proven by [13] in a non-trivial way. We begin our hybrid game
transition by changing the form of the queried ciphertexts and instead of fin-
ishing it off completely, at some appropriate point, we initiate change in the
queried functional keys. Since then the transformations of functional keys and
ciphertexts proceed hand in hand.

2 Preliminaries

Throughout this paper we will follow notations presented in Fig. 1.
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Symbol Explanation

RE A INis randomly selected from A according to A’s distribution, when A is a
random variable, and XN is uniformly selected from A, when A is a set.

v a vector (vi,...,vn) € Zj, of length n for some positive integers p and n.

. . n
(U, w) |the inner product of vectors ¥ and @& € Zy, i.e., Y "  waw; mod p.
v

g an n-tuple of group elements, (g**,...,g"") € G™ for some cyclic group G
of order p, where U € Z}, and g € G.

—
av

9" |(g™,....g""") €G", where a € Zp, ¥ € Zj, and g € G.

vitwr o g" ) € G™, where U, W € Zy and g € G.

vTH@

g (g

GL(n,Z,)|the group of all n X n invertible matrices over Z,.

Fig. 1. Notations

2.1 The Notion of Private Key Function-Private IPE

We adopt the general notion of function-private functional encryption in the pri-
vate key setting, introduced in [2,8], to the particular functionality of computing
inner products of n-length vectors over Z, for some prime integer p and some
positive integer n. We will consider only non-zero vectors. Note that this is a
reasonable consideration for all practical applications of inner products.

m Syntax: A private key function-private IPE (PKFP-IPE) scheme consists of
the following probabilistic polynomial-time algorithms:

PKFP—IPE.Setup(l)‘, n): The data owner takes as input the security parameter
1* and a positive integer n (polynomial in ) specifying the desired length of
vectors for the functional keys and ciphertexts. It generates a master secret
key MsK for itself while publishes public parameters PP. (Note that we are
not dealing with a public key scheme, so PP are not sufficient to encrypt —
those are just parameters that need not be kept secret.)

PKFP-IPE.Encrypt(MsK, PP, ¥): On input the master secret key MSK, the public
parameters PP, and a vector ¥ € Z;}\{G}, where 0 denotes the all zero vector
in Zy, the data owner produces a ciphertext CTgz.

PKFP-IPE.KeyGen(MSK, PP, ¢/): Taking as input the master secret key MSK, the
public parameters PP, and a vector i € ZZ\{@}, the data owner provides a
functional key SKj to a legitimate decrypter.

PKFP-IPE.Decrypt(PP, CTz, SKy): A decrypter takes as input the public parame-
ters PP, a ciphertext CTz encrypting some vector &, and a functional key
SKy corresponding to some vector 3. It outputs either a value m € Z, or the
distinguished symbol L.
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m Correctness: The correctness of an PKFP-IPE scheme requires the following:
For all &,y € Z;\{0},

Pr[(Msk, PP) < PKFP-IPE.Setup(1*, n); 0T < PKFP-IPE.Encrypt(MSK, PP, 7);

SKj < PKFP-IPE.KeyGen(MSK, PP, §) :
PKFP-IPE.Decrypt(PP, CTz,SKy) = (Z, )| > 1 — €(})

for some negligible function €. As in [1,3], in our construction as well we would
only require that the above holds when (Z, %) is from a fixed polynomial range
of values inside Z,,.

m Security: The indistinguishability-based full hiding security notion for a
PKFP-IPE scheme is defined by the following game between a probabilistic adver-
sary A and a probabilistic challenger C:

Setup: C generates (MSK, PP) & PKFP-IPE.Setup(1*,n). It gives PP to A. It

also selects ¢ < {0,1}.

Query Phase: Throughout the game, A may adaptively make any polynomial
number of queries of the following two types:

— Functional key query: To make the j-th functional key query, A submits a
pair of vectors (70, V) € (ZZ\{G})2 to C. C creates a functional key

sk() & PKFP-IPE.KeyGen(Msk, PP, 7-9)) and hands sk to A.

— Cliphertext query: To make the /-th ciphertext query, A sends a pair of vectors

(80 1) ¢ (Z;}\{ﬁ})Q to C. C forms c1® & PKFP-IPE.Encrypt(MSK,

pp, #49)) and returns ¢ to A.

Suppose that A4 makes g; number of functional key queries and ¢go number of
ciphertext queries during the game. The restriction on the queries is that for all
j=1,...,q and forall £ =1,...,¢qy, (&0 U0 = (#E1) FG.1),

Guess: A eventually outputs a bit ¢’ € {0,1}.

Let View 4(c) denotes the view of A in the above game when the ¢ € {0,1} is
the random bit selected by C in the setup phase.

Definition 1. A PKFP-IPE is said to achieve (full) indistinguishability-based
Sull hiding security if for any probabilistic polynomial-time adversary A, for any

security parameter X\, the advantage of A in the above game, AdviKFP*IPE()\) =

|Pr[.A(ViewA(O)) = 1] — Pr[A(View(1)) = 1]| < €(A) for some negligible func-

tion €.

2.2 Asymmetric Bilinear Group and SXDH Assumption

Definition 2 (Asymmetric Bilinear Pairing Group). An asymmetric
bilinear pairing group (p,G1,Go,Gr,g1,92,€) is a tuple of a prime integer p;
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cyclic multiplicative groups G1, Go, G of order p each with polynomial-time com-
putable group operations; generators g1 € Gi, g2 € Ga; and a polynomial-time
computable non-degenerate bilinear pairing e : G1 X Gg — G, i.e., e satisfies

~ (bilinearity) e(g3,95) = e(g1,92)°% for all ,% € Z,, and
— (non-degeneracy) e(g1,92) # lg,, where 1g,. denotes the identity element of
the group Gr.

Let Gagpe be an algorithm that on input the security parameter 1, outputs a
description (p,G1,Ga,Gr, g1, 92,€) of an asymmetric bilinear pairing group.

Assumption 1 (Symmetric External Diffie-Hellman: SXDH). The SXDH
problem is to distinguish between the distributions og = ((p7 G1,G2,Gr, g1, 92, €),

v $
gf7gl>%ﬁa) fO’f’ 5 S {0 1} such that (p7G17G27GTagla927e) — gABPG(1A)7

M,V i Zp, and §R5 = géw+r where r = 0 or r ﬁ Zp according as B = 0 or

1 respectively.

The SXDH assumption states that for any probabilistic polynomial-time algo-
rithm C, for any secumty parameter X, Advg*P"(\) = |PF[C(Q0) = 1] -
Pr[C(gl) = 1]| < €(A) for some negligible function e. It also states that the
same is true for the analogous distributions obtained from switching the roles of
G1 and Gy, i.e., 0g = ((p,Gl,G27GT,gl,gg,e),g§,g§7%ﬁ) for B € {0,1} such

that fi, v & Zy, and Rs = gh”" where ¥ = 0 or ¥ & Zy according as 3 =0 or

1 respectively.

2.3 Dual Pairing Vector Spaces

Definition 3 (Dual Pairing Vector Spaces (DPVS)). A dual pairing vector

space (DPVS) (p,V1,Va, G, A1, Ay, E) by a direct product of asymmetric pairing

groups (p,G1,Ge,Gr,g1,92,€) is a tuple of a prime integer p; n-dimensional

vector space Vj, = G} over Z under vector addition EB and scalar multiplication

® deﬁned respectwely as g e gh = g”‘“” and a ® gh = g%, for h = 1,2, where

U, W € Zy, and a € Zy; canonical bases Ay = {gh Yiz1,..n of Vy, for h = 1,2,
i—1 n—i

o —N— o
where €; = (0,...,0,1,0,...,0) € Z; ; and a pairing E : Vi x Vo — Gyp. The

pairing E is defined by E(g7, g¥) He g%, g¥) = e(g1, 92)'% € Gy, where

U, W € Zy. Observe that the map E zs non degenerate bilinear, i.e., E satisfies

-

~ (bilinearity) BE(s©g{,5@g5) = E(g;”,95") = E(g,95)** for s,5 € L, 0,0 €
Zy, and

~ (non-degeneracy) if E(g7,95) = lg, for all @ € ZI', then =0.

When clear from the context, we will often omit the symbols @& and ® for vector

addition and scalar multiplication respectively in DPVS’s. The DPVS generation
algorithm Gppys takes input a positive integer n together with (p, Gy, G, Gr, g1,
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g2, €) & Gagpc(1?) and outputs a description (p,V1,Va, Gp, A1, Ay, E) of DPVS
with n-dimensional vector spaces Vy, for h =1, 2.

In Fig. 2 we describe random dual orthonormal basis generator Gog(Z;,) for
some prime integer p and positive integer n. This algorithm would be utilized as
a subroutine in our PKFP-IPE construction.

Gos(Zy): This algorithm performs the following operations:

1. Choose B = (bi_’j)i_’jzl _____ n (i GL(TL, Zp).
2. Compute B* = (b} ;)ij=1,..n = (BT)"', where BT denotes transpose of the

matrix B. Let, b, and E;‘ represent the i-th rows, of B a_n)d B™ respectively, for
i=1,...,n.Set B={b1,...,bn} and B* = {b7,..., b, }. Note that (B,B*)
are dual orthonormal in the sense that for i,i’ = 1,...,n,

<7)> —b>>_¥>_ 1,if i =4’
© 7T 0, otherwise

3. Return (B,B").

Fig. 2. Dual orthonormal basis generator Gos(Zy)

3 Our PKFP-IPE Scheme

m Construction:

PKFP—IPE.Setup(l’\, n): The data owner takes as input the security parameter
1* and a positive integer n specifying the desired length of vectors for the

keys and ciphertexts. It proceeds as follows:
1. It first generates an asymmetric bilinear group

(p,G1,Ga2,Gr, 1,2, €) < Gaspo(1%).
2. Then it forms
(P, V1,V3,Gr, A1, Ay, E) & Gopvs (4n + 2, (p, G1,G2,Gr, g1, 92, €)) and
(p, V], Vy,Gp, A1, Ay E') L Gopvs (6, (p. G1,G2,Gr, 1,92, ¢€)).
3. Next, it samples dual orthonormal bases
(B ={b1,. ., bans2}, B* = {55, ., Binya)) < Gop(Z2m+?) and
(D= {dy,....de},D* = {d,....ds}) < Gom(ZY).

It defines B = {b1,...,bn, bansa}, B* = {b},..., 0%, binin b, D = {dy, ds)},
and D* = {d}, d%}.
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4. Tt keeps the master secret key MSK = (@, @*, HA)D, ]IA)*) to itself while publishes
the public parameters PP = (p, {Vy, V), }r=1,2,Gr, {An, A} } =12, E, E').
PKFP-IPE.Encrypt(MsK, PP, Z): Taking as input the master secret key MSK, the
public parameters PP, and a vector & € ZZ\{G}, the data owner prepares the
ciphertext as follows:

1. It selects «, &, & & Z, and computes

aS " wibi+Ebinga aY, ;bi+Ebinyo ady+€ods
T =g T e 1 (3)

c1 =9
utilizing B and D respectively from MSK, where a sum over index i ranges
from ¢ = 1 to ¢« = n unless explicitly specified otherwise. We will follow
the same convention in the sequel as well.
2. Tt outputs the ciphertext cTz = (e1, ¢2).
PKFP-IPE.KeyGen(MSK, PP, ¥): On input the master secret key MSK, the pub-
lic parameters PP, and a vector § € Z;}\{@}, the data owner performs the
following:

1. It picks v,n,m0 & Z, and computes

>{ _ gg > y'il;:+7752n+1’ k; _ gg(ff-‘rnoig (4)
utilizing B* and D respectively from MSK.

2. It provides the functional key sky = (k7, k3) to a legitimate decrypter.

PKFP-IPE.Decrypt(PP, CTz, SKy): A decrypter takes as input the public parame-
ters PP, a ciphertext CTz = (¢1, ¢2), and a functional key Sky = (k7, k3). It
proceeds as follows:

1. It computes T) = E(c1, k), To = E'(ca, k3).

2. It then attempts to determine a value m € Z, such that 73" = T} as
elements of G by checking a specified polynomial-size range of possible
values. If it is successful, then it outputs m. Otherwise it outputs L.

We stress that the polynomial running time of our decryption algorithm is

ensured by restricting the output to lie within a fixed polynomial-size range.

m Correctness: The correctness of the above PKFP-IPE construction can be
verified as follows: Observe that for any ciphertext ¢Tz = (€1, ¢2) encrypting
some vector Z and any functional key sky = (k7,k3) corresponding to some
vector ¥/, we have

Tl = E(cl7 k;) = 6(91792)a’y<£,m7T2 = E/(CQJ k;) = 6(91392)a7'

This follows from the expressions of e¢1, ¢o, k7, k5 together with the fact that
(B,B*) and (D, D*) are dual orthonormal bases. Thus if (Z, ¢) is contained in the
specified polynomial-size range of possible values that the decryption algorithm
checks, it would output (Z, ) as desired.

m Discussion: In our PKFP-IPE construction, we begin with the intuition of [3]
to use an asymmetric bilinear group setting (p, G1, G2, Gr, g1, g2, €), visualizing
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G as the ciphertext space whereas G5 as the functional key space. The plaintext
vectors are encrypted in the exponent of g; while the functional key vectors are
encapsulated in the exponent of go, so that the bilinearity of the pairing e can
be employed to compute the inner product of the plaintext and functional key
vectors in the exponent without the explicit knowledge of the vectors.

As discussed earlier in this paper, the only PKFP-IPE scheme available in
the literature so far [3] achieves a rather limited and unrealistic form of function
privacy. In particular, for the sake of managing the hybrid security proof of their
construction, they put further restrictions on the queries of the adversaries, as
shown in Eq. (1), beyond those specified in the strongest framework of full-hiding
security described in Sect. 2.1. This additional constraint not only leads to a weak
security but it is also not conformal with the intuitive spirit of function privacy.
With the motivation to remove such an undesirable restriction we recourse to
an information theoretic step that uses a nice property of DPVS introduced in
[13] that enables to hide a pair of ciphertext and functional key vectors perfectly
among all vectors having the same inner product.

To generate space for our hybrid proof, we consider two pairs of dual ortho-
normal bases, namely, (B, B*) of dimension 4n + 2 and (D, D*) of dimension 6,
where n is the length of vectors for ciphertexts and functional keys. The n + 2
dimensions of the first pair of bases and 3 of the second pair are used in the
actual scheme while the remaining dimensions are preserved to move things for-
ward in the security proof. As displayed in Eq. (3), to encode a vector & in the
ciphertext, we construct a linear combination of the first n vectors together with
the (4n + 2)-th vector of B, where the n components of & masked with a random
scalar « are used as coefficients of the first n vectors of B. The resulting vector is
then placed in the exponent of g1 € Gy. After that, the randomness « is encoded
by forming another linear combination of the first and sixth members of I in
the exponent of g; using the masking factor « as coefficient of the first vector
of D. The (4n + 2)-th dimension of B and the sixth dimension of D are utilized
to supply additional randomization for strengthening the security of our cipher-
texts. The encoding of a vector for the functional key is performed in a directly
symmetric fashion utilizing bases B*,D*, and go € G2 in place of B, D, and ¢;
respectively, as can be seen from Eq. (4), where the additional randomization is
provided by the (4n + 1)-th dimension of B* and the fifth dimension of D*.

In contrast, the construction of [3] considers two pairs of dual orthonormal
bases, one of dimension 2n and the other of dimension 2. Moreover, they make
use of the complete bases in their construction itself and employ each component
of a vector as coefficient twice during formation of the linear combinations in
the process of encoding the vector for ciphertext or functional key, once for
basis vectors in the range 1 to n and again for the basis vectors ranging from
n + 1 to 2n. Further, [3] rely on the orthogonality of all the queried functional
key vectors (respectively all queried ciphertext vectors) to the difference of a
pair of queried ciphertext vectors (respectively a pair of queried functional key
vectors) to simulate a hidden dimension in the bases in the security proof that
they employ to switch from one vector of the pair to the other. However, it
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is precisely this approach which necessitates the additional constraint imposed
by them on the adversaries’ queries as in Eq. (1). Furthermore, increasing the
dimensions of the DPVS’s in use seems rather unavoidable for managing the
security reduction without requiring the extra restriction. In fact the 3n and 3
hidden dimensions of our two pairs of bases respectively that we keep aside for
the security argument play a vital role to elegantly isolate a pair of ciphertext
and functional key vectors in an n-dimensional hidden subspace in order to apply
our information theoretic argument.

In summery, although our construction has some kind of resemblance to that
of [3], our proof idea is widely apart. The most significant contribution of our
work lies in a rigorous proof of full-hiding security of a fairly simple construction.
The detail security reduction is presented in the next section.

In terms of communication cum storage complexity, observe that both the
ciphertexts and functional keys of our PKFP-IPE construction consist of 4n + 8
group elements while our master secret key contains 8n? + 12n + 28 members
of the finite field Z,. In contrast, the ciphertexts and functional keys in the
construction of [3] are comprised of 2n + 2 group elements each whereas the
master secret key is composed of 8n? + 8 Z,, components.

Regarding computation complexity, note that both our encryption and func-
tional key generation algorithms require 4n-+8 exponentiations while the decryp-
tion algorithm involves 4n+8 pairing operations followed by an exhaustive search
over a polynomial range of values in order to solve a discrete log. On the con-
trary, the encryption and functional key generation algorithms of [3] amount to
2n + 2 exponentiations each. Other than a similar exhaustive search step, their
decryption algorithm incurs 2n + 2 pairings.

It is evident that our scheme loses a constant factor of 2 compared to that of
[3] in both communication cum storage and computation efficiency. However, the
additional cost is compensated with stronger and realistic data as well as function
privacy guarantees provided by our construction as opposed to a rather limited
form of security achieved by [3]. Given the rapid advancements in computing
technology and the growing security breaches, high security is often desirable
even at the expense of an admissible increase in complexity.

The ciphertexts and master public key of the only known IPE scheme in public
key setup [1] involve n+ 1 and n elements respectively in a discrete log group of
prime order p while the master secret key and functional keys are comprised of n
and 1 Z, components respectively. The encryption and decryption algorithms of
[1] respectively incur 2n+1 exponentiations and n+1 exponentiations followed by
an analogous exhaustive search step towards determining a discrete log. However,
the scheme of [1] offers no function privacy and, moreover, provides only selective
data privacy.

4 Security Analysis

Theorem 1. The PKFP-IPE scheme described in Sect.3 is secure as per the
security model of Sect. 2.1 under the SXDH assumption.
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Proof. The proof of Theorem 1 is structured as a hybrid argument over a series
of games which differ in the construction of the functional keys and ciphertexts
queried by the adversary A in the security game described in Sect.2.1. In the
first game, the queried functional keys and ciphertexts are constructed as those
in the security game of Sect.2.1 where the bit used by the challenger is ¢ = 0.
We then progressively change the functional keys and ciphertexts in multiple
hybrid games to those in the security game of Sect.2.1 where the bit used by
the challenger is ¢ = 1. We prove that each game is indistinguishable from
the previous one, thus proving our PKFP-IPE construction to be secure in the
security model of Sect.2.1. Let ¢; be the number of A’s functional key queries
and ¢ the number of A’s ciphertext queries. The hybrid game transition is
described below. In these games, a portion of an exponent framed by a white
box indicates those terms which were added or modified in a transition from the
previous game, unless explicitly specified otherwise, while a part of an exponent
which was deleted in the transformation from the earlier game is highlighted in
the text.

m Sequence of Hybrid Games:

(I) Game 0 : This game corresponds to the real security game of Sect. 2.1 where

the bit used by the challenger to generate queried functional keys and ciphertexts
is ¢ = 0. More precisely, for j = 1,..., g1, the response to the j-th functional key
query for vectors (739, 73:D) is created as sk = (k79 k3Y)) such that

k*(]) _ gVJ' 22 yngO)l;:-‘rnjl;Zn«Fl
1(‘) : dy+mj,0ds 7 (5)
*(J Vi Nj,0a5

k2 :ng 1 J ,

where v;,1;,1;,0 & Zy. On the other hand, for £ =1, ..., g2, the reply to the ¢-th
ciphertext query of A for vectors (40, #(¢:D) is generated as cT®) = (¢!, ")
such that

c(l) _ gouz > IEZ'O)gi+EeE4n+2
1 —J1 ’

c(e) _ g@zfil+§z,offe (6)
2 T J1 )

where ag, &, &0 & L.
(II) Game 1 Sequence [Game 1-k-1,..., Game 1-r-4 (k = 1,...,q2)]

Game 1-k-1: Game 1-0-4 coincides with Game 0. Game 1-x-1 is the same as
Game 1-(k — 1)-4 except that the components of the x-th queried ciphertext for
vectors (Z(%0), #(%1) are computed as

(k) Qe D, JC,EK"O)BHF all >, $§N’0>g2n+i +Enbanto

a T ’ (7)

(H) amjl++£n,og;3

Cr =0 ’
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where oy, & Z, and all the other variables are generated as in Game 1-(k —1)-4.

Game 1-x-2: This game is identical to Game 1-x-1 with the only exception
that the components of the k-th queried ciphertext corresponding to vectors
(£(=0) #(%1)) are formed as

1 =0 ) (8)
(k) anil+agjg+§n,ojﬁ
C' =0

)

where all the variables are generated as in Game 1--1.

Game 1-k-3: This game is analogous to Game 1-x-2 except that the components
of the k-th queried ciphertext for vectors (#(0), Z(*:1)) are created as

(%) D, zﬁ“’°>57z+a;’ > Igm’l)gznwz-ﬁ- 'S, IEN"I)Esn-;-i +Enbant2

C =g
1 1 ’ 9)
(%) aKJ1+aZJ3++5~.OJG

Co =G )

where o/ & Z, and all the other variables are generated as in Game 1-x-2.

Game 1-k-4: This game is the same as Game 1-k-3 except that the components
of the k-th queried ciphertext for vectors (#(0) z(*:1)) are computed as

=01

cgn) _ g;lnjl+aglj4+§n,ﬁj6 (10)

C(H) a3, 952»‘0)& +a' 32, IEK”1)63'7L+'L+EKI;47L+2 }
1 ’

)
where all the variables are generated as in Game 1-k-3, i.e., in this game cg'{) and
cgﬁ) are modified from those in the last game by dropping the terms involving
o/ in the exponent of g;.

(III) Game 2 Sequence [Game 2-w-1,..., Game 2-w-6 (w =1,...,q1)]

Game 2-w-1: Game 2-0-6 coincides with Game 1-go-4. Game 2-w-1 is the similar
to Game 2-(w — 1)-6 except that the components of the w-th queried functional
key corresponding to vectors (7(“°0), 7« 1)) are formed as

Yo 22 y-EWYO)E:J"

,0) 7 ,0) 7 e
’YL > ygw )bfwri + "/Z 2 yfw )b;7L+i +nwan+1

k*(w) —

1 92 . _ _ ) ) (11)
o) _ Bt o o

2 - J2 )

where 7/, ~" S Z,, and all the other variables are generated as in Game 2-(w —
1)-6.

Sequence of Subgames of Game 2-w-2[ Game 2-w-2-k-1,...,Game 2-w-
2-k-5 (k =1,... ,qz)]
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Game 2-w-2-k-1: Game 2-w-2-0-5 coincides with Game 2-w-1. Game 2-w-2-k-1 is
analogous to Game 2-w-2-(x — 1)-5 with the only exception that the components
of the w-th queried functional key corresponding to vectors (g(‘”’o),gj’(”’l)) are
formed as

,0) 7 ,0) | D s .y
k*(w) Yo 225 ygw )bi +, > bn+1‘,+7:)/ > bzn+1+77w bint1
1 =92

k*(w) — Aed L dy Ay 4w, 0ds
2 =92 )

e

where all the variables are generated as in Game 2-w-2-(x — 1)-5. Here a part
of the exponent framed by a white box (respectively light gray box) indicates
those terms which were changed in the transition from the previous game when
Kk > 2 (respectively K = 1). More specifically, when £ = 1, ki(‘”) in Eq. (12) is
transformed from that in Eq. (11), which is the form of ki(w) in Game 2-w-2-0-5,
by changing the portion of the exponent framed by a light gray box. On the
other hand, when x > 2, ki(w) in Eq. (12) is obtained from that in Eq. (14),
which is the form of ki(w) in Game 2-w-2-(k — 1)-5, by applying modification in
the portion of the exponent framed by a white box.

Game 2-w-2-k-2: This game is identical to Game 2-w-2-k-1 except that the com-
ponents of the k-th queried ciphertext for vectors (#(*0) #(%:1)) are computed as

(%) oy, IEN’O)giJr ol >, II/’EN'O)EnM +all' >, IEN’1)531L+1'+§HE47L+2

C =
1 91 B — B B ’ (13)
Cy =01 )

where o, & Z,, and all the other variables are generated as in Game 2-w-2-x-1.

Game 2-w-2-k-3: This game is similar to Game 2-w-2-x-2 with the only excep-
tion that the components of the w-th queried functional key corresponding to
vectors (i(«9), (1) are formed as

w,0) 7 w,1) [px w,1) 7 s
*(w) Yo 22 311( )bi TV, 2 bn+i SRR UE )b2n+i+"1w bint1

k™ =g q v (14)
EE@) Yo di +70,ds . d3+1w,0d5
2 =Y )

while the components of the x-th queried ciphertext corresponding to vectors
(£(=0) 7)) are created as

a3, IEK'O)giJFG‘:-, > g"+i+a;” > $§n’l)53n+i+5ng4n+2

(k) _

of) =g, T T 4 )
(k) _  apditalda+alds+Ex 0ds

€2 =0 )

where all the variables are generated as in Game 2-w-2-k-2.

Game 2-w-2-k-4: This game is the same as Game 2-w-2-k-3 except that the com-
ponents of the x-th queried ciphertext corresponding to vectors (i"(“’o),i"(’“’l))
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are computed as

o’ =0 )
() aNJ1+a;J2++aZ/rf4+£h—,,on
Cy " =0, )

where &/ & Z, and all the other variables are generated as in Game 2-w-2-x-3.

Game 2-w-2-k-5: This game is analogous to Game 2-w-2-x-4 with the only
exception that the components of the k-th queried ciphertext corresponding to
vectors (70, 7(%1)) are formed as

C(K) = ga” 2 EEN‘O)&JF&Z > IEK'1)52n+i+a:' > mgml)g3n+i+§mg4n+2
1 —J1 R R R ’ 17
(k) _  apdi+a)ds+a) dy+Ex 0ds (17)
Cr =G )

where all the variables are generated as in Game 2-w-2-k-4, i.e., in this game an)

and c(;) are transformed from those in the earlier game by removing the terms
involving «/. in the exponent of g;.

Game 2-w-3: This game is identical to Game 2-w-2-¢-5 with the only exception
that the components of the w-th queried functional key for vectors (<0, (1))
are computed as

*(w) Voo 2 ygw’ﬂ)g:JF“/g > y£w11)55n+i+nw52n+l

kl =92 . = . ’ (18)
k;(w) _ g’QYde‘F'Y:,/d;-an‘odg

where all the variables are generated as in Game 2-w-2-¢2-5, i.e., in this game

ki(w) and k;(w) are changed from those in the last game by deleting the terms

involving v/, in the exponent of g.

Game 2-w-4: This game is the same as Game 2-w-3 except that the components
of the w-th queried functional key for vectors (ﬂ(“”o), gj'(“”l)) are created as

w,0) P« w, 1) Px W, 1) 7 he
k*(w) Yo 25 yf ' )bi +v >, y@( )b2n+i+ DN yf )b3n+i FNwbin 1
1 =92 ) ) _ ) ) (19)
2 =9s )

where 7/ & Zp and all the other variables are generated as in Game 2-w-3.

Game 2-w-5: This game is similar to Game 2-w-4 with the only exception that
for £ = 1,...,q2, the components of the ¢-th queried ciphertext for vectors
(&40 26D are computed as

91

6 avdy oy da+€0,0ds
1

(0 _ oed; zgz,o)gi+azn > I§2’1)53n+7:+§1554n+2
Cl = )
(20)

CQ =49 ’
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where all the variables are generated as in Game 2-w-4, i.e., Eq. (20) resets cgé)
and cée), for ¢ =1,...,q2, as those in Eq. (10) by dropping the terms involving

&y in the exponent of g;.

Game 2-w-6: This game is the same as Game 2-w-5 except that the components
of the w-th queried functional key for vectors (7<), i/“-1)) are created as

g e Sy OB A S u B 0B,
LT ’ (21)

*(w Yo dy 2 s +nw,0ds
k2( ) — g2w 1 4 w 5,

where all the variables are generated as in Game 2-w-5, i.e., in this game k;‘(w)

and k;(w) are changed from those in the earlier game by deleting the terms
involving 4/ in the exponent of gs.

(IV) Game 3 : This game is analogous to Game 2-¢;-6 except that for j =

1,...,q1, the components of the j-th queried functional key corresponding to
vectors (79, #UD) are computed as

j,1) [ J,0) [p* b*
) gl 0 P S o0 Pt
1 - J2

. B . J (22)
k;(j) _ g;jdf+7§’/dz+7)j,od§7
while for £ =1,..., g2, the components of the ¢-th queried ciphertext for vectors
(@0 #61) are computed as
0) apd; gﬁ‘“}” > g3n+i+§zg4n+2
C1 =091 - B ’ (23)
Céz) _ gf%d1+0¢2/,d4+§e,ode’

where all the variables are generated as in Game 2-¢;-6.
(V) Game 4 Sequence [Game 4-w-1,..., Game 4-w-6 (w =1,...,q1)]

Game 4-w-1: Game 4-0-6 coincides with Game 3. Game 4-w-1 is the same as
Game 4-(w — 1)-6 except that the components of the w-th queried functional key
for vectors (7(»0), 7« 1)) are created as

) _ DREVRRI 74D DIRT el S LSV DIRY - WLy
W) -

9o ) _ ) ) , (24)
2 =92 )

where ¥/ & Z,, and all the other variables are generated as in Game 4-(w — 1)-6.

Game 4-w-2: This game is identical to Game 4-w-1 with the only exception that
for £ = 1,..., g2, the components of the ¢-th queried ciphertext corresponding
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to vectors (Z(40), 761 are computed as

0) Y, ﬂ?y'l)gﬁr d;’ > IEZ’O)E%H +OC},” > I§£'0)53n+i+§eg4n+2
C =
1

o ’ (25)
© agd1++a2//d4+fz,od5
C' =41 )

where &/ & Z,, and all the other variables are generated as in Game 4-w-1.

Game 4-w-3: This game is the same as Game 4-w-2 with the only exception that
the components of the w-th queried functional key for vectors (gj’(“”o), ﬂw’l)) are
computed as

k*(w) . Vw > yEN'I)E:JF’vYZ > ygw’o)g;anﬂleZn-H
LT 9% 3 : (26)
wds +3.d5+n0,0d5
k*("-’) — gled1 TVl ,005
2 92 )

where all the variables are generated as in Game 4-w-2, i.e., in this game kf{(w)

and k:;(w) are transformed from those in the previous game by dropping the

terms involving 7" in the exponent of gs.

Game 4-w-4: This game is analogous to Game 4-w-3 except that the components
of the w-th queried functional key corresponding to vectors (7%, 7« 1) are
formed as

s1) P < ,0) 7 ¥ ,0) 7 T
@ — PO R D SIS (S DI S S M

1 T 92 ) _ ) ) ) (27)
*(w) "/wd’{++’ﬂd§+77w,0d§
ky™ =g, ’

where ¥/, S Z, and all the other variables are generated as in Game 4-w-3.

Sequence of Subgames of Game 4-w-5 [Game 4-w-5-k-1,...,Game 4-w-
5-k-5 (k=1,...,q2)]

Game 4-w-5-k-1: Game 4-w-5-0-5 coincides with Game 4-w-4. Game 4-w-5-x-1 is
identical to Game 4-w-5-(k —1)-5 except that the components of the k-th queried
ciphertext corresponding to vectors (a?(’“’o), J?(’“’l)) are computed as

(k) (™Y Ei++d;/x§m’o) bamtitall ™ Bsp i i) +€xbanta

‘1= * 5 (28)
(k) a~J1++dZJ3+aZ/J4+€n,0JG
C2 =01 )

where & & Z, and all the other variables are generated as in Game 4-w-5-
(k —1)-5.

Game 4-w-5-k-2: This game is the same as Game 4-w-5-k-1 except that the com-
ponents of the x-th queried ciphertext for vectors (Z(9 #(®1)) are formed as

clF) — g St Vbital 3, 2 b it all 5, 2 i +Erbant

1 =71 - - - ’ 2
(k) _  awditd) data)di+&x 0ds ( 9)
€2 =0 ’
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where all the variables are generated as in Game 4-w-5-k-1, i.e., in this game cgﬁ)

and cén) are changed from those in the last game by deleting the terms involving
& in the exponent of g;.

Game 4-w-5-k-3: This game is similar to Game 4-w-5-k-2 with the only excep-
tion that the components of the w-th queried functional key corresponding to
vectors (i(«9), 1)) are computed as

k
B = edi AL A gt 0ds
2 =92 )

W, )% |« w,1) | o w,0) 7% T
*(w) Yo 22 yf ' )bi +55 224 bn+i+vlf > y,g >b2n+i+nw bint1
1 =92 ) (30)

while the components of the x-th queried ciphertext corresponding to vectors
(£(0) 7)) are created as

(k) e 2 mgml)gﬁai‘ 2 E"“"‘O‘g’ >l s i+Ebanso

=g (31)
1 1 )

c(n) _ ga~d1+5¢;dz+a:'d4+§mod6
2 — 01

)

where all the variables are generated as in Game 4-w-5-k-2.

Game 4-w-5-k-4: This game is the same as Game 4-w-5-x-3 except that the com-
ponents of the s-th queried ciphertext for vectors (%9, #(*)) are computed
as

(/) _ a3, a PV Ball 3, 2" By i +Enban o
CL =0 . . . ) (32)
cgﬁ) = gix”d1+ag/d4+5m,ods

)

where all the variables are generated as in Game 4-w-5--3, i.e., in this game cgn)

and c(;") are transformed from those in the earlier game by removing the terms
involving ¢/, in the exponent of g;.

Game 4-w-5-k-5: This game is analogous to Game 4-w-5-x-4 with the only
exception that the components of the w-th queried functional key corresponding
to vectors (7“9, 5«D)) are formed as

Yo 224 ygu’l)g:"":ﬂ; 2 E:L+L +50 2 yEMYO)E;nﬁ»iJ'_nwEZ?H»l
92 )
B _ ifrk<g—1 (33a)
1 =
Yo D; yEu’l)bf-i-’*/i, > yﬁ‘”'l)bi‘z+i+% 2 b;7b+i+77wa¢L+1
92 )
if K =qo (33b)

wlf* u/d“* u//d‘* » J*
k;("-’) :g’QY 1t Ywde Yo dz 1w, 0ds (33(3)
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where all the variables are generated as in Game 4-w-5-k-4. Here a part of the
exponent framed by a white box (respectively light gray box) indicates those
terms which were changed from the previous game when x < go — 1 (respectively
K = @2). More precisely, for k < g2 — 1, Eq. (33a) resets kf(w) as in Eq. (27) by
changing the portion of the exponent framed by a white box before executing
the sequence of subgames Game 4-w-5-k-1 — Game 4-w-5-k-5 for the next value
of k. Equation (33b) modifies k’{(w) only once for k = ¢o by applying change in
the portion of the exponent framed by a light gray box and comes out of the
sequence of subgames of Game 4-w-5.

Game 4-w-6: This game is the same as Game 4-w-5-¢o-5 with the only exception
that the components of the w-th queried functional key corresponding to vectors
(770, @D are formed as

k*(w) _ g%u 2 yE”’1)5§+nu51n+1
I PO @)
* (W w w,0

kz — 92 1 5,

where all the variables are generated as in Game 4-w-5-¢2-5, i.e., in this game

ki(w) and k;(w) are changed from those in the previous game by deleting the
terms involving ¥/, and %) in the exponent of gs.

(VI) Game 5 Sequence [Game 5-k-1,..., Game 5-k-4 (k = 1,...,q2)]

Game 5-k-1: Game 5-0-4 coincides with Game 4-¢1-6. Game 5-x-1 is similar to
Game 5-(k — 1)-4 except that the components of the x-th queried ciphertext for
vectors (250, #(%1) are created as

) QY $§N‘1)51'+ &y, $EK/’O)52¢L+'L +all’ S, $EK’O)53n+i+§~ banta

C(H
1 91 - - - - ’ (35)
(%) axdy ++O¢Z'd4+§n,0d6

G =0 )

where &/ & Z,, and all the other variables are generated as in Game 5-(k —1)-4.

Game 5-k-2: This game is analogous to Game 5-k-1 with the only exception
that the components of the k-th queried ciphertext corresponding to vectors
(20 7= 1) are computed as

1
cé’“) = g?“(fl+dﬁffa+5~,offfs (36)

b

(k) _ axd, xﬁ“'1)5i+dﬁ > ZL’EK'O)E2n+i+§n54n+2
c, =g )

where all the variables are generated as in Game 5-x-1, i.e., in this game cgﬁ) and

ch) are modified from those in the last game by dropping the terms involving

o' in the exponent of g;.
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Game 5-k-3: This game is identical to Game 5-x-2 except that the components
of the k-th queried ciphertext corresponding to vectors (Z(*9), #(*1) are com-

puted as
(ks 1) 7 | str (r,1) [ >
(%) QYo x T bia Y, b2n+i+§nb4n+2
¢ =91 _ . . ’ (37)
(k) _ g?~d1+dgd3+5m,od6
5 =

)

where all the variables are generated as in Game 5-k-2.

Game 5-k-4: This game is similar to Game 5-x-3 with the only exception
that the components of the k-th queried ciphertext corresponding to vectors
(20 771} are computed as

=9

(K) - andi+&p 0ds
Cy" =0

(K) an > z(n Dt +€banyo
’ (38)

b

where all the variables are generated as in Game 5-x-3, i.e., in this game cgﬂ) and

cg{) are changed from those in the earlier game by deleting the terms involv-

ing &/ in the exponent of g;. Note that in the final game, i.e., Game 5-¢o-4, all

*(4) k*(j))
V2

the queried functional keys sk\) = (k] ,for 5 =1,...,q1, and all the

queried ciphertexts cT) = (c:(f)7 cée)), for £ = 1,...,q2, corresponds to func-
tional keys and ciphertexts in the real security game of Sect. 2.1 where the bit
used by the challenger is ¢ = 1.

m Advantages of Adversary in Hybrid Games: Denote VIEWE4) Vlew(1 " h),

for h=1,...,4; View§“™ for h =1,3,...,6; View;“ "™ for h=1,....5
Viewf); Viewf’w'h), for h=1,...,4,6; Viewff'w'&mh), for h =1,...,5; and
Viewfi"{'h)7 for h = 1,...,4 to be the views of the adversary A in Game 0;

Game 1-k-h, for h = 1,...,4; Game 2-w-h, for h = 1,3,...,6; Game 2-w-2-k-h,
for h = 1,...,5; Game 3; Game 4-w-h, for h = 1,...,4,6; Game 4-w-5-k-h,
for h = 1,...,5; and Game 5-k-h, for h = 1,...,4 respectively. We define the
advantage of A in Game ¢ as

Advfi)()\) = Pr [.A(VIEW

for « € {0,1-5-h (h = 1,...,4),2-w-h (b = 1,
1,...,5),3, 4w-h (h = 1,. 46) 4-w-5-5-h (h
1,...,4)}.

To complete the proof of the theorem, we must show that the difference in
the advantage of the adversary A between each pair of neighbouring games of
the game sequence described above is at most negligible. Here, observe that the
transition from Game 3 to Game 5-¢o-4 is actually the reverse of the transfor-

mation from Game 0 to Game 2-¢;-6 with the roles of (;E’go), g§ )) exchange with

that of (fﬁ”,gﬁ )) for j =1,...,q1;¢ = 1,...,qo. Therefore, it is sufficient to
consider the transition from Game 0 to Game 3.

=1,
3,...,6),2-w-2-k-h (h =
= 1, .,5),5-k-h (h =
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Indeed, in the full version of this paper [9] we have presented the complete
sequence of arguments showing that the adversary A could experience at most
a negligible difference in advantage between the neighbouring games from Game
0 to Game 3. Due to space consideration, in the next subsection we only pro-
vide those arguments which are significantly apart from one another and will
demonstrate in detail our main technical ideas. Thus, it follows that

AdVEFPIPE () = [AdV) (M) — AdVT= ()]
is negligible under the SXDH assumption. Hence the theorem. O
m Technically Distinguished Lemmas for Proof of Theorem 1:

Lemma 1. For any probabilistic adversary A, there exists a probabilistic algo-
rithm C1.1, whose running time is essentially the same as that of A, such that
for any security parameter X, |Advg_(ﬁ_1)_4)()\) - Advg_ﬂ_l)(/\)’ < Advp SXDH (),
where C1.51(+) = C11(k, -)-

Proof. Suppose that there is a probabilistic adversary A that achieves a non-
negligible difference in advantage between Game 1-(k — 1)-4 and Game 1--1.
We construct a probabilistic algorithm C;_; that attempts to decide the SXDH

problem using 4 as a subroutine. C;_; is given a positive integer k and an instance
of the SXDH problem o3 = ((p, G1, G2, Gr, g1, 92, €), g1, g%, Rp = g‘“’“) where

L,V & Zy,and r =0 or r & Z,, according as 3 = 0 or 1. Ci.; plays the role of
the challenger in the security game of Sect. 2.1 and interacts with A as follows:
$
e Ciy forms (p, V1, V2, Gr, A1, Ay, E) < Gopvs (4n+2, (p, G1,G2,Gr, g1, 92, €))
and (p7 V/17V/27 GT7 A/17A/27 E/) i Gppvs (67 (pv Gla G27 GT7 91, 92, 6)) Next,
it samples dual orthonormal bases (F = {fi,..., fant2},F* = {ff,...

fx $ n 7 7 * $
finia}) < Gog(Zi*?) and (H = {hy,....h¢},H* = {h},....h5}) <
Gor (Zg). It implicitly defines

g f‘i’,Ufon_H(Z—]. ,n), gi: :(Z:n+1,...,4n+2),

b3t f2n+l ,uf*('— o), bi=frE=1,...,2n,3n+1,...,4n + 2),
d 7h1+,uh3, d :h(ZZQ,...,G),

I5 = h% — uhi, IF=h:(i=1,2,4,...,6).

It implicitly sets B = {b1,...,bant2},B* = {0}, ..., binn}, D = {d,...,ds},
and D* = {d%,...,d;}. Note that (B,B*) and (D,D*) are dual orthonormal
bases since those are obtained by applying an invertible linear transformation
to the output of Gog(Z,"*?) and Gog(Z$) respectively. For instance, observe
that fori =1,...,n,
L 0 1 1 L0
<bi’ b;n+1> :<f17 f§n+z> <f17 f > + <f27l+77 f2n+7> 7:“‘2 <f2n+i7 f1*>: 0
0

(bi. b}) <fuf )+ (Fonsis [1)=1, ete.
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It hands the public parameters PP = (p, {Vi, V] }n=1,2,Gr, {An, A} }r=1,2,
E, E’) to A.
e In response to the j-th functional key query of A corresponding to vectors
(gj'(j’o),;zj'(j’l)), for j =1,...,q1, Ci.1 chooses v;,7;,Mj,0 S Z,, computes
k>1k(j) _ g;j s v 4 g = g;;’ s OB 4B
k;(j) _ g;jﬁf'i'ﬂj,oﬁg _ g;ﬂif-&-m,a(i;
)
and gives the functional key sk() = (kf(j), k:;(j)) to A.
e In reply to A’s {-th ciphertext query corresponding to vectors (#(6:9) #(61)),
C1.1 proceeds as follows:

(a) (¢ < k) Ci-1 picks ay, @), &, Eu0 & Z,, and computes

0,0) 7 01 7 = =
cgﬁ) _ giw > 3:5 )fH-aZ/ > xE )fSn+i+£lf4n+2 (gi’«)a[ > mgz,o)f2n+i
oy, ZEE’O)EH-aZ” > 152’1)53n+ri+5254n+2
- gl )
) _ achi+ay ha+€eohe ;. pyah _ apdi+ay di+Ee,0ds
C' = 0 (g1)*" =gy .

(b) (£ = k) Cy1 selects &, &0 & Z,, and computes

(Ii) _ v .z(.n’o): .m(.K’D) #n i 13 J?4 +2
e = (gy)Zi T i (Rg) i S g
— gyzimgmﬁo)(ﬁﬁ_uf_‘?n%»i)"rrziIENYO)f;n+i+fn.ﬁ‘1n+2
- 1
gV > wﬁ"”ml?i +r 3y wﬁ”’o)l;zn+i+€~54n+z
1

9

cgﬁ) _ (QT)hl (é}fﬁ)he,gfn,ohe _ gi(h1+ltha)+7‘h3+fn,ohs _ g$d1+7d3+£m0d6.

(c) (£ > k) Cy1 chooses ay, &, &0 & Z,, and computes

(€,0) 7 7 2,0) 7 (€,0)p. y
) TDIFE > fit&efant2/ p\a > e nti 7DD x,; bi+&ebant2
GG =0 o (91) feit 12 9 '

) = ?eﬁl-i-&z,oﬁs (gib)azf_{a _ g?ejl+§z,ofi(s.
Ci.1 provides the ciphertext cT(®) = (c&e), cg)) to A.
e Finally, A outputs a bit ¢’. C1.; outputs 5’ = ¢.

Observe that if 8 =0, i.e., r = 0, the k-th answered ciphertext is of the form
(Eq.6), as in Game 1-(k — 1)-4, where a,; = v. On the other hand, if § =1, i.e.,

r& Z,, the k-th answered ciphertext is of the form (Eq.7), as in Game 1-s-1,
where «,, = v and o/ = r. Further, for £ < k, the ¢-th answered ciphertext is
of the form (Eq.10) corresponding to Game 1-¢-4, which is its proper form in
both Game 1-(k —1)-4 and Game 1-x-1 since the full sequence of transformations
Game 1-¢-1 — Game 1-£-4 has already been executed, whereas for ¢ > x, the ¢-th
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answered ciphertext is of the form (Eq. 6) corresponding to Game 0, which is its
proper form since the sequence of transitions Game 1-¢-1 — Game 1-/-4 has not yet
been taken place. Additionally, for j = 1,...,q1, the j-th answered functional
key is of the form (Eq.5) corresponding to Game 0, which is its proper form
since in the game transition so far no change is made in the form of the queried
functional keys. Thus the view of A simulated by C;.; is distributed as in Game
1-(k — 1)-4 or Game 1-s-1 according as § = 0 or 1. This completes the proof of
Lemma 1. a

Lemma 2. For any probabilistic adversary A, for any security parameter X,
AdS () = Advy P ().

Proof. In order to prove Lemma 2, we define an intermediate game, namely, Game
1-k-1" as follows and show the equivalence of the distributions of the views of the
adversary A in Game 1-x-1 and that in Game 1-x-1’ (Claim 1) as well as those
in Game 1-x-2 and in Game 1-x-1’ (Claim 2).

Game 1-k-1’ (k = 1,...,q2): This game is identical to Game 1-k-1 with the

only exception that the components of the x-th queried ciphertext corresponding
to vectors (Z(*9), #(%1) are formed as

C(H) _ gam 21 1_7(:»4,,0)57;_"_@;/ ZL 95:&)52”4,1'-"-5,684714,2

1 —J1 R R ’ 39
(k) _  awditalds+éxods ( )
Co' =0 )

where 6(%) & Zg\{ﬁ} and all the other variables are generated as in Game 1-x-1.

Claim 1. The distribution of the view of the adversary A in Game 1-k-1 and
that in Game 1-k-17 are equivalent.

Proof. Consider the distribution of the view of A in Game 1-x-1. We define new
dual orthonormal bases (U, U*) of Z;"*2 using (B, B*) & Gog(Zy"*?) below. We

generate M & GL(n,Z,) and define

ﬁQn—Q—l b2n+l ﬁ;n-i-l b;n+1
Do =M =M
u; = by, u; = b,
(i=1,...,2n,3n+1,...,4n +2).

We set U = {u,...,Uans2}, U = {u],..., U}, o} Note that (U, U*) are indeed
dual orthonormal bases since those are obtained from the dual orthonormal bases
(B,B*) by applying an invertible linear transformation. The components of the
k-th queried ciphertext corresponding to vectors (%), #(*:1)) are expressed as

(k) Qe Y, IEN’O)R' +all >, ZEN"O)521L+i+§nl;4n+2
€1 =0
= g a0+l 3, 08 an g i+ Enanta (41)
=g ,

(k) _ u~J1+(¥ZJ3+E ods
c2 =01 ; " )
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where ay;, o, &, €k & Zy, and gr) = F(=0) . pg.

Since 9 #£ ( and M is uniformly selected from GL(n,Z,), 6(%) is uni-
formly distributed in Z;}\{@} and it is independent from all the other variables.
The components of any other /-th queried ciphertext corresponding to vectors
(£40) (61 are expressed as

(a) (£ < k)
c(é) _ g(w > J;Ee’o)gi-‘r(x}” > zgz’l)ggn+i+§e54n+2
1 — J1
= g T o @ita) 5, wl D dgn i t+EeiTana
- J1l 9
(£) _ o‘ldﬁl"!‘a”/dﬁ;“r&z,o(i’@
Cy' =0 ‘ )
(b) (¢> r)
0 o Eiw§[’0)5i+5eg4n+2 g Ziwgz'o)ﬁi+€eﬁ4n+z e _ aedi+€0,0ds
€1° =% =91 yCy' =01 >

and for all j = 1,...,q1, the components of the j-th queried functional key for
vectors (779, 7U:D) are expressed as

. j,0) 7 o 5,0) - ) S5 S
ki’ﬂ(]) _ g;j pOP yEJ )bi +15b40 41 _ g”/j > yEJ )U‘i N U 1 k;(]) _ g;’jdl +nj,0ds
b

2 ’

where all the variables are generated as in Game 1-x-1.

Observe that in the light of the adversary A’s view, both (B, B*) and (U, U*)
are consistent with respect to PP. Also, this transformation of bases maintains
the form (Eq.5) of the j-th answered functional key sk(/) = (kf{(j), k;(J)) corre-
sponding to Game 0, for j = 1,...,q;. Additionally, for ¢ < k, the ¢-th answered
ciphertext o1 = (cge), cgé)) preserves its form as in Eq. (10) corresponding to
Game 1-(-4 while for ¢ > , c1¥) = (c§£)7 cél)) remains the same as in Eq. (6)
corresponding to Game 0 under the basis transformation. Moreover, since the
RHS of Eq. (41) and that of Eq. (39) are of the same form, the answered cipher-
text cr(®) = (cg”), cé”)) is Game 1-x-1 can be conceptually changed to that in
Game 1-k-1". O

Claim 2. The distribution of the view of adversary A in Game 1-k-2 and that
in Game 1-k-17 are equivalent.

Proof. Claim 2 is proven in a similar manner to Claim 1, using new dual ortho-
normal bases (U, U*) as in (Eq. 40). O

From Claims1 and 2, it follows that adversary A’s view in Game 1-k-1 can
be conceptually changed to that in Game 1-x-2. This completes the proof of
Lemma 2. O

Lemma 3. For any probabilistic adversary A, there exists a probabilistic algo-

rithm Co_1, whose running time is essentially the same as that of A, such that
AdVGETO 00 - AdEE I ()] < AdvEPH (),

Caw-1

for any security parameter X,
where Ca,1(+) = Coq(w,-).
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Proof. Suppose that there is a probabilistic adversary A that achieves a non-
negligible difference in advantage between Game 2-(w — 1)-6 and Game 2-w-1.
We construct a probabilistic algorithm Cs_; that attempts to decide the SXDH
problem using A as a subroutine. Co_1 is given a p051t1ve integer w and an instance
of the SXDH problem g3 = ((p, G1, G2, Gr, g1, 92, €), ¢} ,92,5)?,3 = g‘“j'”) where

[, S Zy, and ¥ = 0 or 7 S Z, according as 8 = 0 or 1. Ca.q1 plays the role of
the challenger in the security game of Sect. 2.1 and interacts with A as follows:

e The setup phase is executed by Cs.; in an analogous fashion as that per-
formed by Ci.; in the progf of Lemmal except, that gz_l sets the dual
orthonormal bases (B = {b1,...,bant2},B* = {b],... b}, 45}) and (D =
{di,...,ds},D* = {d},...,dg}) implicitly from (F = {f1,..., fan42},F* =

A x $ n _’ T * e 7%
{f17...,f4n+2}) — gOB(Zé +2) and (H ={h1,...,he},H* = {hl,...,hﬁ})

& Gos(Z3) respectively by selecting 6, o & Z, and implicitly defining the
following:

n+z fn-i—z 6ﬂﬁ(i:1""7n)a52n+i:ﬁn+i_0ﬁﬁ(i:17"'>n)a
bl-ffz(zfl...,n,3n+1,...,4n—|—2),

by = [ +0itf5 + olifza (=1, )3: fri=n+1,...,4n+2),
d2—hg76#h1,d3—h370’ﬂh1,d1—h1(2 1,4,...,6),

d = B} + 6jihy + ojihs, d* = hi (i=2,...,6).

) response to the j-th functional key query of A corresponding to vectors

In
(17( *(J’l)), Cy.1 proceeds as follows:
(a) (j <w) Cax picks v;,7",m5,m5.0 & Z,, and computes
k’{(]) _ ggji(WJij’O)-ﬁ*+’Y‘;//y§j11)ﬁn+i)+njﬁn+l@
(gg‘)zl'(‘s%'ygjy )fn+1+‘7'YJ7/ )f271.+7.)

5,0) 7% 51 7 o
Vi 2 yij' )bi JF'Y;” > yﬁ’ )b3n+71+77j bipt1
2

)

«() _ VP RiAs0RE sy oy i Yadi 4y di4ngods
ks =gy (g5)° 12700 = g, .

(b) (j = w) Ca-1 chooses Ny, Mu 0 & Z, and computes

81D 2 (g2 SO R (G D000 st B e P

_gZi (’u’ygw)m(f"‘ f7L+L+UHf2n+L)+6Ty(w O)f’!L+L+o-Ty( 0)f2n+1)+77w-f4n+1
—J2

gVE U(w O)b +07 37, U(w 0>b* D ’/(w 0>b3n+1+nu52n+1
=g, ,

#(W) _ ¢ Nk Shy+ohy Meohy (R +6jihs+ojihy)+07hS+oih;+n. ok}
k5 = (g5)" (Rp)ohatohs ggeots — gyt TOrte ol SOt TRs ’

_ pd 4 6Rds - ords 41w, ods
D) :



190 P. Datta et al.

(c) (§ > w) Caq selects v;,1m;,Mmj.0 & Z, and computes

. . (3,0) 7% s o j e i,0)
k:(]) _ g;] Sy g fg (gg)éfyj > yy’o)fwri—&-o'yj > yﬁj 0)f2n+i
D D i SR
- 92 9

k;(j) _ g;jh1‘+nj,oh§ (géi)ayjﬁgwwjﬁg "3di+1j.0d5

= 92
Cy.1 hands the functional key sk/) = (kf(j), k:;(j)) to A.
e In reply to the /-th ciphertext query of A for vectors (%9 #®1) for

0=1,...,q2, Co1 selects ay, o’ &0, €00 & Z, and computes

C(Z) _ gaf > wEZ’U)fwaé’/ > wﬁe'”f}ww&zﬁnﬁ
1 - 1

ag 5177(;[’0)51'*‘12” > I£[’1>53n+i+5254n+2
b)

= gl
) _ aeﬁ1+a2”f_i4+€e,oﬁe _ aej1+a2"l£1+§e,ojs
C' =G0 =0 )

and provides the ciphertext ct(® = (¢! {") to A.
e Finally, A outputs a bit ¢’. Co.1 outputs 5’ = ¢'.

Observe that if § =0, i.e., 7 = 0, the w-th answered functional key is of the
form (Eq.5), as in Game 2-(w — 1)-6, where 7,, = ¥. On the other hand, if § =1,

ie, & Z,, the w-th answered functional key is of the form (Eq.11), as in Game
2-w-1, where v, = U, 7/, = 07, and v/, = o#. Further, for j < w, the j-th answered
functional key is of the form (Eq.21) as in Game 2-j-6, which is its proper form
in both Game 2-(w —1)-6 and Game 2-w-1 since the sequence of transitions Game
2-j-1 — Game 2-j-6 has already been completed, whereas for j > w, the j-th
answered functional key is of the form (Eq. 5) corresponding to Game 0, which is
its proper form since during Game 1 sequence of transformations no change was
made to the queried functional keys and the sequence of hybrids Game 2-5-1 —
Game 2-5-6 has not yet been executed. Additionally, for £ = 1,...,¢o, the ¢-th
answered ciphertext is of the form (Eq. 10) as in Game 1-g2-4, which is the proper
form since for w = 1, no more alteration in the form of these ciphertexts has
occurred after Game 1-¢go-4 and for w > 2, these ciphertexts have been reset to
this form by Eq. (20) in Game 2-(w — 1)-5. Thus the view of A simulated by Cs.1
is distributed as in Game 2-(w — 1)-6 or Game 2-w-1 according as 8 = 0 or 1.
This completes the proof of Lemma 3. g

Lemma 4. For any probabilistic adversary A, for any security parameter X,

AdvT P () = AdvG P ().

Proof. The proof of Lemma 4 utilizes the following result:

-, -

Lemma 5. (Lemma 3 in [13]). For 7 € Z,, let S; = {(}(, V) | (}(,¥) =7} C
Zyy X Ly, where p is a prime integer and n is some positive integer. For all

(X, J) €., for all (,7) €S-,
Priv-F=C \ 0-F =] =Pr[y-F*={ \ J-F=0] =1/tS,,
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where F <& GL(n,Z,), F* = (FT)™', and for any set A, tA denotes the cardi-
nality of the set A.

In order to prove Lemma4, we define an intermediate game, namely, Game
2-w-2-k-2” and show the equivalence of the distribution of the view of the adver-
sary A in Game 2-w-2-x-2 and that in Game 2-w-2-x-2’ (Claim 3) as well as those
in Game 2-w-2-x-3 and in Game 2-w-2-x-2’ (Claim 4).

Game 2-w-2-k-2’ (w = 1,...,q1; kK = 1,...,q2): This game is similar to
Game 2-w-2-x-2 with the only exception that the components of the w-th queried
functional key corresponding to vectors (7", 7“1} are formed as

k*(w) — FY“’Z yfw O)b +'Y Z 19(w)bn+z+'yuz yiw 1)b2w+z+nwb4n+1
1 =92 , (42)

] 2 et Bl d o ods

)

while the components of the x-th queried ciphertext corresponding to vectors
(0 7= 1D) are created as

() = gt 2 OB +al, ¥y Bnrital! ¥y ol Vb i+ xbanto
=0 ’ 43
(H) _apdital datal’dad€ e 0ds ( )
Cr =0 )

such that (Y%, ﬁ(“)) & Sr, .. ={(X, 5) | (X, 5) =Twxt C Zy x Ly, where 1, ,; =
(z(50) 47«00y (: (01 7w DY according to the restriction of the security game),
and all the other variables are generated as in Game 2-w-2-x-2.

Claim 3. The distribution of the view of adversary A in Game 2-w-2-k-2 and
that in Game 2-w-2-k-27 are equivalent.

Proof. Consider the distribution of the view of A in Game 2-w-2-x-2. We define
new dual orthonormal bases (U, U*) of Z4" 2 using (B, B*) & Gos (Z3+2) below.

We generate W & GL(n,Z,) and set

U g1 brnt1 Up iy byt
: =w-!. I : - WT. P
Ton Doy @, by, (44)
i; = by, ﬁ: =bj,
i=1,...,n,2n+1,..., 2).

We define U = {11,..., U2}, U* = {@],..., U}, o} Note that (U, U*) are
indeed dual orthonormal bases since those are obtained from the dual orthonor-
mal bases (B, B*) by applying an invertible linear transformation. The compo-
nents of the w-th queried functional key corresponding to vectors (70, g(«:1))
are expressed as

k*{(w) == g;u z yiw O)b +’Yw Z y(w O)b:z+z+'yz:{ Z y(w l)b;n+1+nwgzn+1
— g S O @, 3, 0 @ A T Uﬁéwﬁnwwnﬂ (45)

@) — Yoodi +7L, A5+ d+nw,0ds
2 =92 )
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while the components of the x-th queried ciphertext corresponding to vectors
(20 (%)) are expressed as
( ) goz,i > IEK O)b +al, > w('c o)bn+ +al!’ > $(h )b3n+z+€mb4n+2
1
gah > 935K g, +al >, )(1'6)11‘,14r ERMD D :D(N 1>U3n+1+£fcu4n+2 (46)
= 1 )

(k) apditaldotal! dy+Ex ods
€2 =90 )

Where 7wa7w77w7nwanw 0y g, (X n 75&76&0 <_ Zp; and 'Jw = g‘(w,O) : (WT)_
Y5 = g(=0) . W
From Lemma 5 it follows that (%), J(*)) are uniformly distributed in Sr, s

where (750 7«0y = 7" and are independent from all the other variables.
The components of any other j-th queried functional key corresponding to
vectors (709, 70D are expressed as follows

(a) (j <w)
0) 7 1
k*(J) 'YJZ yZ(J )b +'Y/”Z yz(J )bJW+l+n7b4n+1
92
_ g% > y(] 0 i+ 3, y(7 1)u3n+z+"h“4n+1
=gy s
*(j s +vj di+nj 0d5
k2( ) _ 9 i ,
(b) (G >w)

5,0) 7% & 0
k*(j) v yij )bi, 0001 Vi yij )@ T AN Wy g
1 =92 - =99 )
j idi+n;,0dz
k*(]) — i1 TN;,005
2 9o )

while the components of any other ¢-th queried ciphertext corresponding to
vectors (740, #(61) are expressed as

(a) (£ <k)
(2) gae > fﬁ(z 05, +ay Y, 96( 1)b2n+ +ay' >, T( 1>b3n+7+£2b4’n+‘2
. gaz > 1 )i +ay >, JE BT +ay' Y, $ OV gy s+ Eotianta
1 )

©) _  apdi+&) ds+ay di+€e0ds
C' =0 )

(b) (¢ > )
(Z) gocg > wgl 9%, +ai' 3, w([ )b3,L+L+€eb47L+2
- Jl1
. gOé[ S el 3, 2l Gan g i+ Eeianta
1 K
() _  apdi+oydi+€e0ds
Co' =0 )

where all the variables are generated as in Game 2-w-2-k-2.

Observe that in the light of the adversary A’s view, both (B, B*) and (U, U*)
are consistent with respect to PP. Also, for j < w, the j-th answered functional
key skU) = (k;(j), k;(j)) preserves its form as in Eq. (21) corresponding to Game
2-j-6 while for j > w, sk) = (kzi(j),k;(j)) remains the same as in Eq. (5)
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corresponding to Game 0, and for ¢ < k, the (-th answered ciphertext cT(®) =

(cge), cg)) preserves its form as in Eq. (17) corresponding to Game 2-w-2-¢-5 while

for £ > k, cT) = (c(le), cg)) remains the same as in Eq. (10) corresponding to
Game 1-g2-4 (or equivalently of the form (Eq.20) as in Game 2-(w — 1)-5, for
w > 2) under the basis transformation. Moreover, since the RHS of Eq. (45)
(respectively Eq.(46)) and that of Eq.(42) (respectively Eq.(43)) are of the
same form, the w-th queried functional key sk(“) = (k;(w), k;(w)) and the x-th
queried ciphertext cT(®) = (CY"), céﬁ)) in Game 2-w-2-k-2 can be conceptually
changed to those in Game 2-w-2-k-2’. O

Claim 4. The distribution of the view of the adversary A in Game 2-w-2-£-3
and that in Game 2-w-2-k-2’ are equivalent.

Proof. Claim4 is proven in an analogous manner to Claim 3 using new dual
orthonormal bases (U, U*) as in Eq. (44). O

From Claims 3 and 4 it follows that adversary A’s view in Game 2-w-2-x-2 can
be conceptually changed to that in Game 2-w-2-x-3. This completes the proof of
Lemmad4. O

Lemma 6. For any probabilistic adversary A, for any security parameter X,
AVE O (N) = AV ().

Proof. In Game 2-¢1-6, for j = 1,...,q1, the components of the j-th queried
functional key corresponding to vectors (79, 77:1)) have the form

_ ydi ) dy+ny0ds

. (4,0) - 17 (4,1) = T
w() _ visa vy by i w s b1 1 x(d)
ki =g, ko =g, J

as in Eq. (21), where v;, 77", 1;,m5.0 Al Zy, whilefor £ =1, ..., g2, the components
of the ¢-th queried ciphertext for vectors (Z(4%), Z(41) of the form

cg@ _ g;xe >, 280+ S, $§K'1)53n+1:+5454n+27 céf) _ gffjl+a2/lj4+fz,oga’
as in Eq. (20), where ay, o', &, €00 & L.

Therefore, by swapping the components of the dual orthonormal bases
B = {by,. .. banso}, B = {b7,.. b4n+2}) (respectively (D = {dy,...,ds},
D* = {dl, e ,dg})) in the first block, i.e., in the range i = 1,...,n (respec-
tively ¢ = 1) and in the fourth block, i.e., in the range ¢ = 3n + 1,...,4n

(respectively i = 4), we obtain the distribution in Game 3. More precisely,
we define new dual orthonormal bases (U,U*) of Z;"*? and (W, W*) of Z5

using (B, B*) < Gog(Z4m+2) and (D, D*) < Gog(Z8) as follows: We set

Usn+i = l_)}, Uy = l_’; (i=1,...,n),
@ = bypyi, @ =bhy; (i=1,...n),
i =b;, @ =b (i=n+1,...,3n,4n+1,4n+2),
@y = dj, T =di, W =dy, W =d,
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We define U = {dy,...,U4ny2}, U = {u7,..., 0}, o}, W = {d1,..., 76},
W* = {wy, ..., W} It is clear that (U, U*) and (W, W*) are indeed dual ortho-
normal bases since those are obtained from the dual orthonormal bases (B, B*)
and (D, D*) respectively by means of invertible linear transformations.

Observe that in light of the adversary A’s view, both (B,B*) (respectively
(D,D*)) and (U, U*) (respectively (W, W*)) are consistent with respect to PP.
Moreover, it readily follows that the components of the queried functional keys
and ciphertexts in Game 2-¢;-6 over bases (B, B*) and (D, D*) are expressed as
those in Egs. (22) and (23) of Game 3 over bases (U,U*) and (W, W*). This
completes the proof of Lemma 6. O

5 Conclusion

In this paper, we have presented the first non-generic private key FE scheme for
the inner product functionality achieving the strongest indistinguishability-based
notion of function privacy, namely, the full-hiding security [2,8]. Our construction
has utilized the standard asymmetric bilinear pairing group of prime order and
has derived its security from the SXDH assumption. A significant future direction
of research in this area would be to explore simulation-based notion of function
privacy [2] in the context of IPE in the private key setting.
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