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Abstract

Revocable hierarchical identity-based encryption (RHIBE) is an extension of HIBE that supports the
revocation of user’s private keys to manage the dynamic credentials of users in a system. Many different
RHIBE schemes were proposed previously, but they are not efficient in terms of the private key size and
the update key size since the depth of a hierarchical identity is included as a multiplicative factor. In
this paper, we propose efficient RHIBE schemes with shorter private keys and update keys and small
public parameters by removing this multiplicative factor. To achieve our goals, we first present a new
HIBE scheme with the different generation of private keys such that a private key can be simply derived
from a short intermediate private key. Next, we show that two efficient RHIBE schemes can be built
by combining our HIBE scheme, an IBE scheme, and a tree based broadcast encryption scheme in a
modular way.
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1 Introduction

The secure digital communication between different entities through untrusted channel is one of the most
important problems in computer network. Public-key encryption (PKE) was invented to solve this funda-
mental problem [14]. To handle dynamic credentials of each user in PKE, the public-key infrastructure
(PKI) that can issue and revoke the certificates of users was successfully deployed. Although the PKI was
effective in the traditional communication environment, it is not effective in the Internet of Things (IoT)
environment since the certificate management of devices in IoT can be a big burden to the PKI.
Identity-based encryption (IBE), introduced by Shamir [36] and proposed by Boneh and Franklin [8]],
can solve this certificate management problem since the (already-known) identity of an entity can be served
as a public key. To reduce the burden of a trusted center in IBE, hierarchical IBE (HIBE) that organizes each
entity in a hierarchy was introduced by Horwitz and Lynn [20]. Similar to PKE, IBE and HIBE also should
incorporate the revocation mechanism to handle the dynamic credential (or private key) of each identity.

1.1 Previous Work

A revocable IBE (RIBE) scheme that can revoke the private key of a user was presented by Boneh and
Franklin [§]], but their solution was not scalable since each user should retrieve a new private key from
a trusted center per each time period. A scalable RIBE scheme was proposed by Boldyreva, Goyal, and
Kumar [4]. In this RIBE scheme, a user is assigned to a leaf node in a full binary tree and a trusted center
generates the private key of the user where the private key is associated with the path nodes. After that, the
center periodically broadcasts an update key for non-revoked users per each time period where the update
key is associated with the covering nodes that can cover the set of all non-revoked leaf nodes. If a user is
not revoked in the update key, then he can decrypt a ciphertext by deriving a decryption key from his private
key and the update key. This approach of RIBE was successfully used in the construction of other RIBE
schemes [22,[27129,/33]].

The design approach of RIBE schemes that use a binary tree also can be applied to build revocable HIBE
(RHIBE) schemes. The previous RHIBE schemes can be divided into two types depending on the generation
of a decryption key from a private key and an update key. The first RHIBE scheme was proposed by Seo
and Emura [32]] by combining the HIBE scheme of Boneh and Boyen (BB-HIBE) [5]] and the complete
subtree (CS) scheme [28]]. This RHIBE scheme is the type of history-preserving updates such that all update
keys of ancestor identities are need to derived a decryption key. In this RHIBE scheme, each identity
keeps his own binary tree to handle the key revocation of child identities by following the design principle
of the BGK-RIBE scheme. The main hurdle of the RHIBE design is to handle random values in each
binary tree independently chosen by each identity. By carefully organizing a private key and an update key,
they correctly derived a decryption key by removing the randomness. However, a private key consists of
O(f*10gN) group elements since a private key contains all private keys of ancestor’s identities and an update
key consists of O(¢rlog %) group elements.

The second RHIBE scheme also proposed by Seo and Emura [34] by combining the HIBE scheme of
Boneh et al. (BBG-HIBE) [7]] and the CS scheme. This RHIBE scheme is the type of history-free updates
such that a decryption key is derived from a private key and a parent’s update key only. Compared to the
previous RHIBE scheme via history-preserving updates, this RHIBE scheme via history-free updates can
reduce the size of private keys since a private key does not include all private keys of ancestor’s identities. To
achieve the history-free update method, they observe that if an update key is derived from a decryption key
instead of a parent’s update key, then the random values chosen by ancestor’s identities can be completely
removed. In this RHIBE scheme, a private key consists of O(¢logN) group elements and an update key



Table 1: Comparison of revocable hierarchical identity-based encryption schemes

Scheme PP Size SK Size UK Size CT Size Model Assumption
SE [32] o) O(?logN) O(trlogh) o) SE-IND DBDH
SE (CS) [34] o(0) O(f1ogN) O(trlogh) o(1) SE-IND g-Type
SE (SD) [34] o(¢) O(llog> N) o(tr) o(1) SRL-IND g-Type
RLPL [31] o(1) O(¢logN) O(trlogh) o(l) SE-IND q-Type
Ours (CS) o(1) O(logN) O(¢+rlogh) o) SE-IND g-Type
Ours (SD) 0(1) O(log’N) Ol +r) o) SRL-IND g-Type

We let N be the number of maximum users in each level, r be the number of revoked users, and ¢ be the depth of
a hierarchical identity. For security model, we use symbols SE-IND for selective IND-CPA model, SRL-IND for
selective revocation list IND-CPA model.

consists of O(¢rlog g) group elements. They also showed that the subset difference (SD) scheme can be
used to reduced the size of an update key by following the method of Lee et al. [22]]. Recently, Ryu et al.
proposed an RHIBE scheme with small public parameters [31]].

Although the size of a private key in RHIBE is somewhat reduced by using the history-free update
method, the current RHIBE scheme is still inefficient in terms of the private key size and the update key size
since the depth ¢ of a hierarchical identity is contained as a multiplicative factor. Thus, it is an important
problem to reduce the size of private keys and update keys in RHIBE.

1.2  Our Results

In this paper, we show that efficient RHIBE schemes with shorter private keys and update keys can be built
by following the modular design approach. That is, we remove the multiplicative factor ¢ from the size of a
private key and the size of an update key.

We first propose an HIBE scheme by modifying the HIBE scheme of Rouselakis and Waters (RS-HIBE)
[30] that is derived from their key-policy attribute-based encryption (KP-ABE) scheme. The interesting
feature of our HIBE scheme is that it allows the generation of a short intermediate private key. Furthermore,
this intermediate private key can be easily converted into a normal private key by using public parameters.
Note that the size of a private key in HIBE usually depends on the depth of a hierarchical identity [5/7].
Although this intermediate private key does not play an important role in HIBE, we observe that this short
intermediate private key enable to reduce the size of private key in RHIBE. That is, a private key in RHIBE
can be reduced from O(¢log N) group elements to O(log N) group elements if we use an intermediate private
key instead of a normal private key. We also define additional algorithms of HIBE that express the special
properties of our HIBE scheme. By using these additional algorithms, we can design our RHIBE schemes
in a modular way.

Next, we propose an RHIBE-CS scheme by combining our HIBE scheme, the IBE scheme of Boneh
and Boyen (BB-IBE) [5]], and the CS scheme of Naor et al. [28]]. Basically, we use the underlying HIBE,
IBE, and CS schemes as modules when we design and prove the security of our RHIBE scheme. Although
this modular design is different to the well-known black-box design, this modular approach can simplify
the design and the security analysis of our RHIBE scheme. Because of the modular design, our RHIBE-CS
scheme can provide shorter private keys and shorter update keys by removing the multiplicative factor ¢



where / is the depth of a hierarchical identity. That is, if we compare our RHIBE-CS scheme to the RHIBE
scheme of Seo and Emura [34]]. the size of a private key is reduced from O(¢logN) to O(logN) and the size
of an update key is reduced from O(¢rlog g) to O(¢+rlog g) The detailed comparison of RHIBE schemes
is given in Table

Finally, we propose an RHIBE-SD scheme by combining our HIBE scheme, the BB-IBE scheme, and
the subset difference (SD) scheme of Naor et al. [28]]. As mentioned before, we can simplify the design and
security analysis of our scheme by following the modular approach. By replacing the CS scheme with the
SD scheme in our RHIBE-SD scheme, the size of an update key is reduced from O(¢+ rlog) to O(¢+r),
but the size of a private key is increased from O(logN) to O(log? N). To reduce the size of private keys, we
can use the layered SD (LSD) scheme [19]] instead of the SD scheme. In this case, the size of a private key
is reduced to O(log! N), but the size of an update key is slightly increased.

1.3 Our Techniques

To reduce the size of a private key in RHIBE, we first build an HIBE scheme modified from the RS-HIBE
scheme [30] that supports a short intermediate private key ISKypr. The size of a private key SKppg in
HIBE usually cannot be short since it depends on the depth £ of a hierarchical identity. However, we observe
that a trusted center can generate a short intermediate private key /SKypr if an independent random value
r; is used for each level-i and a special identity encoding is used. Let ID = (I;,5>,1z) be a hierarchical
identity. We consider a special identity encoding CID = (CI,,CL,Clz) = (11,11 ||I2,1,]|2||I3) where || is the
concatenation of two strings. An interesting feature of this encoding is that the last identity values CI3 and
CIj are different if CID and CID' are different. By using this feature, a simulator in the security proof
can generate a short intermediate private key ISKy;pg for CID = (CI,,CL,CI3) by carefully controlling the
random value r3 only for the last identity CI3 since CI3 is different with CI5 in the challenge ciphertext.
Additionally, we can easily convert ISKypr to SKypE by selecting additional random values ry, r, for other
levels.

In HIBE, the intermediate private key ISKy;pr with the constant size is not useful since a normal private
key is needed for the key delegation. However, this short intermediate private key of HIBE can be very
useful for the private key of RHIBE. In an RHIBE scheme, each user with a hierarchical identity /D keeps
his own binary tree B7 p to manage the revocation of child users. The private key SK of a child user with
ID' consists of HIBE private keys {SKppE v, } that are associated with the path nodes {v;} in BT ;p. We can
replace the HIBE private key SKy;pEg,, to an HIBE intermediate private key ISKygE », to reduce the size
of SK since the private key SK is not directly used for the key delegation in RHIBE. Note that the original
HIBE private key SKy e can be derived in the derivation process of a decryption key DK by using a private
key SK that contains ISKpy;pr ,, and an update key UK. Thus, the size of SK can be reduced since it consists
of ISKHIBE,V; instead of SKHIBE,V;~

Furthermore, we reduce the size of an update key UK in RHIBE by separating a randomized decryption
key RDK and an IBE private key for time in a modular way. In an RHIBE scheme, an update key UK for /D
and time T consists of partial private keys { PSK,, } that are associated with the cover nodes {v;} that cover
all non-revoked leaf nodes. We observe that this partial private key PSK,, can be separated as a (randomized)
decryption key RDK;p r and an IBE private key SKjpg ,, for time T. That is, the update key UK can consist
of just one RDK;p r and multiple {SK;pg ,,} associated with the cover nodes. Therefore, we removed the
multiplicative factor £ in a private key and an update key since /SK and SK;jgg consist of the constant number
of group elements.



1.4 Related Work

As mentioned before, Horwitz and Lynn introduced the concept of HIBE and they presented a two-level
HIBE scheme in bilinear maps [20]. An HIBE scheme that supports many-levels was proposed by Gentry
and Silverberg [16] and the full model security was also given in the random oracle model. The HIBE
scheme of Gentry and Silverberg also can be converted into a hierarchical identity-based signature (HIBS)
scheme since the private key of HIBE can be a signature by the observation of Naor [§]. An HIBE scheme
without random oracles was presented by Canetti et al. [12] and they showed that a forward-secure encryp-
tion (FSE) can be built from any HIBE scheme. After that, Boneh and Boyen proposed an efficient HIBE
scheme that is secure in the selective model under the standard assumption [5,/6]. An HIBE scheme with the
constant size ciphertexts was given by Boneh, Boyen, and Goh [[7]] by using the power of a g-type assump-
tion. There are many other HIBE schemes with different properties in bilinear maps [9}/10,35]]. Note that
HIBE schemes also can be built from lattices [[1},2,/13]].

Many HIBE schemes without random oracles were proven in the selective model where an adversary
should submits the challenge hierarchical identity /D* before he receives the public parameters [[12]. An
HIBE scheme that is secure in the full model without the security degradation was proposed by Gentry and
Halevi [15]] by using a g-type assumption. To achieve a fully secure HIBE scheme, Waters proposed the dual
system framework where private keys and ciphertexts can have two types [38]. By using the dual system
framework, Waters proposed a fully-secure HIBE scheme in the standard assumption. Lewko and Waters
also presented another fully secure HIBE scheme with the constant size ciphertexts by using the dual system
framework [25]]. This dual system framework was wildly used in other HIBE schemes [23}[24)26]]. Recently,
a fully secure HIBE scheme with tight-reduction under the standard assumption was proposed by Blazy et
al. [13]].

2 Preliminaries

In this section, we first briefly review bilinear groups and the complexity assumption in bilinear groups.
Next, we define the syntax and the security model of revocable HIBE.

2.1 Notation

Let A be a security parameter and [n] be the set {1,...,n} for n € Z. Let Z be the identity space. A
hierarchical identity /D with a depth k is defined as an identity vector ID = (Iy,...,I;) € I*. We let ID|;
be a vector (Iy,...,I;) of size j derived from ID. If ID = (Iy,...,I;), then we have ID = ID|;. We define
ID|o = € for simplicity. We define a useful function for the hierarchical identity. Prefix(/D|;) is a function
that returns a set of prefix vectors {ID|;} where 1 < j < k where ID|; = (I,...,I;) € Z* for some k. For
two hierarchical identities /D|; and ID|; with i < j, ID|; is an ancestor of ID|; and ID|; is a descendant of
ID|; if ID|; € Prefix(ID)|).

2.2 Bilinear Groups

Let G and G7 be multiplicative cyclic groups of prime order p and g be a generator of G. The bilinear map
e : G x G — Gr has the following properties:

e Bilinearity: Vu,v € G and Va,b € Z,, e(u®,V*) = e(u,v)®

e Non-degeneracy: 3¢ € G, such that e(g,g) has order p, that is, e(g,g) is a generator of G



We say that G, Gr are bilinear groups if the group operations in G and Gr as well as the bilinear map e are
all efficiently computable.

2.3 Complexity Assumptions

We introduce the g-RW?2 assumption of Rouselakis and Waters [[30] that was used to prove the security of
their attribute-based encryption schemes.

Assumption 2.1 (¢-RW2, [30]). Let (p,G,Gr,e) be the description of a bilinear groups of prime order p.
Let g be a random generator of G. The g-RW2 assumption is that if a challenge tuple

. B R
D= ((p,G,GT, €),8:8%8"8 8" {g, g, g/, g b @/ Y
{gxzbi/bj7 yh,—/bigxyzh,‘/bﬁ (x2)%bi i/bj }VIJE z#]) and Z

are given, no probabilistic polynomial time (PPT) algorithm A can distinguish Z = Zy = e(g,g)™* from

Z =171 = e(g,g)! with more than a neglzgzble advantage. The advantage of A is defined as Adv’, sz(ll)
|Pr[A(D, Zy) = 0] — Pr[A(D, Z,) = 0]| where the probability is taken over random choices of x,y,z,{b; Yielg)s
fE€Zp.

2.4 Pseudo-Random Functions

A pseudo-random function (PRF) [17] is an efficiently computable function F : L x X — ) where K is the
key space, X' is the domain, and ) is the range. Let F(k,-) be an oracle for a uniformly chosen k € K and
f(+) be an oracle for a uniformly chosen function f : X — ). We say that a PRF is secure if for all efficient
adversaries A the advantage Advpgr,4(1*) = | Pr[AT ) = 1] — Pr[A/0) = 1]| is negligible.

2.5 Revocable HIBE

Revocable HIBE (RHIBE) is an extension of HIBE that allows a user to revoke the private key of a next
level user if the private key is revealed or expired when the next level user’s private key is delegated from
his private key [32}34]. In RHIBE, a user with /D|;_; can delegate his private key SKjp|, , to a next level
user with /D[ by generating a private key SKjp,,. After that, the user periodically broadcasts an update key
UKrR, Dl for non-revoked users on time period 7" where Rp), | is the set of revoked users. The next level
user who has a private key SKjp|, can derive a decryption key DK;p,, r from SKjp|, and U KT,R;D\,{,I if his
private key is not revoked in the update key (i.e. ID|x € R;p|, ,). Now, the user can decrypt a ciphertext for
ID'|; and T' by using the derived DK;p), r if ID|y = ID'[;and T =T".

Currently, there are two approaches that handle update keys in RHIBE. The first one is the history-
preserving update approach where a user simply creates an update key without checking whether his private
key is revoked or not [32]. In this case, a next level user should retrieves all update keys generated by his
ancestors to derive a decryption key. The second one is the history-free update approach where a user can
create an update key only when his private key is not revoked [34]. That is, an update key can be created
if a user can derive a decryption key first. In this case, a next level user only needs to retrieve an update
key generated by his parent to derive a decryption key. Note that the syntax and the security model of one
approach are slightly different from those of another approach. We follow the definition of RHIBE with
history-free updates. The syntax of RHIBE with history-free updates is defined as follows:



Definition 2.2 (Revocable HIBE). An RHIBE scheme with history-free updates for the identity space I,
the time space T, and the message space M, consists of seven algorithms Setup, GenKey, UpdateKey,
DeriveKey, Encrypt, Decrypt, and Revoke, which are defined as follows:

Setup(1*,Nyuar): This algorithm takes as input a security parameter 1* and the maximum number Nipqy
of users in each level. It outputs a master key MK, an (empty) revocation list RL¢, a state ST, and
public parameters PP.

GenKey(ID|y,STip), ,,PP): This algorithm takes as input a hierarchical identity ID|; = (Iy,...,I) € T*,
the state STyp,,_,, and public parameters PP. It outputs a private key SKip,.

UpdateKey(T,RL;p,_,,DK;p), , 1,5Tip|,_,,PP): This algorithm takes as input time T € T, a revocation list
RLp),_,, a decryption key DKp,, | r, and public parameters PP. It outputs an update key U KT’RID‘k—l .

DeriveKey(SKp|,, UKT,RID\,{,I ,PP): This algorithm takes as input a private key SKip,, for a hierarchical

identity ID\y, an update key U KT’RID\,(,I Jortime T and a revoked set Ryp,, ,, and the public parameters
PP. It outputs a decryption key DKip|, 1.

Encrypt(ID|;,T,M, PP): This algorithm takes as input a hierarchical identity ID|; = (I, ...,I;) € I, time
T, a message M, and the public parameters PP. It outputs a ciphertext CTpj, 1.

Decrypt(CTyp|, v, DKp|, 1/, PP): This algorithm takes as input a ciphertext CTip), 1, a decryption key

DKipy\, 1 and the public parameters PP. It outputs an encrypted message M.

Revoke(ID|;, T, RLip|,_,,STip|,_,): This algorithm takes as input a hierarchical identity ID|x, revocation
time T, a revocation list RLyp,, ,, and a state STp,, . It updates the revocation list RLypj, ,.

The correctness of RHIBE is defined as follows: For all MK and PP generated by Setup(l’l), SKipj, gener-
ated by GenKey(ID|, ST |_1,PP) for any ID|y, UKr Ry, generated by UpdateKey(T,RLp|, ,DKjp|, | 1,
STipy, ,,PP) for any T and RL, CTyp), v generated by Encrypt(ID|,,T,M, PP) for any ID|;, T, and M, it is
required that

® IfID|k gRID‘k,]’ then DeriveKey(SKID‘k,UKT,RID‘H 7PP) = DKID|k,T‘
o IfID|; € Ryp),_,, then Dert'veKey(SI(Imk,UKTng‘k_1 ,PP)=_1.

o If(ID|;=ID'|x) N(T =T'), then Decrypt(CT;p, r,DK;py|, 1, PP) = M.

Lk

o If(ID|; #ID'|y) V(T #T'), then Decrypt(CT;p,, r,DKjpy|, 1, PP) = L.

Ik

The selective security model of RHIBE with history-free updates that considers the decryption key expo-
sure attack and the insider security was defined by Seo and Emura [34]. In this model, an adversary initially
submits a challenge hierarchical identity /D*|, and challenge time 7. After receiving public parameters, the
adversary can request private key, update key, decryption key, and revocation queries with some restrictions
to prevent obvious attacks. In the challenge step, the adversary submits two challenge messages M;, M| and
receives a challenge ciphertext CT* that is an encryption of one challenge message. The adversary wins the
game if he correctly guesses the encrypted message.

By carefully examining the security model of Seo and Emura [34]], we found that their definition of the
security model is not complete since they missed one important restriction in update key queries. That is,
an adversary cannot query an update key for ID|;_; on time 7 if one ancestor of ID|;_; is already revoked



on time 7" since the decryption key DKjp, , 7 cannot be created by the syntax of RHIBE with history-free
updates. Recall that an adversary easily distinguishes whether it is a simulation or not by simply querying
the update key if this restriction is not enforced. Note that this restriction in update key queries is not needed
in the security model of RHIBE with history-preserving updates [32]]. The corrected security model of
RHIBE with history-free updates is defined as follows:

Definition 2.3 (Selective IND-CPA Security (SE-IND-CPA)). The selective IND-CPA security of RHIBE is
defined in terms of the following experiment between a challenger C and a PPT adversary A:

1. Init: Ainitially submits a challenge hierarchical identity ID*|; = (I}, ...,I;) and challenge time T*.

2. Setup: C obtains a master key MK, a revocation list RL,, a state ST,, and public parameters PP by
running Setup(1* Nyay). It keeps MK ,RL, ST to itself and gives PP to A.

3. Phase 1: A adaptively requests a polynomial number of queries. These queries are processed as
follows:

o Private key. If it is a private key query for a hierarchical identity ID|, then C gives a private key
SKp|, and a state STyp|, by running GenKey(ID|y,ST;p,, ,, PP) with the restriction: If ID|; €
Prefix(ID*|y) where k < {, then ID|y or one of its ancestors must be revoked at some time T
where T < T*.

e Update key. If it is an update key query for a hierarchical identity ID|;—y and time T, then C
gives an update key UKTRyp, by running UpdateKey(T,RLp, ,,DKp|, , 7,5Tip|, ,,PP) with
the restriction: If ID|x_ or one of its ancestors is revoked on time T, then this update key query
cannot be requested since DKjp,, , r cannot be derived.

e Decryption key. If it is a decryption key query for a hierarchical identity ID|; and time T, then C
gives a decryption key DKip,, r by running DeriveKey (SK,D| oU KTaRw\k,l , PP) with the restric-
tion: A decryption key query for the challenge identity ID*|;. or its ancestors on the challenge
time T* cannot be requested.

e Revocation. If it is a revocation query for a hierarchical identity ID|; and time T, then C updates
a revocation list RL;p|, , by running Revoke(ID|,T,RLp|, ,,STip|, ,) with the restriction: A
revocation query for ID|; on time T cannot be requested if an update key query for ID|; on the
time T was requested.

Note that we assume that update key, decryption key, and revocation queries are requested in non-
decreasing order of time.

4. Challenge: A submits two challenge messages My, M; with the same length. C flips a random coin
u € {0,1} and gives the challenge ciphertext CTI*D*\; r- to A by running Encrypt(ID*(;,T*, M, PP).

5. Phase 2: A may continue to request a polynomial number of queries subject to the same restrictions
as before.

6. Guess: Finally, A outputs a guess |’ € {0,1}, and wins the game if L = 1.

The advantage of A is defined as Advi%}gg ;gp A1) = ‘ Prip=pu']— %‘ where the probability is taken over
all the randomness of the experiment. An RHIBE scheme is SE-IND-CPA secure if for all PPT adversary A,
the advantage of A in the above experiment is negligible in the security parameter A.



Definition 2.4 (Selective Revocation List IND-CPA Security (SRL-IND-CPA)). The selective revocation list
IND-CPA security of RHIBE is weaker than the previous SE-IND-CPA security of RHIBE. In this model, an
adversary initially submits a challenge hierarchical identity ID*|,, challenge time T*, and a revocation list
RL* on the time T*. An RHIBE scheme is SRL-IND-CPA secure if for all PPT adversary A, the advantage
of A is negligible in the security parameter A.

3 Hierarchical Identity-Based Encryption

In this section, we first propose an HIBE scheme that supports the generation of short intermediate private
keys. We also present the IBE scheme of Boneh and Boyen [5]] with additional algorithms. Note that we
present the KEM version of HIBE and IBE for the modular approach.

3.1 Definitions

HIBE is an extension of IBE that can reduce the workload of a trusted center by delegating the generation
of private keys to other entities [[16,20]]. In HIBE, all users are organized in a hierarchy and the hierarchical
identity of a user is represented as an identity vector. A user with a hierarchical identity ID|; = (Iy,...,I})
can receive his private key SKjp, from a trusted center and later he can delegate SKjp), to another user with
a hierarchical identity ID|x; = (I1,..., Ik, Ix+1) if ID|; is a prefix of ID|;, ;. A sender can create a ciphertext
header CH,p|, and a session key EK for a user with /D|; by using public parameters. A receiver who has
a private key SKjp|, can derive the session key from the ciphertext header if ID|; is a prefix of ID|;. The
syntax of HIBE is defined as follows:

Definition 3.1 (HIBE). An HIBE scheme consists of five algorithms Setup, GenKey, Delegate, Encaps, and
Decaps, which are defined as follows:

Setup(1*). The setup algorithm takes as input a security parameter 1*. It outputs a master key MK and
public parameters PP.

GenKey(ID|,, MK, PP). The key generation algorithm takes as input a hierarchical identity ID|;, = (I1,...,I)
€ I*, the master key MK, and the public parameters PP. It outputs a private key SKipj, for ID|;.

Delegate(ID|y, SKip|,_,,PP). The delegation algorithm takes as input a hierarchical identity ID|y, a private
key SKipj, , for ID|i_1, and the public parameters PP. It outputs a delegated private key SK;p,, for
ID|;.

Encaps(ID|y,PP). The key encapsulation algorithm takes as input a hierarchical identity ID|; and the
public parameters PP. It outputs a ciphertext header CHyp,, for ID|y and a session key EK.

Decaps(CHp,,, SKip
for 1D

s PP). The key decapsulation algorithm takes as input a ciphertext header CHyp,,
& a private key SKip, for ID/,, and the public parameters PP. It outputs a session key EK or L.

The correctness of HIBE is defined as follows: For all MK, PP generated by Setup(l’l), all ID|y.,ID
SKip|, generated by GenKey(ID|;, MK ,PP), it is required that

¢, any

e IfID|; € Prefix(ID’

¢), then Decaps(Encaps(ID'|;, PP),SK,p,,PP) = EK.

e IfID|; & Prefix(ID'

¢), then Decaps(Encaps(ID' |y, PP),SK;p,PP) = 1.



The security model of HIBE was defined by Gentry and Silverberg [16] and the selective security model
was introduced by Canetti et al. [11]. In this paper, we define the KEM version of the selective security
model. In this model, an adversary initially submits a challenge hierarchical identity /D*|, before he re-
ceives the public parameters. After that, the adversary can request private key queries for some hierarchical
identities that are not prefixes of ID*|,. In the challenge step, the adversary receives a ciphertext header CH*
and a challenge session key EK* that is real or random. Finally, the adversary guesses whether the challenge
session key is real or random and outputs his guess. If the adversary correctly guesses the session key, then
he wins the game. The detailed definition of the security model is defined as follows:

Definition 3.2 (Selective IND-CPA Security (SE-IND-CPA)). The selective IND-CPA security of HIBE is
defined in terms of the following experiment between a challenger C and a PPT adversary A:

1. Init: A initially submits a challenge identity ID*|,.

2. Setup: C generates a master key MK and public parameters PP by running Setup(l’l). It keeps MK
to itself and gives PP to A.

3. Phase 1: A may adaptively request a polynomial number of private key queries. If this is a private
key query for a hierarchical identity ID|; with the restriction ID|; & Prefix(ID*|;), then it creates a
private key SKyp,, by calling GenKey(ID|, MK, PP).

4. Challenge: In the challenge step, C creates a ciphertext header CH* and a real session key EK* by
running Encaps(ID* |y, PP). Next, it flips a random coin p € {0, 1} and gives CH* ,EK* to A if u =0.
Otherwise, it gives CH* and a random session key to A.

5. Phase 2: A continues to request a polynomial number of private key queries subject to the same
restriction as before.

6. Guess: A outputs a guess [’ € {0,1} of 1, and wins the game if © = p'.

The advantage of A is defined as Advff,gg berar) = |Pr[u = p'] — 3| where the probability is taken over
all the randomness of the experiment. An HIBE scheme is SE-IND-CPA secure if for all PPT adversary A,
the advantage of A in the above experiment is negligible in the security parameter A.

3.2 Concatenated Identity Encoding Function

We define a concatenated identity encoding function that converts a hierarchical identity /D]y to a concate-
nated hierarchical identity CID|;. This encoding was informally introduced by Waters [38] and also used by
Lewko and Waters [26]. Let H be a collision-resistant hash function that takes as input a bit string {0, 1}*
and outputs an element in Z,. EncodeCID(/D|;) is a function that takes as input a hierarchical identity
ID|; = (Iy,...,I;) € T* and returns a concatenated hierarchical identity CID|; = (CI,...,CI;) € Z’; where
Cl; = H(ID|;) = H(Ii||---||{;) where || denotes the concatenation of two strings. The following lemma
shows an interesting property of this function.

Lemma 3.3. Let ID|; = (I,...,I;) € I¥ and ID'|, = (I},...,I;) € I* for some k,{ € Z. We let CID|; =
(ChL,...,CL) and CID'|; = (CI},...,CI}) that are returned by EncodeCID(ID|) and EncodeCID(ID'|,)
respectively. The function EncodeCID(-) satisfies the following properties:

e Property 1. If ID|; € Prefix(ID’'

¢), then CI; = CI’ for all j € [k].
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e Property 2. If ID|y & Prefix(ID'|;), then CIy # CI for all i € [{] except with negligible probability.

Proof. The property 1 is straightforward from the fact that /D|; = ID'|; since ID|; € Prefix(ID'|;). To
show the property 2, we consider two cases: k < ¢ and ¢ < k. In case of k < ¢, there exists j* € [k] such
that [+ # I. since ID|; ¢ Prefix(ID'|;). If we suppose that CIy = CI; for some i € [/], then we have a
collision H(ID|y) = H(ID'|;) since ID|; = (1y,...,I+,...,I) is not equal to ID'|; = (I1,...,I}). However, it
is a contradiction to the collision-resistance of a hash function. In case of ¢ < k, we also have ID|; # ID'|;
since k > £. Thus CI; # CI! is satisfied by the collision resistance of a hash function. O

3.3 HIBE Construction

A generic construction of an HIBE scheme from a KP-ABE scheme with the delegation of private keys
was shown by Goyal et el. [18]. That is, a KP-ABE scheme can be converted to an HIBE scheme if an
access structure in a private key is represented as one AND gate and an attribute set in a ciphertext is
specially encoded from a hierarchical identity. For example, we can encode a hierarchical identity /D =
(“com”,“dev”,* john™) as an attribute set S = (“1 : com”,“2 : dev”,“3 : john”). Rouselakis and Waters also
pointed out that their large-universe KP-ABE scheme with short public parameters can be easily converted
into an HIBE scheme (RS-HIBE) [30].

We slightly modify the RS-HIBE scheme to reduce the size of private keys. The first modification is
to use a simple secret sharing method instead of an LSSS method in a private keys since one AND gate is
enough for HIBE. If we use a simple secret sharing method, then we can compress some group elements in
private keys. The second modification is to use the concatenated identity encoding function in the previous
section. If we can use the concatenated identity encoding function, then it is possible to generate a private
key in a different way. That is, a trusted center first generates an intermediate private key with the constant
number of group elements, and then anyone who has the intermediate private key can derive an original
private key by using public parameters. This new method enables to reduce the size of private keys in
RHIBE.

Our HIBE scheme with the generation of short intermediate private keys is described as follows:

HIBE.Setup(GDS): Let GDS = ((p,G,Gr,e),g) be the description of a bilinear group with a generator
g € G. It selects random elements u,h,w € G and a random exponent y € Z,. It outputs a master key
MK = y and public parameters PP = ((p,(G,(GT,e),g, u,h,w,A = e(g,g)”).

HIBE.GenKey(ID|i, MK ,PP): Let ID|; = (Iy,...,I;) € IF and MK = 7. It obtains CID|, = (CIy,...,CI})
by calling EncodeCID(ID|y). It chooses random exponents r1,...,r; € Z, and outputs a private key
SKip|, = (KO = V[T wh, {Ki,l = ulih) " Kin = g’i}le). For notational simplicity, we define
SKipy, = (Ko = g")-

HIBE.RandKey(SKp,,, PP): Let SK;p), = (K}, {K!,,K!,}*_ ). Tt obtains CID|; = (CI,...,Cl) from
ID|;. Tt chooses random exponents ry,...,r; € Z, and outputs a randomized private key SKp|, =

) N Nk
(Ko =K§-TTiey w', {Kiy = K}, - (u"ih) ™" Kip = K[, - 8"} ,_,)-

HIBE.Delegate(ID|,SKp, ,,PP): Let ID| = (I,....I) € I and SK;p|, | = (K),{K] |, K], }\~]) where
ID|;— is a prefix of ID|. It obtains CID|;, = (CIy,...,CIy) from ID|;. It chooses a random exponent
ry € Z,, and creates a temporal private key TSK = (Ko = K}, - w™, {K; 1 = K|, Kio = K{jz}f;l, {Ki1=
(uClp)=r Ko = g'* ) Next, it outputs a delegated private key SK;p|, by running HIBE.RandKey
(TSK,PP).
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HIBE.Encaps(ID|;,t,PP): Let ID|, = (I1,...,I;) € I'. Tt obtains CID|; = (CI,...,CI) from ID|;. It
chooses random exponents s1,...,sx € Z, and outputs a ciphertext header CHyp|, = (Co =g, {Ci, 1=

g,Cin= (uCIih)sfw*t}le) and a session key EK = A’

HIBE.Decaps(CTjp,,, SK;p |, PP): Let CHpp), = (Co,{Cl,Cz}le) and SKjpy), = (K07{Ki,l,Ki,2}i-<:1)- If
ID'|; € Prefix(ID|;), then it outputs a session key EK by calculating e(Co,Ko) - TT-_; (e(Ci1,Ki1) -
e(C,-yz,K,;z)). Otherwise, it outputs | .

We define additional algorithms ChangeKey, MergeKey, GenlKey, RandIKey, ChangelKey, and
DeriveKey. The ChangeKey algorithm changes the master key part of a private key by performing a
constant addition or a constant multiplication. The MergeKey algorithm derives a new private key where
the new master key part is the additive homomorphism of two master key parts of inputs. The GenlKey
algorithm creates an intermediate private key that consists of just three group elements. The DeriveKey
algorithm derives a private key from the intermediate private key. These algorithms are very helpful to build
our RHIBE schemes in a modular way.

HIBE.ChangeKey(SK;p,,, { (opi, &) }/_,,PP): Let SK;p|, = (K(/)v{Kz{,viz{,z}le) and op; € {—I—,. X }. It. sets
TSKO) = SK;p|,. For each (op;,5;), it performs: If op; = +, then it sets TSK() = (Kél) = Ké’fl) .
o ). If op; = x, then it sets TSK®) = (K = (K} )% {K\} =

, i ' i1
& K =K K = K5 Y
(K (hl))‘si,Kj(.g = (K](’; 1))5" %_1)- It outputs a new private key SK;p|, by running HIBE.RandKey

J:1 j=1
(TSK™, PP).
HIBE.MergeKey(SK,,) ,SK|) .1, PP): Let SKy;) = (Kj, {K} |, K/, },) and SK\p) = (K{/, {K}}, KI5} )

be two private keys for the same identity /D|;. It computes a temporal merged private key TSK =
(Ko = K- K, {Kin = K] - K\, Kia = K] - K] }':.;1). Next, it outputs a merged private key SKp|,
by running HIBE.ChangeKey(7'SK, (+,7n),PP). Note that the master key part is y; + 9> + 1 if the

master key parts of SK (" and K%

1Dl D), e N and 7, respectively.

HIBE.GenlIKey(ID|;, MK ,PP): LetID|; = (Iy,...,I;) € IF and MK = ¥. It obtains CID|; = (CIy,...,CI)
from ID|;. It chooses a random exponent r; € Z, and outputs an intermediate private key /SK;p|, =
(Ko = g"w', {Ki1 = (u"h) ™" Ky » = g'* }).

HIBE.RandIKey, HIBE.ChangelKey These algorithms are very similar to the algorithms HIBE.RandKey
and HIBE.ChangeKey except that they take /SKjp|, and return ISK;p|,. We omit the description.

HIBE.DeriveKey(ISKp|,, PP): Let ISKp|, = (Ko, {K |, K, »}) for ID|; = (Iy,. .., 1) € T*. It obtains CID|; =
(CL,...,CI) from ID|;. It chooses random exponents ri,...,r, € Z, and outputs a private key

i i\~ Vi i k—1 —TIg
SKip|, = (Ko = Ké-Hlew 5 {Km = (un)"i Ko =g ’},-:1 a{Kk,l = K,’c,1 (uCkR) " Ky p = K,;z-
gt ) Note that the private key is correctly distributed because of newly chosen random exponents.

The correctness of the above HIBE scheme is relatively straightforward from that of the RS-HIBE
scheme. We omit the description of the correctness.
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3.4 1IBE Construction

The IBE scheme of Boneh and Boyen [5] with additional algorithms is given as follows:

IBE.Setup(GDS): Let GDS = ((p,G,Gr,e),g) be the group description string of a bilinear group with a
generator g € G. It selects random elements u;,h; € G and a random exponent 3 € Z,. It outputs a
master key MK = 3 and public parameters PP = ((p, G,Gr,e),g,ur,hj,A= e(g,g)ﬁ).

IBE.GenKey(/D,MK, PP): It chooses a random exponent r € Z, and outputs a private key SK;p = (KO =
&P (uPhr)" Ky =g7").

IBE.RandKey(SK;p, PP): Let SK;p = (K(’),K{). It chooses a random exponent r € Z, and outputs a ran-
domized private key SK;p = (Ko =K} (ulPh))", K1 = K] ~g").

IBE.Encaps(/D,t,PP): Let t be a random exponent in Z,. It outputs a ciphertext header CH;p = (Co =
g',C1 = (u[Phy)") and a session key EK = A’

IBE.Decaps(CT;p,SK;p,PP): Let CH;p = (Cy,C1) and SK;py = (Ko,K;). If ID = ID', then it outputs a
session key by computing EK = ¢(Cy,Kp) - ¢(C1, K} ). Otherwise, it outputs L.

We additionally define two algorithms ChangeKey and MergeKey. Although these algorithms are not
needed for IBE, those are very helpful to build our RHIBE scheme.

IBE.ChangeKey(SK;p,{(op;, 6;)}!_,,PP): Let SKip = (K{,K]), op; € {+,x}, and & be a random ex-
ponent in Z,. It sets TSK© = SK;p. For each (opi, 6;), it performs: If op; = +, then it sets
TS = (K = K™V g% K{" = K{'"V). It op; = x, then it sets TSK) = (K = (kg™ ")%, K| =
(Kl(lfl))‘si). It outputs a new private key SK;p by running IBE.RandKey (7 SK"), PP).

IBE.MergeKey(SKI(})) , SKI%), n,PP): Let SKl(l) = (K}, K}) and SKI%) = (K{/,K7) be two private keys for the
same identity ID. It computes a temporal merged private key 7SK;p = (Ko = K, - K{| ,Ki = K| - K] ).
Next, it outputs a merged private key SKjp by running IBE.ChangeKey (7 SK;p, (+,n), PP).

Remark 3.4. The above IBE scheme is slightly different with the original BB-IBE scheme. That is, we added
the RandKey algorithm that randomizes a private key, the ChangeKey algorithm that changes the master
key part of a private key, and the MergeKey algorithm that merges two private keys for the same identity.
Additionally, we modified the Encrypt algorithm to takes as input an exponent for a session key. The reason
of this modification is for the modular construction of an RHIBE scheme.

3.5 Security Analysis
Theorem 3.5. The above HIBE scheme is SE-IND-CPA secure if the g-RW2 assumption holds.

Proof. Suppose that there exists an adversary .A that attacks the above HIBE scheme with a non-negligible
advantage. A simulator B that solves the g-RW2 assumption using A is given: a challenge tuple D =

((p,G,Gr,e),8,8% 8 8% 81 { g7, g1, g/, g=b g/t @7 VF Y L gecbilbi @bilV} oovabifb] g(x<Pbifbi ) and
Z where Z =Zy = e(g,8)"* or Z = Z, €g Gr. B that interacts with 4 is described as follows:

Init: A initially submits a challenge hierarchical identity ID*|, = (I},...,I;) where ¢ < g. It obtains
CID*|, = (CIf,...,CI}) by calling EncodeCID(ID*|/).
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Setup: B chooses random exponents u’,h’ € Z, and creates public parameters PP by implicitly setting
o = Xy as

[ 14
/ b2 / . b2\ —CT*
g u=g" gy/b,7 h:gh H(gxz/b,(gﬂbi) Cr; )7 w=g" A=e(g",g).
—1 i=1

=

Phase 1: A adaptively requests a polynomial number of private key queries. If this is a private key query
for a hierarchical identity ID|;, then B proceeds as follows:

1. It first obtains CID|;, = (CI,,...,CI;) by calling EncodeCID(ID|;). If ID|; ¢ Prefix(ID*|;) by the
restriction of the security model, then we have CIi # CI for all i € [¢] from Lemma

2. Tt chooses a random exponent 7, € Z, and implicitly sets r, = —y +Xf_, Clxzbcﬁ + ;. It creates an

intermediate private key ISKjp),

4 1
ATk X —y+E; 1Cl c1*+rk_ Xy =Xy 2zbi\ CL—CTF ., 14
Ko=g%w™ = g% (g") = "I T = gV g T (87 ) T W
i=1

_ [ xzb; _
Kk7l — (uCIkh) Tk ( Clkh) T Lcn—crr CI* k

W Cl+h ! )/ b2\Cl,—CI* ! /bi Il o Cl 1\ "%
:(g [ H() )l ,'.I—[g/“Z l) k ’~(u kh) k

i=1

/c1k+h ¢ b ”/CI“Z N cry CH o — kL
H xzbi\ ~ cn—cr; H /b k— H xyzb_,/bl-) Ci=CI} |
i=1 i=1 i=1j=1,j#i
L L 1 ,
HH J/b T apcry | (uCl"h) —rk’
i=1j=1
' AL *JF’k Nl T bi\ CecF A
Kk72 — grA =g ClIy, c1 ) H gxz l) Cly—CI; -g’k.
i=1

Note that it cannot create a private key for ID| € Prefix(ID*|;) since Cly = CI; from Lemma[3.3]
3. It derives SK;p|, by running HIBE.DeriveKey(ISK;p|,, PP) and gives SK;p, to A.

Challenge: For all i € [¢], B computes the following ciphertext components by implicitly setting = z and

{S,’ = b,’} as
Ci1= g,
l ) .
Cir= (uCIl-*h)bi W= <gu/CIl-*+h’ . H ((gy/bf)C[i*—le _gxz/bj))b' gv
=1
_ ,c1*+h’ ﬁ < yb,/bz Cry — C[* ngbl‘/bj).

J=1j#

It gives the challenge ciphertext header CH;p+|, = (Co = g%, {Ci,1,Ci,2},€:1) and the challenge session key

EK*=Zto A.

le
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Phase 2: Same as Phase 1.
Guess: Finally, A outputs a guess i’ € {0,1}. B also outputs g’ O

Remark 3.6. In the security proof, the simulator first creates an intermediate private key 1SK;p|, and then
derives a private key SKjp|, by simply running the DeriveKey algorithm instead of directly creating the
private key. As mentioned before, this different key generation is possible because of the second property of
the EncodeCID function. This feature of the simulator plays an important role in the proof of our RHIBE
schemes.

Theorem 3.7 ( [5]). The above IBE scheme is SE-IND-CPA secure if the DBDH assumption holds.

3.6 Discussions

Delegation History Dependence. The security models of HIBE are divided into two types depending on the
process of delegation. In a security model with delegation history independence [5,/6l/16], the distribution of
private keys is independent of the history of private key queries from an adversary. That is, the distribution
of private keys generated from the root is the same as that of private keys delegated by a parent. In a
security model with delegation history dependence [[37}38]], the distribution of private keys in dependent of
the history of adversary’s private key queries. In this model, an adversary can queries create, delegate, and
reveal queries. If we use the security model with delegation history dependence, then we can reduce the size
of private keys and simplify the process of re-randomization. That is, a challenger can use the GenIKey
algorithm instead of the GenKey algorithm for the create query without using the DeriveKey algorithm.

Different Constructions. We observe that some of previous HIBE schemes can be modified to have addi-
tional algorithms and to support the generation of short intermediate private keys. We first consider the HIBE
scheme of Boneh and Boyen (BB-HIBE) [5,/6]. This scheme can be easily modified to have the ChangeKey
and MergeKey algorithms since it belongs to the commutative blinding method [9], and it also can have
the GenlKey and DeriveKey algorithms if the concatenated identity encoding function is used since the
private key of the scheme uses different random values for each level. Next, we consider the HIBE scheme
of Boneh, Boyen, and Goh (BBG-HIBE) [7]]. This scheme also supports the ChangeKey and MergeKey
algorithms, but it cannot have the GenlKey and DeriveKey algorithms since only one random value is used
in a private key.

4 Revocable HIBE from Complete Subtree

In this section, we propose an RHIBE scheme with shorter keys by combining our HIBE scheme, the IBE
scheme, and the complete subtree scheme.

4.1 The CS Scheme

The complete subtree (CS) scheme is one instance of the subset cover framework of Naor et al. [28]]. We
follow the definition of Lee et al. [21]]. The CS scheme is given as follows:

CS.Setup(N,u): Let Nyoe = 2" for simplicity. It first sets a full binary tree B7 of depth n. Each user is
assigned to a different leaf node in B7. The collection S is defined as {S;} where S; is the set of all
leaves in a subtree 7; with a subroot v; € BT . It outputs the full binary tree B7 .
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CS.Assign(B7,ID): Let vip be a leaf node of BT that is assigned to the user ID. Let (vg,, vk, ,---,Vk,) be
the path from the root node vy, = vy to the leaf node vy, = vjp. For all j € {ko,...,k,}, it adds S ; into
PVip. It outputs the private set PV;p = {S;}.

CS.Cover(BT,R): It first computes the Steiner tree ST (R). Let T,,... T, be all the subtrees of BT that
hang off ST (R), that is all subtrees whose roots vy, ,...v,, are not in ST (R) but adjacent to nodes of

m

outdegree 1in ST (R). Foralli € {ki,...,k}, it adds S; into CV. It outputs a covering set CVg = {S;}.

CS.Match(CVg, PVip): It finds a subset Sy with Sy € CVg and Sy € PVp. If there is such a subset, it outputs
(Sk,Sk). Otherwise, it outputs L.

We define Label(S;) as a function that uniquely maps a subset S; € S to a label string L;.

4.2 Construction

The design approach of RHIBE schemes can be divided into the history-preserving update method and the
history-free update method depending on the generation of update keys [32,(34]]. In the history-preserving
update method [32], an update key should include all update keys generated by his ancestor identities and a
private key also includes all private keys of his ancestor identities because of the update key. In the history-
free update method [34], an update key is generated from a decryption key that can be derived from a private
key and a parent’s update key if the private key is not revoked in the parent’s update key. One nice property
of the history-free update method is that a private key does not need to include all private keys of ancestor’s
identities. Thus, we follow the history-free update approach of Seo and Emura [34)]. Note that a private
key and an update key of the RHIBE scheme of Seo and Emura consists of O(¢logN) group elements and
O(¢rlog™) group elements respectively.

In contrast to the previous ad-hoc design approach that builds an RHIBE scheme by combining an
HIBE scheme and a CS scheme, we propose a modular design approach that builds an RHIBE scheme by
combining an HIBE scheme, an IBE scheme, and a CS scheme. That is, we define each interface of HIBE,
IBE, and CS schemes and we build an RHIBE scheme by just calling the interfaces of each underlying
schemes. The main advantages of this modular approach is the simplicity and the reusability. In particular,
we show that a private key of RHIBE can use an intermediate private key of HIBE instead of using a
private key of HIBE. Recall that the intermediate private key of HIBE is shorter than the private key of
HIBE. Thus, we can reduce the size of an RHIBE private key from O(¢logN) group elements to O(logN)
group elements. Furthermore, we reduce the size of an update key from O(¢rlog %) to O(£+ rlog g) group
elements by taking advantage of the modular design approach.

Let HIBE be the scheme in Section [3.3] and IBE be the scheme in Section 3.4l Our RHIBE scheme
from CS is described as follows:

RHIBE.Setup(l’l,Nmax): This algorithm takes as input a security parameter 1* and the maximum number
of users N, for each level.

1. It first generates bilinear groups G,Gr of prime order p. Let g be a generator of G. It sets
GDS = ((p,G,Gr,e),g). It obtains MKypr and PPy e by running HIBE.Setup(GDS). It
also obtains MK;pr and PP by running IBE.Setup(GDS).

2. It selects a random exponent ¢ € Z, and outputs a master key MK = a and public parameters
PP = (PPHIBE,PPIBE, Q= e(g,g)“,Nmax). For notational simplicity, we define SKp|, = MK.
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RHIBE.GenKey(/D|;, STyp),_,,PP): This algorithm takes as input a hierarchical identity ID|y = (1,...,Ix) €
T* with k > 1, the state STipj,_,» and public parameters PP.

1. If STjp, , is empty (since it is first called), then it obtains BT jp|,_, by running CS.Setup(Nax)
and generates a false master key [3ID|k71 and a PRF key zjp|, ,. Next, it sets $Tjp|, , = (BTID\H ,
B]le—l 7Z1D‘k—l)'

2. It assigns ID|; to a random leaf node v € BT p|, , and obtains a private set PV;p|, = {S;} by
running CS.Assign(B7 p|, ,,IDlx).

3. For each S; € PVyp,,, it computes ¥; = PRF(z;p), ,,L;) where L; = Label(S;) and obtains
ISKHIBE,Sj by running HIBE.GenIKey(ID\k, yj;PPHIBE)-

4. Finally, it outputs a private key SK;p|, = (PVID|k,{ISKHIBE,Sj}SjEPV[D‘k)' Note that the master
key part of ISKHIBE,S_,- is Yi-

RHIBE.UpdateKey(7,RL;p, ,,DK;p|, ,1,5Tip|, ,,PP): This algorithm takes as input time T € T, the re-
vocation list RL;pj, ,, the decryption key DKjp,, | r = (RSKy;pE 1p|, ,» RSKiBE 1), the state STyp|, | =
(BT 1p|,_,sBiv|_,>2ip|,_,) With k> 1, and public parameters PP.

1. Ttobtains RDKjp), , v = (RSKuise,RSKipg) by running RHIBE.RandDK (DK;p,, , 7, —Bip),
PP).

2. Itderives the set Ryp|, , of revoked identities at time 7" from RL;p), ,. Next, it obtains a covering
set CVg,, = {Si} by running CS.Cover(BT p|, ,,Rp, ,)-

3. For each S; € CVRm\k_l’ it computes % = PRF(z;p|, ,,L;) where L; = Label(S;) and obtains
SKipE s, by running IBE.GenKey(7, B;p|, , — ¥, PPisE)-

4. Finally, it outputs an update key UKrg,, = (RDKID\,(,I,DCVR,D‘A,_I v{SKIBESi}SiGCVR,D‘H ).
Note that the master key parts of RSKy;sE,RSKiE, and SKjpp s, are ', o« —n' — Bypy, ,, and
Bipy,_, — ¥ for some random 1N’ respectively.

RHIBE.DeriveKey(/D|;, T, SKip|,,U KT»RID\k,l ,PP): This algorithm takes as input a hierarchical identity
ID|; with k > 0, time 7', a private key SK;p), = (PVjpj,, {ISKHIBE,SJ.}S/.GPVID& ), an update key UKrRyp,
(RDKp), ,7:CVRyp, > {SKIBE@}S‘ECVR/D\,(,I) where RDK,p|, , 7 = (RSK}; g, RSK ), and the pub-
lic parameters PP.

If k =0, then SK;p|, = MK = a and UK is empty. It proceeds as follows:

1. It selects a random exponent 1 € Z,. It then obtains RSKypg ip|, and RSKjpg,r by running
HIBE.GenKey(ID|y,n, PPypr) and IBE.GenKey (7T, a — 1, PP ) respectively.

2. Tt outputs a decryption key DKjp|, r = (RSKppE ip|,» RSK1BE.T)-
If £ > 1, then it proceeds as follows:

1. If ID|x € Rypj,_,, then it obtains (S;,S;) by running CS.Match(CVg,, ,PVip,). Otherwise, it
outputs L. Next, it retrieves ISKppg s, from SKjp|, and SKjpg s, from U KT,R;D\A,,1~ It derives
SKHIBE,S,- by running HIBE.DeriveKey(ISKHIBE’SZ,,PPHIBE).

2. It obtains RSK};,z; by running HIBE.Delegate(ID|i, RSK}; 55, PPuise) since RSKj, gy is for
ID|—;. It selects a random exponent 1 € Z,,. Next, it obtains RSKyisE 1p|, and RSKjpe r by run-
ning HIBE.MergeKey(RSK;f,,BE,SKHIBE,SI.,n,PPHIBE) and IBE.MergeKey(RSK,’BE,SKIBE,S,.,
—1n, PPipg) respectively.
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3. Finally, it outputs a decryption key DKjp|, 7 = (RSKHIBEJD‘,(,RSKIBEJ).

Note that the master key parts of RSKp ;g 1p|, and RSKjpe,r are n’ and o — 1’ for some random n’
respectively.

RHIBE.RandDK(DKp,, 7,3, PP): This algorithm takes as input a decryption key DKp), 7 = (RSK HIB D),
RSK}BE’T), an exponent 3 € Zp, and the public parameters PP. It first selects a random exponent
N € Zp. Next, it obtains RSKypg 1p|, and RSK;gg 7 by running HIBE.ChangeKey(RSK;HBE’IDM,
(+,m),PPuipe) and IBE.ChangeKey(RSKjpy. 7, (+,—1 + B), PPpr) respectively. It outputs a ran-
domized decryption key DKjp|, r = (RSKHIBEJD|,(,RSKIBE7T). Note that the master key parts of
RSKyipE ip|, and RSKjpg 7 are n" and o — 1’ + B respectively.

RHIBE.Encrypt(ID|,,T,M, PP): This algorithm takes as input a hierarchical identity ID|, = (I},...,I;) €
7! with ¢ > 1, time T, a message M, and the public parameters PP. It first chooses a random exponent
t € Zyp. Next, it obtains CHypg ip|, and EKyjpg by running HIBE.Encaps(ID|,,t, PPypE). It also
obtains CHjpg 7 and EKjpr by running IBE.Encaps(7,, PPpr). It outputs a ciphertext CTipj,r =
(CHu1pe 1p),-CHige,r,C = Q' - M).

RHIBE.Decrypt(CTjp), r, DKp|, 1/, PP): This algorithm takes as input a ciphertext CTjp|, 7 = (CHy g, D>
CHige,r,C) with £ > 1, a decryption key DKjp|, 7# = (RSKn;sE 1p|,, RSKipe,17) With k > 1, and the
public parameters PP. If ID|;, € Prefix(ID|;) and T = T’, then it obtains EKppr and EK;pg by run-
ning HIBE.Decaps(CHy g ip|,» RSKniE ip|,» PPaise) and IBE.Decaps(CHjge 1, RSKpE 17, PPisE)
respectively. Otherwise, it outputs L. It outputs an encrypted message M = C - (EKypE -EK,BE)*l.

RHIBE.Revoke(/D|;, T, RLpy, ,,STip|, ,): This algorithm takes as input a hierarchical identity ID|; with
k > 1, revocation time T', a revocation list RLyp|, ,, and a state STjp|,_, = (BT,DM1 ,2). If ID| is not
assigned in BT jp|, ,, then it outputs L. Otherwise, it updates RL;p|, , by adding (/D|,T) to RLp, ,-

4.3 Correctness

To show the correctness of the above RHIBE scheme, we first show that a decryption key DKjp|, r is cor-
rectly derived from a private key SK;p|, and an update key UKt Ry, - LetSKip), = (PVip|,s {ISKu1BE s, }5,€PV)
and UKT Ry, , = (RDK;p), , 7,CVr,{SKiBEs; }s.ccv) wWhere RDKp|, | 7 = (RSKypp,RSKjpg). From the
GenKey and UpdateKey algorithms, the master key parts of / SKuiBE s; and SKjpE s, are associated with ¥;
and Byp), , — 7 respectively. Additionally, the master key parts of RSK};; 5, and RSK;py are associated with
n’and a —n' — Byp|, , respectively.

If ID|; & R1D|H , then the master key parts of ISKy;pE s; and SK;pg s, are associated with ¥; and ﬁID‘H —
¥; since there keys are related to the same tree node because of the correctness of the CS scheme. The
master key part of SKI/'-IIBE‘S,- derived from HIBE.DeriveKey still associated with 7. Thus, the master key
part of RSK}}, 5 and RSK; é  that are returned by HIBE.MergeKey and IBE.MergeKey are associated with
n"=m")+v%+nand (¢ —n"—Pp|_,) + Bip,_, —%—1N = a—n" respectively. Thus the DeriveKey
algorithm is correct since we have « if we add two master key parts of the decryption key.

Next, we show that the message is correctly decrypted by the decryption algorithm. The correctness of
the Decrypt algorithm can be shown by the correctness of the HIBE.Decrypt and IBE.Decrypt. That is,
we have e(g,g)" " from the correctness of HIBE and e(g,g)(* ") from the correctness of IBE. By adding
two partial session keys, we have e(g,g)*. The message M can be easily obtained by using this session key.

18



4.4 Security Analysis

Theorem 4.1. The above RHIBE scheme from CS is SE-IND-CPA secure if the PRF scheme is secure and
the g-RW2 assumption holds.

Proof. Let ID*|, = (I},...,I) be the challenge hierarchical identity submitted by an adversary. To prove
the selective IND-CPA security of our RHIBE scheme, we classify the type of adversaries into £+ 1 types.
The type of an adversary A is 7 € {1,...,¢,+ 1} if A does not queries the private key of /D*|; for all
je{l,...,7—1}, but A should query the private key of /D*|;. That is, the oldest ancestor of /D*|, which
is queried by A is ID*|;. If the type of an adversary is £+ 1, then A does not query the private key of ID*|;
forall j e {1,...,¢}.

Suppose that an adversary is T-type. The security proof for the T-type adversary A; consists of the
sequence of hybrid games. We define the games as follows:

Game Gy. This game is the original security game. That is, a simulator B uses a pseudo-random function
for each hierarchical identity /D|;_; when it generates private keys for child identities and update keys
for time periods.

Game G;. This game G, is similar to the game G except that 3 uses a truly random function for the
hierarchical identity /D*|;_; for all k € {1,...,7} when it generates private keys and update keys.
That is, B selects a random element ¥; € Z,, instead of computing y; = PRF(z;p-|._,,Label(S;)) for
each S; in BT jp-

‘T—l’

[k-1°
Game G;. This final game G, is almost the same with the previous game G| except that a random session

key is used to create the challenge ciphertext. Note that the advantage of A in this game is zero since
the challenge ciphertext is not related to u.

Let Advf{ be the advantage of A in a game G;. Let E; be the event that the adversary behaves like
7-type. From the Lemmas [4.2]and .3 we obtain the following equation

(41
AdvY — AdvR | < Y PriEc] - [AdvY — AdvR | < (AdVER (17) + AdvE 2 (1),
=1
This completes our proof. O

Lemma 4.2. If the PRF scheme is secure, then no PPT t-type adversary can distinguish between Ggy and
G with a non-negligible advantage.

Proof. The proof of this lemma is relatively straightforward by using additional hybrid arguments if a sim-
ulator that distinguishes whether an oracle is PRF or not selects the master key of RHIBE by himself and
uses the given oracle for the hierarchical identity /D*|;_; when it generates private keys for child identities
and update keys for time periods. We omit the details of this proof. O

Lemma 4.3. [f the g-RW2 assumption holds, then no PPT t-type adversary can distinguish between G and
G, with a non-negligible advantage.

Proof. Suppose there exists a T-type adversary A that attacks the above RHIBE scheme with non-negligible
advantage. A meta-simulator 5 that solves the g-RW2 assumption using A is given: a challenge tuple D =

((p,G,Gr,€), 8,85 8,85, g, { g, g, g</bi, g'bi g/l o3 IDI Y { guibifbj gibill gbifb] g(x2)?bifbi 1) and
Zwhere Z=27y=e(g,8)"* or Z=Z7; €g Gr. Note that a challenge tuple Dpgpy = ((p,G,Gr,e),8,8",8",8°)

19



for the DBDH assumption can be derived from the challenge tuple D of the g-RW2 assumption. Let Bypg
be the simulator of Theorem and Bjgg be the simulator of Theorem Then B that interacts with A,
is described as follows:

Init: A; initially submits a challenge hierarchical identity ID*|, = (I},...,I;) and challenge time T*. B
runs Bype by giving D and Z, and it also runs B;gg by giving Dpgpy and Z.

Setup: B submits ID*|; to Byjpr and receives PPyjpg. It also submits 7" to Bjgg and receives PPigg. It
fixes a random leaf node v* € BT p-|, , that will be assigned to the hierarchical identity /D*|.. It implicitly
sets & = xy and gives the public parameters PP = (PPHIBE,PPIBE, Q=ce(g" g ),Nmax) to A;.

Phase 1: A; adaptively requests a polynomial number of private key, update key, decryption key, and
revocation queries. 3 handles these queries as follows:

If this is a private key query for ID|, = (Ii,...,Ir—1,1I;) with k > 1, then B proceeds as follows:

e Case [D|;_; ¢ Prefix(ID*|;): In this case, it normally generates a private key by using a normally
generated STjp|,_, since it can obtains DKjp,, , r forany T

1. If the state STjp|, , was not generated before, then it normally generates S7jp), . Otherwise, it
retrieves STyp|, , that was previously generated.
2. It obtains SK;p|, by running RHIBE.GenKey(/D|y, ST;p),_,,PP). Additionally, it normally gen-
erates STyp|, by himself. Finally, it gives SK;p), and STp, to Ax.
e Case ID|;_ € Prefix(ID*|;) with k < 7: In this case, we have ID|; # ID*|; since A; is T-type.

1. It queries an HIBE intermediate private key for ID|; to By gr and receives ISK,’ﬂBE.

2. It assigns ID|; to a random leaf node v € BT jp:
CS.Assign(BT p+|,_,,ID|x).

3. Foreach §; € PVip),, it retrieves random 7; associated to the node v; and obtains ISKyiBE s; by
running HIBE.ChangelIKey (ISK}, 5, (+,7j), PPuisE ).

4. Tt sets SKjp|, = (PV,D|k, {ISKHIBE,Sj}Sjer,D‘k) and gives SK;pj, to A;. Note that the master key
part of ISKH]BE,S_, is o+ Y-

and obtains PVjp|, = {S;} by running

[x—1

k-1

e Case ID|;_| € Prefix(/D*|;) with k = 7: In this case, it carefully divides the subsets in BT p+|,_, into
two partitions. For one partition (S; € Path(ID*|;)), it sets ¥; as the master key part. For another
partition (S; & Path(ID*|;)), it sets o + ¥; as the master key part by using Bk .

1. If ID|; # ID*|¢, it queries an HIBE intermediate private key for ID|; to Bype and receives
ISK,’_”BE.

2. If ID| # ID*|¢, it assigns ID|; to a random leaf node v € BT jp+|,_, (v # v*). Otherwise (ID|; =
ID*|3), it assigns ID*|; to the pre-fixed node v*. Next, it obtains PVp), = {S;} by running
CS.Assign(BTID*|H D).

3. For each S; € PVjp,,, it retrieves random Y; that is associated to v; and proceeds as follows:

— Case S; € Path(ID*|;): It obtains ISKp;pE s; by running HIBE.GenlKey (ID|y, ¥;, PPy1BE )-
— Case S; ¢ Path(ID*|;): It obtains ISKyipg s, by running HIBE.ChangelKey (ISK}, 5,
(+,7), PPuBE).

4. Ttsets SK;p|, = (PV1D|k, {ISKHIBE7S_;}S_,~€PV,D‘I{) and gives SK;pj, to A;. Note that the master key

part of ISKu;se s, is 7; if S; € Path(ID*|¢) or it is & + 7y; otherwise.
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e Case ID|;_; € Prefix(ID*|;) with k > 7: In this case, it is the same as the case ID|;_; ¢ Prefix(ID*|,).
That is, it follows the normal key generation algorithm. We omit the description of this case.

If this is an update key query for ID|;_; = (I1,...,lr_1) with k > 1 and T, then B proceeds as follows:

e Case ID|;_; ¢ Prefix(ID*|;): In this case, it can generate U K7 Ry, , Dy following the normal algo-
rithm since it can obtain DKjp), , 7 from the condition ID|;_; ¢ Prefix(ID*|;).

1. If the state STjp|, , was generated before, then it retrieves S7jp, . Otherwise, it normally gen-
erates STyp, , by himself. Next, it requests a decryption key query for ID|; 1 and T to himself
and receives DKjp), | 7 since ID|; ¢ Prefix(ID*|;).

2. It obtains UKr g, by running RHIBE.UpdateKey(T,RL;p), ,,DKip,_,1,5T;p|, ,,PP) and
gives UKT,R/D\,(,I to A:.
e Case ID|;_, € Prefix(ID*|;) with k < 7: In this case, it can use the fact that A; is T-type.

1. It selects a random exponent 1) € Z,. Next, it obtains RSKypg ip|,_, and RSKjpg v by running
HIBE.GenKey(ID|;_1,n,PPype) and IBE.GenKey (7, —n — B,D‘ .+ PPiE) respectively. It
sets RDKyp), | v = (RSKuipe ip|,_,»RSKiBET)-

2. Itderives the set Rjp), , of revoked identities at time 7" from RL;p|, , and obtains CVRID\k,. ={S;}
by running CS.Cover (BT p, ,,Rip|,_,)-

3. For each S; € CVRm\k_, , it retrieves random 7; associated to v; and obtains SKjpg 5, by running
IBE.GenKey(ID|i—1,Bip|, , — ¥, PPiBE)-

4. Tt sets UKT7Rm|k,1 = (RDKID\H,BCVRID\H , {SKHIBEsSi}SiECVR[leil) and gives UKTJ?zmk,l to A;.
Note that the master key part of SKipg s, is Bip|, , — ¥-

e Case ID|;_; € Prefix(ID*|;) with k = 7: In this case, .A; requested the private key of ID*|;, but the
private key should be revoked in BT jp-+|,_, on the time 7.

1. It selects random exponents 1 € Z,. Next it obtains RSKypg p|, , and RSK;gg v by running
HIBE.GenKey(ID|;_1,n,PPype) and IBE.GenKey(T,—1n — Bip|, ,»PPipe) respectively. It
sets RDK;py, , v = (RSKnipe ip|,_,»RSKie,r). If T # T, it additionally queries an IBE private
key for T to Bypr and receives SKjpp 1.

2. Itderives the set Rjp|,_, of revoked identities at time T from RL;p, | and obtains CVR,D‘Fl ={S;}
by running CS.Cover(B7 1p), ,,Rip|, ,)-
3. Foreach S; € CVRzmk,l , it retrieves 7; associated to v; and proceeds as follows:

— Case S; € Path(ID*|;): It obtains SK;pg s, by running IBE.ChangeKey(SKI’BEVT, (+, BID|k—1 _
Y;), PPigg) since T # T*.
— Case S; € Path(ID*|;): It obtains SK;pg 5, by running IBE.GenKey(7, ﬁIDIH — %, PPipg).
4. Itsets UKrR,, = (RDK1D|k_|,T7CVR,D‘k717{SK[BE,S;}S,'€CVRID|I(71) and gives UKTRyp, | O A

Note that the master key part of SKjgg s, is 0+ Bp), , — ¥ if S; € Path(ID* ;) oritis Bp|, , — ¥
otherwise.
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e Case ID|;_; € Prefix(ID*|;) with k > 7: In this case, it is almost the same as the first case ID|;_| &
Prefix(/D*|;) except that it uses a decryption key by using the condition 7' # T*. Note that A, cannot
query an update key on time 7™ since ID*|; was already revoked by the restriction of the security
model. We omit the description of this case.

If this is a decryption key query for ID|;, = (I},...,I;) with k > 1 and T, then B proceeds as follows:
e Case ID|; & Prefix(ID*|,): In this case, it can use Bypg to generate g% since ID | & Prefix(1D*|,).

1. It first queries an HIBE private key for ID|; to By;pg and receives SK;HBE” Dl
2. It selects a random exponent 1 € Zj,. Next, it obtains RSKy;pr jp|, and RSKjgg v by running

HIBE.ChangeKey(SK;{IBE_ID‘k, (+,M),PPype) and IBE.GenKey(T, —n, PPgg ) respectively.

3. Itgives DKjp|, 7 = (RSKHIBE,1D|k,RSKIBE,T) to A;. Note that the master key part of RSKypg 1p),
and RSKjpg r are a + 1 and —1) respectively.

e Case ID|; € Prefix(ID*|;) and T # T*: In this case, it can use Bjpg to generates g* since T # T™*.

1. It first queries an IBE private key for 7' to Bipr and receives SKjpp 7.

2. It selects a random exponent 1) € Z,. Next, it obtains RSKypg jp|, and RSKjgg v by running
HIBE.GenKey(ID|i,n, PPypg) and IBE.ChangeKey(SK;BE’T, (+,—n), PPigg) respectively.

3. Itgives DKjp|, 7 = (RSKHIBE7ID|,€7RSKIBE,T) to Az. Note that the master key part of RSKy g 1p),
and RSK;pg r are ) and o — 1) respectively.

If this is a revocation query for ID|; and T, then B obtains an updated RL;p, , by running RHIBE.Revoke
(ID|, T, RLip|, ,,STip),_, ). Note that .4, cannot query to revoke ID|; on time T if he already requested an
update key query for ID|; on time 7.

Challenge: A; submits two challenge messages M, M;. B flips a coin pt € {0,1}. Next, it requests the chal-
lenge ciphertext to Bypr and receives CHyisE 10, and EKpjpg. It also requests the challenge ciphertext to
Bige and receives CHypg 7+ and EKjgg . It sets the challenge ciphertext CTyp-|, 7+ = (CHHIBE,ID*\/)CHIBT,T* VA
M;j) and gives it to Ax.

Phase 2: Same as Phase 1.

Guess: A; outputs a guess pt’ € {0,1}. If u = u’, then B outputs 0. Otherwise, 55 outputs 1.

To finish the proof, we should check that the public parameters, private keys, update keys, decryption
keys, and the challenge ciphertext are all generated correctly. Recall that two sub-simulators By e and
Bipg correctly generate the public parameters, private keys, update keys, and challenge ciphertexts of HIBE
and IBE respectively. The public parameters PP of RHIBE is correctly generated since two sub-simulators
use the same g in the assumption to generate PPyjpr and PPgg respectively. Note that By g implicitly sets
Y = o = xy and Bjpg also implicitly sets B = o = xy. It is also easy to show that decryption keys and the
challenge ciphertext are correctly generated since Byjpr and Bjpg correctly generate the private keys and
the challenge ciphertexts of HIBE and IBE respectively.

We can check the generations of private keys and update keys by examining the consistency of the master
key parts in private keys and update keys since the simulator uses HIBE and IBE schemes as modules. In
cases of ID|;_ ¢ Prefix(ID*|;) and ID|;_, € Prefix(ID*|;) with k > 7, private keys and update keys are
correctly generated since they are normally generated. Next, we consider the case ID|;—; € Prefix(ID*|;)
with k < 7. The master key part of ISKHiBE s; in a private key is o + ¥; and the master key part of SKiBE s;
in an update key is f;p|, , — ¥;. Additionally, the master key parts of RSKp;pE, RSK;pr in an update key are
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n and —n — Byp,_, respectively. If we implicitly sets ¥; = a +7; and ﬁI’D‘H = o+ Bypj,_, then the master
key parts of RSKy e, RSKjpE are 1 and @ — ) — 3’ respectively. The case of ID|;_1 € Prefix(ID*|;) with
k = 7 is similar to the previous case except that the master key parts of ISKHIBE’SJ. and SKIBE’SJ‘ associated
to a subset S; € Path(ID*|;) are differently set. That is, if S; € Path(ID*|;), then the master key parts of
ISKyipE,s; and SKpg s, are ¥ and @ + ﬁID‘H — 7; respectively. The problem of this setting is that an update
key on the time 7 cannot be generated if CV NPath(ID*|;) # 0. Fortunately, we have CV NPath(ID*|;) =0
since the private key of ID*|; should be revoked on the time 7* by the restriction of the security model. Thus
the master key parts of private keys and update keys are consistent. This completes our proof. O

4.5 Discussions

Different Constructions. We can build different RHIBE schemes if we replace our HIBE scheme with
other HIBE schemes if they can have the same interfaces of our HIBE scheme. At first, we can try to build
an RHIBE scheme by using the BB-HIBE scheme [5]]. As mentioned before, the BB-HIBE scheme can
have the intermediate private keys. In this RHIBE scheme, the size of public parameters, a private key, an
update key, and a ciphertextis O(¢), O(logN), O(£+rlog ), and O(¢) respectively. We can also try to build
another RHIBE scheme by using the BBG-HIBE scheme [7]]. Note that the BBG-HIBE scheme cannot have
the intermediate private key. In this RHIBE scheme, the size of public parameters, a private key, an update
key, and a ciphertext is O(¢), O(¢logN), O(£+ rlog), and O(1) respectively.

5 Revocable HIBE from Subset Difference

In this section, we propose another RHIBE scheme with shorter keys by combining our HIBE scheme, the
IBE scheme, and the subset difference scheme.

5.1 The SD Scheme

The subset difference (SD) scheme is also another instance of the subset cover framework of Naor et al. [28]].
We use the description of the SD scheme of Lee et al. [22]]. The SD scheme is given as follows:

SD.Setup(N,q): Let Nyae = 2" for simplicity. It first sets a full binary tree B7 of depth n. Each user is
assigned to a different leaf node in BT . The collection S of SD is the set of all subsets {S; j} where
v;,v; € BT and v; is a descendant of v;. It outputs the full binary tree BT .

SD.Assign(B7,1D): Let vjp be the leaf node of BT that is assigned to the user ID. Let (vg,, vk, - .,Vk,) be
the path from the root node vy, to the leaf node vy, = vip. For all i, j € {ko,...,k,} such that v; is a
descendant of v;, it adds the subset S; ; defined by two nodes v; and v; in the path into PVjp. It outputs
the private set PV;p = {S; ;}.

SD.Cover(BT,R): It first sets a subtree T as ST (R), and then it builds a covering set CVy iteratively by
removing nodes from 7 until T consists of just a single node as follows:

1. It finds two leaf nodes v; and v; in T such that the least-common-ancestor v of v; and v; does not
contain any other leaf nodes of T in its subtree. Let v; and v; be the two child nodes of v such
that v; is a descendant of v; and v; is a descendant of vi. If there is only one leaf node left, it
makes v; = v; to the leaf node, v to be the root of T and v; = vy = v.

2. If v; # v;, then it adds the subset S ; to CVg; likewise, if v # v;, it adds the subset Sy ; to CVi.
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3. It removes from 7 all the descendants of v and makes v a leaf node.
It outputs the covering set CVg = {S; ;}.

SD.Match(CVg, PVp): It finds two subsets S; ; and S, ; such that §; ; € CVg, Ay 7 €EPVip, i= i/,dj=dy,
and j # j' where d; is the depth of v;. If it found two subsets, then it outputs (S;,S; ;). Otherwise,
it outputs L.

We define Label(S; ;) as a function that uniquely maps a subset S; ; € S to label strings (L;,L;). We also
define Depth(S;) as a function that returns the depth d; of the node v; associated to S ;.

5.2 Construction

The construction of revocable IBE that uses the SD scheme instead of using the CS scheme was shown
by Lee et al. [22]]. By following the design principle of Lee et al., Seo and Emura proposed an RHIBE
scheme [34]. First, we briefly review the design idea of Lee et al. In the SD scheme, a subset §; ; is defined
as a set of leaf nodes in a subtree 7; associated with a subroot v; by excluding a set of leaf nodes in another
subtree 7; associated with a subroot v;. Lee et al. interpreted the subset S; ; as a group with single member
revocation. To implement a method for single member revocation that can be integrated with an IBE scheme,
they applied a degree-one polynomial in exponents since a single point can be revoked in this polynomial
and the Lagrange interpolation method works well in exponents.

We build an RHIBE-SD scheme by following the design principle of the RIBE-SD scheme of Lee et
al. [22]]. Similar to our RHIBE-CS scheme in the previous section, we construct an RHIBE-SD scheme
by using the underlying HIBE and IBE schemes as modules. As mentioned before, we can simplify the
construction and the security analysis of our RHIBE-SD scheme if we build it as a modular way. If our
RHIBE-SD scheme is compared to our RHIBE-CS scheme, the number of group elements in an update key
is reduced from O({¢ + rlog %) to O(¢+ r) but the number of group elements in a private key is increased
from O(logN) to O(log? N). Note that we can reduce the number of group elements in a private key to
O(log! N) if the layered SD scheme is used.

Our RHIBE scheme from SD is described as follows:

RHIBE.Setup(1*,N,,.,): This algorithm takes as input a security parameter 1* and the maximum number
of users N, for each level.

1. It first generates bilinear groups G, Gy of prime order p. Let g be a generator of G. It sets
GDS = ((p,G,Gr,e),g). It obtains MKypr and PPy e by running HIBE.Setup(GDS). It
also obtains MK;pr and PP by running IBE.Setup(GDS).

2. It selects a random exponent ¢ € Z, and outputs a master key MK = a and public parameters
PP = (PPHIBE,PPIBE, Q= e(g,g)"‘,]\’max). For notational simplicity, we define SK;p|, = MK.

RHIBE.GenKey(/D|;, STyp), ,,PP): This algorithm takes as input a hierarchical identity ID|y = (I1,...,Ix) €
TF with k > 1, the state STip),_,» and public parameters PP.

1. If STyp), , is empty (since it is first called), then it obtains BT ;p|, , by running SD.Setup(Nax)
and generates a false master key ﬁ,D‘ . € Zp and a PRF key zjp), . Next, it sets STjp), , =

(BT1D|I<—1’B1D|I<—1 ’ZIle—l)'
2. Tt assigns ID|; to a random leaf node v € BT p), , and obtains a private set PV;p, = {S;;} by
running SD.Assign(B7 p), ,,ID|x).
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3. For each S; j € PVp,,, it defines fG1(x) = agrx+ Bip|,_, by computing ag;, = PRF(z;p|,_,,GL)
where (L;,L;) = Label(S; ;), d; = Depth(S;), and GL = L;||d;, and then it obtains ISKx;pE s,
by running HIBE.GenlIKey(ID|y, fo.(L;), PPuisE)-
4. Finally, it outputs a private key SK,D| L= (PV,m o {ISKHIBE.,S,-7.,~}S,~‘,-E pvlmk). Note that the master
key part of SKHIBE,S,-,J- is fGL(Lj)~
RHIBE.UpdateKey(T,RL;p, ,,DKjp|,_, 7,5Tip),_,,PP): This algorithm takes as input time T € T, the re-

vocation list RL;pj, ,, the decryption key DKjp,, , r = (RSKy;pE 1p|, ,, RSKiBE 1), the state STyp|, | =
(BT by, ,>Bip|,_,»2p|,_,) With k > 1, and public parameters PP.

1. Ttobtains RDKjp|, , v = (RSKuise,RSKipg) by running RHIBE.RandDK (DK;p,, , 7, —Bip),
PP).

2. Itderives the set Ryp|, , of revoked identities at time 7" from RL;p), ,. Next, it obtains a covering
set CVR[D\k,l = {S;} by running SD.Cover(B7 1p, ,,Rip|,_,)-

3. ForeachS;; € CVg,, . itdefines for(x) = agrx+ Byp|, , by computing acr, = PRF(z;p), ,,GL)
where (L;,L;) = Label(S; ;), d; = Depth(S;), and GL = L;||d;, and then it obtains SK;pg s, ; by
running IBE.GenKey (7, fc1.(L;), PPigE).

4. Finally, it outputs an update key UKT:RID\k_l = (RDK,D‘H’T,CVRID“{_1 ’{SKIBETSi:j}SivjecvRu)‘kil )

Note that the master key parts of RSKy g, RSKipr, and SKjpg s, are 0/, aa — 1’ — Bip),_,» and
far(L;) for some random 1’ respectively.

RHIBE.DeriveKey(/D|;, T, SKID\kaKT-,Rm\k,l ,PP): This algorithm takes as input an identity ID|; with
k >0, time T, a private key SK;p|, = (PVjp|,, {ISKHIBE,S,;J-}S,-./EPV,D‘](), an update key UKT,R:u\k,] =
(RDKID‘k—lsT’CvRID\k71 , {SKIBE»SL./'}SiAIGCVR,D‘kil ) where RDKp|, , 1= (RSKI/’-IIBE’RSK;BE)’ and the pub-
lic parameters PP.

If k = 0, then SK;p, = MK and UK is empty. It proceeds as follows:
1. It selects a random exponent 1 € Z,. It then obtains RSKy;pg ip|, and RSKjpe,r by running
HIBE.GenKey(/D|y,n,PPyipr) and IBE.GenKey(7T,MK — 1, PPigg ) respectively.
2. It outputs a decryption key DKjpy, 7 = (RSKypE 1p|,, RSKiBE T).-

If £ > 1, then it proceeds as follows:
1. If ID|; & Rpj, , then it obtains (S; ;,Sy ;) by running SD'MatCh(CVRzmk,, ,PVip),). Otherwise,
it outputs L. Next, it retrieves ISKuisE s, r from SK,D‘ . and SKigg s, ; from U KT:RID\k,l‘

2. Itsets I = {L;,L} and calculates two Lagrange coefficients A, ;(0) and A, ;(0) by using the
fact L; # L. It obtains TSKypr and TSK;pg by running HIBE.ChangeIKey(ISKHIBE’SV‘f/,
(X 7ALj/ ,I(O))7PPHIBE) and IBE.ChangeKey(SK13E75,,7.,., (X s AL_,J (0)),PP[BE) respectively. .

3. It obtains RSK};,p; by running HIBE.Delegate(ID|i, RSK}; 55, PPuise) since RSKy, gy is for
ID|i_;. It selects a random exponent 1] € Z,. Next, it obtains RSKypp. 1p|, and RSK;pg 1 by run-
ning HIBE.MergeKey(RSK{L},BE, TSKH[BE, T],PPH]BE) and IBE.MergeKey(RSK;BE, TSK[BE,
—1n, PP;pg) respectively.

4. Finally, it outputs a decryption key DK;p,, r = (RSKH,BEJD‘k,RSKIBEJ).

25



Note that the master key parts of RSKy g 1p|, and RSKjge 7 are n" and o — 1’ for some random n’
respectively.

RHIBE.RandDK(DK;p|, r, B,PP): Itis the same as the randomization algorithm in Section
RHIBE.Encrypt(ID|;,T,M,PP): It is the same as the encryption algorithm in Section
RHIBE.Decrypt(CT}p|, 1, DKjp|, 7, PP): Itis the same as the decryption algorithm in Section[4.2}

RHIBE.Revoke(ID|, T, RLipy, ,,STip|, )¢ Itis the same as the revocation algorithm in Section

5.3 Correctness

To show the correctness of the above RHIBE-SD scheme, we only show that a decryption key DKip,, r
is correctly derived from a private key SK;p), and an update key U KT,Rzmk,] since other parts are almost
the same as those of the RHIBE-CS scheme. Let SK;p|, = (PVp|,, {ISKnuiBE s, }5: ;epv) and UKT:Rm\k_l =
(RDK]D‘k717T,CVR, {SKIBE,S,-J- }S,-,]ECV) where RDKID|k,1,T = (RSK[/_”BE,RSKIIBE). If ID‘]( € RID|k,1 , then the
master key parts of ISKHIBE’SI_,./_, and SKjpg s, are associated with fgr (L) and for(Lj) where fer(x) =
agrx + ﬁ1D| ., and GL = L;||d;. From the correctness of the SD scheme, we have that the master key parts
of TSKype and TSKjpg are 7] and fg(0) — ] = Bip|, , — T respectively for some 7). Thus, the master
key parts of RSKypr and RSK;pEg that are returned by HIBE.MergeKey and IBE.MergeKey are associated
with n” = (n')+f+nand (¢ —n"—Bip|,_,) +Bip|,_, — 1 —N = & —n" respectively. Thus the DeriveKey
algorithm is correct since we have « if we add two master key parts of the decryption key.

5.4 Security Analysis

Theorem 5.1. The above RHIBE scheme from SD is SRL-IND-CPA secure if the PRF scheme is secure and
the g-RW2 assumption holds.

Proof. Let ID*|; = (I}, ...,I) be the challenge hierarchical identity submitted by an adversary. To prove
the selective IND-CPA security of our RHIBE scheme, we also classify the type of adversaries into ¢+ 1
types as the same as in Theorem That is, the type of an adversary A is t € {1,...,¢,¢+ 1} if A does
not queries the private key of ID*|; for all j € {1,...,7— 1}, but A should query the private key of ID*|;.

Suppose that an adversary is T-type. The security proof for the T-type adversary A; consists of the
sequence of hybrid games. We define the games as follows:

Game Gy. This game is the original security game. That is, a simulator 5 uses a pseudo-random function
for each hierarchical identity /D|;_; when it generates private keys for child identities and update keys
for time periods.

Game G;. This game G; is similar to the game G except that I3 uses a truly random function for the
hierarchical identity ID*|;_; for all k € {1,...,T} when it generates private keys and update keys.
That is, B sets fc(x) as a degree-one polynomial that passes two points (0, f;p|, ,) and (%,¥) where
Y is a random value in Z, instead of setting fG1(x) = agrx + Bjp|,_, where agL = PRF(z;p-|,_,,GL)
for each S; j in BT p-

lk-1°

Game G;. This final game G is almost the same with the previous game G except that a random session
key is used to create the challenge ciphertext. Note that the advantage of .4; in this game is zero since
the challenge ciphertext is not related to .
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Let Advz" be the advantage of A in a game G;. Let E; be the event that the adversary behaves like
7-type. From the Lemmas [5.2]and [5.3] we obtain the following equation

l+1
AdvY —Adv?| < Y Pr(E] - |[Adv — Adv | < (AdvERF (17) + AdvE ™2 (17).

=1
This completes our proof. O

Lemma 5.2. If the PRF scheme is secure, then no PPT t-type adversary can distinguish between Gy and
G with a non-negligible advantage.

We omit the proof of this lemma since it is the same as that of Lemma[4.2]

Lemma 5.3. If the g-RW2 assumption holds, then no PPT t-type adversary can distinguish between G| and
G, with a non-negligible advantage.

Proof. Suppose there exists a 7-type adversary .A; that attacks the above RHIBE scheme with non-negligible
advantage. A meta-simulator 5 that solves the g-RW2 assumption using A is given: a challenge tuple D =
((p’ G, GT’e)’g’gx’gy’gZ’g(xz)z’ {gb,-7gxzbi7gxz/bi’gxzzbi’gy/biz’gyz/biz}’ {gxzbi/bj’gyb,'/b§7gxyzbi/b§’g(xz)2b,-/bj }) and
Zwhere Z=7Zy=e(g,8)"* or Z=Z, €g Gr. Note that a challenge tuple Dpgpy = ((p,G,Gr,e),8,8", 8", &°)
for the DBDH assumption can be derived from the challenge tuple D of the g-RW2 assumption. Let Bypg
be the simulator of Theorem [3.3] and ;g be the simulator of Theorem [3.7} Then B that interacts with A,

is described as follows:

Init: A; initially submits a challenge hierarchical identity /D*|, = (If,...,I}), challenge time 7, and
revocation list RL* on the time 7. B runs Bypg by giving D and Z, and it also runs B;gg by giving Dpgpy
and Z.

Setup: B submits /D*|; to Bypr and receives PPyjpg. It also submits 7™ to ;g and receives PPigg. For
each level k € {1,...,7}, it performs the following steps:

L. It initializes a function list FL;p-|, , as an empty one. It derives R?D*lk—l from RL* where R;D*lk—l is
the set of revoked identities in B7 jp-|, , on the time T™.
2. For each ID; € R? , it assigns ID; to a random (unique) leaf node v; € BT jp+|, ,. If k= 7 but

ID* [
T # (+ 1, then it also assigns ID*|; to a random leaf node v* € BT jp+|, ,. Recall thatif T=/{+1,
then A; does not request the private key of /D*|;.

3. Next, it obtains CVjp,
ning SD.Assign(BT p-|, |,
FixedSubset,. , = PV;p-|. UCVp-

by running SD.Cover(BT p-|_, ’RjD*‘k—l ). It also obtains PVp.|. by run-
ID*|)if k=tbut T# ¢+ 1. If k=1 but T # ¢+ 1, then it defines

Otherwise, it defines FixedSubset;p.|, = CVp-

k=1 k-1 lx—1°

4. Let S be the collection of all subsets S; ; in BT jp+|,_,. Foreach S; j € S, it first sets GL = L;||d; where
(Li,L;) = Label(S; ;) and d; = Depth(S;) and then it updates the function list as follows:

e IfS; ; € FixedSubset; -

e Otherwise, it selects random £,y € Z,, and saves (GL, (£,7)) to FLp-

, then it selects random § € Z,, and saves (GL, (£ =L;,y)) to FL;p-|, .

if (GL, *) € FLID*‘](,| .

lk—1
[x—1

Note that it implicitly defines fgr(x) as a degree-one polynomial defined by two points (0, B;p+, )
and (%,¥) by using the Lagrange interpolation method.
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It implicitly sets &¢ = xy and gives the public parameters PP = (PPHIBE,PPIBE, Q=e(g" g ),Nmax) to A;.

Phase 1: A; adaptively requests a polynomial number of private key, update key, decryption key, and
revocation queries. I3 handles these queries as follows:

If this is a private key query for ID|, = (Ii,...,I—1,1I;) with k > 1, then B proceeds as follows:

e Case ID|;_; ¢ Prefix(ID*|;): In this case, it normally generates a private key by using a normally
generated STjp,_, since it can obtains DKjp,, , r forany T

1. If the state STjp|, , was not generated before, then it normally generates S7jp), . Otherwise, it
retrieves STyp|, , that was previously generated.

2. Ttobtains SK;p), by running RHIBE.GenKey (ID|i,ST;p|, ,,PP) with a false masterkey Bp, , €
Zy. Finally, it gives SK;p|, and STjp), to A by normally generating STjp), - -

e Case ID|;_ € Prefix(ID*|;) with k < 7 and ID|; # ID*|;: In this case, it can generate a private key
by applying the Lagrange interpolation method since it can derive ISK’ of HIBE that contains ¢ from
the condition ID|; # ID*|y.

1. It queries an HIBE intermediate private key for ID|; to Bypr and receives ISKAUBE. Note that
the master key part of ISK}; 5 is 0.

2. Tt assigns ID|; to a unique leaf node v € BT jp-
SD.Assign(BT p+|,_,,ID|x)-
3. Foreach S; ; € PVyp,,, it retrieves (GL = L;||d}, (%,)) from FL;p-

— It sets / = {0,%} and calculates two Lagrange coefficients Ag;(L;) and Ag;(Lj). Next, it
obtains ISKyjpE s;; by running HIBE.ChangelKey (ISKy; 5, {(+, Bip+|, ), (X, A01(L;)),
(+,9A¢1(L;)) }, PPuipe) where for(x) = (& + Bip|,_, )Ao.s(x) + (9) Az s (x).

4. It sets SKip, = (PVip),, {ISKHIBE,S,.J}s,-h,-epv,mk) and gives SK;p), to Ax.

and obtains PVjp|, = {S;;} by running

k-1

., and proceeds as follows:

e Case ID|;_; € Prefix(ID*|;) with k < 7 and ID|; = ID*|;: In this case, it can generate a private key
by simply using the pre-fixed points {(£,)} in the function list since k = T but 7 # £+ 1.

1. Tt assigns ID*|; to the pre-fixed node v* and obtains PVjp-| = {S; ;} by running SD.Assign
(BT 1p+|,_,,ID"|z).
2. For each S; j € PVjp.|,, it retrieves (GL = L;||d}, (%,9)) from FL;p.|_, and proceeds as follows:
— It obtains ISKy;pE s, ; by running HIBE.GenlKey(/D* |, ¥, PPu;sE)-
3. It sets SKjp+|, = (PVID*‘T, {ISKHIBE7SI.'J.}Sirjepvw*‘r) and gives SKp+|, to A;.

e Case ID|i_; € Prefix(ID*|;) with k > 7: In this case, it is the same as the case ID|;_; & Prefix(ID*|,).
That is, it follows the normal key generation algorithm. We omit the description of this case.

If this is an update key query for ID|;_; = (I,...,lr_1) with k > 1 and T, then B proceeds as follows:

e Case ID|;_ ¢ Prefix(ID*|;): In this case, it can generate U K7 R, , Dy following the normal algo-
rithm since it can obtain DKjp), , 7 from the condition ID|;_; ¢ Prefix(ID*|;).

1. If the state STjp), , was generated before, then it retrieves STjpj, . Otherwise, it normally gen-
erates STyp|, , by himself. Next, it requests a decryption key query for ID|; 1 and T to himself
and receives DKjp|,_, r since ID|;_; & Prefix(ID*|).
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2. It obtains UKr gy, by running RHIBE.UpdateKey(T,RL;p), ,,DKip, , 1,5Tip|, ,,PP) with
a false master key f3jp|, , € Z, and gives UKT Ry, , 1O A

e Case ID|;_; € Prefix(ID*|;) with k < T and T # T*: In this case, it can generate an update key by
applying the Lagrange interpolation method since it can derive SK’ of IBE that contains ¢ from the
condition T # T*.

1. It selects random exponents 1 € Z,. Next, it obtains RSKy;pg jp|,_, and RSKjpgr by running
HIBE.GenKey(/D|;—1,n,PPype) and IBE.GenKey(T,—1n — B;p|,_,,PPipr) respectively. It
sets RDK;p|, , v = (RSKypE 1|, »RSK1BET)-

2. It queries an IBE private key for 7' to Bjpg and receives SKjpp, 1 since T # T*.

3. It derives the set Rjp|, , of revoked identities at time 7" from RL;p|, , and obtains CVRip, , =
{S; j} by running SD.Covel'(l’p’T,,y‘kfl Rip),_, ).

4. Foreach §; j € CVg,, . itretrieves (GL=L,||dj,(%,9)) from FL;p , and proceeds as follows:

le-1

— It sets 7 = {0,£} and calculates two Lagrange coefficients Ag;(L;) and Ag;(L;j). Next,

it obtains SKjp s, ; by running IBE.ChangeKey(SK,’BE,T, {(+,Bipey,,)s (X, 80.0(Lj)), (+,
$Ae(Lj))}, PPipE).-

5. It sets UKT7R1D|,(7] = (RDKID\kth’CVRID\FI s {SKHIBESi}SiGCVRIlei] ) and gives UKT’RID\kq to A;.

e Case ID|;_; € Prefix(ID*|;) with k < 7 and T = T*: In this case, it can generate an update key by

using the fixed points {(%£,9)} in the function list since Rip,_, = R}‘D*‘H on the challenge time 7.

1. It selects random exponents 1) € Z,. Next it obtains RSKypg p|, , and RSKjgg v by running
HIBE.GenKey(/D|;_1,n,PPype) and IBE.GenKey(T,—1n — B;p|,_,,PPipr) respectively. It
sets RDKp|, , 7= (RSKp18E 1D, ,RSKipE T).

2. It derives the set Ryp|, , of revoked identities at time 7" from RL;p|, , and obtains CVRm\k_l =
{Si,j} by running SD.Cover (BT p|, ,,Rip|, ,)-

3. Foreach S; ; € CVg,, . itretrieves (GL=L||d},(%,9)) from FL;p-|__, and proceeds as follows:

“r—l
— It obtains SKjpg s, ; by running IBE.GenKey(7,$, PPipE).
4. Itsets UKr R, = (RDKID|k,1,T7CVR1D‘k_1 ASKiBE s, }s; SV ) and gives UKy Rip,_, 10 Az

e Case ID|;_; € Prefix(ID*|;) with k > 7: In this case, it is almost the same as the first case ID|;_| &
Prefix(/D*|;) except that it uses a decryption key by using the condition 7' # T*. We omit the de-
scription of this case.

If this is a decryption key query for ID|;, = (I},...,I;) with k > 1 and T, then B proceeds as follows:
e Case ID|; & Prefix(ID*|,): In this case, it can use Bypg to generate g% since ID | & Prefix(ID*|,).

1. It first queries an HIBE private key for ID|; to By;pg and receives SKI’LHBE D)

2. It selects a random exponent 1 € Zp. Next, it obtains RSKypg ip|, and RSKjgg v by running

HIBE.ChangeKey(SK;HBEJD‘k, (+,7m),PPyipe) and IBE.GenKey (7, —n, PP, ) respectively.

3. Itgives DKjp|, 7 = (RSKHIBE,1D|k,RSKIBE,T) to Az. Note that the master key part of RSKyp¢ 1p|,
and RSK;pg r are a + 1 and —1) respectively.
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e Case ID|; € Prefix(ID*|;) and T # T*: In this case, it can use Bjpg to generates g% since T # T*.

1. Tt first queries an IBE private key for T to Byp and receives SKjpp 1.

2. It selects a random exponent 1 € Zj,. Next, it obtains RSKy;pg jp|, and RSKjgg v by running
HIBE.GenKey(ID|, n, PPupr) and IBE.ChangeKey (SK;z 7, (+, —n), PPipr) respectively.

3. Itgives DKjp|, 7 = (RSKH1BE,1D|k,RSKIBE,T) to Az. Note that the master key part of RSKy g 1p),
and RSK;pg r are 1) and o — 1) respectively.

If this is a revocation query for ID|; and T, then 5 obtains an updated RL;p|,_, by running RHIBE.Revoke
(ID|x,T,RLypj, ,,STipj, ,)- Note that A; cannot query to revoke ID|; on time 7 if he already requested an
update key query for ID|; on time T'.

Challenge: A; submits two challenge messages M5, M;. B flips a coin u € {0, 1}. Next, it requests the chal-
lenge ciphertext to By pp and receives CHypg 1p+|, and EKpjpg. It also requests the challenge ciphertext to
Bise and receives CHjpe, 7+ and EK;pg. It sets the challenge ciphertext CTip+, = (CHHIBEJD*‘[,CHIBT’T*,Z-
M;;) and gives it to As.

Phase 2: Same as Phase 1.

Guess: A; outputs a guess (' € {0,1}. If u = p/, then B outputs 0. Otherwise, 13 outputs 1.

To finish the proof, we should show that the public parameters, private keys, update keys, decryption
keys, and the challenge ciphertext are all generated correctly. We omit the checking of the public parameters,
decryption keys, and the challenge ciphertext since it is almost similar to that in Theorem §.1]

Now, we should show that the master key parts of private keys and update keys are consistently gen-
erated in the cases of ID|;_; € Prefix(ID*|;) with k < 7. As mentioned in the construction, a degree-one
polynomial fgy (x) is associated to the master key parts of ISKy g in a private key and SKjgg in an update
key. If ID|x_; € Prefix(ID*|;), the simulator cannot create RDK that has ¢ as a master key part. Thus, the
simulator should set fc.(x) to have o for consistency. That is, fg(x) is defined as a degree-one polynomial
that passes two points (0, ¢+ fyp, ,) and (£,5). A private key for ID|; # ID*|; and an update key for T # T*
are consistently generated by the simulator since it can use the Lagrange interpolation method. To generate
a private key for ID|; = ID*|; and and update key for T = T*, the simulator simply use the fixed point (£, )
in the setup phase. Recall that the private key and the update key share the same fixed point since the private
key of ID*|; should be revoked on the time 7* by the restriction of the security model. This completes our
proof. O

6 Conclusion

In this paper, we showed that RHIBE schemes with shorter private keys and update keys and small public
parameters can be built by following the modular approach. To build our RHIBE schemes, we first proposed
an HIBE scheme derived from the RS-HIBE scheme that supports the generation of short intermediate
private keys. Next, we propose efficient RHIBE schemes by combining our HIBE scheme, the BB-IBE
scheme, and the CS (or SD) scheme in a modular way. We also proved the security of our RHIBE scheme
in the selective model (or the selective revocation list model).

We mentioned that another RHIBE scheme also can be built by using another HIBE scheme (the BB-
HIBE scheme [5]] or the BBG-HIBE scheme [7]]) instead of using our HIBE scheme. If the BBG-HIBE
scheme is used, then the resulting RHIBE scheme cannot have shorter private keys since the BBG-HIBE
scheme cannot provide shorter intermediate private keys. Thus, it is an interesting problem to build an

30



RHIBE scheme with shorter private keys and update keys and constant size ciphertexts. Another interesting
problem is to prove the security of our RHIBE schemes in the full model. One possible approach is to use
the dual system framework of Waters [38]].
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