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Abstract—With the increasing cloud storage service, users can enjoy non-interactive data sharing. Nonetheless, the data owner

cannot timely update the shared data all the while. To ensure the timeliness and the authoritative source of the data, some users should

be allowed to update the data on behalf of an authoritative data owner without changing data source. However, this allows harmful

information to be injected into the data unnoticeably. How to efficiently realize editable cloud-based data sharing supporting malicious

user tracing has not been fully explored. To address the problem, we propose a fine-grained and controllably editable cloud-based data

sharing scheme with malicious user accountability. The data owner only needs to sign the shared data before uploading it and can

specify a fine-grained access control policy about who can update the data and which portions of the data can be updated. The

authorized users non-interactively convert signatures of original data into new ones for the updated data, which are indistinguishable

from the original signatures. The proposed scheme also supports malicious user accountability in the sense that malicious users who

post harmful information can be traced. We demonstrate the security and practicality of our scheme via formal security analysis and

extensive experiments.

Index Terms—Cloud storage, data sharing, accountability, attribute-based cryptography, sanitizable signature
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1 INTRODUCTION

CLOUD storage is an important industry trend whereby
a cloud service provider offers adequate storage

resources to host its users’ data. As data explodes, users
are generating more data than they can store locally.
Therefore, a growing number of people prefer to store
their data in the external cloud [1]. Data sharing, which is
one of the most basic services of cloud storage, allows
users to share data with others. When a user stores data in
the remote cloud, such as Google Drive, Dropbox and

iCloud, this data is usually shared among multiple users
(unless in a private cloud) [2]. By using or modifying the
data shared by others, users may gain some profit. More-
over, cloud storage allows users to obtain the desired data
anytime and anywhere, which may be owned by them-
selves or shared by others, bringing enormous conve-
nience to people’s life.

Despite the advantages aforementioned, cloud-based
data sharing poses numerous security challenges. In most
of existing cloud-based data sharing schemes, the shared
data can only be updated by the data owner. Unfortunately,
the data owner cannot timely update the shared data all the
while. Thus, to ensure the timeliness of the data, cloud users
other than the data owner should be allowed to update it on
behalf of the data owner. However, this allows the incorrect
or even harmful information can be injected into the shared
data by malicious users. For example, an authoritative
research institution sends a report on the current economic
problem to an external cloud for public access. The data in
the report may change over time. The research institution
cannot timely update the data all the while. To ensure the
timeliness and the authoritative source of the shared data,
the research institution hopes that other researchers in the
same research filed will be able to update the data without
changing the source of the report. In this case, however, the
incorrect or even harmful information may be injected into
the shared data by malicious cloud users, which can seri-
ously mislead subsequent research on the economic prob-
lem. With the rapid development of cloud-based data
sharing, this problem is becoming increasingly prevalent.
Therefore, how to realize editable cloud-based data sharing
supporting the malicious user tracing is an extremely
important and urgent problem.

One potential solution to this problem is to sign the
shared data by utilizing traditional digital signature
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algorithms before uploading it to the cloud server. When
some users want to update the shared data, as shown in
Fig. 1a, they need to first interact with the original data
owner, who will regenerate the new corresponding signa-
tures for the updated data if it is valid. As mentioned above,
cloud-based data sharing allows users to access the shared
data as needed anytime and anywhere. Therefore, in order
to generate the new corresponding signatures for the
updated data, the data owner of the shared data must be
always online. Clearly, such an approach is impractical.
This due to several ineluctable reasons: 1) the data owner
may be temporarily disconnected due to inevitable hard-
ware faults or software bugs; 2) the network servers may
temporarily goes down due to some mechanical faults; 3)
the data owner may be subject to internal or external
attacks.

Another potential approach is to sign the shared data by
utilizing proxy digital signature algorithms. In this way, as
shown in Fig. 1b, the data owner needs to know the identi-
ties of the candidate authorized users in advance to send
the certificate of authorization to them. However, the num-
ber and exact identities of the candidate authorized users is
uncertain and cannot be known in advance generally. For
example, the number of researchers in the same research
field is constantly changing around the world. Besides, not
all parts of the shared data are allowed to be updated by
others. For instance, the results of simulation experiments
in the shared report cannot be updated because it directly
determines whether the research findings are correct. There-
fore, how to efficiently realize fine-grained and controllably
editable data sharing with accountability in cloud storage is
very important and valuable. Unfortunately, this problem
has not been fully explored.

1.1 Contribution

In a nutshell, this paper mainly has the following
contributions:

1) We investigate the above interesting problems and
propose a fine-grained and controllably editable
data sharing scheme with accountability in cloud
storage. In this scheme, when data owners upload
data to the cloud, they can design a fine-grained
access control policy that specifies who can update
the data and which portions of the data can be
updated. Only authorized users can update the por-
tions of the data that are allowed to be updated. The

scheme supports the malicious user accountability,
which can distinguish between the responsibility of
the data owner and that of the authorized users. In
this case, the data owner cannot accuse the autho-
rized users (vice versa) of signing. In addition, the
authorized users can non-interactively convert sig-
natures of original data into new ones for the
updated data. These new signatures are indistin-
guishable from the original signatures generated by
the data owner.

2) We design a novel attribute-based sanitizable signa-
ture as the underlying technology to support the
fine-grained and controllably editable data sharing
scheme with accountability in cloud storage. In such
an attribute-based sanitizable signature, the data
owner can have fine-grained control over which
parts of the data can be updated and who can update
the signed data without knowing the number and
exact identities of the authorized sanitizers. Even
authorized sanitizers can only update the parts of
the data that are allowed to be updated. In addition,
the signature allows a trust authority to trace the
exact identity of the signer (the original data owner
or the sanitizer).

3) We present the formal security analysis for the pro-
posed scheme and evaluate its performance through
extensive experiments, which demonstrate that the
proposed scheme is secure and efficient.

1.2 Related Work

The concept of sanitizable signature was introduced by Ate-
niese et al. [3] first. A sanitizable signature scheme allows a
sanitizer to update the signed data allowed to be updated
and generate the new corresponding signature for the
updated data without interacting with the original signer.
In order to ensure the security of the scheme, two necessary
security requirements are defined in their scheme: (1) unfor-
geability, that is, only authorized sanitizers can generate the
new valid signatures for the updated data. (2) Transpar-
ency, that is, the updated data and its signatures are
indistinguishable from the original information and corre-
sponding signatures. Unfortunately, they did not give a
complete definition of the sanitizable signature, nor did
they provide the formal security analysis. Brzuska et al. [4],
[5] provided a perfect formalized definition of the sanitiz-
able signature and gave a formalized definition of the basic
security requirements. They introduced five formal security

Fig. 1. The flow chart of potential solutions.
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requirements: unforgeability, immutability, privacy, trans-
parency, accountability, and analyzed the relationships
between these security requirements. Canard et al. [6] pro-
posed a generic construction of the of trapdoor sanitizable
signature. In this scheme, the sanitizer can generate the
valid signature for the updated data after receiving the trap-
door key from the original signer. Using an accountable cha-
meleon hash, Lai et al. [7] proposed an accountable trapdoor
sanitizable signature. However, neither of the above two
schemes gives the concrete construction of the sanitizable
signature. After that, many concrete sanitizable signature
schemes are proposed [8], [9], [10]. Bultel et al. [9] proposed
an invisible and unlinkable sanitizable signature, which effi-
ciently achieves invisibility and unlinkability simulta-
neously. Xu et al. [10] presented a sanitizable signature,
which is used to achieve privacy-preserving for smart
mobile medical scenarios. We naively try to use one of the
above sanitizabe signature schemes to realize editable
cloud-based data sharing system. Since none of the afore-
mentioned schemes simultaneously supports fine-grained
control over candidate sanitizer and the malicious user
accountability, all of them are not suitable for cloud-based
data sharing environments.

Attribute-based cryptography schemes can provide fine-
grained access control. Generally, attribute-based cryptog-
raphy is divided into three types: attribute-based encryption
(ABE) [11], [12], [13], attribute-based signature (ABS) [14],
and attribute-based signcryption (ABSC) [15]. Attribute-
based signature is an extension of the attribute-based
encryption. Maji et al. [14] proposed an attribute-based sig-
nature scheme with an expressive access structure, which
only proved security in the general group model. Li et al.
[16] later proposed two efficient ABS schemes in the ran-
dom oracle model and the standard model respectively.
However, both constructions support threshold predicate,
which is not an expressive access structure. Okamoto and
Takashima [17] proposed an ABS scheme which supports
non-monotone access structure. They gave the formal secu-
rity analysis in the standard model. To support flexible
access structure, two ABS schemes in random oracle model
and standard model are proposed in [18], [19] respectively.
Li et al. [20] proposed a multi-authority ABS scheme which
supports threshold gates.

The aforementioned attribute-based signature schemes
do not allow a user to update the data and generate the new
valid signature for it without interacting with the original
signer. In order to address this problem, some attribute-
based sanitizable signature schemes are proposed [21], [22],
[23], [24]. The scheme in [22] did not give the specific con-
struct of the attribute-based sanitizable signature. The
scheme in [21] did not support the expressive access struc-
ture. The scheme in [23] only provided an all-or-nothing
solution for data modification. The number of blocks of the
signed data cannot be changed and the set of inadmissible
blocks needs to be stored in [24]. In a real environment of
cloud-based data sharing, the data owner should have fine-
grained control over who can update the shared data with-
out knowing the exact members and number of data con-
sumers, and specify which portions of the shared data can
be updated. However, the above schemes are not applicable
to realizing editable cloud-based data sharing with the

malicious user accountability. In this paper, we explore
how to realize editable cloud-based data sharing with
accountability, and design an attribute-based sanitizable
signature which supports malicious users tracing and
allows the data owner has fine-grained control over who
can update the shared data and specify which portions of
the shared data can be updated.

1.3 Organization

The rest of this paper is organized as follows. In Section 2,
we briefly review the preliminary knowledge related to this
paper. We give the definition of system model and security
model in Section 3. In Section 4, we describe the proposed
scheme in detail. In Section 5, we introduce the formal proof
of the security of the proposed scheme. We evaluate the per-
formance of the proposed scheme in Section 6. Finally, we
come to the conclusion in Section 7.

2 PRELIMINARIES

2.1 Notions

We list the notations used in our scheme in Table 1.

2.2 Prime Order Bilinear Groups

Let Fð1�Þ be an algorithm, which takes security parameter �
as input and outputs a symmetric bilinear map of the prime
order p. Let ðp;G;G1; GT; êÞ denote the output of the algo-
rithm Fð1�Þ, where G, G1 and GT are three multiplicative
cyclic groups with the prime order p. The bilinear map ê :
G�G1 ! GT satisfies the following characteristics:

� Bilinearity: êðua; vbÞ ¼ êðub; vaÞ ¼ êðu; vÞab for 8u 2 G,
8v 2 G1 and 8a; b 2 Zp.

� Non-degeneracy: êðu; vÞ 6¼ 1.

TABLE 1
Notations

Notation Meaning

p One large prime
G, G1, GT Multiplicative cyclic groups with the prime

order p
g A generator of group G
ê A bilinear map ê : G�G1 ! GT

Z�p A prime field with nonzero elements
� The security parameter
msk The master private key
mpk The master public key
SDW The set of attributes owned by the data owner
dID The data owner’s identity
pkDW The public signing key
skDW The private signing key
AskdID;SDW

The secret attribute key for data owner
SAU The set of attributes owned by an authorized

user
aID The authorized user’s identity
AskaID;SAU The secret attribute key for the authorized user
m The message
P The access policy
am The description of the admissible modification
s The signature
dm The description of the desired modification
s0 The new valid signature
tk The tracing key
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If operations in group G, G1 and bilinear map ê :
G�G1 ! GT can be efficiently computed, then the group G
is said to be a bilinear group.

2.3 Class-Hiding Groups

Let ê : G�G1 ! GT a bilinear map, where G, G1, and GT

are three multiplicative cyclic groups with the prime order
p. We set �N ¼ ðN1; N2; . . . ; NlÞ 2 Gl and r 2 Zp. Let �N :¼
ðN1; N2; . . . ; NlÞr :¼ ðNr

1 ; N
r
2 ; . . . ; N

r
l Þ. Then, an equivalence

relation is defined as follows:

R :¼ fð �X; �Y Þ : 9l > 1; r 2 Z�ps:t:ð �X; �Y Þ 2 Gl �Gl ^ �Y ¼ �Xrg:

Thus, the equivalence class of �X is

½ �X�R :¼ f �Y 2 Gl : ð �X; �Y Þ 2 Rg:

Below, we give the definition of the class hiding, which
means that the elements from the same equivalence class
and randomly sampled group are indistinguishable.

Definition 1 (Class-Hiding). If, for all l > 1, the probability
of PPT adversaries A distinguishing the elements from same
equivalence class and randomly sampled is negligible, we say
that the relationship R is class-hiding. The formal definition is
as follows:

Pr b0 ¼ b : b f0; 1g; ð �X; �X0Þ  ðGlÞ2
�X1  ½ �X�R; b0  Af �X; �Xbg

� �
� 1

2

����
���� � neglð�Þ;

where neglð�Þ denotes a negligible function.
Lemma 1 ([25]). A relation R is said to be class-hiding if and

only if the Decisional Diffie-Hellman (DDH) assumption holds
in G1.

The above lemma has been proved in [25].

2.4 Equivalence Class Signatures

As defined in [25], the equivalence class signature algorithm
allows the user to sign a element of the equivalence class
defined above, which can be updated to a new signature of
the random element in the same equivalence class. The for-
mal definition of the equivalence class signature is as
follows:

Definition 2 (Equivalence Class Signatures). An equiva-
lence class signature (EQS) contains the following five
algorithms:

� ðpk; skÞ  KGenðê; 1lÞ: This is the key generation
algorithm. It takes the bilinear map ê and the message
length l (l > 1) as input, and outputs the private/pub-
lic key pair ðpk; skÞ.

� s  Signðsk; �XÞ: This is the signing algorithm. It
takes the key sk and the message �X 2 Gl that need to
be signed as input, and outputs the corresponding sig-
nature s for ½ �X�R.

� s0  ChgRepðpk; �X; s; rÞ: This is the change repre-
sentation algorithm. It takes the key pk, the message
�X 2 Gl, the signature s and the scalar r as input, and
outputs the fresh signature for ½ �Xr�R.

� b Vfðpk; �X; sÞ: This is the signature verification
algorithm. It takes the key pk, the message �X 2 Gl, the
signature s as input, and outputs b ¼ 1 if s is valid.
Otherwise, b ¼ 0.

� b VfKeyðpk; skÞ: This is the key verification algo-
rithm. It takes the key pk and sk as input, and out-
puts b ¼ 1 if the keys are consistent. Otherwise,
b ¼ 0.

The detailed definition of correctness and formal security
proof of the equivalence class signature (EQS) are given
in [25].

2.5 Monotone Span Program

The triple M¼ ðF;M; fÞ denotes a monotone span pro-
gram, where F is a field, M is an a� b matrix over the field
F, and f is a map f1; . . . ; ag ! fp1; . . . ; png, where pi; i 2
f1; . . . ; ng denotes a user. Let MA denote the sub-matrix of
M, which contains the rows mapped to A (A � fp1; . . . ; png).
If the rows of MB span the vector ð1; 0; . . . ; 0Þ, the B is said
to be accepted by theM. If 8B 2 T can be accepted byM,
the access structure T can be accepted byM.

Example. Given the monotone span program ðF17;M; fÞ
as follows:

M ¼
1
1
1
1

1
2
3
4

1
4
9
16

0
BB@

1
CCA

fð1Þ ¼ fð2Þ ¼ p2, fð3Þ ¼ p1 and fð4Þ ¼ p3. Let A ¼ fp1; p3g
and B ¼ fp1; p2g. Thus

MA ¼ 1
1
3
4

9
16

� �
;MB ¼

1 1 1
1 2 4
1 3 9

0
@

1
A:

From the above we know that MB has full rank, and
ð3; 14; 1ÞMB ¼ ð1; 0; 0Þ. Therefore, M accepts the set B ¼
fp1; p2g. However, the rows of MA do not span the
vector ð1; 0; . . . ; 0Þ, the set A ¼ fp1; p3g cannot be accepted
by theM.

In addition, a monotone span program implies a linear
secret-sharing scheme. For example, consider the shared
secret is k 2 F . Then, we randomly select ðr2; . . . ; rbÞ  F ,
and set r ¼ ðk; r2; . . . ; rbÞ. Let Mr ¼ ðs1; . . . ; saÞ, and distrib-
ute the shares to each corresponding pi. As mentioned
above, ð3; 14; 1ÞMB ¼ ð1; 0; 0Þ. Let v ¼ ð3; 14; 1Þ, we have
vðMBrÞ ¼ ðvMBÞr ¼ ð1; 0; 0Þr ¼ k. The detailed proof of
these is given in [26].

2.6 Traceable Attribute-Based Signatures

The traceable attribute-based signatures allows the mes-
sage signed by the user whose attributes satisfying the
signing policy, and allows the trust authority to recover
the exact identity of the signer. The detailed definition of
traceable attribute-based signatures is as follows:

Definition 3 (Traceable Attribute-Based Signatures). A
traceable attribute-based signature (TABS) contains the follow-
ing five algorithms:
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� Setupð1�Þ: This algorithm takes the security parameter
� as input, and outputs the public system parameter
pp, the master secret keymsk and the tracing key tk.

� KeyGenðpp; uID;msk; SÞ: This algorithm takes the
public system parameter pp, the identity of the user
uID, the master secret key msk, and the set of attrib-
utes S as input, and outputs the secret key skuID;S .

� Signðpp; skuID;S;m; P Þ: This algorithm takes the pub-
lic system parameter pp, the secret key skuID;S , the
message m and a signing policy P as input, and out-
puts the signature s.

� Verifyðpp;m; s; P Þ: This algorithm takes the public
system parameter pp, the message m, the signature s
and the signing policy P as input, and outputs a bit b.
If the signature is valid, then b ¼ 1. Otherwise, b ¼ 0.

� Traceðtk; s; ppÞ: This algorithm takes the tracing key
tk, the signature s, and the public system parameter
pp as input, and outputs user’s identity uID.

The detailed definition of correctness and formal security
proof of the traceable attribute-based signature (TABS) are
given in [27].

2.7 Ciphertext-Policy Attribute-Based Encryption

In the ciphertext-policy attribute-based encryption (CP-
ABE) scheme, the ciphertext is attached to a access policy,
and the decryption key is associated with a set of attributes.
The ciphertext can be decrypted correctly only if the decryp-
tion key owned by the user satisfies the access policy. The
detailed definition of the ciphertext-policy attribute-based
encryption (CP-ABE) is as follows:

Definition 4 (Ciphertext-Policy Attribute-Based
Encryption). A ciphertext-policy attribute-based encryption
contains the following four algorithms:

� Setupð1�Þ: This algorithm takes the security parameter
� as input, and outputs the public parameter pp and
the master secret keymsk.

� Encryptðpp; P;mÞ: This algorithm takes the public
parameter pp, the access policy P and the message m
as input, and outputs the corresponding ciphertext C.

� KeyGenðmsk; SÞ: This algorithm takes the master
secret key msk and the set of attributes S as input, and
outputs the secret key sk for the set of attributes S.

� Decryptðpp;C; skÞ: This algorithm takes the public
parameter pp, the corresponding ciphertext C and the
secret key sk, and outputs the messagem0.

The detailed definition of correctness and formal security
proof of the ciphertext-policy attribute-based encryption (CP-
ABE) are given in [28].

3 PROBLEM FORMULATION

3.1 System Model

The system model of the proposed scheme consists of five
kinds of different entities: the Cloud, the Trust Authority
(TA), the Data Owner, the Authorized Users and the Read-
ers, as shown in Fig. 2.

� Cloud. The cloud is assumed to be semi-honest. Spe-
cifically, it can only store the shared data as well as
the corresponding signatures, and will not generate

the new signatures for updated data as the authorized
user does. In addition, the cloud has adequate storage
and computing resources. With outsourcing data in a
remote cloud, the users’ local burden of storage and
computing are remarkably reduced, and users can
also share data with others non-interactively.

� Trusted Authority. The Trusted Authority (TA) is
fully honest and responsible for generating the sign-
ing private key for the data owner, and issuing the
attributes and attributes’ key for the data owner and
all authorized users.

� Data Owner. The data owner is fully honest and gen-
erates a signature for the original file before upload-
ing the data to the cloud. The data owner has fine-
grained control over which users can update the file
and which portions of the file can be updated.

� Authorized Users. The authorized users are semi-hon-
est in the sense that they can update the parts of the
file that are allowed to be updated, and generate the
new valid signatures for the updated data that are
indistinguishable from the signatures that the data
owner generated for the original file.

� Readers. The readers may act malicious behavior and
can only access the shared file and cannot update it.
The readers may either have access to the original
file signed by the data owner or to the updated file
signed by the authorized users.

First, the data owner signs the original file to generate the
signed file. Meanwhile, the data owner specifies which por-
tions of the file are allowed to be updated and an access pol-
icy that is used to fine-grained control over which users can
update the shared file. Then, the data owner sends the file
and the corresponding signed file to the cloud. Only the
authorized users can update the parts of the signed file that
is allowed to be updated. The authorized user updates the
data and converts signatures of original file into new ones
for the updated file, which are indistinguishable from the
original signatures. Next, the authorized user uploads the
updated file and the corresponding signed file to the remote
cloud. Readers can access the shared file stored in the cloud
anytime and anywhere. This file may be the original file
signed by the data owner, or an updated file. But readers
are not allowed to update the shared file. When readers find
that the shared file or its signature is invalid, they can cap-
ture the exact identity of the wrong side with the help of TA.

Fig. 2. The system model.
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3.2 Design Goals

To realize controllably editable cloud-based data sharing
with accountability, our scheme is designed to achieve the
following goals:

� Fine-grained Access Control. Without knowing the
number and exact identities of the potential autho-
rized users, the data owner gets fine-grained control
over who can update the shared file that are
uploaded to the external cloud.

� Controllable Edit. The authorized users cannot update
the portions of the shared file that are not allowed to
be updated.

� Transparency. The authorized users’ signatures of the
updated file is indistinguishable from the data own-
er’s signatures for the original file.

� Accountability. The data owner cannot accuse the
authorized users (vice versa) of signing.

3.3 Definitions

3.3.1 Scheme Definitions

Definition 5 (Fine-Grained and Controllably Editable
Data Sharing Scheme With Accountability in Cloud
Storage). A fine-grained and controllably editable data shar-
ing scheme with accountability in cloud storage consists of the
following seven algorithms: Setup, KGenDW, KGenAU,
Sign, SignChg, Verify, Trace. The above algorithms are
described as follows in detail:

� ðmpk;msk; tkÞ  Setupð1�; 1lÞ: The set up algorithm
is run by TA and takes the security parameter 1� and
the maximum length 1l of the messages as input. It
outputs the master private/public key pair ðmpk;mskÞ
and the tracing key tk.

� ðpkDW ; skDW ;AskdID;SDW
Þ  KGenDWðmpk;msk;

SDW ; dIDÞ: The data owner’s key generation algorithm
is run by TA and takes the master private/public key
pair ðmpk;mskÞ, the set of attributes SDW owned by
the data owner and the data owner’s identity dID as
input. It outputs the private/public signing key pair
ðpkDW ; skDW Þ and the secret attribute key AskdID;SDW

for the data owner.
� ðAskaID;SAU Þ  KGenAUðmpk;msk; SAU; aIDÞ:

The authorized user’s key generation algorithm is run
by TA and takes the master private/public key pair
ðmpk;mskÞ, the set of attributes SAU owned by an
authorized user and the authorized user’s identity aID
as input. It outputs the secret attribute key AskaID;SAU

for the authorized user.
� s  Signðmpk;m; P; skDW ;AskdID;SDW

; amÞ: The
signature generation algorithm is run by the data
owner and takes the master public key mpk, the mes-
sage m, the access policy P, the data owner’s signing
key skDW , the data owner’s attribute key AskdID;SDW

and the description am of the admissible modification
as input. It outputs the signature s.

� s0  SignChgðmpk; pkDW;m; P; s; dm;AskaID;SAU Þ:
The signature change algorithm is run by the autho-
rized users and takes the master public key mpk, the
data owner’s public key pkDW , the message m, the
access policy P, the original signature s, the

description dm of the desired modification, the autho-
rized user’s attribute key AskaID;SAU as input. It out-
puts the new valid signature s0.

� b Verifyðmpk; pkDW; P;m; sÞ: The verification
algorithm can run by anyone and takes the master pub-
lic key mpk, the data owner’s public key pkDW , the
access policy P, the message m and the signature s as
input. It outputs a bit b. If the signature is valid, b ¼
1. Otherwise, b ¼ 0.

� dID=aID Traceðmpk; s; tk; stÞ: The trace algo-
rithm is run by TA and takes the master public key
mpk, the signature s, the tracing key tk and the list st
stored in TA as input. It outputs the data owner’s iden-
tity dID, or an authorized user’s identity aID.

3.3.2 Security Definitions

Definition 6 (Controllable Edit). In order to formally
describe the controllable edit of the shared data, we introduce a
game between the challenger C and the adversary A to show
how the adversary A is against the controllable edit of the
shared data. Trusted authority is viewed as a challenger C and
the authorized user is viewed as an adversary A in our security
definition. This game includes the following phases:

� Setup Phase: First, the challenger C runs the Setup
algorithm to generate the master private/public key
pair ðmpk;mskÞ and the tracing key tk. Then, C holds
the master private key msk and the tracing key tk
locally. Finally, C sends the master public key mpk to
the adversary A.

� Query Phase:
– KGenDW Queries: The adversary A makes

queries the data owner’s private/public key pair and
the attribute key for the set of attributes S0DW and
the identity dID0. C runs KGenDW algorithm and
returns the private/public key pair ðpk0DW ; sk0DW Þ
and the attribute keyAskdID0;S0DW

toA.
– KGenAU Queries: The adversary A makes

queries the attribute key of the potential authorized
user for the identity aID0 of the potential autho-
rized user and the attributes’ set S0AU . C runs
KGenAU algorithm and returns the attribute key
AskaID0;S0AU to A.

– Sign Queries: The adversary A makes queries
the signature for the message m, the data own-
er’s signing key sk0DW , the attribute key
AskdID0;S0DW

and the description am0 of the mod-
ification. C runs Sign algorithm and returns the
signature s0 to A.

– SignChg Queries: The adversary A makes queries
the new signature for the message m, the access
policy P, the signature s0, the description dm0 of
desired modification and the potential authorized
user’s attribute key AskaID0;S0AU . C runs SignChg
algorithm and returns the signature s00 to A.

– Verify Queries: The adversary A makes queries
the verification result for data owner’s public key
pk0DW , the messagem and the signature s0. C runs
Verify algorithm and returns the result to A.

– Trace Queries: The adversary A makes queries
the signer’s identity for the signature s0, the
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tracing key tk and the information st stored in TA.
C runs Trace algorithm and returns the signer’s
identity to A.

� Challenge Phase: The adversary A adaptively chooses
the authorized user’s attributes set S�AU (P ðS�AUÞ ¼ 1)
and the identity aID�. Then, A runs SignChg algo-
rithm to generate the challenged signature s� with the
updated data dm�ðmÞ ¼ m� 6	 am0ðmÞ. Finally, the
adversary A sends ðS�AU;m

�; s�Þ to C.
� Verify Phase: The adversary A performs polynomial

queries as in Query Phase. Consider the adversary A
has made L queries, and let Q ¼ fpkDW;i; SAU;i;mi;
ami; sig½jQj�i¼1 denote the set of information obtained
through these queries. C runs Verifyðmpk; pk0DW ;
P;m�; s�Þ algorithm, and outputs a bit b0. Then, C
checks whether there exists a i 2 ½jQj�; dm�ðmÞ �
am0ðmÞ such that S�AU ¼ SAU;i and m� ¼ dm�ðmÞ 6	
am0ðmÞ. If there is such an i, the challenger C outputs
b1 ¼ 1. Otherwise, C outputs b1 ¼ 0.

We say that the adversary A wins if b0 ^ :b1 ¼ 1. In the
above game, we want to show that the adversaryA, who update
the inadmissible parts of the shared data, should not generate
the new valid signature. The adversary’s goal is to correctly
generate the valid signature s00 for the inadmissible modifica-
tion m� ¼ dm�ðmÞ 6	 am0ðmÞ. We set the advantage of a
polynomial time adversary A in this game to be Pr½b0 ^ :b1 ¼
1�. We say the proposed scheme satisfies the controllable edit of
the shared data if for any polynomial time adversary A,
Pr½b0 ^ :b1 ¼ 1� < 1=polyðnÞ for a sufficiently large n, where
poly stands for a polynomial function.

Definition 7 (Transparency). In order to formally describe the
transparency of the signature for the updated data, we intro-
duce a game between the challenger C and the adversary F to
show how the adversary F is against the transparency of the
signature for the updated data. Trusted authority is viewed as a
challenger C and the unauthorized user and reader are viewed
as an adversary F in our security definition. This game
includes the following phases:

� Setup Phase: First, C runs the setup algorithm to gen-
erate the master private/public key pair ðmpk;mskÞ
and the tracing key tk. Then, C holds the master private
keymsk and the tracing key tk locally. Finally, C sends
the master public keympk to the adversary F .

� Query Phase:
– KGenDW Queries: The adversary F makes

queries the data owner’s private/public key pair
and the attribute key for the set of attributes S0DW

and the identity dID0. C runs KGenDW algorithm
and returns the private/public key pair
ðpk0DW; sk0DW Þ and the attribute key AskdID0;S0DW

to F .
– KGenAU Queries: The adversary F makes

queries the attribute key of the potential authorized
user for the identity aID0 of the potential autho-
rized user and the attributes’ set S0AU . C runs
KGenAU algorithm and returns the attribute key
AskaID0;S0AU to F .

– Sign Queries: The adversary F makes queries the
signature for the message m, the data owner’s

signing key sk0DW and the attribute key
AskdID0;S0DW

, the description am0 of the modifica-
tion. C runs Sign algorithm and returns the signa-
ture s0 to F .

– SignChg Queries: The adversary F makes queries
the new signature for the message m, the access
policy P, the signature s0, the description dm0 of
desired modification and the potential authorized
user’s attribute key AskaID0;S0AU . C runs SignChg
algorithm and returns the signature s00 to F .

– Verify Queries: The adversary F makes queries
the verification result for data owner’s public key
pk0DW , the messagem and the signature s0. C runs
Verify algorithm and returns the result to F .

– Trace Queries: The adversary F makes queries
the signer’s identity for the signature s0, the trac-
ing key tk and the information st stored in TA. C
runs Trace algorithm and returns the signer’s
identity to F .

� Challenge Phase: The adversary F adaptively chooses
the authorized user’s attributes set S�AU (P ðS�AUÞ ¼ 1),
the identity aID� and the modification dm�ðmÞ ¼
m� 	 am0ðmÞ, where the message m is not signed by
the data owner or the authorized user. Then, C randomly
selects b f0; 1g, and sets m0 ¼ m, m1 ¼ m�.
Finally, if b ¼ 1, the challenger C runs SignChg ðmpk;
pkDW;m; P; s; dm�ðmÞ ¼ m� � am0ðmÞ; AskaID;S�

AU
Þ,

and runs Signðmpk;m; P; skDW;AskdID;SDW
; am0Þ

for b ¼ 0.
� Guess Phase: The adversary F performs polynomial

queries as in Query Phase. Then, F returns a bit b0.

In the above game, we want to show that the adversary F
cannot tell the difference between the signatures produced
by the data owner and the authorized users. The
adversary’s goal is to correctly guess the algorithm per-
formed by C. We set the advantage of a polynomial time
adversary F in this game to be Pr½b0 ¼ b� � 1

2 . We say the
proposed scheme satisfies the transparency of the signature
for the updated data if for any polynomial time adversary
F , jPr½b0 ¼ b� � 1

2 j < 1=polyðnÞ for a sufficiently large n,
where poly stands for a polynomial function.

Definition 8 (Fine-grained Access Control). We say a con-
trollably editable data sharing scheme with accountability
achieves fine-grained access control if the data owner can get
fine-grained control over who can update the shared data with-
out knowing the exact members and number of data consumers,
and specify which portions of the shared data can be updated.

Definition 9 (Accountability). We say a fine-grained and
controllably editable data sharing scheme supports accountabil-
ity if TA can extract signer’s identity from any valid signature
with non-negligible probability.

4 THE PROPOSED SCHEME

4.1 An Overview

In order to efficiently achieve fine-grained and controllably
editable data sharing with the malicious user accountability
in the cloud storage, we first try to adopt policy-based sani-
tizable signature [24]. However, the number of blocks of the
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signed data cannot be changed and the set of inadmissible
blocks needs to be stored in [24].

Finally, we consider adopting the idea of the recent work
[9], which allows the authorized users to directly generate
new valid signatures on the updated data without interact-
ing with the data owner. However, the following problems
will arise if one adopts the idea of [9] directly. First, the
scheme in [9] does not allow the data owner to have fine-
grained control over the potential authorized users. In order
to authorize the user, the description of admissible modifi-
cation is required to be encrypted using the public key
encryption algorithm under the public key of the desired
authorized user. In this way, the data owner needs to collect
the desired authorized users’ public keys in advance. In
most editable cloud-based data sharing environments, the
data owner cannot know the number and exact identities of
the potential authorized users. For example, to ensure the
timeliness and the authoritative source of the shared data,
an authoritative research institution hopes that other
researchers in the same research filed will be able to update
the data without changing the source of the report. How-
ever, the number of researchers in the same research field is
constantly changing. It is difficult to count the number and
identities of these researchers worldwide. Second, to
achieve the malicious user accountability, verifiable ring
signature [29] is adopted in the scheme [9]. The ring signa-
ture scheme requires the public keys of all potential autho-
rized users to be known in advance, which cannot be
satisfied in the cloud-based data sharing environment.

In order to solve the above problems, we improve the
scheme in [9] and design a new attribute-based sanitizable
signature scheme. First, the public key encryption algorithm
used in the scheme [9] should be substituted with the cipher-
text-policy attribute-based encryption (CP-ABE). This allows
the data owner to get fine-grained control over who can
update the shared data without knowing the number and

exact identities of the potential authorized users. In terms of
practical CP-ABE instantiations, we considered the efficient
CP-ABE scheme called FAME [28]. FAME only achieves
IND-CPA security. To achieve IND-CCA2 security, we con-
vert FAME by using a variant of Fujisaki-Okamoto transform
[30]. Basically, the encryption algorithm will encrypt ðm; rÞ,
where m is the original message that needs to be encrypted,
and r is a random string. Then, the hash valueHðr; P Þ is cal-
culated, where H is a collision resistant hash function and P
is the access policy which is contained in the ciphertext. In
the decryption process, the decryption algorithm is first used
to get ðm0; r0Þ, and then H 0ðr0; P Þ is calculated. If H 0 ¼ H, the
algorithm outputs m0. Otherwise, it outputs ?. Moreover, to
achieve accountability on the condition that the number and
exact identities of the potential authorized users are
unknown, we replace the ring signature used in [9] with the
traceable attribute-based signature (TABS) [27]. Our generic
construction as shown in Fig. 3.

4.2 Description of the Proposed Scheme

The proposed scheme consists of the following seven
algorithms:

� ðmpk;msk; tkÞ  Setupð1�; 1lÞ: The goal of this algo-
rithm is to generate the tracing key tk, the system
public parameter mpk and the master private key
msk which are necessary for the subsequent
algorithms.
– On input the security parameter � and the maxi-

mum length of the messages l, TA operates as
follows. Let ê : G�G! GT be a bilinear pairing,
where G and GT are groups of a order n
(n ¼ p 
 q, where p and q are two prime numbers),
and g, h are generators of group G. Then, TA
randomly selects ða1; a2; b1; b2Þ  Z�p ; ðd1; d2; d3;
d4Þ  Zp, and chooses random v 2 Gp where Gp

Fig. 3. The generic construction of the proposed scheme.
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is the subgroup of the G of order n. Let H1 and
H2 be two cryptographic hash functions
f0; 1g� ! G.

– TA selects an automorphic signature scheme,
and sets the corresponding private/public key
pair to ðskaut; pkautÞ. Next, TA calculates the trac-
ing key tk such that tk ¼ 0mod p and tk ¼ 1mod
q. Let the universe of attributes is U .

– Finally, TA outputs the public system parameter
mpk ¼ ðn;G;GT ; ê; g; h;v; H1; H2; g

d4 ; pkaut; U; h
a1 ;

ha2 ; T1; T2Þ, where T1 ¼ êðg; hÞd1
a1þd3 ; T2 ¼
êðg; hÞd2
a2þd3 and holds the master secret key
msk ¼ ða1; a2; b1; b2; d4; gd1 ; gd2 ; gd3 ; skaut; tkÞ locally.

� ðpkDW ; skDW ;AskdID;SDW
Þ  KGenDWðmpk;msk;

SDW ; dIDÞ: The goal of this algorithm is to generate
the private/public signing key pair ðpkDW; skDW Þ
and the secret attribute key AskdID;SDW

for the data
owner.
– On input the public system parameter mpk, TA

randomly selects t Z�p and ðtiÞi2½1;l�  ðZ�pÞl.
Then, TA sets skEQS ¼ ðt; ðtiÞi2½1;l�Þ and pkEQS ¼
ðT 0; ðT 0iÞi2½1;l� ¼ ðtg; ðtgtiÞi2½1;l�ÞÞ.

– On input the master secret key msk, the data
owner’s identity dID and attributes’ set SDW , TA
chooses a random number KdID 2 G, and signs
KdID 2 G using the automorphic signature to get
sKdID

. For each ati 2 SDW , TA randomly selects
ri 2 Zp and computes ski ¼ ðH1ðatiÞd4Kri

dID; g
riÞ.

Let AskdID;SDW
¼ ðKdID; sKdID

; fskigati2SDW
Þ denote

the data owner’s attribute key.
– Finally, TA sets pkDW¼pkEQS; skDW ¼ skEQS;

AskdID;SDW
¼ AskdID;SDW

.
� ðAskaID;SAU Þ  KGenAUðmpk;msk; SAU; aIDÞ: The

goal of this algorithm is to generate the secret attri-
bute key AskaID;SAU for the authorized user.
– On input the master secret key msk, the autho-

rized user’s identity aID and attributes’ set SAU ,
TA chooses a random number KaID 2 G, and
signs KaID 2 G using the automorphic signature
to get sKaID

. For each ati 2 SAU , TA randomly
selects ui 2 Zp and computes sski ¼ ðH1ðatiÞd4
K

ui
aID; g

uiÞ. We set ABS:AskaID;SAU ¼ ðKaID; sKaID
;

fsskigati2SAU Þ as the authorized user’s attribute
key for signing.

– On input the master secret key msk, the autho-
rized user’s attribute set SAU , TA randomly choo-
ses k1; k2  Zp and calculates skABE;0 ¼ ðhb1k1 ;
hb2k2 ; hk1þk2Þ. For each ati 2 SAU and j ¼ 1; 2, TA
computes

skati;j ¼ H2ðatijj1jjjÞ
b1k1
aj 
H2ðatijj2jjjÞ

b2k2
aj


H2ðatijj3jjjÞ
k1þk2
aj

g
ri
at
:

Let skati ¼ ðskati;1; skati;2; g�riÞ. Then, TA calcu-
lates

sk0j ¼ gdj 
H2ð011jÞ
b1k1
aj 
H2ð012jÞ

b2k2
aj


H2ð013jÞ
k1þk2
aj 
 g z

aj ; z Zp:

Let sk0 ¼ ðsk01; sk02; gd3 
 g�zÞ. TA outputs the
authorized user’s attribute keyABE:AskaID;SAU ¼
ðsk0; fskatigati2SAU ; sk0Þ for decrypting.

– Finally, TA returns AskaID;SAU ¼ fABS:AskaID;SAU ;

ABE:AskaID;SAU g.
� s  Signðmpk;m; P; skDW;AskdID;SDW

; amÞ: The goal
of this algorithm is to generate the signature s.
– On input the master public keympk, the message

m, the access policy P, the data owner’s signing
key skDW , the data owner’s attribute key
AskdID;SDW

and the description am of the admis-
sible modification, the data owner checks
whether jamj ¼ l. If jamj 6¼ l, the data owner
returns ?. Then, the data owner randomly
selects xi; yi  Z�p ; 8i 2 ½l�, and computes Xi :¼
gxi ; Yi :¼ Xi

yi . The data owner calculates m ¼
EQS:SignðskEQS; ðX1; . . . ; XlÞÞ and h ¼ EQS:Sign
ðskEQS; ðY1; . . . ; YlÞÞ.

– For each bit of the message m, the data owner
computes si :¼ HðijjmiÞyi , and sets �i :¼
f yi; i 2 am
0; otherwise

.

– On input the public system parameter mpk, the
access policy P, the description am of the admis-
sible modification and f�igi2½l�, the data owner
randomly selects s1; s2  Zp and computes ct0 ¼
ðha1s1 ; ha2s2 ; hs1þs2Þ. Consider the monotone span
program M has n1 rows and n2 columns. For all
u ¼ 1; 2; . . . ; n1, and ‘ ¼ 1; 2; 3, the data owner
computes

ctu;‘ ¼ H2ðfðiÞ‘1Þs‘ 
H2ðfðiÞ‘2Þs2



Yn2
j¼1
½H2ð0v‘1Þs1 
H2ð0v‘2Þs2 �ðMÞu;v ;

where ðMÞu;v denotes ðu; vÞth element of M. The
data owner also computes encodeðam; rdÞ and
ct0 ¼ T

s1
1 
 Ts2

2 
 encodeðam; rdÞ, where rd is a ran-
dom string, encode is an encoding algorithm.
Next, the data owner computes H1ðrd; P Þ. Let
C ¼ ðct0; ct1; . . . ; ctn1 ; ct0Þ.

– On input the public system parameter mpk, the
access policy P, the data owner’s attribute key
skdID;SDW

and the messagem, the data owner com-
putes sABS  TABS:Signðmpk; skdID;SDW

;m;P Þ.
Finally, the data owner returns

s¼ fm; h; fsi;Xi; Yigli¼1; C; sABSg.
� s0  SignChgðmpk; pkDW ;m; P; s; dm;AskaID;SAU Þ:

The goal of this algorithm is to generate the new
valid signature s0.
– First, the authorized user runs CP�ABE:

Decryptðmpk;C;ABE:AskaID;SAU Þ to get encode0

ðam; rdÞ. Then, the authorized user gets
ðam0; rd0Þ from decodeðencode0ðam; rdÞÞ. The data
owner checks whether dm 2 am. If dm =2 am, the
authorized user returns ?. Then, the authorized
user computes m0 ¼ dmðmÞ, and selects two ran-
dom number r; s Z�p . The authorized user cal-
culates ðX01; . . . ; X0lÞ ¼ ðX1; . . . ; XlÞr, ðY 01; . . . ;
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Y 0lÞ ¼ ðY1; . . . ; YlÞrs and sets �X ¼ ðX1; . . . ; XlÞ,
�Y ¼ ðY1; . . . ; YlÞ.

– The authorized user computes m0 ¼ EQS:Chg
RepðpkEQS; �X;m; rÞ and h0 ¼ EQS:ChgRep$
pkEQS; �Y ; h; sÞ. For all i 2 ½l�, the authorized user

sets �0i ¼ s 
 �i and s0i :¼ fHðijjm
0
iÞ�
0
i ; i 2 am

ss
i ; otherwise

.

– The authorized user calculates C0 :¼
CP�ABE:Encðmpk; P; am; f�0igi2½l�Þ and s0ABS  
TABS:Signðmpk; skaID;SAU ;m

0; P Þ. Finally, the
authorized user returns s0¼ fm0; h0; fs0i; X0i;
Y 0igi2½1;l�;C0;s0ABSg.

� b Verifyðmpk; pkDW; P;m; sÞ: The goal of this algo-
rithm is to check whether the signature is valid. It
outputs a bit b. If the signature is valid, b ¼ 1. Other-
wise, b ¼ 0. This algorithm can be performed by any-
one. Computes b�3 ¼ TABS:Verifyðmpk;m; s; P Þ,
b�2 ¼ ð8i 2 ½l�; Yi 6¼ gÞ, b�1 ¼ EQS:VfðpkEQS; ðX1; . . . ;
XlÞ; mÞ, b0 ¼ EQS:VfðpkEQS; ðY1; . . . ; YlÞ; hÞ, and bi ¼
ðêðXi; siÞ ¼ êðYi;HðijjmiÞÞÞ; 8i 2 ½l�, this algorithm
returns b ¼Tl

i¼�3 bi .� dID=aID Traceðmpk; s; tk; stÞ: The goal of this
algorithm is to capture the identity of the signer. TA
runs TABS:Traceðtk; s;mpkÞ to obtain the identity of
the signer in the signature s.

5 SECURITY ANALYSIS

In this section, we analyze the security of our proposed
scheme in term of controllable edit, transparency, fine-
grained access control and accountability. The following
proof uses the generic group model abstraction of Shoup
[31]. Now, we first introduce two lemmas used in the proof
process.

Lemma 2 (Schwartz-Zippel [32]). Consider the F ðX1; . . . ;
XmÞ is a non-zero polynomial of the degree d � 0 over the field
F. Then, for each random input ðx1; . . . ; xmÞ, the probability of
F ðx1; . . . ; xmÞ ¼ 0 is bounded from above by d

F
.

Lemma 3. Let ðG;GT ; g; h; ê; pÞ is the output of the algorithm
Setupð1�; 1lÞ, where p > 2�. Given a; b; c Zp, the probabil-
ity that the generic group adversary A on input
ðg; ga; gb; h; hb; hcÞ outputs ðgu; gv; gx; gy; hzÞ such that

au� x ¼ 0
bv� y ¼ 0
cy� xz ¼ 0

v 6¼ 0;

8>><
>>:

is negligible.

Proof. Suppose ðgu; gv; gx; gy;hzÞ is the output of the generic
group adversary A. Then, there are some coefficients ðu1; ua;
ub; v1; va; vb; x1; xa;xb; y1; ya; yb; z1; zb; zcÞ 2 Zp such that

u ¼ u1 þ aua þ bub

v ¼ v1 þ ava þ bvb
x ¼ x1 þ axa þ bxb

y ¼ y1 þ aya þ byb
z ¼ z1 þ bzb þ czc:

8>>><
>>>:

We get �x1 þ ðu1 � xaÞa� bxb þ a2ua þ abub ¼ 0 from
au� x ¼ 0. For the variables A and B, fðA;BÞ ¼
�x1 þ ðu1 � xaÞA�Bxb þA2ua þABub is a quadratic
polynomial. Let f is a non-zero polynomial. According to
the Lemma 2, for a; b Zp, the upper bounded of the
probability of fða; bÞ ¼ 0 is 2=p < 21�� which is negligi-
ble. Thus, we can set fðA;BÞ ¼ 0. We have x1 ¼ xb ¼ 0. tu
To the same vein, we get v1 ¼ yb and y1 ¼ ya ¼ 0 from

bv� y ¼ 0. Therefore, we can write x ¼ axa and y ¼ byb.
Suppose cy� xz ¼ 0, we have bcyb � axaz1 � abxazb �
acxazc ¼ 0. According to the Lemma 2, we can assume that
yb ¼ 0. Then, we get v ¼ v1 ¼ yb ¼ 0, which contradicts with
the above relation v 6¼ 0.

To sum up, on input ðg; ga; gb; h; hb; hcÞ, the probability
that the generic group adversary A outputs ðgu; gv; gx; gy; hzÞ
such that

au� x ¼ 0
bv� y ¼ 0
cy� xz ¼ 0

v 6¼ 0;

8>><
>>:

is negligible.

Theorem 1 (Controllable Edit). Suppose the problem defined
in Lemma 3 is hard for all generic group adversaries. In the pro-
posed scheme, for a generic group adversary A, who updates the
signed message that did not fit the modification description am,
it is computationally infeasible to generate a valid signature for
the updated message.

Proof. To prove this theorem, we define a game between a
challenger C and a generic group adversary A. tu
Game 1. In the Game 1, both the challenger C and the

adversary A perform as defined in the security definition.
That is, the challenger C runs the Setup algorithm and sends
the master public key mpk to the adversary A. Then, the
adversary A does as Query Phase. Next, the adversary A
adaptively chooses the authorized user’s attribute set S�AU
(P ðS�AUÞ ¼ 1) and the identity aID�. A runs SignChg algo-
rithm to generate the challenged signature s� with the
updated data dm�ðmÞ ¼ m� 6	 am0ðmÞ. Finally, the adver-
sary A sends ðS�AU;m�; s�Þ to the challenger C.

Analysis. Assume that the adversary A wins the Game 1
with non-negligible probability. Then, we can construct a
simulator T to solve the problem defined in Lemma 3. Sup-
pose the simulator’s challenge is ðg; ga; gb; h; hcÞ received
from its challenger. Then, to solve the problem defined in
Lemma 3, the simulatorT acts like the challenger C inGame 1.

� Setup Phase: First, the simulator T runs the Setup
algorithm to generate the master private/public key
pair ðmpk;mskÞ and the tracing key tk. Then, C holds
the master private key msk and the tracing key tk
locally. Finally, the simulator T sends the master
public keympk to the adversary A.

� Query Phase:
– KGenDW Queries: The adversary A makes

queries the data owner’s private/public key pair
and the attribute key for the set of attributes
S0DW and the identity dID0. The simulator T runs
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KGenDW algorithm and returns the private/pub-
lic key pair ðpk0DW; sk0DW Þ and the attribute key
AskdID0;S0DW

to A.
– KGenAU Queries: The adversary Amakes queries

the attribute key of the potential authorized user
for the identity aID0 of the potential authorized
user and the attributes’ set S0AU . The simulator T
runs KGenAU algorithm and returns the attribute
key AskaID0;S0AU to A.

– Sign Queries: The adversary A makes queries the
signature for the message m, the data owner’s
signing key sk0DW and the attribute key
AskdID0;S0DW

, the description am0 of the modifica-
tion. Let Q1 denote the number of signing
queries. Suppose i�; j�  Q1 are the signing
queries which are attacked by the adversary A,
and k�  ½‘� is the index of the inadmissible
block that will be updated. If i 6¼ i� and i 6¼ j�,
the simulator T runs Sign algorithm and returns
the signature s0 to A honestly. If i ¼ i� or i ¼ j�,
the simulator T does as follows:
* If i ¼ i�, the simulator T sets Xi�;k� ¼ ga

and Hði�Þ ¼ hc. For k 2 ½‘�nfk�g, T sets
Xi�;k ¼ gxi� ;k ; xi�;k  Z�p . The generation of
the remaining signature parts is the same
as Sign algorithm, except for the generation
of these elements ðXi�;1; . . . ; Xi�;‘Þ.

* If i ¼ j�, the simulator T sets Yj�;k� ¼ gb. For
k 2 ½‘�nfk�g, T generates Yj�;k as Sign.

– SignChg Queries: The simulator T runs SignChg
algorithm and returns the signature s00 to A.

– Verify Queries: The simulator T runs Verify algo-
rithm and returns the result to A.

– Trace Queries: The simulator T runs Trace algo-
rithm and returns the signer’s identity to A.

� Challenge Phase: The adversary A adaptively chooses
the authorized user’s attributes set S�AU (P ðS�AUÞ ¼ 1)
and the identity aID�. Then,A runs SignChg algorithm
to generate the challenged signature s� with the
updated data dm�ðmÞ ¼ m� 6	 am0ðmÞ. Finally, the
adversaryA sends ðS�AU;m

�; s�Þ to the simulatorT.
Parse s� ¼ ðm�; h�; fs�j ; X�j ; Y �j gj2½1;‘�; C�; s�ABSÞ. According

to the security of EQS, we have ½X�1 ; . . . ; X�l �R ¼ ½Xi0;1; . . . ;
Xi0;l�R, and ½Y �1 ; . . . ; Y �l �R ¼ ½Yj0;1; . . . ; Yj0;l�R. Thus, ðX�1 ; . . . ;
X�l Þ ¼ ðXi0;1; . . . ; Xi0;lÞr and ðY �1 ; . . . ; Y �l Þ ¼ ðYj0;1; . . . ; Yj0;lÞrs
hold for some r; s Zp.

Suppose ði0; j0Þ ¼ ði�; j�Þ and k0 ¼ k�, the simulator T can
get

ðX�k0 Þ
1

xi� ;k0 ¼ g
r
ðxi� ;k0 Þ
 1

xi� ;k0 ¼ gr

ðY �k0 Þ
1

ðxi� ;k0 Þ
ðyi� ;k0 Þ ¼ g
rs
ðxi� ;k0 Þ
ðyi� ;k0 Þ
 1

ðxi� ;k0 Þ
ðyi� ;k0 Þ ¼ grs:

Since the adversary A wins, Verify outputs 1. It means
that Y �k� ¼ grsb 6¼ g; rs 6¼ 0. The simulator T gets

êðX�k� ; s�k� Þ ¼ êðY �k� ; Hðk�jjm�k� ÞÞ
êðXr

i�;k� ; s
�
k�Þ ¼ êðY rs

j�;k� ; h
cÞ

êðgra; s�k�Þ ¼ êðgrsb; hcÞ
s�k� ¼ h

sbc
a :

Finally, the simulator T can output ðgu; gv; gx; gy; hzÞ ¼
ðgr; grs; gra; grsb; hsbc

a Þ such that

au� x ¼ 0
bv� y ¼ 0
cy� xz ¼ 0

v 6¼ 0

8>><
>>:

:

It contradicts with Lemma 3. Thus, for a generic group
adversary A, who updates the signed message that did not
fit the modification description am, it is computationally
infeasible to generate a valid signature for the updated
message.

Theorem 2 (Transparency). In the proposed scheme, for an
adversary F , it is computationally infeasible to distinguish the
signature of updated message from the signature of original
message.

Proof. To prove this theorem, we define a game between a
challenger C and a generic group adversary F . tu
Game 2. In the Game 2, both the challenger C and the

adversary F perform as defined in the security definition.
That is, the challenger C runs the Setup algorithm and sends
the master public key mpk to the adversary A. Then, the
adversary A does as Query Phase. Next, the adversary F
adaptively chooses the authorized user’s attributes set S�AU
(P ðS�AUÞ ¼ 1), the identity aID� and the modification
dm�ðmÞ ¼ m� 	 am0ðmÞ, where the message m is not signed
by the data owner or the authorized user. Then, the chal-
lenger C randomly selects b f0; 1g, and setsm0 ¼ m,m1 ¼
m�. If b ¼ 1, C runs SignChgðmpk; pkDW;m; P; s; dm�ðmÞ ¼
m� � am0ðmÞ; AskaID;S�

AU
Þ, and runs Signðmpk;m; P; skDW ;

AskdID;SDW
; am0Þ for b ¼ 0. Finally, F returns a guess bit b0

for b.
Analysis. If b ¼ 0, C runs D ¼ Signðmpk;m; P; skDW ;

AskdID;SDW
; am0Þ

D ¼

xi; yi  Z�p ;Xi ¼ gxi ; Yi ¼ Xi
yi ; 8i 2 ½l�

m EQS:Signðsk�EQS; ðX1; . . . ; XlÞÞ
h EQS:Signðsk�EQS; ðY1; . . . ; YlÞÞ

si ¼ HðijjdmðmiÞÞyi ; 8i 2 ½l�

s :

�i ¼ yi; i 2 am
0; otherwise

�

C  CP�ABE:Encðmpk; P; am; f�igi2½l�Þ
s :¼ fm; h; fsi; Xi; Yigli¼1;C;sABSg

8>><
>>:

8>>>>>>>>>>><
>>>>>>>>>>>:

:

If b ¼ 1, C runs D00 ¼ SignChgðmpk; pkDW ;m; P; s; dm�ðmÞ ¼
m� � am0ðmÞ; AskaID;S�

AU
Þ

D00 ¼

r; s Zp

xi; yi  Z�p ;Xi ¼ gxi ; Yi ¼ Xi
yi ; 8i 2 ½l�

m0  EQS:Signðsk�EQS; ðX1; . . . ; XlÞÞ
h0  EQS:Signðsk�EQS; ðY1; . . . ; YlÞÞ

m ¼ EQS:ChgRepðpkEQS; ðX1; . . . ; XlÞ;m0; rÞ
h ¼ EQS:ChgRepðpkEQS; ðY1; . . . ; YlÞ; h0; rsÞ
si ¼ HðijjdmðmiÞÞs
yi ; 8i 2 ½l�

s :

�i ¼ s 
 yi; i 2 am
0; otherwise

�

C  CP�ABE:Encðmpk; P; am; f�igi2½l�Þ
s :¼ fm; h; fsi; Xi; Yigli¼1;C;sABSg

8>><
>>:

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

:
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According to the feature of EQS, the distribution of EQS.
Sign is identical to that of EQS.ChgRep. Thus, D00 ¼ D0,
where

D0 ¼

r; s Zp

xi; yi  Z�p ;Xi ¼ gxi ; Yi ¼ Xi
yi ; 8i 2 ½l�

m EQS:Signðsk�EQS; ðX1; . . . ; XlÞrÞ
h EQS:Signðsk�EQS; ðY1; . . . ; YlÞrsÞ

si ¼ HðijjdmðmiÞÞsyi ; 8i 2 ½l�

s :

�i ¼ s 
 yi; i 2 am
0; otherwise

�

C  CP�ABE:Encðmpk; P; am; f�igi2½l�Þ
s :¼ fm; h; fsi; Xi; Yigli¼1;C;sABSg

8>><
>>:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

:

Replacing r 
 xi and s 
 yi with xi and yi, we can get D0 ¼
D. Furthermore, D00 ¼ D. Therefore, we can conclude that
the signature of the updated message and the signature of
the original message are functionally equivalent. In conclu-
sion, for any PPT adversaries F , the advantage jPr½b0 ¼
b� � 1

2 j < 1=polyðnÞ is negligible for a sufficiently large n,
where poly stands for a polynomial function.

Theorem 3 (Fine-grained Access Control). In the proposed
scheme, the data owner can develop an access policy without
knowing the number and exact identities of the potential autho-
rized users. Only the the potential authorized users who satisfy
the access policy can update the portions of the message which
are allowed to update.

Proof. In Signðmpk;m;P; skDW ;AskdID;SDW
; amÞ, the descrip-

tion am of admissible modification is encrypted using the
CP-ABE on the access policy P. When a potential autho-
rized user wants to update the signed message, he/she
should first execute CP�ABE:Decryptðmpk;C;ABE:As
kaID;SAU Þ to get the description am of admissible modifica-
tion. According to the security of CP-ABE, only the poten-
tial authorized user whose attribute set satisfies the access
policy P can decrypt am. Therefore, our proposed scheme
achieves fine-grained access control. tu

Theorem 4 (Accountability). In the proposed scheme, TA can
extract signer’s identity from any valid signature. Thus, the
data owner cannot accuse the authorized users (vice versa) of
signing.

Proof. From both algorithms Signðmpk;m; P; skDW ;
AskdID;SDW

; amÞ and SignChgðmpk; pkDW ;m; P; s; dm;
AskaID;SAU Þ, we can see that they both contain a traceable
attribute-based signature, that are sABS  TABS:Sign

ðmpk; skdID;SDW
;m; P Þ and s0ABS  TABS:Signðmpk;

skaID;SAU ;m
0; P Þ. According to the feature of the traceable

attribute-based signature, TA can extract signer’s exact
identity from a valid signature. In conclusion, our scheme
supports accountability. tu

6 PERFORMANCE

In this section, we first give functionality comparison
among our scheme and several related schemes. Then, we
analyze the computational burden of our scheme and the
related schemes [9], [16], [21], [23] through several
experiments.

6.1 Functionality Comparison

We give functionality comparison among our scheme and
the related schemes [5], [8], [16], [17], [21], [22], [23]. As
shown in Table 2, our scheme is the only one that satisfies
all of the following properties: fine-grained access control,
controllable edit, transparency, and accountability. The
schemes in [5] and [8] cannot support fine-grained access
control. The scheme in [22] did not give the specific con-
struct. Only the scheme in [5], [8] and our scheme can sup-
port controllable edit. The scheme in [16] and [17] cannot
support transparency. All of these related schemes cannot
support accountability.

6.2 Performance Analysis and Comparison

In this section, we first evaluate the performance of our
scheme for normal and large-scale files in different sce-
narios. The normal size of the shared file ranges from 0 to
50MB, and the large scale file ranges from 1 to 100GB.
Then, we compare the results with the state-of-the-art
schemes in [9], [16], [21], [23] to show the efficiency of
our scheme.

The implementation of the proposed data sharing
scheme was carried out by using C++ language on a
desktop with an Intel Core (TM) i5-4300 CPU @ 2.13 GHz
and 8.0 GB RAM. In order to use the existing IT infra-
structure of center for mobile cloud computing research
(C4MCCR) to perform our experiment, we set up our
own Eucalyptus private Infrastructure as a Service (IaaS)
cloud. Eucalyptus, an acronym for “Elastic Utility Com-
puting Architecture for Linking Your Programs to Useful
Systems”, was first proposed to support high perfor-
mance computing (HPC) research [33]. The implementa-
tions of the state-of-the-art schemes in [9], [16], [21], [23]
were performed with the help of Pairing-Based

TABLE 2
Comparison of Functionality Among Our Scheme and Related Schemes

Schemes Fine-grained Access Control Controllable Edit Transparency Accountability

[5] � @ @ �
[8] � @ @ �
[16] @ � � �
[17] @ � � �
[21] @ � @ �
[22] @ - - -
[23] @ � @ �
Ours @ @ @ @
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Cryptography (PBC) version 0.5.14 [34] and the GNU
Multiple Precision Arithmetic (GMP) [35]. In the experi-
ments, we use parameter a.param in PBC and set the base
field size to be 320 KB that is divided into 16,384 blocks,
the size of an element in Z�p is 20B.

6.2.1 The Computation Cost of the Proposed Scheme

With the Normal File Size

We set the size of the file ranges from 0 to 50MB and analyse
the computation cost of the proposed data sharing scheme
in the KeyGen, Sign, SignChg, and Verify phases.

We first evaluate the computational time of KeyGenwhen
the number of users ranges from 50 to 500. As shown in
Fig. 4, we can see that the computational time of KeyGen
algorithm is independent of the size of the shared file and is
proportional to the number of users. Because the data block
size of the same file is different, the number of signatures
generated is also different. Thus, we evaluate the computa-
tional time of Sign when the number of signatures ranges
from 50 to 500. As shown in Fig. 5, we can see that the
computational time of Sign algorithm is proportional to the
size of the shared file and increases as the number of signa-
tures increases. In the same way, we can see from Fig. 6 that
the computational time of SignChg algorithm is proportional
to the size of the shared file and increases as the number of
signatures increases. Finally, we evaluate the computational
time of Verify when the number of signatures ranges from
50 to 500. As shown in Fig. 7, we can see that the file size
has little effect on the computation time of Verify algorithm,
while the computation time is proportional to the number
of signatures.

6.2.2 The Computation Cost of the Proposed Scheme

With the Large-Scale File Size

We set the size of the file ranges from 10 to 100GB and
analyse the computation cost of the proposed data shar-
ing scheme in the KeyGen, Sign, SignChg, and Verify
phases.

As described above, we also evaluate the computational
time of KeyGen when the number of users ranges from 50
to 500. As shown in Fig. 8, we can see that the computa-
tional time of KeyGen algorithm is independent of the size
of the shared file and is proportional to the number of
users. More specifically, when the size of the shared file is
10GB and the total number of users ranges from 50 to 500,
the corresponding computation time varies from 5.04s to
49.96s respectively. Then, we evaluate the computational
time of Sign when the number of signatures ranges from

Fig. 7. Verify phase.

Fig. 4. KeyGen phase. Fig. 6. SignChg phase.

Fig. 5. Sign phase.

Fig. 8. KeyGen phase.
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50 to 500. As shown in Fig. 9, we can see that the computa-
tional time of Sign algorithm is proportional to the size of
the shared file. When the size of the shared file is 10GB
and the number of signatures ranges from 50 to 500, the
corresponding computation time varies from 2.44s to
24.81s respectively. When the size of the shared file is
100GB and the number of signatures ranges from 50 to
500, the corresponding computation time varies from 7.95s
to 29.56s respectively. In the same way, we can see from
Fig. 10 that the computational time of SignChg algorithm is
proportional to the size of the shared file and increases as
the number of signatures increases. Finally, we evaluate
the computational time of Verify when the number of sig-
natures ranges from 50 to 500. As shown in Fig. 11, we can
see that the file size has little effect on the computation
time of Verify algorithm, while the computation time is
proportional to the number of signatures.

6.2.3 The Performance Comparison of the Proposed

Scheme With the State-of-the-Art Schemes

In the following experiments, we set the size of the signer’s
attributes set to be w=4 and the threshold is set to d=3. The
monotone span program M has 4 rows and 3 columns. As
shown in Fig. 12, we first evaluate the computational time
of KeyGen when the number of users ranges from 0 to 200.
In the schemes [16] and [21], the computation time of Key-
Gen algorithm are linear to the total number of users. Obvi-
ously, these two algorithms are the most time consuming.
Specifically, when the total number of users ranges from 0
to 200, the corresponding computation time varies from
0ms to 8.59ms. In the scheme [23], the computation time of
key generation ranges from 0s to 2.38ms. In the proposed
scheme, the computation time of key generation is varies
from 0ms to 2ms. Therefore, our scheme is the most
efficient.

As shown in Fig. 13, we evaluate the computational time
of Sign when the number of signatures ranges from 0 to 200.
In the most time-consuming schemes [21] and [23], the com-
putation time of Sign algorithm are linear to the number of
signatures. Specifically, when the number of signatures
ranges from 0 to 200, the corresponding computation time
varies from 0ms to 12.8ms and 11.9ms respectively. The san-
itizable signature scheme [9] is the least time-consuming,
while the attribute-based signature scheme [16] is the sec-
ond least. Our scheme is the most efficient among the attri-
bute-based sanitizable signature schemes and is also more
efficient than the naive combination of the attribute-based
signature and the sanitizable signature.

As shown in Fig. 14, we evaluate the computational time
of SignChg when the number of signatures ranges from 0 to
200. In the schemes [21] and [23], the computation time of

Fig. 10. SignChg phase.

Fig. 13. The computational burden of Sign.

Fig. 12. The computational burden of KeyGen.

Fig. 9. Sign phase.

Fig. 11. Verify phase.
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SignChg algorithm is linear to the number of signatures.
Specifically, when the total number of users ranges from 0
to 200, the corresponding computation time varies from
0ms to 11.9ms and 9.6ms respectively. The sanitizable signa-
ture scheme [9] the computation time of SignChg ranges
from 0ms to 9.04ms. In the proposed scheme, the computa-
tion time is varies from 0ms to 5.91ms. Therefore, our
scheme is the most efficient.

As shown in Fig. 15, we evaluate the computational time
of Verify when the number of signatures ranges from 0 to
200. In the schemes [21] and [23], the computation time of
Verify algorithm are linear to the number of signatures.
Obviously, these two algorithms are the most time consum-
ing. Specifically, when the total number of users ranges
from 0 to 200, the corresponding computation time varies
from 0ms to 9.04s and 14.39s respectively. The sanitizable
signature scheme [9] the least time-consuming. Our scheme
is the most efficient among the attribute-based sanitizable
signature schemes and is also more efficient than the naive
combination of the attribute-based signature and the sani-
tizable signature.

7 CONCLUSION

In this paper, we proposed a fine-grained and controlla-
bly editable data sharing scheme with the malicious user
accountability in cloud storage. To ensure the timeliness
and the authoritative source of the shared data, the autho-
rized users are allowed to update it on behalf of an
authoritative data owner without changing the data
source. Only authorized users can update the shared data
stored in the external cloud and perform update opera-
tions on the portions of the data that are allowed to be
updated. The authorized users can convert the signatures
of original data into new ones of the updated data with-
out interacting with the data owner. When the incorrect
or even harmful information is injected into the shared
data, TA can capture and punish the malicious user.
Moreover, we designed a new attribute-based sanitizable
signature as the underlying technology to support the
proposed scheme. The security proof and the experimen-
tal analysis demonstrate that the proposed scheme
achieves desirable security and efficiency.

The verifier in the proposed scheme needs to compute
the time-consuming pairing operation locally, which is
included in the Verify algorithm. The verifier can be any
cloud user, and most verifiers are resource-constrained.

Constructing a verifiable outsourced, fine-grained and con-
trollably editable data sharing scheme with accountability
for cloud storage is an interesting problem. In our future
work, we will focus on designing more sophisticated solu-
tions to the editable data sharing in cloud storage without
yielding heavy computational overhead.
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