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Abstract: Dynamic searchable encryption satisfies users’ needs for ciphertext retrieval on semi-trusted
servers, while allowing users to update server-side data. However, cloud servers with dynamically
updatable data are vulnerable to information abuse and file injection attacks, and current public
key-based dynamic searchable encryption algorithms are often complicated in construction and
high in computational overhead, which is not efficient for practical applications. In addition, the
client’s storage costs grow linearly with the number of keywords in the database, creating a new
bottleneck when the size of the keyword set is large. To solve the above problems, a dynamic
searchable encryption scheme that uses a double-layer structure, while satisfying forward and
backward security, is proposed. The double-layer structure maintains a constant client-side storage
cost while guaranteeing forward and backward security and further reduces the algorithm overhead
by avoiding bilinear pairings in the encryption and decryption operations. The analysis results show
that the scheme is more advantageous in terms of security and computational efficiency than the
existing dynamic searchable encryption scheme under the public key cryptosystem. It is also suitable

for the big data communication environment.
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1. Introduction

With the development of network communication technologies such as 5G [1], Internet
users choose to store local data in the cloud for use anywhere and anytime, while it is
often believed that cloud servers are semi-trusted and sensitive data uploaded by users
may create new security risks. Therefore, data users choose to encrypt their data locally
before handing it over to cloud servers for hosting, and the ability to manipulate encrypted
data stored on remote and untrustworthy servers is gradually becoming a basic need for
users [2,3].

Song et al. [4] first proposed the concept of searchable encryption (SE) by using a
symmetric cryptosystem, which was used to solve the problem of ciphertext retrieval of
data stored on the cloud server [5]. In a general searchable encryption algorithm, the
data owner is responsible for encrypting and uploading the data, and the cloud server
stores and retrieves the data ciphertext. The data user can perform an exact search by
generating and submitting a search trapdoor. Symmetric searchable encryption is widely
used due to its low computational overhead, among other reasons, but its key distribution
is complicated, and its use is limited in some areas. To expand the application scope of
searchable encryption techniques, Boneh et al. [6] proposed a searchable encryption scheme
based on the public key cryptosystem. Early research on SE focused on static storage
systems, in which users transfer encrypted documents to a cloud server and then generate
trapdoors to send search requests to the server. Based on this model, numerous static
searchable encryption schemes have been proposed [7,8]. Due to the high overhead of
public key searchable encryption in the algorithm construction process, many scholars have
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focused on improving the efficiency of the algorithm [9-12]. The computational overhead
can be significantly reduced by reducing the operations of bilinear pairs in the trapdoor
matching process, and the optimization in the storage structure can likewise lessen the
system operation load. At present, the static SE scheme has been increasingly improved,
but has also gradually revealed its shortcomings: the data in the cloud cannot be updated
in a timely manner, and the system can only be reinitialized when there is an updated
demand, which is problematic in practical use.

To achieve real-time database updates in the cloud, more scholars have focused on
dynamic searchable encryption (DSE), which is used to achieve real-time data updates in
the cloud without reinitializing the algorithm. For better performance, usually, some data
information is allowed to be leaked to the cloud server in DSE schemes [13,14], and the
leakage may occur during the algorithm initialization phase, as well as during the query
algorithm, etc. Since updating the database may leak some information to the cloud server,
DSE will bring a whole new challenge regarding data leakage. The possible leakage for
dynamic, searchable encryption was first proposed by Stefanov et al. [15] at the 2014 NDSS
conference and formally defined by Bost et al. [16]. Forward security [17,18] means that
no information about keywords will be leaked when performing update operations or
that old search trapdoors cannot be used to search updated files; backward security [19]
means that the search algorithm should not leak file identifiers that have been deleted,
i.e., subsequent searches will not leak the index information corresponding to deleted
files. Song et al. [20] propose a symmetric cryptography-based and efficiently searchable
encryption scheme based on symmetric cryptography, with high 1/0 efficiency, which
only satisfies the forward security, and still exhibits the risk of leakage for the keyword
search algorithm that has been deleted. To solve the above problem, based on the work of
Bost et al. [16], Ghareh et al. [17] and Sun et al. [19] proposed schemes that also provide
forward and backward security, with improvements in both operational efficiency and
algorithm construction. Chen et al. [9,21] successively proposed a searchable encryption
scheme based on a public key cryptosystem, which also satisfies forward and backward
security. The pseudo-random permutation function is used as the core of the algorithm. The
computational cost of the algorithm increases rapidly with the increase in keywords, and
the existence of bilinear pairs in the algorithm also affects the computational efficiency, to
some extent. However, these algorithms use a pseudo-random substitution function as the
core of the algorithm, and the computational overhead of the algorithm grows faster with
the growth in the number of keywords. In most of the current backward and forward secure
DSE schemes, the user needs to maintain a local inverted index that stores the current state
of each keyword to generate a search trapdoor. The state needs to be updated synchronously
when keyword/document pair operations are performed to add or remove keywords. In
the existing scheme, with the increase in keywords, the local storage increases sharply.
This shows that it is necessary to design lightweight searchable encryption algorithms
with low storage overhead. In summary, most of the current SEs possess the following
problems: First, some proposed schemes achieve forward and backward security through
pseudorandom functions [22], an inverted index, and other technologies, but the above
schemes will create a serious server load under a large number of encryption and update
operations. This is limited in practical application. Second, the client’s state information
may generate leakage. That is, DSE is still needed to improve the efficiency of the algorithm
based on further reducing the possibility of leakage.

Our main contributions are summarized as follows.

We proposed a lightweight public-key searchable encryption scheme, which eliminates
the bilinear pairing operation in the algorithm and improves the efficiency.

Our scheme adopts a double-layer structure. The upper layer is responsible for the
trapdoor of search keywords, which generates fields by an iterative hash function, and can
effectively reduce the storage cost. The lower layer is responsible for storing the document
index to optimize the computational cost and reduce the reconstruction overhead. Users can
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generate search trapdoors that satisfy forward and backward security, avoiding maintaining
a state list for each keyword.

We compare our scheme with the existing partially searchable encryption schemes
in many aspects. The experimental results show that our scheme offers considerable
advantages.

2. Preliminaries
2.1. Hard Problem Assumption

Based on the # — RSA Trapdoor Decisional Diffie-Hellman (n-TDDH) assumption [12]:
let N = (zp +1)(29 + 1) be the modulus of the RSA algorithm, and group G be the group
of order pzq. The Jacobi symbol of all of elements of G is one, so the group G is cyclic.
Given the parameters (N, g1, ¢P2, ¢3 = ¢P, (b, = yip + zqki,, hi, = yi,p + kiyzq,
di = (s1y; + Szy,-2)‘1modzq) with b, = y; p+zqki, hiy = yi,p+ zqk;, as input. It is
difficult for the user to distinguish the tuple (g3, g57, g3 /151 T2%2) | g2 Wi 514¥i252)y from (g5,
33, g3(yi1s1+y iZSZ), T) by a non-negligible probability, where T is a random integer. The
advantage of adversary A is defined as follows.

[Pr{A(gs, 83", 83", 83""") = 0]— Pr[A(gs,85", 85", T)]| > ¢
which x; = s1y;, + 2y,

2.2. Identifiers

The document doc consists of the identifier ind € {0, 1}l and the set of keywords
Wia € {0,1}*. The document database DB consists of n documents doc and can be
represented as DB = (ind;, Wl'ﬂd,‘);l:l ; the set of documents containing the keywords w
is represented by DB(w) = {indi‘w € Wing, } ; N is a keyword/document pair and can
be represented as N = Y, ’Windi | The function Match(A, a) represents a lookup of
the corresponding value of the element a in the dictionary A. The notations in our DSE
schemes are shown in Table 1.

Table 1. Parameter identifiers.

Notations Meanings

& x randomly selected x from X

A security parameters

doc the document

ind identifier of document

Wind a collection of keywords containing the document identifier ind
DB the document database

CLen chain length

EDB encrypted document database

n number of documents in the database
kto the keyword identifier of w

Tw trapdoors of keyword w

m total number of keywords

op data operators: add or delete

Il data concatenation operator

P bitwise exclusive OR(XOR) operator

2.3. Double-Layer Structure

To optimize the storage structure, our scheme uses a double-layer structure, as shown
in Figure 1. This structure consists of two parts: a key index chain (KIC) at the upper level
and a document index chain (DIC) at the lower level. In this structure, the space occupied
by the state information is constant.
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Figure 1. Double-layer structure.

Keyword index chain: the client is responsible for storing a global counter and a key.
With this structure, users can generate search trapdoors for a keyword without knowing
the keyword’s current state. The scheme uses a keyword index chain design to achieve a
constant client storage cost.

Let Hy(*) be a cryptographic hash function, and the keyword index chain of the key-
word w consists of CLen search trapdoors, Hy(Ty,), Ho*(T,), ..., Hotr*"~Y(T,), Hy“t"(T,,),
where  kt, is the keyword identifier of the keyword w and

i Ho (kte) j=1
LR ET
the global counter ctr(1<ctr<CLen), the server can calculate all the search trapdoors of
the keyword index chain before the position of Hy"" (kt,,) by iteratively calling the hash
function Hy(*), i.e., the server can obtain the search trapdoors of Hy(kt,) to Ho"" (ktc).
The basic structure of the operation is shown in Figure 2. The server cannot reverse the
keyword index chain. Additional overhead is incurred for the CLen — ctr hash operations
performed on the server side, but the operational overhead of this stage is acceptable in
practice because the hash function operation overhead is very low.

}. With the search trapdoors of the keyword w and

I I I
: : ind, | ind, :
I I I
| na, | .
I I I

clen : TR Lo b—f]
! ! J ( !
I I I
: : Sy et )
| | | trapdoor
I I I
| | Sty St |
| | ind, | ind, | |

Server | | |
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l l /i 5 l
! L [indy | ny indy | 14 !
I I I
I I I
! I ) 4 I
| | ind;| | ind, | | |
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: Setup() : Update() : Search()
I I I
. . '

Figure 2. Server operation process.
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Document index chain: If a trapdoor corresponds to a set of keyword/document
pairs, the global counter ctr is quickly consumed when the number of keywords is large.
To solve this problem, we designed a lower-level structure. Each search trapdoor node
in the keyword index chain corresponds to a document index chain node, and a set of
keyword/document pairs can be encoded for a specific keyword in the update.

2.4. Security Model

We adopt the indistinguishable identity chosen ciphertext adversary (IND-ID-CCA)
security model proposed by Boneh and Franklin [23]. In this model, a challenger interacts
with the adversary as follows:

Setup: In this phase, the challenger will be given a hard problem as an example, and it
computes the public parameters.

Phase 1: The adversary adaptively requires the challenger to answer a maximum of n
queries, with no more than the following questions:

Key generation query (ID;, params): the adversary asks the challenger to generate the
private key d; of any arbitrary ID;.

Decrypt the query (CT, ID;, params): the adversary asks the challenger to decrypt the
ciphertext CT; of any arbitrary ID;.

Challenge: The adversary A chooses two equal-length messages m, m; € Zj;, and
an arbitrary ID* that it aims to attack. The challenger picks a random bit y € {0,1} and
computes the ciphertext CT*, then returns it to the adversary as a challenge.

Phase 2: This phase is basically similar to Phase 1, but does not allow the adversary A
to generate the private key for ID* or to ask the challenger C to decrypt CT*.

Guess: The adversary outputs a challenge value ' € {0,1}; if v = v, the challenger
wins the game.

The adversary in the above game is called the IND-ID-CCA adversary. The advantage
of the adversary to win the game can be defined as:

Advly =

/ 1
Pely =71

3. System Model

The system model adopted by our proposed scheme is shown in Figure 3 and has
three entities: the client, the PKG, and the server.

5.Download the encrypted

documents containing the 1.Submit identity [=
specified keyword information & |
(1 o] 4.Upload the trapdoor - _.
I o
e D 2 Return the R

corresponding
Cloud Server 3-Send dzncrypted o Client public/private key pair PKG

A A

Figure 3. Model of entities and data interaction.

Client: Data encryption and decryption are performed on the client. The client user
uploads the ciphertext to the server after encrypting the plaintext with the public key.
When searching, the client user can use the keywords to generate trapdoors for a precise
search. After receiving the ciphertext result returned by the server, the private key is used
to decrypt it.
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Server: The server has powerful computing and storage capabilities and can store
encrypted data. It is an honest but curious entity. It executes the preset program honestly,
but it may try to learn the information from the stored messages and infer what the
client user is searching for. In addition, the server processes the search request through
the check trapdoor. After the verification, the server sends the encrypted data to the
corresponding user.

Private Key Generator (PKG): The PKG is the core of the IBE system. Its functions
are as follows: when the IBE system is initialized, it generates the master key and public
parameters, and publishes the public parameters. The PKG verifies the user’s identity and
sends it to the corresponding user through a secret channel as a private key.

The client is responsible for encrypting /updating the documents and uploading them
to the storage server (double-layer structure), as well as generating keyword-specific search
tokens for keyword searches. The server is responsible for constructing the double-layer
system for storage and retrieval and uploading the encrypted data to the DIC part of the
double-layer structure.

4. Our Proposed Algorithm
4.1. Setup Phase

Input the security parameter A, and the KGC generates two (A/2) bit prime numbers
p and g where p = zp 4+ 1 and g = 29 + 1. The KGC generates the modulus N = pg of
the RSA algorithm and selects s1, s, € Z}; and g as the generating elements of the group
G of order pzg. Compute, g1 = g”'modN g» = g"*?modN, and g3 = g’modN. Define
the hash functions Hp : {0,1}* — {0,1}*, H; : {0,1}* — {0,1}", Ha: {0,1}" — {0,1}",
Hs: {0,1}" — {0,1}" where 5 = logoM. F() is a pseudo-random function that outputs the
system public parameters P,,p: 81, 82, 83, Ho, H1, H2, H3, N, g, F().

4.2. Key Generation (KeyGen)

PKG calculates the public/private key for the user with the identity ID;.

The system calculates h;, = H(ID;), h;, = Hy(ID;), since any integer greater than
pzq — p — zq (Frobenius number) can be expressed as a linear combination of p, zq. There-
fore, it can also be expressed as: h;, = y; p + ki, zq; h;, = y;, p + ki,zq. The inverse solution
yields the public key pk; = (vi,,yi,):

yi, = p~'hiymodzq = p~ (v, p + ki, zq)modzq; = y;, pp~ 'modzg

Yi = p~ ' hiymodzq = p~! (y;,p + ki,20)modzq= y;,pp~ ' modzq
PKG generates the private key sk; of user ID;:

ski = (yi,s1 + yizsz)_lmodzq

4.3. Trapdoor Generation (Trapdoor)

The user calculates the keyword token kt,, <— F(kq,w); in turn, the user generates the
search trapdoor T, < H" (kty).

4.4. Encryption (Enc)

hi hi . .
The user calculates F = gimodN; ¢; = g;' x g,°, where ¢; is constant if the pub-

lic key does not change and needs to be calculated only once. Calculate the cipher-
text C = (Cy,():C; = efmodN = (g?i1 ngiz)’ = géyilsﬁyizsw, F = C;k" = gtmodN,

C = (1nd||op) 5> Hg(F) .
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4.5. Update
The update function algorithm is expressed by Algorithm 1.

Algorithm 1 Update function

Parse doc as (ind, W;,,4);
while W;,;|# 0 do
w  Wing\{w};
T <Match(KW,w);
if T, = 1, then
Tw < Trapdoor(PK;,w);
KW « KW U (w, To);
dic +— O;
C < Enc(PK;, ind||op);
K Ho(To|[0);
v «+ match(dic, k) ;
if v = null, then
dic + dic\{(k,v)};
& {0,1}%;
dic < dic U {(k, Ho(st||1) @ (ind||op||rt))};
dic < dic U {(Ho(rt||0), Ho(rt||1) ® Ho(st||1) ® v)};
else
v < Hy(st||1) @ (ind||op||L);
dic +— dicU{(k,v)};
dic’ «—dic;
Send dic,, to Server.

4.6. Search
The search function algorithm is expressed by Algorithm 2.

Algorithm 2 Search function

Def j < ctr,RES + @;
while j < CLen do
k«Ho(Tw);
v < March(EDB, k);
ifv # | then
(Cl|rt) «— v @ H(Tw||1);
while rt # 1 do
res < res U (C);
v < Match(EDB, Hy(rt||0));
(Cllrt) + v Ho(rtl[1);
res « resU (C);
+=15
Tw+Ho(T);
return Tj,.

4.7. Decryption

The decryption function algorithm is expressed by Algorithm 3.

Algorithm 3 Decryption function

Parse as (C1,Cy)
F= C;k’ = gmodN;
ind|lop = C; @ H3(F);
if op#add, then

DB(w) < DB(w)\{ind};
else

DB(w) < DB(w) U {ind}.
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5. Security Analysis
5.1. Indistinguishable Identity Chosen Ciphertext Adversary (IND-ID-CCA)

In this section, we prove the security of the proposed scheme based on the IND-
ID-CCA model using the following two theorems. In Theorem 1, we will show that an
adversary with access to n private keys cannot obtain any information about the keys of
p, z, q, and PKG. The security of this scheme relies on the difficulty of decomposing the
RSA grand mode n. In other words, if an attacker manages to obtain p and g, then it can
compute the private keys of all users. In Theorem 2, the security IND-ID-CCA model of the
proposed scheme is proved.

Theorem 1. Let N = pg = (pz+ 1)(2q + 1) be an RSA module with unknown factorization, and
G be a cyclic group of order zq, and d; = x;~'modzq. Given the number of private keys (d;) in the
proposed scheme, it is infeasible to compute the decomposition of the mod N if the value of x; is
unknown, and for any two instances x; and x;, the values of x; — xj and x; - xj_1 are unknown to
the adversary A.

Proof. Suppose there is an adversary A that can obtain a number of instances of d; satisfying
the conditions of Theorem 1, and adversary .A can compute a private key dj that does
not satisfy the conditions of Theorem 1. Then prove that there exists an algorithm A
that decomposes the computed modulus in approximately the same running time. The
algorithm consists of the following three parts. [

Initialization: The algorithm A and N are given as the challenger C generates N a
random integer d; €r Z, and sends it to adversary .A. Note that the challenger C does not

know the factorization of N, and there exists a unique element x; = d;~'modzq that makes
X; = d;lmodzq.

Challenge: The algorithm A requires the adversary A to select one element in d; and
compute the private key d; that does not satisfy the conditions of Theorem 1 associated
with the challenge private key.

Response: If adversary A computes dy and x; — x, then send them to algorithm A,
and algorithm A can decompose N as follows:

dkdi (Xi) = dkmodzq

dkdi(xk) = dimodzq
dyd;i(x; — x) = dy — d;modzq
didi(x; — x) — dy +d; = Omodzq

which is a multiple of zg.
If the adversary A computes dy and v = x; - x; !, then give them to algorithm A, and
N can be factored by algorithm A as follows:

d;(x;) = Imodzq
di(x;v) = 1modzq
dix; — dyx;v = Omodzg
x; = d; — dyvmodzg

dix; = Omodzq
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Although the rule set of private keys is finite, it is difficult to compute another valid
private key without knowing the factorization of the computational modes.

Theorem 2. Let N = pg = (pz +1)(29 + 1) be a module of the RSA algorithm and G be
the group of Z3;. The proposed scheme is secure for the adversary of IND — ID — CCA if the
1 — TDDH problem holds in G.

Proof. Assuming that the adversary A solves the proposed solution with the advantage
¢, there exists an algorithm B that solves the problem 17 — TDDH with the advantage
ﬁ. The goal of algorithm B is to distinguish two tuples (g, §*modN, ¢"modN, ¢"*modN)
and (g, g*modN, g"modN, T), where T is a random integer. In the next game, algorithm B
interacts with adversary .A.0J

Initialization: In this phase, adversary A is given an instance of 7 — TDDH as input,
n
where {hil =y, +kiyzq,hi, = yi, +kiyzq,d; = (yi;s1 + yizsz)flmodzq}iil and
he) = Ye, p + zqke,.

The hash functions H; () and H;(+) are used to simulate the random oracle O;(+) and
O5(+); hash function Hj(-) is used to simulate the random oracle O3(+), which is controlled
by the challenger C and C can get the hash value by requesting it from random oracle.

The random oracle function O; (ID;): Challenger C maintains the list List;, assigns
the user’s identity ID; to O (+) as input, and returns the hash value. When the adversary
A requests ID;, the challenger C queries List; and if it finds a tuple corresponding to the
user’s ID; identity, it returns that tuple to adversary A. Otherwise, challenger C chooses a
random bit b;€{0,1}, and sends k¢, and h,, to the adversary if b; = 0; otherwise, it chooses a
random integer j € {1,...,n}, and returns h; and ;, to adversary .A. Finally, it saves h;,,
hj,, b;, as well as the identity ID;, to the list List;. Oz (-) and O3(-) are similar to Oy (-).

Phase 1: The adversary A is allowed to make up to n queries, each of which is a key
generation query (ID;) or a decryption query (CT, ID;), where the ID; and CT are specified
by A. The algorithm B sends a private key d; corresponding to plaintext m or the specified
ID; and returns it to A.

Key generation query (ID;, params): The challenger C searches its database to find the corre-
sponding tuple; if b; = 1, it returns the private key d;, which is equal to (v;,51 + v;,52) 71modzq,
to adversary A. Otherwise, it rejects the query and ends the game.

Decrypt the query (CT, ID;, params): The challenger C will search the database O;(-)
to find the tuple containing ID;. If b; = 1, it extracts the d; value from the tuple, computes
0,(Co%) @® Cy, and sends it to adversary A. Otherwise, challenger C will reject the query.

Challenge: First, adversary A chooses two equal-length messages mg, m; € Zy;, and
an arbitrarily ID*, and sends them to algorithm B. Second, algorithm B searches the
database O (+) for the corresponding tuple. If b* = 0, it generates a random bit v € {0,1}
and calculates CT* = (O;(g3") ® M, T), then sends it to the adversary. Otherwise, it
rejects the query and ends the game.

Assuming that adversary A has the ability to decrypt CT*, then v is available by
T = ggr(yclsﬁyCZSz)modN, but if T is a random element in G, then adversary A cannot
obtain .

Phase 2: This phase is basically similar to Phase 1, but does not allow adversary A to
generate the private key for ID* or ask challenger C to decrypt CT*.

Guess: Output the result ¥ € {0,1},if y = 7, then T = ggr(y”151+y6252)modN; ify#7,
then T is a random integer.

Analysis: If the game completes the challenge phase and the Other query of adversary
A, which includes key generation queries and decryption queries, is not rejected, the game
is successfully completed. Let b = 1 have the probability J, the probability of not rejecting
any adversary’s n queries is ()", and the probability of not terminating the game during
the challenge phase is 1 — J. Therefore, the game ends successfully with the probability
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of (6)"(1 - 4), and the probability is maximum at d,pr = ;7. If adversary A, through the
above steps, can obtain Adv® = ¢ in time t and at most Adv®y = ¢ queries and is able to

solve the solution, algorithm B is able to solve the # — TDDH problem with the advantage

ofed"(1—-06) =¢ (ﬁ) " (1 — (nnTl)) 2 m In fact, the hard problem is unsolvable, so

this scheme satisfies IND-ID-CCA security.

5.2. Forward and Backward SECURITY

In this section, the security of our scheme is demonstrated by the following steps. The
cloud server in the system model only has access to the encrypted form of ind, and when
EDB is updated, the system needs to generate a new search trapdoor for the new entry. The
entries observed by the server at the time of the update are invalid, and again the operation
type is not available. The search algorithm does not leak any information to the cloud server
other than the number of keyword-related entries and the time of update. Specifically, it
cannot determine the operations related to deletion and addition. Forward security means
that updates can be performed without revealing any information about the keywords,
or that previous search trapdoors cannot be used to search the updated files. Backward
security means that the search algorithm should not leak the identifier of the deleted file;
that is, the subsequent search will not leak the index information corresponding to the
deleted file. The scheme satisfies the forward security, since the hash function is a one-way
function, and the server derives the keyword index chain backward, so it cannot access the
identifiers stored in DIC. Each time we update the EDB, we need to generate new search
tokens for new entries. Therefore, the server cannot distinguish the target entry from the
random entry during the update. Besides, the server cannot obtain the type of operation.
The above properties can guarantee that the scheme satisfies backward security. We will
use the following games to prove the forward and backward security of our scheme.

There is a leakage in our scheme, so the leak function £ = (Lsetup, Lsearchs Lupdate) 18
defined as follows.

Lsetup(CLen, A) = L;

‘Csearch(w) = (SP(C‘])/ HiStDB(w));

Eupdate(DOC/ OP) = ( Z ‘DB(w) |/ op )
weW

The following proof makes an ideal reality argument by discussing the comparison
of true random functions with pseudo-random functions. The Game0 is identical to the
searchable encryption (SE) game, with pseudo-random functions, while the last game
Game3 is identical to the SE, with true random functions. The argument is carried out by
comparing the performance of the true and pseudo-random functions in the SE scheme.

Game0: This section is the definition of a realistic SE program. Pr[Real, (1) = 1] =
Pr[Gamey = 1].

Gamel: In this section, the system maintains a table of pseudo-random functions
indexed by keywords KEY, and for each keyword w, the system records the KEY bound to it.
When a keyword is queried for the first time, a pseudo-random sequence is generated for it
and written to the table KEY, which is returned when the keyword is queried again. We map
the algorithm program to obtain Pr[Real , (A) = 1, and if the adversary 53; can distinguish
Game 1 from this algorithm, it can distinguish the pseudo-random function F from the true

random function, represented as follows: Pr[Real ,(A) = 1] — Pr[Game; = 1] < Advgf (A).

Game2: In this section, the system maintains three tables: Hp, H; and H,, which
correspond to Hy"" (kt,,), Ho(Tw||0), and Hy(T,||1), respectively. When a keyword is
queried, the system traverses the hash table and returns the hash value directly if the hash
value corresponding to the keyword exists. Otherwise, a hash value is generated for it by
the hash function, and it is stored in the table to be answered in the next query. Since the
add operation is currently considered, the leak function of the update is defined as follows:
L4pp(DOC) = Y ,ew|DB(w)|, which will leak only the number of keyword /document
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pairs. The search trapdoor T,, is generated as a random string in the Update algorithm. The
hash functions hy, h, are also replaced by random strings. Each time the hash function is
called, we return the corresponding hash values through the tables Hy, Hy and H;, respec-
tively. If the adversary can distinguish between Game2 and Gamel, then it will be able to
distinguish between the hash function H and the true random function. To summarize, we
define the adversary B, as follows: Pr[Game;| — Pr[Game, = 1] < Adv’g,sgz(/\).

Game3: In this game, the system maintains the table Update for generating search
trapdoors, which is indexed by keywords. In the search algorithm, Game3 generates the
search trapdoor T, by running the ctr hash function several times. Instead of mapping the
keywords to the table Update of values in DIC, the algorithm uses the table Update that
maps to the update count. This leads to Pr[Game, = 1] = Pr[Games = 1].

Except in Ideal;, Game3 is the same as the ideal environment, which leads to
Pr[Games = 1] = Pr[Ideal 4 (1) = 1].

Conclusion: Through the above game interaction, in which the attacker queries and
the system feeds back, by stating that F() is a pseudo-random function and the hash
function H() is a one-way function, there exist two adversaries, B, B, expressed through
the following equations: Pr[Real4 = 1] — Pr[Idealo(A) = 1] < Advg, (A) 4+ Adovg,(A).

Then, the theorem is proved.

6. Performance Evaluation

In this section, the scheme is compared with similar recent schemes in terms of the
computational and storage overhead required for each phase of the algorithmic scheme op-
eration. We tested our scheme on a Windows 10 operating system (64-bit), Intel® Core(TM)
i5-6200 CPU @ 3.10 GHz, and a local virtual machine, VMware (4 GB RAM), running
the open source project OpenStack for performance testing, which can provide sufficient
computing resources for computation. Basic cryptographic operations were implemented
using the Python cryptographic package pycrypto. Table 2 shows the time required for
different operations.

Table 2. Computation time.

Symbols Meaning
Tsm scalar multiplication
T, bilinear pair operations
Ty, hash operations
Toatch Match() function operation
Tr pseudo-random function operations
Tpivg division operation in group G
Tmap mapping calculation
T/T 1 T/T1 operation
Tonulg multiplication in group G
T, exponential arithmetic

6.1. Data Sets

The test uses a dataset from SNAP [24]: Amazon reviews, which consists of reviews
from Amazon. Reviews include product and user information, ratings, and plain text
reviews. In the above review dataset, 2,441,053 pieces of product information were extracted
and used as search keywords.

6.2. Evaluation of Computation Cost

This section focuses on the comparison from the encryption and update, as well as the
search phase, and compares our scheme with others regarding the computational overhead
generated for the processing of the same amount of data, so as to analyze the differences
between the algorithms of different schemes. Table 3 shows the comparison of different
DSE schemes.
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Table 3. Comparison of different DSE schemes.

Scheme Encryption and Update Search Security Cryptosystem
Chen et al. [21] 1k (Tp 4 Tp + 2Tsm + 2Ty,) nxTp+ Ty + Ty F. Public Key
Bost et al. [16] n(3Ty, + Tp) + Ty n(2T, + T71) F. and B. Symmetries
Ding et al. [18] Tinap + Tr + 4Ty, + Te + n(2Ty, + 2T,) + 3Tom nx 2Ty, + 4T, F. and B. Public Key

Ours 3Ty, + 2T + n(2T), + Te) 1(Tyaten + Tn) F. and B. Public Key

E.: forward security; B.: backward security.

Since the main computational overhead of the algorithm comes from the encryption
and search phase, we test the time required by different schemes when the number of
keywords increases from 100 to 2000. Figures 4 and 5 show the performance of different
schemes in the encryption and search phase.

10 o
// //
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/o —e— Ding22
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Z /) —v— Ours
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g /
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Figure 4. Performance comparison with Bost17 [16], Ding22 [18], and Chen19 [9] in the encryption

and update phase.
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Figure 5. Performance comparison with Bost17 [16], Ding22 [18], and Chen19 [9] in the search phase.
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Figure 4 describes the performance of different schemes in the encryption and update.
Figure 4 shows that among the above four comparison schemes, the running time of
Bost et al. [16] and Chen et al. [21] exceeds 5 s when the number of keywords is 1000, and
the increase is large. It can be expected that in the environment of more keywords, the
scheme will bring great pressure to the server. The scheme of Ding et al. [18] shows a
certain advantage in running time when compared to our scheme. Furthermore, when
our scheme processes up to 2000 keywords, the time required by our scheme is only 55%
of that of Ding et al. [18]. This will bring great advantages to our scheme in the overall
operation phase.

From the analysis in Figure 5, it is clear that the overhead of Chen et al. [21] is larger,
which is due to the fact that a large number of exponential operations are used in the
search process, and each cryptographic operation needs to be re-invoked, resulting in a
negative impact, requiring more power operations, on its overall scheme. The scheme of
Bost et al. [16] requires long-term maintenance of the inverted index, which puts great
computational pressure on the server, and it also uses more bilinear pairings operations,
which further reduces the performance of the scheme algorithm. Ding et al. [18] use bilinear
pairings operations, which have some impact on the algorithm efficiency. These only need
to be calculated once when the system is established, guaranteeing the efficient operation of
the subsequent algorithms, to some extent. Our scheme boasts a lightweight construction
and adopts a bilinear pair-free design in the search phase. This is a huge improvement to the
scheme, and the advantage becomes more obvious as the number of keywords increases.

It can be observed from Figures 4 and 5 that the overhead of the above scheme is
much higher in the encryption and update phase than in the search phase. Therefore, the
impact of the encryption phase performance on the overall performance of the scheme is
decisive. Therefore, the advantages in the encryption and update phase determine that
the overall performance of our scheme is excellent. Figure 6 shows a comparison of the
performance analysis of the overall scheme in the whole process of encryption, updates,
trapdoor generation, and searching. The overall performance test in Figure 6 demonstrates
that our solution outperforms the others.

207 Bost17

Ding22
Chen19
Ours

1]

Time (s)

= [0 TR I LD

0 T T T T T
100 300 500 1000 2000
Number of keywords

Figure 6. Performance comparison with Bost17 [16], Ding22 [18], and Chen19 [9] in the search phase.

6.3. Evaluation of Storage Cost

In order to compare the storage pressure generated by different keyword databases
using various similar solutions, we used three different sizes of keyword databases and an-
alyzes their advantages and disadvantages by comparing the storage overheads generated
by different solutions under the same circumstances. The Amazon review data source was
used at this phase of the test, which was divided into three datasets based on the number
of keywords (Dataset 1-3). Table 4 shows that the number of files, the number of keywords,
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and the number of keyword/document pairs in Dataset 1, Dataset 2, and Dataset 3 increase
in descending order.

Table 4. Test data table.

Dataset Number of Files Number of Keywords Keyword/Document Pairs
Dataset 1 2000 7563 55,323
Dataset 2 5000 12,315 263,597
Dataset 3 10,000 29,681 438,762

In Table 5, the storage space of Bost et al. [16], Ding et al. [18] and Chen et al. [21],
without the optimization of the storage structure, increases significantly with the increase in
keywords. Some of the above schemes use inverted indexing to maintain the keyword state,
while our scheme uses a global counter generated by a key and a hash function to maintain
the keyword state. Although the iterative use of hashing incurs additional overhead, the
feasibility of the scheme is demonstrated in the next phase of performance evaluation.

Table 5. Performance of each scheme under the effect of different databases.

Scheme Dataset 1 Dataset 2 Dataset 3
[21] 3842 kb 7613 kb 8922 kb
[16] 1974 kb 4012 kb 6474 kb
[18] 3963 kb 5563 kb 10,072 kb

Ours 843 kb 843 kb 843 kb

6.4. Discussion of Comparison

The above two parts of the performance evaluation are evaluated in terms of computa-
tional efficiency and storage overhead, respectively. In terms of storage overhead, in order
to reduce the occupation of local storage resources, the design of iteratively nested hash
functions is used to ensure that the size of each node is consistent, and that constant storage
overhead is maintained without increasing the length of the keyword index chain. The
above structure creates a large number of hash operations, and the experimental analysis
shows that the hash function generates negligible efficiency to the operation of the algo-
rithm. In comparison with similar schemes, our scheme still has some advantages in terms
of computational overhead. As a result, we achieve constant storage overhead and high
encryption and decryption efficiency. Future research work should explore improvements
in function, time cost, and safety on the basis of this scheme. These results prove that our
scheme can be applied to a wider range of applications, such as low-performance computers.

7. Conclusions

In this article, we analyze the problems of the related dynamic searchable encryption
schemes and the solutions proposed by different scholars according to various aspects. We
proposed a dynamic searchable encryption scheme with constant storage, which adopts a
double-layer structure and iteratively uses hash functions. The scheme satisfies forward
and backward security, while also achieving low computational overhead. The experi-
mental evaluation shows the superiority of our scheme relative to the current mainstream
algorithms. Our proposed scheme can be applied to a small encryption environment to
provide privacy protection, i.e., the internal network of a company or scientific research
institution, where the ciphertext is stored centrally to ensure that unauthorized users cannot
have access. At present, our research has not implemented a multi-keyword search. In
future work, we will consider including a multi-keyword search to improve accuracy and
protect user search patterns vs. access patterns.
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