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efficient. The verification is done via the execution of
symmetric primitive F with a secure multi-party computa-
tion (SMPC) technique, wherein an honest majority guar-
antees a conditional non-repudiation and fault-tolerance.
SOBAP offers an architecture that uses authenticated access
control data structures to ensure policy enforcement.
SOBAP also offers a post-quantum security via symmetric
primitives and SMPC. Extensions of SOBAP offer oblivious
access and enhancements with secure hardware support.
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Algorithm 3 Distributed Execution of F¥ €7 in SOBAP
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SENDER OPTIMAL, BREACH-RESILIENT,
AND POST-QUANTUM SECURE
CRYPTOGRAPHIC METHODS AND
SYSTEMS FOR DIGITAL AUDITING

CROSS REFERENCE TO RELATED
APPLICATIONS

None.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

None.
FIELD

The disclosure generally relates to methods and systems
for cryptographic auditing schemes that are sender optimal,
breach-resilient, and post-quantum secure.

BACKGROUND

Internet of Things (IoT) is a large-ubiquitous system that
includes vast quantities of connected smart-objects (e.g.,
sensors, actuators). It is a crucial requirement to ensure the
cyber-security of loTs to permit their deployment in real-life
applications. Key exchange and management is a foundation
security service for IoTs, since it enables the distribution of
cryptographic keys in IoT devices.

With IoT, low-end devices such as medical implantables,
wearable devices, and various sensors generate large
amounts of highly sensitive data (e.g., medical, financial and
forensic) that are maintained and audited by cloud services.
It is important to ensure the security of sensitive data,
wherein such IoT devices and cloud systems are under the
threat of active adversaries with improved capabilities (e.g.,
quantum computing). One may consider using breach-resil-
ient public key based cryptographic techniques with post-
quantum security (e.g., lattice-based forward secure signa-
ture and encryption) to achieve scalable services with non-
repudiation property. However, these techniques are
extremely costly and currently impractical for IoT devices.
Hence, there is a significant need for developing crypto-
graphic mechanisms with extended properties that can
achieve scalability and non-repudiation in a highly efficient
manner.

There are two main lines of cryptographic protection
techniques.

Symmetric Cryptography Based Primitives:

In one line, several symmetric cryptography based audit
techniques have been proposed [19, 22, 34, 43, 44]. These
techniques mainly rely on Message Authentication Codes
[7], hash chains [29], and Merkle-hash trees [39]. A common
system architecture in these schemes is that, the sender
(ak.a., the signer and/or encryptor) share a symmetric key
with a trusted server, and uploads cryptographically secure
audit logs to this trusted server. This server acts as an auditor
and verifies the authenticity of log entries by using the secret
keys shared with the senders.

Many of these techniques are near-optimal efficient in
terms of computation and communication overhead due to
their reliance on highly efficient symmetric primitives. Some
of these techniques also achieve sender-side compromise
resiliency via an implementation of forward-secure symmet-
ric MACs with hash-chains [34]. Some of these techniques
can also offer “all-or-nothing™ features, wherein an adver-
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2

sary cannot selectively delete log entries from a log trail
without being detected. Moreover, these techniques can
achieve a post-quantum security, since they rely on sym-
metric primitives [1].

However, the symmetric cryptography based techniques
have the following drawbacks: (i) They cannot achieve
non-repudiation and public verifiability, since the verifier
shares the same key with senders. That is, the verifier can
easily generate an authentication tag on behalf of any sender
of its choice, since it has all the shared keys. The lack of
non-repudiation is a significant drawback for many appli-
cations (e.g., healthcare, financial, and lawsuits) that need a
dispute resolution mechanism. Non-repudiation also allevi-
ates the liability on verifiers, since they cannot be accused of
creating fake authentication tags. (ii) The direct application
of these techniques to auditing might create vulnerabilities
against active adversaries. Specifically, if the verifier is
compromised by an active adversary (e.g., a malware or
insider collusion), the security of all senders, with whom the
verifier shares symmetric keys, are also compromised. (iii)
The symmetric key based methods are not scalable for
large-distributed systems. Therefore, these techniques are
generally coupled with Public Key Cryptography (PKC) for
key distribution, management, and authentication purposes.

Public Key Cryptography Based Primitives:

In another line, public key cryptography based auditing
techniques have been proposed (e.g., [3, 23, 27, 35, 36, 46,
48]). These schemes are mainly based on digital signatures
[7], which can guarantee public verifiability and non-repu-
diation properties. Moreover, because they rely on public
keys for verification, they by default achieve verifier com-
promise resiliency and availability (anybody can verify the
logs without relying on a trusted party). Many of these
schemes (e.g., [33]) either adapt or create new forward-
secure (e.g., [2]) and/or aggregate signature schemes [12] to
offer sender-side compromise-resiliency and compactness.
The signature aggregation offers an added benefit of append-
only feature, wherein one can only add to a trail of audit
logs, but cannot selectively delete from it without being
detected. There are also recently emerging PKC schemes
with post-quantum security assurances for broader use
cases, which include encryption and digital signatures (e.g.,
[9, 13, 14, 42].

Despite their merits, public key based techniques have the
following drawbacks: (i) All these techniques rely on highly
costly operations such as exponentiations, cryptographic
pairing, and elliptic curve scalar multiplications for per item
to be signed or verified. While some schemes are efficient for
either sender or verifier side, in general they are several
orders of magnitude costlier than their symmetric key coun-
terparts. (ii) Their key and signature sizes are significantly
larger than that of symmetric cryptography based counter-
parts. (iii) All these alternatives rely on either factorization
based or discrete logarithm based primitives, and therefore
cannot offer a post-quantum security. (iv) A potential post-
quantum secure variants of such forward-secure and/or
aggregate schemes are potentially even more costly in terms
of'key and signature sizes than their traditional counterparts.

There is a need to have sender optimal (symmetric)
cryptographic schemes that are compromise-resilient, com-
pact, post-quantum secure, and achieve non-repudiation and
breach-resiliency at the verifier side.

SUMMARY

This disclosure describes cryptographic techniques
referred to as Sender Optimal, Breach-resilient Auditing
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with Post-Quantum security (SOBAP). Optimal efficiency
and post-quantum security of symmetric key based tech-
niques are achieved, while providing compromise-resil-
iency, conditional non-repudiation, and fault-tolerance veri-
fication in a distributed setting. That is, SOBAP relies on any
choice of a symmetric key based primitive with extended
features (e.g., forward-security, append-only authentica-
tion), which can be optimally efficient. The verification is
done via the execution of symmetric primitive F with a
secure multi-party computation (SMPC) technique, wherein
an honest majority guarantees a conditional non-repudiation
and fault-tolerance. SOBAP offers an architecture that uses
authenticated access control data structures to ensure policy
enforcement. SOBAP also offers a post-quantum security
via symmetric primitives and SMPC. Extensions of SOBAP
offer oblivious access and enhancements with secure hard-
ware support.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are in and constitute
a part of this specification, illustrate certain examples of the
present disclosure and together with the description, serve to
explain, without limitation, the principles of the disclosure.
Like numbers represent the same element(s) throughout the
figures.

FIG. 1 is an illustration of an exemplary environment for
implementing Sender Optimal, Breach-resilient Auditing
with Post-Quantum security (SOBAP) techniques.

FIG. 2 is an algorithmic diagram of an implementation of
a technique for a symmetric primitive with extended prop-
erties at the signer-side for SOBAP.

FIG. 3 is an operational flow of an implementation of a
method for a symmetric primitive with extended properties
at the signer-side for SOBAP.

FIG. 4 is an algorithmic diagram of an implementation of
a technique for a symmetric primitive with extended prop-
erties for single party verification in SOBAP.

FIG. 5 is an operational flow of an implementation of a
method for a symmetric primitive with extended properties
for single party verification in SOBAP.

FIG. 6 is an algorithmic diagram of an implementation of
a technique for distributed execution of symmetric primi-
tives with extended properties in SOBAP.

FIG. 7 is an algorithmic diagram and operational flow of
an implementation of a SOBAP technique.

FIG. 8 shows an exemplary computing environment in
which example embodiments and aspects may be imple-
mented.

DETAILED DESCRIPTION

The following description of the disclosure is provided as
an enabling teaching of the disclosure in its best, currently
known embodiment(s). To this end, those skilled in the
relevant art will recognize and appreciate that many changes
can be made to the various embodiments of the invention
described herein, while still obtaining the beneficial results
of the present disclosure. It will also be apparent that some
of the desired benefits of the present disclosure can be
obtained by selecting some of the features of the present
disclosure without utilizing other features. Accordingly,
those who work in the art will recognize that many modi-
fications and adaptations to the present disclosure are pos-
sible and can even be desirable in certain circumstances and
are a part of the present disclosure. Thus, the following
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description is provided as illustrative of the principles of the
present disclosure and not in limitation thereof.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood to one of ordinary skill in the art to which this
invention belongs. As used in the specification and claims,
the singular form “a,” “an,” and “the” include plural refer-
ences unless the context clearly dictates otherwise. As used
herein, the terms “can,” “may,” “optionally,” “can option-
ally,” and “may optionally” are used interchangeably and are
meant to include cases in which the condition occurs as well
as cases in which the condition does not occur. Publications
cited herein are hereby specifically incorporated by refer-
ence in their entireties and at least for the material for which
they are cited.

In modern Internet of Things (IoT) systems, large quan-
tities of resource-limited devices are used to collect, process,
and transmit highly sensitive information for privacy and
safety critical applications. For example, medical gadgets
such as medical implantables, wearables, and handheld
devices gather, process, and upload highly sensitive health-
care information to the cloud servers. In smart-infrastruc-
tures such as smart-grid, smart-city, or military installations,
various sensors are used to collect and analyze information
from safety critical cyber-infrastructures. It is vital for all
these applications that the sensitive information collected by
these resource-limited IoT devices are cryptographically
protected. It is also necessary to ensure the scalability,
availability, and high performance of these applications
while guaranteeing a cryptographic protection. Finally, with
the emergence of quantum computers, it is also important to
offer post-quantum security for long-term security of these
applications.

Several cryptographic primitives have been proposed to
offer basic cyber-security services such as authentication,
integrity, and confidentiality. In addition to these basic
cryptographic services, emerging IoTs also need advanced
security features such as breach-resiliency (e.g., compro-
mise-resiliency), fault-tolerance, and availability. For
example, given increased attack surface, an active adversary
may compromise sensors and gadgets deployed in the field,
and recover not only sensitive data but also the crypto-
graphic keying material that were used to protect the infor-
mation. Similarly, via insiders and/or malware infiltration,
the cloud server side of IoT systems is also frequently
breached. Moreover, due to a failure or adversarial inter-
vention, the auditing and other services analyzing and con-
trolling the data might be interrupted. Hence, an ideal
cryptographic protection mechanism achieves high effi-
ciency, breach-resiliency, fault-tolerance, scalability, post-
quantum security, and non-repudiation properties simulta-
neously. Existing symmetric and asymmetric cryptographic
techniques do not achieve all these goals at the same time.

The techniques, systems, and methods described herein
create sender optimal (symmetric) cryptographic schemes
that are compromise-resilient, compact, post-quantum
secure, and achieve some non-repudiation and breach-resil-
iency at the verifier side. That is, optimal symmetric cryp-
tography efficiency and security is achieved, while ensuring
some level of compromise-resiliency, distributed (condi-
tional) non-repudiation, and fault-tolerance for verification.

Features of Sender Optimal, Breach-resilient Auditing
with Post-Quantum security (SOBAP) include the follow-
ing.

SOBAP achieves authenticity, integrity, and confidential-
ity of sensitive data while ensuring forward security, thereby
providing compromise-resiliency at the sender side. That is,

2 <
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even if an active adversary compromises the sender device
and cryptographic keys in it, the adversary cannot forge
authentication tags or decrypt data generated before the
attack occurs.

SOBAP provides compromise-resiliency and fault-toler-
ance at the verifier side. SOBAP guarantees each verifier
possesses only a part of the sender’s key. Unless an active
adversary compromises a majority (or all) of verifiers, a
partially (minority) compromised set of verifiers do not help
an adversary to forge an authenticated tag and/or decrypt
sensitive data.

Moreover, the verification of SOBAP can be based on
secure multi-party computation techniques that have some
tolerance against malicious or missing input from verifiers.
This permits a resiliency against persistent active adversar-
ies (e.g., who may inject malicious input) or unexpected
system failures (lack of response due to a down server or
network).

SOBAP also provides efficiency. It is desirable for a
cryptographic protection mechanism to incur a minimum
computational, communication, and transmission overhead
on users (senders) and verifiers. It is desirable to ensure the
efficiency for sender devices, which might be a low-end
device with resource-limitations (e.g., medical implantable,
payment device, loT sensor). In SOBAP, the sender executes
a symmetric primitive of choice F with extended properties,
which can be optimally efficient. No additional operation
and/or storage and/or communication overhead is necessary
beyond F for senders, which makes SOBAP a sender optimal
cryptographic protection scheme. Verifier parties execute F
in a distributed setting via a proper secure multi-party
computation technique. Such techniques can be highly effi-
cient in a semi-honest model, and also efficient in some
malicious settings, especially if high communication band-
width is available among verifiers.

SOBAP provides a conditional non-repudiation in the
distributed setting, meaning that unless some (or all) the
verifier parties collude, they cannot generate an authentica-
tion tag or ciphertext on behalf of the sender. This is not only
a non-repudiation but also a verifier side compromise resil-
iency feature. Additionally, SOBAP provides a post-quan-
tum security and conditional non-repudiation at the same
time.

As described further herein, an implementation of
SOBAP comprises an architecture that permits authenticated
access control and auditing for users, verifiers, and auditors.
The architecture can be useful for a broad set of applications
such as digital forensic auditing, medical analytics and
diagnosis, insurance systems, and other applications that
require highly sensitive data to be accessed and verified only
by valid parties in a secure and efficient manner.

Operators || and 1x| denote the concatenation and the bit
length of variable x, respectively x<—*-S means variable x
is randomly and uniformly selected from set S. For any
integer 1, (0, . . . x1)<—*-S means (xOx<—*-8, . . . x1<-*-9).
ISI denotes the cardinality of set S. {0,1}* is the set of binary
strings of any finite length. The set of items g, for i=0, . . .
1-1 is denoted by {qi} from i=0 to 1-1. Log x means log base
2 of x. H denotes a cryptographic hash function.

The following cryptographic primitives may be used with
SOBAP, as described further herein.

Pseudo Random Functions (PRFs) are efficient and deter-
ministic functions which return pseudorandom output indis-
tinguishable from random sequences. Given an input M and
a private key k, output s<—PRF, (M) should be indistinguish-
able from random uniform outputs of a Random Oracle
(RO) [6]. PRFs are fundamental building blocks for sym-
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metric key cryptography, and they are used to construct
many primitives, including but not limited to, symmetric
encryption [41], hash functions, Message Authentication
Codes (MACs) [5], and Key Derivation Functions (KDF)
[18].

A message authentication code (MAC) [38] may be used,
where s F MAC,(M) denotes the message authentication
code s computed on message M with private key k.

Symmetric Encryption may be used. In an implementa-
tion, IND-CPA secure [7] symmetric cipher (E, D) is used.
That is, given a symmetric key k, c<—E (M) is encrypting
plaintext M with key k, and M<-D,(c) is decrypting cipher-
text ¢ with key k.

Key-evolving techniques offer forward-security (e.g.,
[21]), where the current keying material sk is updated to
sk/*! with a one-way function, and then sk is deleted from
the memory. This operation is referred to as update function
sle*!<Upd(K). For example, given key K/, one can evolve
(update) it as 7*'<—H(I), and then delete K. Even if ¥*' is
compromised, the adversary cannot compute k& from k'
(recall that H is one-way and collusion-free). Hence, any
function computed with ¥ and keys before it cannot be
computed by the attacker.

In some implementations, a series for symmetric key
based primitives is used that can achieve extended properties
such as forward-secure encryption and authentication [47],
Authenticated Encryption (AE) [8], encryption-then-authen-
ticate, forward-secure and aggregate authentication [34], or
any other combination of such primitives with different
features. Such a function may be referred to as

O p—SymAuth €, ,,C,.0 kD)

where SymAuth takes a set of ciphertext and current state of
private key k* as input, and produces an authentication tag
on them as o, ,.

A choice of such symmetric primitive with extended
features, which uses a collection of (E, D), Upd, and
SymAuth is denoted as x<—F(., k), where the input is a
message (e.g., combination of ciphertext and/or plaintext
vector) and a cryptographic key k. It produces an output y
(a ciphertext and/or an authenticated tag). Choices of F for
SOBAP are described further herein. An execution of func-
tion F in secure multi-party computation model is also
described below.

For Secure Multi-Party Computation (SMPC), let a par-
ticipant in a distributed system be P, . . . , P,. Each
participant P, holds a secret input x,, and the participants
agree on some function F that takes n inputs. Their goal is
to compute y<—F(x;, . . ., x,) while making sure that the
following two conditions are satisfied: (i) correctness: the
correct value of'y is computed; and (ii) privacy: y is the only
new information that is released. Computing F such that
privacy and correctness are achieved is referred to as com-
puting F securely. One may consider a more general case
where each party gets its own private output. Reference [20]
provides details of generic SMPC methods.

In SOBAP implementations, Distributed PRFs (DPRF)
[40] may be used in general and their recent efficient
instantiations such as Distributed Symmetric-key Encryp-
tion (DiSE) [4] in specific. The efficient executions of
symmetric primitives may be considered with extended
properties F via a proper SMPC technique, denoted as
y<—SMPC(F, P, . . ., P,). These executions may consider
a semi-honest or a malicious model depending on the
security and performance requirements of the applications.

SOBAP uses an access control mechanism that enforces
access control policies over the sensitive data (e.g., keying
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material, audit logs) for the system participants. Any access
control mechanism (e.g., Role-based Access Control, Man-
datory Access Control [11]) uses an Access Control Data
Structure (ACDS), in which relationships among system
participants and their privileges of access rights over the
data are maintained. In some implementations of SOBAP,
ACDS is maintained via an Authentication Data Structure
(ADS) (e.g., [24]). An ADS permits dynamic updates on a
given data structure and ensures the authenticity and integ-
rity of the items retrieved from it. This is referred to as
Authenticated Access Control Data Structure (AACDS).
Some of the tools of an AACDS include symmetric primi-
tives (e.g., PRF), hash-based primitives (e.g., Merkle-hash
trees), and digital signatures. One may choose hash-based
digital signatures (e.g., [10, 16]) or lattice-based signatures
(e.g., [32]) to ensure all building blocks of AACDS are
post-quantum secure.

FIG. 1 is an illustration of an exemplary environment 100
for implementing cryptographic techniques within a net-
work of entities. As described, the environment 100 and
associated techniques retain optimal efficiency and post-
quantum security of symmetric key cryptography at the
sender side, while realizing the symmetric verification and/
or decryption in a distributed setting, to achieve a condi-
tional non-repudiation and compromise-resiliency at the
verifier side. The approaches uses SMPC techniques to
execute symmetric primitives with extended features such as
compromise-resiliency, aggregation, all-or-nothing primi-
tives, and authenticated encryption in a distributed setting at
the verifier side. The environment 100 encapsulates users
(e.g., user computing devices), auditors, cloud servers, and
verifiers executing SMPC protocol in a cohesive way to
ensure access control and functionality. SMPC techniques
are used that can be realized in semi-honest or malicious
settings.

The environment 100 comprises one or more user com-
puting devices 110, a cloud server 120, one or more auditors
130, one or more verifiers 140, and a dealer 150.

The user computing device(s) 110 may comprise a
resource-limited loT device such as healthcare devices (e.g.,
medical implantables) or various type of sensors as well as
mobile devices. The user computing device(s) 110 may
generate sensitive data such as audit logs, system informa-
tion, medical data, or similar digital assets that are to be
cryptographically secured. The user computing device(s)
110 uploads its cryptographically protected data into the
cloud server 120 to ensure its maintenance and ease of
access by other valid entities. As used herein, the user
computing device(s) 110 are denoted as ID |, . . ., ID,, where
7 is an integer.

The cloud server 120 stores and maintains the data that is
being uploaded by the user computing device(s) 110. The
cloud server 120 can be accessed by the owner of data (i.e.,
the user computing device(s) 110) or other entities that can
verify and/or audit this sensitive data. In some implemen-
tations, the entities who are responsible for the verification
of data can also act as a distributed cloud server. The cloud
server 120 is responsible for maintaining both the sensitive
data and AACDS on it. All valid entities in the environment
100 can connect to the cloud server 120 via a secure channel,
and access the required information (e.g., sensitive data,
AACDS) depending on their privileges.

The auditor(s) 130 are responsible for auditing informa-
tion uploaded by the user computing device(s) 110 for
various type of services. One potential service is forensic
investigation, wherein the auditor(s) 130 verify the authen-
ticity and integrity of audit logs generated by the user
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computing device(s) 110. In another case, the auditor(s) 130
can monitor the sensitive data on behalf of data owners (i.e.,
the user computing device(s) 110) to offer services on it. For
example, the auditor(s) 130 can comprise one or more
doctors and/or one or more insurance companies, which can
monitor and assess the medical data uploaded by the user
computing device(s) 110 (e.g., medical devices comprising,
or comprised within, the user computing device(s) 110).
Proper policies and access control mechanisms are used to
enforce a regulation for accessing the sensitive data among
the user computing device(s) 110 and the auditor(s) 130. As
used herein, the auditor(s) 130 are denoted as A, . . ., A_,
where e may be an integer, and in some implementations e
is smaller than the integer z used to denote the number of
user computing device(s) 110.

The verifier(s) 140 may be denoted as P, . . ., P, where
n may be an integer, and in some implementations n is
smaller the integer z used to denote the number of user
computing device(s) 110. The verifier(s) 140 are responsible
for the execution of symmetric primitives with extended
features F*” in a distributed setting via a proper SMPC
protocol. Upon the request of the auditor(s) 130, the veri-
fier(s) 140 check if the auditor(s) 130 have access privileges
on the sensitive data of a given user ID, (via checking
AACDS on the cloud server 120). If the auditor(s) 130 have
valid access privileges, the verifier(s) 140 execute F™” via
SMPC, which permits them to authenticate and/or decrypt
the sensitive information. If the sensitive data is verified
(i.e., it is authenticated and preserves its integrity), the
verifier(s) 140 provide this data to the valid auditor(s) 130.

The dealer 150, such as a key generation center (KGC), is
a trusted entity that sets up the environment 100 at the
initialization phase with the participation of the entities in
the environment 100. The dealer 150 generates a set of
master keys, from which individual private keys of the user
computing device(s) 110 are derived. The dealer 150 also
creates AACDS that will be used to regulate the access of the
auditor(s) 130 on sensitive data of the user computing
device(s) 110. Additionally, the dealer 150 creates and
distributes SMPC components (e.g., pieces of master key,
garbled circuits, pre-computed values) to the verifier(s) 140.
In some implementations, if required, the dealer 150 may
delete the sensitive keying information and data after this
one-time initial setup phase.

The descriptions of the one or more user computing
device(s) 110, the cloud server 120, the auditor(s) 130, the
verifier(s) 140, and the dealer 150 is not intended to be
limiting. Each of the one or more user computing devices
110, the cloud server 120, the one or more auditors 130, the
one or more verifiers 140, and the dealer 150 may be
implemented using a variety of computing devices such as
smartphones, desktop computers, laptop computers, tablets,
digital media players, set top boxes, vehicle navigation
systems, and video game consoles. Other types of comput-
ing devices may be supported. A suitable computing device
is illustrated in FIG. 8 as the computing device 800.

As would be readily apparent to one of ordinary skill in
the art, the one or more user computing devices 110, the
cloud server 120, the one or more auditors 130, the one or
more verifiers 140, and the dealer 150 may be implemented
as programmed computers operating under control of com-
puter program code. The computer program code would be
stored in a computer readable medium (e.g., a memory) and
the code would be executed by a processor of the computer.

The one or more user computing devices 110, the cloud
server 120, the one or more auditors 130, the one or more
verifiers 140, and the dealer 150 may be in communication
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with one another via a data network 105. The data network
105 may be a variety of network types including the public
switched telephone network (PSTN), a cellular telephone
network, and a packet switched network (e.g., the Internet).

FIG. 2 is an algorithmic diagram 200 of an implementa-
tion of a technique for a symmetric primitive with extended
properties at the signer-side for SOBAP. FIG. 3 is an
operational flow of an implementation of a method 300 for
a symmetric primitive with extended properties at the
signer-side for SOBAP.

In the algorithmic diagram 200 (also referred to in FIG. 2
as “Algorithm 17), the symmetric primitive 205

(C) 01 kP HY<FP(C 1 M,) .0y, 1M, k) acts
as a function that encrypts a message.

Messages are collected during time periods at 310,
encrypted at 320, and the authentication tags of the
encrypted messages are respectively set at 330. More par-
ticularly, in an implementation, the authentication tag of user

1D, on messages Ml,m_lz(Ml, ..., M,, ) collected (at 310)

and encrypted (at 320) as 61,m_1:(C1, ...,C,_,) during
time periods t;, ..., t;_, is setto o, ,,_,. Messages collected
on time period t; are set to M,,. At 330, the authentication

tag o, ,, on encrypted messages 61 W=Cy, ..., C,) s
computed via symmetric function F’ﬁi with forward-secure

and all-or-nothing features as given by: émeEkiL(Mm),

shown at 210, o, ,,<—SymAuth({ él,m_l, C,) , k) shown at
220, and k"' < Upd(k,”) shown at 230.

FIG. 4 is an algorithmic diagram 400 of an implementa-
tion of a technique for a symmetric primitive with extended
properties for single party verification in SOBAP. FIG. 5 is
an operational flow of an implementation of a method 500
for a symmetric primitive with extended properties for
single party verification in SOBAP. In the algorithmic dia-
gram 400 (also referred to in FIG. 4 as “Algorithm 2”), the
inputs that may be used are the outputs of Algorithm 1, and
the function 405

—_—
(b,Ml,m)eFVe,(él,m,ol,m,IDi,msk)i is a verification func-
tion for the symmetric primitive that will be implemented in
SMPC settings.
A master key is determined at 510, and the symmetric key
of a user is determined at 520. In an implementation, given

a master key nTsl><, the symmetric key of user ID, is derived.
At 530, the authentication tag of the user is verified. Thus,

continuing with the example, o, ,, on él,m is verified. Upon
verification, at 540, the message is recovered. Thus, in the

example, if the authentication tag o, ,, on 61,," is verified,

then the plaintext Ml,m is recovered.
These operations are shown in FIG. 4 as k,'<KDF

—_—

msk(ID,) at 410; at 420, as k/< Upd(k/™), forj=2, ..., L,
where all keys are kept in memory for the next operation
430; and b<—SymAuth(C, ., (k,', . . ., k,")). If b=0, then
the verification fails (i.e., it is not verified), and it aborts and

returns Ml,menull; otherwise (i.e., b=1 and thus it is
verified), processing continues at 440. At 440, M;<~D«(C)),

for j=1, ..., L, where Ml,m:(Ml, .o, M)

FIG. 6 is an algorithmic diagram 600 of an implementa-
tion of a technique for distributed execution of symmetric
primitives with extended properties in SOBAP. The tech-
nique of FIG. 6 performs similarly to that of Algorithm 2 of
FIG. 4, but in a distributed manner as it simulates Algorithm
2 across multiple parties.
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More particularly, in the algorithmic diagram 600 (also
referred to in FIG. 6 as “Algorithm 3”), the function 605 (b,

MI,M)GSMPC(( F, " msk,), ..., (Fp " msk,)) denotes
a distributed execution of F*” among verification parties
(P, ..., P,). Each party P, is given a required component
of F as denoted by FPI_V‘” (e.g., garbled circuits, pre-

computed values, etc.) and a part of a master key nﬁ( as
msk,. One may choose any proper SMPC protocol to realize
F"” defined in FIG. 4 (“Algorithm 2”) depending on the
performance and security requirements of the application.
Note that any SMPC protocol requires parties to interact
with each other, and therefore it is recommended that the
verification parties are connected to each other and the cloud
server via a high-capacity and fast network.

FIG. 7 is an algorithmic diagram and operational flow 700
of an implementation of a SOBAP technique. In the algo-
rithmic diagram and operational flow 700 (also referred to in
FIG. 7 as “Algorithm 47), a setup phase is executed by a
dealer (e.g., the dealer 150 or a key generation center) offline
(e.g., in an initialization phase). In an implementation, all
parties are connected to each other via a secure channel (e.g.,
a post-quantum secure SSL/TLS, or pre-distribution of
symmetric keys via the dealer or key generation center).

At 710, given users (e.g., user computing devices)
Dy, ...ID,), auditors (A, . . . A,), and their corresponding
access control policy information, the KGC creates AACDS
and provides it to the cloud server.

At 720, given the security parameter K, the KGC creates

—_—
a master key set msk={msk<{0,1}*} _".

At 730, the KGC derives k,.leKDFnTsT((IDi) and provides
it to user ID, along with function F* for i=1, . . . , z.

At 740, given function F**’, the KGC generates (( Fp, ",
msk,(, . . ., (Fp " msk,)) and distributes them to the
parties (e.g., the verifiers) (P, . . ., P,), respectively.

At the sender, at 742, the user ID, cryptographically
protects the data collected in time periods (t, . . . , t;) via

function F? as (C,,,0,.k"")<FP(C,,_,M,),
O e M, k5, where M, is the last data set collected in L.

The user ID, uploads (6 101, to the cloud server.
Regarding audit and verification, at 745, an auditor A
requests the verification and/or decryption of cryptographi-

cally protected data (61,,",01,,") of user ID,.

At 750, the auditor A sends its request to all verifiers
Py, ..., P).

At 760, each verifier P, accesses AACDS on the cloud
server, and cryptographically verifies if the auditor A has the
required access rights on the data of user ID. If the auditor
A does not have access rights, at least one verifier aborts at
770. Otherwise, at 780, the verifiers execute the distributed
verification function F**” by fetching the cryptographically
protected data from the cloud server and communicating

with each other as follows: (b,Ml,m)eSMPC(( Fp e
msk;) ... (F PnV‘”,mskn) ). If bit b=0, then the parties inform
the auditor A that the data is not authenticated, and they

abort; otherwise, the provide 1\7[1,,,, to the auditor A over a
post-quantum secure channel.

The SOBAP technique may be extended in some imple-
mentations.

In some implementations, the cryptographically protected
sensitive data and AACDS are stored in a cloud server
(e.g., the cloud server 120), which can be accessed by the
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auditor(s) 130 and the verifier(s) 140. Note that in this
setting, access patterns of verifiers, auditors, and users are
known to the cloud server.

An alternative is to eliminate the use of a cloud server, and
replicate the sensitive data among and AACDS to all parties.
In such an implementation, each party just executes the
proposed protocol on their own copy. This has the advantage
of replicating data (i.e., more robustness against data loss),
and also it does not leak access pattern information to the
cloud server. On the other hand, it incurs n times more
storage than that of the original protocol, and also every
party and auditor has to communicate with each other, which
incurs more bandwidth consumption. Moreover, the sender
must upload data to the n parties separately.

Another alternative is to use a Privacy Enhancing Tech-
nology (PET) like an Oblivious Random Access Machine
(ORAM) [45]. Each party and auditor can use single-server
ORAM to access to the cloud server to fetch the sensitive
data obliviously. However, a better approach is to use
multi-user ORAM techniques. It is also possible to realize
such strategies with multi-server ORAM schemes (e.g.,
[26]), some of which are also post-quantum secure.

Moreover, given that SMPC can execute any functionality
generically, by accepting the proper cost, all logic of access-
ing and veritying information from AACDS can also be
implemented via SMPC with only symmetric primitives.
One can use SMPC to realize authentication, integrity, and
ORAM functionalities in a fully distributed setting, either
the information is being accessed from the central cloud
server, or fully split into parties. This can be done to ensure
that it will retain post-quantum security of symmetric and
ORAM primitives. This approach is significantly costlier
than the use of traditional AACDS with digital signatures
and Merkle-trees and/or with ORAMs.

Another enhancement may be with secure hardware for
identifier parties. SOBAP may be augmented with highly
available secure hardware components such as Secure Guard
Extension (SGX) [28, 37]. Specifically, enhance the collu-
sion resiliency of SOBAP by placing each verifier logic into
a secure enclave [37]. As long as the secure hardware
remains unbreached, the verifiers cannot collude and/or
inject malicious inputs to SOBAP verification process. At
the same time, if the secure hardware is breached (e.g.,
several practical attacks have been shown to secure hard-
ware [15, 17, 30, 31]), then SOBAP still provides all the
security assurances at the cryptographic level. Therefore, the
collusion resiliency and malicious input tolerance of
SOBAP are improved as long as the secure hardware is
intact, and distributed security is ensured against a possible
breach in secure hardware. This approach is superior to
stand-alone use of secure hardware for cryptographic pro-
tection, or stand-alone use of SOBAP without extra hard-
ware protection (given the fact that the cost of commodity
secure hardware is little and widely available). Although
implementations may use Intel SGX, this is not intended to
be limiting, as any other secure hardware is equally appli-
cable, so the solution is not limited to Intel SGX (e.g., [25]).
The secure hardware integrated into SOBAP relies on post-
quantum secure primitives such as a post-quantum signa-
ture, attestation protocol, and key establishment. These can
be achieved by replacing classical primitives in secure
hardware with the post-quantum versions.

FIG. 8 shows an exemplary computing environment in
which example embodiments and aspects may be imple-
mented. The computing device environment is only one
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example of a suitable computing environment and is not
intended to suggest any limitation as to the scope of use or
functionality.

Numerous other general purpose or special purpose com-
puting devices environments or configurations may be used.
Examples of well-known computing devices, environments,
and/or configurations that may be suitable for use include,
but are not limited to, personal computers, server computers,
handheld or laptop devices, multiprocessor systems, micro-
processor-based systems, network personal computers
(PCs), minicomputers, mainframe computers, embedded
systems, distributed computing environments that include
any of the above systems or devices, and the like.

Computer-executable instructions, such as program mod-
ules, being executed by a computer may be used. Generally,
program modules include routines, programs, objects, com-
ponents, data structures, etc. that perform particular tasks or
implement particular abstract data types. Distributed com-
puting environments may be used where tasks are performed
by remote processing devices that are linked through a
communications network or other data transmission
medium. In a distributed computing environment, program
modules and other data may be located in both local and
remote computer storage media including memory storage
devices.

With reference to FIG. 8, an exemplary system for imple-
menting aspects described herein includes a computing
device, such as computing device 800. In its most basic
configuration, computing device 800 typically includes at
least one processing unit 802 and memory 804. Depending
on the exact configuration and type of computing device,
memory 804 may be volatile (such as random access
memory (RAM)), non-volatile (such as read-only memory
(ROM), flash memory, etc.), or some combination of the
two. This most basic configuration is illustrated in FIG. 8 by
dashed line 806.

Computing device 800 may have additional features/
functionality. For example, computing device 800 may
include additional storage (removable and/or non-remov-
able) including, but not limited to, magnetic or optical disks
or tape. Such additional storage is illustrated in FIG. 8 by
removable storage 808 and non-removable storage 810.

Computing device 800 typically includes a variety of
computer readable media. Computer readable media can be
any available media that can be accessed by the device 800
and includes both volatile and non-volatile media, remov-
able and non-removable media.

Computer storage media include volatile and non-volatile,
and removable and non-removable media implemented in
any method or technology for storage of information such as
computer readable instructions, data structures, program
modules or other data. Memory 804, removable storage 808,
and non-removable storage 810 are all examples of com-
puter storage media. Computer storage media include, but
are not limited to, RAM, ROM, electrically erasable pro-
gram read-only memory (EEPROM), flash memory or other
memory technology, CD-ROM, digital versatile disks
(DVD) or other optical storage, magnetic cassettes, mag-
netic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to store the
desired information and which can be accessed by comput-
ing device 800. Any such computer storage media may be
part of computing device 800.

Computing device 800 may contain communication con-
nection(s) 812 that allow the device to communicate with
other devices. Computing device 800 may also have input
device(s) 814 such as a keyboard, mouse, pen, voice input
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device, touch input device, etc. Output device(s) 816 such as
a display, speakers, printer, etc. may also be included. All
these devices are well known in the art and need not be
discussed at length here.

It should be understood that the various techniques
described herein may be implemented in connection with
hardware components or software components or, where
appropriate, with a combination of both. Illustrative types of
hardware components that can be used include Field-pro-
grammable Gate Arrays (FPGAs), Application-specific Inte-
grated Circuits (ASICs), Application-specific Standard
Products (ASSPs), System-on-a-chip systems (SOCs), Com-
plex Programmable Logic Devices (CPLDs), etc. The meth-
ods and apparatus of the presently disclosed subject matter,
or certain aspects or portions thereof, may take the form of
program code (i.e., instructions) embodied in tangible
media, such as floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium where, when
the program code is loaded into and executed by a machine,
such as a computer, the machine becomes an apparatus for
practicing the presently disclosed subject matter.

Although exemplary implementations may refer to utiliz-
ing aspects of the presently disclosed subject matter in the
context of one or more stand-alone computer systems, the
subject matter is not so limited, but rather may be imple-
mented in connection with any computing environment,
such as a network or distributed computing environment.
Still further, aspects of the presently disclosed subject matter
may be implemented in or across a plurality of processing
chips or devices, and storage may similarly be effected
across a plurality of devices. Such devices might include
personal computers, network servers, and handheld devices,
for example.
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It should be understood that while the present disclosure
has been provided in detail with respect to certain illustrative
and specific aspects thereof, it should not be considered
limited to such, as numerous modifications are possible
without departing from the broad spirit and scope of the
present disclosure as defined in the appended claims. It is,
therefore, intended that the appended claims cover all such
equivalent variations as fall within the true spirit and scope
of the invention.

What is claimed is:

1. A method comprising:

receiving, at a first verifier, a request from an auditor for

data stored in a storage;

accessing, by the first verifier, an authenticated access

control data structure (AACDS);

cryptographically verifying, by the first verifier using the

AACDS, whether the auditor has access rights to the
data, wherein the cryptographically verifying com-
prises executing a symmetric primitive with a secure
multi-party computation (SMPC) technique, wherein
the symmetric primitive has extended features com-
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prising at least one of compromise-resiliency, aggrega-
tion, all-or-nothing primitives, or authenticated encryp-
tion in a distributed setting;

fetching, by the first verifier, the data from the storage

using a verifier function when the auditor has been
cryptographically verified to have access rights to the
data; and

providing, by the first verifier, the data to the auditor over

a post-quantum secure channel.

2. The method of claim 1, further comprising

receiving, at a second verifier, the request from the auditor

for data stored in a storage;

accessing, by the second verifier, the authenticated access

control data structure (AACDS);

cryptographically verifying, by the second verifier using

the AACDS, whether the auditor has access rights to
the data;

fetching, by the first verifier and the second verifier, the

data from the storage using the verifier function when
the auditor has been cryptographically verified by the
first verifier and the second verifier to have access
rights to the data; and

providing, by the first verifier and the second verifier, the

data to the auditor over the post-quantum secure chan-
nel.

3. The method of claim 2, wherein the data in the data
storage is cryptographically protected.

4. The method of claim 2, wherein the data storage resides
in a cloud server.

5. The method of claim 4, wherein the AACDS resides in
the cloud server.

6. The method of claim 2, wherein the verifier function is
a distributed verifier function.

7. The method of claim 2, further comprising the first
verifier and the second verifier aborting providing the data to
the auditor when at least one of the first verifier or the second
verifier cannot cryptographically verify the auditor.

8. The method of claim 1, wherein cryptographically
verifying whether the auditor has access rights to the data
comprises:

determining a symmetric key of a user that provided the

data for storage; and

verifying an authentication tag of the user using the

symmetric key and a master key.

9. The method of claim 8, wherein the authentication tag
is encrypted via a symmetric function with forward-secure
and all-or-nothing features.

10. A system comprising:

an auditor stored in a memory and executable by a

processor; and

at least one verifier stored in the memory and when

executed by the processor:

receives a request from the auditor for data stored in a
data storage;

accesses an authenticated access control data structure
(AACDS);

cryptographically verifies, using the AACDS, whether
the auditor has access rights to the data, wherein the
cryptographically verifying comprises executing a
symmetric primitive with a secure multi-party com-
putation (SMPC) technique, wherein the symmetric
primitive has extended features comprising at least
one of compromise-resiliency, aggregation, all-or-
nothing primitives, or authenticated encryption in a
distributed setting;
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fetches the data from the data storage using a verifier
function when the auditor has been cryptographi-
cally verified to have access rights to the data; and
provides the data to the auditor over a post-quantum
secure channel.
11. The system of claim 10, wherein the at least one
verifier comprises a plurality of verifiers, and wherein the
verifier function is a distributed verifier function.
12. The system of claim 11, wherein the data storage
resides in a cloud server and wherein the data is crypto-
graphically protected.
13. The system of claim 12, wherein the AACDS resides
in the cloud server.
14. The system of claim 11, wherein the plurality of
verifiers are configured to abort providing the data to the
auditor when at least one of the plurality of verifiers cannot
cryptographically verify the auditor.
15. The system of claim 10, further comprising at least
one user computing device that encrypts the data and
uploads the encrypted data to the data storage.
16. A method comprising:
receiving, at each of a plurality of verifiers, a request from
an auditor for cryptographically stored data of a user;

accessing, by each of the plurality of verifiers, an authen-
ticated access control data structure (AACDS);

determining, by each of the plurality of verifiers using the
AACDS, whether the auditor has access rights to the
data, wherein the determining comprises executing a
symmetric primitive with a secure multi-party compu-
tation (SMPC) technique, wherein the symmetric
primitive has extended features comprising at least one
of compromise-resiliency, aggregation, all-or-nothing
primitives, or authenticated encryption in a distributed
setting;
denying the request when at least one of the plurality of
verifiers determines that the auditor does not have the
access rights to the cryptographically stored data; and

fetching, by each of the plurality of verifiers, the crypto-
graphically stored data using a distributed verifier func-
tion, and providing, by each of the plurality of verifiers,
the cryptographically stored data to the auditor over a
post-quantum secure channel, when the auditor has
been determined to have the access rights to the cryp-
tographically stored data.

17. The method of claim 16, wherein the request from the
auditor comprises a request for at least one of verification or
decryption of the cryptographically stored data.

18. The method of claim 16, further comprising generat-
ing the AACDS, by a key generation center, using an
identifier of the user, the auditor, and access control policy
information, and providing the AACDS to a cloud server for
storage.

19. The method of claim 18, further comprising the user
cryptographically protecting data and storing the crypto-
graphically protected data to the cloud server to create the
cryptographically stored data.

20. The method of claim 18, further comprising the user
collecting data during a plurality of time periods, encrypting
the data, computing an authentication tag for the data via a
symmetric function with forward-secure and all-or-nothing
features, and uploading the encrypted data and authentica-
tion tag to the cloud server as the cryptographically stored
data.
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