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Abstract: The advent in Online Social Networks (OSN) and Internet of Things (IoT) has created a
new world of collaboration and communication between people and devices. The domain of internet
of things uses billions of devices (ranging from tiny sensors to macro scale devices) that continuously
produce and exchange huge amounts of data with people and applications. Similarly, more than a
billion people are connected through social networking sites to collaborate and share their knowledge.
The applications of IoT such as smart health, smart city, social networking, video surveillance and
vehicular communication are quickly evolving people’s daily lives. These applications provide
accurate, information-rich and personalized services to the users. However, providing personalized
information comes at the cost of accessing private information of users such as their location, social
relationship details, health information and daily activities. When the information is accessible
online, there is always a chance that it can be used maliciously by unauthorized entities. Therefore,
an effective access control mechanism must be employed to ensure the security and privacy of
entities using OSN and IoT services. Access control refers to a process which can restrict user’s
access to data and resources. It enforces access rules to grant authorized users an access to resources
and prevent others. This survey examines the increasing literature on access control for traditional
models in general, and for OSN and IoT in specific. Challenges and problems related to access
control mechanisms are explored to facilitate the adoption of access control solutions in OSN and IoT
scenarios. The survey provides a review of the requirements for access control enforcement, discusses
several security issues in access control, and elaborates underlying principles and limitations of
famous access control models. We evaluate the feasibility of current access control models for OSN
and IoT and provide the future development direction of access control for the same.
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1. Introduction

Access control provides security measures for regulating the access of the subject to the object.
Therefore, it includes the identification, authorization, and authentication for making up an access
control mechanism. In the identification phase, the subject/user can use credentials and get
authenticated. After providing legitimate credentials, the user becomes authorized for accessing
only those resources that are granted by an admin (or owner of the resource) through access control
permissions/rules. Since the beginning of the distributed systems access control is being widely used.
In today’s integrated on-demand data-driven world, security is a major concern and access control is
the solution [1]. To develop a data protection system for an organization that protects its data from
malicious activities and unauthorized access while making sure of its availability at the same time,
some information management system is needed to guarantee that only authorized users can access
the data. For the development of such an access control system, regulations and rules are required,
according to which access can be controlled. The development of the access control system is done
in different phases and these phases depend on some security measures [2]. These phases include
(i) Policies: Security policies are a set of rules that define conditions under which one gets access or is
denied. (ii) Models: Access control policies are implemented through security models. These models
are designed according to the scenarios and industry’s needs. Models are formal representations of
security policies. (iii) Mechanisms: Security controls (imposed by the policies) are implemented by
the low-level functions (hardware and software), these low-level functions are security mechanisms.
These three concepts stated above provide the conceptual separation between the abstraction and
design levels while providing multi-phase software development. This conceptual separation presents
independence between enforcement of policies on one side and mechanisms on the other side [3].
In the digital world of access control, a subject (defined as a computer system, a process, or a user)
performs some operations (defined as delete, add, search, read, write, etc.) on an object (defined as
a resource) according to the policy. Allowing a user to Carry out operations on object is known as
permission. Policies are made according to the access control models. Informally, access control tells
“who can access what”, and it is the fundamental part of the information security [4]. Basic risks in
the security of information include Confidentiality, Integrity, and Availability (CIA). Confidentiality
is making sure that data/resources have not been accessed or viewed by any unauthorized party.
Integrity makes sure that data/resources are in its original form and are not changed intentionally or
accidentally. During the system development phase, some techniques only provide confidentiality but
not integrity; this approach is not as good as the adversary can manipulate data without having its
knowledge. The availability of resources is making sure that resources/data are accessible and ready
to use. After compromising the system resources, the adversary tries to remove the availability of the
data/resources. The CIA cycle is illustrated in Figure 1.

The main purpose of access control mechanism is to preserve all three CIA security traits.
It controls access through permissions to sensitive data and resources. Access controls protect the
resources from internal and external attacks. Real world scenarios have complex situations and
consequently complex policies. Access control system development needs to ensure the integrity,
availability, and confidentiality of the resources. A comprehensive survey on Access Control Models
has not been dealt yet; existing literature surveys either provide a review of some famous models
(with their extensions) like MAC (Mandatory Access Control), DAC (Discretionary Access Control),
and RBAC (Role-Based Access Control) models or only cover latest trends like Cloud and IoT models.
This paper includes a detailed review of literature from 1970 to 2020 covering significant conventional
access control models as well as state-of-the-art OSN and IoT models to put things in perspective.
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Figure 1. The CIA model.

Comparison with Other Surveys

This survey is focused on access control in conventional, OSN, and IoT models. It presents models,
protocols, and framework solutions in a comprehensive manner. The following are a few existing
surveys on the similar topic; however, they have tried to address access control issues related to any
one of the paradigms or in a specific context.

Sicari et al. [5] provide a comprehensive survey of the main security challenges and issues in
IoT. It also discusses possible privacy, security, and trust-based solutions and future directions for
IoT. This paper, however, does not discuss in detail conventional access control or OSN-based models
extensively as its focus is only on IoT [6].

Ouaddah et al. [7] provides an extensive review of the state-of-the-art access control models for IoT.
It uses a methodology for a survey that it named Objectives, Models, Architecture, and Mechanisms
(OM-AM). Privacy as well as security requirements for the state-of-the-art IoT applications such
as smart homes, e-government, enterprise, and industry are analyzed in detail. The feasibility of
traditional as well as recent access control models is highlighted from the IoT perspective. This paper
also presents a comprehensive evaluation of the access control project relevant to IoT that represent
research and commercial solutions during the period 2011–2016.

Bertin et al. [8] provide a brief survey on conventional access control models (e.g., DAC, MAC,
RBAC, ABAC) and access control architectures and protocols (e.g., XACML, SAML, OAuth, ACE,
UMA, LMW2M, AllJoyn). This paper does not cover the recent access control models like CapBAC,
OrBAC, LBAC, and extensions of traditional access control models.

Zhang et al. [9] present a short overview of a few existing works on trust computing, access control
models and systems in IoT. This paper provides a literature review of existing models for IoT-based
access control. However, it does not discuss their comparisons or feasibility of those access control
models through any evaluation metrics.

Ravidas et al. [10] investigate access control solutions related to IoT and perform a detailed
analysis of existing access control frameworks. They also provide elicitation of the requirements that
IoT-based authorization frameworks should provide along with criteria for evaluation. This work
provides is an extensive review of access control models discussing the security of each layer in the
IoT architecture.

Most of the recent access control surveys are related to specific domains like IoT and Cloud.
However, our survey provides a general view of the access control models focusing on conventional,
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OSN, and IoT models. It is specifically created for the interest of those researchers who want to learn
access control models in general, later they can go into details of a specific domain.

The rest of the paper is arranged as follows. Section 2 discusses access control requirements and
security issues. Section 3 deals with conventional access control models along with their extensions.
Section 4 provides a discussion on access control models for online social networks. Section 5 describes
IoT-based access control models. Section 6 presents the analysis and discussion of the conventional
and IoT-based models. Section 7 concludes the survey.

2. Access Control Requirements and Challenges

This section describes access control requirements on modeling and deployment. It also highlights
the main security issues and challenges for access control.

2.1. Requirements of Access Control Models

Decisions are made in such a way that within a system, the accessibility of the objects is managed,
and the nature of the environment is expressed [11]. Access control requirements are being summarized
as follows.

• Generic access control models are encouraged so that access right needs can be met for a variety
of enterprise models [12,13].

• For collaboration, access controls need scalability in terms of operations’ quantity because it
serves best in a collaborative environment than a single user system.

• Access control models are required to enable transparent access for legitimate users and heavy
segregation of unauthorized users.

• High level rules/conditions of access rights must be allowed by the access control models for
better management of increased complexity [11].

• Access control models should be dynamic; it should be able to modify the policies at runtime
according to the requirements [14].

• Cost and performance of the resources should be under acceptable bounds.
• Access control models are required to design in such a way that each corporation must have the

freedom of enforcement and design of their security policies [15].
• Access control policies’ management should be easy to maintain the trust and usability in

the system.
• To ensure the availability of the systems and overruling “need-to-know” requirements of data

access in an emergency [15].
• The application and enforcement of access control should also include distributed level security.
• Access control must be accessible in a fine-grained format with the protection of sensitive

assets [16].
• Access control should be interoperable between different resources. Ideally, relationship groups

and access policies given by the user must ‘follow the user’ instead of redevelopment for
each resource.

• Policies in an access control should follow the data of the object to which they are applied [16].

Along with the requirements mentioned above, other access control necessities like access
administration and meta access control are also relevant. Meta access control can be assimilated
either as a basic model or as a separate model. It is pointless to try to count practically useful
requirements because we have multiple variations and possibilities [11]. It is recommended to follow
the access controls that are simple yet rigorous. These requirements are useful in identifying the
strengths and weak points of the existing access control models.
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2.2. Security Issues and Challenges in Access Control

In the era of mainframes, access control was just about physical security. The notion of users and
resources came with the idea of operating systems. ACLs were established to make the relationship
between resources and their users while OS’s job was to mediate the user’s request to access resources.
Now databases and operating systems have embedded access controls in them. Because of the
distributed systems, we have simulated back towards access control models ‘if one can reach the
application, one can run it’. Each model has different security requirements. As much as capabilities
get inherited, so are the risks and security issues in access control models [17–21]. Each model has
significant trade-offs in terms of complexity, extensibility, integrated features, and security. In the
cloud’s perspective, security is maintained by the service providers while consumers become liable for
managing and implementing security capabilities [17,22,23]. Access controls security is dependent on
access control types. The access control model can be categorized into the following types.

• Preventive: It keeps unwanted events from happening.
• Detective: Recognize unauthorized events.
• Corrective: Correct the undesirable events that happen.
• Deterrent: Prevent security violations from happening.
• Recovery: After security violation, it restores the capabilities and resources.
• Compensation: Provides control alternatives.

Besides being useful, the access control mechanism has many risks and security issues as well,
some of them are listed here:

• Providing fine-grained access is one of the key issues in the access control models while
accessing data.

• The searching cost gets increased when user requests for data access and the server must search
the entire system for making data available [24,25].

• To access data from outside the server, users must get register their domain [7,24].
• Access control mechanism should be efficient enough to make difference between sensitive and

common data, to prevent common data from public access.
• High possibility of data leakage by the malevolent user.
• Scalability is one of the key features in access control models. Performance attribute must be

maintained by the mechanism as the number of users, roles, attributes, or resources increase.
• Fairness in resource offers and consumption.
• Resource management capabilities should be provided such as delegation, management, addition,

deletion of roles, resources, and operations [26].
• Semantic-grouping of information is the basic need in access controls [26].

3. Conventional Access Control Models

Access control models are concerned with the rules/permissions or obligations/conditions which
determine how a subject/user can be allowed to manipulate the resource/object and how can it be
determined as a potential danger for the resource. Access control models provide the framework
as well as the mode of implementation for ensuring the integrity, availability, and confidentiality of
the resource. Initially Access Control List (ACL) and Access Control Matrix techniques were used
to specify which user can access which file. The most common and oldest access control models are
MAC, DAC, and RBAC. In this paper, we will discuss each one of them in detail along with other
access control models with their advantages and limitations [27]. We begin with a review of existing
access control models with their evolution and propose a taxonomy of conventional access control
models in Figure 2.
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Figure 2. Taxonomy of AC Models in Conventional Systems.

3.1. Access Control Lists (ACL)

Access control lists are used to implement access control matrices [28–30]. Figure 3 depicts the
access control list for the access control matrix mentioned in Table 1 representing each object with
its access control list. The early form to implement the access control is access control lists (ACL)
that were used in the UNIX OS. ACL is defined as a list of mappings associated with the resources
where mappings are between a set of entities that request to have access to the resources and several
actions that can be taken on the resources [31]. For instance, when the user tries to access the file,
before granting access operating system checks the ACLs to determines if the permission is granted
or rejected. ACL’s along with OS can be used in a network context, relational database management,
etc. [1]. ACLs are even predominant across all modern OS, every organization that uses operating
systems certainly has an implementation of ACLs by default, and ACLs are implemented at the
application level [32–34]. In the scenarios where ACLs of hundreds of thousands of users need to
be managed then databases are used to store ACL data. ACLs contain much information and they
consume much space, so researchers are working on ACLs compression [35–38].

Table 1. Access Control Matrix.

File 1 File 2 File 3

User1 RWO RWX WX
User2 RWX WX RWX
User3 R RWO RWO
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Figure 3. Access Control List.

3.2. Access Control Matrix

Several abstractions have been defined so far while dealing with access control. The resources can
be characterized as files (stored data) also known as objects. A subject that accesses the resource can be
referred to as a program (on the user’s behalf) or as a user. The access control matrix is referred to as a
digital file or record that consists of ‘objects’ and ‘subjects’ with the details similar to what action a user
can perform or what permissions are associated with which user. In simple words, the matrix permits
certain users for certain information. Subjects and objects are written along the axes in the matrix [28].

The purpose of the access control matrix is to protect unauthorized access and making sure the
adherence to confidentiality, integrity, and availability of resources/data. Access Control Matrices
list the processes and files in a matrix, users (subjects) are identified as rows and files (objects) are
identified as columns. Table 1 depicts the access control matrix, where w stands for write, r stands for
reading, x stands for executing, and o for owns. It is used as a model of static access permissions in
control systems.

3.3. Mandatory Access Control (MAC)

MAC is a security model that limits the accessibility of the resource where the resource owner
has the right to grant or deny the permissions for the manipulating resource [1,39]. MAC policies are
defined by a system administrator and enforced by the Operating System (OS). In MAC, the policies
are unalterable by the users. Users are not authorized to override the policies and policies are strictly
controlled by the policy administrator. MAC is the system-wide policy that provides permission
to the users [40]. Operating systems that support MAC policies are SELinux, Trusted Solaris,
and TrustedBSD, etc. [12,27,41] MAC is deployed in government agencies and military facilities.
It is also known as labeled systems and can be divided into the following two types.

• Multilevel Security
• Multilateral Security
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Multilevel Security

In multilevel security, the users and information they access are divided into different levels.
Levels are assigned according to the sensitivity of the information and are classified as top secret,
secret, confidential, etc. These levels are defined as classification level, security level, and clearance
level. Classification: Classification level gives the level of sensitivity to some recourse/data. The level
of sensitivity is defined as: for instance, how much the military information is sensitive and if it gets
leaked to any enemy or gets compromised then what degree of damage it would be for the country.
Clearance: Clearance level identifies the user rights with some clearance. These rights or trust specifies
the highest level of information managed by the subject/user [1]. Security: it is used for both the
clearance and classification level. The following are some well-known access control models that are
based on multilevel security.

Bell–LaPadula Confidentiality Model: Bell security model was proposed in 1973 by David Bell
and Len Lapadula as a formal state transition model. This model was used for providing security to
time-sharing mainframe systems. It is also known as Multilevel Security (MLS) model for dealing with
confidentiality [42]. Its access control rules use security labels on objects and clearances for subjects.
To provide confidentiality, it uses two security properties Simple Security Property and *-property to
limit the flow of information from high to low-security level [27].

Simple Security Property: A subject is not allowed to access/read an object at a higher security
level than itself (no read up).

*-Property: A subject is not allowed to write any object at a lower security level than itself
(no write down).

Property defined as tranquility property is used to improve the above-mentioned properties.
This property is further classified into strong and weak tranquility property. Strong tranquility
expresses that while the system is performing operations, security levels cannot be changed and weak
tranquility tells that security levels should never be changed in such a way to violate the defined
security policies [27,43].

Biba Integrity Model: The Biba model was developed for ensuring information integrity. It is
a reverse of the Bell–Lapadula model as it adheres to the principles of reading writing for integrity.
It labels the data and subjects from low to high levels of integrity. It also uses simple security property
and star property (*-Property); however, they are reverse of the Bell model and use no read down and
no write up [44].

Multilateral Security: In multilateral security, the lateral flow of information is controlled instead
of up or downflow. For example, data access from competing organizations or medical records.
It is also called compartmentation, with competing compartments that also have some shared data.
Chinese Wall model and British Medical Association (BMA) model are the well-known multilateral
security models.

Chinese wall policy: In 1989 Nash and Brewerin proposed a Chinese wall policy to address the
conflicts of interest [45,46]. It deals with confidentiality but not with integrity. This policy model uses
three-level of abstractions to build security policies.

Objects: The lowest level consists of objects which contain information regarding a single company.
Company Groups: Intermediate level describes the collection of the entire objects associated with

one company.
Conflict classes: At the highest level, clusters of objects related to contending companies are

described, e.g., Microsoft, Google, Linux is one conflict class [47,48].
In Chinese wall policy, a subject can access the object if and only if he has not accessed any object

before from the group of conflict classes. For example, the subject who has accessed the Google object
cannot access the Microsoft object; however, it can access another object from other conflict groups.
Formally, the policy is assigned according to the following properties:

Simple Security Rule: This property tells that object can be read by a subject only if: The object
was already accessed or belongs to another conflict class.
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*-property: permission for write access is granted only if: the subject cannot read from any
conflicting class.

Regarding secure cloud-related operations, the solution is being provided by the Chinese wall
policy [46].

3.4. Discretionary Access Control (DAC)

In 1985, Discretionary Access Controls (DAC) was established by US Department of Defense
(DoD). DAC is used where subjects having legitimate legal rights can specify resource sharing rules
with other subjects [49,50]. Access restriction in DAC is based on the identity of the user to which
an object belongs. Access is granted by the resource owner, therefore, an owner can accidentally or
maliciously grant to unauthorized users. Many operating systems like Window or UNIX have DAC
implemented in them [51,52].

DAC and MAC are not mutually exclusive, if permission for the upper bound access is given then
MAC also behaves as DAC [51,52] otherwise they are not mutually exclusive. The permissions which
are decided by the administrator are upper bound permissions. DAC does not need state information
but it needs access right confirmation. An add-on can be installed to modify the security rules because
the DAC given by OS is not sufficient for organizations. DAC model’s enforcement merely requires
access right’s verification for single user operations and does not need state information. DAC security
models given by operating systems are not fully sufficient for organizational needs. An add-on product
can offer substitute security model by rule’s modifications.

ACM files are listed in a matrix, subjects in the row and objects in the columns, the point where
they intersect are mapped to the permissions the subject has on an object. In DAC action by subject is
performed based on its identity and discretionary policies. Access control is defined by these policies.
In DAC according to the administrative policy rights are given to the other users by some user who
owns those rights [1].

DAC uses access control matrix where subjects are placed in rows and objects in columns [1].
The entries in the matrix grow O(n2) in size of matrix if O(n) is the growth of subject and objects.
In practice, these matrices are thin as some of the subject does not have any access permissions and
some of the object is not accessible by some subject. But if access controls must be placed in these
matrices then large quantity of memory would be required and lookups would be expensive [27].

This right discretion in DAC model makes it vulnerable to Trojan horses. Administratively
maintaining the systems is very problematic as resources are owned by the users themselves and they
control the access. Giving rights of the resources to other users violates the safety as file/data can
be copied from one location and can be placed at another. DAC is seen as Access control matrix that
includes ownership relation, permitting subjects to relax policies for their resources. This mechanism
performs granting or revocation of rights to the user’s discretion, evading system administrator
controls. DAC are widely spread models but still, they suffer from numerous issues including:
In Linux system, insecure rights can be settled. For example, “chmod 777” allows any rights to any
user. Transitive read access: For example, if user1 is permitted to read user2’s file, she can copy the file
content and give access to another user to read. In DAC model the right discretion makes it defenseless
against Trojan horses. System maintenance is very difficult as the users own the resources and access
are controlled by them. If the rights are given to other users it violates the security. DAC is an ACM
which contains relation between owners, allowing a subject to reduce policies regarding their resources.
DAC is very popular and mostly used but facing the number of issues which are as follows:

Insecure rights could be settled in Linux Systems. E.g., “chmod 777” will allow any right to any
user. Transitive read access: it can give access to the contents of one user to another and the other user
can give access to the contents of the first user to third without having its consent. Thus, it provides
undesirable security in access control matrix. As one cannot claim that initial secure access rights
would remain secure. The use of these access controls is now limited to noncritical structures [53].
In the untrusted environment, where the system can be compromised. DAC provides the security



Electronics 2020, 9, 1693 10 of 34

with the risk of serious leakage or damage. This model is not being used by cyber terrorism’s potential
target i.e., governments, biological or war industries.

3.5. Role-Based Access Control (RBAC)

RBAC has been used for the past 25 years and is the most implemented access control model.
It emerged as a full-fledged model about a decade ago [54] with the maturity level as MAC or DAC
had. RBAC is even being recommended as a generalized approach to access control. In the 1970s,
the initial idea of Role-based access control came with multi-application and multi-user (online)
systems. The first RBAC model is proposed in 1996 [55] and is standardized by NIST in 2001 [54].
The main idea of RBAC is that roles are assigned to permissions and users are assigned to roles.
Permissions management becomes simple in RBAC [55–57]. Roles are created according to the job
function and users are given roles according to their responsibilities. In understanding the RBAC
model, it is important to understand the difference between group and role. Groups are not the
collection of permissions but the collection of users while roles are both the collection of users and the
collection of permissions, being users at one side and permissions at another side. Roles bring these
two collections together [54,58]. Figure 4 explains the concept of RBAC model.

Figure 4. Basic concept of Role-Based Access Control.

In 2001, NIST proposed the standard RBAC model that is arranged into two components:
Reference model and Functional specification. The reference model provides a definition of the RBAC
model. It also provides the terms used in the RBAC model and features’ scope in the standard [54,59].
It has four model components: Core-RBAC, Hierarchical-RBAC, Static Separation of Duty (SSD)-RBAC,
and Dynamic Separation of Duty (DSD)-RBAC. Core-RBAC contains the main aspects of RBAC.
The RBAC model defines that users are allocated to roles, permissions are given to roles and users
get the permissions associated with that role. The association between user-role and permission-role
is many-to-many. One user is allowed to be assigned to many roles and one role can be assigned
to many users, the same in the case with role and permissions [60,61]. Core-RBAC also has user
sessions that define which role can be activated by the user. The RBAC model is shown in Figure 5
representing four model components of the NIST standard. OBS are objects and OPS represents
operations. THE hierarchical RBAC model is for role hierarchies. The hierarchy can be defined as
seniority relation of roles; whereby the senior role obtains permissions of the junior role while the
junior role obtains the users of the senior role. Overlapping capabilities are present between roles; that
is users from distinct roles may have some common permissions. There are two types of hierarchies:
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General Hierarchy: In a general hierarchy, roles hierarchy is supported. It includes the multiple
inheritances and membership of users among roles. role hierarchy is supported in it; permissions,
inheritance, and user membership among roles are included,

Limited Hierarchy: It represents the role hierarchy restrictions. Hierarchies are limited to
structures (tree or inverted tress). A number of commercial products support limited hierarchies.it
shows role hierarchy boundaries. Hierarchies are restricted to structures.

Conflict of interest policies is handled with separation of duties relations. Conflicts in the RBAC
model occur when users gain permissions from conflicting roles. This scenario can be prevented by
using SSD to impose limitations on user assignment to roles. For instance, one user is the manager of
the bank and is a cashier; in this case, he can request the expenses and get them approved by himself.
Organizations want to prohibit such cases in which the same user performs such a conflict of interest
functions. SSD is implemented in both presence and absence of role hierarchies. In absence of role
hierarchy, constraints are placed on the user to role assignments [61]. In presence of role hierarchy,
both assigned roles and inherited roles are considered. DSD puts constraints on available permissions
to users by limiting the role activation within or across the user sessions. Constraints are defined as a
pair (role set, n) where n ≥ 2 showing that the user cannot activate n number of roles at the same time
from assigned roles set [54]. Due to its simplicity in rights management, the RBAC model is widely
adopted and implemented in the industry as well as in research. There are numerous extensions of the
RBAC model, every researcher extended the basic RBAC model for its own application requirements.
Recent work on the Intelligent Role-Based Access Control (I-RBAC) model [62] proposes semantic
business roles for multi-domain collaborations.

Figure 5. Role-Based Access Control (RBAC) model.

3.6. Context-Based Access Control

Context-Based Access Control (CBAC) models are built on context-centric information sharing.
CBAC models are usually applied on top of the RBAC model. In CBAC the permissions are assigned,
and tasks are performed based on context conditions. Many real-life applications use context-based
access control models such as tour guides, hospital information systems, smart environments, and tour
guides [63,64]. In literature, context can be thought of as “characterization of conditions for performing
appropriate operations for its desired behaviors”. A user’s context is its location, activities, connected
device, or network, in some cases, temporal attributes (time and duration of occurrence) can be
referred to as context. The situation of an entity and the world which operates the entity can be
characterized by the context [65]. This entity can be location, time, or the user itself. In the healthcare
example [66], context-aware authentication can be performed via the location of the patient who stays
at home and health services provided by the PDA’s. In the network environment, CBAC provides
four features: Traffic filtration, traffic inspection, intrusion detection, and alerts and audit generations.
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CBAC also performs deep packet inspection and terms as an IOS firewall. In the smart environment
(mobile applications), the context can be referred to as physical and virtual components. The physical
components include location, date, time, and type of device used. All these contexts are used for
enabling granting access permissions. In Context-Sensitive Access Control [67], the Access Controller
is the main part involved which grants or denies the permissions of a Subject to perform Operation
based on the Access Policy. The permissions are given to the user based on context. The Subject ID can
be a user pseudonym and the token can be its context information. Access Controller performs the
user’s authentication and authorizations:

Authentication: Authentication is performed on subject ID, Token information, etc.
Authorization: Authorization is performed by determining the subject permissions associated

with it.
For authentication, contextual verification can be performed in several ways: The source (trusted

party or broker) providing the context can be checked, context-based signatures are in use for
the integrity of the context, proximity is the main concern in the case of the context location and
comparisons can be made with some authentic objects [67]. Context-aware access controls are widely
being used in wireless sensor networks (WSNs). A context-aware RBAC (CA-RBAC) [68] is proposed
for WSNs which is based on modular context. These models provide context-awareness for user’s
safety assurance in sensor networks. In [69], authors show that RBAC is not good for use in WSN,
as policies and roles are predefined in traditional RBAC. In the CA-RBAC model, decisions are made
based on three modular contexts: emergency, critical and normal conditions. These situations will
allow different access rights to sensed data [68]. Decisions are made based on context information
i.e., time, location, and policies of above-mentioned three modular situations. In Wireless Medical
Sensor Network (WMSN), sensors get attached to the human body and checks for the body’s health
for healthcare services [31]. In the case of the normal situation, the authorized doctor accesses the
EHR (Electronic Health Record) based on the role/s assigned to him but the nurse will not have the
privileges as the doctor has. But in emergency or critical cases both can access and perform any action.

3.7. Attribute-Based Access Control (ABAC)

Access to the resource through the Attribute-Based Access Control by verifying access policies,
these policies are designed by the combinations attributes related to users. This mechanism basically
refines resource access. It motivates the need ‘Principle of least privilege’ that ensures the prevention of
sensitive information and resources of the system. An example of ABAC can be related to the company
that offers data to the employees who have completed their 2 days of training. Attribute-Based Access
Control is known to be a logical model that evaluates attributes (subjects or objects), operations,
and the request related environment [70–72]. Access policies or access rules are created without the
relationships between each subject and object. In the enterprise model, users could not evaluate the
advantages and challenges of the model. For addressing this problem NIST has provided the definitions
and considerations which serve 2-fold purposes: First, it gives a definition of ABAC and describes
its functional components. Second, it defines design, implementation, planning, and operational
considerations for deploying Attribute-Based Access Control within the enterprise. ABAC is potentially
secure in e-commerce and IOTs [70]. In ABAC attributes can be associated with:

Subject Attributes: Attributes associated with the subject can be (user, process, or application)
that describes subject characteristics. These attributes can be a role, job, title, ID, name, etc.

Resource Attributes: Attributes associated with resources i.e., data, functions, or services.
Environment Attributes: These attributes define the situational, technical, or operational

environment or context that causes the information access occurrence i.e., current date, current time or
threat levels, etc.

ABAC is not new it was first used in the 1990s as X.509 identity certificates; X.509 attributes
certificates and X.500 directory [73,74]. Attributes in ABAC can be associated with actions, users,
subjects, objects, context, or policy. Attribute values can be possibly chained or complex data
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structures. These attributes are preserved by security administrators, users, or trust mechanisms.
ABAC model needs identification of PCPs (Policy Configuration Points) and their formalisms and
language. ABAC can be configured as DAC, MAC, and RBAC. In the future relationships and
provenances are needed along with attributes. Some hieratical ABAC has also been proposed for cloud
environment [75–77] and IoT [78].

ABACa: ABAC can be configured to do MAC, DAC, and RBAC. This ‘just sufficient’ model is
known as ABACa. It is one of the members of the ABAC family models. Mutual attributes, connection
attributes, and environmental attributes are further enhancements beyond the ABACa [79]. At this
stage ABACa is premature to be thought of as core-ABAC, because ABACa provides the deployment
of three classical models (MAC, DAC, and RBAC) along with dynamic access control. ABACa model
will eventually be deployed as an authoritative member of ABAC family models. To understand the
ABACa, it is important to understand the DAC access control lists, MAC lattice-based access control,
and hierarchical RBAC. ABACa model can be seen in Figure 6 [79]. Components of ABACa are U
(Users), S (Subjects), O (Objects), UA (User Attributes), SA (Subject Attributes), OA (Objects Attributes),
P (Permissions), constraints, and authorized policies.

Figure 6. ABACa.

ABACb: This Model is similar to ABACa model; however, ABACb contains another feature of
the constraint attribute. Figure 7 depicts the whole ABACb [73]. Constraints can be specified on
authorization rules that are helpful in making constraint-based access control decisions.

3.7.1. Lattice-Based Access Control (LBAC)

Lattice-based access control models are very useful in environments where circumstances have
critical information flow [80]. Lattice models have become computer security’s key components.
For dealing with information flow in computer systems, Bell and LaPadula established Lattice-Based
Access Control models, and along with bell and Lapadula, Biba and denning made a significant
search in this area in the 1970s. Since then these models have been used in multiple organizations
and especially in the US defense sector and allies. The commercial sector has the main concern in
information flow so these models are of their need. The following are the main components and
models of Lattice-Based Access Control.
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Figure 7. ABACb.

Denning’s axioms: Denning showed that an information flow policy can form finite lattice but
under certain assumptions. Following are the main points of denning are axioms:
Set of the security classes (SC) is finite
The partial order on SC is a→ (can-flow relation)
SC contains lower bound regarding→
The join operator ./ is the least bound operator.
Denning’s axioms are as follows:

Denning’s axiom 1: The first axiom states that the security classes set should be finite and
requires little justification. Axioms are not applied to the object in the system but to the security classes.
Objects can be created and destroyed dynamically using denning’s axioms, with no limit on several
objects to create.

Denning’s axiom 2: The second axiom states→ represents partial order on SC. A partial order
can be defined as a transitive, reflexive, and anti-symmetry binary function. Reflexivity: A→ A for all
A ∈ SC. The Transitivity: if A→ B and B→ C, then A→ C i.e., indirect flow is possible from A to C
through B, there should be direct flow from A to C. There are multiple situations in which indirect
information flow should not suggest direct flow [80]. These scenarios are handled as exceptions which
are outside the Lattice Framework of flow. These concepts can be enforced using Type enforcement
and assured Pipeline concepts.

Anti-symmetry entails A→ B and B→ A then A = B. If transitive and reflexive requirements are
given, anti-symmetry removes redundant SC. If objects are restricted for having the same information
flow with these labels, then there is no need for different security labels.

Denning’s axiom 3: Denning’s third axiom recognizes public information in the systems.
L represents the lower security bound of security classes i.e., L→A for all A ∈ SC. Public information
permits for needed features (public bulletin boards and databases). One can argue that constant objects
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should be labeled with L. Version information of the operating system is the best example of constant.
For certain programs, this constant information is very necessary and publicly available.

Denning’s axiom 4: Denning’s fourth axiom is known as the subtlest. The fourth axiom consists
of two parts: First, define the joint operation, i.e., A ./ B for each pair of security classes that belong to
SC. This gives the labeled output from the information taken from two security classes.

3.7.2. Bell–LaPadula Lattice Model

The Bell–LaPadula model (BLP) is the formalization of the MAC concept [80]. The BLP model
contains all vital access control properties. The main idea in BLP is to supplement DAC with MAC
for enforcing information flow policies. BLP uses two steps method. First, using discretionary access
matrix D, the subject can modify the contents. Authorizations in matrix D are not enough for carrying
operations. Second, the operations are carried out for accessing objects after authorization by the MAC
policy where users have no control over the administration. MAC works with security labels attached
to the subjects and the objects. Object labels are also known as security classification and user labels
are known as security clearance. Subjects running the same program on the behalf of a user, having
different labels represents different privileges.

The ‘λ’ is used for security labels of the objects and the subjects. Mandatory access BLP rules are
as follow:

Simple-security property: Subject s can read object o iff λ(s)≥ λ(o).
*-property (star-property): Subject s can write to object o iff λ(s) ≤ λ(o).

3.7.3. Biba Model and Duality

Biba’s model concept is that low-integrity information is not allowed to flow from low to
high-integrity objects while the opposite is acceptable. Biba uses mandatory controls for integrity,
the best known is called strict integrity. In Biba formulation, at the top of the lattice, high integrity
is placed and low integrity at the bottom. Permitted flow is from top to the bottom. Biba’s model
is opposite to the Bell model and Denning’s axioms. This thing leads the Biba model for proposing
following mandatory controls (ω represents integrity labels of objects and subjects):

Simple-integrity property: Subject s can read object o iff ω(s) ≤ ω(o).
Integrity *-property: Subject s can write object o iff ω(s) ≥ ω(o).
These properties are known as duals properties in BLP. There is nothing intrinsic in the Biba

model for placing high-integrity labels at top of the lattice model. Biba model’s information flow
can be brought in line regarding BLP model by placing low integrity at the top of the lattice and
high-integrity at the bottom of the lattice model. With this point of view, mandatory controls can be
used for enforcing the flow of information needed by the Biba model, the situation named symmetrical.
In the same way, Denning’s (BLP) lattice can be inverted by placing low confidentiality at the top and
high confidentiality at the bottom and mandatory controls for enforcing information flows.

Considering more useful situations where high integrity and high confidentiality is placed and top
of the lattice, where λ represents the confidentiality label and ω as integrity label. Let λ be the lattice of
confidentiality given by λ = λl ,. . . ,λp and ω is lattice of integrity given as ω = ωl ,. . . ωq. The combined
mandatory controls become: Subject s can read object o iff λ(s)≥λ(o) and ω(s) ≥ ω(o).

Subject s can write object o iff λ(s) ≤ λ(o) and ω(s) ≤ ω(o). This composite model has many
implementations in many areas like operating systems, databases, and networks. The product of two
lattices, which is considered to be one lattice, has been shown in Figure 8 [80].
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Figure 8. (a) Composite model (b) Equivalent BLP lattice (c) Equivalent Biba Lattice.

3.7.4. Chinese Wall Lattice Model

Chinese wall was discovered by Nash and Brewer and was first presented as a Lattice-based
access control model in 1992 for the enforcement of the Chinese wall policy [81]. Conflict of interest
in information flow is prevented by this policy. Let us take the scenario in which consultants are
dealing with confidential information of their clients, but a consultant cannot have access to the same
company said two oil companies or two banks because of conflict of interests. Insider information
from the same type of companies, offers the potential for personal benefits to consultants, using this
knowledge. Here comes the dynamic aspect of the Chinese wall policy, consultants face no restrictions
(mandatory) on access rights. It is beneficial to differentiate public information and company
information. Public information includes electronic mails, public databases, bulletin boards should
have no mandatory restrictions and they can have DACs restricting the read access to public items.
Policy for writing information either of public or company is derived from the concept of its result on
providing read access that is conflicting MAC read access. Assume, with n classes of conflict of interest:
COI1, . . . COIn, each class with mi companies, so COIi = 1, . . . mi where i = 1 . . . n. Suppose that
oil companies and banks are of different conflict of interest. Then, labels Bank A, Bank B, Oil Company
are differing from the Chinese wall policy. Such labels have been restricted in Chinese wall lattice by
introducing the security label (n-element vector [i1,. . . ,in]) where each ik ∈ COIk and ik can be a number
or ik = ⊥ for k = 1. . . n. The symbol ⊥ represents null. Chinese wall lattice is shown in Figure 9 [80].
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Figure 9. Chinese Lattice Wall.

3.8. Identity-Based Access Control (IBAC)

In security systems, identity is one of the critical aspects. IBAC is a coarse-grained digital security
mechanism that determines user authentication. Access control models identify user’s credentials
supplied by trusted authorized parties for granting access to sensitive resources. Username and
password are the most common identities for authentication systems. Identifications can be divided
into passphrases, biological measurements, and physical tokens, etc. Combinations of individual
factors are employed for increasing the complexity of security. Multiple factors provide more security
than an individual (single) factor. Three main types of authentication factors are as follows:

Type1: Something that you know i.e., pin, password, etc.
Type2: Something that you have i.e., tokens, smart-cards, keys, etc.
Type3: Something which you are i.e., biometrics (fingerprints, iris, face/voice recognition), etc.

Most of today’s access controls policies are ‘Identity-centric’. The term is used for accessor
specified policies. The questions like “who?”, “who can do what?”, “who is accessing?” etc.
are answered by the policy. The information security industry is encouraging Identity-based access
for the last two decades. Identity-based mechanisms provide the user’s authentication based on their
identities or password information they have [82,83]. This mechanism ensures the identification of
the user’s existence. Group identity is one of the variations that perform access control for the whole
user group to some resources like databases. Wi-Fi network’s secure access is the best example of
identity-based access control. An identity-based scheme looks like a mail system [84]. If you want to
send someone a message, you need to know his name and address so that only the intended recipient
can read. This thing can be verified by the signatures that only he could have generated [85]. There is
a tradeoff between ease of use and complexity in the identity-based systems. Electronic identity is
“something verifiable and difficult to reproduce”. Identity should be easy to use. Password with
account ID provides an example of an ineffective identity as they are easy to use but easy to reproduce
as well. Easily guessed information does not provide high Identity probability (IP). On the other hand,
identity effectiveness is a solution that provides the 100% probability of the subject’s identity but is
unusable. For example, for accessing financial information, a combination of the token, certificate,
passwords, and voice prints is a wastage of resources. The verification process’s complexity and cost
for identity should mirror associated risk with unauthorized access.
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Roles get attached to identities, as roles do not get authenticated but the identities get
authenticated. If identities get authenticated, then roles are authorized. Roles are the extension
of identities. For example, the admin has the role of ‘administration’ the privileges of the standard
users are different from an administrator. It is the capability of identity with multiple roles, so the
administrator can have rights of administrator and standard user as well. Passwords are also tied to
identities [82], so the password gets authenticated against the identity. If the access control system
does not have a username field, then the server will check all the passwords for password validation
associated with every user. Identity-Based Signatures (IBS) are the cryptographic primitives that
provide strong authentication. IBS scheme generates the signatures based on the secret key of the user
who is signing, so it becomes quite hard for the unauthorized user to sign the message to generate the
signatures. Signature verification methods detect any illegal change, invalid messages, or signatures
which do not permit the verification. An attacker can never triumph to falsify these systems. IBS is
used in cryptographic operations. Reusable IBS schemes are available that get replaced with new
improved, more secure IBS schemes for better performance and securities [86].

There are many more access control models based on different systems or applications.
Team-based access control models [87,88] are used to grant access to the users working together
in a collaborative environment like teams. All members (users) of the team may get the same access
permissions in general and a few others (admins etc) may have more permissions. Collaborative access
control systems are mostly the extensions of the RBAC model and are usually implemented using DAC
or hybrid techniques where users grant access rights on their objects to other users. Usually working in
teams, users must perform one or more tasks. Task-based access control models are developed [89,90]
to grant access based on user’s participation in the task.

4. Access Control Models for Online Social Network (OSN)

Access Control models for OSN are mainly based on patterns of relationship and structure of
the community. OSN models have different policy specification languages, architectures, and rules.
Access control models for OSN can be categorized into the following models: Relationship-Based
Access Control, Community Structure, User-Centric Access Control, and Attribute-Based Access
Control. Relationship-Based Access Control Model is further divided into sub-categories. But the
most important access control for OSN is Relationship-Based, as the whole social network is based
on relations of the users. A survey on SN privacy is presented in [91] and a detailed survey on access
control for SN is presented in [92]. In this survey, we are discussing Relationship-Based Access Control
in detail.

Relationship-Based Access Control (ReBAC)

This model is based on the user-to-user relationships in OSN. Users can have different types of
relationships when connecting to other users in the social network. Social network relationships are
plotted in graphs that are analyzed using different Social Network Analysis (SNA)-based techniques
and algorithms for finding hidden patterns in these graphs. These patterns help in implementing
access controls in OSN. Relationship-Type-based access control models are based on the type of
relationships users have with other users such as close-friend, friend-of-friend, etc. In a friend-of-friend
relationship, a “friend” of the owner does not have that much access to a resource as a “close-friend” has.
Relationship type of the owner becomes the base for access control. In [93], the importance of access
control policies for personal data sharing in OSN’s applications (Social Bit-Torrent, Social Firewalls,
and Google Calendar) is described. The concept of social attestation and social access control lists
has been introduced for social-networking-based access control. Social attestation is to verify the
relationship with other users and the social access control list has three concepts: the public key of
users who can access the information, the owner’s public key, and the relationship between owner
and requester. For accessing an object, a user needs its public key which is already listed in social
ACL or in another way the user will have to demonstrate attestation given by the owner of the object
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and that attestation is verified through the relationship type. Different views of the user’s calendar
can be enforced through social attestation. This model shows the user-to-user relationships into
the OSN. In the social network when users are connected they have different types of relationship
types and statuses. Social Network Analysis algorithms and techniques are used to analyze social
network graphs which are plotted based on SN relationship and hidden patterns are found in these
graphs. Such findings help implement OSN’s access controls. Relationship-Type Access Control
models are mainly based on the user-to-user relationships like friend-of-friend, close-friends, etc. In a
friend-of-friends relationship, the owner friend does not have too much access to the resources as a
close-friend has.

The base of the access control is the Relationship type of the owner. In [93] the personal
data sharing the importance of access control policies in OSN’s applications (Social Firewalls,
Social Bit-Torrent, and Google Calendar) has been explained. The concept of social access control lists
and social attestation is introduced in social-networking-based access control. Social attestation is the
process of verifying the relationship to the other users and there are three concepts of social access
control list: access of the information is based on the public key, relationship, and owner’s public
key. To access objects user requires its public key that is listed in social ACL or on the other hand the
user will prove attestation which is given by the object’s owner and verification of attestation is done
through the relationship type. The user’s calendar has different views that are shown with the help
of social attestation. The Social attestation to bypass the firewall in Different views is proposed in
this study.

Social ACL concept has also been used in [94–96]. Social ACLs have two fields: relationship
type and authorized user identifiers. Authorization is applied through the relationship certificate
approach. Relationship information of users is recorded by getting their identifiers and relationship
type placed in social ACL. A user-to-user Relationship-Based access control model for OSN is proposed
in [97]. Different notations are used for different relations like in [94–96] the concept of Social ACLs
has been used. There are two fields of Social ACLs: authorized user identifiers and relationship
type. The relationship certificate approach is used to apply Authorization. The user’s Relationship
information is recorded by getting their relationship type and identifiers sited in social ACL. The OSN’s
AC model for user-to-user Relationship-Based is proposed in the [97]. Different types of notations
are used for to show different type relations like ∑ has been used for the setting of bi-directional
relationship types, for active action “action” and for passive action is used to set bi-directional
relationship, to show active action the term “action” and to show passive action the term “action−1” is
used. This model has five components: Accessing user, Target user, Access request, Policy, and Target.
Policies in this model are either user-specified or system-specified. System-specified policies are
implemented by the OSN system and user-specified policies belong to resources and users. Based on
regular expressions policy language is presented in [97,98]. It contains an evaluation procedure
algorithm that extracts policies from the system when the user requests a target. An access control
policy is dependent on graph rule and requested action. For traversing the graph this algorithm uses a
depth-first search. All path spec (path, hop count) are combined for getting the result of the policy.
The path represents a relationship path among users and max no. of edges is limited by hop count in
the algorithm. System policies are designed to handle multi-user conflict; however, it does not consider
node repetition for deterrence of redundant iterations. There are five components of the proposed
model: Access request, Accessing user, Target, and the Policy. This model has the policies in the form
of either system-specified or user-specified. The policies that are system-specified can be implemented
by the OSN’s system and the user-specified policies comprise the users and resources.

The regular expressions policy-based language is presented in [97,98] for the first time. It contains
the algorithm for evaluation in which policies are extracted from the system based on the user request
made for a target. Access control policy depends on the requested action and the graph rule. To traverse
the graph the depth-first search is used in this algorithm. All the path specifications like path and hop
counts are combined to get the required result for the policy. The path: max no is used to show the
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relationship path between users of edges that is limited by an algorithm for hop count. The multi-user
conflicts are handled with the help of system policies, but the proposed method ignores node repetition
for iteration redundancy in deterrence.

The user-to-resource and resource-to-resource-based relationship access control model is
proposed in [99,100]. This model is an extension of the model discussed in [97]. This model
discusses the administrative activities and the user-to-user policy is extended to user-to-resource and
resource-to-resource policies. Users, resources, sessions, policies, and social graphs are components of
the model. Policies defined in this model are either user-defined or system-defined. The system-defined
policies are either conflict resolution or authorization policies while user-defined policies are divided
into target user policy, accessing user policy, object policy, session policy, and policy for policy.
Policy language has also been proposed for this model where accessing session and accessing user
policies consist of pair (graph rule, act) while target session policy, target user policy, object policy,
system policy, policy for policy consists of pair Relationship access control model which is based
on resource-to-resource and user-to-resource is proposed in the [99,100]. The proposed model is
an improvement made in the model stated in [97]. The administrative activities are discussed in
the proposed model; user-to-user, user-to-resource, and resource-to-resource are extended to make
the policy based on a regular expression. There are six components of the model: resources, users,
sessions, social graphs, and policies. Policies in this model can be either system-defined or user-defined.
System-defined policies can be either authorization policies or conflict resolution while the user-defined
policies are categorized into object policy, target user policy, session policy, access user policy, and the
policy for policy. This model also proposed policy language in which accessing user policies and
accessing session has the pair (rule, graph act) while the target user policy, target session policy,
system policy, object policy, policy for a policy can have the pair (rule, graph rule, act−1). The System
policy for the resource has the pair (rule, graph rule, o.type, act−1 0. type).

For conflict resolution, three approaches disjunctive approach, conjunctive approach,
and prioritized approach are suggested in this model. Another Relation-Based Access Control is
proposed in [101]. This model works with the collaboration of users, system administrators, and system
designers and can be used as a group-based or user-centered. In a user-centered approach, while a user
makes an access request, her friends, followers, and the following information is sent to the system.
However, in a group-centered approach, information of the group (group creator, etc) is sent to the
system. Alloy Analyzer is used to demonstrate how potential misconfigurations and conflicts can be
detected automatically for OSN access control [102]. Access Control for Facebook is proposed in [103].
This model focuses on public information of the user in OSN along with user relationships. Public
information graph and user graph concepts are proposed in this model. To resolve conflict, there are
3 approaches: conjunctive approach, prioritized approach, and disjunctive approach that are suggested
in the proposed model. In [101] a Relation-Based Access Control model is also proposed. The model
works based on the collaboration of system administrators, users, and system designers, and the access
control is either user-centered or group. In the user-centered approach when a user wants to access
any website then the followers, friends, and the following information are first sent to the system.
On the other hand in a group-centered approach, if a user wants to access any website the information
of entire groups (this site or web pages are created by which group) is directed to a system.

The OSN’s access control model and its formal specification are proposed by the authors in [102].
They demonstrated that conflicts and potential misconfigurations can be automatically detected by
using Alloy Analyzer. This model also contains the same existing policies used in OSN. The Facebook
Access Control is proposed for the popular social site Facebook in [103]. The OSN’s public information
is the main focus of this model that is the user and user relationships. It consists of three categories of
information: public information, user relationships and connections of users, user linkage, and public
information. This model also proposed concepts of using graphs and public information graph.

An Extended-ReBAC Administrative Model is proposed in [104] that can be applied beyond OSN
where administrative authorization and edges dependencies exist. This model also deals with the
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relationship graph’s integrity constraints and cascading revocation. This model has been designed
to provide administrative capabilities in the multi-tenant collaborative cloud system. A Relationship
Strength-Based Access Control model is proposed in [105]. This mechanism is based on closeness
and intimacy degree regarding a user’s friend as the user wants to give access to his content.
Profile similarities and activities are used to calculate reliable intimacy. The user can create an access
control policy based on a range of intimacy degree and only users with an acceptable range of
intimacy degree are allowed to access. Brokerage and community aspects are important in SN research.
A community-centric brokerage-aware access control model is formally described in [106].

5. Access Control for IoT

Internet of Things (IoT) is an evolution which is reshaping the routine errands of individual,
governments, and industries [107]. Applications of IoT are categorized into three broad groups
by [7] that include Personal and Home, Government and Utilities, and Enterprise and industries.
Through IoT, physical everyday activities are closely connected to the cyber world with the help of tiny
data-collecting sensors that send collected data to third parties like a cloud through the Internet. On one
hand, IoT is making our lives smarter by applications like smart cities, smart grid, and smart health
while on the other hand, it is entering our personal and intimate spaces. A recent study conducted
by Orange reveals that 78% of customers are reluctant to share their private data due to security and
privacy concerns.

Access Control is one of the major security and privacy-preserving mechanisms for any
networking paradigm. In the context of IoT, access control not only means performing operations on
the data source but also actuating the physical IoT object [8]. In this work, we explore access control
models specifically related to IoT and its application. A comprehensive review of the access control
models like RBAC, AABC, UCON, CapBAC, and OrBAC is performed and their suitability in IoT is
evaluated through Security and Privacy-Preserving (S&PP) objectives presented in [7]. A survey on
access control for specifically IoT networks is presented in [108].

5.1. Access Control Models for IoT Using RBAC

In this section, we provide the access control models for IoT that are based on the RBAC model.
The domRBAC model [109] is an access control model proposed for grid computing-based collaborative
systems. It is an extended RBAC model for collaborative systems that are based on ANSI INCITS
359-2004. The basic elements of domRBAC are users, roles, sessions, operations, objects, and containers.
The domRBAC essentially receives all the features of RBAC such as ease of management, and separation
of duty relationships yet al.so being supported in multiple domains. The domRBAC provides real-time
checking of violations by providing usage management in a role-based approach. The performance
of domRBAC is evaluated by implementing a simulator that is capable of enforcing a multi-domain
access control policy. According to evaluation results, domBRBAC is better than other proposals but
has lower interoperability.

Digital watermarking and contextualization techniques are combined to propose a role-based
data obfuscation technique [110]. Digital watermarking is generally used to secure multimedia content
where additional information is embedded within the digital content in a way that does not affect
the original content. Digital watermarking is combined with a highly scalable contextualization
technique ConTaaS [111]. ConTaaS is an optimization technique that overlooks the irrelevant data,
which reduces the data volume thus reducing the computation time and increasing performance and
scalability of privacy-preserving mechanisms. The proposed data obfuscation technique employs the
bottom-up principle of data access according to the domination of roles. An experimental testbed
has been developed on AmazonEC2 to evaluate the proposed technique. Their results reveal that the
computational time taken by the proposed technique is modest.

An extended RBAC model for IoT applications is proposed in [112] by adding context-aware
information like time, location environment parameters of physical IoT devices, to make access
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decisions. In this model service-oriented approach is used where IoT devices offer functionality as
services. The extended context-aware RBAC model is demonstrated by the help of use cases by authors.
This proposal seems to be more suitable for web-based services as they have only considered IoT
users rather than devices. Another model [113] uses the Web of Things (WoT) approach and proposes
an RBAC model that integrates with Social Network Services (SNS). This enables users to define
policies under their user profiles and social links. The standard components of RBAC i.e., a user (U),
permission (P), and role (R) have been redefined after a comprehensive analysis of SNS, user data,
and abstraction of RESTful web service application interface (API). Sharing IoT devices through SNS
enables the device owners to make user-friendly access policies considering the context information
like user profiles (age, gender, location, etc.) and social links (friends, family, etc.). Integration of SNS
with RBAC supports usability on one hand while on the other hand, it increases the dependence of
resource owners and requestors on SNS thus introducing the SNS providers as a trusted third party.

An RBAC-based access control policy for WoT has been defined in [114] that provides a mapping
between RBAC and WoT components. This proposal addresses two main issues of access control
WoT, i.e., use of reference monitor and user proliferation through role parameterization technique
developed in [115]. The proposed model is based on an Access Decision Facility (ADF) and end
devices (sensors, actuators) are not considered to be information providers. This proposal does not
provide a lightweight solution, which is not suitable for constrained devices of IoT. An access control
security protocol using ECC (Elliptic Curve Cryptosystem) is presented in [116], which provides user
anonymity, mutual authentication, and secure session key establishment. An OpenID identity layer on
top of OAuth authentication is provided in [117]. IoT-based RBAC system for handling emergencies
is proposed in [118]. It uses dynamic context-aware roles to provides access in time-constrained
situations. An interoperable access control [119] is presented that uses OAuth authentication and roles
for diverse IoT platforms.

5.2. Access Control Models for IoT Using ABAC

An ABAC-based access control architecture [120] is proposed for home IoT using NIST Next
Generation Access Control (NGAC). The NIST NGAC provides a unified access control view to multiple
operating systems with different types of access control views. NGAC implementation examines the
flow of packets and enforces access policy in conjunction with suitable switching devices like the
firewall of Software Defined Network (SDN). The attributes of entities in home IoT are enumerated
in detail and then categories of policies suitable for home IoT are described. This proposal supports
scalability as it has the policy of trust zones for new arriving devices in the network. The trust zone
process is incremental and if the newly entered device is found malicious, the access grant is revoked.

A lightweight ECC for authentication and ABAC access control model [121] is proposed for
the authorization process of the perception layer of IoT. A secure key session is established in the
proposal for mutual authentication between users and sensor nodes. Mutual authentication is a simple
authentication process that is suitable for resource constraint environments such as IoT. The authors
believe that data access based on user attribute certificates in access control authority can achieve
flexible fine-grained access control. Theoretical results are presented after evaluating the computational
overhead of user nodes.

5.3. Access Control Models for IoT Using UCON

A state-of-the-art research of UCON models concerning the Internet of things is presented in [122].
The components of the UCON model are mapped on the entities of IoT. The subject (S) of the UCON
model corresponds to Device (D) in IoT. The subject attribute in UCON is Device attribute Att (Device)
in IoT which contains attributes related to IoT devices. The Object (O) of the UCON model is a
Service (S) is IoT which lies in the application layer and is requested to be accessed by IoT Devices.
The object attributes of UCON correspond to service attributes Att(Service) in IoT which are digital
attributes of service. The Condition (C) is the limitations and constraints of underlying wireless sensor
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networks concerning IoT application. The oBligation(B) depends on the needs and requirements of
IoT applications and they can be decided before or during the usage. Authorization (A) is decided
according to the functional predicated of usage policies for Devices (D) and Services (S). The assessment
model is based on the fuzzy theory. Several use case examples are given to verify the expression of
UCON concerning IoT; however, the practical feasibility of this approach is not demonstrated.

A proposal on usage control for smart cities application is presented [123]. A formal conceptual
data usage model DUPO is developed that captures the diversity of obligations and constraints
resulting from the usage control requirements for smart cities. Furthermore, a rule language is
formally defined by applying the defeasibility approach on DUPO along with practical expression.
Accountability of the policy enforcement and traceability of data usage are the main goals that
are addressed.

5.4. Access Control Models for IoT Using CapBAC

The original concept of Capability-based access control (CapBAC) for IoT applications has some
drawbacks like capability propagation and revocation. However, extensions to CapBAC are found
in the literature that suits IoT applications. A capability-based access model for IoT Identity-based
Capability System (ICAP) is presented in [84] in which IoT user uses the capability to access a device
or resource. The ICAP structure and how capability is used for access control is represented as ICAP =
(ID, AR, Rnd) where ID presents the device identifier, AR the set of access rights for the device with
device identifier ID, and Rnd the random number to prevent forgery and it is a result of one way hash
function. The proposal does not consider context information while making access decisions.

An Identity Authentication and Capability-based Access Control (IACAC) model for access
control and authentication in IoT applications is presented in [124]. IACAC uses a two-step process,
first capabilities are made for the devices that need to communicate with each other through
Capability-based Access Control (CAC) and then authentication is performed to check if the requesting
device can communicate with the requested object. The IACAC model is evaluated for the following
parameters: scalability, granularity delegation, and efficiency. The performance of the tool is presented
concerning computational times. The issue of interoperability is not addressed in this proposal.

Another proposal Capability-based Context-Aware Access Control (CCAAC) model [125] extends
ICAP model [84] designed for federated IoT. This model is a special UCON case where capabilities
can be disseminated through a mutable attribute. As the model considers context-aware information,
therefore, additional field Contexts (C) have been added to the traditional ICAP model which
contains context information. These works lack a mutually trusted entity that supports the security
requirements of federated IoT. A part of project IoT@Work [126] has been extracted in [18] that
uses capability-based access control; however, this model is not lightweight and hence cannot be
applied to resource-constrained devices in IoT. However, similar work in [127] presents a model
for resource contained devices. The authors in [128] have presented a distributed access control
DCapBAC model based on Elliptic Curve Cryptography (ECC) that supports the management of
certificates, authentication, and authorization processes. This work provides end-to-end access control
through traceability of the access, authentication chains to extend scalability and support of standard
certificates. The DCapBAC model does not consider granularity and context awareness. An extension
Trust-aware Access Control for IoT (TACIoT) is presented in [129]. It considers four parameters, i.e.,
quality of service, reputation, security aspects, and social relationships to compute trust values about
IoT devices. The feasibility of the model has been evaluated on real testbed scenarios that reveal
efficient computation time. This model lacks a definition of formal trust negotiation language to
support interoperability within IoT. Another work uses a capability-based access control equipped
with ECC-based key management for the M2M local cloud platform [130]. The capability-based
component and key management are implemented in the security manager and feasibility is tested by
evaluating their performance by a series of experiments.
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5.5. Access Control Models for IoT Using OrBAC

The basic OrBAC model cannot cover the distribution, heterogeneity, collaboration,
and interoperability needs of IoT applications. Therefore, the extension of OrBAC in the context
of IoT is presented in [131,132] where the SmartOrBAC model is proposed to deal with constrained
IoT devices. Security enforcing policies using context-aware information are defined for individual
organizations as well as interactions between them. SmartORBAC is specifically designed for WoT
and to reduce the bulk of interactions RESTful web services technology is used.

6. Analysis and Discussion

This paper covers many access control models. This section gives a comparison of the conventional
models with evaluation characteristics that are given in Table 1.

6.1. Evaluation Criteria for Conventional Access Control Models

The following characteristics are used to discuss Access control models:
Complexity: It defines the access control model’s nature. More complex models do not have
implementations and lead to unexpected problems. There is a tradeoff between the complexity
and the functionality of the models.
Understandability: It defines the underlying principles of the models and their transparency.
The significance of the change in access privileges and manipulation should be clear for the proper
usage of the system.
Ease of use: It indicates the usage of the access model from the standpoint of end-users that how
simple the models are for them. If the models are difficult to use, then they will not be appreciated
by the users—nonetheless, security brings complexity. The simpler the model is, the more popular it
would be.
Applicability: It defines the signs of the access control model’s practicality. Theoretical models may
have some benefits. There should be an infrastructure for the deployment of the model.
User’s group: Access control environment suggests a common task commenced by the user’s group.
Changes, specifications, and manipulations made for the user’s group should be represented by the
access control models.
Policy Enforcement: it should be ensured that the access control model enforces the policies and
constraints correctly.
Flexibility: It is defined as the flexible formation of access control policies, giving supple control
over access control operations. In this way, it will provide better interoperability through
administrative boundaries
Policy specifications: The basis of access control models are the representation and specification of
the policies. The model must have support for appropriate syntax, specifying policies and language
for modification and extension transparently and simply. It helps in the scalability of the access
control system.
Fine-Grained Control: An access control model should provide fine-grained control over a situation
where a user needs some set of permissions on the occurrence of an object at a specific point without
the complexities or compromises into the system.
Resistance: It is defined as the security of the system that how to secure the access control model. It is
designed to tackle the deliberate attacks or fend off situations, which restrict the users from a large
consumption of resources.

In Table 2, the access control models discussed in this survey are being evaluated against the stated
criteria. The terminologies used in the table are comparative degrees like high, low, and med (medium),
descriptive terminologies like yes (O), and no (X) for criteria characterization. High, low and med
(medium) categories describe the degree such as low complexity means the model’s nature is simple
and high understandability means it is easy to understand. Low in the user’s group specifies primitive
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support for the respective feature. Enablement and lack of enablement have been indicated as Yes or
No. Where presence along with degree is concerned high, low and the med (medium) are used.

Table 2. Comparison between AC Models for the Internet of Things.

Criteria Matrix MAC DAC RBAC CBAC ABAC Lattice Identity ReBAC

Ease of use Med Med Med High High High Low High High
Understandability High High High High Med Med Low Med Med

Complexity Low High Med Med High Med High Med Med
Applicability Med High Med High Med High Low Med High
User’s Group O O O O O O O O O

Flexibility X Low O Low O High Low O O
Policy enforcement Low High Low O O O High Low O
Policy specification Low High O O O O High O Low

Fine-Grained control X High X Low O High O O High
Resistance X High Low Low Low High Low High Med

Access control models aim to provide security and privacy. Research on access control helps in
finding expressive models to investigate evolving trends in context-aware, temporal, attribute-based,
and latest computing models/architectures. MAC is one of the oldest access control models and is not
without limitations. It over-classifies data through the principle of high-water mark, thus productivity
gets hurt by limiting labeled information transformation between systems and confining user control
over data [27]. System maintenance and security principle verification are hard for DAC systems.
DAC also lacks in constraints of copy privileges. Considering RBAC, some of the aspects have been
explored much and some have not achieved community consensus. Authorization for administration
was the main omission in NIST standard RBAC [54]. Most studies for RBAC are related to a
single organization. Moreover, ARBAC97 [133] addresses RBAC administrative paradigm. Recently,
new models are studied concerning the concepts of personalization and delegation, which are not
part of the standard NIST model. In workflow management systems, different applications of RBAC
have been investigated. RBAC has remained a rich area for future research. Though ABAC is a good
supplement to RBAC and provides an instinctive way to express conditions for security administrators.
Lattice models are applicable in every environment where information flow is concerned. They are
the key ingredient of security-related information systems, though they are not the comprehensive
solution for issues related to information flow.

A study related to the general perspective of access control is a major concern for users as well
as researchers. There is a need for multi-party access controls for OSN. Relationship-Based Access
Control describes user-to-user, user-to-resource, and resource-to-resource relationships but currently,
there is a need to manage authorization in OSN for U2U and R2R relationships. Few studies [99,103]
provide the mechanism for these relationships, though relationship-based models do not emphasize
history-based access models (in which permissions are granted based on user’s history). Semantic
web technologies are the solution and trend to extract information about difficult relationships.
In ReBAC model [104], the focus is on user-to-user relations, although some models have also given
user-to-resource and resource-to-resource relationships. However, user-independent object-to-object
(or resource-to-resource) relations are being discussed for decades in privacy systems. Object-to-Object
ReBAC (OOReBAC) has been introduced in [134] which uses relationships of objects for governing
access to objects.

Here, we are considering distinct aspects of access control models that need more research.
Some have been already sightseen, some have not achieved much consensus despite being mature.
In the future, RBAC applications to Business-to-Consumer and Business-to-Business electronic
consumers are being considered [135]. IDM365_product for enforcement and design of rules based
on business environment and attributes is the future approach for bridging the gap between ABAC
and RBAC.
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Proactive Dynamic Secure Data Scheme (P2DS) resolves the issues like customer’s information
privacy and the financial industry using ABAC and data self-deterministic scheme, designed to prevent
unauthorized parties to get to private data [136]. A hybrid of both schemes provides more flexible
and adaptable access control. As time goes, ABAC is going to be accepted for businesses as the
authorization model. Approval of ABAC would lead to its next evolution i.e., context-based access
control to be accepted as well. ABAC is in use in most enterprises in the form of static groups; this
makes ABAC a reality.

In social networks, the main problem is with blockage of SNS’s potential for accessing networked
people and content online. The proposed solution in [137] is to build semantic social networking
for performing the operation and linking on the varied person and object-related data gathered
from SN sites. Capability-Based Access Control models are the future of IoT (Internet of Things).
In [125], Capability-Based Context-Aware Access Control (CCAAC) is proposed for federated
machine-to-machine IoT networks. The main idea of this proposed mechanism is the realization
of the capability propagation mechanism. This model uses identity-based control and secure federated
IoT provides flexibility, scalability, and authority delegation. RBAC and ABAC are not suitable for
distributed systems like IoT, as they do not deliver scalable, efficient, and manageable mechanism [18].
As more end-users are added in device usage, then more scalable, manageable, and understandable
mechanisms are needed. Most of the discussed techniques and access control models either the general
or for OSN are based on and have characteristics debated in this survey.

We need to focus on the security aspects of access control models to protect the sensitive
information of users that could be disclosed either by the intruder or some malicious activity.
Each model discussed here has its pros and cons and different functionalities, so we must consider all
facilities provided. This research aspect is of excessive importance because access controls may have
security flaws because of their poor configurations or administrative mistakes. An organization that
wants to protect itself from cyber-attacks must define security policies and mainly the enforcement
of these policies through access control mechanisms and implementation of these policies should
be verified.

6.2. Evaluation of Access Control Models for IoT

The Internet of Things paradigm has different security and privacy-preserving objectives as
compared to other networking systems. A comprehensive list of Security and Privacy-Preserving
(S&PP) objectives for IoT is presented in [7]. In this work following objectives are selected for analysis
of IoT access control proposals available in the literature.

Scalability: IoT is a dynamic paradigm and requires the addition of new resources and users
frequently. Therefore, access control solution should be extensible in the size and structure of
policies [10].

Usability: IoT is becoming part of everyday life and users with different levels of expertise need to
implicate in the authorization of IoT devices. Access control policies should be developed considering
the ease of use for end-users in related to management and modifications of policies.

Interoperability: Access control mechanisms defined for IoT must be able to operate seamlessly in
heterogeneous domains.

Context awareness: IoT devices continuously produce raw data according to the environmental
conditions. This raw data is the contextual information that must be taken into account while
developing access control policies.

Lightweight: The IoT devices are constrained in terms of size, computation, and communication
power and memory. Lightweight security solutions are ideal for constrained IoT environments to
reduce computational overhead on the device.

User-driven: Personal and home applications of IoT require direct involvement of users in the
authorization process and the user is the master of their data. Therefore, access control mechanisms
must be user-driven.
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Granularity: The grammar in which access control policies are written should be more verbose
and must contain context information to ensure fine-grained access control.

Delegation: The dynamic nature of IoT requires the addition of users and resources frequently.
The access control policy must be flexible enough so that subjects can delegate access decisions to
new subjects. The evaluation of access control models according to S&PP objectives are presented in
Table 3.

Table 3. Evaluation of IoT-based access control models according to S&PP (High = H, Medium = M
and Low = L).

Model Ref. Scalability Usability Interope-
Rability

Context
Awareness

Light
Weight

User-
Driven

Granul-
Arity Delegation

RBAC

107 L H L H M M M L
109 M M H M L M M L
110 M H H L L H M No
111 M M H L L M M No

ABAC 115 L H L H M M H H
116 M L M H L M M No

UCON 117 L M L H No M H No

CAPBAC

121 H M L H L M M H
58 H M L L L M L M

120 H M L L H M L H
124 H M L L H M M H
127 H H H M M L H L

The comprehensive literature survey on RBAC models for access control in IoT has revealed that
the RBAC model is less suitable for the distributive and heterogeneous environment of IoT due to its
static nature. The definition of “roles” in different platforms, applications and enterprise is a real issue.
Subjects in RBAC model do not have the right to grant access to other subjects, i.e., delegation is not
supported in RBAC. Due to the huge number of IoT users and dynamicity, the RBAC models cannot
assign permissions to roles in advance. IoT applications require self-configuring access control policies
to emulate dynamicity. Although using RBAC models, scalability is not supported as it requires a
redefinition of roles. The RBAC does not support interoperability when roles are to be shared among
different platforms, domains, and enterprises. The ABAC appears to be more suitable collaborative and
distributive systems like IoT, since access decisions are made on the basic attributes of the requestor,
and attributes are the basic elements in ABAC model [138].

ABAC supports interoperability and is fine-grained access as it makes use of subject and
object attributes for making access decisions. ABAC is usually written in XACML which requires
semantic interpretation and expressing attribute-based authorization. XACML is itself complex which
increases the complexity of ABAC models. For some applications, like medical and wearable IoT,
this complexity is acceptable where medication in policies is not easy. However, in applications like
smart home, this complexity is not acceptable as it forces naïve users to learn XACML for making
trivial modifications. The ABAC for smart home [116] is user-driven and highly supports delegation.

UCON-based access control is found to be suitable for the dynamic environment of IoT. It supports
mutability, flexibility, scalability, fine-grained access, and uses context-aware information for access
decisions. However, UCON models for IoT proposed in the literature are complex and not lightweight.
Moreover, they are not user-driven and do not support delegation. Capability-based access control
models for IoT have fulfilled most of the S&PP objectives and are found most suitable for IoT
applications. These models are easy to use, user-driven, flexible, support revocation and delegation,
and have high usability.
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7. Conclusions

In this paper, a broad survey of conventional, OSN and IoT-based access control models is
presented from their functionality point of view. It covers most of the material regarding access
control including its requirements, and major security issues. The comparison of access control models
highlights the different capabilities available in these models. Each model has different functionalities
and can be used according to the requirements of an environment. Regarding conventional access
control models, there is a need to focus on attribute-based access control due to the heterogeneity of
nodes. Regarding IoT, existing access control models for internet security are web-based and are not
compatible with the constrained environment of IoT. There are two approaches found in the literature
to define security protocols for IoT. The first one suggests adapting the existing security mechanisms
and re-profiling them in the context of IoT. The second approach suggests rethinking and rebooting
new security protocols for IoT. No approach is better than the other; it just depends on the requirements
of IoT application for which security protocols need to be defined. Due to the variety of environments
and applications, it is not possible to have a general model that fulfils all requirements. Every model
has its advantages and disadvantages that are discussed in the survey. A model should be selected
according to the requirements of the context and application.
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