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Abstract—The increasing complexity and explosive growth of
smartphone applications, together with the more prevalent use of
cloud computing, have inspired strong motivation for offloading
computation of mobile apps to the cloud. However, there exist
vulnerabilities in apps if they are offloaded in public cloud
environment. In this paper, we argue that keeping sensitive
information to a local device with other information offloaded
would significantly reduce threats from the cloud while enjoy the
benefits of cloud computing. Our mechanism divides an app into
multiple parts and offloads the less vulnerable parts. To decide
which parts should be kept locally to a mobile device, we develop
an approach that can decide the impact of a component part
(down to an individual object) on the overall vulnerability of an
app. We demonstrate how our approach can be implemented
with real mobile cloud applications.
Index Terms— Mobile Cloud Computing, Cloud Security,
Offloading Apps.

I. INTRODUCTION
Cloud computing provides computational resources with
high availability and reasonable prices. Meanwhile, state-ofthe-art mobile apps, such as face recognition, image and video
processing, have increased the consumption of on-demand
computational resources. Therefore, offloading apps to have
them run on cloud servers has emerged [1] [2] [3] [4] as an
attractive solution in order to exploit the capacity and
efficiency of cloud computing. Offloading applications into the
cloud would also save limited power of mobile devices and
accelerate the speed of executing applications.
One critical issue to resolve in offloading apps is how to
manage the security risks of cloud computing [5] [6]. Many
mobile apps use and store personal information related to
banking, health, business, messaging and so on. Sensitive
information sent to the remote cloud has a good chance to be
exposed to either service providers or malicious customers who
have access to the same hardware [6].
Traditional ways to protect remote execution and data
storage include mutual authentication, authorization and data
encryption for the whole app. If every single part of the app
was armored by well-prepared security protections, the system
would be safe enough but the cost would also rocket up and not
be acceptable for commercial use, because too much
information has to be encrypted unnecessarily [7]. The
redundant encryption and decryption operations hurt both
energy efficiency and user experience. We need to consider the
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tradeoffs between security and usability, and to maximize the
system security subject to a tolerable delay and resource cost.
Recent research focuses on the advantages of offloading
mobile applications into remote locations, including both cloud
servers and ubiquitous computation facilities nearby. Various
systems and architectures have been proposed [1] [2] [3] [4] [8]
[9] [10], usually aiming at higher computing power and lower
energy consumption for resource-constrained mobile platforms.
Resource allocation optimization schemes have been presented
[11] [12] with the purpose of minimizing energy consumption.
However, there is little discussion about the security of
offloading, and mature solutions towards secure offloading
cannot be found.
In this paper, we present a mechanism to offload less
vulnerable app parts. This approach faces some challenges.
First, the complex call relationships of classes and functions
within an app make it difficult to highlight the vulnerable parts.
Second, it is tricky to determine the level of protection for the
parts because of the tradeoffs between security and
performance. Besides, no mature systems have been built to
break down and offload apps. To address these challenges, we
present the following contributions in this paper:
• We propose a novel graph-based analytical model, namely
object dependency graph (ODG). Rather than focus on the
whole app as in existing work, we divide an app into
multiple parts according to the instances of classes created
at runtime, and connect them by their dependencies. The
vulnerability of each part may propagate along its
dependencies and can be evaluated by our model. The
ODG structure enables us to identify problematic objects
due to dependencies.
• We determine the vulnerability level of all app parts and
make offloading decisions jointly so that cloud resources
can be best utilized, while the security level is not violated.
To our best knowledge, we are the first to take this
approach.
• We design an algorithm based on the ODG model that can
run on all popular smartphone OS’s. Experimental results
based on Android OS are illustrated in this paper. The
unique point of our solution is the configurable location
where the analysis is made. Our analytical algorithms can
run either on local devices or in the cloud with the
necessary inputs.
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Fig. 1. The system architecture of the vulnerability-based secure offloading
framework.

The remaining sections are organized as follows. Section II
describes the system architecture. The Object Dependency
Graph (ODG) and the vulnerability model are introduced in the
next two sections. Section V shows the evaluation results. The
last section concludes the paper.
II. SYSTEM ARCHITECTURE
Our system is designed to address the security issues
arising when mobile devices use public cloud computing
services. These issues are mostly caused by the multi-tenancy
feature [13] in cloud computing.
A. Basic Idea
The basic idea of the system is to divide an app into
components and to keep the components that have the biggest
impact on the vulnerability of the app to a local mobile device.
Our idea is novel since existing research work on offloading
components of apps mostly focuses on energy efficiency rather
than on security. A key factor of our approach is the concept of
vulnerabilities of an app and its components.
Defining the vulnerability is a challenging task because it
refers to risks that may happen. Suppose a large number of
copies of an app have been sold. We consider the ratio of the
number of compromised instances of a component in the app to
the number of instances of the component in use. In theory, this
ratio will converge to a probability when the total number of
copies of the app in use goes to infinity. The higher this
probability is, the more vulnerable the component will be. We
define this probability as the vulnerability of the object.
B. System Modules
To realize this basic idea, the system solution needs three
functions. The first one is to partition an app into multiple parts.
The second is to quantify how vulnerable each part is to ensure
offloading the right ones. Therefore, it is paramount to build an
analytical model for calculating vulnerabilities of app parts and
their impacts on the overall vulnerability of the app for making
our offloading decisions. Finally, the system must be able to
actually carry out the decisions by offloading the appropriate
objects to cloud servers. Meanwhile, we also need to consider
the cost of data communications between local and offloaded
objects.

public void a1() {
ob.m1();
}
public void a2(C oc) {
this.oc = oc;
…
}
public void a3() {
od = ob.m2();
}
}
CallRel cr = new CallRel();

CallRel cr;
cr.a2(oc)

Runtime App Logger

public class CallRel {
private B ob;
private C oc;
private D od;

cr.a1->ob.m1()

Cloud Side

Smartphone Side

B
ob;

C
oc;

od->ob.m2()

CallRel cr;

Fig. 2. The three methods in this class illustrate three types of call relationships.
(1) Method calls: Object cr has a call relationship with ob, because Method
cr.a1() invokes ob.m1(). (2) Method parameters: Object cr has a call
relationship with oc, because oc is a parameter of method cr.a2(). (3)
Method returns: Object od has a call relationship with ob, because its value is
set by the return of ob.m2().

Corresponding to the three functions are the three modules
in our system as shown in Fig. 1. The remote call tracker is to
properly divide the app into multiple parts to be ready for being
evaluated and offloaded. The vulnerability analyzer is to
quantify the vulnerabilities and to make optimal offloading
decisions. It takes method call statistics from the smartphones
as input, and outputs the offloading decisions. The offloading
agent is the actual module to fulfill the offloading jobs.
III. OBJECT VULNERABILITY
In object-oriented programming (OOP), objects are basic units
of a running app as they are instantiated from encapsulated
class definitions [14]. An object will be identified as a local
object when it runs on the smartphone. And it will be called a
remote object if it runs in the cloud.
A. Call Relationship and Message Passing
A call relationship refers to any method invocation or
remote message passing that creates dependencies between two
objects. The objects depend on each other according to how
they are functionally related. On the smartphone side, the
method calls defined in classes reveal the dependencies among
objects. The forms of method calls are listed below.
• Method Calls: a method in an object calls a method in
another object. For example, Object cr in Fig. 2 has a call
relationship with ob, because Method cr.a1() invokes
ob.m1().
• Method Parameters: a method in an object has another
object’s reference as its parameter. Refer to Fig. 2, Object
cr has a call relationship with oc, because oc is a
parameter of method cr.a2().
• Method Returns: the value of an object is set by a method
call of another object. In Fig. 2, Object od has a call
relationship with ob, because its value is set by the return
of ob.m2().
When the app is partly offloaded and the objects are at
different locations, the call relationships would be in form of
remote message passing. Depending on the locations and types
of objects, there are two types of remote message passing:
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Fig. 3. The processes of initiator attacks and observer attacks. For both attacks,
the attacker has the control of a compromised object shown by (1). For initiator
attacks, the attacker cannot compromise the target object directly along (2), as
there are access control mechanisms to protect illegal accesses. However,
attackers may take the compromised object as a proxy, and propagate the
vulnerabilities to the target object as illustrated by (3) through the call
relationship of (4). The direction of the vulnerability propagation and that of the
call relationship are the same. For observer attacks, if the target object calls the
compromised object through the call relationship of (6), then the compromised
object may send a forged response that could compromise the target object. So
the vulnerabilities propagate from the compromised object to the target object,
whose direction is opposite to the call relationship.

•

Local-remote Message is the message passed between a
local and a remote object. Smartphones communicate with
cloud services through local-remote messages. And the
propagation of vulnerabilities by these messages will
affect the information on smartphones directly.
• Remote-remote Message stands for the message passed
between two objects in the cloud. The remote-remote
messages do not interact with the smartphone directly, but
they may propagate vulnerabilities as well and threat the
information security indirectly.
Both method calls and remote message passing enable
attacks to gain access to other objects by exchanging data,
which lead to the propagation of vulnerabilities, also known as
propagated vulnerabilities. We start the analysis from the call
relationships, and then define the propagated and the cloudoriginated vulnerability.
B. Propagated Vulnerabilities
The propagated vulnerability of an object is defined as the
probability that an attack originates from any other object and
propagates to the object through call relationships or message
passing. The propagated vulnerability could come from either
direction of the call relationship by two types of attacks below:
• Initiator Attacks enable an attacker to take a compromised
object of an app as a proxy. The private resources of the
app can be reached through the proxy object on behalf of
the attacker. The vulnerability in this case propagates from
the object initiating method calls or message passing to the
target object being called or passed to. Back to the
example in Fig. 2, if ob has been attacked, it may behave
incorrectly, such as missing necessary functions and
performing malicious operations. Those behaviors also
affect Function cr.a1() and then Object cr.
• Observer Attacks work in a different way compared to
initiator attacks. When a compromised object is called,
other objects calling it may pass parameters to it. Those
parameters may contain sensitive information. Thus the
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vulnerabilities can be propagated from the target object
being called to the one calling it. In Fig. 2, if cr has been
compromised, attackers may get sensitive information by
accessing ob. Similar scenarios happen with message
passing too.
The processes of both types of attacks are also described in Fig.
3. The results of vulnerability propagation along opposite
directions of call relationships are equal: whichever attacks
propagate, the fact that both objects from such call relationship
or message passing become compromised remains the same.
Thus the ODG can be modeled as an undirected graph.
C. Cloud-originated Vulnerabilities
The cloud-originated vulnerability is caused by interactions
between an object and the cloud environment hosting it. It is
defined as the probability that an object is compromised due to
the weaknesses or the attacks from the cloud environment.
Specifically, it may be caused by memory and CPU cache
leaks [15], or side/covert channels in the cloud [6]. Because it
may be very hard to identify the exact sources that induce the
cloud-originated vulnerability, we consider the compromised
object as the originator if the vulnerability is caused by the
cloud environment.
A feasible way to evaluate cloud-originated vulnerabilities
is through measurement. To this end, the reputation-based
systems can be adopted [13]. Being widely used in mobile AdHoc Networks [16], E-mail Anti-spam [17], online shopping
[18] and social networks [19], reputation systems provide us
practical solutions to estimate cloud-originated vulnerabilities.
It is possible to estimate the cloud-originated vulnerability of a
component based on cross-analysis of the vulnerabilities of
multiple apps if they share one or more components.
The research on the cloud-originated vulnerabilities will be
discussed dedicatedly in the future and will be out of the scope
of this paper. In this paper, we will focus on the propagated
vulnerability as it is less studied. We will take the cloudoriginated vulnerability of each object as a known variable.
D. Object Vulnerabilities
The vulnerability of an object can be defined now as the
probability of that object to be compromised due to either
cloud-originated or propagated vulnerability. The mathematical
descriptions of the definitions above will be modeled in the
next section.
IV. OBJECT DEPENDENCY GRAPH
We model all objects in an app as a set of vertices ॽ, and
all their call relationships as a set of undirected edges ॱ. They
form an undirected graph ॳ ൌ ሺॽǡ ॱሻ for the app, namely
Object Dependency Graph (ODG). The ODG of an app reflects
the dependencies of objects propagating vulnerabilities. In the
following sections, we will use either "objects" or "vertices" for
objects in ODGs. We will also use "call relationships" or
"edges" for dependencies of objects.
We begin the modeling of the ODG with ܣ to denote the
event of the originator  being compromised for its cloudoriginated vulnerability, and  as the probability of ܣ to
occur, also known as the cloud-originated vulnerability:
 ൌ ܲሼܣ ሽ. Let ݉ denote the index of the path the attack

denote that path.
takes from  to the target object ݀, and let ݎௗ

Let ܣௗ be the event that o has incurred a cloud-originated

such that
attack and the attack has propagated to d along ݎௗ
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݂݅݊ݎ݄ݐ݄ܽ݁ݐ݊݀݊ݑ݂݊݅ݐܽ݃ܽݎௗ

(1)




Let ௗ
denote the probability of ܣ
ௗ to occur. For ݎௗ , ܣௗ ,

, ݉ can be removed if there is only one path from  to
and ௗ
݀ . Then they are denoted by ݎௗ , ܣௗ , and ௗ . Also let ݁
denote an edge in the ODG and  be its propagated
vulnerability. We suppose the vulnerability propagation is only
related to the features of the edge itself. Then the event of the
vulnerability propagation along each edge is independent
Hence we have the propagated vulnerability along ݉ . The
propagated vulnerabilities need to be calculated based on
observed vulnerabilities and the topology of the ODG. The
calculation method will be shown in the following sections.
The results can be reused if duplicated objects are found.


ௗ
ൌ ܲሼܣ
ௗ ሽ ൌ ܲሼܣௗ ȁܣ ሽܲሼܣ ሽ ൌ  ෑ  Ǥ

א

(2)

Given Equation (2) above, and let ܧௗ denote the event that ݀ is
compromised for any reason, so that ܲሼܧௗ ሽ can denote the
object vulnerability of d. The propagated vulnerability of ݀,
denoted by ߤௗ , is the probability that an attack originates from
any object  ॽ א െ ݀ and then propagates to ݀:
തതതതത
ߤௗ ൌ ܲሼܧௗ ȁܣ
ௗௗ ሽ ൌ ܲ ቐ ራ ܣௗ ቑǤ

(3)

set. The minimal cut sets can be found via the CARA
algorithm [21] originally used in the fault tree.
According to Equation (1) and (2), the probability of the
vulnerability propagation from  to ݀ along a specific path ݉
can be given by the function below:

ௗ
ൌ ܲሼܣ ሽܲሼܣ
ௗ ൌ ͳሽ

Since ܣ
ௗ is a Bernoulli random variable, we may also

by taking its expectation. That is,
compute ௗ

ௗ
ൌ ܲሼܣ ሽܧሾܣ
ௗ ሿ

ெ

ௗ ൌ ܲሼܣ ሽ ܧ ራ ܣ
ௗ 

(7)

ୀଵ

Now we use an example to show the calculation of
propagated vulnerability. An ODG with 4 minimal paths from
 to ݀ is shown in Fig. 4. We calculate ௗ below for this ODG:

The object vulnerability is denoted by ߨௗ , where
ߨௗ ൌ ܲሼܧௗ ሽ ൌ ܲ ൝ራ ܣௗ ൡǤ

(6)

Suppose there are ܯௗ minimal paths between  and ݀ ,
then Ͳ ൏ ݉  ܯௗ . Let ௗ be the probability that  is
compromised and the vulnerability is propagated by any
minimal path from  to ݀. Hence

ௗ ൌ ܲሼܣ ሽ൛ͳ െ ܧൣሺͳ െ ܣ௫ ܣ௫ௗ ሻ൫ͳ െ ܣ௬ ܣ௬ௗ ൯൫ͳ

אሺॽିௗሻ

(5)

(8)

െ ܣ௫ ܣ௫௬ ܣ௬ௗ ሻ൫ͳ െ ܣ௬ ܣ௫௬ ܣ௫ௗ ൯൧ൟ
(4)

א

A. Vulnerability Propagation Model in ODGs
In this section, an analytical model is to be built to evaluate
the vulnerability of an arbitrary vertex in a general ODG.
Before we start, without loss of generality, the following
assumptions are made for calculation simplicity:
• Each object  ॽ א has the same cloud-originated
vulnerability  ൌ ߙ;
• Each relationship ݁  ॱ אhas the same probability
 ൌ ߚ to propagate an attack.
Refer to the method in [20] that was used in reliability
theory, we define the two sets below:
ெ
ଵ
ଶ
ǡ ݎௗ
ǡ ǥ ǡ ݎௗ ൯,
• Minimal path sets, denoted by ܴௗ ൌ ൫ݎௗ
is the set of all minimal paths. A minimal path is a set of
edges that comprise a path, but the removal of any one
edge will cause the resulting set not to be a path. In other
words, if all the edges in a minimal path are compromised
while all other edges are working properly, the target
object will be compromised. If any one of the edges in the
minimal path subsequently is not compromised, the target
object will not be compromised because of this path. Fig.
4 shows an example of the minimal path set. The four
minimal paths are illustrated by different line dashes. The
minimal path sets can be found via a depth-first search
(DFS) that traverses all minimal paths.

ଵ
ଶ
• Minimal cut sets, denoted by ܥௗ ൌ ൫ܥௗ
ǡ ܥௗ
ǡ ǥ ǡ ܥௗ ൯,
is the minimal sets of edges whose failure of vulnerability
propagation ensure the failure of the attack propagating
from  to ݀. ܦௗ is defined as the number of minimal cut
sets. Again, Fig. 4 shows an example of the minimal cut

Based on the fact that all events are Bernoulli random variables,
we have ܣଶ௬ௗ ൌ ܣ௬ௗ . Replacing the propagated vulnerability of
each edge with ߙ and ߚ, we have
ௗ ൌ ܲሼܣ ሽ൫ܧൣܣ௫ ܣ௫ௗ ܣ௬ ܣ௬ௗ ܣ௫௬ ൧ െ ܧൣܣ௫ ܣ௫ௗ ܣ௬ௗ ܣ௫௬ ൧
 ܧൣܣ௫ ܣ௫ௗ ܣ௬ ܣ௬ௗ ൧  ܧሾܣ௫ ܣ௫ௗ ሿ
െ ܧൣܣ௫ ܣ௬ ܣ௬ௗ ܣ௫௬ ൧  ܧൣܣ௫ ܣ௬ௗ ܣ௫௬ ൧
 ܧൣܣ௬ ܣ௬ௗ ൧൯
ൌ ܲሼܣ ሽ൫ܧሾܣ௫ ሿܧሾܣ௫ௗ ሿܧൣܣ௬ ൧ܧൣܣ௬ௗ ൧ܧൣܣ௫௬ ൧
െ ܧሾܣ௫ ሿܧሾܣ௫ௗ ሿܧൣܣ௬ௗ ൧ܧൣܣ௫௬ ൧
 ܧሾܣ௫ ሿܧሾܣ௫ௗ ሿܧൣܣ௬ ൧ܧൣܣ௬ௗ ൧

(9)

 ܧሾܣ௫ ሿܧሾܣ௫ௗ ሿ
െ ܧሾܣ௫ ሿܧൣܣ௬ ൧ܧൣܣ௬ௗ ൧ܧൣܣ௫௬ ൧
 ܧሾܣ௫ ሿܧൣܣ௬ௗ ൧ܧൣܣ௫௬ ൧
 ܧൣܣ௬ ൧ܧൣܣ௬ௗ ൧൯
ହ

ସ

ൌ ߙሺߚ െ ߚ  ߚସ  ߚଶ െ ߚସ  ߚଷ  ߚଶ ሻ
ൌ ʹߙߚଶ  ߙߚଷ െ ߙߚସ  ߙȾହ

As we can see above, the calculation of the propagated
vulnerability is tedious especially when more paths exist
between two objects. It would be useful if we obtain the
bounds of propagated vulnerabilities instead.
Recall the definition of  in Equation (2). Let ݅ be the
index of the current minimal cut set in ܥௗ . Let ݆ be the index
of the current minimal path set in ܴௗ . Let ݁ be an edge in the


current minimal cut set ܥௗ
or minimal path set ܴௗ .
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Hence the probability of ܹௗ
is

(15)

ೕ

ఢோ

Since ݀ will not be attacked by  if and only if all of the

events ܹௗ occur, we have
ͳ

ʹ

ܯ

ͳ െ ௗ ൌ ܲ ቄܹ ܹ݀ ݀ǥ ܹ ݀݀ቅ
ெ

With ܥௗ we can infer that any successful minimal cut set
shall block the propagation of vulnerabilities. So the fact that
all minimal cut sets have failed would guarantee a successful
attack. Therefore ௗ should be greater than or equal to the
probability that no minimum cut set in ܥௗ is satisfied. For any

minimal cut set ܥௗ
, the probability of the event that all of the

edges in ܥௗ have failed to propagate the vulnerability is
ςఢ  ሺͳ െ  ሻ. Then ቂͳ െ ςఢ  ሺͳ െ  ሻቃ is the probability




ୀଵ

Equivalently,
ெ


(11)


ఢ

ୀଵ

The last inequality above indicates the upper bound of ௗ .

Replace ܲ൛ܹௗ ൟ according to Equation (16), we have
ெ

ௗ  ͳ െ ෑ ൮ͳ െ ෑ  ൲

ܦ

ௗ ൌ ܲ ቄܷ ܷ݀ ݀ǥ ܷ ݀݀ቅ




ଵ ሽܲሼܷ ଶ
ଵ
ଵ


ൌ ܲሼܷௗ
ௗ ȁܷௗ ሽ ǥ ܲ൛ܷௗ ȁܷௗ ǥ ܷௗ

ିଵ

ൟ



(12)


 ෑ ܲ൛ܷௗ
ൟ
ୀଵ

The last inequality above indicates the lower bound of ௗ .

ൟ according to Equation (11), we have
Replace ܲ൛ܷௗ


ௗ  ෑ ͳ െ ෑ ሺͳ െ  ሻ

(13)


ఢ

On the other hand, with ܴௗ we can infer that at least one
minimal path set in ܴௗ should be satisfied to ensure the

propagation. For any minimal path set ܴௗ , the probability of

the event that ܴௗ can propagate the vulnerabilities is

ςఢோೕ  . So the probability that at least one edge in ܴௗ



ெ



ୀଵ


ఢ

ୀଵ

B. The impact of offloading on object vulnerability
Now that the vulnerability of each object is available, it
becomes easier to answer which objects should be kept locally
and which can be offloaded. Simply keeping an object with
highest vulnerability on the local device does not necessarily
make it safer. Staying locally for an object reduces its cloudoriginated vulnerability because no eyes would watch it
directly from the cloud. But it does not reduce the propagated
vulnerability. Meanwhile, separating objects working closely
together may cause significant communication cost.



ெ

ଵ
ଶ
ܹௗ
ǡ ܹௗ
ǡ ǥ ǡ ܹௗ  by


ܹௗ ൌ ൛ܴܽ݊݅݁݃݀݁݁݊ݐݏ݈ܽ݁ݐௗ ܿܽ݊݊݁ݐܽ݃ܽݎݐൟ

(19)

ೕ

ఢோ

By listing Algorithm 1, we have implemented the function
to calculate the bounds of propagated vulnerabilities. It takes
the topology of the ODG as the input. Then it uses standard
algorithms to find ܴௗ and ܥௗ . After that we consider the
vulnerabilities of all edges of all paths in ܴௗ and ܥௗ for the
bounds Algorithm 2 outputs. The output value is the lower and
upper bounds of the joint vulnerability of a path. We choose
the upper bound during the calculation to estimate the path
vulnerability aggressively. And then we finally get the
propagated vulnerability between two objects.

cannot propagate is ൬ͳ െ ςఢோೕ  ൰ . Define the events
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(18)

ೕ

ఢோ

ෑ ͳ െ ෑ ሺͳ െ  ሻ  ௗ  ͳ െ ෑ ൮ͳ െ ෑ  ൲

Since the vulnerability will propagate if and only if all of the

events ܷௗ
occur, we have



(17)

ௗ  ͳ െ ෑ ܲ൛ܹௗ ൟ

Considering the lower bound and the upper bound, we have
the following bounds for the function of propagated
vulnerability:


ܲ൛ܷௗ
ൟ ൌ ͳ െ ෑ ሺͳ െ  ሻ

ୀଵ

(16)



(10)


Hence the probability of ܷௗ
is

ʹ

ൟ

 ෑ ܲ൛ܹௗ ൟ

ୀଵ

ͳ

ିଵ

ெ


can propagate the vulnerability.
that at least one edge in ܥௗ

ଵ
ଶ
Define the events ܷௗ ǡ ܷௗ ǡ ǥ ǡ ܷௗ by


ܷௗ
ൌ ൛ܽܥ݊݅݁݃݀݁݁݊ݐݏ݈ܽ݁ݐௗ
ܿܽ݊݁ݐܽ݃ܽݎൟ

ெ

ଵ ሽܲሼܹ ଶ
ଵ
ଵ


ൌ ܲሼܹௗ
ௗ ȁܹௗ ሽ ǥ ܲ൛ܹௗ ȁܹௗ ǥ ܹௗ

Fig. 4. An ODG with ܯௗ ൌ Ͷ. As an example of the minimal path sets, it has
ଵ
ଶ
ଷ
ସ ሻ,
four minimal paths: ܴௗ ൌ ሺݎௗ
ǡ ݎௗ
ǡ ݎௗ
ǡ ݎௗ
distinguished by different line
dashes. If consider the graph as an example of the minimal cut sets, there are
ଵ
ଶ
ଷ
ସ
ሻ.
ǡ ܿௗ
ǡ ܿௗ
ǡ ܿௗ
4 minimal cuts in grey lines: ܥௗ ൌ ሺܿௗ

(14)
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Table 1. Parameterrs of the sample apps
O
Packages
From Original
Packages

Classes

Activities

Imported
Packages

2
3
22

9
24
145

3
11
20

183
194
192

App Name
TrendCraw
MyExpense
iMetro



(a) The ODG after the first piece of
news has been retrieved, including
both original objects and Android
APIs. The vertices colored with
darker green have larger degrees.

(b) The ODG only displaying
original objects. It simplifies
the scale of the problem
greatly buut can still identify
vulnerable objects.

Fig. 5. An Android application called TrendCraw fetcching news feeds from
Internet. The figures show ODGs of all objects annd only original ones,
respectively.

We choose to keep objects generating thhe greatest impact
on other nodes. Those originators are kept on
o mobile devices
rather than in the cloud. To calculate thee impacts of each
object  , we first calculate the differennce between the
vulnerability of each object with and withoout  in the ODG,
which is called the absolute impact. Iff the propagated
vulnerability of the object ݀ is ρ୭ୢ with  andd ρ୭ୢഥ without , the
absolute impact from  to ݀, denoted by Ɂ୭ୢ , is
i then
ߜௗ ൌ ߤௗ െ ߤௗത Ǥ

(20)

Then we can calculate the ratio  accounts for the
vulnerability of ݀ because the difference is soolely caused by the
removal of . We name the ratio the relativee impact from  to
݀, denoted by ߛௗ , where ߛௗ ൌ ߜௗ Τߨௗ . Finallly, we average the
relative impact of each node over all nodees and denote the
result by ߂ , also known as the impact factorr for the originator.
Given that ȁॽȁ is the total number of object in the ODG, ߂ can
be calculated with the equation below:
߂ ൌ

ͳ
ͳ
ߜௗ
ͳ
ߤௗ െ ߤௗത
 ߛ ݀ൌ

ൌ

Ǥ
ȁॽȁ
ȁॽȁ
ߨௗ ȁॽȁ
ߨௗ
ௗିॽא

ௗିॽא

ௗିॽא
ି

Algorithm 1 Propagated Vulnerability Algoorithm (PVA)
1
function pva(o, d):
2
upperBound = 1
3
for each path p1 in ࡾࢊ do
4
t1 ՚ 1
5
for each edge e1 in p1 do
6
t1 ՚ t1 ൈ p(e1)
7
end for
8
upperBound ՚ upperBound ൈ (1 – t1)
9
end for
10
upperBound ՚ 1 - upperBound
11
lowerBound ՚ 1
12
for each path p2 in ࢊ do
13
t2 ՚ 1
14
for each edge e2 in p2 do
15
t2 ՚ t2 ൈ (1 - p(e2))
16
end for
17
lowerBound ՚ lowerBound ൈ (1 Ȃ t2)
18
end for
19
result ՚ (lowerBound, uppererBoundd)
20
return result
21
end function

(21)

The impact factor reflects what
w the vulnerability of a single
object could bring to the OD
DG. Objects with larger impact
factors should be kept running on the local mobile device so as
to avoid its cloud-originated vuulnerability.
The security impact factoor reflects the vulnerability an
object can bring to the system
m. Objects with larger security
impact factors should be kept on the local device to avoid its
cloud-originated vulnerability.
D NUMERICAL RESULTS
V. EVALUATION AND

The ODG model has been evaluated
e
with real apps to verify
if vulnerable objects can be correctly
c
identified. We try our
best to keep our results generall. In our current experiments, we
pick three open-source sampple applications from different
categories from Google Playy store and third-party stores.
ReThey are listed as follows:
• TrendCraw fetches new
ws feeds from the Internet
periodically, and then displlays the contents to users.
• MyExpense manages the daily
d
expense of the user. It does
not have Network-related actions.
a
• iMetro provides subway maps and station schedules of
cities all over the world. Itt downloads subway information
from the Internet accordingg to users' selection.
Table 1 illustrates parameeters of the sample apps. The
packages written specifically foor the apps (rather than imported)
are called original packages, while
w
those imported from other
libraries are called imported packages. From the table we
notice the significant differeence between the numbers of
original packages and those of imported ones. We assume that
a merged into cloud-originated
impacts of imported packages are
vulnerabilities so that we cann focus on a relatively smaller
number of objects in this paper.. Fig. 5 compares the differences
of the two methods. This siimplification is for illustration
purpose only and it does not coompromise the generality of our
approach. We treat the vulnnerability analysis of imported
packages as separated tasks. After the vulnerabilities of all
imported packages are knownn, we are able to calculate the
vulnerability of the package that imports those packages.
Moreover, we build a databasse storing the vulnerabilities of
imported packages. The vulnnerabilities of the widely-used
packages only needs to be com
mputed once. The later requests
can directly use the existing results
r
of vulnerabilities of the
imported packages.

Fig. 6. Standard process of experimentts on existing open-source Android apps.
With the ODG support library, the appks can be converted to support ODGrelated logging. After uploading the loogs to the cloud, the analysis will return
the offloading decision to the smartphoone.
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Fig. 7. The vulnerabilities of three objects under diffferent cloud-originated vulnerabilities (ߙ) and propagated vulnerabiilities (ߚ). The object with class type
org.ametro.render.RenderProgram has a faster
f
increasing speed of vulnerability when ߙ and ߚ rise.

A. Standard Process of Experiments
s
code of the
In our experiments, we import both the source
apps and our library supporting the OD
DG model. Minor
changes are made to the original source codee to enable logging
the object calls. Then we recompile all appps to generate the
ODG-enhanced Android installation packagge files in format
of .APK, and copy them to smartphones. Our
O library enables
the app to log every object and the call relattionships it creates
dynamically at runtime, and to save the file
f in its external
storage card. The flow chart of the standard process
p
is shown in
Fig. 6.
There are two conditions to make the expperiments practical.
One is to keep the generality of the objecct call relationship
logging method. The other is to ensurre the acceptable
complexity of the offloading decision algoriithm. Our solution
satisfies the conditions as below:
t fewer changes
To keep the generality of our process so that
are required to apply the ODG model too a new app, we
introduce the aspect-oriented programming (AOP) paradigm
[22] to enable logging right before the occcurrence of ODGrelated events, such as method calls and objject creations. The
AOP intercepts the built-in lifecycles of the app rather than its
specific working flow. Therefore it is eaasy to implement
automated analysis for apps with the ODG model.
m
B. Experimental Results
In order to evaluate the offloading ressults of our ODG
model, we implement two other offloading analytical models:
CloneCloud (CCD) [3] and ThinkAir (TAR) [4]. The execution
time, energy cost and security levels of thee three models are
compared.
1) Offloading Algorithm Execution Time
In our analysis on the sample apps, it takkes more time than
the CCD and TAR mechanisms to perforrm one round of
offloading decisions with the strategies abovee applied, which is
shown in Table 2.

2) Impact of System-wide Vuulnerability Change
When all objects are runningg in the cloud, we wonder which
objects are more sensitive to system-wide
s
vulnerability hike,
because cloud-originated vulnnerabilities change jointly when
they run in different clouds. Propagated vulnerabilities also
change together depending onn the strength of attacks. As a
panorama of the response to syystem-wide vulnerability change,
Figure 9 shows the vulnerabilitties of objects in the sample app
iMetro with different ߙ andd ߚ . The vulnerabilities are
categorized by the types of objeects, i.e., the classes of objects..
From the figure we can conclude that the first object
org.ametro.render.RenderProgram has its vulnerability
increased much faster than the other two objects. That
indicates its higher sensitivity to
t the system-wide vulnerability
change. Checking the causes of the fact, we have noticed
different numbers of neighboors for the listed objects. The
objects with larger number off neighbors, including one- and
two-hop neighbors, tend to havve higher vulnerabilities because
they accumulate more propagaated vulnerability. Combine Fig.
9 with Fig. 8, we can infer the positive correlation between the
sum of one-/two-hop neighhbors of one object and its
propagated vulnerability.
To demonstrate the impaact of object vulnerabilities to
offloading decisions in the OD
DG model, the same numbers of
objects are offloaded in eaach of the three models for
comparison. We show resuults for the energy cost on
smartphones and the number of sensitive APIs called in the
cloud below.

Object Count

RenderStationName

Two-hop Neighbor
One-hop Neighbor
RenderStation

Table 2. Time taken for analyzing apps with the three offfloading mechanisms

App Name

T
(ms)
Offloading Analysis Time
CloneCloud

ThinkAirr

ODG

TrendCraw

20937

18561

22428

MyExpense

37115

33753

40756

iMetro

61512

54917

65970
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RenderProgram

0

10

20
COUNT

30

40

Fig. 8. The number of one- and two-hoop neighbors may impact the sensitivity
of objects to system-wide vulnerabilityy change. Object RenderProgram has
about 3 times more neighbors.

2013 IEEE 2nd International Conference on Cloud Networking (CloudNet): Full Paper

100

30

90

TAR-Trend

80

ODG-Trend

70

CCD-iMetro

60

TAR-iMetro
ODG-iMetro

50

CCDMyExpense
TARMyExpense

40
30
0

2

4
6
8
10
12
14
Objects Offloaded (%)
Fig. 9. Normalized phone-side energy cost with the three offloading schemes
under different percentages of objects offloaded. The ODG model costs slightly
more energy at the smartphone side comparing with the other two mechanisms.
But it can still save around 10% of the energy with 14% of the objects
offloaded.

3) Phone-side Energy Cost
As one of the primary goals of offloading, the energy costs
of the three apps are measured. Since the goal of energy saving
and secure offloading are conflicting, we choose the security
factor as priority in our ODG model: the object with the least
security impact ȟ shall be offloaded first. When the security
impact of the objects is the same, we choose the one that can
save most energy for offloading. Meanwhile, the energy factor
is taken as the ending condition in our experiments: for all
offloading mechanisms, at most 14% of the total objects are
offloaded. We choose the model PowerTutor [22] as the
measurement tool of energy cost at the smartphone side. After
normalizing the energy cost data, the changes of costs are
illustrated in Fig. 9. We notice that the ODG model consumes
more energy at the smartphone side comparing with the other
two mechanisms. But it can still save around 10% of the energy
with 14% of the objects offloaded.
4) Sensitive APIs Accessible by the Cloud
We choose to trace the running locations of sensitive APIs
related to retrieving user’s personal information, phone
identities and geographical data, because they are related to
security issues of mobile apps. We take the approach from [23]
to locate the sensitive APIs and analyze the offloading results
from the same experiment groups conducted in last section. In
our case, an API will be marked as vulnerable either when they
run in the cloud or when they can be accessed from the cloud
due to object dependencies. From Fig. 10 the ODG model
exposes significantly less sensitive APIs to the cloud for all
three sample apps.

Sensitive APIs Accesible by Cloud

Normalized Phone-side Energy
Cost (%)

CCD-Trend

CCD-Trend
TAR-Trend

25

ODG-Trend
20

CCD-iMetro
TAR-iMetro

15

ODGiMetro
CCDMyExpense
TARMyExpense
ODGMyExpense

10
5
0
0

2

4
6
8
10
Objects Offloaded (%)

12

14

Fig. 10. The numbers of sensitive APIs accessible by the cloud with the three
offloading schemes under different percentages of objects offloaded. The
ODG model shows significant less sensitive APIs exposed to the cloud.

VII. CONCLUSION
In this paper, we focus on offloading apps securely without
putting vulnerable parts in the cloud. A model named the object
dependency graph (ODG) is proposed to analyze the security
of mobile apps according to objects they have created at
runtime. With the knowledge of cloud-originated and
propagated vulnerabilities of runtime objects, the objects’
vulnerabilities are calculated taking into account the multipath
vulnerability propagation. We have applied our model to real
Android apps and have shown that compared to other two
existing offloading mechanisms, our offloading approach
yields more secure results.

VI. FUTURE WORK
Our future work will first focus on quantifying the cloudoriginated vulnerabilities. The calculation of propagated
vulnerabilities depends on the cloud-originated vulnerabilities.
Thus it directly affects accuracy of the ODG-based system.
Like some intrusion detection systems (IDS), we can employ
machine learning technology to find features that could impact
cloud-originated vulnerabilities.
Besides, we need an optimization model to determine the
objects to be offloaded once all vulnerabilities have been
estimated. The model outputs the optimal offloading results
and is responsible for all consequent communication costs and
delay.
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