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Abstract—In the near future, Industrial Internet of Things 
can provide various useful spatial information in urban areas. 
Based on real time resource discovery and data retrieval 
technologies, mobile devices can continuously interact with 
surrounding things and provide real time content mashup 
services to their users. One challenge involved in such a scenario 
falls in the resource management. Continuous resource discovery 
and content mashup processes can be resource intensive for 
common handheld mobile devices. In order to reduce the 
resource usage, certain tasks of mobile application can be 
offloaded to Utility Cloud services. However, the task offloading 
process needs to be context-aware. In certain cases, performing 
tasks in mobile devices is more cost-efficient. This paper proposes 
a service-oriented workflow based mobile Cloud middleware 
framework for balancing the task allocation between the mobile 
terminal and utility Cloud service. The proposed cost-
performance index scheme assists workflow configuration 
decision-making based on fuzzy set and weight of context 
schemes. The prototype has been implemented in real mobile 
devices and the evaluation has shown that the workflow system 
can automatically configure the task allocation based on resource 
availabilities. 

Keywords—service discovery; service-oriented architecture; 
mobile cloud; Internet of Things; workflow system. 

I.  INTRODUCTION 
Industrial Internet, originally coined by General Electric [1] 

represents the technology that integrates machine learning, big 
data, Wireless Sensor Network (WSN) and machine-to-
machine (M2M) communication [2] to enable Cyber-Physical 
System (CPS) that is capable of reducing the border between 
physical machines and digital worlds. The fundamental goal of 
Industrial Internet is to utilize CPS technologies to optimize the 
existing industrial systems towards realizing the vision of the 
Internet of Things (IoT). 

Today, IoT is one of the most popular topics in both 
industry and academic research. Various definitions of IoT 
have been introduced in the past several years. Authors in [3] 
defined that “The Internet of Things allows people and things 
to be connected Anytime, Anyplace, with Anything and Anyone, 
ideally using Any path/network and Any service”. Such a vision 
can highly enhance not only in manufacturing or 
transportation, but also can benefit the remote health care 
systems [4], [5].  

Imagine people with disability in outdoor area can use 
their smartphone to collect environmental context information 
from surrounding sensor devices, public transport services and 
the public shared data from the proximity-based mobile social 
network users. The collected data can be interpreted and 

provide customized useful information for the disabled users 
(e.g., avoid the crowded area). Furthermore, the collected data 
can also be used in medical research in which the doctors can 
analyze how the environmental context influences patients’ 
health states.  

Undisputedly, the dynamic nature of the pervasive 
environment leads the CPS designed for such a scenario faces 
an interoperability challenge. Due to the heterogeneous 
platforms, protocols, and the lack of common agreed standard, 
the system requires the features in dynamic reconfiguration and 
high degrees of automation [6] in order to perform an efficient 
real time service/resource discovery and composition towards 
provisioning useful data to the users.   

In recent years, numerous researchers intended to overcome 
the interoperability challenge of IoT. For example, mobile 
digcovery project [7] utilized a centralized global ElasticSearch 
service to support resource discovery in IoT environments. 
MOSDEN project [8] integrated the component-oriented 
technology to the global centralized discovery service to realize 
interoperability. Although the centralized discovery model is a 
common approach in existing service-oriented systems, such an 
approach may not be feasible in a large scale network 
environment (i.e., thousands heterogeneous devices in 
proximity) where things were registered in different discovery 
servers. One particular example is Universal Description, 
Discovery and Integration (UDDI) [9], which was introduced 
as a part of XML Web service standard. The fundamental idea 
of UDDI is to enable a global registry for worldwide Web 
service providers. However, UDDI was not broadly accepted 
by industry. Hence, assuming a global registry for IoT 
environment may lead to the similar consequence because 
fundamentally, IoT is a federated environment in which 
multiple resource registries can involve in an area that consists 
of a large number of devices. Therefore, for a resource 
requester, the service discovery process may involve 
interacting with multiple service discovery servers and at 
certain angles of peer-to-peer communication (e.g. to retrieve 
the URL addresses of the service discovery servers directly 
from the proximal things) With such a complex environment, 
the service discovery and composition processes can be 
resource intensive. 

Cloud service-based task offloading has become a potential 
solution to reduce the burden of mobile terminals. Resource 
intensive tasks can be offloaded to Utility Cloud services to 
enhance the overall performance of processes and also reduce 
the resource usage of mobile devices. However, due to the 
dynamic nature of the mobile environment, and the recent high 
performance mobile devices, task offloading to the Cloud is not 



always the best solution. In some cases, performing the tasks in 
mobile devices is more cost-efficient than Cloud. It leads to 
two questions: (1) How does the mobile application decide 
which task should be performed as localhost process and which 
task should be performed in the cloud based on the contextual 
factors? (2) How does the mobile application reconfigure the 
task allocation at runtime automatically? 

In this paper, we propose Service-oriented Composer for 
Orchestrating Real-time Proximity-based Industrial Internet of 
Things (SCORPII) middleware framework. SCORPII is a 
service-oriented middleware for real time service composition 
from heterogeneous proximal pervasive resources. The 
framework utilizes dynamic elastic Cloud computing and 
workflow automation to optimize the task allocation among 
localhost services and Cloud services based on resource 
availability and cost-performance index model. 

This paper is organized as follows. Section II provides 
background of service discovery and task offloading. Section 
III describes the design of the SCORPII middleware 
framework and the decision-making model for the runtime task 
reconfiguration. Section IV describes the experimental testing 
based on a case study. This paper concludes in Section V 
together with future research direction. 

II. BACKGROUND 
Firstly, we clarify the terms used in this paper:  

• Service discovery represents how an entity (service 
consumer) discovers another entity (service provider).  

• Content resources denote the data provided by the services.  
• Composite service represents an operation that generates 

results by utilizing multiple service endpoints. 
• Mashup represents the composite content (e.g., showing 

real time data retrieved from different sources on a map 
service) provided by multiple service providers. 

• Computational resources denote the hardware and 
networking resources (e.g., CPU, RAM, mobile Internet 
bandwidth, etc.) that are used to perform the composite 
service. 

Real-time proximity-based IoT service composition for 
mashup requires an autonomous M2M communication 
mechanism. Common designs rely on a centralized architecture 
for the service discovery [7], [8], [10], [11]. However, as 
mentioned in Section I, global centralized architecture such as 
UDDI may not be always available. There are two possible 
service discovery approaches: 
1. The service provider device is a rich resource device that 

supports standard discovery protocols and standard 
service description metadata (e.g., DPWS [12]). 

2. The service provider device is a less capable device, but it 
has registered itself to a remote service discovery server 
and the service provider can provide some forms of 
mechanism to guide the proximal service consumer to the 
service discovery server in order to identify the service or 
resource provided by the service provider (e.g., mobile 
digcovery [7]).   

Either approach 1 or 2 is applicable, the service consumer 
will need to retrieve service description metadata from a 

number of nodes in order to identify the services by the service 
providers. Because in reality, it is less possible that all the 
proximal service providers were registered to a single global 
service discovery server. 

The metadata-based service discovery for mobile terminals 
can cause overhead issue due to involved large amounts of data 
transmission. Although the recent mobile devices have high 
performance and high speed network transmission, such as 4G 
LTE in which the service discovery latency can be highly 
reduced, such large amount of networked data processing will 
quickly drain the battery power. Offloading computational 
processes to Utility Cloud services becomes a common 
solution.  

Task offloading can be modeled as static process or 
dynamic process that utilize autonomous mechanisms. 
Workflow is an efficient approach to provide autonomous 
control of offloading processes. Workflow system has been 
applied in the mobile Cloud computing domain. In [13], the 
authors used the workflow-based AmbiantTalk Java API to 
manage the distributed tasks. In [14], the authors utilized the  
customized workflow to manage the task partitioning processes 
among the mobile device Cloud (a distributed computing 
network established by a number of mobile devices via global 
Internet). The review of other mobile Cloud workflow systems 
has been provided in [15]. However, previous works were not 
focusing on resource-aware task re-configuration based on 
performance and costs. In the classic Cloud computing, cost-
efficient models have been discussed in Cloud workflow 
systems [16], [17]. However, they were not designed for 
mobile Cloud hybrid systems.  

Offloading for mobile Cloud domain has been introduced 
in ThinkAir [18]. SCORPII different to [18] in which we used 
standard-based Business Process Execution Language (BPEL) 
[19] workflow system to control the task reconfiguration at 
runtime. On the other hand, ThinkAir was focusing on code 
offloading. Additionally, different to all the previous work, the 
Cloud resource (i.e. Amazon Web server1) used in SCORPII is 
dynamically launched and it can be terminated when it is no 
longer needed, which achieve the pay-per-use concept of Cloud 
service. 

Our work focused on Web service standard based generic 
framework. The goal is to allow the framework to be applied in 
various resource-aware composite applications. 

III. SYSTEM DESIGN 

A. Overview of Environment 
Fig. 1. illustrates a scenario where a disabled person—Alice 

intends to avoid crowds in urban areas. She uses her SCORPII-
embedded mobile device to collect data from surrounding 
smart objects, while she is walking in the street. Here, smart 
objects represent any devices that have application logic and 
are capable of providing the data collected by their sensor 
mechanisms [20]. For example, sensor-based smart objects can 
provide noise level, temperature, brightness of a particular 
location. Mobile Web service hosts (mobile hosts) [21] based 
smart object can provide various spatial content such as point 
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of interest, current location-based text or media content, traffic 
information, recommended travel route in the current location 
for disabled persons (e.g., n3 in Fig.1.) and so on. 

 
Fig. 1. Service discovery scenario 

The functionality of smart objects is described in service 
description metadata (SDM), which is retrievable either by 
direct peer-to-peer (P2P) transmission (e.g., Bluetooth or Wi-Fi  
Direct2) or via the discovery servers (assuming the smart 
objects can provide the addresses of discovery servers in some 
forms such as Radio-frequency identification [RFID]). Based 
on the SDM, the mobile device can identify and retrieve the 
needed data from smart objects.  By processing the collected 
data, Alice’s device can provide a real time content mashup 
service to Alice to serve her purpose. Since the real time 
content mashup process requires interacting with the 
surrounding smart objects continuously, it can consume a lot of 
computational resources of the mobile device if the number of 
smart objects is large. As figure shows, in first timestamp, the 
mobile device (SCORPII Mobile Host) only discovered a small 
number of smart objects, which includes 3 smart objects that 
have registered to two different discovery servers, and one 
smart object (n1) that is available for direct peer-to-peer (P2P) 
communication.  

While Alice is moving, at timestamp 2, the number of 
smart objects discovered by Alice’s device has greatly 
increased. Based on the analysis, a large number of discovery 
processes involve the discovery services in which the mobile 
device needs to retrieve and process the service description 
metadata retrieved from the discovery services. Hence, 
SCORPII decided to launch a Utility Cloud service instance to 
assist the computational tasks in which certain tasks that 
involve interacting and processing the data between SCORPII 
and external discovery servers have been partitioned as 
different workflows and have been executed on the Utility 
Cloud side. Note that in this environment, n1, n2, n3, n4 and n5 
are direct communicable smart objects that do not require 
further communication with discovery servers. The interaction 
between the Alice’s device and those smart objects can be 
performed in the P2P manner.  

Afterward, at timestamp 3, Alice has moved to an area that 
consists of minor number of smart objects. Since the data 
transmission and processes have decreased, and based on the 
analysis, mobile device-based process is more cost-efficient, 
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SCORPII terminated the Utility Cloud side components to 
reduce the cost. This scenario raised following questions: 
• How does SCORPII decide which and when the process 

requires computational task offloading? and  
• How does SCORPII perform the configuration dynamically 

at runtime?  
The proposed scheme in this paper aims to answer the 

questions. 

B. SCORPII Framework 

 
Fig. 2. Architecture of SCORPII middleware framework. 

The framework design is based on the Enterprise Service 
Bus (ESB) architecture [22]. ESB is a software infrastructure 
that can easily connect resources by combining and assembling 
services to achieve a Service Oriented Architecture (SOA). Fig. 
2 illustrates the architecture and the main components of 
SCORPII. The architecture consists of three parts that are 
described as follows. 

General Internet consists of general Web services such as 
the discovery server of the proximal smart objects or the third 
party services that can be utilized to assist certain tasks such as 
semantic ontology processes. 

Proximity P2P environment consists of various smart 
objects. SCORPII can utilize common standard protocols to 
discover and interact with the proximal smart objects to 
retrieve data or to retrieve the description of their discovery 
servers that can provide further information or data regarding 
to the smart object. 

SCORPII is a dual workflow controlled middleware 
service. It consists of mobile host side (ScoMH) and utility 
cloud side (ScoUC). ScoMH is the main controller of the entire 
middleware and ScoUC is mainly used for resource intensive 
tasks. The components of each side are described below. 

1) SCORPII—Mobile Host Side (ScoMH) 
ScoMH consists of following main components. 
Proximity Communication consists of a number of 

components that enable short range networked resource 
discovery and interaction. E.g., Bluetooth, Wi-Fi direct, 
ZigBee communication protocols. 

Web Service Mediator allows ScoMH interacting with 
global networked services such as the smart objects’ discovery 



servers using standard communication protocols such as HTTP 
or Constrained Application Protocol (CoAP). 

Cloud Service Mediator can dynamically configure and 
launch virtual machine instance and set up the needed 
components to enable ScoUC. 

Normalized Message Routing Control component handles 
incoming and outgoing messages. It processes the message to 
meet the required format for the receivers of the message. 

Request Handling (𝑅𝐻!") component receives request 
messages from other applications (e.g., a User Application, 
which provides user interface for users to access SCORPII) and 
forward the request message to corresponding components via 
the Normalized Message Routing Control component. 

Workflow Manager consists of following mechanisms. 
• Manages, monitors, and executes workflow. It creates a 

number of Task Manager components to analyze the status of 
tasks. 

• Manages a collection of pre-defined abstract workflow 
models and approaches. When it receives a request that 
contains the goal of the process, a corresponding abstract 
workflow model will be executed. A flow relation pattern 
defines the structure of a set of workflow nodes. The 
definition of abstract workflow model and approach will be 
described in Section III.C.1). 

• Handles runtime workflow configuration processes. For 
example, after a workflow is executed, Task Managers will 
monitor the cost-efficiency of the tasks. If certain tasks are 
more cost-efficient to be replaced by different tasks, the 
corresponding Task Manager will request the controller of 
the workflow to perform re-configuration.  

Resource State Management component is responsible for 
continuously monitoring the resource usages such as CPU 
usage, network bandwidth usage, cloud utility service usage, 
etc. These resource usages are cost intensive, and are the main 
elements influencing the decision making of the adaptation 
scheme that is described in the next section. 

Service Pool is responsible for managing information on 
internal services, Utility Cloud services, and services provided 
by external service providers. It contains a collection of the 
service descriptions of external service providers, the service 
descriptions of each internal service and each accessible utility 
cloud service. 

Functional Components are miscellaneous utility 
components such as semantic metadata matchmaking 
component, message parsing and calculation component, for 
calculating the Cost Performance Index (CPI) value described 
in the next section. 

Trust/QoS/Privacy/Security, etc.  are additional components 
needed to provide trustworthy service discovery processes and 
to improve the quality of service and security requirements. 
They are not within the scope of this paper. We will consider 
them in our future work. 

2) SCORPII—Utility Cloud Side (ScoUC) 
Different to the common design that assume the cloud 

middleware to be always deployed and is always available, 
SCORPII utility cloud—ScoUC is launched on-demand. Same 

as the other local services, if ScoUC is no longer needed, it will 
be terminated. One drawback of the on-demand utility cloud 
component is it takes time to launch the instance and preparing 
the platform. For simple processes (e.g., only one single 
request), ScoUC may not be cost-efficient and will not be 
needed. The instance can be stored as a snapshot in Cloud 
storage to reduce the need of uploading the file directly from 
mobile host. The main advantage of this design is to fully 
achieve pay-per-use concept of Utility Cloud services.  

Workflow Engine (𝑊𝐸!") is a workflow execution service 
that handles the workflow passed from the ScoMH. 

App Manager manages the Web application package 
information for SCORPII. It provides the information about 
which Web application provides the needed operation and 
where the Web application package is stored (e.g., the URL to 
retrieve the application package from Cloud storage). It also 
handles the Web application deployment in order to let 𝑊𝐸!"  
utilize the applications to process the tasks. 

Request Handling (𝑅𝐻!") process and analyze the request 
message in order to perform corresponding actions. For 
example, a workflow that is sent from ScoMH will be passed to 
𝑊𝐸!"  after 𝑅𝐻!"  analyze the payload of the request message. 

Communication Manager mainly handles network 
communication between ScoUC and ScoMH and also between 
ScoUC and external entities such as the discovery servers of 
smart objects. 

Paas/SaaS denotes other Web services that have been pre-
deployed by SCORPII user on Platform as a Service (PaaS)-
based Cloud service or the known Software as a Service 
(SaaS)-based Cloud service that can be used as the substitution 
of the self-managed Web application in the virtual machine. 

Cloud Storage. SCORPII can also utilize Cloud storage 
services to store files that are needed for ScoUC. E.g., 
customized Web application packages. 

C. Cost-efficient Workflow Approach Selection Model 
This section describes the cost-performance index-based 

scheme for selecting the configuration of workflow processes 
at runtime. 

1) Preliminary 

Definition 1 (Cost element set—E). E is a finite set. Each 
𝑒 ∈ 𝐸 is a cost element defined as a tuple (𝑖𝑑, 𝑣) where: 
− 𝑖𝑑 is a unique identification of 𝑒.  
− 𝑣 is the cost value of 𝑒.  

A cost element can be CPU usage, RAM, bandwidth, cost 
of Cloud service and so on. 
Definition 2 (Abstract workflow model). An abstract 
workflow model is defined as a tuple (𝑁,𝐹, 𝜏), where:  
− 𝑁 is a finite set of nodes.  
− 𝐹 ⊆ 𝑁×𝑁 is a set of flow relation rule. 
− 𝜏:𝑁 → 𝛶 maps nodes to node types. A node type can be 

parallel gateway, start event, end event, task, sub-process 
etc. 

Let 𝑛 ∈ 𝑁 be a node: ⦁𝑛 = {𝑚|(𝑚, 𝑛) ∈ 𝐹} is a preset of 𝑛, 
and 𝑛⦁ = {𝑚|(𝑛,𝑚) ∈ 𝐹} is a post-set of 𝑛. 



An abstract workflow model describes the structure of a 
process in abstraction level. Each request received by SCORPII 
will trigger a corresponding workflow execution process, 
which consists of a set of sequences and parallel tasks.  

Definition 3 (Task Type—tType). tType is a type of node that 
represents a main task which needs to be accomplished in the 
workflow. It is defined as a tuple (𝐼𝐷, 𝐼𝑁,𝑂𝑈𝑇) where: 
− ID is the identification of tType. 
− IN is the input message type. 
− OUT is the output message type. 

A tType node can be substituted by another tType node or it 
can be substituted by another workflow as a sub-process as 
long as the substitution matches the IN and the OUT of the 
original tType node defined in the abstract workflow model. 

Here, we refer to the terms described in [23]: a task that is 
to be accomplished is called a work item. A work item is 
executed by a resource. A resource, in our case, is a localhost 
component/service or a Web application that has been 
deployed in the Cloud. When a resource is executing a work 
item, it is called an activity. 

Additionally, we define the following term: 

Definition 4 (Approach—h). An approach is defined as a 
tuple (𝑁,𝐹, 𝜏,𝛼, 𝜚, 𝒸, ρ), where: 
− (𝑁,𝐹, 𝜏) corresponding to the descriptions in Definition 2. 
− 𝛼:𝑁 → 𝒜 maps nodes to activities. 
− 𝜚:𝒜 → 𝑅 maps activities to resources. 
− 𝒸:𝒜 → ℰ maps activities to cost elements. 
− 𝜌:𝒜 → 𝒯 maps activities to time-span. 

Each element of 𝛼, 𝜚, 𝒸, 𝜌 is defined as a tuple  (𝑘𝑒𝑦, 𝑣𝑎𝑙𝑢𝑒). 

An approach can consist of one or multiple activities. On 
the other words, an approach can be seen as an individual 
workflow (or a sub-process in BPMN [24]). A tType node in an 
abstract workflow model can be accomplished by different 
approaches as long as the approach satisfies the IN and the 
OUT of the tType node. The approach of a tType node can be 
dynamically changed at runtime of workflow execution. 
However, the activities in an approach are static unchangeable 
when the approach is chosen, because the elements (𝛼, ϱ, 𝒸, ρ) 
of the approach have already defined the configuration. 

An activity can be performed by a pre-defined approach or 
it can be performed by a dynamic defined approach at runtime. 
A dynamic defined approach is based on composing a number 
of pre-defined approaches to achieve the same output. 

Example 1 (Dynamic Approach Pattern).  Suppose a 
sequence workflow consists of 3 tasks: 𝑡𝑎𝑠𝑘! → 𝑡𝑎𝑠𝑘! →
𝑡𝑎𝑠𝑘!. The arrows correspond to the process flow. 𝑡𝑎𝑠𝑘!, 
which has the IN type as “X” and the OUT type as “Y”. 
Assume at runtime, 𝑡𝑎𝑠𝑘! cannot be accomplished by its 
original defined approach due to the resources of the activity is 
suddenly unavailable, and a substitute approach that matches 
to the IN and the OUT types could not be found in the pre-
defined approach patterns. Hence, the Workflow Manager 
tends to define a substitution based on a composite approach. 

By searching the approach patterns, Workflow Manager 
discovered the following 3 patterns: 

Pattern 1 consists of 2 nodes with structure as below: 
− 𝑛!: IN = “X”, OUT = “A1”,  𝑛!⦁ = {𝑛!}. 
− 𝑛!: IN = “A1”, OUT = “B1”. 

Pattern 2 consists of 6 nodes with structure as below:  
− 𝑛!: IN = “B1”, OUT = “O1”,  𝑛!⦁ = {𝑛!}. 
− 𝑛!: IN = “O1”, OUT = “P1” or “P2”,  𝑛!⦁ = {𝑛!,𝑛!}. 
− 𝑛!: IN = “P1”, OUT = “Q1”,  𝑛!⦁ = {𝑛!}. 
− 𝑛!: IN = “P2”, OUT = “Q2”,  𝑛!⦁ = {𝑛!}. 
− 𝑛!: IN = “Q1” or “Q2”, OUT = “L1”,  𝑛!⦁ = {𝑛!}. 
− 𝑛!: IN = “L1”, OUT = “G1”. 

Pattern 3 consists of 2 nodes with structure as below: 
− 𝑛!: IN = “G1”, OUT = “F1”,  𝑛!⦁ = {𝑛!}. 
− 𝑛!: IN = “F1”, OUT = “Y”. 

Fig. 3. Approach patterns 

Fig. 3 illustrates the conceptual approach patterns 
described above. By composing the three patterns, an approach 
with the IN = “X” and the OUT = “Y” can be generated for 
accomplishing the 𝑡𝑎𝑠𝑘!. For more information regarding to 
pattern similarity searching scheme can be found in [25]. 

2) Time-span of Approach 
In this paper, we consider time-span as the performance of 

an approach to service discovery process. The time-span of an 
approach is influenced by the involved tasks and the resources. 
This paper does not include the formal method to measure the 
time-span of approaches. The related approach has been 
introduced in [26]. In our prototype, we measured the time-
span by manually recording the time-span of each test case 
using customized methods. 

Based on the flow relation rules of approach, a number of 
routes (process flow) can be discovered. Each route may 
consume different time-span depending on the activities 
involved. Let ℎ be an approach, and 𝑁! denotes the nodes in 
approach ℎ. Let 𝑂! be a set of routes that can occur in ℎ. 
𝑜 ∈ 𝑂! denotes one of the routes. 𝑁!

!"#$! ⊆ 𝑁! denotes the set 
of tType nodes involved in 𝑜 route. 𝒯! = {𝑡!|1 ≤ 𝑖 ≤ ℕ} 
corresponding to the time-spans of each activity involved in 
𝑁!
!"#$%. E.g., 𝑡! denotes the time-span of the activity that is 

executed for the task node—𝑛! ∈ 𝑁!
!"#$%, which has been 

defined in 𝜌 map (see Definition 4). The time-span of 𝑜 
(denoted by 𝑇𝑆!) is computed by: 

𝑇𝑆! = 𝑡𝑠!!∈ !!
!"#$%            (1) 

where: 𝑡𝑠! is time-span value of 𝑛! ∈ 𝑁!
!"#$%. 

Based on the calculation above, if the approach ℎ has more 
than one route, its time-span value will be presented with  
𝑇𝑆!!"#,𝑇𝑆!!"#  where 𝑇𝑆!!"# = min!∈!!{𝑇𝑆!} denotes the 

 



minimum time-span value and 𝑇𝑆!!"# = max!∈!!{𝑇𝑆!} 
denotes the maximum time-span value. 

Fundamentally, an approach that has a shorter time-span is 
considered as better performance. However, the shortest time-
span may not mean the approach is the most efficient 
selection. Hence, we utilize the cost-performance index (CPI) 
scheme to optimize the approach selection. The scheme 
combines fuzzy set [27] and the weight of context [28]. The 
reason we use fuzzy set is to compare the performance and cost 
between approaches instead of using static values. 

3) Raw Cost Elements of Approach 
First, we describe how the raw cost element set is generated 

before we explain the cost-performance index model.  
Similar to the measurement of time-span, the cost of an 

approach is also influenced by the number of routes defined in 
the approach. For each route 𝑜 ∈ 𝑂! of approach ℎ, let 𝐸! 
denotes the cost elements of 𝑜 defined in ℰ map of approach 
(see Definition 4). Each element 𝑒 ∈ 𝐸! denotes the sum of the 
cost element—𝑒’s value from all the tType nodes involved in 𝑜. 
The cost elements of 𝑜 will be within 𝐸!!"#,𝐸!!"#  where 
𝐸!!"# = min!∈!!{ 𝑒!} corresponds to the minimum cost 
elements, and 𝐸!!"# = max!∈!!{ 𝑒!} corresponds to the 
maximum cost elements. 

4) Cost-Performance Index-based Approach Selection 
Let 𝐷 be a finite set of time-span values of the selective 

approaches—𝐻, 𝐻 = {ℎ!|1 ≤ 𝑙 ≤ ℕ}, where 𝐷 = 𝐻 , 
𝐷 = {𝑑!|1 ≤ 𝑙 ≤ 𝐻 }, in which 𝑑! is the maximum time-span 
of ℎ! by measurement.  

Let 𝑆𝑇 be the shortest time-span in 𝐷, where 𝑆𝑇 =
min{𝑑! ∈ 𝐷}. The performance ranking value of an 
approach—ℎ! (denoted by 𝑃𝑅!!) is computed by below: 

𝑃𝑅!! = 1 +
𝑆𝑇
𝑣!!!∈|!|

−
𝑣!!

𝑣!!!∈|!|
 (2) 

where 𝑣!! is the value of 𝑑!, and 𝑣!! is the value of ℎ!.  

The formula (2) can generate the ranking value for 
approaches in which the lower time-span the approach has, the 
higher ranking value it has. 

We need the normalized fuzzy number of the ranking 
value. Hence, the fuzzy number of an approach’s ranking 
value (denoted by 𝑃𝑃!!) is:                                 

𝑃𝑅!! =
𝑃𝑅!!

𝑃𝑅!!!∈|!|
 (3) 

where 𝑃𝑅!! is the performance ranking value of ℎ! derived 
from (2), and 𝑃𝑅!! is the normalized fuzzy number of the 
performance ranking value of ℎ!, in which 0 ≤ 𝑃𝑅!! ≤ 1. 

The cost element set (Definition 1) must be comparable 
between different related approaches. If cost elements of 
approach ℎ!—𝐸!!contains the value of ‘battery cost’, then the 
approach ℎ!—𝐸!! must also contain such a value. 
Accordingly, the overall CPI between different approaches can 
be computed. 

Since we are comparing the cost elements between 
different approaches, the normalized value of a cost element—
𝑣!! is computed as below.                   

𝑣!! =
𝑣!!

𝑣!!!∈ !!!   
×
𝑤!!
|𝑊|

 (4) 

where 𝑤!! is the importance weight of the cost element, and 𝑊 
denotes all the weight values of cost elements. It is considered 
because a cost element is different for different users. For 
example, when the device battery-life remains 50%, the user 
may consider that saving the battery life of his/her mobile 
device is more important than spending money on using cloud 
services for computational needs. In this case, the weight of the 
battery life cost element will be higher than the weight of the 
bandwidth cost of the cloud service.  

The average value of the total cost of an approach (denoted 
by 𝐶𝐸!!) is computed as: 

𝐶𝐸!! =
!!!!∈ !!!

!!!
    (5) 

By applying the basic CPI model, the cost-performance 
value of an approach (denoted by 𝐶𝑃𝑉!!) is: 

𝐶𝑃𝑉!! =
!"!!
!"!!

    (6) 

IV. EXPERIMENTS 
We have implemented a SCORPII prototype and tested it 

based on a case study. The primary objective is to evaluate the 
runtime dynamic workflow configuration based on cost-
performance index scheme. 

A. Implementation 
A prototype of SCORPII has been implemented in a real 

mobile device together with certain components hosted on 
Amazon Web service. The prototype consists of two parts: 

ScoMH components (i.e. Workflow Manager, Resource 
State Manager, Functional Components, etc.) have been 
implemented in Google Nexus 5 mobile device that runs on 
Android OS 5.0. The Workflow Manager has been 
implemented as a localhost service that can process BPEL [19] 
documents. The current version of ScoMH’s BPEL engine can 
support sequential and parallel tasks.  

 ScoUC, which is managed by ScoMH, is a dynamic 
launched instance on Amazon EC2 (t2.medium) with a Ubuntu 
OS system. ScoUC components are Web applications operated 
in Apache Tomcat 7 and the workflow engine of ScoUC is 
managed by Apache ODE, which is hosted in the Apache 
Tomcat. 

B. Use Case 
We use a case study to evaluate our prototype based on the 

scenario described in Section III.A. The aim is to validate the 
CPI-based approach selection and workflow reconfiguration. 
The basic setting as follows. Fig. 4 illustrates the default 
workflow of the use case. A localhost application (reqApp) in 
ScoMH can browse smart objects in proximity and retrieve the 
name or ID of the device from their advertisement. 



 For each timestamp (5 seconds), device names or IDs 
retrieved by the reqApp, will be sent to the Workflow Manager 
of ScoMH.  

Fig. 4. Default service discovery workflow (simplified). 

As Fig. 4 shows, each device ID are the input parameter of 
the workflow process, the Device ID will be forwarded to 
proximity communication service (PComm) and PComm will 
perform a simple GET request to the corresponding device 
(step mark 1).  After PComm retrieves the response, the 
response message will be forwarded to another component to 
analyze what type of message it is (mark 2). If it is an URL 
address, ScoMH will use Web Service Mediator (WSM) to 
GET the service description metadata (SDM) from the 
discovery server based on the URL (mark 3). On the other 
hand, if the message contains a document, ScoMH will use a 
corresponding functional component to process the document 
to analyze if the document is a SDM (mark 4). Afterward, the 
SDM, which is either retrieved from either step 3 or step 4, will 
be forward to another local host service to perform the service 
matchmaking (mark 5). If the service described in SDM 
matches to the requested type (in this case study, the type is 
“current noise level”), the workflow manager will use PComm 
to retrieve the data from the corresponding device based on the 
URI described in SDM (mark 6), otherwise, a simple “not 
match” response will be generated as a response. Afterward, 
the workflow service will send the result back to the reqApp 
(mark 7). 

At the beginning, mobile requester averagely discovers 50 
service providers per timestamp. After 10 timestamps, the 
discovery frequency has increased from 50 to 500. Hence, the 
Workflow Manager performed the re-configuration based on 
the two selectable approaches: 
• Approach 1 (A1): The activities are unchanged as the 

workflow of Fig. 4 described. All the SDM retrieval and 
matchmaking processes were done in ScoMH. 

• Approach 2 (A2): The SDM retrieval and matchmaking 
processes, which involved discovery servers, are distributed 
to ScoUC.  

The context that influences the decision-making is the 
frequency of discovering new service provider. The costs 
considered in the use case are: CPU usage of the mobile 
device, bandwidth of mobile device and bandwidth of Cloud 

service. CPU and bandwidth usages are the major influence of 
the energy consumption of mobile devices. Note that in reality, 
there are more cost elements need to be considered. We have 
been studying cloud cost models and auto-scaling models for a 
while now [29] and these models will be introduced into 
SCORPII at later stages. 

C. Evaluation  
Fig. 5 illustrates the bandwidth measurement comparison 

between the two approaches (A1 and A2) recorded by 
SCORPII for the CPI calculation. The measurement of each 
approach consists of three cost elements: (1) MP2P, 
corresponding to the bandwidth cost of retrieving SDMs 
directly from proximal nodes; (2) MWeb denotes the 
bandwidth cost of the mobile Internet connection; (3) UCWeb 
denotes the bandwidth cost of ScoUC for retrieving SDMs 
from discovery servers. Since A1 did not use Cloud at all. 
Hence, A1-UCWeb always consuming 0 bandwidth. Although 
A2 used ScoUC to retrieve SDMs, it also consumed the mobile 
Internet bandwidth because the communication between 
ScoMH and ScoUC consumed a minor bandwidth, in which 
the number is around 9.5 kilobytes and it is too little to be 
shown on the figure. 

Fig. 6 illustrates the CPU usage comparison between A1 
and A2 when 200 (among 500 nodes; the rest SDM was 
already retrieved directly from the smart objects) service 
discovery processes involved retrieving and processing SDMs 
from discovery servers. As the figure shows, A1 consumed 
CPU over 10% for 4 timestamps, and A2 consumed CPU over 
10% for 2 timestamps because A2 distributed its tasks to 
ScoUC. The CPU cost element in our test case was based on 
how long the CPU usage retains over 10%. 

Fig. 7. illustrates the time-span comparison. The figure 
shows that on average, A1 is completing the work faster than 
A2 by a margin of a few seconds. Considering that these results 
were achieved using a modern smartphone with a quad-core 
2.3GHz CPU, it would be possible to see A2 outperforming A1 
time-wise if the mobile host device was a more power-
conservative device with a lower CPU clock speed. Thus when 
saving energy is of priority and slower CPU-s are preferred, A2 
can be seen as a very comparable alternative to modern 
commodity smartphones time-wise. 

Note that the time-span of our test case has excluded the 
bootstrapping time of Cloud service, because the bootstrapping 
time depends on the instance type and the provider. The related 
measurement can be found in [30].  

D. Approach Selection 
Fig. 8 illustrates the CPI computation (Equation 6) records 

when a different number of service discovery processes 

 

  
Fig. 5. Bandwidth measurement comparison 

 
Fig. 6. CPU usage comparison Fig.7. Time-span comparison 



involved the discovery service. In the test case, we defined the 
weight of the mobile device CPU usage with 2 additional 
importance points while the rest of the cost elements retained 
as 1. Such a setting indicated that the user preferred saving 
energy as priority instead of having the shortest process time-
span. The setting leaded the Workflow Manager to launch 
Approach 2 instead of Approach 1 in all the cases even though 
Approach 1 has less time-span than Approach 2. 

 
Fig. 8. CPI comparison with mobile device’s CPU cost weight +2.0. 

V. CONCLUSIONS AND FUTURE WORK 
In this paper, we introduced a service-oriented middleware 

framework—SCORPII. SCORPII utilizes a hybrid service-
oriented workflow system to achieve the autonomous task 
reconfiguration at runtime by partitioning and allocating tasks 
among the mobile terminal and the Utility Cloud. Furthermore, 
the framework is capable of automatically defining the task 
allocation based on the context influence (e.g., the number of 
interacting nodes), hardware and network resource availability, 
and the importance weight of the resource usage based on user 
preference. The experimental results have shown that the 
proposed framework is capable of providing a cost-efficient 
workflow task configuration.  

In the future, we plan to evaluate our framework in 
different IoT scenarios. We also plan to extend the framework 
with additional mechanism that enables Quality of Service 
(QoS)-aware dynamic service composition with resource 
constrained IoT service.    
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