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Abstract. Authors present a novel implementation approach to an operator in-
terface system capable of supporting key phases of the automotive manufactur-
ing machine lifecycle. Review of the lifecycle process realises next-generation 
requirements which have been addressed through a distributed system compo-
nents architecture comprising of a Broadcaster, Marshaller and Web-HMI  
system. This architecture assumes machine control engineering using the Com-
ponent Based (CB) design approach. Web-HMI system component, the major 
component serving operator interface systems, is designed using the Black-
board-based methodology, and supported with the Client-Server communica-
tion pattern as illustrated in its process runtime description. The proposed  
approach is assessed through an industrial case study on a web-services based 
control Ford-Festo test rig. A number of scenarios and demonstrations are ap-
plied to investigate the applicability of this approach beyond a theoretical  
research environment into practice. Importance of this research work is hig-
hlighted through identification of potential benefits offered.  
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1 Introduction 

The automotive industry (specifically the Powertrain manufacturing sector) is signifi-
cantly affected by a number of overarching challenges driven by environmental  
concerns [1], global economies [2] and ICT innovations [3]. These driving factors 
instigate new demands for shorter machine (and associated product) lifecycles, and 
require efficient product customisation practices such as agile manufacturing [4]. For 
clarity, in the Powertrain manufacturing automation process, a product corresponds to 
a vehicle engine where as a machine corresponds to the production machine system 
used to manufacture the product.  



278 V. Barot and R. Harrison 

The most agile components within any automation system are the human personnel 
involved in controlling and monitoring production machines using operator interface 
systems. Operator interface is defined as a user interface which enables interaction 
between a human (i.e. typically a machine operator, a diagnostic engineer or a main-
tenance engineer) and an automotive machine. In industries, this interface is usually 
termed as a HMI (Human Machine Interface). Section 2 summarises the challenges 
associated with the current process. Section 3 describes the operator interface  
approach taken, and its evaluation using an industrial case study is covered in the 
section 4, the results of which are discussed in the section 5 of this paper.   

2 Challenges Associated with the Machine Lifecycle 

2.1 Lifecycle Process Description 

The engineering process of designing and building a production machine involves an 
end user, a machine builder and a controls vendor. To appreciate the extent of prob-
lems associated with the lifecycle of a production machine, specifically from the op-
erator interface systems’ perspective, a brief insight to the design and build process is 
essential to institute application engineering requirements for next-generation opera-
tor interface systems implementation [5, 6]. The lifecycle begins with the concept 
phase where an end user business needs are addressed through a set of requirements. 
At this point, operator interface aspect is not given any attention. Specification phase 
formalises the technology for the machine. Operator interface specification is defined 
through manual schematic of each individual screen. This process cannot begin until 
the machine has been roughly designed as interface screens relate specifically to a 
particular machine’s configurations. Operator Interface screens are machine-
dependent and therefore cannot be reused or reapplied to other production machines 
within an engine programme. Operator interface design cannot be completed until the 
machine control system’s logic mapping information is available. The control soft-
ware is engineered by experienced programmers and then associated operator inter-
face system is added later on using copy-paste techniques. This sequential process 
contributes significantly to the machine development time – a critical metrics in to-
days distributed competitive manufacturing environment. It is extremely essential to 
compress these times where possible through concurrency and reuse of designs using 
specialist engineering tools [7].  

At the build phase, the machine is physically built and commissioned at a machine 
builder’s site prior to its delivery to the end user premises. Currently, a machine 
builder cannot evaluate commission activity in a virtually simulated environment 
prior to the actual machine build process. Simulation can enable physical machine 
manufacturing to be delayed as long as possible to allow product design to mature, 
significantly reducing the costs and time associated with the lifecycle process. At the 
tryout phase, end user witness team travels to the machine builder’s site for partial 
validation. Currently, the whole machine system cannot be validated as there are  
a large number of components and no tool exists to practically support runtime  
evaluation of every component. There is no provision of remotely monitoring and 
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controlling machines to reduce or to avoid unnecessary costs incurred in travelling to 
the machine builder’s site. At the commission phase the machine is shipped to, in-
stalled and tested at the end user’s site. Simultaneously, the operator interface system 
is now implemented for the first time and operator training can now begin. It is often 
in the initial ramp up periods when this training occurs, generally reducing the effi-
ciency of production machine. The end user can now produce the first car engine and 
any maintenance issues can then be addressed by the machine builder’s engineers. 
This support process is usually problematic as it relies on conventional conversations 
and lacks remote support functionalities (i.e. three-dimensional virtual machine visua-
lisation and emulation) [5]. Any machine reconfiguration activity driven by external 
factors needs additional programming efforts at the machine as well as operator inter-
face system side due to high coupling between them. 

2.2 Requirements Summary 

From the above lifecycle description, table 1 summarises the existing limitations  
and the need to address next-generation operator interface system’s implementation  
requirements.  

3 Operator Interface Implementation Approach 

3.1 Control and Monitoring System Architecture 

To support the operator interface runtime requirements (summarised in the table 1), the 
traditional PLC/HMI architecture [8] is not sufficient. Authors have designed a novel 
system components architecture (shown in the figure 1) to support the lifecycle re-
quirements of automation systems. This architecture decomposes the overall control and 
monitoring responsibility into three system components. It is inherently distributed into 
Broadcaster, Marshaller and Web-HMI. In a typical configuration, these components 
can be physically deployed either on a single PC, on networked computers, or within 
actual control devices (such as PLCs). The architecture assumes the machine control to 
be engineered using the CB automation approach [9]. This ensures that the CB model 
has global accessibility to all the three system components. These are: 

• Broadcaster: This system component is responsible for continuously collecting 
status data in a timely fashion from shop-floor machines or virtual machines, 
processing and propagating it to a range of distributed resources, regardless of their 
geographical locations or their implementation mechanisms. 

• Marshaller: This system component acts as a channel (bridge) controlling the 
communication between either the Web-HMI system component (which serves 
various operator interface client browsers) or other resources and a machine. This 
also manages historical transactions associated with the machine.  

• Web-HMI: This is a web server-side system component which serves many  
operator interface client browsers (i.e. HMI browsers) regardless of their locality, 
to enable them to control and monitor production machines (real / virtual) with  
assistance from the Marshaller and the Broadcaster system components. 



280 V. Barot and R. Harrison 

Table 1. Requirements 

 

Fig. 1. System Architecture 

These three system components have been architecturally designed and described 
using the Blackboard-based methodology [10]. The design of the Broadcaster and the 
Marshaller system components is outside the scope of this article; however, interested 
readers are encouraged to refer to these publications [5] for their detailed explana-
tions. A detailed description of the Web-HMI system component (serving operator 
interfaces) is discussed next. 

3.2 Operator Interface Design and Development 

In this research, operator interface systems are supported using the Web-HMI system 
component implementation. For the operator interfaces to be industrially accepted 
(i.e. providing the familiar “look and feel” experience to operators accustomed to 
traditional vendor-specific HMI systems), a set of display standards and accepted 
practices have been followed [5]. Since this research is driven by industrial require-
ments, authors have adopted useful principles from a set of design guidelines  
(presented as standard) directly from the Powertrain manufacturing domain. Conse-
quently, various features from the Siemens Transline standard are utilised for describ-
ing the operator interface screen structure, navigational routes, colour schemes,  
display conventions and standard controls for a production machine. In addition, some 
operational requirements have been captured through use case descriptions whereas 
others have been obtained using numerous end user / machine builder interviews, 
demonstrations, meetings, site visits and available literature. Specifically, the low 
level interaction requirements have been described through use case diagrams based 
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on standard UML notations, and interface navigational structure is specified using the 
storyboarding technique. The methodology used to engineer this Web-HMI compo-
nent is Blackboard-based approach where a set of resources (i.e. knowledge sources) 
share a common global database (i.e. a blackboard divided into panels) and the access 
to this shared resource is managed by a control shell. The resulting descriptive model 
(simplified version shown in the figure 2) can be used to validate that the system has 
correct data interaction and processing mechanism to support the aforementioned  
requirements.  

As shown in the figure 2, for performance optimization reasons, the blackboard 
structure of the Web-HMI is divided into three different panels. Monitoring panel is 
responsible for handling all the tasks associated with machine monitoring by subscrib-
ing to the live feeds published through the Broadcaster system. Internally this panel 
consists of 3 hierarchical levels to support this operation. View panel is responsible 
for supporting the three-dimensional representation of a machine using VRML model 
integration, and processing any requests associated with displaying historical machine 
transactions on operator interface screens. Internally this panel consists of 2 hierar-
chical levels to support these operations. Control panel plays an important role by 
managing the access of all the operator interface clients (local as well as remote ones). 
It administers any conflicts that may arise when a particular operator interface client 
expresses interest to the Marshaller for controlling and querying an automotive ma-
chine (real, simulated or hybrid). This functionality is implemented with a view of 
providing the necessary level of safety and security within the system components 
architecture. Internally this panel consists of 3 hierarchical levels to support these 
operations. To enable machine data transmission within and between panels, and with 
external sources, a set of dedicated knowledge sources have been designed. Every 
knowledge source is specialised to contribute knowledge for a specific task. For ex-
ample, one knowledge source known as “KS2” can carry out necessary processing of 
events by interpreting and extracting essential real-time machine information from the 
CB model configurations propagated through the Broadcaster system component at 
runtime. The controller of this blackboard model operates using event-invocation 
scheduling to manage contributions of knowledge sources to their respective black-
board panels as well as externally. The model illustrated in the figure 2 is developed 
into a workable system component using object-oriented techniques. Since the Web-
HMI system component supports various distributed operator interface client brows-
ers for control and monitoring purposes, the knowledge sources communicate with 
these blackboard panels using the Client-Server architectural pattern [11], enabling 
anytime, anywhere accessibility to operator interfaces at real-time. 

Figure 3 illustrates the Web-HMI’s process runtime implementation from this 
Client-Server pattern’s perspective. Internally, the Web-HMI has been organized 
using the MVC (Model View Controller) pattern, and data transmission security has 
been implemented using the HTTPS (Hypertext Transfer Protocol Secure) and a 
layered architecture [12]. Initially, an operator interface client browser requests a 
required webpage (i.e. operator interface screen) from the server using a URL. A 
TCP/IP socket connection from the Web-HMI caller sockets to the Broadcaster is 
established (if it is not already initiated) to receive a CB model and current state of a 
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machine. Upon their receipt, the component logic updates the required html page 
(represented as a reconfigurable template) by populating it with the CB model de-
scription and current status of the machine. Furthermore, any necessary navigational 
information is provided by this logic and the requested html page is returned to the 
operator interface client browser.  

     

        Fig. 2. Blackboard-based Model           Fig. 3. Process Runtime Implementation 

To avoid the traditional client – server communication issues where a client waits 
for response from a server after every task, an AJAX (Asynchronous JavaScript and 
XML) technique is implemented within this system component to improve perfor-
mance, interactivity of the overall application and provide real-time machine informa-
tion. Any update request from the operator interface client browser takes the form of a 
JavaScript call to an AJAX engine (written in JavaScript and tucked away as a hidden 
frame) instead of a standard HTTP / HTTPs call. This AJAX engine renders the oper-
ator interface screens and communicates asynchronously with the server in the 
client’s behalf. If the engine requires any updates from the server to refresh certain 
HTML content on the browser (for example, retrieving real-time status information  
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such as a machine component state change), the engine makes asynchronous XML 
HTTP/HTTPS based object calls to the server without stalling operator’s interaction 
with the operator interface browser screen. This technique provides responsive inter-
face experience to operators whilst updating various contents on the screens. Depend-
ing on the request, the Web-HMI logic responds to the XML object request, which 
becomes the updated HTML content of the operator interface client browser screen. 
In this way, various operator interface screens and their contents can be requested 
without experiencing any visual interruptions. When the operator interface client 
browser aims to obtain control of a machine, a request token (represented as an XML 
object) is propagated to the server where the logic control permits or denies passing 
the machine control to the client browser that generated the object in the first place. If 
machine control is permitted, a bi-directional communication channel is established 
from the operator interface client browser to the Marshaller (via the server compo-
nent) to enable message transmissions. Any updates that do not require requesting a 
complete webpage is handled by the AJAX engine. The overall look and feel of the 
operator interface screens is consistent throughout, thanks to a template-based imple-
mentation. The template has editable regions that map to various configurations using 
the Web-HMI system component’s logic at runtime. This provides a consistent set of 
screens that are reconfigurable and updatable on-the-fly. 

4 Industrial Case Study Evaluation 

4.1 Assessment Approach  

A Ford-Festo test rig has been setup for investigating the proposed research approach. 
The control modules within this rig have been engineered using the CB approach, and 
enabled with a web-services based control interface. These interfaces support machine 
data distribution using a PC-based service orchestration engine. Authors have used 
relevant scenarios and / or demonstrations to assess the functional properties of the 
system. Specifically, the following requirements been evaluated: 

Reconfigurability and Reuse Support: Operator interface screens must be able to 
cater for any dynamic changes exercised on the machine modules (i.e. mechanical as 
well as control ones) when facilitating new requirements. Two major enablers sup-
porting this requirement are; template-based screens (that get populated with latest 
machine configurations at runtime) and the Broadcaster system which propagates 
these configurations to Web-HMI at runtime. Any change to a machine is captured in 
the CB model (i.e. machine configurations) and its dynamic propagation supports  
this requirement. A scenario corresponding to a process workflow change in an  
assembly line is applied to the test rig where a three-station rig is replaced with a 
four-station rig, and operator interface screens are successfully updated to reflect 
these new configurations through a simple screen refreshing process without any  
additional programming efforts. 
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Information Transparency and Mobility: The system architecture must provide a 
“plug-and-play” integration framework, legacy system support and operate using 
open standards. Two major enablers supporting these requirements are; the distributed 
system components architecture operating using standard TCP/IP interfaces and the 
Broadcaster’s ability to propagate machine data using uniform XML format that can 
be decoded by any third-party system. A demonstration with GmBH’s SAP xMII 
(Manufacturing Integration and Intelligence) tool for shop-floor activity monitoring 
and fault diagnosis [13] has been undertaken under the SOCRADES project [14]. This 
application interacts with the test rig using the service orchestration engine (through 
the Broadcaster’s TCP/IP link). Since the orchestrator has a state publication utility 
and a service invocator, the SAP tool can subscribe to the required machine compo-
nent’s status and invoke operations on the FTB devices successfully. In this way, 
businesses can have a global view of the entire shop-floor manufacturing process. 
Similarly, any third-party operator interface system can be plugged-in into the system 
architecture to monitor machine status through its lifecycle. 

Real-Time Remote Control, Monitoring and Maintenance: The web-based operator 
interfaces must be able to remotely support lifecycle requirements. Three major enab-
lers supporting these requirements are; the web-based technology itself provides any-
time, anywhere connectivity, the distributed system components architecture enabling 
machine configurations to be shared at real-time, and a three-dimensional VRML 
machine simulation model integrated within the Web-HMI providing visualisation 
capabilities. Two scenario cases have been setup, the first one aims to investigate 
remote control and monitoring whereas the second one investigates remote mainten-
ance. For remote monitoring functionality, operator interface client browser is used to 
supply a set of operational commands to control and monitor the rig at real-time. This 
functionality is useful especially during the tryout phase of a machine lifecycle as it 
will reduce travel costs and time. For remote maintenance, two different types of ma-
chine faults are introduced in the rig such as; jamming parts and raising sensor’s pairs 
check. Operator interface system can successfully highlight the location of faults and 
provide clear instructions to troubleshoot issues. 

Virtual Machine Evaluation: Operator interfaces must be able to support validation 
activity of a machine prior to its build to avoid unnecessary costs and time delays later 
during its lifecycle. Three major enablers supporting these requirements are; the inte-
gration of VRML machine model functionality for visualisation, sharing of CB confi-
gurations using the system architecture and the ability of operator interfaces to drive 
both real as well as virtual machines. To verify this, a scenario is setup where some 
clashes in machine components are introduced at design time. The rig’s VRML model 
is operated using the operator interfaces and successfully inspected for any clashes 
during its design to avoid any potential issues when physically building it.  

Early Operator Interface Verification and Operator Training: While machine needs 
early validation, the accompanying operator interfaces need to be verified to highlight 
any operational inconsistencies at the HMI side. Moreover, operators need to be 
trained before the machine has been commissioned to avoid unnecessary time delays. 
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Three major enablers supporting these requirements are; the integration of VRML 
machine model functionality for visualisation, sharing of CB configurations using the 
system architecture and the ability of operator interfaces to drive both real as well as 
virtual machines. A scenario has been setup where operator interfaces’ consistency 
and operation is evaluated using a two-step process. In the first step, the rig is operat-
ed using default set of components (having unique configurations). The operator in-
terface screens are populated dynamically with these component configurations at 
runtime. In the second step, an additional machine component is introduced and exist-
ing component configurations are modified. These amendments are successfully re-
flected on the operator interface systems’ screens at runtime. Availability of a dynam-
ically updatable operator interface system (that works with a real, virtual or a hybrid 
machine) successfully supports operator training earlier within the lifecycle. 

5 Conclusion 

The operator interface implementation approach (coupled with the system compo-
nents architecture) provides the required level of design, production and maintenance 
support at various key phases of an automotive machine lifecycle. Adopting the CB 
approach to Powertrain engineering enables machine configurations (i.e. CB models 
encoded in a uniform XML format) to be accessible within the system components 
architecture prior to the actual machine build process. With the help of the Broadcas-
ter system, these configurations can be propagated to local as well as remote clients, 
including the operator interface systems. Web-HMI system can decode these configu-
rations, populate their dynamic templates, churn out new screens with added functio-
nalities, and thus provides a fully-operational operator interface system at runtime. 
This is a step towards a vendor-independent (“open”) support framework that collec-
tively utilises state-of-the-art in scientific and technical disciplines to address the 
identified industrial requirements. In a bigger context, this work is anticipated to be 
beneficial, specifically; it will improvise the production machine design and its devel-
opment process, provide new ways of supporting automotive machines, and establish 
stronger relationships between involved supply-chain partners, enabling different 
classes of people to efficiently interact with automotive machines using operator in-
terface systems. The use of an industrial case study in this paper is used to assess the 
applicability of the implementation approach beyond a theoretical research environ-
ment into practice. However, this approach has been exercised on a small number of 
case studies, one of which is given by example herein. More thorough investigation of 
this work against shop-floor production machines’ lifecycle is needed to generate new 
knowledge and complete the migration path to a next-generation operator interface 
system implementation in industries. 
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