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Abstract 
Current development processes of complex 

safety-critical embedded systems basically demand 
integrated engineering tools, and a better way to 
predict software-intensive performance at early 
design phases by focusing on nonfunctional features 
such as dependability, safety, etc. A suitable 
approach for the integration of engineering tools is 
the Model-Based System Engineering (MBSE). 
Within this development process framework, the 
case study in this research work is an Avionic Fuel 
Distributed Control System (AFDCS) with 
autonomous controllers embedded in conventional 
mechanical fuel components. The approach comes 
from a European Research Project named 
SmartFuel which already was successfully 
implemented, tested and validated at laboratory, and 
real-scaled prototypes. From these experimental 
results, this paper reviews and reanalyzes the 
proposed AFDCS architecture design, by focusing 
on the final business target that is the control 
software certification for the creation of 
interoperable Commercial Off-The-Shelf (COTS) 
fuel components. The information gathered from 
the testing and validation impacts directly on the 
initial phases; requirements and design. The 
Architecture Analysis & Design Language (AADL) 
was selected as description language for modeling 
the AFDCS architecture. It is a standard which 
supports MBSE. Besides, AADL is perfectly 
suitable for AFDCSs since it allows deploying 
software models on different computer resources. 
This paper presents the AFDCS architecture 
refinement of a particular helicopter fuel system by 
reviewing and reanalyzing its integrated AADL 
model. It includes a summary of the main ADFCS 
architecture concepts, a description of the design 
analysis methodology based on AADL, the key 
architecture points analyzed on Helicopter Fuel 
Distributed Control System (HFDCS), and the 
results obtained. 

1 Introduction 
New generations for development processes of 

safety-critical embedded systems are claiming for 
the lack of integrated engineering tools to automate 
the development stages and blend their predictable 
models when designing, testing, and validating 
system architectures. A suitable approach for the 
integration of engineering tools within a System 
Development Life Cycle (SDLC), is the Model-
Based System Engineering (MBSE) [1] which 
allow creating common system models at an 
abstraction level that is relevant for integrated 
analyses. MBSE is a right emerging paradigm since 
intensive-software architectures based on models 
facilitate the understanding and modeling of 
complex large systems, and the integration of 
development tools for safety-critical embedded 
systems [2]. MBSE is likewise an effective strategy 
to deal with the SDLC for computer-embedded 
avionics systems. Nowadays, this emerging 
paradigm also paves the way for novel approaches 
of Integrated Modular Avionics (IMA) architectures 
[3,4].  

SDLC represented by the V-model is usually 
utilized to depict development process stages of 
safety-critical avionics systems. The integration of 
engineering tools through MBSE makes easy the 
connection among V-model development stages 
such as specification, design, hardware-software 
integration, software code generation, and prototype 
building of system architectures. On the one hand, 
this model-based integration reduces the SDLC 
time by saving costs, minimizing risks, increasing 
confidence, and letting engineers see system-wide 
impact insights since common system models can 
be shared by different engineering tools. On the 
other hand, it is very suitable for analyzing 
nonfunctional features of software-intensive 
systems such as dependability, availability, 
performance, security, etc [5]. 
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The case study in this research work is an 
Avionic Fuel Distributed Control System (AFDCS) 
with autonomous embedded controllers.  The 
approach comes from a European Research Project 
named SmartFuel which already was successfully 
implemented, tested and validated at laboratory, and 
real-scaled prototypes [6]. From these experimental 
results, this paper reviews and reanalyzes the 
proposed AFDCS architecture design, by focusing 
on the final business target that is the control 
software certification for the creation of 
interoperable Commercial Off-The-Shelf (COTS) 
fuel components, by following hardware-software 
integration standards [7,8]. 

The information gathered from the testing and 
validation of the prototyped AFDCS 
implementation, impacts directly on the initial 
SDLC phases; requirements and design. This 
feedback on the SDLC V-model helps to refine 
AFDCS architecture by collating hardware-software 
integration resources such as requested minimum 
execution platform, and estimating safety-critical 
design performance such as time response of end-
to-end information flow.  

Figure 1 presents a simplified SDLC V-model 
for AFDCSs in which the development stages taken 
into account in this research work are enclosed by 
dash line. The input data for refining the AFDCS 
architecture comes from the above experimental 
prototypes and they are represented on the right 
branch of the SDLC V-model in Figure 1. This data 
collection involves software size budget and power 
consumption as hardware platform demands, and 
real-time processing capacities which aid to model 
AFDCSs by supporting MBSE. 

 

Figure 1. Ongoing Research Scope on the SDLC 
V-model for AFDCSs 

 The Architecture Analysis & Design 
Language (AADL) [9] was selected as description 
language for modeling the AFDCS architecture. It 
was initially named Avionics Architecture 
Description Language. It is a standard which 
supports MBSE, and was basically developed for 
modeling and design analysis of runtime 
architectures for computer-embedded software 
systems. It mainly facilitates the analysis of 
security, real-time performance, availability and 
reliability, data quality, and resource consumption 
[10]. Besides, AADL is perfectly suitable for 
AFDCSs since it allows deploying software models 
on different computer resources for reconfigurable 
distributed control applications [9]. 

The rest of this paper is structured as follows. 
Section 2 presents the research background 
established by SmartFuel and Section 3 reviews the 
current literature related this research work. Section 
4 shows why AADL was chosen for modeling 
ADFCSs. Then, Section 5 develops a particular 
case of AADL modeling for ADFCSs; helicopter 
fuel system by focusing on the implementation of 
networked Smart Fuel Components (SFCs) and 
Section 6 presents the conclusions about the work 
developed. Last Section describes the future 
research directions. 

2 Background 
This Section summarizes the ADFCS 

architecture concepts followed by the Project 
SmartFuel. An explanation more detailed can be 
found in previous publications [6,11]. 

Classical avionic fuel management systems 
have currently a centralized structure, with point-to-
point connections between a central computer and 
each fuel system component. This system 
architecture involves a lot of wiring and a central 
computing controller to manage the fuel system, 
demanding a lot of wiring which means a 
considerable amount of cables. SmartFuel proposes 
a new distributed fuel system generation without a 
central computer, the use of a fieldbus and the so-
called “smart fuel components” (Figure 2). This last 
term was defined by the above project to name the 
conventional mechanical fuel components (valves, 
pumps, sensors) with limited and specific skills that 
allow them making decision by themselves when 
carrying out common operations.  
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Figure 2. New Fieldbus-Based Architecture for 
ADFCSs  

SFCs typically extend the functionality of 
conventional fuel components by having adaptive, 
auto-diagnosis and reconfiguration features. 

Being based on a fieldbus the wiring is 
simplified; it provides less weight, a lower 
possibility of problems in the connections, easier 
maintenance and a simpler system. Besides, this 
network topology allows deploying distributed 
control applications on the different system’s 
devices, which are better fault-tolerance by nature. 

The fuel movement in the ADFCS was clearly 
specified by the project SmartFuel to test and 
validate the system. Three operation modes were 
taken in account to make tests on the fuel system. 
They are pressure refueling, engine supply, and 
transfer. The first one is related to the filling of the 
thanks, the second one is related to the feeding of 
the engines, and the last one is to move fuel among 
subsystems of fuel tanks (e.g. fuel balance). 

Knowing the fuel system operations, the 
physical behavior of each system component was 
defined by automata where the states are possible 
physical states of the fuel component (for instance, 
a pump has two states: “stopped” or “running”), and 
transitions were defined by conditions and 
operation modes of the fuel system (for instance, a 
tank is full when refueling, etc.). The automata 
control logic was implemented by software code 
which is the control software of each SFC. 

The control software (the same one for all the 
SFCs) besides allows the SFCs can communicate 
with others for coordination and cooperation, 
configure and reconfigure themselves, and be 
autonomous to work regardless of other SFCs. For 
instance, when a SFC fails, the rest of them knows 
this failure, and recognize themselves it acting in 
consequence to make up for this failure. 

The communication among SFCs is 
accomplished by sending fixed-structure data 
(named state vector) where are mapped all of the 
system and component states. Every SFC sends the 
state vector to the rest of the SFCs. Thus, all of 
them know the system states and the states of the 
other SFCs in the system. 

According to SmartFuel development, the 
SFCs are autonomous entities based on holons that 
are able to cooperate for common goals, reorganize 
themselves and create an open system by accepting 
other holons. It creates a holonic development base 
platform for ADFCSs. 

3 Literature Review 
Recent research works demonstrate that 

Model-Based Engineering (MBE) or Model-Based 
System Engineering (MBSE) is effective for 
automated design analysis and provide benefits 
such as risk reduction through early and repeated 
analysis of system architectures, cost reduction 
through fewer system integration problems and 
simplified life-cycle support, foresight of system-
wide impacts of architecture chosen, and 
confidence increase since the assumptions made on 
modeling can be validated in the operational 
system. MBE is rightly suitable for avionics, 
automotive, robotics, medical devices, and any 
software-intensive system which performance 
demands dependability, availability, security, and 
other safety-critical requirements [9]. 

There some previous research works [12 -14] 
on avionics system engineering by utilizing UML 
architecture models and that were developed under 
a model-driven approach. 

AADL, which is a MBE-compliant approach, 
lowers costs in development and maintenance 
through key issues of the architectural design. They 
are well-defined architecture documentation based 
on a accurate syntax and semantics, a single 
architectural model of multi-contractor systems that 
supports multiple analyses, effect evaluation of 
architectural choices, early and life-cycle tracking 
of modeling and analysis, system structure analysis 
and runtime behavior rather than functional 
behavior, and complement to reference 
architectures and component-based or product-line 
development [15]. 
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The central AADL website [16] is a right 
reference to find all the information needed to deal 
with AADL-based developments. There are 
basically examples of applications, case studies, 
tool resources, documentation, and partnership 
networking. More AADL application cases can be 
found in the Software Engineering Institute (SEI) 
websites [17,18]. Also the website of the Society of 
Automotive Engineers (SAE) can be visited to 
know the standard documents released [19,20]. 

European research projects significantly 
contributed to the AADL. The European Aeronautic 
Defense and Space Company (EADS) Germany 
investigated the AADL use for modeling reference 
architectures in the Allied Standard Avionics 
Architecture Council (ASAAC) program [21]. 
Under the leadership of Airbus France, COTRE 
[22] and TOPCASED [23] were two initiatives that 
worked researching on the use of AADL and UML 
2.0 for the next generation engineering processes. 
The current project leaded by Airbus France is 
about the Support for Predictable Integration of 
mission Critical Embedded Systems (SPICES) [15]. 
It is strongly oriented to AADL modeling and 
analysis for use in containers which are integrated 
to form systems. One of the principal goals of 
SPICES is to offer to system architects, software 
architects, and application designers a component-
based modeling, design, and analysis environment 
for distributed real-time embedded systems. The 
European Space Agency (ESA) in cooperation with 
Axlog through their Automated System and 
Software Engineering for Real Time applications 
(ASSERT) initiative [24], identified AADL as a key 
technology for their future. 

There are some technology companies which 
have real experience in avionics working with 
AADL. Rockwell Collins in cooperation with the 
SEI and US Army AMRDEC Huntsville did a pilot 
study on modeling and analysis of avionics system 
architectures by using AADL. This study involved a 
high-level architecture analysis by moving from a 
cyclic executive architecture to a pre-emptively 
scheduled partitioned system, and a high-fidelity 
workload analysis of a switched Ethernet LAN. 
General Dynamics investigated the use of AADL 
for capturing the characteristics of a Plug-and-Play 
architecture of Weapons [25]. 

University of Pennsylvania and Fremont 
Associates under Small Business Technology 
Transfer (STTR) funding, are researching on formal 
analysis of AADL models through AADL 
integration with Algebra for Concurrent Shared 
Resources (ACSR) and CHARON [26], to 
modeling language for hybrid state machines. 
University of York is involved in a Defense & 
Aerospace Research Partnership (DARP) with BAE 
Systems and Rolls Royce, by focusing on MBE for 
high integrity real-time systems. 

4 Model-Based Architecture Analysis 
A common architecture model with analysis-

specific information can be efficiently driven by 
MBE since changes on a unique model are reflected 
in other analyses. AADL was developed for 
evaluating the impact across multiple analyses with 
only one common model. 

4.1 Architecture Analysis & Design Language 
AADL story says it was created from different 

major areas [27]. The main development concept 
comes from the MetaH language. It was developed 
by Honeywell Labs and tree DARPA programs 
[28]. It was utilized in many experimental projects 
by Honeywell, Army and SEI, Carnegie Mellon 
University [29]. Other languages developed by 
DARPA and the industry, and experience at SEI by 
Dr. Peter Feiler leveraged the AADL design. 
Expertise with UML and HOOD/STOOD [30] was 
also leveraged to validate concepts, provide 
industrial integration and solutions. Members of the 
SAE committee also contributed to develop AADL. 
Many AADL features were contributed by US and 
European companies through industrial needs for 
aircraft and real-time systems. Contributions were 
carried out by university researches and industrial 
pilot programs that adopted AADL as a way to 
express and analyze performance of safety-critical 
system architectures, and then automate the system 
development integration. 

AADL as standard version 1.0 was published 
in November of 2004 [19] by SAE as AS5506. 
Later, annexes were published in June of 2006 [20]. 
These annexes include Graphical AADL Notation, 
AADL Meta-Model/XML Definition, Programming 
Language Guidelines, and Error Modeling. 

 
 5.C.5-4 

Authorized licensed use limited to: Univ Complutense de Madrid. Downloaded on July 11, 2009 at 06:53 from IEEE Xplore.  Restrictions apply.



4.2 AADL Compliant Tools 
There are some open source tool solutions 

which allow modeling and analyzing systems. The 
SAE AADL accommodates the SEI Open Source 
AADL Tool Environment (OSATE) [31], which 
provides a low entry-cost solution based on Eclipse 
and the Eclipse Modeling Framework (EMF). 
OSATE is now jointly released with the 
TOPCASED tool environment [23]. The Furness 
toolset from Fremont Associates integrates and 
enhances several open-source tools to create a 
single unified environment for design, analysis and 
implementation of embedded systems [32]. There 
are also some commercial tool solutions. ElliDiss 
has enhanced the commercial HOOD/STOOD tool 
environment [30] to support AADL. There is a 
UML tool environment extension based on UML 
profile leveraged by ILogix, Rational, and Artisan. 
There other AADL tools such a trial version of 
ADeS [33] developed by Axlog, ANDES 
(Analysis-based DEsign tool for wireless Sensor 
networks) is built on top of AADL and OSATE for 
modeling and analyzing wireless sensor network 
systems before deployment. Currently ANDES has 
analysis plug-ins for target tracking analysis and 
communication schedulability analysis which work 
on AADL system models with differing levels of 
detail. The ANDES tool has been developed at the 
University of Virginia by professors Sang H. Son 
and John A. Stankovic, in a collaboration project 
with SEI. Cheddar [34] is a free real-time 
scheduling tool, designed to check task temporal 
constraints. Ocarina [35], an effort by ENST in 
France to develop verifiable distributed 
middleware, uses AADL for modeling the 
application as well as the middleware. The 
Assumption Management Framework (AMF) was 
developed by Ajay Tirumala in his Thesis [36]. 

4.3 AADL Modeling 
AADL models through component 

abstractions. The AADL component abstractions 
are divided into three categories [37]: 

• Software application: thread, thread 
group, process, data, and subprogram. 

• Hardware platform: processor, memory, 
device, and bus. 

• Composite: system. 

Properties can be added to the component 
abstractions to analyze interest points, once the 
architecture was captured in AADL specifications. 
AADL includes runtime semantics for exchange 
and control mechanisms of data such as message 
passing, event passing, synchronized access to 
shared components, thread scheduling protocols, 
timing requirements, and remote procedure calls. 

4.4 AADL Analysis 
With the component-oriented model, the 

analysis studies the interaction among components. 
AADL components interact exclusively through 
well-defined interfaces. A component interface 
consists of data ports for unqueued state data, event 
data ports for queued message data, event ports for 
asynchronous events, synchronous subprogram 
calls, and explicit access to data components. 

 AADL mainly facilitates [38] the analysis of:  

• Real-time performance: timing and 
concurrency at the execution time; 
deadlines, deadlock and starvation, and 
response in time for system partitions 
such as end-to-end flow latency. 

• Availability and reliability: hazard and 
risk analysis such as Fault and Event 
tree, check lists, Mean Time Between 
Failures (MTBF), Failure Mode and 
Effect Analysis (FMEA) and Criticality 
Analysis (FMECA), Hazard and 
Operatibility Studies (HAZOPS), and 
Markov. 

• Data quality: temporal data consistency; 
data precision and accuracy, temporal 
correctness, and confidence. 

• Resource consumption: resource 
budgeting such us network bandwidth, 
CPU processing time, power 
consumption, and memory space. 

• Security: intrusion, integrity, and 
confidentiality in distributed data 
processing. Some example of 
confidentiality frameworks are Bell-
LaPadula for military applications and 
Chinese wall for commercial 
applications. 
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5 Model-Based Design Analysis 
This Section develops the model design 

analysis for a particular ADFCS case study: 
Helicopter Distributed Fuel Control System 
(HDFCS). 

5.1 Helicopter Fuel System 
Figure 3 shows a schematic top view of a 

helicopter fuel system. There are two subsystems. 
One of the subsystems consists in tanks 1 and 3; 
both tanks are connected through a pipe for 
gravitational fuel transfer. The other subsystem 
consists in tanks 2 and 4 which are also connected 
through a pipe. There is a refueling inlet for both 
subsystems, at the bottom right corner in the figure, 
which ends in two refueling valves (RV1, RV2). 
Engine supply is provided by tanks 3 and 4 through 
supply pumps SP1 and SP2. Both subsystems are 
connected using a bidirectional fuel transfer system 
consisting on balance pump BP and balance valve 
BV (for fuel balance). The transfer mode is 
activated when RV1 fails (pressure refueling mode) 
or SP1 fails (engine supply mode) to transfer from 
subsystem 2 to subsystem 1. Each SFC is connected 
to CANBus [39], which is the fieldbus chosen to 
exchange information among devices. 

PRESSURE 
REFUELING

ENGINE 1

TANK 1

TANK 2

TANK 4 TANK 3

RV2

FGT2 RV1

FGT1

FGT4

HLS

LLS

FGT3

ENGINE 2

SP1SP2

BV BP

CAN / TTCAN Bus

FMC I/OCDU CANBus

Subsystem 1

Subsystem 2

CDU: Control Display Unit
 

Figure 3. Helicopter Fuel System Layout 

helic

art Fuel Components 

C

Table 1 shows the list of SFCs for this 
opter fuel system.  

Table 1. List of Sm

omponents Description 
FMC Fuel Management Controller 
BV Balance Valve 
BP Balance Pump 
SP1 Supply Pump 1 
SP2 Supply Pump 2 
RV1 Refueling Valve 1 
RV2 Refueling Valve 2 
FGT1 itter 1 Fuel Gauge Transm
FGT2 Fuel Gauge Transmitter 2 
FGT3 Fuel Gauge Transmitter 3 
FGT4 Fuel Gauge Transmitter 4 
HLS High Level Sensor 
LLS Low Level Sensor 

5.2 Modeling and Analysis of the HDFCS 

carri
-

is procedures are 
plac

els 

. One 
for t

S 

n 

tency 
anal

The HDFCS modeling and analysis was 
ed out by the AADL engineering tool 

developed at SEI. It is a plug-in in the Eclipse
based OSATE environment. 

The modeling and analys
ed on the first of steps the SDLC V-model; 

requirement specification and design stages. 
Modeling consists in the creation of system mod
by using OSATE tool according to the data 
collection from the HDFCS specifications.  

A couple of system models were created
he HDFCS software application that consists in 

several process blocks interconnected to exchange 
information (state vector) each other. The other 
model is the execution platform which involves 
basically microcontrollers that execute the HDFC
application. The HDFCS software application 
modeled represents the entire control software 
deployed on the different SFCs. The execution 
platform is the hardware utilized for each SFC i
which the above application is embedded. 

The resource consumption and flow la
ysis capabilities are provided by the HDFCS 

architecture resources and flow latency analysis 
from the plug-in OSATE environment.  
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 it is time-sensitive. It mainly depends on the 
delay of physical transducers, hardware platform 
and the responsiveness of the control algorithms. 
The software real-time performance analysis takes 
into account the end-to-end latency between senso
and actuator by analyzing the different flow 
latencies involved. AADL has an expressive power 
to model signal streams as end-to-end flows and 
data-driven processing as periodic and non-periodic 
threads that communicate through sampling data 
ports and queued event data ports [40].  

The resource consumption and latency analys
are carried out with input data from lab p

ough they are simplified prototypes, the 
estimation helps to the implementation of final 
SFCs by suggesting the minimum hardware 
platform requested and the real-time performanc

5.3 Hardware Resource Consumption 

system platform hardware and all the hardw
rces demanded by the application, and it then 

compares the totals. The hardware resources are 
processor capacities in term of processing speed 
measured in Million Instructions Per Second 
(MIPS), the memory capacity (RAM, ROM) in 
term of size measured in bytes, and network 
capacity in terms of bandwidth measured in bits 
seconds (Bps). 

Detailed system application architecture 
usually has diffe

e, have subcomponent resources. These 
resources are typically processor, memories, and 
networks. For example, a component can be a 
controller that has subcomponents such as process
and memories. 

The OSATE tool resource analysis adds up the 
entire hardware 

omponent resources and proprieties 
(MIPSCapacity, RAMCapacity, ROMCapacity). 
Then, it compares them against the resource budget 
demanded by the application that can be deployed
totally or partially on the component resources. The 
result can be that the resource budget is bigger than 
the available resource. In such a case, extra 
hardware resources are requested. 

The available bandwidth is determinate
network capacity and it is specified

riety BandWidthCapacity. Bandwidth budget 
specification is declared by the OSATE propriety 
BandWidthBudget in connections among 
architecture models such processes, threads, etc. 
The resource analysis tool adds up all the 
bandwidths demanded by the application and 
compares them with the real network capacity. 

The above analyses are a right methodolo
review the results obtained from the HDFCS 

types. However, design specifications were 
already utilized to build the prototypes which 
consumed some hardware resources. They are now
used as input data for analyzing and reviewing the
system architecture by specifying minimum 
hardware platform requirements. 

Figure 4 depicts a schematic HDFCS mo
The two top layers (software appli

ware platform) are modeled in AADL and 
considered for the hardware resource analysis. The
application is broken off in pieces that are the 
control software of each SFC. Every control 
software piece is deployed on individual control 
hardware assigned to each SFC and is part of th
distributed control software application that runs 
all controllers and supplies the logic that makes 
possible the system performance. The control 
hardware is linked each other via CANBus, 
providing the communication among SFC contro
software and it is also connected to a mechanic
fuel component by linking the inputs/outputs to the
mechanical fuel components. 
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Figure 4. Analyzed HDFCS Model 
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The deployment and the execution of SFC 
control software demand a resource budget that is 
provided by the control hardware (CHW) and the 
CANBus. The modeling and analysis can be 
simplified by dealing with application model 
notation replicated many times as control software 
(CSW) is the same for every SFC. 

Table 2 and Table 3 summarize the resources 
involved in this hardware resource analysis by 
considering the information collected from the 
laboratory prototypes (second platform version).  

Table 2. Allocation Resources  

RAM 
ta 

 
) 

 
Working 

Speed 
ROM 

Code Size Da

(MIPS) (Bytes) Size
(Bytes

HW2 
Capacity 
(1 CHW) 

2.5 65536 3328 

HW2 Total 
Budget 

(13 CSWs) 
32.5 851968  43914 

SW Budget 
(1 CSW) 1 8418 185 

SW Total 
Budget 

(13 CSWs) 
13 109434 2405 

Minimum 
HW2 

(1 CHW) 
1 10240 

(10 Kb) 254 

Table  Bu ces 

r 
Consumption 

) 

ndw
(Kbps) 

 3. Switch

Powe

s Resour

Ba

 

idth  
(mW

Switch Bus 50 60 (1 SFC) 
Switch Bus 

650 60 Total 
Budget 

Switch Bus 5600 1000 Capacity 
Minimum 
s  witch bus 650 60 

The information provided protot
im on was utilized as reference to m
the HDFCS , for 
the protot oftware 
applica ion fits into ware re

The results giv e OSATE tool suggest 
t hardwar quired (per CHW) to 
ex istribute trol software ication. 
T ed in the row at the bottom of 
the  and Table s the resource manded 
are w in Table 2 and current hardware 
technologies are very powerful at reasonable costs, 
th logica eased in ord atisfy 
future control software enlargement. For example, 
if software redundanc equested, it increases the 
ha

rate 
 the 

 

tween the fuel level 
mea ished 

CAN 

. The most 
relevant result obtained is the worst case for the 

orked 
proc  

e 

 by the ype 
odel plementati

with the OSATE tool. Obviously
ype, the budget demanded by the s

t  the hard

en by th

sources. 

he minimum e re
d conecute the d appl

hey are show
Table 2

 clearly fe
 3. A s de

ey could be lly incr er to s

y is r
rdware requirements. In Table 3, the power 

composition depends directly of the amount of 
CAN nodes. In this case, for example, the power 
minimum could be increased at double if hardware 
redundancy is considered. The minimum network 
bandwidth showed in Table 3, is the transmission 

utilized in prototypes which CANBus easily 
reaches by keeping the real-time performance of
HDFCS (see next Subsection). 

The resource analysis is the first step to 
determinate the hardware platform approach. It has 
to be taken as a reference that estimates the 
minimum hardware resources requested by the 
HFDCS. It does not mean the real HFDCS building
should implement this sized hardware. 

5.4 Software Real-Time Performance 
The software real-time performance analysis 

considers the latency study of the information flow 
in the data-driven processing chain formed by 
controlling processes and controlled fuel 
components. The study focuses particularly on a 
couple of end-to-end flow latency cases. It involves 
the response time calculation be

surement (sensor) and the action accompl
(actuator) when the event-triggered (CAN) and 
time-triggered communication protocols (TT
[40]) are utilized. 

The real-time analysis is useful early in the 
SDLC to estimate the real-time response

end-to-end flow latency. In the case of netw
esses, changes in the communication hardware

infer directly in the total latency. If the latency 
results already exceed highly the requirements, 
changes on the hardware platform should be done. 
If the latency results are close to the response tim
requirements, maybe some adjustments on the 
application architecture may fit the latency desired. 
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This end-to-end latency analysis can be 
accomplished at different levels of fidelity. For this 
analysis a high fidelity level has been chosen. It 
involves the representation model defined by the 
threads’ latencies. 

HDFCS drives tree different types of events.
Periodic events triggered by sensors to inform the 
fuel level. Aperiodic events triggered by actuator
to response to the actions requested. Sporadic 
events triggered by operator to indicate the 
operation mode and also failures on SFCs.  

HDFCS is a safety-critical system which 
demands hard real-time response with processing 
time between 0 and 10 ms. For this analysis the 
pressure refueling under normal conditions is 
considered.  

 

s 

Figure 5 shows the latencies involved to 
analyze the sensor-actuator response time for the 
HDFCS with CANBus for a normal pressure 
refueling by considering only a reactive couple 
sensor-actuator. 

 

Figure 5. End-to-End Flow for the Sensor-

 
and 

is data-driven processing is 
modeled in AADL by event data ports, a periodic 
thread triggered by timer, and two aperiodic threads 
whose dispatch is triggered by the data arrival. The 
event data is triggered within the process 
CSW_FGT through thread send_level that reads the 
sensor and sends the fuel level data. The event data 
arrival triggers the execution of thread 
compute_level inside process CSW_FMC, which in 
turns triggers thread update_level. The update_level 
completion triggers thread control_valve inside 
process CSW_RV.  

sensor a sing 
chai

ch 

esources 

 
el, update_level, 

cont

e 
the 

 

ncy 

Actuator Latency using CANBus  

The fuel level computation involves basically
tree SFCs: FGT (sensor), FMC (fuel computer), 
RV (actuator). Th

Thus, the total end-to-end latency between 
nd actuator is calculated by the proces

n determined by the sensor, CSW_FGT 
process, CAN, CSW_FMC process, CSW_RV 
process, and the actuator (valve).  

The best-case latency is when there is not 
delay in the communication between sensor and 
actuator. It means the sensor can communicate 
immediately the fuel level to the FMC whi
communicates forthwith the new state for the 
actuator. The worst-case latency is when the 
maximum delay is produced by all the r
that are involved in the communication. In this case, 
it is determined by sampling period of the periodic 
thread (send_level), the deadline of the aperiodic
threads (compute_lev

rol_valve), and the maximum delay in the 
CANBus to send data packets.  

Table 4 shows the results obtained for th
worst-case and best-case latency analysis using 
fieldbus CANBus. 

Table 4. Latency Calculation using CANBus

Latency 
Worst-case 
flow latency 

(us) 

Best-case 
flow late

(us) 
Sensor 0 0 
FGT 

(send_level) 20 20 

CAN latency 4266 2133 
FMC 

(compute_level) 400 50 

FMC 
(update_level) 500 50 

CAN latency 4266 2133 
RV 

(control_level) 120 30 

Actuator 0 0 
Total latency 9572 4420 

The sensor and a nsi al 
with null latency sin or
worse-case sampling late  calculated
know sors are sen g the fuel level which 
can ca ueue of 4 me means a latency 
of e case of FMC worse  
se besides ized inco
queue, an ext g

ered. 

ctuator are co
ce it is very sh

ncy is

dered as ide
t. The FMC 

 by 
ing 4 sen din
use a q

 400 us. For th
ssages. It 

 the -case
nding latency, 

ra outgoin
 the 4-s
 queue of a size of 2 

ming 

messages is consid
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The CAN messaging time is calculat
according to its Transmis ate (TR) w  is 60 
Kbits/s approximately in ypes. It means 2.133 
ms are ary to send an 8-packed data (SV) into 
a CAN frame which totals up 128 bits. Its worse-
case calculated by assuming a nu ber of 
co o 1 coll ince the p  
d

y is 
st 

ame scenario than Figure 
5 bu sses. 

 

ed 
hichsion R

 protot
 necess

 latency is m
llisions equal t

ispa
ision s eriodic

tch of FGT messages were separated each 
other. The RV worse-case latency can also 
accumulate a 4-sized message incoming queue. 

After analyzing the latency processing, the 
result obtained shows that the hard real time 
behavior is kept by the HDFCS. The total latenc
9.572 ms for the worse-case flow latency (lowe
row of the first column in Table 4). 

Figure 6 shows the s
t using TTCANBus to interconnect proce

In this case, the data-driven processing is 
conditioned by the synchronic fieldbus. It infers 
directly on the event chain propagation by 
determining the time when events are notified and
establishing a turn to send data for each SFC. 

 

Figure 6. End-to-End Flow Latency fo
Sensor-Actuator using TTCAN 

Using TTCAN, the response time is stron

r the 

gly 
influenced by the Time Window (TW) defined. The 
TW must be longer than the time to send a message 
which depends on the TR. Thus, TW is equal to 128 
/ TR. TTCAN also infers on the sensor processing 
time which is now expected to be within the period 
established by TW. 

Table 5 shows the results obtained for the 
worst-case and best-case latency analysis when 
using TTCANBus. The best-case latency considers 
FGT, FMC and RV1 TWs one after the other. 

Table 5. Latency Calculation using TTCANBus 

Latency 
Worst-case 
flow latency 

(us) 

Best-case 
flow latency 

(us) 
Sensor  0 0 
FGT 

(send_level) 20 20 

TTCAN latency (128 / TR)*5 (128 / TR)*2 
FMC 

(compute_level) 50 50 

FMC 
(update_level) 50  50 

TT  CAN latency (128 / TR)*7 (128 / TR)*2
R

(co  V 30 30ntrol_level) 
Actuator  0 0 

Total latency 1536/TR+150 512/TR+150 
The worse-case latency considers that the FGT 

and FMC TWs are separated as far as 4 TWs since 
there are 4 FGTs. The separation between FMC and 
RV1 TWs is 6 TWs since there are 6 actuators. One 
more y 

 
 hard 

real time behavior is still kept by the HDFCS when 

from the total latency -ca
laten e 5. A m  
is im ce the w
allow  accurate c tion of the t data 
mana nd processin ime. This 
configuration ong messages. 

6 Conclusion 
AADL ported by the most 

important avionics compa was utilize
r yze a particular case of AFDCS. 

e n  
same AADL model, the a ation of thi
m useful t ggest the m um 
hard rm required for the implementation 
of as c  
re

 TW must be added for the TTCAN latenc
calculation due to the messaging time. 

After analyzing the latency processing with the
OSATE tool, the result obtained shows that the

TR is not over 156 Kbits/s. This estimation comes 
 for the worse
lso, the real-ti
 HD  is no

se flow 
e performance
 dete istic 

cy in Tabl
proved sin FCS

al la
rmin
 e ning more

g t a
cu
g t

ve
emen

 avoids collations am

The standard sup
nies d to 

eview and reanal
As part of an archit cture refineme t that shares the

pplic
o su

s 
inimethodology was 

ware platfo
 a HFDCS. It w
al-

also helpful to onfirm the hard
time performance of this HFDCS by studying 

two cases of communication protocols; event-
driven (CAN) and time-triggered (TTCAN) 
fieldbus for exchanging data among SFCs. 
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7 Future Research Work 
Next research directions will include 

exten

t 

formation 
d 

distributed data concurrency studies. 

stem integration, the chance of 
merg

 as 

 on 

[1] J. Estefan, 2007, Survey of Model-Based 
odologies, 
rt, Jet 

Prop  of 

 in 

traint-Based 
Desi

 

 Increases 
Conf le 

sions on real-time performance analysis for 
the HFDCS such as event-triggered and time-
triggered response for different system 
configurations. The analysis expansion will also 
reach to other nonfunctional features. The mos
important studies for the future focus on the 
availability and reliability of the HFDCS by 
following the way toward the certification. It also 
will involve hazard and risk analyses, in
security transmitted, confidence in data quality, an

Addressing sy
ing the HFDCS to IMA platforms for real-

scaled implementation will be a challenge as well
the integration of a computer development tool for 
generating code automatically [41]. 

Integrated development solutions based
AADL which includes more detailed hardware 
specifications and description of the mechanical 
controlled system will be studied such as a SDLC 
V-model for mechatronics developments. 
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