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Summary

Goal of the GAIUS project was to create a new winthel automation system in which the various sstesys of
a wind tunnel can be integrated and automaticalhtrolled. Here, the core choices made in the desi@sAIUS
are described and justified.

The interactions between DNW personnel and the GAdystems are categorized. The following peoplegjo
have most interactions with GAIUS:

DNW Management
DNW Project Engineers
DNW System Installers
Tunnel Operators

DNW software developers

Their needs are summarized, and from them archbiegrinciples are extracted, which would lead suecessful

system:
1.
2.

w

N oo g &

Use of Open Software

Use of Python as the core programming language
Use of industry standards

Use of the GAIUS bus

Use a standard module interface

GUI's are separate components

All wind tunnel hardware is simulated

These principles are used to form the actual achital design, which is presented.
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List of abbreviations

DNW Duits Nederlandse Windtunnels (German-Dutchdaiunnels)

GAIUS Generic Automated Integrated Universal Syster wind tunnels

NLR Nationaal Lucht- en Ruimtevaartlaboratoriumafidnal Air & Space lab)

DLR Deutsches Zentrum fur Lift- un Raumfahrt (Gameenter for air and space travel)
SST Super-Sonic Tunnel

KRG Kryo-Rohr-Windkanal Géttingen (Cyro wind tuni@sttingen)

BOM Bill Of Materials

GAS General Automation System

TOPAC Test Object Position and Attitude Control

MMI Man Machine Interface

WDF Wind tunnel Data Format

APROPOS Aerodynamics Processing and Presentatien-@pded System, DNW data presentation system
RTPS Real-Time Publish Subscribe protocol

SOAP Simple Object Access Protocol: A protocokpftised in middle-ware layers.
CORBA Common Object Request Broker Architectureniéldle-ware layer.

DCOM Distributed Component Object Model: A propaigy Microsoft middle-ware layer.
(G)UI (Graphical) User Interface
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1 Introduction

11

DNW

Duits Nederlandse Windtunnels (German-Dutch winthals, DNW) is an organization that owns and opsrat
wind tunnels. It is a joint venture by the Dutcld@erman research institutes NLR & DLR.

DNW is responsible for the maintenance of the wiinthels, the acquisition of wind tunnel researchtiaets, the
preparation and execution of wind tunnel experima@md the processing of experiment data.

Wind tunnels are extremely powerful, sophisticatethines. To illustrate:

The Super-Sonic Tunnel (SST) facility has a presssontainer of 600 frat 150Bar pressure. This
pressure is released in 20 seconds, reachingspeatt of Mach 4. It generates one of the strongest
sound in Europe, with oscillations of 0.8 Bar.

Some wind tunnels are capable of power changesciess of AMW/s. These tunnels are capable of
causing a major blackout if actions are not coatdid properly with power companies.

The Kryo-Rohr-Windkanal Géttingen KRG (cryo fagjlittonsumes one truckload of liquid Bvery few
minutes at full operation.

Models being tested are positioned with an accuch€®y01 degree, at loads of e.g. 70kNm.

Some experiments are conducted with high powerdabat charge the air so that pressure variations
cause light to be emitted. In other experimentpltits in aerosols are tracked to determine airflows

Priorities for DNW during measurements are:

1.

2
3
4.
5

Safety of the people involved.
Safety of the facility itself.

Safety of the model under test.
Quality of the measurement results.

Being time-efficient.

The technology needed to perform experiments caotigtehanges. Thus, the tunnel systems need tohstantly
modified and updated to accommodate new experiméxtsn specialized equipment is needed to perform
specific tests.

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 7
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1.2 Goals for the GAIUS project

Operator

GAIUS System

Data
Acquisition

Facility
Control

The Generic Automated Integrated Universal Systamvind tunnels (GAIUS) project was initiated by BNn
order to develop a new automation system thatiiateg all the various systems needed to operatechtunnel.
GAIUS is intended to be used in all DNW wind tursyeéb achieve the following goals:

* Haveaunified approach to operating a wind tunnel, to better facilitate exchanges of people and
instruments.

* Improving wind tunnel efficiency by allowing experiments to be automated throughbripting
language.

* Improving wind tunnel accuracy: by interconnecting the various systems in a winthel, higher-order
control loops can be made than when the systemscai@nnected.

1.3 People interacting with GAIUS

In the DNW organization, people will interact wiBAIUS in various ways. To better understand the G2\l
system, the people interacting with it will be gped inroles. Each role views the GAIUS system in a particular
way.
The DNW roles that have most interaction with th&lGS system are:

Management. This role is responsible for directing the pedpl®NW, and allocating funds. Also, they

are responsible for the profitability of a wind hah, and the short and long term operation of the
facilities.

Project Engineer. This role is responsible that the right experiteeare executed. Together with the
DNW customer, they will prepare a test series, stipe the execution of the tests, and present the
measurement results.

System Installer. This role is responsible for maintenance of tlsystems, and also for the preparation
/ modification of the models to be tested.

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 8



.
m Architecture Description @
A

Tunnel Operator. This role is responsible for the actual operatibthe wind tunnel. The experiments
must be performed as desired by the Project Engimdglst maintaining high standards in safety, lgya
and efficiency.

DNW Developer. As the types of experiments and the technology tig perform them constantly
change, software changes such as interfaces teystems need to be made constantly. DNW has
developers capable of making these modifications.

14 Approach of this document

In this document, first the manner in which theesointeract with the GAIUS system are studied. Tkies core
principles underpinning the GAIUS system will bepkned and justified from the ways the roles iatewith
GAIUS, and their specific needs. Finally, the tachhdecomposition of the GAIUS system will be give

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 9
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2 System Roles

In this chapter, the ways in which DNW interactshwthe GAIUS system will be further explained. Frame
interactions, the main requirements of GAIUS anévee. In the next chapter, this analysis will sd to
determine the core principles underpinning the Gakystem.

The interactions with GAIUS were investigated usiing different views of GAIUS. The views of theléling
roles will be investigated:

* Management

* Project Engineer
e System Installer
e Tunnel Operator

« DNW Developer

2.1 Role: Management

2.1.1 Description

DNW management is responsible for the long termsimmt term running of the wind tunnels operatedbiV.
It is responsible for short-term planning & optieiion of operations, and the long-term maintenahace
improvement of DNW services.

2.1.2 Activities

* Assigning personnel

e Scheduling of wind tunnel experiments

¢ Financial management of wind tunnels

e Training & development of personnel

« Improve co-operation between wind tunnels

e Marketing of wind tunnel services

2.1.3 Interaction with GAIUS

Management interaction with GAIUS is largely inditeexcept for expenses due to GAIUS-related ptsjec
Indirectly, management interacts with GAIUS in fhBowing ways:
* Management needs to take care that people havedb@ed skills & knowledge to work with GAIUS.
e The efficiency of a wind tunnel is improved by usiBAIUS.

*  When deploying GAIUS in a wind tunnel, time neeal®¢ allocated for testing.

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 10
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» Due to the capabilities of GAIUS, new possibilitae created which influence the market value ef th
wind tunnels.

*  When maintaining a wind tunnel over a long peribtirae, systems become obsolete and need to be
replaced with updated systems. The GAIUS systent faaditate this.

Especially for wind tunnels that are in high demasade must be taken that the down-time due taliasion or
maintenance of GAIUS-related systems is as smalbasible. Step-wise implementation is essentiactieve
this, as well as verification of the GAIUS systamai simulated environment.

2.2 Role: Project Engineer

2.2.1 Description

The project engineer is responsible for the desfggxperiment execution procedures. Because thesiments
are very costly, they need to run with little ordelays and yield the maximum amount of informatibine
project engineer designs a recipe for the expetisnremthe wind tunnel is configured correctly toaswre and
record the parameters of interest , along withtlal process parameters.

After experiment completion, the results will beadable in a format that can be used by the custdare
modeling and presentation of the information. Thgget engineer sees to it that the customers sarthis data
as input for further analysis.

2.2.2 Activities

The project engineer will perform the following kasefore the execution of the experiment:
» Verify that the necessary data is available asthe of the experiment.
e Verify that the data is correct.
e Create the program for the wind tunnel parametelsetapplied during the experiment.
« Verify that the execution of the experiment is pbglly possible.
» Assure the experiment does not damage the equiponéimé testing materials.
e Check that during the experiment, all necessary damh be measured.

« Make an estimate of the results that can be exgecte

When the experiment has finished, he should betahperform the following tasks:
e obtain the measurement data
e obtain the data recordings of process

e convert the data to a format that can be usedrfalyais and presentation

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 11
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2.2.3 Interaction with GAIUS

The GAIUS system contains a preparation moduleghables the project engineer to create a recipe fo
experiment execution. This module runs in a saférenment, not directly linked to the wind tunnkllere the
input parameters for the wind tunnel are determthatwill applied during the experiment. The getmef the
object being tested is entered into this moduleoAhe positions of the sensors on the surfadeeofrtodel are
entered.

The preparation module automatically determinedithiés for the input parameters for the wind tuhrighe
positions and movements that are planned for teewion are checked to assure that these are physic
possible. The preparation module saves the parasreatel data in a format readable for the wind tunne

The GAIUS system contains a simulation module tisats the recipe as input and performs the test in a
environment with simulated hardware. This modustst¢hat the data is correct and that the tesbeaagxecuted.

The GAIUS system contains the “GAIUS bus” for tlemtrolling of the test and the acquisition of ttatad The
GAIUS bus records the data during the executiahetest. The data is stored in “WDF” format — stendard
format for wind tunnel data.

In the near future, the GAIUS system will be exthevith a new presentation module. The requiremfentthis
presentation module are still under discussion.tk®moment this module only contains an intertache
presentation system APROPOS. The GAIUS presentatmmiule is designed in such a way that this extensi
can be added easily.

2.3 Role: System Installer

2.3.1 Description

The installation crew is mainly occupied with thenfiguration as delivered by the project engingée required
configuration is handed over to the installatioeverwho then adapt the systems accordingly. Théguation
entails the model to be tested, the required winae! facilities, the required sensors and measemém
equipment, the necessary computer systems, andthéhe software must be configured.

When problems occur during a test, the installati@w may need to make further adjustments to sblee.

Often, the customer has additional requirementseming the way the model is treated, site seguritynputer
systems, and the handling of measurement resuiesiriBtallation crews needs to accommodate these
requirements.

2.3.2 Activities

The installation crew performs the following acties:
e Mechanically installing the model to be tested.
¢ Installing and connecting the various sensorsénntiodel
¢ Mechanically and electronically preparing the windnel systems

« Installing and configuring the necessary compuystesns

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 12
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¢ Modify the computer infrastructure (e.g. the rogtof IP packets)

¢ Replace GAIUS hardware in case of breakdowns.

2.3.3 Interaction with GAIUS

The main interaction with GAIUS for the installatiorew is the deployment of the various computstesys. For
instance, the GAIUS system needs to access theyBlem where the test data is stored. Often,ubtomer
brings his own file storage to prevent leakageeoisgtive information. The GAIUS system then needse
reconfigured correspondingly.

The installation crew needs to have a good undaisig of the way GAIUS communicates with other eyss to
do this properly.

The installation crew needs to check if the corinastof the measurement equipment are configure@ciy in
the GAIUS system.

When problems occur, the installation crew may rteatb-operate with the operator to diagnose ahasbem.
The information provided by the GAIUS system wiieh be vital.

2.4 Role: Operator

2.4.1 Description
The responsibility of the operator is to operatesgdtems in a wind tunnel, such that the requiests are
performed, and correct results are obtained. Hepavates closely with the Project Engineer.

The operator is also responsible for wind tunnédtya

2.4.2 Activities

An operator performs the following activities:
e Check that the system is ready to perform a test.
e Perform the procedures necessary to initiate, paréond complete a test.
e Monitor the systems.
* Bring the systems to a safe situation if safetgoisipromised.

« Diagnose any problems that may occur and solve .them

2.4.3 Interaction with GAIUS

The operator of a GAIUS-equipped wind tunnel wéblily interact with GAIUS.

e The GAIUS Man Machine Interfaces (MMI's) are usedheck the status of the systems, issue
commands to the system and monitor the eventeisybtem. These MMI's are essential for the efficie
operation of the system.

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 13
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* The log messages that the GAIUS system generatastal for the operator to quickly diagnose and
solve problems.

*  With the GAIUS automation system, recurring tasks be automated to improve wind tunnel efficiency
and decrease operator workload. Sometimes theageqmprameter input, for which the operator may be
queried.

* The GAS system allows some status checking andptircehandling to be automated.

As the MMI's are essential to operators, thesecarefully designed. A style-guide [5] has beenrsdiwhich
gives the accepted guidelines for MMI implementatio

2.5 Role: Developer

2.5.1 Description
The developer creates modules which will run oncibtraputer-systems. The most important issues or th
developer are:

e Create modules.

e Test modules.

e Trace and debug the modules.

For creating modules, the developer wants tookingréate modules properly. The programming-langshgeild
be easy accessible and maintained in an environwigoh has debug-facilities.

Created modules must be tested and during thesddgging should be produced by the system. Thgifa will
help tracing why errors came up.

2.5.2 Activities

The developer will need to perform the followindigities with the GAIUS system:
» Test the software in a safe environment, whereamadje can be done the tunnel hardware.
e Trace and recording events in the GAIUS system.
¢ Debug running software.

e Statically check the code.

2.5.3 Interaction with GAIUS
Developers interact with the source-code of the B3\kystem. They add modules, modify existing masjuded
then run these to improve and debug them.

A common task will be to build a bridge between G&land a new system. Thus GAIUS is a very operesyst
which is easy to interface with.

For efficient development, reuse of existing calariportant. The developer will make use of thaedsad
frameworks used to build GAIUS modules to increasaluctivity.

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 14
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After or during development, the developer wantgett and maintain the created modules. A toolsnataded in
the system which help the developers:

e Trace, logging and recording tools.
e Debug-environment.

e Tools to check code. (PyLint)

*  Simulation environment.

The possibility to simulate the module in the sgstnables detection of errors before the moduleaided in the
real-live-system.

The documentation [6] defines interfaces and contnanabling developers to quickly learn how to paogin
the GAIUS system. Also, Imtech will train DNW dewpkrs.

2.6 Summary: Key GAIUS characteristics

From the views presented above, the following Kearacteristics can be determined:
* GAIUS is an open system, with open interfaces t@iwhew systems can be attached easily.
e The data available in parts of the system is eashare with other parts of the system.
e Itis easy to use ‘scripts’ to automate the cordrad measure systems.

* ltis easy to test & improve scripts in a simulageironment, without using the actual wind tunnel.

\

* The GAIUS system is adaptable to accommodate fferelices between various wind tunnels, and also

changes in a wind tunnel system.
* The GAIUS system is cost-effective.
e The GAIUS system runs on readily available hardwWB@'s).
e The GAIUS system is supported for a long periodhaorder of 10 years.

» ltis possible to deploy the GAIUS system gradyadlyd with as little interference with tunnel ogeras
as possible.

e The configuration of GAIUS is easy to read and.edit

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 15
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3 Architecture Principles

In the previous chapter, the ways in which theedéht roles operating within DNW view the GAIUS &g, and
their key drivers were analyzed. In this chaptee,¢ore principles for the GAIUS are presentedertitives to
the choices made in this chapter are also discu3$edanalysis of the previous chapter will be usejdstify the
choices made.

3.1  Principle: Use Open Source software

In the GAIUS system, a large amount of Open-Sosoftvare is used as building blocks. This is onthefcore
principles of the GAIUS system. Due to the use pé@Source software, the system can be developeklyju
Open Source software libraries exist to perform yrdifferent functions that are useful for the cohtf a wind
tunnel. Also, Open Source software is usually desigo interface well with other Open Source prigjec
encouraging a programming style where chunks oinCjmftware are glued together to create a workystesn.

Two alternatives exist: developing all blocks sfieally for the GAIUS project, and the use of cldssource
building blocks. To develop everything specificaMill be prohibitively expensive, and is thus réjethe use of
closed-source software has several drawbacks:

*  With closed-source software, it is more difficudtéxperiment and see if a possible solution gikes t
desired functionality.

» Closed-source software can be difficult to inteefagth. If interfacing problems arise, they canveey
hard to solve. Open Source software is usually eagyerface with, because Open Source software is
usually designed to interconnect with software teyed in other Open Source projects.

e With closed-source software, a dependency is aldatthe supplier. Some suppliers don’t supporit the
software for long periods of time, creating a lipifor wind tunnels. With Open Source softwares w
have complete control over the software.

An advantage of closed-source software is that somes its quality is higher than for open-sourcivgare.
However, in advanced applications usually problanesfound even in closed-source software. It isroftery
hard to have these problems solved, due to thedlpnature of the software. In open-source softwaehlems
are relatively easy to solve.

With Open Source software, and esp. the Linux ptatf there are very powerful options to tune perimnce and
Real-Time behavior. The standard Linux kernel hasdgsoft real-time behavior, which can even be oupd
upon by applying well-known patches. The amourtasftrol and ease of tuning is superior to thatrefieby e.g.
the Windows platforms.

3.2  Principle: Use Python
In GAIUS, the Python programming language is usethach as possible. This is an important prinoiblgne
system.

Python is a programming language developed by GuagiloRossum in 1991. It is compiled to byte codeictvis
then interpreted.

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 16
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The main reason to use Python is that it is a lagguhat is very easy to program. Typically, a paogwritten in
Python is significantly smaller than if it were ttein in e.g. C# or Java, and much smaller tharsdinge program
written in C++. Also, Python is a very open langeiagith a simple yet powerful interface to codetten in other
languages. Thus it is the ideal language to ‘gtliéérent components together. As GAIUS uses muymEno
source software, most GAIUS programming is to glomponents together.

Viable alternatives to Python would have been:

C++, an established, extremely capable language. Hen@&#+ is also a very difficult programming
language, reducing the ease with which DNW can fgdbe system. Still, C++ is used to create some
parts of the GAIUS system where performance igcatit

C#. However, C# is not platform independent. Alsas iharder to program than Python.
Java. Java is platform independent, but it is hardenterface to C libraries in Java.

Ruby. Ruby is another interesting language, but lessimaahan Python. Also, Ruby is a pure interpreted
language, thus its performance is much worse tly#ttoR’s. It has a very abstract syntax, which ssle
easy to learn than Python’s syntax.

3.3  Principle: Use Industry Standards

In GAIUS, industry standards are used for commuitnaas much as possible. The main advantage idtha
using existing standards, GAIUS is easier to conteethan if interfaces were dedicated. Also, pdéssible to use
existing tools to support the system. And finalhgustry standards are being actively developedsTtwill be
easier to incorporate future developments into GAlhen industry standards are used.

3.4  Principle: Use the GAIUS bus

In GAIUS, information is shared between the modulgisg a publish-subscribe bus. This means thatrimtion
is published, regardless of which modules are ugiisginformation. Thus it is very easy to sharf@imation in
ways that have not been foreseen during developmeking it easy to extend the GAIUS system. Newntrad
loops are simple to create using this bus. By usiigbus, in effect an implementation of the Blaa&rd
architecture pattern is created, where all inforamais available to all modules of the system. Trtiermation is
used by the modules at their discretion.

The GAIUS bus will be more fully described in thexhchapter. However, at this point it is releveminention
that it is based on an existing open source impfeation of the Real Time Publish Subscribe (RTR8)qzol,
following the Use Open Source and Use Industry &teds principles.

Alternatives to the GAIUS bus are:

¢ Using an alternative middleware layer, e.g. SOABRBA or DCOM. However, in these systems the
focus is not on information being shared, but anises. The GAIUS system is intended as a
measurement and control system, in which the fecoa the data being generated by the various
subsystems, not on services. Thus these middldewees are not suitable.

« Using dedicated point-to-point connections. In sadystem, the dataflow is very clearly defined.
However, in the GAIUS system, it is not possiblédsee all ways in which data will need to betedu
through the system. Point-to-point connections waaverely restrict the GAIUS system.
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3.5 Principle: Use a standard module interface

As modules connect to the GAIUS bus, it is impadrthat they expose a standard interface. Due sonkérface,
it becomes much easier to control these modulesysitomatic scripts etc. Also, it becomes easieotite
information through the system in ways currently fooeseen. As a side effect of standard interfattesmodules
have a highly standardized structure, where mude can be re-used. This is advantageous both elaawent
costs and ease of maintenance.

The interfaces to modules can not be completelytidal, however. As each module performs specigks, they
must produce specific types of information. To iptet this information, knowledge about the spedaifiodule is
required. This is allowed in the GAIUS system.

Alternatives to this solution are:

» Introspective Interfaces. It is possible to createethod of introspection, through which it is plokes
to automatically query modules to discover thefeliface. However this solution is very complex. It
was judged that it is not cost-effective for the @& system to pursue it. Also, GAIUS will be
maintained by people who are very knowledgeableiathe exact information produces & consumed
by modules. Thus advanced introspection is notsszog.

3.6 Principle: GUI's are separate components

GAIUS Module

( ‘ GAIUS Bus )

GUI as a separ ate component
In GAIUS, there is a strict separation between nexland the GUI's through which operators inteveith these
modules. The Graphical User Interface (GUI) comroatgs with the module solely through the GAIUS Huss
has the following advantages:

* No vendor lock-in. This solution allows the usehafhly advanced GUI-building environments without
the fear of e.g. vendor lock-in, as changing G@htelogy has a small impact on the complete system.
For example, it is easy to gradually change GUhtetogy, one GUI at a time, once a GUI needs to be
updated. No big-bang change is necessary.

* No difference between scripted or manual contrslfa as the modules are concerned, there is no
difference between manual or scripted control. Tiegns that their implementation becomes very ¢lean
and ensures that both ways of controlling the medué capable of all necessary functions. Also, it
becomes easy to perform automatic tests on the lemdu
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e Support for multiple interfaces. It becomes triiahave the modules controlled in different ways.
GAIUS module can be controlled just as easily fieoterminal as from a GUI or from a script. Also,
redundancy is supported. Multiple GUI's can beansiated, where the operation of the module is
monitored in different locations.

The alternative to this is to build GUI's withinghmodules. This would lead to a slightly simplesteyn.
However, it would not be as easy to control frostapt as in the current situation. Also, applicas with built-
in GUI's are notoriously difficult to design, oftelegrading to spaghetti where the GUI code iswigen with
application logic. A properly designed applicatisses the command design pattern to separate appiidagic
from the GUI code. By making the GUI a separate poment, use of the command pattern is automatically
enforced.

3.7  Principle: Simulate all hardware

In order to minimize interference with tunnel ogeras, it must be possible to test the GAIUS sysseyparately
from the actual wind tunnel hardware. This is aechieby making a software simulator of this hardwditds
simulator is then used for testing the GAIUS syshefore it is deployed. Also, it is used during fneparation
phase of a tunnel test, to check if the configorats complete and correct.

Alternatives are not viable. As a wind tunnel sgsis extremely expensive, it is impossible to siintly test
GAIUS purely on the wind tunnel. Instead of a sefitevsimulation, a hardware simulation could havenbeade,
but this is also very expensive and insufficiefiyxible.
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4 Modules & Interactions

After determining the architecture principles, #rehitectural design can be determined. In thiptEravarious
aspects of the architecture are described. Masttadh will be given to the decomposition of the IGS system
into interconnected modules, which of course ishtbart of an architecture description. At this tinbés not
appropriate to give all the details of the moduthese can be found in the requirements [2] andVidkt
modules behave very similarly, and this common brehavill be described. Attention is also giventhe ways

the modules communicate, and the underlying priesipf the GAIUS bus.

Finally, several system-wide issues are discugbedconfiguration of the GAIUS system, the deploptref
GAIUS, and running GAIUS in a simulated environment

4.1  Module Interconnections

In this section, the main concepts of GAIUS willlirgefly explained. The core modules are given, #redmain

concepts & philosophies are explained.

To help understand the place each module or systenmn GAIUS, the following figure gives an ovemwie

Scipts
|

n

: %
MM Project Engineer

M Operator
Preparation
GAS System
WatchDo Recorder ;
HeartBeat &
TimeBase
SAS bus ) Test configuration
| Facility Safety Acquistion
TOPAC
TCP/IP TCP/IP Data Data
éCPﬂP Acquisition » Processing |
Measurement data
Low Level Fan Safety Sensors
Controller System
Control System Measurement System

In section 4.1.1, a short description of thesespaill be given. In section 4.1.2, the concept&ofomation Level

GAIUS System Overview

and Run Permissive will be explained. In sectidn3lthe safety concept of GAIUS will be defined.
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4.1.1 Description of modules

The modules in GAIUS can be divided in three groups

Infrastructure: These modules are the heart of the GAIUS systdmase are the GAIUS bus, and the
heartbeat generator. Without these, GAIUS canumuttfon. As these parts are so essential, theybwill
described further in section 4.3.

Controlling modules: These modules control the various sub-systentiseofvind tunnel. These are
Facility, TOPAC, Safety, Data Acquisition and Datacessing. The latter from the Measurement
System.

Supervisory modules: These modules allow the control of wind tunneaasngle unit. These are: GAS
and Acquisition State. The Preparation systemés wdf-line to prepare future tests.

Supporting modules: These modules support the other modules. ExaraptedNVatchdog and Recorder,
and the data storage.

The responsibilities of these modules will be Wyiefescribed below.

GAS module: The General Automation System (GAS) module isgimng@ronment in which user-developed scripts
can be run to control the GAIUS system. All othexdules can be commanded from the GAS module.

Acquisition State module: This module knows which test is being performgdaAIUS, and broadcasts this
information so that modules can retrieve test-ddpahdata.

Facility module: controls the various facilities offered by thenditunnel, which provide the air flow and
condition it. These include e.g. the main fan,lfées to control temperature, humidity, pressuie e

TOPAC module: The Test Object Positioning And Control (TOPAG)dule controls all moving objects in the
measuring location, including the positioning af thodel being tested, measurement probes etc. TOPAC
communicates with the underlying controllers toordinate and correct all movements. It also perfocwilision
avoidance.

Data Acquisition module: collects and stores all measurement data. Dat@isd in a specific file system.
Data Processing module: filters the measured data and presents them.
Safety module: the interface to the safety features of the tirinsofar these are not handled in other modules.

GAIUS bus: the vehicle through which the GAS module commatgs with the other modules. Also, the MMI's
connect to the modules through the GAIUS bus.

Heartbeat & Time base: Part of the GAIUS bus, which synchronizes all nied.

Watchdog: checks the other modules, and restarts modudgstk not responsive. Also the Watchdog boots the
system.

Two roles are direct users of the GAIUS systemwihrel tunnel operator and the Project Engineer. viimel
tunnel operator is responsible for executing theeeixments and guarding safe operation; the prejegineer is
responsible that the right experiments are perfdiraad that correct results are obtained. The grejegineer is
also responsible for providing the test configumatiwhich is used by the other modules to getitjie r
parameters for the experiments.

Finally, there is aecorder module that logs all events on the GAIUS bus.

Copyright 0 2007, Imtech ICT Technical Systems, Amersfoort 21



.
Architecture Description @
AN

4.1.2 Automation Levels & Run Permissives

As GAIUS is a distributed system, a scheme is reogd0o determine how the various modules shouktaat.
For this, the automation level concept is used.

Data from

GAIUS bus
GAIUS .
Automated @ﬁ Module GAS Script
PLC
Data from
GAIUS bus —
GAIUS = Sl
[Integrated} @— Module | = MMI
PLC - :

GAIUS
[Computer} K Module

Manual
The GAIUS Automation Levels

The system can operate on different levels of aatmm: Manual, Computer, Integrated, Automatedjescribed
in the specifications [2]. The interactions betw&@kIUS components differ for each level:

Rl
TR |
& | Control Desk

Manual: The GAIUS modules are not performing any contitoedty only monitor the current state of the
sub systems. The wind tunnel systems are contrditedtly by the operator.

Computer: The GAIUS modules perform simple control tasksey are controlled directly by the
operator. The modules do not communicate with @dlclr. They use only inputs from the sub systems,
no data from the GAIUS bus is used.

Integrated: The GAIUS modules are controlled directly by tperator, but they use data from other
GAIUS modules through the GAIUS bus. GAS is notrafienal.

Automated: The GAIUS modules can be controlled by GAS.
Transitions occur as follows:

e At start-up, a module will be in the lowest autoimatevel: manual. Using a switch, the operator can
release a sub-system for automatic control. Thiama¢hat GAIUS will never suddenly perform actions,
without explicit clearance by the operator. At ainye, the operator can take a sub-system bacleto th
‘manual’ level by revoking the clearance for auttimaontrol.

e Ifthere is a clearance for automatic control, tredule will switch immediately to the ‘computeriig.
It will then remain in this level, unless anotharty requests a higher level.
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* The ‘integrated’ level is entered when the operatarts a control function in which a module uses
information from the GAIUS bus to implement higlvéé control loops. It will monitor the validity dhe
received information, and will fall back to ‘computmode if necessary.

*  When a GAS script is started, it will request thihinvolved modules go to the automated levebnié of
the modules involved does not switch to automagedl| or falls back to a lower automation levelidgr
script execution, an error will be generated by®@#S module.

Run Permissives

Run Permissives are a simple scheme with whicaritte checked if a wind tunnel is ready to go. EaoHdule
produces a state, the Run Permissive, which irecéit is ready for a run. A module can performwember of
checks to see if a run is permitted or not. Thressible states exist: GO, NOGO or Unknown. The dmkm state
is used when a check needs to be performed explicd. when the run permissive is not continugusbnitored
by the module. Using a command, the module carskedato check for run permission.

The run permissives will be checked at the stagt afn by GAS.

4.1.3 Safety concepts

Safety in GAIUS is very important, due to the emtess of power, wind speed, pressure or temperdtatean be
involved in wind tunnel operation. Thus a clear aimdple safety concept is needed. The main cornsest
follows:

Each part of the wind tunnel is responsible for its own safety.

As GAIUS is a supervisory system, where sub-systmsombined to form a larger system, the maietgaf
issues need to be handled by the lower level setesys. Because GAIUS is a distributed system with
communication links that are not guaranteed todbe, $his is even more the case.

However, by adding sub-systems, more advancedydaiztures can be implemented that are not possititethe
low-level systems. A clear example is collision iglamce. To implement collision avoidance, the auirre
configuration of wind tunnel, models, probes andatures involved in a test must be known, as wetha
current and future position of every moving iterhisTis known by the GAIUS system, but not by the-level
systems. Thus GAIUS can improve safety and redpeeator workload by using its information.

If an error occurs, this error must be propagabeahty module or system that is dependent on thtersyis error.
This can be done in two ways:

1. Enter the error state.
2. Stop transmitting information that is no longeiable.

Modules at a higher hierarchical level commandirgrhodule / system at fault will monitor the erstate, and
handle errors appropriately. Modules at the sawe Ie&f hierarchy using information published by thedule /
system at fault will monitor the rate at which infation is published. If items have not been updiéde a certain
period, the subscriber will interpret this as ammeand handle it suitably.

Low level modules / systems need not monitor theestf a higher level module, as the low level medu
responsible for its own safety. However, it is @ that they do monitor activity of the higherdemodule
using a watchdog-like scheme. For example, wheautomated’ mode, and a module should revert to
‘integrated’ mode if no activity is seen from thigtrer level module for a certain period.
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4.2  Standard module interface

Much of the functionality and interfacing of GAlUBodules is generic, so that they fit readily irtie GAIUS
system. In this section, the generic interfacefandtionality will be described.

4.2.1 Standard inputs and outputs

All GAIUS modules connect to the GAIUS bus, anddehin a common pattern. Each module has an unique
name, which is used as a prefix for the data IDrweblishing and subscribing. The following startiar
subscriptions and publications are made by a module

I dentifier Type Description

<Name> Command For receiving all commands to the module. Commaraaisbe
subscription | issued by GUI's, by GAS, or an other way.

<Name>auto_level Publication Shows the currentraatmn level mode of the module
(Manual, Computer, Integrated or Automated)

<Name> task_stat Publication Shows the current Statke (Off, Initialize, Idle, Starting,
Changing, Stopping, Keep)

1%

<Name>comm._stat Publication Shows the current canthstate (Off, No Command, Unable
Executing, Suspend, Achieved)

<Name>_RUN_PERMISSIVE Publication Shows the currantpermissive (UNDEFINED, GO or
NOGO)

4.2.2 Standard Commands & Events

The following commands can be issued to a module:

Init: When handling this command, the module mustalie communication with all sub-systems, and
ensure they are in a safe mode.

Start: Issued to start active control, and to initiatevement. Several types of movement exist: keep
(maintain current position in active control), spé€ehange one parameter), step (go to a defined
position), track (follow an external variable) god (change one parameter a bit). Together witrstag
command, all parameters necessary to define thement are sent.

Stop: Issued when movement (changes) must stop. Dthisgommand, all necessary action is taken to
stop the current movement and place the sub-systeansafe mode.

Check per missive: command to explicitly check the run permissive.

Suspend: Abruptly stop changes, but allow resumption & turrent movement.
Resume: Resume the movement that was suspended earlier.

Exit: Terminate the process.

A module can support other commands as well, fangle to set the current position as the Home iposiset
the rate of change, etc.

A module also received the Heartbeat event fron@RA8JS bus. This event is used as the time baglecimbject.
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Commands and the heartbeat event are a-synchrohogsevent race conditions, commands and the Iesrt
events are queued and then handled in a commaadthre

4.2.3 Interface to sub-systems

The purpose of the modules is to control sub-systdihe communication with the GAIUS Bus must neyeer
locked because of the communication with the sudbesy, thus separate threads must be used to impiehee
GAIUS bus interface and the sub-system interface.

To make a clean division and prevent race conditioommunication between threads is through quesses,
shown below. Through this set-up, a module canigilall relevant local data (PLC statuses, readatgson the

GAIUS bus.
Time Triggered data area
° M ’v

Publish

Subscribe

- Heartbeat event,
commands

Data Buffer Event Queue

SN S Main event
handling thread
Handle events _
Data &
events
New Events

Event Queue (with data)

Handle PLC 7| PLC handiing
protocol thread

GAIUS Module

GAIUS Module structure
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4.2.4 Internal behavior

It was shown that several commands are handledd@4l&lS module. These commands modify the intertaks
of the module, the ‘Task State’. Not every comminhlid in every task state. The state diagranafstandard
module is shown below.

Please note that to improve the clarity of theriggunot all transitions to the Error state havenbdawn. In
reality, the Error state can be reached from alrabbstther states. The only way to get out of theEstate is
through the Init command. Also, the transitions thuthe ‘Exit’ command have not been shown. Thisicand
can be received in every Task State, and will teattie abrupt termination of the module.

Several transitions in the figure occur due to cands, e.g. from Off to Initializing, from Idle tdeBting, from
Error to Idle, and from many states to Stopping.

Other transitions occur due to internal events séhesually are events from the PLC worker threadniples are
the transition from Initializing to Idle and froni&Bting to Changing. In these cases, a temporatyg stas entered
due to a command, which is left if the sub systeirought in the right mode.

System OK

Init
command

Error Init command

Start command

Starting

Re-starting complete

Stopped

Re-starting

Start command

Starting complete

Suspend command

Suspended

Resume command

Changing Stop command Stop command

Stop command ( Stopping Stop command Keep

hieved

Task State Diagram

A module has a second state associated with comhemaling: the Command State. Because commands are
synchronous events, multiple commands can arritleeasame time. The Command State helps the madegclde
which commands to execute.

In most cases, a command is queued in the intexgailt queue shown in the previous section. Thetfeusa
(possibly substantial) delay between command rémepind command execution. During that delay, tioelute
should reject further commands. This is done bychirig to the Executing state upon receiving a caman and
going out of Executing mode when the command has bandled.
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Invalid Parameters  ErroiCommand

When command
completed

pan
after x seconds No

off Command

Achieved

Command State Diagram

4.3 GAIUS bus

4.3.1 GAIUS as an implementation of the Blackboard pattern

The GAIUS system incorporates some ideas of thekBlaard pattern.

GAS
(Supervisor)

Consumes
\ Commands

Consumes——=|

Module

, <<—Produces

Blackboard

Blackboar d Architecture Pattern

As with any blackboard, the method in which compaseccess the blackboard is crucial. In the GAsyS8em,
the blackboard is accessed through the GAIUS lufack, there is no single ‘blackboard’ entitywitl be shown
below that the blackboard is distributed, and geeented by the data storage in the time-triggeata area.

4.3.2 Requirements for the GAIUS bus

The GAIUS system must have an robust communicdaiper. Without a robust communication layer, a nemb
of problems can arise in a distributed systemGkdUS. Dead-lock can occur due to modules waitiomgdata
items produced by others, who are themselves wgadtio. It may also be difficult for modules to leeghe data
they need, especially when the network topologshenged. Some of these problems can be solvedstafling a
centralized ‘proxy’ object through which all comnicetion flows, but this suffers from a single poafitfailure
and limited scalability. Also, as in a proper blaokrd pattern, it is not known at design time wipchduces
communicate with which consumers. GAIUS must alftaxible use of information by modules.

To prevent these problems, a number of requiremeerts defined for the GAIUS bus:
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e There must be no single point of failure.

e There must be no required sequence of start-upufeisystems. This means that the protocol muswallo
for subscribers to start before publishers do.

e The information that is produced can be used byipielprocesses.
e It must be possible to re-deploy the system withiettonfiguring the communications.

These requirements are satisfied by basing the eomnwation on a publish-subscriber protocol like BTRs
RTPS also satisfies architecture principle 3 bydeain industry standard, it was selected.

4.3.3 Semantics of the GAIUS bus

In a control system like GAIUS, at least threeetint semantics for communication are required:

»  For real-time control tasks, it is required to héiweely communication. Values and states are preslat
regular intervals (Time Triggered). Often, the flohinformation in the system is complex, with many
loops and branches. Care must be taken that de&dv live-lock are avoided, and that the infoiprat
that is used is always consistent.

e Usually, there is a top-down hierarchy, where highgel processes command the lower-level processes
to change their mode of operation. This commurocatnust be highly reliable, and the higher-level
processes need confirmation whether the commanduaessful or not.

* An event channel is useful for sporadic eventslthae a short duration. Also, events are useful for
reporting error conditions.

To meet these varying requirements, a layer istoacted on top of RTPS that supports these thremstcs. It
consists of the Time-Triggered area, the CommarghAand the Event-Triggered Area. This is the GABUS.

Commands

Time-Triggered

Event-Triggered

GAIUS bus

GAIUSbuslayers

As a correct understanding of the semantics usecofmmunication between the system componentsengsl
for the correct implementation of these sub-systéhessemantics of the three methods of communicatill be
described below.

4.3.4 GAIUS Time-Triggered data

The Time-Triggered area is intended for informatioat is regularly produced, and combined with diaie
other sources to produce new information. Eachaiti®s receives regular updates from the produttosever,
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to keep the information consistent, the subsciitoant notified of changes immediately. At a defimeoment in
time, the changes are made actual, and the subsdsithen notified.

To synchronize different subscribers, the changesmade actual at the same moment in time. Thderng by a
heartbeat message that is broadcast through thie wystem.

Publishers Dirty Area Clean Area Subscriber

Updates

Heatbeat

Notification

Retrieve data

T
|
|
1
|
|
|
i Actual data
|
|
|
|
|
|
|
|
|

Update sequence of Time Triggered Data Area

It is possible for a subscriber to be instantidietbre a publisher. To prevent deadlock, it wasd#etto let the
subscriber specify a default value, which will kebe subscriber in a safe condition, instead oegating an error
if the publication is not yet available. Where resagy, a module can explicitly check the age diilglipation to
check for error conditions.

The clean data area can be seen as a local capg tiflackboard’.

4.3.5 GAIUS Commands

The GAIUS commands are what the supervisor in thek®oard pattern uses to tell the other modulest i
do. Either GAS or the operator can be the supenvisis essential that the communication betweagresvisor
and module is reliable.

When a command is issued, a callback routine lsat@h the subscriber. When the callback is finishereply is
sent to the publisher of the command, as shownbdlbe GAIUS command mechanism contains a retry
mechanism in case the reply is not received, magamgmand transmission reliable.

The semantics of commands allow many publisheesafmmand, but only one subscriber.
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A GAIUS command can contain parameters, as welesails used for authorization.

4.3.6 GAIUS Event Triggered data

Included in the GAIUS bus is a thin layer over RIEPS API that utilizes an object-oriented syntabsoAit is
implemented in such a way that it avoids race damd in the receiver.

4.3.7 GAIUS notification

The GAIUS bus has a dedicated Event-Triggered claanel for notification: ‘notify’. Any process cauiblish

to this channel, and also subscribe to this channel

Notifications contain data, describing the sendehe notification, a code for the notificationdascription of the

notification and optional extra data.

4.3.8 Dataformats

Data in the GAIUS bus is communicated using a \faigpe. This type supports most common data types
(strings, integers, floats etc). Also it supposplex types: dictionaries and lists. In dictioesristrings are used
as keys. Both dictionaries and lists store Varigpés, thus allowing complex data types to be congtd and

communicated.

4.4  Configuration

All GAIUS modules need configuration, for examghe directories to use for data storage, detaildertéo
communicate with the PLC sub-systems, etc. ete.cbmfiguration is divided into three parts:

»  Deployment configuration: is specific for each computer in the GAIUS systdims configuration is
stored in the file deploy.conf; the location ofgffiie is determined by the environment variable
GAIUS_DEPLOY_DIR. It contains e.g. the specific ®8 modules that need to be started on this
computer, and the location of the other configaraparts.
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« Control configuration: This contains configuration for modules that cohthe wind tunnel, e.g. Safety,
TOPAC and Facility. This configuration reflects thenfiguration of the wind tunnel, and not the spec
settings for a test. This is intended for data t@inges independently from the experiments, asutr
of wind tunnel maintenance.

« Experiment configuration: This contains configuration that determines tka&cé experiment being
performed, e.g. the configuration of the measurdmegstem. This information is read during the
(re)initialization of the acquisition system. Tharent Acquisition State is used to determine which
experiment configuration to read.

As all configurations are important for interprefitest results, all configurations are copied thfile structure
storing the measurement data.

All configurations are stored in ASCII files usittge INI-file format.

45 Deployment

Deployment of the GAIUS system is quite straighiafard & flexible. Theoretically, the whole GAIUS stgm
can be deployed on a single computer, which cae b#ier a UNIX or Windows operating system; dejiegpan
the details of the specific wind tunnel that isngeautomated, other configurations can be chosepoitant
aspects of the deployment are:

e TCP/IP connections between all GAIUS computers,thad routing.

e The test data file system, which is shared betvedle®AIUS computers. Often, the customer who
ordered the tests provides external data storagedasurement results.

e The GAIUS installation, which is identical for &AIUS computers sharing the same operating system.

« Every GAIUS computer must have a specific deplaytdite, in a specific directory. The environment
variables GAIUS_DEPLOY_DIR must be set correctlypint to this file.

Two example deployments are shown below. The mihomafiguration can be used e.g. for testing or
demonstration, whereas the typical configuratioadgised for a typical wind tunnel.

TOPAC GAS Acquisition
Eacility % Processing PLC's
Safety Recorder Heartbeat Switch \@

GAIUS Node

Minimal GAIUS Configuration
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Acquisition
Heartbeat Time Base
TOPAC GAS
Processing
Acquisition GAIUS node 3
Eadilty State GAIUS node 2

Safety | | Recorder

GAIUS node 1

PLC’s

MMI PC

External Storage

Typical GAIUS Configuration

In the typical configuration, the modules Data Aisition and Data Storage have been separated ftben o
modules, because these two modules have a lotevhation, and are processor intensive. To improve
synchronization, the heartbeat generation has teeployed on a third node, which must have a ligatlito
improve stability.

For systems with very high acquisition needs, fiassible to use several acquisition processesémbe
deployed to different computers.

4.6 Testing & Simulation

Testing GAIUS on a simulator is one of the architee principles of GAIUS. Because GAIUS usually
communicates with its underlying systems using TR is possible to write modules that implemtrg same
protocol as the actual hardware, and that are sitibego test scripts. Also, because all GAIUS nedwse the
GAIUS bus, it is easy to write scripts that contt@ modules. Thus it is possible to perform extieadlack-box
tests of individual GAIUS modules using test sa&iplso, the whole GAIUS system can be testediswiay.

To prevent interference between simulation teststhe GAIUS system controlling the wind tunnel feliént
TCP/IP ports are used when the system is runnidgmtest. This is controlled by the environmentalle
GAIUS_PORT_OFFSET.
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TEST script
GAIUS GAIUS GAIUS
Module Module Module
PLC protocol PLC protocol PLC protocol
simulator simulator simulator

GAIUS simulation set-up

The Hardware Simulator contains dynamical simufatiball sub-systems that are controlled by GAIS&h
that basic behavior is similar to reality. If nesag, highly advanced simulations can be incluetas the
simulation is mostly used for functional teststaf system, only the functional behavior of the wiimohel
hardware needs to be included.
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