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ABSTRA CT

The LBT-AdOpt subsystemis a complexmachine which includesseeral software cortrolled parts. It is essetially
divided into two parts: a real-time loop which implements the actual adaptive optics cortrol loop, from the
wavefront sensorto the deformablesecondarymirror, and a supervisor which performs a number of coordination
and diagnosticstasks. The coordination and diagnosticstask are essetial for the proper operation of the system
both asan aid for the preparation of obsenations and becauseonly a cortin uous monitoring of dynamic system
parameterscan guarantee optimal performancesand systemsafety during the operation. In the paper we describe
the overall software architecture of the LBT-AdOpt supervisor and we discussthe functionalities required for a
proper operation.
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1. INTR ODUCTION
1.1. The LBT adaptiv e subsystem in brief

As soon asthe Large Binocular Telescog will be provided with a secondarymirror (for rst light a prime focus
camerawill be used®?), it will alsohave adaptive optics. The LBT optical designis in fact basedon a unique
adaptive secondarymirror.

Many referencesdescribingthe designof the LBT Adaptiv e Optics subsystem(LBT-AdOpt in the following)
and its developmert can be found in this conferencé 5" and elsewheré 2 *; for the purposeof this discussion
we will only briey cover the overall structure of the system.

The LBT-AdOpt consistsessetially of two parts (seeFigure 1):

- The wavefront sensor (WFS), which includes the optics, the sensingCCD with its cortrol electronics,
the slope calculator and many auxiliary devices.

- The adaptiv e secondary (AS), which includesthe deformablemirror with the related cortrol electronics
and the wavefront reconstructor, which is actually implemented by using the sparecomputing power of the
mirror cortrol electronics.

Most of the electronicsof both parts is basedon a custom developed board namedBCU (Basic Computational
Unit) which is characterized by a very exible designsothat a BCU may be usedeither for CCD data acquisition
or asa cortroller for many DSP boards cortrolling the mirror actuators or asa genericfast data communication
switch.#® The real-time adaptive loop is completely implemented in the cortrol electronics of the two parts,
which communicate through a dedicated b er-optics channel by meansof a custom protocol. The related software
was speci cally developed for this application and is described elsewhere?

The BCU's are also equipped with Gigabit Ethernet connectionswhich are used for all the functions not
directly related with the real-time control loop: mainly all the supervision and diagnostics operations.

The LBT-AdOpt systemis managedby a supervisor software system (SSS)which runs on a workstation (the
Supervisor Workstation) located in the cortrol room.

An overall description of the SSSid the main topic of this paper.
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It is not actually unique becausethe rst adaptive secondaryis currently operating on the revamped MMT 02



Secondary

Deformable
Mirror
Wavefront
""""" Reconstructor 1" ==/~ .o ~
~~~~~

--------- GB-Ethemet F.O.
switch
w GB-Ethemet copper

Custom F.O.

Wavefront sensor

’
Slope  |_.*
Calculator

Control Room

switch

1
Wavefront |
Sensor

Figure 1. LBT-AdOpt system layout

1.2. Software design driv ers

From the architectural point of view the LBT adaptive optics system has someaspects which make it peculiar

with respect to traditional adaptive optics systemsand thus a ect its designand the design of the supervisor
software:

The secondarymirror cannot be remaoved from the optical pathY. Sothe mirror cortrol must be operational
even in non adaptive obsenations.

Safely issuesare particularly important for the adaptive secondary:its thin shell can be easily damagedif
not properly cortrolled.

Optics and cortrol electronics are located in two far apart places: the secondaryon top of the telescope
and the focal plane (seeFigure 1). The supervisor workstation is located downstairs in the control room
(but this is quite usual on many telescopes).

Although rst light con guration usesa single mirror, the LBT is a double mirror telescope, soin the end
the SSSmust also coordinate two adaptive systems.

In order to better understand someof the designchoicesmade, we must also stressa few more points.

The LBT-AdOpt systemis rather a complex machine: it has many movable medanical componerts, it
integratessomecommercialinstrumentation (such asan interferometer) which must be remotely cortrolled.
The functioning of the systemis a ected by many parameters,including local ervironment.

It is alsointrinsically an ewolutionary system: someaspects concerningthe deformable mirror will be only
discoveredduring lab tests; someof the discoveriesmight lead to modi cations in the design. The ewolution
of the systemwill also cortinue after commissioning,e.g.: to optimize its performances.

The sameSSSis also usedduring lab tests, when additional capabilities and functions not required for the
nal versionat the telescope may be needed.

YThe adaptive secondaryis the only secondary available on LBT to feedthe four+four Gregorian focal stations.



Portions of the code, namely most of the calibration procedures, are derived from existing procedures
dewveloped for the MMT adaptive secondaryand they must be mergedinto the SSS.

As a meansto cope with all these conicting requiremerts the software design has been strongly oriented
towards modularity: the whole SSSis essetially basedon many independen processeswhich cooperate by
exchanging messageither internally to the sameprocessoror through the network.

The overall idea behind the designis to be able to assenble very easily a number of loosely coupled building
blocks (referred to as componentsin the following) so that when a block must be modi ed or somenew block
is neededthis can be done with the lowest possibleimpact on the whole software system. This also allows the
easyintegration of modules deweloped with di erent language,which is one of the requiremerts of the project.

2. SUPER VISOR SOFTW ARE FUNCTIONS

The SSShas the purposeto manage and coordinate the functioning of the ertire LBT-AdOpt both during
dewvelopmert and lab testing and at the telescope. Its main functions include:

Housek eeping : which includesorderly startup of hardware devices,uploading programsand con guration
data in the various BCU's, cheding proper functioning of devices,performing safe shutdown of devices.

Setting seeing limited observation mode: the deformablemirror must be maintained optically at by
applying proper command patterns to the actuators. During obsenation this may require periodic updates
of mirror shape to compensatefor gravity variations, taking input from the focal station in use.

Activ ating chopping mode for IR observ ation : chopping is controlled by the SSSby applying proper
commandsto the deformable mirror.

Performing calibration : calibration proceduresconsistessetially in applying proper sequence®f com-
mand patterns to the deformable mirror and acquiring the CCD image. The resulting data are usedto
evaluate various sets of coe cien ts to be uploadedto the real-time loop subsystem. They are usedfor the
evaluation of many setsof parameters: the feed-forward matrix; the modal/single actuator step responses
and the transfer functions of the intrernal loop control (usedfor internal Iter optimization); the commands
required to " atten" the shell (the calibration script during this operation usesmeasuremets obtained
from the on-board interferometer); the modal/zonal interaction matrix between (for this operation frames
from the WFS CCD must be taken).

Activ ating adaptiv e optics mode: while doing adaptive obsenations the actual mirror shape is con-
trolled by the real-time loop electronics. In the mearwhile the SSSwill cortinuously gather diagnostic
data, including: capacitive sensorpositions pattern, to detect quasi-static deformations to be o -loaded;
actuators force pattern; position RMS in a short temporal window to detect shell self-oscillations; posi-
tion command pattern; various alarm ags red by dangerousconditions detected by the real-time loop
software.

System health checks: in addition to diagnostic cheds directly related with the adaptive operation,
other data must be acquired in order to assesghe system good shape; e.g.: temperatures of DSP's and
current driversin the secondarymirror, inlet and outlet temperatures of the cooling uid, temperatures of
the various heat sinks, humidity, currents generatedby current drivers, power fault ags, etc.

Comm unicate with the Telescope Control System : during operation the SSSwill needboth to receive
high-level commandsfrom the TCS and to send back requeststo be executedby some TCS subsystem
(e.g.: adjust pointing).

While performing the above functions, the SSSmust cope with a very heterogeneousset of devicesand
subsystems:
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Figure 2. Supervisor Software System architecture

- In the WFS: from 8 to 11 moving optical parts; two CCD cameras: the wavefront sensorCCD and the
technical viewer CCD; one commercial interferometer; one tip-tilt mirror; and, for laboratory purposes
only, two commercial deformable mirrors.

- On the adaptiv e secondary : the BCU's of the mirror cortroller and the wavefront reconstructor; and
the many optical benc devicesrequired during lab tests.

- The Telescope Control System .

3. SUPER VISOR SOFTW ARE AR CHITECTURE

3.1. Generalities

The main key point in the SSSdesignis an extreme level of modularity. The systemis made up by assenbling
small componerts (processes)kead dedicated to a single and relatively simple task. The componerts interact
which eadt other by meansof messagesmplemernting a very simple protocol. Messagesan be exchangedbetween
componerts running on the same CPU or through the network and this is completely transparent: the actual
location of a componert may be setat run-time. Should the needarise, the supporting network architecture can
be modi ed in any way; e.g.: we might decidefor testing purposesto run any speci c componert in Italy while
the rest of SSSis running on the supervisor workstation located on Mt. Graham (provided that network speed
is enoughand network security policies would not prevert this!).

Figure 2 shows the overall architecture of the SSS.All the managedequipmert is shown to the right of the
gure and is accessedhrough the network. The SSScomponens are independert processesunning on the
supervisor workstation in the corntrol room. In order to stressthe modularity of the system one of the software
componerts (the character oriented userinterface) is shavn asrunning on a di erent CPU and interacting with
the rest of the componerts through the network, although this might not re ect the actual running con guration Z.

The gure alsoshaws a special componert (the MsgD-RTDBand two di erent classef standard componerts:
User Interfacesand Controllers which we will describe in somedeeper detail.

ZIt must also be noticed that the gure doesn't show the actual network layout: at the telescope many independert
subnet will be usedin order to balance the network trac, but this is completely transparent from the point of view of
the architecture of the SSS.



3.2. The Message Dispatc her and Real-Time Database

The certral componert of the SSSarchitecture is the MessageDispatcher and Real-Time Database(MsgD-RTDB
This is the main processof the systemand provides the glue which keepsall other componerts together. It has
three main functions:

Message Dispatc her - MsgDAIl communications among componerts are routed through the MsgD This
solution has the advantage of simplifying very much the architecture of single componerts becauseeat
one hasto cope with a single network connection independertly on how many other componerts it must
communicate with. With this choice many syncronization problems which are typical of distributed
software systemsdisappear.

SSScomponerts communicate with ead other (and with the MsgD-RTDRself) by means of messages
sert to the MsgD-RTD®/hich either directly receives and managesthe messageor resendsit to its nal
destination.

Real-Time Database - RTDBThe MsgD-RTDRIso operates as a certral repository for variables i.e.:
data items which can be read and written by componerts. Variablesare essetially arrays of either integer,
double precision or character values with an assaiated name. They also have a last modi cation time-
stamp, an owner and a rough form of accesscortrol.

Shared Memory Manager . Although this is not re ected in its name, the MsgD-RTDRas also the
function to allow creation and managemenm of sharedmemory bu ers to be usedby componerts to exchange
bulky data items. Whenewer the useof routed messagess not handy (e.g.: for downloading CCD framesor
arrays of actuator positions) standard sharedmemory bu ers are used. The complexity of managemen of
suc bu ers is hidden to componert programmersby the managemen functions provided by MsgD-RTDB

The MsgD-RTD&lsoprovidessomeauxiliary functions which are usefulfor the coordination of the componerts,
for diagnostic purposesand so on: syndcironization among componerts (a componerts may wait for the starting
of another componert, or for the creation of a variable), noti cation of variable change(a componernt may register
itself to get noti cation of modi cation of selectedvariables), selective logging (the MsgD-RTDBiay log messages
received or routed accordingto various selectioncriteria).

3.3. Interface comp onents

The current SSSdesignincludes three di erent User Interfaces’: a Graphical Ul, a command basedUIl which
also provides scripting capabilities and a special user interface from an IDL{ environment, neededto allow the
reuseof legacy software.

The Graphical Ul is the usualway to interact with the system. It is madeup of a number of screenghat allow
an operator to monitor and changeall the operating parametersof ead subsystem. GUI's communicate with the
rest of the systemby MsgD-RTDB variables, shaving their status asgraphical information and changing them at
userrequest, e.g.: asthe result of pressinga button. The only exceptionto this protocol is the GUI interacting
with the BCU cortroller described below, which usesa di erent interface. Currently, there are screensfor:

displaying the CCD window
displaying/c hanging the CCD exposure parameters
displaying/c hanging the position of ead movable part

displaying/c hanging the position of the laboratory deformable mirrors

*The functionalit y of the various Ul's do not totally overlap. E.g.: some functions are only available through the
character based user interface.
UIDL is a data visualization and image analysis language by RS Inc.



Figure 3. LBT-AdOpt Graphical User Interface

- starting and stopping the overall adaptive optics loop

- selectingthe adaptive optics parameter les like dark framesand slope o sets.

All system functions are also accessiblewith a command based Ul, either with dedicated commands or
through the generalvariable interface. The command Ul is a full-featured Python interpreter that connectsto
the MsgD-RTDHBk e any other componert. The whole Python language(including modules which are part of the
SSS)is available at the commandline. The interface with the systemis provided as a seriesof Python functions
and classeavhich exchangemessagesvith the MsgDand and and operate on RTDRariables. A hierarchical set of
Python classeds being written to control most of the hardware from the commandline (or asinternal commands
of the GUI) at various levels of abstraction.

Python can thus be used also as the scripting languageto perform complex and repetitiv e tasks that must
coordinate the dierent parts of the system. For example, changing the CCD binning requires stopping the
loop in an ordinate way, changing the binning, preparing the involved hardware devices(mostly BCU's) to the
change, and restarting the loop. Sud scripts can be executedwhile the systemis running or, asis the caseof
the calibration script, they can take complete cortrol of the system, including the deformable mirror (a test one
in the lab, and the actual adaptive secondaryat the telescope). Scripts can useany valid Python instructions
and can be built using dierent Python modules - e.g.: the numarray module may be usedto perform the
mathematical analysisthat somecommandsrequire.

A special merntion must be made to the calibration componert. It is basedon a set of IDL procedures
originally written during the dewvelopmert the MMT adaptive secondary and reshaped to t the architecture
of LBT adaptive secondary’. Calibration proceduresrun as independert processeswhich interact with the
MsgD-RTD#rrough a messageénterface, like any other client. Most of them require direct accesgo the deformable
mirror, and this is done by tunneling requeststhrough the proper BCU cortroller (seebelow). Someof the IDL
procedurescan also be embeddedin the scripting interface, but in this caseparameter passingis done through
FITS les. A tighter interface is planned and will be developed for the nal version of the SSS.

KThe useof IDL wasoriginally driven by the need of a languagethat is oriented to heavy processingof data with large
data formats and simple use of linear algebra.



3.4. Controller Comp onents

Controller componerts are processesvhich interact with the LBT-AdOpt hardware devices(and with the Tele-
scope Control System,which is consideredas a very complex device). They have no userinterface on their own,
but are completely managedvia messagesssued by someof the Ul componerts. Some of them are actually
cortrolled in a transparent way by simply modifying the value of somevariables and using the "variable change
notify" function of the MsgD-RTDEsomeof them also use sharedmemory bu ers to transfer bulky data blocks.

Most of the cortrollers have two partially independert functions: oneis to listen to requestsand commands
from the MsgD-RTBD, the secondis to communicate with the controlled devices. All devicecortrol is performed
through the network by meansof various protocols according to requiremerts dictated by ead speci c device.
E.g.. the CCD cortrollers within the WFS and the deformable mirror use a specialized BCU board which
includes networking capabilities and supports a dedicated protocol for data exchange®® Somedeviceswhich
only support control through a serial line are transparently managedby using Ethernet/RS-232 corverters. Thus
the cortrollers may, if needed,run anywhere on the network and still be able to interface with their hardware.

Just to shaw the capabilities of the software designherefollows the description of somecortroller componerts:

The BCU controller is oneof the most complex: it must managethe communications with a BCU (Basic
Computing Unit), the modular block from which the wavefront sensorand secondarymirror electronicsare
built. Each BCU hasan IP addressof its own, and as suc is seenas an independert network device. The
BCU cortroller acts asa sener with respect to the other processesA BCU in turn acts asa serer serving
write and read requestscoming from the cortroller. The BCU cortroller can serwe low-level read/write
requests or more high-level requestssuch as downloading diagnostic data, CCD frames, etc. Data are
exchanged by using a custom dewveloped protocol, which is actually the same protocol usedfor the high-
speed communication links of the real-time loop, transported over UDP padkets.

Someof the main functions of the BCU cortroller are:

Con guring the internal BCU parametersas neededfor the obsenations

Allow arbitrary read/write into the various BCU memory bu ers from any external program

Serialize multiple incoming requests

Split requeststhat are too big to t into one communication block into a seriesof requests and
reasserble the results

Provide basic diagnostic about the BCU health state

Operationsthat require the exchangeof large amourts of data are carried out using sharedmemory bu ers,
while operations, like simple commands,involving smaller data blocks can use MsgDmessages Given the
complexity of the operation, no RTDBrariables are usedfor the BCU cortroller.

The Stage controller is usedto cortrol the three large Bayside stagesthat move the ertire wavefront
sensingunit along the three spatial axes. The main purposeof the cortroller is to drive the stagesat the
required position, tune the hardware cortrol loop sothat the error is not larger than a fraction of a micron,
handle the complex startup phaseof the stages,which consistsof various steps of brake/unbrake, motor
tuning, homing, etc. The complexity of the stageis hidden behind the software interface, which is simply a
setof RTDRariables (E.g.: target position, required speed,etc.) that canbe written by any process.Other
non-modi able RTDBrariables are set by the Stage cortroller during starting up to specify the operating
range possiblefor each parameter.

Other very similar controllers are neededfor lter wheelsand other movemerts. Their interfaces,whenewer
possible,are exactly identical to the interface for the stage movemerts. Thus all the movable parts of the
optical board can be managedin a consistert way.

The WFS controller is usedto manageCCD cameras. The WFS optical board hoststwo CCD cameras,
and more may be addedin the future. Given how the hardware is implemerted, this processcortrols the



hardware in "open loop", becauseall the results (CCD frames) are sert to a BCU, which must be ready
to handle the data in a correct way. Thus all CCD operations like choosing a binning mode, changing
the frame rate and readout speed, should be coordinated by a high-level script which alsorecon gures the
appropriate BCU. As for the stage cortroller, the WFS cortroller has an interface consisting of a set of
RTDBrariables, which can be changedby other processes.

3.5. Additional functionalities

The LBT-AdOpt software will also include some other programs or procedureswhich are not directly related
with the functioning of the system, but will provide auxiliary functions aimed to increasethe reliability of the
system. Thesewill include:

Operating System level scripts to launch and properly shutdown the SSS.
Hardware cheding procedures,to provide early warning related to hardware failures.

Con guration cheding procedure, to periodically chedk O.S. related parameters (such as temporary disk
spaceavailabilit y).

All the chedking procedureswill be integrated in the global Telescop Control Systemsothat proper warning
and alarms may be directed to telescope operators.

4. IMPLEMENT ATION AND SOFTW ARE ENGINEERING DET AILS

4.1. Development and target environmen t

The Operating System of choice both for software developmen and as target ervironment is Linux. We are
currently using kernel 2.4 which is a must becausewe actually use some of the features introduced with this
particular release.Given the high nhumber of processesnd threads in the SSS,we are in the processof switching
to kernel 2.6 becauseof its better scheduling policies.

SSScomponerts extensively useadvancedO.S. featuressud asthreads, semaphoressharedmemory. In the
developmert processmaximum e ort hasbeendewoted to carefully selectO.S. featureswhich may be considered
stable and well established,giving preferenceto POSIX compliance wherewer possible.

4.2. Programming languages

The choice of programming languageshas beena ected by con icting needs:from one side we would obviously
like to useasfew languagesas possiblefor coding, but we must also considerthat using a languagemore suitable
for the given task may considerably speedup the dewelopmert. Moreover there is a wealth of legacy software to
be reused.

As a result the SSSis currently using three programming languages:

C/C++ , for the time critical componerts (actually all the cortrol componerts and the MsgD-RTDB

Python, for the Userinterfaces,both character basedand graphical. The GUI is basedon the PyQt widget
library.

IDL, for the legacy calibration procedures.



4.3. Libraries

All the functions commonto various SSScomponerts are gatheredin libraries with well de ned API's which are
consisterily usedin the implementation:

- msglib . Usedto assenble and disassemble MsgD-RTDBiessagesand to interface with O.S. networking
functions.

- rtdblib . Although operations on the variable repository are actually implemented via MsgDmessagesthis
library de nes somehigher level function to create, read and write variables.

- commlib . Managesthe communication with the BCU-based devices.
- buib . Managesthe shared memory operations.

- conglib . Interfaceswith the systemcon guration les.

4.4. Do cumen tation

Like most instrument related software, the LBT-AdOpt SSSwill be presumably around for a long time and it
will needto be upgraded and maintained by many di erent peoples,for di erent purposes. For this reasonwe
believe that maximum e ort must be dedicatedto sourcecode documertation. Other kind of documerts (such
as APl de nitions, usermanuals, and the like) will be obviously produced, but have lower priorit y.

With respect to code documertation we have adopted the principles of literate programming as originally
developed by D. Knuth®® and, in order to support multiple languages,we developed a small specic WERKke
application,** written in Python, which processesourcecode les and generatessourcecode documertation in
various formats (HTML, PDF). 1%

5. CONCLUSIONS

The LBT-AdOpt Supervisor Software is a complex systemwith somepeculiar characteristics. Its architecture is
the result of two conicting requiremerts: the need of a sound software engineeringapproad to guarantee the
reliabilit y and maintainabilit y levels which are a must in this kind of projects, and the very experimental nature
of the LBT-AdOpt which requiresthat functionalities are modi ed or added just-in-time, in the lab, as soon as
a better understanding of the systemis readed.

The key design choice has been an higher level of modularity: the SSSconsistsof a collection of loosely
coupled componerts interacting through messagesothat modi cations of functionalities or the addition of new
and unforeseencapabilities have minimal impact on the whole system.
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