This thesis was typeset with IATEX, using a modi ed version of the University of
California PhD dissertation class le, ucthesis.cls. Unless otherwise noted, all gures
in this thesis were created by the author using IDLR CorelDraw R or the GNU Image
Manipulation Program (GIMP).



OPTIMISATION OF THE
INSTRUMENTAL PERFORMANCE OF IRMA

Regan Eugene Dahl

B.Sc. Computer Engineering, University of Alberta (2004)

A thesis
submitted to the School of Graduate Studies
of the University of Lethbridge
in partial ful Iment of the
requirements of the degree

MASTER OF SCIENCE

Department of Physics
University of Lethbridge
Lethbridge, Alberta, Canada

¢ Regan Eugene Dahl, 2008



To Jillian and David
for your patience and support during my Master’s Program.



Abstract

The Infrared Radiometer for Millimetre Astronomy (IRMA) is a passive atmo-
spheric water vapour monitor developed at the University of Lethbridge. It is a compact,
robust, and autonomous instrument, which is capable of being operated remotely. The
latest model is based on a PC/104 running an AMD 133 MHz SC520 processor, which
allows for more exible control of the unit. The modi cations and upgrades to the software
required for the transition to this new platform are discussed in this thesis. In addition to
software optimisation, a new calibration method has been developed as the unit has become
better understood. This method has been veri ed through test campaigns carried out in

Lethbridge and Chile. The results of these tests are included in this thesis.
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Chapter 1

Introduction

1.1 Overview

The Infrared Radiometer for Millimetre Astronomy (IRMA) is an instrument used
to measure the amount of water vapour in the atmosphere, usually expressed as precip-
itable water vapour (PWV). It was developed as a collaboration between the University
of Lethbridge and the Herzberg Institute of Astrophysics to be a fast, relatively simple,
robust radiometer which could be used to determine PWYV at high altitude sites around the
world. Central to IRMA is a sensitive infrared photoconductive detector, used to measure
the atmospheric emission of a carefully selected spectral band centred at 20 m. The
total radiant infrared ux received from the atmosphere is converted into PWV by use
of an atmospheric model, BTRAM (Blue Sky Transmittance and Radiance Atmospheric

Model) [2], which has been developed by our research group.
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1.2 Precipitable water vapour

Water vapour is simply water in the gaseous phase. Precipitable water vapour
(PWV) is a measure of the columnar abundance of water vapour in the atmosphere. PWV
refers to the depth of liquid water present upon condensing a column of atmosphere. PWV
is a linear parameter referred to in units of mm. For example, 1 mm PWYV condensed over

an area of 1 m? would correspond to 3:34  10%> molecules of water in the atmosphere.

1.2.1 Importance of Measuring PWV

100%
50% | Wm }
1

0% T T
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Figure 1.1: The atmospheric opacity as a function of wavelength. The graphs show with regions of the electro-
magnetic spectrum are visible from ground based sites. Courtesy of NASA/JPL-Caltech.

Astronomical objects emit light at all wavelengths of the electromagnetic spectrum.

By and large, this light travels vast distances through space relatively unimpeded until it
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reaches the Earth’s atmosphere. While our atmosphere is transparent to some forms of
radiation, it is opaque to many wavelengths as shown in Figure 1.1 [3]. The dominant
source of opacity for infrared wavelengths is due to atmospheric water vapour. Therefore,
the best infrared observing sites require low column abundances of water vapour. This is
why the world’s best observatories are located at high and dry mountain tops, which place
them above most of the atmospheric water vapour.

Since water vapour is the primary source of atmospheric opacity, quantifying its
abundance, usually expressed in terms of PWV, is critical for the calibration of astronomical
data at observatories around the world. For this reason it is also key factor in deciding the
location of future ground based observatories. IRMA has been used as both an opacity
meter for existing observatory sites (Figure 1.2), as well as in a site testing role (Figure
1.3).

Water vapour is also a cause of phase delay in submillimeter interferometric arrays.
These submillimeter arrays are ground-based observatories which are able to synthesize a
massive receiving antenna whose diameter equals the length of the maximum baseline of the
array. The maximum baseline is the distance between the two farthest-separated antennas

in the array.
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Figure 1.3: A photograph showing three IRMA units deployed on one of the Chilean sites being considered as
part of the Thirty Meter Telescope (TMT) project.
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Figure 1.4: A schematic of the cause of atmospheric phase distortion of a celestial signal. [1].

At millimeter wavelengths, water vapour found in the Earth’s atmosphere is present
insu cient amounts to slow down the incoming wavefront of a celestial signal. Studies have
shown that for every 1 mm of precipitable water vapour along the line of sight of a millimeter
telescope, the optical path length through the atmosphere increases by 6 mm [4]. More-
over, the distribution of water vapour in the atmosphere is neither spatially nor temporally
homogeneous inside the column projected from the antenna’s receiving dish. For example,
with a wind speed of 20 m/s, which is not uncommon at the altitude of many observatories,
the mass of air in the column above the telescope changes every 0.5 s. Thus, in general
the amount of water vapour along the line of site of each receiving antenna will be di erent.

The e ect of atmospheric phase distortion is illustrated in Figure 1.4, which shows
an interferometric array with two antennas. The antenna pair observe the same object,

whose wavefront appears planar in the upper atmosphere. The wavefront above the left
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hand antenna passes through a region of water vapour, which adds excess optical path
length, d, to the incoming signal. Interferometry requires the precise measurement of the
time the wavefront was received at each antenna. The apparent direction of the observed
object is perpendicular to the planar wavefront. A slight phase error manifests itself as
a slight change in the immediate apparent angle of the astronomical source, decreasing
the spatial resolution of the interferometer. Real-time knowledge of the PWV above each
antenna would allow for a partial correction of this phase delay.

IRMA is well-suited for phase correction. It has been designed such that it samples
the same patch of sky as a 10 m antenna, as described in x2.2. Importantly, IRMA is a
passive radiometer and therefore, does not require any radio frequency (RF) components
which may interfere with the RF instrumentation of a radio telescope. Figure 1.5 shows
IRMA mounted to one of the antennas at the Smithsonian Millimeter Array (SMA) on

Mauna Kea in Hawaii during phase correction testing in June 2004.

1.2.2 Measuring Water VVapour

Many methods have been described in literature to measure the water vapour
content of the atmosphere. These include: 183 GHz radiometer [5], 225 GHz Radiometer
(Caltech Submillimeter Observatory (CSO) Taumeter) [6], tropospheric delay measurements
using GPS signals [7], and infrared radiometer [8]. IRMA is the only method to employ a
passive infrared radiometer. Moreover, it is also compact, robust, and able to be operated

remotely.
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Figure 1.5: A photograph showing IRMA attached to the side of one of the antennas of the Smithsonian
Millimeter Array telescope on Mauna Kea, Hawaii.

1.3 The IRMA Solution

1.3.1 The Instrument

The IRMA instrument will be the main focus of my thesis. IRMA is essentially a
very sensitive infrared thermometer, which measures the emission from the atmosphere in
a narrow spectral band where only water vapour contributes to that emission. The IRMA
device consists of an optical system which focuses the emission onto a photoconductive
detector, which will be discussed in x2.2. Finally, this ux can then be converted into PWV
using an atmospheric model, BTRAM, which has been developed by the Astronomical

Instrumentation Group at the University of Lethbridge and is brie y described in the next



Section 1.3: The IRMA Solution 8

section. A mechanical system, described in x2.3, has been designed such that IRMA can be
pointed in any direction, and gives it the ability to protect itself from the elements with a
weather shutter which doubles as a calibration source. The electronics, discussed in x2.4,
facilitate the control of the instrument through software, which will be discussed in Chapter
3. Other software, discussed in Chapter 4, has also been designed which allows for remote

access and control of the IRMA unit in addition to data reduction routines.

1.3.2 The Atmospheric Model - BTRAM

To determine the relationship between the detected ux and PWV, IRMA em-
ploys the atmospheric model BTRAM (Blue Sky Transmittance and Radiance Atmospheric
Model). BTRAM [9] (originally known as ULTRAM [2]) is a line-by line, layer-by-layer ra-
diative transfer model used to simulate transmission, emission, or opacity of a user-de nable
atmosphere.

The impetus for developing BTRAM, was that IRMA could be deployed in lo-
cations where standard models do not apply. The main goal in developing BTRAM was
to provide the user with the exibility to model radiative transfer under local conditions.
It was originally designed as a customisable GUI with a simpli ed subset of geometries
available in Fast Atmospheric Signature Code (FASCODE) [10]. FASCODE was di cult
to customise due to the volume of code, causing modi cations to one aspect of the model
would have unpredictable consequences in other parts of the code. BTRAM has been de-
veloped into an independent, easy to use, fully customisable atmospheric model using the
HITRAN 2004 database of spectral lines [11].

Within BTRAM there are nine pre-built atmospheric pro les: Antarctic Summer,
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Chajnantor Winter, Mauna Kea, Mid-Latitude Summer, Mid-Latitude Winter, Sub-Arctic
Summer, Sub-Arctic Winter, Tropical, and U.S. Standard Atmosphere 1976. A customised
atmospheric model is built by either modifying one of the pre-built pro les, or creating
one based on radiosonde data when available. A radiosonde is a suite of meteorological
instruments carried by a weather balloon, which makes in situ measurements of pressure,
temperature, wind speed, and dew point or relative humidity. These data are then used
to determine inputs for the creation of a site-speci ¢ atmospheric model, such as the scale
height and the adiabatic lapse rate.

Astronomical observations must account for the variable transmission through the
earths atmosphere. While IRMA measures emission from of the Earth’s atmosphere, by
application of Kircho ’s Laws the transmission can be derived and a suitable correction
applied to the astronomical observation. Previous studies have shown that, at a wavelength
of 20 m, water vapour is the primary source of emission in the atmosphere [12]. Thus, by
measuring the emission at these wavelengths, the detected ux can be converted to water
vapour abundance through the use of an atmospheric model.

From any site there are natural variations of temperature and pressure, which must
be taken into account when generating the model. Using the range of local temperatures and
pressures common to the desired site, BTRAM is run in a batch mode to generate a series
of model les. These les are combined to form a lookup table relating ux to PWV for
the given range of local meteorological conditions. The operator uses the atmospheric ux
values obtained by IRMA, along with the concurrent temperature and pressure, to determine
the corresponding PWV value from the lookup table. The nal accuracy of the retrieved

PWYV value depends not only on instrumental uncertainties, but also on uncertainies in the
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atmospheric model. For this reason, where possible, nearby radiosonde data are used to
generate the models used by IRMA.. Error analysis studies have also been performed on the
models and show that the contribution to the total error budget is driven by the accuracy of
the scale height, and the adiabatic lapse rate. A detailed analysis of how the key parameters
a ect the resulting PWV output from the model has been performed. The scale height of
water vapour was found to be the parameter most a ecting PWV sensitivity. While scale
height of water vapour is critical to the accuracy of the model, it remains the most di cult

to measure in real-time [13].

1.4 Summary

Water vapour is an important component of the atmosphere. Due to its inter-
ference with astronomical signals, understanding the quantity of water vapour in the at-
mosphere is especially important for astronomy. IRMA provides a method of measuring
the columnar abundance of water vapour, PWV, for astronomical applications. This thesis
describes the work that | have done in optimising the instrumental performance of IRMA,
speci cally improving the performance of the control and data acquisition software and
re ning the calibration schema of the radiometer.

Chapter 2 gives a brief history as well as an overview of the current optical, me-
chanical and electronics design of the IRMA Hardware. Having a knowledge of the physical
instrument is required for an understanding of the system software. Chapter 3 presents an
overview of the previous version of the IRMA software. My work involved implementing
and improving the previous distributed version of IRMA onto a new platform. Chapter 4

describes the control and data analysis software, which allow the unit to be controlled re-
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motely and the calibrated data products to be reduced. Chapter 5 introduces an improved
calibration schema, which was veri ed through test campaigns both in our laboratory in
Lethbridge and on a remote mountain top in Chile. In the second part of Chapter 5, a case
study is presented demonstrating how the software was able to be recon gured to acquire
scienti ¢ data in the event of an unexpected hardware failure. Chapter 6 concludes the

thesis with the future directions of the IRMA project as well as some nal thoughts.
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Chapter 2

IRMA Hardware

2.1 Overview

The IRMA concept has evolved from a barebones prototype into a compact, au-
tonomous, remotely operated instrument. During this evolution, most of the original pro-
totype was redesigned. The IRMA hardware can be divided into three main categories:
Optics, Mechanical Design, and Electronics. A brief history, along with the current design,

will be presented in this chapter.

2.2 Optical System

The IRMA optical system is the most important part of the unit, since it enables
the unit to observe the sky, as well as calibration sources. The prototype, IRMA I, shown
in Figure 2.1, was developed by a previous graduate student, Graeme Smith [1]. The unit
mounted on a three-legged optical table and consisted of a plane scanning mirror, which

directed light to an o -axis parabolic mirror, which subsequently focused the light at the
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Figure 2.1: A photograph of the original IRMA instrument.

detector. The scanning mirror provided a range of observable zenith angles from 0 to 70:38 ,
which represent an airmass range from 1 to 3. The prototype was unable to move in the
azimuth direction and therefore, was xed when the instrument was deployed.

The initial design was improved by obtaining a detector with higher responsivity
and using a bandpass Iter that more closely matched the desired spectral range. Fur-
thermore, a complete mechanical and electrical redesign was undertaken to make the unit
more compact, autonomous, and robust. As part of this redesign, the scanning mirror was

removed and the parabolic mirror was mounted in a compact box, such that the system
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could be pointed in any arbitrary direction by use of an Alt-Az mount, as shown in Figure
2.3. By replacing the original 45 o -axis parabolic mirror with a 90 o -axis parabolic

mirror, the optical system became more compact.

2.2.1 Parabolic Mirror Design

A 90 o -axis paraboloid was chosen as the focusing optic to avoid obscuring part
of the optical beam by a secondary mirror assembly, and therefore maximize the optical
throughput. The focal length of the optical system was determined by the size of the
detector element, 1 1 mm, and the atmospheric sampling criterion, which was chosen to
sample a 10 m patch of sky at an altitude of 1 km, thus de ning a eld of view of about

1/100 radian.

Primary mirror paraboloid (represented

here as a lens) with area A b subtending
Sampled patch of sky of

solid angle Qd at detector.

area A .- subtending a solid

Detector area A . angle Qp at paraboloid.

Focallength Range to sampled patch of sky.
of paraboloid.

Figure 2.2: A schematic of the equivalent optical system of IRMA. [1]

Referring to the schematic of the optical system in Figure 2.2, conservation of the
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throughput of the optical system requires that

where Aq is the area of the detector, 4 is the solid angle viewed by the detector, A, is
the area of the paraboloid, and | is the solid angle subtended by the 10 m diameter patch
of atmosphere viewed at a distance of 1 km. The solid angle subtended by the sampling
area As at the parabolic mirror at a distance R can be approximated as , = As=R?,
and, similarly, the solid angle subtended by the paraboloid at the detector is 4 = Ap:fz.

Equation 2.1 can then be rearranged to specify a focal length
s

d3

d3

| QU
Aq _

f=R 2°=R (2.2)

where dg is the diameter of the detector element and ds is the diameter of the source area.
The focal length of the paraboloid is the determined by dg, ds, and R, which have been
previously determined, and is independent of the diameter of the paraboloid. Inserting the

values into equation 2.2 gives a focal length of
r

0:0012
f=(1000) 5 =0:1m (2.3)

Thus, a 10 cm diameter f/1 o -axis parabolic mirror was chosen as a good compromise

between collecting area and compact design.

2.2.2 IR detector and Iter design

The incident infrared radiation is focused by the parabolic mirror onto a Mercury-
Cadmium-Telluride (MCT) photoconductive detector, supplied by Kolmar Technologies

[14], which is cooled to 77 K. Since the development of IRMA I, improved detectors have
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been obtained, which have better detectivity and responsivity, helping to increases the
observed signal-to-noise ratio. The resistance of the detector changes as a function of
infrared radiation which falls upon it. When biased with a constant current source, this
resistance change is detected as a change in voltage across the detector. This voltage signal
can then be ampli ed and digitized by an analog-to-digital converter. While initially cooled
with liquid nitrogen, to allow for remote operation, the IRMA detector is now cooled by a
closed cycle Stirling cooler.

In order to restrict the incoming radiation to the desired spectral region, 450 500
cm 1, a bandpass lIter is placed in front of the detector. The second generation IRMA
Il included a Iter, provided by Professor Peter Ade of Cardi University, Wales, which
uses resonant capacitive and inductive micro-elements [15]. These Iters provide superior

performance over commercially available Iters.

2.2.3 Chopper wheel

A ve-blade re ective chopper modulates the incoming optical beam at 450 Hz.
The detector alternates between views of the radiation from the sky and from an unfo-
cused view of itself, which produces a chopped signal of high stability over a wide range of

temperature variations. This signal is then detected using a standard lock-in ampli er.

2.3 Mechanical Design

As mentioned earlier, the prototype IRMA | was constructed on a three legged
instrument platform. This platform contained all of the optical components, two blackbody

references and an LN,-cooled infrared detector dewar assembly. This con guration worked
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Figure 2.3: A rendered model of IRMA in its Altitude-Azimuth fork mount.

well for initial testing and proof-of-concept, but a more compact, and robust design was
required for autonomous remote operation. The IRMA unit was designed to t into a
compact box such that it could be mounted on the side of a radio antenna when used in a
phase correcting role, see Figure 1.5. An Alt-Az mount was also designed to allow IRMA to
be pointed in any direction when not attached to an antenna. The wet cryostat was a major
stumbling block to remote operation since it required an operator to re Il the dewar every
4 to 6 hours. Moreover, the wet cryostat could not be attached to the side of an antenna
because had to be kept vertical. To address this problem and allow for remote operation,

the wet cryostat was replaced with a Stirling cycle cooler, which was able to achieve liquid
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nitrogen temperatures without the use of cryogens.

2.3.1 IRMA Module

The main IRMA module can be divided into four main compartments: optical,
electronics, weather shutter, and power supplies. The module is designed to require only
mains power and an ethernet connection. The mains power is routed to the bottom of the
module where the power supplies provide 24 V and 5 V DC to the unit. The 24 volt supply
powers the Stirling-cycle cooler, the lid motor and the temperature controlled calibration
source, while the 5 volt supply powers the IRMA computer and the other electronics. Also
mounted in the bottom compartment is the Stirling cooler controller, which regulates the
temperature of the cold nger of the cooler.

On one side of the module is the optical compartment, which is visible in Figure 2.3.
This occupies the majority of space in the IRMA module. The optical system is discussed
in section 2.2. The IR ux from the atmosphere enters the unit through a 117 mm diameter
aperture, which is directly above the parabolic mirror. The 90 o0 -axis parabola directs
radiation to the detector, which is mounted horizontally to the end of the cold nger of a
Hymatic NAX025-01 Stirling-Cycle Cooler. A vacuum chamber surrounds the cold nger
which is evacuated to 1 10 4 mbar. This vacuum is designed to last ve years and must
have a leak rate no greater than 1 10 1° mbar cm 2 s 1 in order to allow the cryo-cooler
to operate at its target temperature of 70 K. Also mounted inside the vacuum chamber
on the detector block are the bandpass Iter and a cold stop. The window of the vacuum
chamber is made of anti-re ection coated ZnSe [16]. The cold stop was designed to restrict

the viewing angle of the detector to the size of the mirror. However, during tests in the
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lab it was found that there was some spill-over of the beam, x5.1.2, which was corrected
by adding a second aperture to the exterior of the ZnSe window. The optical chopper is
mounted such that the blades pass in front of the exterior aperture.

Due to the fast optics of the IRMA, if the unit is pointed directly at the Sun,
the focused light is su ciently intense to burn a hole in the infrared Iter and damage the
detector. Unfortunately, this occurred twice on previous IRMA models. To prevent this
from recurring, a solenoid operated shutter was incorporated into the design such that if
the unit moves within 15 of the Sun it blocks the beam. This Sun shutter is activated
independent of software, by a phototransistor mounted in a small hole on top of the unit
on axis with the IRMA eld of view; it may also be controlled via software.

The electronics are mounted on the side opposite the optical system and include
the PC/104, the IRMA motherboard, and the pre-ampli er. The electronics are described
in more detail in x2.4.

A narrow compartment at the top of the IRMA unit contains a weather shutter.
The shutter can be positioned via a lead screw to cover the main aperture in case of
inclement weather. The shutter serves a dual purpose, as a blackbody calibration source is
mounted on its underside. When the shutter is closed, the detector views the blackbody,

which is used to provide radiometric calibration.

2.3.2 Alt-Az mount

An Alt-Az mount is provided to allow full range of motion when the IRMA is not
attached to the side of a radio antenna. In this case, power and Ethernet are connected

to the bottom of the Alt-Az mount and then provided to the main IRMA box through an
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umbilical cable. Alt-Az articulation is powered by two Maxon EC167129, low-noise, 50 W
brushless DC motors, each coupled with a Maxon 1QEC50V digital motor control unit.
Axis rotation for each direction is geared down substantially by a 1621:1 gear head. An
additional 8:1 gear reduction is provided by belts connecting the motors to their respective
axes.

For the azimuth direction, the motor is mounted in one arm of the mount and
connected via a belt to a xed central gear about which the unit rotates. The unit is
capable of rotating 370 about its azimuth axis; this range, being de ned by optical limit
switches, restricts the rotation to prevent damage to the wiring connecting the articulating
parts. The altitude motor turns a gear in the arm of the mount which is xed to the main
IRMA box and allows rotation of 185 . To prevent rotation beyond these limits and
prevent the main IRMA module from contacting the Alt-Az mount, optical limit switches
are again used. The motors are disabled when the switch is interrupted by one of two metal
tabs attached to the rotating housing.

Limit detection is independent of software in order to eliminate the risk of runaway
axis movement damaging the mount if the software were to fail. Attached to each of the
axis are US Digital E6M optical encoders, which provide positional data to a resolution of

8192/360 counts/degree as discussed in x2.4.7.3.

2.4 Electronics

2.4.1 Overview

The IRMA electronics have evolved signi cantly since the original prototype. The

original system was very basic, being controlled through the parallel port of a laptop com-
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Figure 2.4: A photograph of the electronics side of the IRMA module. The optical compartment is located
immediately on the other side of the vertical wall shown in the image.

puter. This system was rst upgraded to allow commands to be sent to the laptop over
the internet for remote operation. With the new mechanical design, the electronics were
integrated into the IRMA unit. This system was based on an 8-bit Rabbit Semiconductor
RCM2100 microcontroller [17], which could be controlled remotely over the internet but
still required a command processor (CP) computer for the issuance of commands. If the
network link between the RCM2100 in the IRMA and the CP were severed, the unit would
cease to function. Furthermore, in order to upgrade the software, it was necessary for an

operator to reprogram the microcontroller manually on site. To address these issues, in the
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latest version of IRMA, the CP and the 8-bit microcontroller have been replaced by a 32-bit
PC/104 inside the IRMA unt. A signi cant part of my thesis has involved migrating and

optimising the code to run e ciently on the PC/104.

2.4.2 PC/104

At the heart of the electronic system (Figure 2.5) is a Winsystems PCM-SC520
PC/104 running an AMD 133 MHz SC520 processo [18]. PC/104s are true IBM PC com-
patible computers capable of running a standard desktop operating system. The PC/104
is responsible for the communication, control and data acquisition of the IRMA unit. The
PCM-SC520 is robust and designed for extreme conditions and temperatures of 40 C to
85 C. It contains an onboard Intel 82551ER 10/100 Ethernet controller and an onboard

Compact Flash socket, which is used for data storage.

2.4.3 Diamond Systems - Emerald-MM-DIO

The PCM-SC520 lacks su cient 1/0 lines to be able to control the IRMA unit.
A Diamond Systems Emerald-MM-DIO [19] connects through the 16-bit PC/104 bus and
provides 48 bi-directional digital 1/0 (DIO) lines as well as four serial ports. The Emerald-

MM-DIO is also rated for operating temperatures of 40 C to 85 C.

2.4.4 Pre-Ampli er

The measured signal from the MCT detector is very small, having a noise oor
of 10 nV, and rst needs to be ampli ed in order to make e cient use of the full range
of the ADC. The detector signal is connected to a low noise pre-ampli er, with a gain of

10,000, before passing to the IRMA motherboard.
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2.4.5 IRMA motherboard

The IRMA motherboard is a custom electronics board, designed and built in-
house in our electronics fabrication laboratory. It contains most of the electronics required
to control the IRMA unit. The PCM-SC520 interfaces with the IRMA motherboard though
the Emerald-MM-DIO board. The 48 digital 1/0 lines are divided between two connectors
(JP5 and JP6), each containing 24 1/0 lines, which plug into the IRMA motherboard. In
order to simplify the con guration, JP5 was used for input and JP6 was used for output.
The motherboard contains the electronics for the data acquisition system including signal
conditioning, lock-in ampli er, temperature sensor multiplexing, weather shutter control,

blackbody control, chopper control, and GPS.

2.4.6 Cryocooler Controller

The cryocooler controller communicates with the PC/104 through a serial port
on the Emerald-MM-DIO board. It is a specialized controller from Hymatic designed to

regulate the temperature of the NAX025-001 cryocooler [20].

2.4.7 Alt-Az Electronics

The Alt-Az controller (AAC) is responsible for pointing the IRMA within its Alt-
Az mount. The AAC, a custom built electronics board designed around the Rabbit Semi-
conductor RCM2010 [21] (Figure 2.6), connects to the PC/104 over a serial connection
through the umbilical cable. It acts as a slave processor to the main computer and its
primary function is motor control, which consumes the majority of DIO lines on the AAC

Rabbit.
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Figure 2.5: A Block Diagram of the new con guration of the IRMA Master Controller showing how the PC/104
interfaces with the various subcomponents of the radiometer.

2.4.7.1 Rabbit RCM2010

The RCM2010 controller module is the control computer that handles motion

control and communication for the AAC. It is tted onto the main Alt-Az electronics board

through two 2x20 pin dual-in-line headers. These headers allow the DIO of the RCM2010 to

interface with the motor controllers, limit switches, and optical encoders. A block diagram

of these connections is shown in Figure 2.7.
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Figure 2.6: A photograph Alt-Az electronics board with Rabbit RCM 2010 microprocessor attached (centre left).

2.4.7.2 Maxon Motor Controllers

As seen in Figure 2.7, the RCM2010 does not connect directly to the Alt-Az motors.
Instead, a Maxon 1QEC50V digital motor control unit is used for each motor. Using the
control units allows for digital control of the 24 vV motors. Altitude and azimuth motor
controller enable lines are mapped to output lines 6 and 7, respectively, on parallel port B.
Motor controllers are enabled by setting these lines, while clearing these lines disables the
controllers. A braking system is also available and used to hold the axes stationary. Braking
is applied by setting bits 4 and 5 (for altitude and azimuth respectively) on parallel port A.

Altitude and azimuth motor direction is controlled by DIO output lines 6 and 7, respectively,
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Figure 2.7: A Block Diagram of the IRMA Alt-Az Controller showing how the Rabbit RCM2010 interfaces with
motor control system.

on parallel port A. Setting either of these two lines sets the corresponding axis into clockwise

(CW) rotation, while clearing puts the corresponding axis into counterclockwise (CCW)

rotation. Altitude CW and CCW limits are respectively mapped to input DIO lines 2 and

0 on parallel port B. Azimuth CW and CCW limits are respectively mapped to input DIO

lines 1 and 3 on parallel port B. When a limit line is set, a limit has been encountered,

otherwise, the axis angle is within safe rotational limits.

The speed of the motor is set by supplying an analog voltage of 0 to 2.5 V to

the controller. An 8-bit, 2-channel, Maxim 5223 serial digital to analog converter (DAC) is
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used to generate the required analog voltage. The 5223 has a 3-wire serial communications
interface involving a chip select line (CS), a serial clock line (SCLK) and a data input
line (DIN). All the communication lines are mapped to Rabbit parallel port A: CS (active
low), SCLK, and DIN, are mapped to pins 1, 2, and 3 respectively. Voltage is individually
adjustable on each of the two analog outputs of the 5223, A and B. Voltage can be set
between 0 V to full scale (the input reference voltage) in 256 equal steps. Analog output
channel A is mapped to the azimuth motor controller, while analog output B is mapped to
the altitude motor controller.

Using dip switches on the motor controllers, the speed is limited to a range of 500
to 12,500 RPM. However, the maximum manufacturer recommended rotational speed of

the gear box is 8000 RPM, a limit which is set within the software.

2.4.7.3 Optical Encoders

The AAC determines the position of the Alt-Az mount through the use of two US
Digital E6M optical encoders [22], which are interfaced with the RCM2010 through a US
Digital LS7266R1 encoder chip [23]. The optical encoders employ 2048 lines per revolution
optical encoder wheels. However, the LS7266R1 can obtain 8192 lines of resolution per
revolution, or 2 arc seconds per encoder step, by operating in quadrature mode. To operate
in quadrature mode, a Iter clock with a frequency in the range 10 to 35 MHz must be
connected to the LS7266 (LS7266 pin 2). The Iter clock is supplied by a 10 MHz oscillator.
The LS7266R1 detects and counts ticks from the encoders (in either mode), where the count

is relative to a software determined location.
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The LS7266 optical encoder chip is capable of reading the position from two en-
coders and interfaces to the RCM2010 using 12 DIO lines. Data sent to, and received
from, the LS7266 is carried over an 8-bit bidirectional data bus, mapped to pins 0 through
7 on parallel port D. The software must set the appropriate data direction depending on
whether data are being written or read. Since the chip select (active low) line is connected
directly to ground, there are four pins used for controlling the LS7266: read, write, con-
trol/data and X/Y axis select, connected to pins 0 to 3 on parallel port E respectively. The
control/data line (LS7266 pin 13) selects whether data registers (low) or control registers
(high) are selected. Read and write (LS7266 pins 16 and 14 respectively) are active low, and
are used for enabling reading or writing to the chip. Similarly, the X/Y axis line (LS7266
pin 13) determines whether the azimuth axis counter (low) or altitude axis counter (high)
is selected.

The LS7266 requires three input lines from each encoder, two analog inputs, la-
beled A and B, and an index marker. The azimuth axis encoder is connected to the X axis
inputs of the LS7266, while the altitude axis encoder is connected to the Y axis inputs.
The A/B inputs for both axes are enabled by setting the A/B input enable lines (LS7266
pins 18 and 28) high. These lines are permanently tied high on the AAC main board. Each
encoder contains a unique index mark, which generates a pulse signal when detected. This
signal from the altitude and azimuth encoders are connected to pins 1 and 19 of the LS7266
respectively, and can be used to either reset the counter or load a preset value. While the
index mark could be used for initialisation, as the mechanical limit switches are currently

preferred.
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2.5 Summary

The IRMA hardware can be divided into three main components: optics, mechan-
ics, and electronics. Each of these areas have evolved signi cantly since the rst prototype.
The optics have been tted into a compact box, which can either be mounted to the side
of a radio antenna or in a specially designed Alt-Az mount. Through the use of custom
electronics, embedded computer systems now allow for remote, autonomous control of the

IRMA unit.
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Chapter 3

IRMA System Software

3.1 History

As the IRMA hardware has evolved, so has its software. In the beginning, the
software consisted of a simple C++ program, running on a laptop, which controlled IRMA
through its parallel port. Subsequently, a Common Gateway Interface (CGI) was incor-
porated into the original program so that it could be operated over the Internet with a
web browser. Though it was still controlled through the parallel port, this enabled remote
operation. However, with the mechanical redesign, IRMA became a more complex system,

necessitating a complete software redesign.

3.2 Rabbit based IRMA

With the mechanical redesign, the IRMA became a distributed system running
over three processors. As shown in Figure 3.1, these were the Command Processor (CP),

the Master Controller (MC), and the Alt-Az Controller (AAC). The CP was a standard



Section 3.2: Rabbit based IRMA 31

desktop PC running Linux, which provided the operator access to the system. The MC,
based on an 8-bit Rabbit Semiconductor RCM2100 [17], was located inside the instrument
itself. It handled the communication with the CP and interfaced directly with the hardware
to control the instrument. The Alt-Az tasks, however, were o -loaded to another Rabbit
processor (RCM2010), the AAC, which acted as a slave to the MC. It was located in the
Alt-Az mount and was connected to the MC via a serial link through the umbilical cable,
which can be seen in Figure 2.3. This system was programmed by a previous graduate
student, lan Scho eld, and formed the basis of his Master’s thesis [24]. Though most of my
work involved the PC/104 based system, it was necessary for me to understand the Rabbit
based system, in order to maintain the Rabbit based IRMA units currently deployed. |
was also able to make some improvements to this system, the most signi cant of which was
to add a software package [25], which allowed for remote reprogramming of the RCM2100.
The Rabbit based IRMA is brie y described below to aid the reader in understanding the

current design.

3.2.1 Command Processor

The Command Processor was built around a standard Linux installation. At the
core of the CP was the IRMASscript interpreter irmakExec.pl. Whether commands are sent
to the IRMA unit directly through the command line (x3.2.1.3), through the Control In-
terface GUI (x4.1), or programmed to execute automatically using AutoTasks (x3.5), all
commands ultimately get sent through irmakExec.pl. IRMAscript is a custom scripting
language used to control the unit. It provides a highly exible, ne-grained control mecha-

nism for the instrument. A comprehensive description of the IRMAscript language can be
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Figure 3.1: A System diagram for the Rabbit-based IRMA.

found in Appendix A.

3.2.1.1 irmaExec Software Structure

irmaExec.pl, written in Perl [26], a popular systems programming language, is the
interpreter for IRMAscript. Interpreters and compilers translate instructions from one form
to another. Interpreters typically translate statements into actions as they are encountered,
while compilers translate source code into machine language instructions to be executed on
the target machine at a later time.

Compilers and interpreters are built using similar mechanisms. A typical compiler
consists of a scanner, a parser, a scope checker, and code generation. An interpreter, such
as irmakxec.pl, is also built using these components, except that it will typically execute

the statements rather than generating code.
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The scanner is responsible for recognising tokens or strings of a language statement.
irmakxec.pl accomplishes this by reading in the source le, ignoring white space and
comments, and separates each line into tokens. Tokens may be either literals, strings,
variables, constants, or reserved words, words which are commands of the language. The
statements of each line are then stored in an associative array, or hash table, using the
generated line number as the key to access the statements.

The parser is responsible for determining if a sequence of tokens conform to a
language statement. Since IRMAscript uses a nite automaton, or nite state machine,
and does not allow for nested statements, the parser in irmaExec.pl is greatly simpli ed.

Basic syntax for hardware commands consists of 3 tokens:

[Command] [Modi er eld 1] [Modi er eld 2]

These are followed by n parameters, as needed. This structure helps make the language
more readable and also allows the commands to be divided into families. For example, the

commands relating to the chopper wheel are shown below.

CHOP READ STATE
CHOP STATE ON
CHOP STATE OFF

The three token hardware commands are converted into 3 digit command codes and embed-
ded in network command packets. The command set is stored in an Excel spreadsheet which
is parsed using the Perl module Spreadsheet: :ParseExcel. The parser stores variables in
a hash table and also handles nested loops.

Scope checking and type checking are generally combined in a compiler. Since
IRMAScript is typeless, and all variables are considered global, that is, visible throughout

the program, this stage is not included in the interpreter.
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Table 3.1: pseudo code description of the the IRMAscript interpreter.

initialize command code hash table
open irmascript file (read)
do
read line from file
split line into fields, put into array
put array in source code hash table with key = line count

increment line count
until reach EOF

initialize program counter "pc” to 0

do
get statement from source code hash table using key = pc
pattern match statement on command, modifierl and modifier2
look up command code using keys command, modl and mod2
make command packet

send command packet to MC according to network comm protocol
while pc < total lines in program

A compiler translates the veri ed language statements into lower level, machine
readable codes. This code may then be executed on the target machine at a later time. By
contrast, interpreters execute the statements on the target machine immediately after they
are parsed. For irmaExec.pl this involves either generating a binary packet to send over
the network to the MC, or, in the case where a statement does not command the IRMA
hardware, such as a variable assignment or ow control, the interpreter will execute the
statement directly within the irmaExec.pl process.

The basic functionality of the IRMAscript interpreter can be described by the

pseudo code in Table 3.1.
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Figure 3.3: An overview of the IRMA directory structure.

3.2.1.2 Directory Structure and Con guration Files

The software requires the de ned directory structure shown in Figure 3.3. The base
directory for the software is named IRMA and located in the users home directory, usually
denoted ~/. Within the base IRMA directory, there are four subdirectories: ~/1RMA/IRVMA/,
where the custom IRMA Perl modules are located, ~/1RMA/Config/, where con guration

les are stored, ~/IRMA/SCRIPTS/, scripts to be executed with 1rmaExec.pl must be located
in this directory, and nally ~/IRMA/HelperProgs/, where irmakExec.pl is located.

The interpreter is initialized via con guration les. The rst is the command
set, which is stored as an Excel le and shows the association of each command with is
corresponding numeric code. By default, is is named IRMAscript.xls and is located in the
~/1RMA/HelperProgs/ directory.

In addition, each IRMA unit has a unique con guration le, box_<box number>.cfg,

stored in the ~/IRMA/Config/ directory. The con guration le shown in Table 3.2 provides
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Table 3.2: An example unit con guration le which is used to initialise instrument parameters.

F*hhkhhkhhkhhhkhhkhhhkihkhhhkrhkhhhhhihkhhkhhhhhhhihkihihihihixk

2006-01-01T00:00:00
IPaddress 128.171.116.72
Data_port 10072

Cooler TR282

Board 1

# Dummy calibration data for this time period
CalibratelLow 77_7.74e6
CalibrateHigh 319 _6.82e6

B R R R e R R R R R R R R b b b R R A R b R R R R R S R R R R R R S S e e
2006-08-09T15:00:00

# Unit returned from Hawaili
IPaddress 142.66.41.40
ElevGearReduction 128
AzimGearReduction 128
BeltReduction 8
MinMotorRPM 500
MaxMotorRPM 25000
MaxGearRPM 8000

elev_kProp 10.0

elev _kinteg 1.0
elev_kDeriv 1.0

azim_kProp 1.0

azim kinteg 1.0
azim_kDeriv 1.0

B R R R R R R R R R R R R AR R AR R AR AR AR AR R AR R AR R R AR R AR R AR R AR R AR R R AR R AR R AR R R R R

the CP with the IP address and data port of the master controller, and supplies the gear
reduction ratios, servo parameters and detector calibration constants to the MC. The le
is broken into parameter blocks, which are delimited by lines of repeating asterisks. A
time stamp appears at the head of the block, which establishes the date/time when the
parameters, immediately following, took e ect. The parameters within a block include all
lines following the time stamp, up to but not including the next block delimiter line. A
parameter line consists of a label followed by a value, and is terminated with a carriage

return. A whitespace separates the label from the value.
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When irmakExec.pl is executed it reads in the box le speci ed by the box number
command line parameter, accepting parameter elds whose time stamp is closest to the
current time/date. For example, using the con guration le in Table 3.2, if irmakExec.pl
were executed on 2006-09-01, it would accept the IP address values from the command
block dated 2006-08-09T15:00:00, because this is the most recent entry.

For a complete list and description of parameters that can be de ned in a CP
con guration le see Appendix C.1. If parameters are not de ned, default parameters are

assigned.

3.2.1.3 CP software requirements and execution

As described earlier, the system is designed to run on a desktop or server PC
running Linux. All CP software has been designed to run with Perl 5.8.6 and later. In
addition to having the Perl interpreter installed, additional Perl modules are also required.
Appendix C.2 lists the modules, and installation instructions.

Scripts are executed on an IRMA unit by issuing a command following the form:

./HelperProgs/irmaExec.pl <box number> <IRMAscript name> [IRMAscript.xls]

where <box number> is the assigned unit number for the IRMA, and <IRMAscript name> is
the name of the script to be executed. This script must be located in the ~/IRMA/SCRIPTS/
directory. The IRMAscript.xlIs is shown in square brackets to show that it is optional. It
directs the interpreter to the Excel le which de nes the formal language of IRMAscript.
Unless the le is renamed it is not necessary to include it as a parameter, since the interpreter
will use the default lename.

As an example, if an operator wanted to open the weather shutter on IRMA

unit 1 and had written a script named shutterOpen.irma, he would copy the script into
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the ~/IRMA/SCRIPTS directory of the CP for IRMA Unit 1. He would then execute the

following command from the base IRMA directory ~/1RMA/:

./HelperProgs/irmaexec.pl 1 shutterOpen.irma

3.2.2 CP - MC Communication

The binary network packets generated by irmaExec.pl are sent over the network
to the MC. Due to the fact that the CP - MC communication is over Ethernet, transmission
could not be guaranteed. For this reason a communication structure based on the Euro-
pean Space Agency (ESA) Packet Telecommand Standard [27] was used. This protocol is
shown in gure 3.4. After the command is received, the MC responds by sending an ac-
knowledgment packet, a packet indicating the requested activity has begun, a data packet (if

applicable), and nally a packet indicating the requested activity has concluded. For the in-

Command

\4

Ack

Function
Begin

Data

A

Function
End

A

oJoJololo
DEOEEE

Figure 3.4: A summary of the IRMA network communications handshaking sequence.
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terpreter, this funtionality was encapsulated in a separate Perl module IRMA: :PacketComm.

3.2.3 Master Controller

The Master Controller (MC) is a real-time multitasking program using the MicroC/OS-
Il real-time kernel. In this type of program, high-priority tasks perform their tasks in short
bursts, then sleep for a de ned interval or block on an event, in order to open up time in
which the next lower-priority tasks can execute. The order of execution continues down the
priority hierarchy until all the tasks have completed.

Task priority was assigned according to the degree to which a task can tolerate
being preempted. In priority-based preemptive multi-tasking, tasks can only preempt other
tasks having lower priorities than themselves. It is important to determine which tasks can
be preempted and for how long, giving the most critical task the highest priority. All tasks
are subject to preemption if an interrupt service routine (ISR) is present. This should not
pose a problem, however, since ISRs, should execute and return to the interrupted process
as fast as possible.

The task structure of the MC is shown in Figure 3.5. The dispatcher task is the
most active task within the MC, and is primarily concerned with receiving commands from
the CP. Since the majority of commands are classed as short-duration, meaning they take
less than a second to execute, they are allowed to execute within the dispatcher task. Long
duration commands such as scans, however, must be executed outside the context of the
dispatcher task, otherwise the dispatcher would be unable to accomplish its primary duty of
listening for incoming commands until the task was completed. When a scan is requested,

the dispatcher task forks the scan task (as shown in Figure 3.5), then returns to wait for



Section 3.2: Rabbit based IRMA 41

iBoot Metronome
Heartbeat Task Task

A

i

> STOP

Flag: send data

- - - - 4

Dispatcher
Task

A 4

i

Scan Task > STOP

Data Collection
Interrupt Service Routine

Figure 3.5: A schematic of the IRMA master control software task structure during scanning.

incoming commands. This allows short duration tasks to run concurrently with the long
duration scan task.

The scan task is responsible for the data collection process. It also handles the
construction of data packets and their transmission to the CP. The scan task starts the
metronome task, and enables the ISR to trigger on the external interrupt provided by the
chopper blade. The metronome, whose priority is greater than the scan task, counts the
data points collected by the ISR, fetches the current Alt-Az coordinate from the AAC for
each data point, and signals the scan task (by means of an event ag) to construct and
transmit the data packet when a full frame of data are collected. Once the scan task has
successfully transmitted the data packet, it returns to wait on the data transmit event ag,
shown as a dotted arrow in Figure 3.5. When data collection is terminated, the scan task

and metronome task are both instructed to terminate themselves.
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3.2.4 MC - AAC Communications

If the dispatcher task of the MC receives an Alt-Az command, it forwards the com-
mand onto the slave AAC. The MC communicates with the AAC over a 2-wire serial link
operating at 19.2 kbit/s, which travels through the umbilical cable linking the IRMA to the
Alt-Az base. While it was originally planned to use a similar communication protocol as the
CP - MC Communications, this was not possible due to the limited bandwidth of the serial
communications. Therefore, the communication protocol needed to be signi cantly simpli-

ed. Serial packets were transmitted as a 6- eld colon delimited ASCII character string,
consisting of a command eld, four data elds, and a CRC checksum eld, encapsulated
between STX (start transmission) and ETX (end transmission) characters. An example of a
serial communications packet string appears in Figure 3.6. The MC - AAC Communication

has remained the same for the PC/104 based IRMA.

STX|CMD | : |Field A|:|Field B|: [Field C|: |Field D|:| CRC [ETX

Figure 3.6: The description of the IRMA serial communications packet string.

The MC - AAC communication protocol uses simple handshaking. The MC sends
the serial communications packet to the AAC, which then converts it from ASCII to binary,
and performs the function. Once the task was complete, the AAC responds with the same

packet, except with data elds populated, if applicable.

3.2.5 Alt-Az Controller

The AAC software exists as a bootable software image that resides in the ash

memory of the Rabbit microcontroller. Similar to the MC, MicroC/OS-I1 real time kernel
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Figure 3.7: IRMA serial communications protocol between the Master Controller and the slave Alt-Az Controller.
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Figure 3.8: A schematic of the IRMA Alt-Az controller task structure.

was used to provide a real-time, multitasking environment, which is required for the servo

control loop. The task structure of the AAC, shown in Figure 3.8, is very similar to that

of the MC. The serial communication task, analogous to the MC’s dispatcher task, waits

for commands from the MC. It is a real-time task devoted to monitoring serial data tra c.

When it reads a STX character, it proceeds to read up to 80 characters or when an ETX

character is encountered. If the packet is received without error, the command is decoded

and executed. For a complete list of the possible AAC commands and their associated

integer codes see Appendix B. Most AAC commands are short-duration, such as querying
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the current position, and therefore, are executed within the communication task. Long-
duration tasks, such as axis movements, must be run in their own task, otherwise serial
communication would not be possible until the task was complete. The job task waits for
an event ag to be set by the serial communication task. Once the ag is received, it carries
out the desired task in parallel with the communication task, such that short duration task
can still be handled. If axis movement is requested, the job task starts either the single axis
move task or the dual axis move task depending on the request.

To ensure accurate speed control, a proportional-integral-derivative (PID) servo
tracking loop is used. The axis move task waits on a 10 Hz servo tick event ag, set
by the metronome task, the highest priority task of the AAC to ensure accurate timing,
which signals the move task to update the servo loop calculations. The servo loop must
be updated exactly at this rate for the servo control algorithm to function correctly. The
ability to meet deadlines in a multi-tasking environment is the de ning attribute of real-
time programming [28]. Once the movement has completed, the move task sets an event

ag, which signals to the job task that the axis rotation has completed. The metronome
and move axis tasks then suspend themselves, waiting on another event ag to signal a new
request.

It was necessary to introduce a second mode of axis movement to handle extremely
slow movement, that is, movement slower than 500 RPM, which is the minimum speed which
can be selected with the motor controller (x2.4.7.2). This second movement mode is referred
to as slewing, meaning long range motion around the altitude or azimuth axis. Slews have
the ability to perform periodic steps over a long period of time, thus lengthen the time

to rotate from the initial to destination angle. The serial communication task signals the
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job task to wake up and start the appropriate axes control tasks. Each axis movement
is controlled in its own task: one exists for altitude movement, and another for azimuth.
Both axis tasks can be run concurrently, which requires that they each have unique priority
levels. Since both tasks cannot have the same priority, the slew elevation task has a slightly
higher priority than the azimuth slew task. Given that skydip operations, discussed in x5.2,
which involve slewing the altitude axis, are performed more often than azimuth movements,
preference was given to elevation movements. Slew tasks and the servo move tasks have
priority levels that place them below the metronome task priority, but above the serial
communications task, and the job task.

When a task is completed successfully, the AAC will respond with the same packet
requesting the task, except with the command eld populated with the MSCOMM _SUCCESS
code (integer value 100) and, where applicable, data is returned in the four data elds, and a
checksum value is calculated and placed in eld 6. If an error occurs in the communications
the command packet is populated with the MSCOMM_FAILURE code (integer value 101),

and each of the four data elds are populated with the associated error codes.

3.3 PC/104 based system

Though the Rabbit based system worked well, it was limited by its requirement
of the CP. If the network connection between the CP and the MC was lost, the MC would
be unable to receive commands and would not be operational. To overcome this problem
the 8-bit Rabbit microcontroller of the MC was replaced by a 32-bit PC/104. The PC/104
is a true IBM PC compatible computer capable of running a standard desktop operating

system. IRMA uses the Slackware 10.2 Linux distribution. With the increased computing
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power of the PC/104, a separate CP was no longer necessary, and was merged with the

MC.

3.3.1 Porting the Master Controller

The rststep to running IRMA with a PC/104 was to rewrite the MC for execution
on the PC/104. lan Scho eld started the task of porting the original code, written in
Dynamic CR [29], a proprietary C variant by Rabbit Semiconductor, to ANSI C. The
code was organized by having a separate le encapsulate the functions for each command
family. These functions were called by the dispatcher function which was responsible for
interpreting the binary packets sent by the CP. The main function simply initialized the
system and opened a socket to listen for incoming command packets and forward them to
the dispatcher. This code was compiled into a single executable named irmamc.

Originally, the PC/104 based MC was a direct port of the Rabbit based MC, and
the CP software was simply installed on the PC/104. This meant that the IRMAscript
interpreter was still encapsulating the commands in binary packets and sending them to
the MC which was now located on the same machine. Also, the same communication
protocol was still used even though the packets were not being sent over the network. The
complexity of the distributed system was being carried over to the PC/104 based system.

Since the CP and MC were merged into one processor, it was no longer necessary
to encode commands with the interpreter, send them over a TCP socket, and decode the
commands and execute them on the MC. Additionally, PC/104 based systems do not have
the same resources of a standard desktop PC so the additional overhead caused delays on

the order of 10 seconds in executing commands.
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Running a distributed system on a single processor is ine cient as shown by the ex-
ecution delay. To optimise the performance of the embedded system, | ported irmaExec.pl,
which was written in Perl and designed to run on a powerful desktop PC, to C and then
incorporated it into irmamc. The C version of the interpreter followed the same design
as described in section 3.2.1.1. The scanner was written as a separate function called
readScript. Receiving a string containing the name of the script to be tokenized, the func-
tion read the script from the ~/IRMA/SCRIPTS/ directory and removed any comments and
additional whitespaces and returned a two dimensional array, where one dimension was the
line number and the other was the individual tokens in the line. This array was then passed
to the parser (runScript),which is identical in functionality to the parser in irmaExec.pl,
except that instead of generating a network command packet when a command was to be
issued, runScript simply executes the function to perform the desired task directly.

One di culty in porting irmaExec.pl into C, was the handling of typeless vari-
ables. As mentioned IRMAscript is a typeless language. In the original implementation
this was trivial since the underlying language, Perl, is also typeless. To handle this in C
additional checking had to be performed to determine the type of the variable. The under-
lying variables were then stored as either strings or double precision oating point numbers,
which is similar to the method Perl uses for typeless variables.

Merging irmaExec.pl into irmamc dramatically reduced the complexity of both
programs as the network packet handling functions could be removed. Also, since the Perl
interpreter was no longer need, the compiled C code executed much more quickly. As a result
of these improvements scripts now start executing over an order of magnitude faster than

the previous con guration, which brings an important real-time response to the Operator’s
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Console. Moreover, a reduction of 11,200 lines of code of the original 68,000 lines of code
was achieved.
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<>
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System Alt-Az
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Az packet
readScript() h 4
(Scanner) Decode
packet
| :
runScript() v l
Execute
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Send
return
acket
Wait for Ehmmm
P Execute return Alt- Serial
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Figure 3.9: A Flowchart of PC/104-based system software.
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Scripts are still executed in the same form as described in x3.2.1.3. However,
the new irmaExec.pl simply passes the script name to irmamc, and outputs the returned

results.

3.3.2 Autonomous Control

Running embedded Linux allows for increased autonomous control of the IRMA.
When IRMA is operating at remote sites it is important for it to be able to recover from
power failures without intervention. Through the startup le, /etc/rc.d/rc.local, the
system is initialised. First it veri es if the Alt-Az mount is initialised, and if not it performs
the initialisation. For the case where the PC/104 is simply rebooted the AAC will not
be a ected and therefore will remain initialised. After initialising the mount, the unit
moves to the Park position while it checks the current weather conditions. If favourable
conditions exist, the unit will point up to zenith and resume normal operations. Additional

autonomous control is handled through AutoTasks x3.5.

3.3.3 AAC Updates

Though the MC processor was replaced with a PC/104, the AAC remained Rabbit
based. Therefore, much of the original AAC software remained intact. However, | identi ed

several upgrades, which made the AAC run more e ciently.

3.3.3.1 Faster Initialisation

During initialisation, the previous version of the AAC would seek both the counter-
clockwise, and the clockwise limits. This made initialisation a time consuming task; taking

up to 10 minutes to complete. Since the physical distance between the limits remains con-
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stant once the unit is built, it is only necessary to seek one limit and load the predetermined
distance to the other limit. Also, the original software was only capable of initialising one
axis at a time. An additional function was written to allow for a dual axis initialisation,

which further improved the startup time.

3.3.3.2 Software Initialisation

In some cases, such as after a power cycle, the position of the Alt-Az is known
to the operator, but the unit has not been initialised. In these cases it would be desirable
to be able to load the position directly without having to perform an initialization. This

additional functionality was added to the latest version of the AAC software.

3.3.3.3 Uninitialised movements

Previously, the AAC was designed to accept movement commands only after the
Alt-Az mount was initialised. This was due to the fact that the input parameters to these
commands were required to be an absolute position, i.e. an elevation of 30 . However, if a
limit switch fails, the IRMA unit will be unable to complete the initialisation. For this rea-
son, functionality was added which would allow the operator to move to a relative position,
i.e. increase elevation 20 . These additional commands provided invaluable exibility, and

proved useful when problems were encountered in the eld, see x5.2.

3.3.3.4 O set handling

The AAC is capable of applying o sets to each direction to allow the unit to adjust
the value to North in the azimuth direction and the horizon for elevation. The position data

are then returned in accurate altitude and azimuth coordinates. In the Rabbit based system,
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the values were set in the AAC, but could not be queried. A copy of the values were stored
in the MC, and it was this copy that was returned when the value was queried. In the
PC/104 based unit, the MC is not as closely coupled to the AAC. Since irmamc is simply a
program running under Linux on the MC, it may restarted or the computer may be rebooted
without a ecting the AAC, which would cause incorrect o set values to be returned. The
MC was modi ed to forward Alt-Az o set queries to the AAC, which would respond with

the current value.

3.4 Queue Server

The Rabbit based IRMA could only handle one TCP connection at a time. If a
second command was sent while the rst was executing, the second command would receive
a "Connection Refused" error. This problem was solved by writing a non-proirty queue
server. Programs which wanted to send a command to an IRMA unit would rst submit
the request to the associated queue server. The queue server would then notify the program
when it was free to execute the IRMAscript. This was only of limited use, however, because
any commands executed directly from the command line would bypass the queue server and
potentially cause ""Connection Refused" errors.

With the increased exibility of the PC/104, irmamc automatically queues up to
10 simultaneous commands in the TCP stack, making the functionality of the queue server
redundant. At present, the queue server is still included on the PC/104 based system
because it was very tightly integrated into some of the software such as AutoTasks, which

will be discussed in the next section.
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3.5 AutoTasks

AutoTasks helps the unit run more autonomously, by monitoring the system and

executing tasks.

3.5.1 Software Structure

AutoTasks is written entirely in the perl scripting language. It is designed to
run in the background as a service. As shown in Figure 3.10, AutoTasks is simply a loop
which performs various tasks at de ned intervals. These tasks include: weather monitoring,

cryocooler logging, daily tasks, and skymaps. Each of these tasks are described below.

3.5.1.1 Weather Monitoring

The IRMA unit must be able to operate over a wide variety of environmental con-
ditions. The weather must be continually monitored. If the weather becomes unfavourable,
as determined by the relative humidity, the unit will close the weather shutter and move
to a parked position. The relative humidity threshold is set in the autoTasks.conf le
with the humidity humid parameter. If an external weather station is available at the site
a special function can be added to the IRMA: :Weather module to parse the output. This
information is then read at a speci ed interval. If external weather sources are unavailable

the unit can be con gured to use its own on board humidity sensor.

3.5.1.2 Cryocooler Logging

The cryocooler must be observed constantly to ensure that it is maintaining a

proper temperature. It is also important to record the amplitude of the cooler drive as
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Figure 3.10: A owchart of the AutoTasks execution path.

this may lead to early detection of a vacuum leak. It is possilte to monitor the cooler
temperature, drive amplitude and oscillator frequency with the cooler monitoring function
by setting their respective parameters within autoTasks.conf . The cryocooler logging
function is executed at a time interval speci ed in autoTasks.conf , and the information is

be stored in a cooler statistics le.

3.5.1.3 Daily Tasks

AutoTasks also allows for the scheduling of scripts. This provides fuationality

similar to cron [30] on linux systems. At a regular time interval set by daily _tasks delay











































































































































































































































































