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This diploma thesis was written in the National Biomedical Electron Paramagnetic
Resonance Center at the Medical College of Wisconsin in Milwaukee, Wisconsin, USA.
The EPR research at the Medical College of Wisconsin involves the exchange of

hardware and the implementation of new experiments on a regular basis. The flexibility
of the different types of experiments required to write a new program for each type of
experiment. Furthermore, already implemented experiments had to be rewritten to
use new instrument drivers, if they should be performed in a different hardware setup
for a different frequency band. This labour intensive task reduced the actual research
time by the time it took to implement new experiments or adapt existing ones to a
new hardware setup.

For that reason the goal of this thesis is to design and implement a program framework
that abstracts the complexity introduced by changing hardware and provides a common
basis for the implementation of different types of experiments. This reduces the amount
of redundant work by providing a common feature basis to all experiments. The focus of
this thesis is the design of a program concept that fulfils the specified requirements, the
selection of the proper technologies to implement the concept, and the implementation
of a simple experiment, to demonstrate the operability.

The software solution was developed with LabVIEW and fulfils the set requirements.
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1 Introduction

1.1 Goal of the Thesis
Situation At the time this thesis is written the Department of Biophysics of the
Medical College of Wisconsin (MCW), with Dr. James S. Hyde as its director, receives
funding for several projects dealing with EPR spectroscopy and MRI imaging in
biomedical research. The work documented in this thesis is related to two of them,
namely

• National Biomedical EPR Center
supported by center grant EB001980 [8] and

• Development of Biomedical EPR Instrumentation
supported by grant EB002052 [7].

The goal of the first project is to enhance the technology for spin-directed spin-labeling
(SDSL) applications. One highlighted sub-aim is the development of a new resonator
that will increase the sensitivity for spin labeled samples in water by a factor of 40 at
W-band (94GHz). The second project strives to develop novel instrumentation for
pulse experiments at high magnetic fields. This will help to determine the dynamics of
molecular structures using a high-speed Data Acquisition (DAQ) card and a state-of-
the-art Arbitrary Waveform Generator (AWG).

Problem Definition The experiments conducted as part of these projects are designed
to improve the performance of EPR spectroscopy by redesigning certain parts of the
spectrometer, mainly with respect to signal sensitivity and data acquisition time. This
process involves the exchange of hardware and the implementation of new experiments
on a regular basis.

At the time the thesis started, it was required to write a new program for each type
of experiment. Due to the flexibility of the different types of experiments they often
require a different control. Moreover, the drivers were part of the control program,
making it only possible to use the software for a single frequency band with a specific
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1 Introduction

hardware configuration. The implementation of a new experiment therefore often
required writing a new program and the exchange of an instrument required rewriting
the software to use a new instrument driver. These are labour intensive tasks that
resulted in a slow software adaption to new experiments and new instruments.

Motivation The researchers need to adapt experiments with new software as fast as
possible. Their research time is restricted by due dates for their research results. A
fast software adaption to new experiments would buy them more actual research time.
They would start taking data earlier and could request more modifications to hardware
and software. More research time and more iterations promote better results which in
turn increases the likelihood for continued funding. The final result of increasing the
number of scientific papers published is the ultimate goal for each research department.

Goal of the Thesis Consequently the goal of this thesis is to design and implement
a versatile control and measurement framework that can be used to implement all
experiments for every type of spectrometer with its respective hardware capabilities.
It abstracts the complexity introduced by the multitude of different experiments and
instruments. Providing such a common base makes the implementation of experiments
and the adaption to changes more efficient and therefore faster. This base makes all
implemented drivers and features available to every implemented experiment. Beyond
this fundamental concept, it supports the operator in collection and storage of data.
The system programmer is provided improved maintainability and extendability.

1.2 Document Structure
The background, Chapter 2, explains the relation of this thesis to the Electron Param-
agnetic Resonance (EPR) research done at the Medical College of Wisconsin (MCW),
introduces the software development environment used, and presents related work. In
the analysis, Chapter 3, a detailed problem definition as well as a discussion of the
related work is presented. The concept is described in Chapter 4 and the implementa-
tion follows in Chapter 5. Finally the evaluation is carried out in Chapter 6 and the
summary and vision, Chapter 7, concludes the thesis.
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1.3 Team Work

1.3 Team Work
This project is also the subject of the diploma thesis of Malte H. Reitzer. He also took
part in the exchange program offered by the Fachhochschule Lübeck in Germany and
the Milwaukee School of Engineering in the United States of America.
Since he also never worked on a large scale LabVIEW application before, a close

collaboration was desirable to develop the project within the given four months. For
example, the research was done separately but frequent talks about what was learned
took place, to discuss the advantages and disadvantages of various technologies and
approaches. During the coding phase of the preliminary proof of concept application
Malte H. Reitzer focused on the main application while I focused on the drivers
and symposium poster (see Appendix B). Nevertheless, our work was closely linked.
Before a feature was implemented its implementation details were always discussed in
accordance with the idea of four eyes being better than two. Larger portions of the
code were implemented together, following a software development technique called
pair programming. In this technique two programmers work together at one work
station. One writes code while the other reviews it as it is written. The person writing
the code is called the driver and the person reviewing the code is called the observer or
navigator. The roles are switched frequently. If questions occurred during the coding
process on how to implement a specific feature, a solution was found by discussing the
alternatives. The final program is a complete redesign of the earlier proof of concept
implementation. It was designed together and implemented using pair programming.

The overall impression is that this programming approach results in a reduced overall
development and implementation time as well as a better design with fewer bugs and
less program code then usual. This approach seems to have a great benefit for complex
tasks that are not yet fully understood by the programmers, because the observer
considers the overall design while the driver can concentrate on a specific feature that
needs to be implemented.
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2 Background
This chapter provides the necessary knowledge to understand the described problem
and its solution. It starts by illustrating how the control and measurement framework
is related to the field of Electron Paramagnetic Resonance (EPR), continues with an
introduction to LabVIEW, and closes by introducing related work.

2.1 EPR
The goal of this section is to explain how this thesis relates to the research done at the
Medical College of Wisconsin. Therefore, this section

• gives an explanation of what EPR is used for,
• explains the EPR phenomenon,
• gives an introduction to the implemented Continuous Wave (CW) experiment,
• provides an overview of the used spectrometer hardware, and
• describes how it interfaces to the PC that runs the control and acquisition

software.

Resources with detailed background information regarding EPR instrumentation and
theory are referenced in Section 2.1.6.

2.1.1 Introduction
EPR is short for Electron Paramagnetic Resonance. Sometimes it is also abbreviated
as ESR, Electron Spin Resonance. It is the only technique that allows one to unam-
biguously detect free electrons in a species and determine the detected paramagnetic
species [1]. At MCW, these features are used for molecular research in the field of
structural biology.

The sample itself does not contain free electrons. In general, the systems being studied
at MCW do not contain detectable free electrons in their natural state. Therefore,
scientists place a spin label, a small paramagnetic molecule, on the surface of the
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2 Background

sample at points they want to examine. These labels contain free electrons that can
be detected by EPR spectroscopy. The program described in this thesis implements
the control for a Continuous Wave (CW) experiment which is the traditional way
EPR spectroscopy is performed. Besides CW experiments a great variety of other
measurement techniques exists of which each needs different control and acquisition
routines to measure different properties.
A typical CW EPR spectrum acquired at MCW by Aaron W. Kittell is shown in

Figure 2.1.

Figure 2.1: Typical CW EPR spectrum

This spectrum is the first derivative of the absorption signal of the sample. The
measurement technique of the Phase-Sensitive Detector (PSD) used to detect the
extremely small absorption signal causes it to output the first derivative of the signal.
To obtain the original absorption spectrum typically an integration is performed.
Another approach would be to apply the Hilbert transform.

The number of lines in a CW spectra depends on the spin quantum number, I,
of the nucleus which the free electron makes contact with. For CW experiments of
nitroxides I = 1. The general rule states that the number of energy states of the
nucleus and therefore the number of lines in the EPR spectrum equals to 2I + 1. For
CW experiments with I = 1 this results in three energy states of the nitrogen nucleus,
I = −1, 0,+1, and three lines in the EPR spectrum. The principle behind the number
of spectral lines is explained by hyperfine interactions.

6



2.1 EPR

2.1.2 Scientific Significance
Labels in EPR samples are very sensitive to their local environment. Their absorption
spectrum therefore contains information of the local structure. Hence, CW experiments
allow researchers to identify the dynamics of processes and the chemical structure near
the label. Knowledge of this kind is used to understand how proteins function and
interact with other proteins inside the organism.
To obtain this information the scientists acquire an EPR spectrum of the labeled

material that looks similar to the one shown in Figure 2.1. Afterwards they identify
and interpret the spectrum’s characteristic properties.

2.1.3 EPR Phenomenon
An electron has a spin, which gives it a magnetic property known as magnetic moment,
µB. This magnetic moment makes the electron behave like a bar magnet. When an
external magnetic field is applied, the paramagnetic electrons can either orientate
parallel or antiparallel to the direction of the static field. This creates two distinct
energy levels for the electrons and allows EPR spectroscopy to detect them as they
make transitions between the two states.
For the electron to absorb energy, the applied microwave energy has to match

the energy gap between the electron’s two energy states. The relation between the
applied microwave energy, the magnetic field, and the resonance energy is described
by Equation 2.1 [23, 25],

∆E = h · ν︸ ︷︷ ︸
microwave energy

= g · µB ·B0︸ ︷︷ ︸
resonance energy

, (2.1)

where

h = Planck constant,
ν = Microwave frequency,
g = Zeeman factor, constant for a unique sample,

µB = Magnetic moment, and
B0 = Magnetic field.

If the applied microwave energy is equal to the resonance energy, i.e. h·ν = g ·µB ·B0,
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EPR spectroscopy detects a signal. This is the location researches are looking for and
called satisfying resonance.
Figure 2.2 shows how the magnetic field is increased until the resonance energy

matches the applied microwave energy and excites an electron to the upper energy
level. The line at the bottom represents the EPR absorption line.

Figure 2.2: Transition of an electron in an applied magnetic field

2.1.4 L-Band Continuous Wave Experiment
CW experiments can be performed at different frequency bands. An overview of all
frequency bands currently in use at MCW and the respective frequencies is listed in
Table 2.1.
Each frequency band needs to be performed on a hardware specifically designed for
that frequency.

Experiment Description CW experiments are performed by keeping the microwave
frequency, ν, constant, sweeping the magnetic field, B0, and measuring the absorbed
energy versus the magnetic field.

8



2.1 EPR

Table 2.1: EPR frequency bands in use at the Medical College of Wisconsin
Frequency Band Frequency ν [GHz]

L 1.5
S 3
X 9.5
Q 36
W 95

Information The measurement process results in an absorption spectrum that shows
the amount of energy absorbed by the labeled sample at a given magnetic field. To
observe the dynamic processes and the chemical structure of molecules researches
identify the distance between, the sharpness of, and the location of the signal peaks.
CW experiments also allow to measure interspin distances, hyperfine interactions (A
values), and the three dimensional g value of a sample.

2.1.5 L-Band Spectrometer
Spectrometer Function Principle A spectrometer is a hardware setup to measure the
absorption curve of a labeled sample. It typically consists of five main components:

• Radiation source
• DC magnets
• Resonator
• Modulation coils
• Detector

These components and the signal flow between them is shown in Figure 2.3.
The spectrometer consists of two arms: A signal and a reference arm that are

supplied by the same source. The reference arm provides a phase reference for the
signal in the signal arm carrying the EPR information. A coupler feeds the source signal
into both signal arms. To maximize the amplitude at the output of the spectrometer,
the signal damping and signal runtime of both arms have to be adjusted to be equal.
This is done by adding an attenuator and phase shifter into the reference arm and
an attenuator into the signal arm. To allow the microwaves to propagate inside the
system, the components are connected by waveguides.
The radiation source is a low noise, monochromatic microwave source. Frequency

stability is ensured by an Automatic Frequency Control (AFC).
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2 Background

Figure 2.3: Signal flow graph of a generic EPR spectrometer

Strong DC magnets are used to sweep the magnetic field inside which the resonator
with the sample is placed. This magnetic field is controlled by a field regulation circuit
and a field sweep system.
The resonator, also known as a resonance chamber, is a metallic chamber with a

coupling hole allowing the microwaves to couple in and out. Coupling can be controlled
with an iris that controls the diameter of the coupling hole. The resonator is designed
for a specific resonance frequency which is determined by its dimensions. At this
resonance frequency the reflected signal is minimized and the energy absorbed by
the resonance chamber is maximized. When the sample is in resonance with the
applied microwave field, some energy is reflected from the resonator and passed via
the circulator to the detection. This reflected energy carries the EPR signal.
Modulation coils modulate the magnetic field, typically with 100 kHz, to encode the

DC EPR signal as an AC signal. This reduces the 1/f-noise mainly originating from
the microwave source and eliminates the influence of DC drift.
The desired EPR signal is encoded in the frequency difference of the signal in the

reference and signal arm. The signal coming from the resonator is a microwave signal
at the frequency of the respective microwave frequency band. First it is downconverted
to a lower frequency by mixing the reference arm with the signal arm. The resulting
signal’s frequency is the frequency difference between both arms. It originates from the
interaction of the signal arm with the resonator. Second this signal is fed into a Lock-In
Amplifier (LIA) or Phase-Sensitive Detector (PSD) that further downconvertes and
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2.1 EPR

thereby decodes the signal by mixing it with the 100 kHz field modulation frequency.
The output of the mixer is a signal with a DC and an AC component. The DC
component is the desired EPR signal. Internally this DC component is filtered out
using an extremely narrow low-pass filter, e.g. −3 dB bandwidth of 0.5Hz, and finally
output to the PC’s data acquisition hardware. Because mixers are used to downconvert
the microwave signal, the amplitude of the EPR signal depends on the phase difference
between the reference and signal arm. The smaller the phase difference, the larger the
resulting amplitude at the mixer’s output.

CW Experiment Hardware Configuration To understand how the spectrometer interfaces
with the PC for the implemented CW experiment, the configuration of the involved
hardware is explained.

On the spectrometer side a Varian console is used. It contains the field controller to
sweep the magnetic field and a Phase-Sensitive Detector (PSD) that outputs the first
derivative of the EPR absorption spectrum. Originally the console was used to draw
EPR spectra on paper. It therefore has a slider with a pen holder that is moved by
a stepper motor and moves the magnetic field for every step the motor does. Once
digital data acquisition hardware and PC’s became affordable enough, it made sense to
record the data digitally. Since then, an Analog-to-Digital Converter (ADC) interfaces
with the Varian console. To record the EPR spectrum it samples the following three
signals which can be accessed on a connector panel at the back of the Varian console:

• EPR Signal: DC EPR signal output by the Varian’s PSD
• Motor Steps: Signals the acquisition software when the magnetic field moved

and a new measurement has to be done
• Slider’s Left Limit Switch: Signals that the slider is in its starting position at

the far left and the Varian console is ready for the next sweep

For one full sweep 10,000 motor steps are required. To reduce the overall acquisition
time every tenth step is output to the PC. This reduces the number of steps to
approximately 1000, which is sufficient.

On the PC side the NI PCI-6024E, a slow speed ADC card, is used to interface with
the two signaling lines and sample the EPR signal. Table 2.2 shows the ADC card’s
connector panel configuration.
When the operator starts the acquisition with the PC’s control and acquisition software,
the ADC card is configured to wait for the left limit switch signal to start acquiring a
sample on every motor step and stop after the number of specified samples, typically
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Table 2.2: I/O connector pin assignment for the NI PCI-6024E slow speed ADC card
Varian Console Signal ADC Card Pins
EPR signal 68 to 67, ACH0 to AlGND
Motor steps 38 to 13, PFI7/STARTSCAN to DGND
Left limit switch 11 to 13, PFI0/TRIG1 to DGND

1024, is acquired. Depending on the number of measurements set by the operator on
the experiment interface, the software either stops the acquisition or reinitializes the
card so it starts acquiring the next collection of samples, one on every motor step, as
soon as the next left limit switch signal is received.

2.1.6 Further EPR Reading
If you would like to learn more about EPR instrumentation and theory, there are many
good books available. I recommend the following:

Instrumentation

• Poole, C. P. Electron Spin Resonance: A Comprehensive Treatise on Experimental
Techniques, Editions 1, 2: Interscience Publishers, New York, (1967), (1983).

• Feher, G. Sensitivity Considerations in Microwave Paramagnetic Resonance
Absorption Techniques: Bell System Tech. J. 36, 449 (1957).

Theory

• Knowles, P. F, D. Marsh and H. W. E. Rattle,Magnetic Resonance of Biomolecules:
J. Wiley, New York, (1976).

• Weil, John A, J. R. Bolton, and Wertz, J. E, Electron Paramagnetic Resonance,
Elementary Theory and Practical Applications: Wiley-Interscience, New York,
(1994).

• Schweiger, Arthur, and Gunnar, Jeschke, Principles of Pulse Electron Paramag-
netic Resonance: Oxford University Press, New York, (2001).

12
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2.2 LabVIEW
Throughout this project LabVIEW 2009 SP1 was used in both the 32 and 64-bit
versions. This is the first release that offers a 64-bit version. LabVIEW, short for
Laboratory Virtual Instrumentation Engineering Workbench, is a proprietary develop-
ment environment from National Instruments using a graphical dataflow programming
language called G. LabVIEW is available for Mac OS X, a few other UNIX’s, Linux,
and Microsoft Windows.

2.2.1 Benefits
LabVIEW was selected as the development environment based on the following benefits.
First of all, it has been used by Senior Engineer Joseph J. Ratke for 13 years to

control EPR experiments and acquire data. Hence, one knows which problems and
limitations to expect when working with LabVIEW. Building on an existing knowledge
base, minimizes the adjustments for integrating the solution at a later time and
eventually reduces the development time. For example, old program code can easily
be integrated if the solution uses the same programming language.
Besides these considerations, LabVIEW has some unique advantages over other

programming languages:

• It is specifically designed for tasks that involve data acquisition, instrument
control, industrial automation, and is often used in laboratory environments.

• It supports the capability of parallel code execution.
The ability to use multiple processors becomes more important as modern PCs
have CPUs with a growing number of cores. LabVIEW takes advantage of
this additional computing power without demanding much effort on the part of
the programmer. Most other programming languages force the programmer to
manage the threads.

Additionally it has the following noteworthy benefits:

• Promotes intuitive development using a graphical programming language.
Like the textbased approach the graphical approach has its benefits and lim-
itations. Overall it feels more natural to use the graphical programming but
from my experience it is not superior to the textbased approach. With enough
experience and good programming practices, both approaches let the programmer
easily comprehend the program structure. Both graphical and textbased code
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tends to get confusing for large applications, especially if a complex structure is
chosen or a poor programming style is used.

• Facilitates the abstraction of complexity.
LabVIEW abstracts the complexity involved in controlling instruments and
using the network. Drivers for common instruments are available and include
application examples. Furthermore, LabVIEW offers different approaches to deal
with the network communication, each with a different level of abstraction. They
range from basic TCP/IP and UDP over Simple TCP/IP Messaging (STM) to
highly abstracted shared variables.

• The inherent execution speed of LabVIEW applications is similar to C and C++
applications.
Historically software, written in graphical programming languages, is perceived as
slower than similar C/C++ applications. However, the experience of LabVIEW
programmers shows that optimized LabVIEW programs execute just as fast
as C/C++ applications. On July 29, 2010 National Instruments published a
tutorial [17] on their website which says that their internal benchmarks have
shown that the introduction of the Low-Level Virtual Machine (LLVM) into the
LabVIEW code generator “has produced and average 20 percent increase in VI
execution time.”

2.2.2 Control Concept
The control concept of LabVIEW evolves around Virtual Instruments (VIs) that are
LabVIEW programs or subroutines. Each VI has three representations: a GUI (front
panel), a coding interface (block diagram), and a connector panel. The front panel
holds the controls, indicators, and decorations while the block diagram holds the G
code. The connector panel is used to represent the VI when it is used as a subVI inside
the block diagram of another VI. A subVI in G code is the equivalent of a subroutine
in C. Some elements are only visible on the front panel (decorations like boxes and
graphics), other elements are only visible in the block diagram (e.g. a function block
to add two values), but most elements have an equivalent in both (e.g. controls and
indicators).
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2.2.3 Further Information
The following lists provide valuable LabVIEW resources.

Online Resources

• National Instruments (NI) Technical Support1 and NI Developer Zone2

Provides examples, tutorials, publications, webcasts and videos, instrument
drivers, product manuals, and a discussion forum

• LabVIEW Advanced Virtual Architects3

Hardware and software discussion forum as well as code repository

Books

• Blume, P. A, The LabVIEW Style Book: Prentice Hall, (2007).
• Georgi, W, E. Metin, Einführung in LabVIEW: Hanser Fachbuchverlag, (2007).
• Bitter, R, T. Mohiuddin, M. Nawrocki, Advanced Programming Techniques: CRC

Press, (2007).

2.3 Related Work
2.3.1 WinEPR
Bruker offers a program called WinEPR that controls the instruments and includes
some signal processing but does not allow for much customization. The big drawback
is that it is only available for Bruker hardware.
They offer two hardware systems with different applications in mind. The Elexys

system is research oriented and therefore allows the operator to modify some operation
parameters. The EMX system is a stripped down version for more routine work. In
general you get a black box with hardware that is developed by or for Bruker and
intended for use by an instrument operator, not a scientist.

1 http://ni.com/support/
2 http://zone.ni.com
3 http://lavag.org/
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2.3.2 EWWin
EWWin is distributed by Scientific Software Services1 which is owned byReef Morse.
Among other software products it offers a simple commercial DAQ software for Contin-
uous Wave (CW) experiments called EWWin. The full version costs $ 7750 (July 14,
2010). It is only able to perform basic measurements and does not support all instru-
ments used by the Medical College of Wisconsin.

2.3.3 SpecMan4EPR
History SpecMan4EPR began as a collaboration between the groups of Prof. Daniella
Goldfarb, Weizmann Institute of Science in Israel, and Prof. Arthur Schweiger, Swiss
Federal Institute of Technology (ETH) in Switzerland. It was initially designed by Dr.
Stefan Stoll (currently Department of Chemistry, University of California, Davis, CA)
and Dr. Igor Gromov (currently Bruker BioSpin, Germany).2 The imaging and real
time communication capabilities were developed in collaboration with the Center for
EPR Imaging In Vivo Physiology at the University of Chicago and supported by the
National Institutes of Health (NIH) with grants P41-EB002034 and R01-CA98575 [5].

Marketing SpecMan4EPR is a commercial application marketed by Scientific Software
Services. One license for the most advanced software version called SpecMan4EPR Im!
costs $ 4500 and the simplest software solution called SpecMan4EPR costs $ 3000. All
applications include one year of support. The addition of a typical device driver, e.g.
field controller or arbitrary waveform generator, costs $ 600. The addition of a high
complexity device driver, e.g. digitizer or pulse generator, costs $ 1200. The project
started in late 2001 and is still active. It is programmed in C++ and LabVIEW.

Requirements It is developed as an imaging application which results in the following
characteristic requirements:

• Management of complicated pulse sequences
Imaging experiments involve the programming of pulse sequences. For imaging
experiments pulse sequences can become complicated. SpecMan4EPR provides
the user a Pulse Programming Language (PPL) that manages the different pulses.

1 http://scientific-software.com/
2 http://SpecMan4EPR.com/
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An additional feature then creates the pulse sequence, optimizes it, and programs
the pulse generators accordingly.

• Handling of a large amount of data
Imaging experiments tend to create data in the order of hundreds of megabytes.
Consequently data is saved using a binary file format called TDMS instead of the
ASCII file format. Binary file formats allow faster access times what considerably
reduces the processing time for large data sets. As of August 2010 SpecMan4EPR
is able to handle data of up to 600MB and the implementation of data sets in
the range of gigabytes is being developed.

Structural Approach Their spectrometer is composed of several Personal Computers
(PCs) that are connected via a network. Each PC fulfils a specific sub task of the
application, e.g. process server, data server, or driver, in order to balance the processing
load. PCs running a driver are connected to an instrument while the process and data
computers are dedicated network servers. The process server is communicating with
all other computers to control them in accordance to the experiment specification. The
data server receives and saves the experiments’ measurement data via the network
from each PC that is connected to a data acquisition instrument.
The Graphical User Interface (GUI) connects to the central process server via

TCP/IP. Hence it is possible to remotely control an experiment.

Additional Benefits Instruments can be exchanged since the drivers are not imple-
mented as part of the program. Instead they can be assigned as needed.
Experiments are created via the GUI and then transmitted to the process server.
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3 Analysis
This chapter contains a detailed problem definition, names the requirements and
constraints of a solution, discusses the relevance of already existing works to this topic,
and closes by summarizing the most important information.

3.1 Problem Definition
As discussed in Section 1.1 the goal of MCW’s Biophysics Department is to improve the
performance of EPR spectroscopy. From this goal it is evident that the repeatability of
experiments and their precise control are the indispensable prerequisites for success of
projects in this field. A versatile solution has to be found for handling the multitude of
experiments and frequency bands, each requiring a different set of hardware and control
software. In addition, an optimal usability, in terms of GUI feedback, responsiveness,
and reliability, as well as long-term maintainability and ease of future extension, are
prerequisites for acceptance by the users and the future programmers that will maintain
the software.

From this, three categories can be distinguished and its requirements formulated as
follows:

• Program Structure
– Enable modularity and flexibility
– Ease of future modification by providing a path for expansion
– Improve maintainability

• Graphical User Interface (GUI)
– Simplify displays
– Common interfaces across experiments
– Increase responsiveness to operator actions

• Improved Execution Responsiveness
– Take advantage of 64-bit platforms
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– Take advantage of multi-core processors
– Take advantage of multithreading and parallelism
– Avoid polling wherever possible

These subjects are described in more detail in the following section.

3.2 Requirements
Program Structure The software should be thought of as a large scale application. The
concept of a large scale application forces design patterns, that result in software with
properties that are highly beneficial for this project.
It enables modularity and flexibility, thereby reducing the memory footprint and

improving maintainability. Likewise, making modifications in the future is made easy
by following design patterns and using good programming style ensuring clear code.

Polling is avoided wherever possible. This results in a highly responsive user interface.

Graphical User Interface To make the orientation and therefore the navigation easier
for operators that are switching experiments, a common interface across all experiments
should be provided.

Additionally, displays should provide all necessary information but be kept as simple
as possible to make their use as intuitive as possible.

The user must be informed of the current state of the program anytime there is an
interaction with the GUI. For example, the increase of a parameter value must result
in a proper notification of some kind, if the value could not be set. This also includes
the generation of meaningful error messages.

Improved Execution Responsiveness In order to improve the execution responsiveness
the software should be a native 64-bit application. However, some instrument drivers
may not be available as a 64-bit version. Therefore, the application should also be
able to incorporate 32-bit drivers. Furthermore, it should take advantage of multi-core
processors as well as multithreading and parallelism. This will allow the application to
benefit from future PC architectures that will primarily be characterized by a rising
number of cores [22].
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3.3 Discussion of Related Work
This section discusses the relevance of applications, described as related work in
Section 2.3, with regard to the previously defined requirements.

Software Specific Requirements Comparing the requirements with the capability pro-
vided by the presented applications, three conflicting topics can be identified. These
topics state what the application must support but most programs do not deal with:

• Exchange of instruments
• Storing of instrument selection and parameters for each experiment
• Easy future program extension by the customer

In order to improve the performance of EPR spectroscopy, the redesign of certain
spectrometer parts is necessary. From this arises the need to comfortably exchange
instruments. This requires an open spectrometer hardware platform and either a large
base of drivers for all possibly required instruments or the opportunity to integrate
new drivers. Since different hardware configurations are possible, the currently used
instrument selection and parameters must be stored for each experiment.

The way experiments in a research environment are performed is subject to change.
Old techniques are improved and new ones are developed. Therefore, the ease of
future extension is a substantial requirement for any application used in a research
environment. It ensures the flexibility needed in order to fulfil deadlines and meet
development goals. Using code that promotes cost-effective solutions with short
development cycles which is necessary to stay ahead in research.

Another aspect is the application type. The MCW’s biophysics research department
needs a common framework that can be used for all experiments which use spectrometer
hardware with nonproprietary hardware interfaces. Such an application should provide
an abstraction layer that allows an easy access to the underlying complexity which arises
from different experiment types and different instruments used across the experiments.
It should provide a versatile base to make the development of new experiment types
simpler and faster by sharing instrument drivers and advanced features among all
experiments.
The following paragraphs discuss the available software solutions with respect to

these critical requirements.

WinEPR WinEPR can not be used for all experiments or to implement new ones since
it only works with Bruker’s proprietary hardware that has a proprietary hardware
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interface. Therefore the hardware can not be exchanged with standard components
and the software cannot be modified. However, it allows to save parameters for future
experiments.

If only this solution would be used, the whole research department would be restricted
to what Bruker’s application and hardware offer. Consequently Bruker’s approach
does not meet the requirements.

EWWin EWWin supports all Varian, Bruker, and JEOL spectrometers. Other
spectrometers are supported by providing hardware that can interface with them. This
means it supports no open hardware setup composed of separate instruments connected
via nonproprietary busses to the computer. It does support storing of parameters for
each experiment but it does not allow modifications of the program.
Since it does not allow exchanging hardware, implementing new experiments, or

extending existing ones, EWWin does not fulfil the requirements.

SpecMan4EPR This application is designed for imaging spectroscopy which has
requirements and goals that go in a different direction than the ones developed in this
thesis. For imaging applications the focus lies on different kinds of experiments, on
the handling of more data than it can be expected for EPR experiments, and on a
higher complexity regarding the pulse sequences used to control the instrumentation.
As a result, SpecMan4EPR is limited to CW, pulse, and imaging experiments.

The program would cost a minimum of $ 3000 and there is a charge of $ 600 to
$ 1200 for adding a new driver if it is not already included. Since the knowledge of
how to implement a control and acquisition software is already available in the MCW’s
Department of Biophysics, these costs do not seem reasonable. It takes about the
same amount of money to develop an in-house application that would have the decisive
advantage of being tailored to the specified requirements.
It cannot be used for all experiments in the department, it provides no storing

functionality, the price for drivers makes the exchange of hardware costly, and it can
not be modified to meet future needs. From this one can conclude that SpecMan4EPR
does not meet the described requirements.
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3.4 Summary
None of the known applications fulfil the previously developed requirements, mostly
because of the lack of the three mentioned key issues. In addition to that none of the
programs can provide an extendable framework to easily implement future experiments
and update existing ones. Therefore none of them is practical.

For this application area an internally developed software program can easily address
these limiting factors and fulfil the requirements. Besides meeting the requirements
further benefits can be identified. An in-house development also reduces communication
barriers, which lead to software that does not meet the specifications. Being able to im-
plement newly developed types of experiments, contemporary and cost-effective within
the department, avoids dependencies. Having the knowledge inside the department
is a great advantage whenever fast or unique solutions are required. Consequently,
continued in-house development is a very plausible solution.
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4 Concept
This chapter gives a detailed description of the approach taken to solve the problem
described in Section 1.1.
The main design goals, with regard to the program structure, are:

• Implementation of several experiments in one program
• Making instruments exchangeable
• Ensuring maintainability and future extendability
• Being able to use 32 and 64-bit drivers

In addition to these main goals, several other considerations are taken into account in
the course of this section.

The result of this design is a program structure that reflects the previously developed
requirements. Its implementation is presented in Chapter 5.

4.1 Fundamental Design Considerations
In the course of the following section, the design decisions for the final program concept
are derived from the previously specified program requirements.

4.1.1 Structure
The overall goal is to design a versatile framework that abstracts the complexity
introduced by different instruments and experiments. In other words, one application
that can be used for all experiments on every spectrometer and that is easy to extend.
This fundamental goal results in three design decisions:

• To use the same program for all experiments and to make it easily extandable,
e.g. by sharing functions among experiments,
↪→ all experiments and therefore all experiment GUIs are integrated in one
program.
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• To use the same program with different instruments
↪→ drivers are not part of the program core.

• To ensure maintainability and future extendability
↪→ modularization is promoted to create reusable code.

4.1.2 Functionality
A control and measurement application requires a method of experiment selection, an
experiment interface, and an instrument panel for control of all instrument parameters
for more advanced users. An administration panel allows configuration of the program
settings and a maintenance panel assists in trouble shooting. This results in the
following five broad program sections:

• Experiment selection panel
Startup screen allowing the operator to select an experiment for the current
spectrometer.

• Experiment panel
Experiment user interface that displays the controls needed to run the current
experiment and displays the measurement results.

• Instrument panel
Advanced instrument user interface. It allows the operator to control all instru-
ment parameters, rather than just the most common ones, of each instrument
used in the current experiment.

• Maintenance panel
Information screen with restricted access that informs the administrator about
the current state of the program by displaying the state of the software and
currently processed data. It may assist in understanding the cause for unexpected
software behaviour without the need to use a software debugger. This allows
immediate corrective actions.

• Administration panel
This screen has restricted access and allows selecting an instrument for each task
in an experiment.

26



4.1 Fundamental Design Considerations

4.1.3 Workflow
With this framework three general workflows are possible—one for each type of usage:

• Performing EPR measurements
• Program maintenance
• Program administration

Its main purpose is to provide the operator a reliable tool to make measurements. The
selection of instruments for any experiment can be changed by the administrator and
a panel with debugging information can be opened.

Measurements The administrator preselects the spectrometer according to the hard-
ware setup the measurement PC is part of. The operator can select one of the
experiments available for the current spectrometer. Since every experiment requires a
specific set of instruments, it is important to allow only those experiments which can
be performed with the currently connected hardware. After the operator selects one
of the experiments available for the current spectrometer, the program shows which
instruments are connected, which are missing, and if a driver did not start. If a driver
terminates unexpectedly, the operator is notified and can decide to restart the driver
or continue working without it. Even if not all instruments are available, the user can
continue.

If the user cancels the experiment selection, the drivers are terminated and a different
experiment can be selected. When continuing, the user is directed to the experiment
GUI. It loads a set of default instrument parameters from the default parameter file
associated with the selected experiment. The default parameters can be modified and
the new instrument parameters can be saved to a parameter file. Each user can load a
customized set of default instrument parameters from a previously saved parameter
file.

When an instrument control is changed, its value is directly sent to the instrument.
If the instrument supports reading out a given parameter value, the control on the
GUI is updated with the value actually set by the instrument. If a value could not be
set, the user is notified.

A user can switch to the instrument panel to control all implemented parameters of
the instruments used in an experiment and be not limited to the most common ones.

Current measurement results and current instrument parameters can be saved to a
common spreadsheet file for post-processing. The current experiment can be cancelled
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allowing return to the experiment selection on the main screen. Each interface provides
a button to exit the application and terminate all drivers.

Maintenance Whenever needed, the operator can login as an administrator to gain
access to the maintenance section of the program. It displays the data that is currently
being processed by the software. During normal operation it allows troubleshooting.
During software development it assists in finding programming mistakes.

Administration The administration section is also restricted to administrator access.
It can be accessed from any point within the program. This section allows selection
of the spectrometer and of the instrument for every task in each experiment for all
spectrometers.

4.1.4 Specifics
This section lists a number of specific concerns and the resulting design decisions.

The more experiments implemented, the more spectrometer systems need to be
supported. Consequently the number of accessible drivers has to increase. Loading all
drivers regardless of the current hardware environment would take up an increasing
amount of Random Access Memory (RAM), thereby increasing the load on the computer
and slowing it down. Instead only drivers needed for the current hardware selection
should be loaded.

• To reduce the application’s memory footprint
↪→ drivers are loaded as modules on an as needed basis.

The application is designed for the use in a research environment with changing
hardware. Hence, it should make the exchange of hardware as easy as possible.

• To make drivers and consequently instruments exchangeable
↪→ generic commands are used that are the same for drivers/instruments of the
same device class, e.g. set frequency, set amplitude, read offset.
↪→ management commands are the same for all drivers, e.g. set inst name, get
status.

Sometimes the same instrument model is used twice in an experiment.

• To be able to control two instruments that use the same device driver
↪→ it is possible to start several instances of the same driver.
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It is important to document all experiment parameters. Besides the measurement
results this comprises the instrument parameters and sometimes additional notes. This
allows one to comprehend what was done after the experiment is completed.

• To document all experiment parameters
↪→ a report is generated containing the measured data, the instrument parameters,
and additional optional notes.

• To document instrument parameters inside the application for instruments that
have no computer control
↪→ a manual driver is used that merely receives the command and takes no
action.

Experiments are often run with the same or similar parameters. It therefore reduces
the workload and chance of typing errors if a set of default parameters can be stored
and loaded later.

• To be able to change and save default program parameters
↪→ configuration files are used to store program settings.

When not directly working with an instrument but controlling it remotely, it is
important to have feedback on what is happening.

• To allow intuitive work with the experiment GUI
↪→ if possible, the instrument controls display the values currently set on the
instrument.
↪→ the operator is notified, in case of an error or unexpected event.

The operator needs to see what is measured as data is collected and to restart a
measurement with different parameters, if the result is not satisfactory.

• To give the operator immediate feedback on what is measured
↪→ the driver sends a measured data point to the program core as soon as it is
acquired.

64-bit computer hardware has become common now and is slowly replacing 32-bit
computers.

• To take advantage of the additional processing power introduced by 64-bit
hardware
↪→ the program core is implemented as a 64-bit application.
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However, not all instrument drivers are available for the 64-bit platform.

• To allow 32-bit and 64-bit drivers
↪→ each driver will be an executable that is separate from the program core and
every other driver.

4.2 Program Structure
This section takes above design decisions to develop the program structure.

4.2.1 Overall Program Structure
Identified structural parts:

• Experiment GUIs provide controls and indicators allowing the user to set instru-
ment parameters and display measurement results.

• The program core contains all user interfaces, the experiment logic, and launches
the drivers as needed.

• Drivers serve as an instrument interface to the program core.
They translate commands like set amplitude to the actual commands send via
the instrument bus (LXI, GPIB) to the instrument.

• The instrument is connected to the PC via its specific instrument bus and awaits
instrument specific commands that control its outputs and inputs.

Inter-Process Communication In order to execute the commands of the user, the
program core issues commands to the driver. The driver is launched by the program
core and waits for commands. This results in the following communication chain:

User ↔ Experiment GUI ↔ Program Core ↔ Driver ↔ Instrument

All actions originate from the user. The user changes a control value on the GUI
that causes the program core to send a command to the driver which translates it for
the instrument. If the instrument allows read out of its parameters, the driver reads
the set parameter value, transmits it to the program core which displays it on the GUI
for the user to see. A client/server type of communication between program core and
drivers seems appropriate.
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Resulting Interfaces

• Experiment GUI ↔ program core: internal program data flow
• Program core ↔ driver: inter-process communication
• Driver ↔ instrument: instrument bus

This concept is visualized in Figure 4.1 showing the overall application structure.

Figure 4.1: Overall application structure (concept)

4.2.2 Abstraction to Allow for Changing Hardware
This section lists the design decisions which allow the creation of an abstraction layer
for the instrument hardware.
Changing hardware is handled by

• excluding drivers from the program core,
• keeping the communication between drivers and the program core consistent

across different devices of the same type, and
• understanding the task that one instrument fulfils in an experiment as an usage.

An experiment uses instruments which fulfil a certain task within the experiment.
Other instruments exist that can fulfil the same task since they share the needed
functionality. Such a task in an experiment is called a usage. The concept of usages
allows distinguishing the instrument from its job in the experiment. This allows
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the assignment of different instruments to the same usage. Typical usages would be
function generator or field controller. Each usage has a set of parameters that have to
be controlled. Hence, any other instrument can be selected for this usage if it has the
functionality to do the job and therefore an equivalent set of parameters. By keeping
the communication consistent, different function generator models and brands can still
be addressed with the same command to set the amplitude and frequency. Since some
function generators provide functionalities that others do not have, drivers for the
same instrument type share a subset of commands for the functionality that they have
in common, but have different commands in addition to the common commands for
functionalities they do not share.

The described nesting is visualized in Figure 4.2. It also shows that two experiments
on the same spectrometer can have some usages in common and also have new ones.

Figure 4.2: Example for possible use of usages among experiments
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4.3 Summary
The most important results are summarized in the overall structure shown in Figure 4.1:

• GUIs are part of the main application,
• drivers are separate executables that share a set of commands, and
• usages are introduced by distinguishing instruments by their task in the experi-

ment.
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5 Implementation
The main application and drivers are implemented as described in Chapter 4. This
chapter therefore focusses on the overall implementation process, the implemented
application structure, and the structure of key application parts. It describes the
essential program parts in reasonable detail. It does not replace any of the other
available documentation:

• A description of the program flow is attached in the Appendix C.
• For practical reasons a detailed program documentation is done by commenting

the source code found on the DVD attached as Appendix A. This way the
programmer has all needed documentation at hand when programming and the
documentation is inseparable from the program code.

• In case more details are needed on a certain topic, references to resources with
more details can be found in the respective section of this thesis.

This chapter starts with Section 5.1 introducing how the implementation was ap-
proached in respect to the applied software development model and coding style.
Section 5.2 discusses which LabVIEW technologies are used to implement the pro-
gram and Section 5.3 gives a structural implementation overview. Afterwards the
implementation of key application parts is described in Sections 5.4 to 5.7.

5.1 Introduction
This section describes how the program development was approached from an organi-
zational point of view. The relation to the end user and the applied software model
are discussed in Section 5.1.1, while Section 5.1.2 describes the programming style.

5.1.1 Program Development Approach
End User The end user of the program has a key role in the development process.
Ultimately, the goal is to deliver a software that fulfils the end user’s needs and is
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convenient to use. Joseph J. Ratke has experience in writing control and acquisition
software for the scientists using the spectrometers. He thereby knows their needs and
functions as the customer representative. To make sure the design is oriented toward
the needs of the end user, he was consulted several times during the development
process in addition to the initial requirement phase.

Software Development Model To find a proper software development approach one
has to consider that both team members are new to the field of EPR and have no
significant experience with LabVIEW. It is therefore safe to assume that one can not
have a complete overview of the task right from the beginning. Instead one has to
learn about the task while one is working on it. One is naturally becoming more aware
of the end user’s needs, the implications of the requirements, and LabVIEW as one
designs and implements the application. Therefore a cyclic development process is
needed that allows revision of the initial design based on what was learned during the
development of previous versions of the system. This approach is found in the iterative
and incremental development which is a modified version of the waterfall software
development model [2, pp. 182–184].
The original waterfall model is not an option, since it demands the programmer

to fully complete one development step before the next one is started. The iterative
and incremental development model, however, develops a system in a cyclic process
(iteratively) while generating only small program portions at a time (incremental). It
has an initial planning phase and ends with installing it in the production environment
while performing these cyclic iterations in between. This process is illustrated in
Figure 5.1.

Figure 5.1: Modified waterfall model
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This resulted in the following development approach: After all requirements are
defined as well as possible, the program structure is designed and a basic application
is written that implements the key requirements. Then the requirement list is used to
structure the iteration process. Each iteration step then implements one item from
the requirement list. To make this work every implementation has to be as modular as
possible. From what was learned about LabVIEW’s features and the end user’s needs
during the development phase, the overall program logic was improved during each
iteration.

5.1.2 Programming Style
As with text based programming languages, a good programming style also has to
be cultivated for LabVIEW’s graphical programming language called G. To learn
about good LabVIEW programming style Peter A. Blume’s LabVIEW style book1 was
used [3].
The most important points that were incorporated in this project are how to

maintain clean G code, how to design the front panel, how to write and document
subVIs properly, as well as a number of design patterns. Three design patterns had an
exceptionally strong influence on the application’s appearance:

• The multiple-loop application framework
• The use of shift registers instead of local or global variables
• Functional Globals and Action Engines

5.2 Discussion of LabVIEW Technologies
After selecting a development environment and designing the program structure the
concept is implemented. This means that the LabVIEW technology has to be selected
that fits best for each purpose in question. For each purpose all possible LabVIEW
technologies are listed and then evaluated with regard to their suitability.

1 http://bloomy.com/lvstyle/
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5.2.1 Integration of Experiment GUIs into one Program
Goal The goal is to integrate all experiment interfaces into one program while main-
taining an easily understandable structure.

Technologies Two LabVIEW technologies are evaluated for this task:

• Subpanel Controls
Allow the integration of the front panel of a subVI into the front panel of a
calling VI.

• Tab Controls
Allow placement of controls in an area and only display those on the same tab.
Consists of pages and tabs. Related controls are placed on the same page which
can be selected by the tab.

Evaluation When subpanel controls are compared to tab controls they have no real
benefits. For example, with subpanels controls and data are encapsulated in the subVIs
for each instrument but the control values and data of all instruments have to be
combined anyway to save the default instrument parameter file or the measurement
report. When using tab controls all controls are directly present in the main VI.
Although there are no real benefits, there are some drawbacks:

• Accessing subpanel controls programmatically and reacting to events in subpanel
controls is more complicated than with tab controls.
One has to use a Value (Signaling) property node to generate the value change
event that can be detected by the event handler. For this property node the
reference of the control on the subVI’s front panel is needed. This reference has
to be extracted in several steps from the reference to the subVI [13].

• Subpanel controls tend to have a higher CPU usage than tab controls when
updated [12]. This is especially true for nested subpanel controls.

• The front panel of a VI is only visible in a subpanel if the calling VI is running.
It therefore is easy to lose the overview of the implemented interfaces. In other
words: It is easier to keep the overview with tab controls, since all controls are
present at all times. Note: With tab controls resources are only spent on controls
currently displayed although controls not currently displayed are loaded into
memory.

• Using subpanel controls only allows organizing the instrument controls grouped
by instruments.
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Furthermore, all instrument controls would be visible at all times. This includes
the controls for those parameters that are only needed in exceptional cases and
thereby clutters the interface.

• Using subpanel controls alone makes it difficult to display experiments that have
more than one screen.
Using them in combination with tab controls or loading subpanels that have but-
tons to load other subpanels in the first subpanel would make it more complicated
than using tab controls at the first place.

Decision Because subpanel controls have many drawbacks and no real benefits over
tab controls, tab controls are used. Using nested tab controls provides an intuitive
structure for the GUI organization: All interfaces can be accessed without running
the main application and are structured in a logical way. The experiment controls
are found on the page of the respective experiment which itself is on the page of the
selected spectrometer.

5.2.2 Internal Communication Framework
Goal The goal is to take advantage of the following points to provide a reasonable
basis for the implementation of the discussed concept:

• Event-driven processing
to avoid polling, which would utilize CPU time, and
to promote asynchronous processing of data.

• Buffering
to make sure that all produced data is received. No data is lost if a producer
(DAQ device) generates a lot of data that is then processed by the consumer
while another producer sends data to the consumer.

• Parallelism
to take advantage of future PC architectures with an increasing number of
cores and be able to process data in the background and perform network
communication without affecting the GUI responsiveness or other tasks. Improved
parallelism results in faster overall execution speed and greater responsiveness.

Technologies Two approaches are evaluated for this task:
• Event-Driven State Machine

The event-driven state machine uses an event handler structure to react on events.
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This structure only executes when an event is registered and is in a locked state
otherwise.
However, only a sequence of events can be executed but no parallel tasks. The
order is determined programmatically [3, pp. 262–264].
Furthermore, a queue is used to buffer elements.

• Multiple-Loop Application Framework
The multiple-loop application framework is an event-driven architecture with
parallel loops for each cohesive parallel task. Parallel loops communicate using a
queue-based messaging scheme [3, pp. 278–283].

Evaluation The event-driven state machine is suitable for applications with medium
complexity, since only one state is executed at a time which prevents parallel code
execution. The multiple-loop application framework processes tasks in parallel by
providing several parallel loops. This makes it suitable for large applications with
processes that have to be executed in parallel, e.g. data acquisition, transmitting data,
receiving data, data processing, and error handling.

Decision Based on above considerations the multiple-loop application framework is
the optimal framework for the implementation of the required concepts.
Details on queued state machines can be found at http://expressionflow.com/

2007/10/01/labview-queued-state-machine-architecture/.

5.2.3 Inter-Process Communication Framework
Goal The goal is to have a reliable, easy to use, low-maintenance, flexible, and fast
communication between the program core and each driver. It is not planned to have
the main application and drivers running on different machines across the network.
Nevertheless, this might change in the future and a solution should be selected that is
flexible enough to allow such a requirement change. Currently there is also no need for
a deterministic data transfer, which is unlikely to change.

Technologies In order to communicate between applications on the same computer a
networking technology is needed. Four technologies were evaluated for this task:

• User Datagram Protocol (UDP)
UDP is a low-level connectionless network protocol that does not guarantee the
reception of sent data. It is therefore suited best for fast communication that

40

http://expressionflow.com/2007/10/01/labview-queued-state-machine-architecture/
http://expressionflow.com/2007/10/01/labview-queued-state-machine-architecture/


5.2 Discussion of LabVIEW Technologies

can accept a few lost packages as well as broadcasting, i.e. the transmission of
data to a large number of hosts [20].

• Transmission Control Protocol (TCP)
TCP is a low-level connection-based protocol that ensures reliable data transmis-
sion. The connection establishment takes some time which makes it work best for
applications where not speed but reliable data transfer is most important [20].

• Shared Variables (SVs)
Shared variables offer the highest abstraction of network communication from the
block diagram: One can use them just like global variables by inputting a value
at one place and reading it out at another place. They offer more functionality
than simple global variables by providing optional network communication and
buffering of messages.
There are two types of SVs that are interesting for this project: Single-Process
(SP) and Network-Published (NP) shared variables SP-SV’s communication is
restricted to other processes on the local host while NP-SVs allow to communicate
with processes on different machines on the network. The background work is
handled by the Shared Variable Engine (SVE). This is a process that runs in the
background to manage the Shared Variable communication.
The SVE uses UDP to publish the NP-SVs available on the local host to the
network. For data transmission a proprietary in TCP encapsulated protocol
called NI-PSP is used [6, 21].

• Simple TCP/IP Messaging (STM)
STM is a command-based communication design pattern for data producer/-
consumer applications. It provides a customizable framework written in G code
which implements the comfortable sending and receiving of commands and pa-
rameters using TCP, UDP, or serial communication interfaces. The command
tells the receiver how to process the received parameter data. By hiding the
customizable transport layer implementation details from the programmer the
amount of code in the main application, needed to implement a communication
channel, is reduced.
The header is formed from an array of meta-data which is transmitted only once
during the connection establishment. Afterwards only the index pointing to the
respective element is transmitted resulting in a small overhead, i.e. header to
payload ratio.
Its focus lies on high performance data transmission instead of ease of use, the
goal of shared variables, and is specifically designed for streaming data over the
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network. It provides code to manage multiple client connections.
Since standard communication protocols are used, STM allows LabVIEW appli-
cations to communicate with programs written in other programming languages.
The STM Read Message VI sleeps until data is received. Consequently, no CPU
time is wasted by polling for received packages. The processing receiver loop is
driven at the rate of incoming data [9, 11, 16].

Evaluation Initially one has to answer the question whether TCP is fast enough or if
UDP has to be used to transmit the acquired data from a driver to the main application.
To answer this question, a TCP benchmark was performed on the computer used for
developing the software (Microsoft Windows 7, dual hexa-core CPU, 12GB RAM).
It shows that TCP provides a minimum throughput of 90MB/s and a maximum
throughput of 119MB/s. As shown in Appendix F these rates are sufficiently high.
The ultimate exclusion criterion for UDP is that it does not make sure that send

data is received which is a crucial requirement for measurement applications.
Although TCP itself qualifies as the basis for the inter-process communication, it is

a low-level communication implementation. If only TCP would be used to implement
the communication for applications with many data items and multiple connections,
a large amount of additional work would be required to handle the abstraction from
the raw data transmission. This additional work results in more code and introduces
complexity that needs to be handled. Shared variables and STM both provide a
solution for this problem.
When compared to TCP, SVs have a relatively large header. Therefore, shared

variable’s network performance is slower than TCP’s. For large payloads they are
comparable, since the header to payload ratio decreases for larger payloads. Shared
variables are not designed for fast streaming of small data packages, e.g. single data
points. Additionally, the shared variable engine has to run in the background which
needs additional memory and puts an additional load on the CPU. The final exclusion
criterion for shared variables are their known issues which make them unreliable in
some applications or at least introduce additional maintenance work [24].
STM provides an abstraction of the underlying transport protocol to provide the

mentioned command-based communication design pattern. Furthermore, its small
header and use of TCP makes it a good solution for fast and reliable transfer of
small data packages. STM thereby avoids the exclusion criteria for UDP, TCP, and
shared variables. Additionally, STM uses polymorphic VIs which allow switching the
transport layer without making noteworthy changes to the program source code. It
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also allows the programmer to customize the STM functionality according to current
needs, thereby ensuring flexibility and future reliability.

Decision One can conclude:

• UDP ensures no reliable data transmission
• TCP provides a fast but complicated implementation
• Shared variables are easy to use but not reliable and have a large overhead for

small data packages
• STM avoids the above issues and is flexible enough to ensure future reliability

Based on these considerations STM is used to implement the communication between
the program core and each driver.

5.2.4 Driver as a Module
Goal To handle the drivers in a reasonable way, the following points have to be met:

• While the main application runs in a 64-bit environment, it has to be possible
to run drivers in either a 64-bit or 32-bit environment. The 32-bit support
is important to be able to use older LabVIEW drivers. For example, most
LabVIEW drivers for GPIB instruments are 32-bit and will most likely never be
available in a 64-bit version.

• It has to be possible to launch the same driver more than once, in case the current
experiment uses two or more instruments with the same LabVIEW driver.

Technologies In general, one can either execute LabVIEW code as a VI or build an
EXE file using the LabVIEW application builder.

Evaluation The following points illustrate the comparison of EXE and VI capabilities:

• EXEs only require the LabVIEW run-time engine for execution. VIs need the
full LabVIEW development environment.

• An EXE is compiled either as 32 or 64-bit binary and can then easily be called
by other LavbVIEW programs via the System Exec function block. To call a
VI one first has to know in which environment it must be executed. One would
then call the respective 32 or 64-bit LabVIEW binary with the path to the VI as
an argument.

43



5 Implementation

• EXEs execute faster than VIs.
• It is possible to completely hide an EXE from the user. This includes the front

panel and the taskbar entry instead of just the front panel, as for a VI [10].

It is desirable to need only the LabVIEW run-time engine. One would otherwise need a
license for every PC on which one wants to execute the written VIs. It greatly reduces
complexity when drivers can be called directly instead of calling the correct LabVIEW
binary with the path to the driver as an argument. Finally, being able to completely
hide the drivers from the user reduces the distraction caused by additional taskbar
entries without an user interface.

Decision Based on above considerations, the LabVIEW application builder is used to
create EXE files for the main application and all drivers. Depending on the LabVIEW
driver requirements, drivers are compiled as either 64 or 32-bit binaries.

5.2.5 Summary
The final overall application structure, showing the selected LabVIEW technologies, is
shown in Figure 5.2.

Figure 5.2: Overall application structure (implementation)
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5.3 Implementation Overview
This section provides an overview of the implemented application structure to give
a general understanding of how the software works. It starts with an explanation of
the GUI implementation and continues with a description of what happens in the
background when the GUI is used.

5.3.1 Description of GUI Implementation
Structure The graphical user interface is implemented with nested tab controls. One
tab control called the outer tab contains all other tab controls. Each page of this main
tab control represents a key section of the application software:

• Exp Selection
The Startup screen. From here the operator can select an experiment and see
which instruments are available.

• Exp GUIs
Actual experiment interface with displays, commonly used instrument controls,
indicators, and buttons to save a measurement report and the current parameters.

• Instruments
Interfaces to control all implemented instrument parameters of the instruments
used in the respective experiment.

• Maintenance
Displays currently processed data, e.g. names of all connected drivers, together
with the respective usage name, current queue elements, and a list of commands
sent.

• Admin
Select the current spectrometer and assign an instrument to each usage of every
spectrometer.

Table 5.1 shows how the tabs are organized. For example, the experiment GUI is
organized such that every spectrometer has its own page. On every of those pages
a tab control is found that holds the respective experiment interfaces. For L-Band
these are CW sim and Pure Absorption Rapid Scan (PARS). The implemented CW
experiment interface holds another tab control for each part of the experiment.
Figures 5.3 to 5.7 show how every section’s implementation looks like.
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Table 5.1: Structure of nested tab controls in the outer tab tab control
Sections Spectrometer Tabs Experiment Tabs Measurement Tabs
Exp Selection ⇒ S-Band Experiment selection buttons:

⇒ X-Band
⇒ L-Band → CW sim, PARS
⇒ Q-Band
⇒ W-Band

Exp GUIs ⇒ S-Band
⇒ X-Band
⇒ L-Band → CW sim → Collection

↪→ Parameters
↪→ Patrick
↪→ Varian

↪→ PARS
⇒ Q-Band
⇒ W-Band

Instruments ⇒ S-Band
⇒ X-Band
⇒ L-Band → CW sim

↪→ PARS
⇒ Q-Band
⇒ W-Band

Maintenance No tab controls

Admin ⇒ S-Band Pages contain one cluster for each experiment.
⇒ X-Band Inside the cluster, there is one control for
⇒ L-Band each usage to select an instrument
⇒ Q-Band for that usage.
⇒ W-Band
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Figure 5.3: outer tab tab control showing the Exp Selection page
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Figure 5.4: outer tab tab control showing the Exp GUIs page
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Figure 5.5: outer tab tab control showing the Instruments page
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Figure 5.6: outer tab tab control showing the Maintenance page
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Figure 5.7: outer tab tab control showing the Admin page
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The order of tabs can be changed as needed, since not the tab’s index but its name
is used for identification.
All tabs, except those which are part of the experiment interface, are hidden from

the operator when the application is running. The operator moves via button clicks
between the tab pages. Depending on the set spectrometer and experiment selection,
the operator gets to different pages via the same button click.
There are three different levels of button visibility:

• Visible from every screen:
Exit Application button

• Visible from more than one screen: Load and Save instrument parameters and
Switch to Instrument Panel buttons in case of the experiment panel. Switch to
Experiment Panel button in case of the instrument panel.

• Visible from only the current screen: In all other cases

Furthermore, buttons might be visible, but disabled by the software, until it makes
sense for the user to use them. This way the program can communicate to the user
what happens internally.

Naming Conventions It exists the need to identify the purpose of controls and indicators
in order to programmatically organize the program flow and take proper actions. For
example, there are three different kinds of experiment controls:

• Buttons that cause the main program to do something experiment related, e.g.
saving a report or deleting all current averages.

• Buttons that send a command to the driver.
• Instrument controls that control the instrument parameters.

All these controls have to be connected to the correct usage and the command, that
should be executed. Connecting them to the correct usage is done by grouping
them in clusters. The labels of the clusters contain the usage name and an identifier
that determines what type of controls are in the cluster. The usage is needed to
programmatically assign the controls to the correct usage and the identifier is needed
to group them correctly inside the usage. This allows the programmer to handle them
in an easy way.

Since the instrument controls on the experiment panel and instrument panel should
update each other if one changes, the instrument panel clusters need a different identifier
than the experiment panel clusters. In case an instrument panel control changes, the
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reference for the respective experiment panel control is determined and used to update
that panel control.
The resulting naming convention for all clusters is shown in Table 5.2:

Table 5.2: Overview of cluster naming convention
Naming Convention Content
<usage>.local Buttons triggering local code execution
<usage>.cmd Buttons sending a command to the driver
<usage>.set Numeric controls sending a command and parameter

value to the driver (experiment panel)
<usage>.inst Numeric controls sending a command and parameter

value to the driver (instrument panel)

The label of controls in the local clusters are the names of the cases that should be
called in the main program. cmd plus the label of controls in a cluster of type cmd
are the commands that are send to the driver. For clusters of type set and inst the
command send to the driver consists of the command prefix set and the label of the
control inside the cluster.
To be able to arrange the instrument controls as needed on the experiment user

interface, one has to be able to have several instrument control clusters. To tell the
software that it should look for more clusters of that usage, a dot together with an
incremented number starting with 1 is appended to the original cluster name. This
results in clusters called <usage>.set.1 and <usage>.set.2.
The instrument panel only contains instrument controls.
In addition to that, indicators exist that display measurement results and the status

of the measurement process. Indicators have to receive the correct data from the
correct usage. For example, if the driver that is connected to a usage called adc returns
data with the command return data to the main program, the indicator that displays
this data is called data.adc.
Figure 5.8 visualizes this concept for the experiment and instrument panel.
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Figure 5.8: Cluster and indicator naming convention

5.3.2 Program Flow and Description of Background Processes
In the following the program work flow and background process taking place while
using the software are explained. A detailed explanation of the program flow can be
found in Appendix C.

Program Start Before the first user interaction can happen, the system has to initialize
itself by performing a number of steps:

• Delete old data (flush queues and memory of internal data structures)
• Initialize GUI (reset tabs and displays, make tabs invisible)
• Read current spectrometer and set the experiment selection accordingly
• Read which instrument is selected for which usage and populate the admin panel

accordingly This allows the administrator to change the instrument assignments
for all usages. Otherwise, the administrator would have to select every experiment
for which the instrument assignment should be changed.
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Experiment Selection by User After the program was initialized, it waits for the first
user interaction. The user may either select an experiment or activate the admin
account to go to the admin panel and change the instrument selection. If the user
selects an experiment the drivers for that experiment are started:

• Read necessary information from default experiment INI file for connecting to
the instrument: Instrument name, driver’s EXE name, and instrument’s resource
name, i.e. IP respectively GPIB address.

• Register a new connection with the TCP port inside the application using the
modified STM connection manager.

• Write the registered TCP port to the text_based_variable.ini, see Listing E.2
in Appendix E, inside a section called like the EXE file. Note: This file’s content
is deleted at program start.

• Call EXE file.
• As soon as the driver started, it reads the port from the respective section of

the text_based_variable.ini, and writes a checksum into the same section.
Then waits a short period of time and reads the checksum back. If it is still the
same checksum, it deletes the port from the file and opens this port for the main
program to connect to. This method allows to detect the case that to identical
drivers started shortly after each other and try to use the same port, because
only one of them will ever be able to read back the correct checksum. Since
the drivers themselves are interchangeable, it is unimportant which connects to
which port as long as the port was read from the INI file section with the driver’s
name.

• The main program now tries to connect to the driver. If it fails, an element is
put on the queue that will cause the main program to try it again later.

• As soon as the connection is established, the connection information is added to
the connection manager: Driver and usage name as well as the STM connection
information needed to handle the connection.

• The instrument name and resource name are send to the driver on the respective
port.

• Finally, the driver is queried for its instrument type and status, i.e. connectivity
of the driver to the instrument and the instrument name, that is displayed on
the experiment selection page in the list of available devices.
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Cancel Experiment Selection If the user decides to run a different experiment, the
current experiment selection can be canceled by clicking on the Select Different
Experiment button.

• This triggers the shutdown of all started drivers by sending each of them the
cmd shutdown command.

• To probe if the driver still runs, the same shutdown command is send repeatedly
to the driver, until an error occurs, that indicates a failed connection attempt.

• As soon as this error is detected the previously registered driver connection is
removed from the STM connection manager.

• After all drivers terminated, the queues are flushed and the display of available
devices is updated.

Proceed to Experiment GUI The button to proceed to the experiment GUI is disabled
until the main application connected to at least one driver. Then the user can click on
the Proceed to GUI button to display the experiment interface.

• The application stops all attempts to connect to drivers it could not connect to
yet, because the user decided to continue without using them. Therefore the
no resources should be spend on further connection attempts. All incomplete
connection entries are removed from the STM connection manager.

• After all tabs and sub tabs are set according to the user’s selection, the main
tab is changed to Exp GUI to display the experiment interface.

• The references to all controls and indicators on the instrument and experiment
panel are saved using the discussed naming conventions.

• The default instrument parameters are loaded from the default experiment INI
file into the instrument and experiment panel. Its filename consists of the set
spectrometer and the selected experiment. Therefore it can be derived from the
user’s selection.

• Finally, init cases for each instrument depending on the previously read instrument
type are called. In the currently implemented CW experiment this is used to
initialize the data acquisition memory, to make sure old averages are deleted.

Switch to Instrument Interface As soon as the user is on the experiment interface the
instrument interface can be accessed. This is done by clicking on the button Switch to
Instrument Panel. To get back, the instrument panel contains a button called Switch
to Experiment Panel.
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Switching between instrument and experiment interfaces is implemented by append-
ing the label of the respective control to a command string which is processed by the
set tabs case.

Loading and Saving Instrument Parameters As long as the user is on the experiment
interface, instrument parameters can be loaded from and saved to user specified INI
files.

The loading and saving is handled by two different cases which get the path to the
file as an argument. In the case where parameters are loaded from the INI file, they
are first written into the instrument and experiment controls and then automatically
set on the respective instrument.

Instrument Parameters The user can control the instrument parameters by changing
the instrument controls on the experiment and instrument panel.
To detect the change of an instrument control, a nested event handler loop is

used. The outer loop detects the change of an element inside the cluster, the inner
case detects the change of the control itself. When the user changes the value of an
instrument control the respective event handler case for that cluster and control fires.
All necessary information to handle this event programmatically, i.e. the usage this
action is connected to and the command to send, is encoded in the cluster label and
control label. Inside the event handler this information is used to put an element on
the queue that sends the command and parameter to the respective driver. Afterwards
either the instrument panel control or experiment panel control has to be updated,
depending on on which panel the user changed the control value.

Perform Measurement Besides changing instrument parameters, measurements can
be performed that record and display data from the spectrometer. In the currently
implemented CW experiment, measurements are done on the Collection page of the
experiment interface shown in Figure 5.4. A measurement is done by clicking the
Measure button. The number of measurements to perform is set in the Requested
instrument control at the bottom. The number of completed measurements is dis-
played below. Every time the measurement button is clicked, the specified number
of measurements is done. By default, only one measurement is done. Each time a
measurement is done, the single measurement results are added up for averaging. The
Delete Averages button has to be pressed to delete the averaged data and start a new
average. While the current measurement is accumulated, each received data point is
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displayed as soon as it is received. After a new average has be calculated successfully
the new average is displayed on the graph and a Excel XLS backup file is written that
contains the new average data. As soon as the number of requested measurements is
completed, the final set of averaged data is saved under a different file name.

View Processed Information The page displaying the currently processed information
is not part of the normal workflow. Normally only the experiment selection, the
experiment interface, and the instrument interface can be accessed. It therefore has to
be accessed by directly selecting the main tab called maintenance on the outer tab.
For this the user needs to activate the administrator account to make the normally
hidden main tabs visible. In addition to the main tabs becoming visible, all other tabs
become visible too and normally disabled buttons are enabled. This is done to make
the programmer’s debugging work as easy as possible. The administrator account
is activated by hitting F12 and typing in the administrator password. The default
password is admin. It is hardcoded inside the application.

Assign Instruments to Usages and Selecting a Spectrometer Neither the Maintenance
page nor the Admin page is part of the normal user workflow. In order to access it,
the user has to activate the administrator account and select the Admin tab from
the outer tab control. On this page, one can select the spectrometer as well as the
instrument for each usage.
When the spectrometer is changed, the new spectrometer name is written to the

spectrometer.ini file and all respective tabs are updated. Afterwards the system
initializes itself as described in the startup phase.

In the case where an instrument selection is changed, the current spectrometer and
experiment are read from the admin spec tab in which the change occurred to write
the new value to the respective default experiment INI file.

Workflow Summary Figure 5.9 shows the described workflow. In the interest of clarity
it does not show the branches that would be needed if the administrator account is
active.
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Figure 5.9: Workflow when working with the GUI as a user

5.3.3 Drivers
This section gives a short overview of the instruments for which a driver is implemented.
Table 5.3 lists all three driver VIs with information about the respective instrument.

Table 5.3: Overview of implemented instrument drivers
Driver Name Instrument Instrument Type Bus Driver Type
ni pci-6024e.vi NI PCI-6024E slow-speed ADC PCI NI DAQmx
srds345.vi SRS DS345 function generator GPIB GPIB commands
n8241a.vi Agilent N8241A AWG LXI 64-bit DLL

The NI PCI-6024E is a slow speed PCI digitizer that uses National Instrument’s
DAQmx measurement solution to interface with the G code. The SRS DS345 is
used as a function generator and uses LabVIEW’s GPIB send and receive function
blocks to communicate with the hardware. Agilent’s N8241A is a high speed AWG
that connects via LAN eXtensions for Instrumentation (LXI) using a 64-bit DLL for
hardware function calls.

The driver’s structure is explained in Section 5.5.2 and the driver’s program flow is
shown in Appendix C.2.
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5.4 STM Implementation
All implementation relevant information was introduced in Section 5.2.3 as part of
the technology evaluation for the inter-process communication framework. Resources
with detailed information on the STM functions and implementation were referenced.
This section explains how STM influences the main program’s and driver’s parallel
loop structure and shows which modifications are necessary to implement STM for
this application. For this application the STM 2.0 Reference Library is used [18].

Communication Framework STM is a design pattern that implements a simple data
producer/consumer system. It uses a command and parameter string to communicate.
The desired data is transmitted in the parameter string while the command string tells
the receiver how to handle the received data.
The interaction between client and server is implemented as follows:

• The server is the data producer.
It waits for the client to connect, sends its meta-data defining the set of valid
commands that can be used to exchange information, and uses one of these
commands to send its generated data to the client.

• The client is the data consumer.
It tries to connect to the server, reads the meta-data, and then reads and displays
the received data.

For this design pattern the main program is the client and the driver is the server.
This concept is implemented using the client and server parallel loop structure shown
in Figure 5.10 [9]. It shows the loops necessary to implement the STM design pattern.

Figure 5.10: STM client/server communication framework
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These loops can be found in modified form in the main program and drivers.
The server’s command parser receives the commands from the client and translates

them to specific actions inside the server. It thereby provides an abstraction layer
between the commands received from the client and the actual actions performed by
the server. This allows one to send the server a generic command like start acquisition
and let the server handle the details of how the command is carried out.

The medium priority task and high priority task are handled in two separate loops.
The medium priority loop handles more than one task while the high priority loop is
dedicated to the main function of that driver, e.g. data acquisition.

See Section 5.5 for a detailed explanation of the loops and their interaction in both
the main program and the driver.

Command Convention To organize the communication between the main program and
drivers a command prefix convention is introduced.

Table 5.4: Client/server command prefix convention
Type of Command Write Read
Parameter set get
Data send read
Response return —
Trigger code execution cmd

For sending parameters the command prefix set is used resulting in the command
set <parameter name>. Reading a parameter is done with the get command prefix.
This principle is the same for sending and requesting data. To trigger the execution
of a specific routine cmd <case name> is send. If a specific code part within that
case should be triggered, one or more case names can be appended with a dot to form
set <case1>.<case2>.<case3>. The return command prefix is used to emphasize
that the send data is the response to an earlier received command. If the instrument
supports the parameters to be read, a set command will be answered with a return
command containing the value set by the instrument. Acquired data and responses to
get commands are always send with a return command.
Commands that are common to every driver are those used during the driver’s

startup phase: set inst name, set resc name, get status, and return status. Furthermore,
drivers share a subset of identical commands for the functionality they have in common.
Drivers for function generators always have to implement commands for setting the
waveform and amplitude. This allows the client to expect the same result although
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different drivers and instruments are used. For functionalities they do not share
different additional commands are implemented.

Modifications The original STM design pattern is modified to

• handle multiple server connections instead of multiple client connections and
• handle the data type of the transmitted data automatically.

To handle multiple server connections the STM connection manager and affected
VIs have to be modified to handle additional information and provide additional
functionality. In order to automatically handle the data type of the transmitted data,
the data type of the STM parameter was changed from string to variant [15]. For this
the variant’s typestring, used to decode the data in the receiver, is sent in addition to
the desired data. It is implemented so that it is transparent to the programmer.

All modifications of the original STM library are documented in detail in Appendix D.

5.5 Main Program and Driver Structure
With STM, the main program acts as the client and the drivers act as the servers.
The parallel loop structure of the main program and the drivers is developed from the
STM client/server communication framework shown in Figure 5.10. Additional loops
had to be implemented to reflect the special needs of this project.

The main program’s structure is described in Section 5.5.1 and the driver’s structure
in Section 5.5.2. Figures 5.12 and 5.11 show the actual implementation of this structure.
The function blocks inside the case structures are removed to make all loops fit on one
page.

5.5.1 Main Program
The main program uses two queues to communicate among its five parallel loops:

• Main Queue
Used to communicate between the transmitter loop, event handler loop, receiver
loop, and main loop

• Error Queue
Dedicated to the transmission of error codes to the error loop

62



5.5 Main Program and Driver Structure

A subVI called loop_compare.vi is used to allow multiple listeners, i.e. transmitter
and main loop, on the main queue. It checks if the current loop name matches the
name of the receiving loop that is encoded inside the transmitted queue element. If
that is the case, the element is dequeued. If an queue element contains a target loop
that does not exist, a pop-up message is displayed containing the invalid target loop
name.
The tasks of the five parallel loops are as follows:

Transmitter Loop To ensure an optimal performance, this loop has only two tasks:

• Forwarding of commands and parameter values to the specified driver
• Terminating all drivers in case of a main program shutdown

Event Handler Loop The event handler loop is nested by up to four levels to detect
front panel events. To ensure a high GUI responsiveness, the event handler does not
process the information. Instead the data is enqueued for the respective processing loop.
In case of a changing instrument control it sends the command and new parameter
value to

• the transmitter, so it is set on the instrument, and
• to main, in order to set the equivalent instrument control on the instrument

panel or the experiment panel—depending on which control was changed by the
user.

Receiver Loop The receiver loop is periodically checking for new messages from the
drivers. New data is forwarded to the receive case in the main loop. Additionally, at
every 1000-th execution, it checks the connection status of all server connections. If a
connection loss is detected, an element is enqueued for the error loop to generate a
pop-up message and ask the user if the driver should be restarted. In case the user
decides to restart the driver, an element will be put on the queue for the transmitter
to restart the driver.

Main Loop The main loop contains the actual main program routines. They control

• the program initialization on startup and after a spectrometer change,
• the loading and saving of user and default instrument parameters,
• the setting of the active tabs,
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• the updating of instrument controls,
• the storing of references to all instrument controls,
• the main program and driver shutdown,
• the handling and processing of acquired data from the drivers,
• and the start and termination of drivers.

To communicate with the drivers, the respective data is enqueued for the transmitter.

Error Loop The error loop is used for exception handling. It receives an error code
and takes the proper actions.

Summary To summarize the structural description, the following list clarifies how the
loops are interrelated:

• Transmitter
Either forwards commands and parameter values to the specified driver or
terminates all drivers in case of a main program shutdown. As a part of a
shutdown it fires the respective cases in main to complete a restart or shutdown.

• Event Handler
Detects user interface events and fires the respective event cases. It tells the trans-
mitter to set new parameters on the instrument and main to update instrument
controls, start drivers, update the tab selection, etc.

• Receiver
Periodically checks for new data from all connected drivers and sends it directly
to main.

• Main
Contains main control routines that are either fired by itself, the event handler, or
the transmitter loop. It sends commands and parameter values to the transmitter
loop and error codes to the error loop. It receives data from the receiver loop to
be processed.

• Error
Catches errors and takes proper actions (exception handling)

Figure 5.11 shows how the implementation of the described structure looks like.
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Figure 5.11: Implementation of the main program’s parallel loop structure
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5.5.2 Driver
There are two types of drivers: Those that control data acquisition devices and those
that do not. The drivers for DAQ devices are more complicated, because they need
the additional capability of acquiring and sending data back as efficiently as possible.
In the following discussion, only the DAQ drivers are explained, since the simpler
drivers’ structure is identical to the DAQ drivers’ structure apart from the missing
DAQ functionality.
The DAQ driver, in the following just called driver, uses the following four queues

to transmit data internally between five parallel loops:

• Data Queue
Solely dedicated to the transmission of acquired data from the high priority loop
(DAQ) to the medium priority loop (transmitter)

• Medium Priority Queue
Forwards commands from the command parser loop to the medium priority loop
(processor)

• High Priority Queue
Forwards commands from the command parser loop to the high priority loop
(DAQ)

• Error Queue
Forwards error codes to the error loop

Separate queues are used for medium and high priority loop to allow them to function
in parallel. If there was one element in the queue for loop A (which is busy) and right
after that one element for loop B, Loop B would have to wait until Loop A dequeued
its element before it could start.

The data queue is separate from the other queues so it does not disturb the commu-
nication between the loops. It contains the data field command, that tells the medium
priority loop (transmitter) what to do with the data.
The tasks of the mentioned five loops are as follows:

Command Parser Loop The command parser loop receives the commands from the
main program. To ensure responsiveness, the command parser loop does not process
the commands itself. Instead it forwards them to the appropriate loop and thereby
acts as an abstraction layer. For example, when receiving the command cmd start
acquisition it enqueues the necessary commands to start the data acquisition. It
thereby implements some additional abstraction useful for managing the driver. The
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goal is to have abstracted commands in the main application that do not relate to a
specific type of DAQ hardware.

High Priority Loop (DAQ) The high priority loop acts as the data producer loop.
It generates data by acquiring measurements from the DAQ hardware. Once the
acquisition is started, this is the main task of an DAQ instrument and can be challenging
speed wise. This loop is completely dedicated to acquiring data. This ensures maximum
speed. It contains all routines necessary to control the DAQ hardware. To ensure
a maximum bandwidth in transmitting the data from this DAQ loop to the main
application, it has its own queue to transmit the acquired data to the main program
via the transmitter loop.

Medium Priority Loop (Transmitter) The acquired data is received by the medium
priority loop (transmitter). It is completely dedicated to dequeueing the data and
transmitting it via TCP to the main application. Again, since this is its only task, it
provides a maximum throughput.

Medium Priority Loop (Processor) This loop takes care of all other functions. This
includes setting parameters received from the main application, reading the parameter
values back from the instrument, and returning it to the main application so it can be
updated on the user interface.

Error Loop The error loop is used for exception handling. It catches an error and
reacts accordingly.

Summary To summarize the structural description, the following list clarifies how the
loops are interrelated:

• Command Parser
Controls medium priority loop and high priority loop by enqueueing commands
and data for them

• Medium Priority (transmitter)
Transmits the data on the data queue to the connected client

• Medium Priority (processor)
Processes main program’s commands
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• High Priority
Generates data and enqueues it on the data queue

• Error
Catches errors and takes proper actions (exception handling)

Figure 5.12 shows how the described structure is implemented.

Figure 5.12: Implementation of the DAQ drivers’ parallel loop structure
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5.6 INI File Structure
There are three different kinds of INI files distinguished by what they are used for.
They are shown in Table 5.5 and their content is listed in Appendix E.

Table 5.5: Use of INI files
Use Files
Exchange information on driver start text_based_variable.ini
Save default application settings spectrometer.ini, L-Band.CW sim.ini
Save user’s instrument parameters INI files named by the user

The text_based_variable.ini is used during the startup of the drivers and is deleted
on every program and experiment restart to remove deprecated information. It provides
a platform for the main program to tell each driver which port to open for the TCP
connection.
spectrometer.ini stores the spectrometer at which the application is used and all

default experiment INI files.
L-Band.CW sim.ini is such a default experiment INI file. It saves the default

experiment settings for the application. This comprisis four parts.

• Which instrument to use for which usage
• Which driver to start for which instrument
• Which resource name, i.e. GPIB or IP address, the driver has to connect to
• Default parameters for each instrument

Each part has its own section inside the INI file. The file’s syntax is explained using
comments (see Listing E.3).
INI files saved by the user only contain the instrument parameters for the current

experiment.

5.7 CW Experiment Implementation
This section describes the CW experiment implementation. The overall layout is
inspired by the Laptop L-Band program, written by Joseph J. Ratke at the MCW.

A description of how the GUI is used to perform measurements and what happens
during this process in the background is given as part of the workflow description in
Section 5.3.2 on Page 57.
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Experiment Pages The experiment is divided into four parts of which each has a
special task:

• Collection
Collect, display, and save the EPR spectrum

• Parameters
Document experiment parameters

• Patrick
Advanced user page that allows settings used by a user called Patrick

• Varian
Controls to simulate the experiment without being connected to a spectrometer.

The Collection page of the experiment interface is shown above in Figure 5.4. The
other experiment pages are shown below in Figures 5.13, 5.14, and 5.15.
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Figure 5.13: outer tab tab control showing the Parameters experiment page of the
Exp GUIs page
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Figure 5.14: outer tab tab control showing the Patrick experiment page of the Exp
GUIs page
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Figure 5.15: outer tab tab control showing the Varian experiment page of the Exp
GUIs page
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5.7.1 Hardware Setup
This experiment’s data acquisition involves two devices:

• Varian console providing analog signal and digital control lines
• Slow speed digitizer: NI PCI-6024E

The Varian console contains the field controller to sweep the field and the Phase-
Sensitive Detector (PSD) to measure the EPR spectrum. It communicates with the
PC via TTL interface and an analog signal (±10V) that is connected to the connector
panel of the PC’s DAQ card. Three signals are transmitted to the PC:

• Left limit switch signal (TTL)
Indicates, that the Varian recorder arm is at the left limit and starting the next
collection

• Stepper motor signal (TTL)
Signals the PC that the motor of the slider and thereby the field moved and the
next sample can be acquired

• Analog signal
Signal from the PSD that represents a new data point for the current field
strength

For more information see EPR Section 2.1.5 on Page 11 in the Background Chapter.

5.7.2 Experiment Simulation
To test the experiment at the workbench and not occupy the spectrometer, the signals
from the Varian console were simulated using two function generators. Either the
SRS DS345 or Agilent N8241A can be used for this purpose.

One function generator simulates the stepper motor by outputting a low frequency
rectangular TTL waveform. The other generates any other kind of waveform to
simulate the analog signal from the PSD. The Varian’s left limit switch is simulated
by a switch on the DAQ card’s connector panel.

To run the experiment, first the function generators are set up and then the switch
is closed. The collection starts immediately and stops after the specified number of
samples has been acquired. If the software is configured to acquire more than one
measurement, the next collection starts as soon as the switch is closed again.
Figure 5.16 shows the result of a simulation run.
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Figure 5.16: Experiment collection panel showing the four averages of a test signal
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6 Evaluation
The successful implementation of an experiment in Section 5.7 shows that the overall
concept and implementation works. In addition to that, the following section explains
how all other specified requirements are met.

6.1 Requirement List
The following list presents all initially developed requirements and explains how they
are met by the implementation:

• The application runs on all spectrometers
by implementing a comfortable way to change the instruments and creating
drivers that can be loaded on an as needed basis as many times as necessary.

• The application can implement all experiments
by providing a tab control structure with pages for all current spectrometers.
New spectrometers and experiments can easily be added by adding tabs to the
respective tab controls.

• New experiments can be implemented faster than before
by providing a program structure that offers a command-based interface to the
instrument drivers, GUI instrument controls, and indicators. New experiments
merely have to duplicate the structure given by the example experiment and can
use all shared resources.

• Maintainability is improved and common interfaces are promoted
by providing a framework in which new experiments can be implemented. This
eliminates the need for redundant work, e.g. implementation of LabVIEW drivers,
creating a program structure, organizing the data processing, which reduces the
overall code size one has to maintain.

• Modularity and flexibility are promoted
by excluding the drivers from the program core to provide 32 and 64-bit capability,
by using STM that allows to interface with non LabVIEW applications and can
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easily be switched to use different transport layers, by using an extendable tab
control structure, by using a robust and extendable internal program architecture
based on the multi-loop application framework, by using standardized driver
commands, and by using nested case structures that can adapt to changing needs.

• 32 and 64-bit driver capability is implemented
by using the LabVIEW application builder to create 32 and 64-bit EXE files.

• A path for expansion is provided
by having modular code in cohesive cases that can be rearranged to reflect future
needs.

• The responsiveness to operator actions is improved
by automatically updating instrument controls with the value actually set on
the instrument.

• The experiment work flow is simplified
by using fewer buttons and a more intuitive control concept for the data collection.

• Efficient usage of multi-core processors and multi-threading is promoted
by using a parallel loop design pattern for the program architecture and dividing
larger tasks into smaller cohesive tasks.

• Polling is avoided
by using an event-handler structure to capture user interface events and by using
STM, which utilizes no CPU usage when waiting on the next message.

6.2 Potential for Improvement
Three possibilities for improvement can be identified.

Currently two CPU cores are used significantly more than the remaining ten. When
acquiring data these two cores indicate a CPU usage of about 70% while all other
cores are hardly used. The CPU usage is not critical yet but its development should
be observed to identify an emerging bottleneck in time. At the moment, LabVIEW
organizes how the parallel loops’ threads are distributed across the CPU cores. One
will have to investigate whether LabVIEW rearranges the threads in a sensible way or
if they have to be assigned manually to a core using timed loops.
When 1024 data points are acquired within four seconds, it takes the graph on

the experiment’s Collection page about six seconds to draw all acquired data points.
It is not clear yet where this delay comes from, but more efficient ways of updating
LabVIEW graphs can be investigated. This issue does not limit the ability to perform
the implemented CW experiment, because it takes the Varian console at least 30 seconds
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to output its about 1000 motor steps.
Although the overall program structure is consistent and modular, points for im-

provement were identified after finishing this project. To further improve the code
structure, one could focus more on the commonalities of the experiments at each
frequency band, e.g. CW, PARS, saturation recovery. All of them

• have to communicate with the user,
• contain data acquisition routines,
• some may contain processing routines for FFT and the Hilbert transform,
• and all of them need to initialize the instruments and implemented routines at

specific points during program execution.

If the program is oriented more along the common basis of the experiments, the overall
program structure can be simplified by creating common cases for the implementation
of the initialization, data acquisition, data processing, and user interactions.

6.3 Summary
One can conclude, that all requirements, including the implementation of an experiment,
are implemented and functional. Additionally, three possibilities for improvement were
identified and discussed.
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7 Summary and Vision
Summary The application described in this thesis addresses the main issues of EPR
control and acquisition applications by focusing on program structure, user interface,
execution responsiveness, and modularity. The developed program structure is key.
It provides a path for future expansion and ensures high maintainability as well as
optimal performance.

The following three possibilities for future improvement were identified and discussed:

• Improving thread allocation to spread the utilization of CPU resources
• Decreasing the time it takes to display acquired data
• Improving the program structure by focusing on the common basis of experiments

Vision In the future, the CW experiment acquisition time can be speed up by a factor
of 10 by using an approach called “Adaptive Signal Averaging Technique that Reduces
the Acquisition Time of Continuous Wave Magnetic Resonance Experiments” [4]. This
adaptive filter approach improves the averaging process in a way, that comparable
results can be achieved with only a tenth of the acquisition runs.
If the need arises to acquire larger sets of data, the Technical Data Management

Streaming (TDMS) file format instead of Microsoft Excel’s XLS files could be used to
backup each successfully completed average. TDMS is a light-weight binary LabVIEW
file format with open documentation [14, 19]. The open documentation ensures that
one will always be able to implement private LabVIEW TDMS function blocks and
read old data sets, even though the official TDMS standard changed. Binary file
formats in general have the advantage of handling large amounts of data very efficiently
by reducing the storage footprint. TDMS provides a generic structure for saving
measurement and simulation data in an organized and consistent way.

Currently, the software is limited by the small number of implemented drivers. The
implementation of more drivers will be one of the main tasks for future development
of this framework. Fortunately, this process is simplified by the drivers already being
implemented in other LabVIEW programs. The commands and syntax are already
known and need only to be transferred into the new driver structure.
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A DVD Contents
This storage medium contains:

• Diploma thesis in PDF format
• EPR symposium poster
• Program source code and INI files
• Modified STM library called STM_ICAS
• LabVIEW instrument drivers for SRS DS345 and Agilent N8241A
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B EPR Symposium Poster
Figure B.1 shows the poster presented on the EPR symposium at the Medical College
of Wisconsin on August 21, 2010. It reflects the project state at that time. To have a
proper headline, the program was called “Instrumentation Control and Acquisition
Software” (ICAS).
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Introduction Technical Details

Program StructureMain Issues • Responsiveness is increased by enqueueing elements
inside the user interface event handler and receiver loop

Introduction Technical Details

Program Structure

• Large Scale Application approach

Main Issues

The instrumentation used in EPR experiments typically has

inside the user interface event handler and receiver loop
using an event-driven state machine. Events are forwarded to
a main loop instead of being processed immediately. Both• Large Scale Application approach

Dynamically load the instrument drivers as external modules.
Therefore the software is easily extendable for future

The instrumentation used in EPR experiments typically has
the following control and data acquisition issues:

a main loop instead of being processed immediately. Both
loops require a minimum amount of time to handle incoming
tasks.Therefore the software is easily extendable for future

instruments and maintains a small memory footprint.
Modularizing software also reduces the overall complexity.

• Requires precise instrument timing and consistent settings
• Record of settings (instrument selection and parameters)

tasks.

• Allow the operator to perform baseline correction, FFT, andModularizing software also reduces the overall complexity.

• Communication Framework
The main application/driver communication is realized using

• Record of settings (instrument selection and parameters)
• New program for each EPR experiment
• Consistent program structure for all EPR experiments

• Allow the operator to perform baseline correction, FFT, and
other post-processing on the acquired data.

The main application/driver communication is realized using
Simple TCP Messaging (STM), the Command-Based
Communication design pattern, and an Action Engine to

ICAS addresses these issues. Improved Execution Responsiveness
Communication design pattern, and an Action Engine to
manage multiple server TCP connections.ICAS is an in-house development of the National Biomedical

EPR Center at the Medical College of Wisconsin. It is
• Takes advantage of 64-bit architecture. This increases the
processing performance and throughput. Although the main

Figure 1 shows the overall program structure. Figure 2 shows
a typical STM communication structure.

EPR Center at the Medical College of Wisconsin. It is
designed for optimal usability and long-term maintainability. It
combines the functionality of previously developed in-house

processing performance and throughput. Although the main
application and most drivers are 64-bit, 32-bit drivers are
supported.

a typical STM communication structure.combines the functionality of previously developed in-house
applications used to control EPR experiments and focuses on
improving the overall program structure to offer the following

supported.

• Takes advantage of multi-threading and multi-core
benefits:

• Program Structure

• Takes advantage of multi-threading and multi-core
environments by writing code with parallel threads where they
make sense. These threads are then logically grouped and

• Program Structure
• Enable modularity and flexibility
• Ease of future modification by providing a path for

make sense. These threads are then logically grouped and
assigned to one of the 12 CPUs. The goal is to group them in
a way that the processor usage is distributed equally over all

• Ease of future modification by providing a path for
expansion

• Improve maintainability

available cores. This is accomplished by grouping threads
that do not run at the same time or generate little overall CPU
usage when executing.

• Improve maintainability

• Graphical User Interface (GUI)

usage when executing.

• No significant use of polling. Polling is the repeated use of
• Graphical User Interface (GUI)

• Simplified displays
• Common interfaces across experiments
• Increased responsiveness to operator actions

• No significant use of polling. Polling is the repeated use of
CPU time to check for the completion of a task. It is only used
to check for new data from the server. By controlling it with a

Figure 1: Overall program structure and communication paths
• Increased responsiveness to operator actions
• Post-processing options

to check for new data from the server. By controlling it with a
Timed Loop, minimal CPU time is consumed. In other
program parts case structures are used. Case structures

• Improved Execution Responsiveness
• Take advantage of 64-bit platforms

program parts case structures are used. Case structures
cause no CPU usage until data arrives.

• Take advantage of 64-bit platforms
• Take advantage of multi-core processors
• Take advantage of multi-threading and parallelism Summary• Take advantage of multi-threading and parallelism
• Avoid polling wherever possible

• Data Acquisition

Summary

Conclusions
• Data Acquisition

• Calculation of optimum acquisition rate and record length
for a high speed digitizer

Conclusions

• This software addresses the main issues of EPR control andfor a high speed digitizer
• Baseline subtraction in hardware on high speed digitizer

• This software addresses the main issues of EPR control and
acquisition applications by focusing on the program structure,
GUI, execution responsiveness, and data acquisition.

Figure 2: STM Communication Framework

The Software is part of two diploma theses and is currently

GUI, execution responsiveness, and data acquisition.

• The program structure is key. It provides a path for future
It is possible to exchange instruments with equivalent
functions within experiments by using standardized server
commands. INI files are used to manage the application’s

The Software is part of two diploma theses and is currently
considered a work-in-progress. The presentation example
implements a basic experiment using two instruments, a

• The program structure is key. It provides a path for future
expansion and ensures high maintainability as well as
optimal performance.

commands. INI files are used to manage the application’s
default settings by defining which instrument to use for which
task within an experiment and saving the default parameters

function generator and a slow speed data acquisition card.
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C Program Flow

C.1 Main Program
Main Program Startup

• init.level 1

– Delete queues’ elements (flush queues)
Remove elements from queues that remain after unexpected program termi-
nation

– Make tabs invisible
– Initialize STM Connection Manager and Experiment Info functional global
– Erase content of and display device array showing the available instruments

on the experiment selection page
– Activate Exp Selection tab on outer tab by calling set tabs case
– Call init.level 2

• init.level 2

– Read spectrometer from spectrometer.ini
– Write spectrometer to ring control Spectrometer Ring Admin on Admin

main tab by calling the set ring case
– Set admin spec tab, exp spec tab, exp selection spec tab, and inst spec tab

according to the set spectrometer by calling the set tabs case
– Call init.level 3

• init.level 3

– Scan active page of admin spec tab for clusters and use the labels of the
controls inside (usage names) to fill the usage array in the Experiment Info
functional global

– Call init.level 4
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C Program Flow

• init.level 4
Read default devices from INI files and write them into the rings on the admin
spec tab for all experiment pages
– Get sections = spectrometers

Get sections from spectrometer.ini. Ignore config section. This yields all
available spectrometers.

– Get keys = INI file names
For each section, i.e. spectrometer: Read key values, i.e. default experiment
INI file names. These files contain the default instrument parameters. This
yields the INI file for the cluster on the admin spec tab

– Open the INI file and read the config section
Key = usage, ke value = instrument name

– Search for control with the read usage as the label and assign it the read
instrument

• Event “Spectrometer Ring Admin”: Value Change
Call change spec case to change the current spectrometer:
– Save newly selected spectrometer to spectrometer.ini
– Set all tabs accordingly

Experiment Selection
• Event User selects an experiment
⇒ See Start Drivers

• Event User cancels the current experiment selection
⇒ See Cancel Experiment Select/Shutdown Experiment

• Event User proceeds to experiment GUI
– Set experiment on <spectrometer> exp tab
– New tab control page value automatically updated in tab control cluster by

set tabs case
– Set experiment on inst <spectrometer> exp tab
– New tab control page value automatically updated in tab control cluster by

set tabs case
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C.1 Main Program

– Switch to experiment GUI by setting the Exp GUI tab on the outer tab tab
control

– Load default instrument parameters into the controls on the active page of
the <spectrometer> exp tab and inst <spectrometer> exp tab

– Set default instrument parameters on instrument

Start Drivers
• driver.start

– Determine INI file for current spectrometer and experiment, e.g. L-Band.CW
sim.ini

– Use usages from Experiment Info functional global to identify EXE names
∗ Read config section
Key names = usages
Key values = driver names

∗ Read driver section
Key names = driver names
Key values = EXE names without .exe

∗ Read resource section
Key names = driver names
Key values = resource names, i.e. instrument addresses

∗ Call driver.start lvl2 case
• driver.start lvl2

– Get new port for driver from STM Connection Manager and write it into
text_based_variable.ini

– Start EXE with previously read file name
Perform error handling if EXE not found:

∗ Notify user with pop-up window
∗ Skip the next steps

– Connect to driver. Retry to connect if connection attempt failed.
– Add STM Connection Info to STM Connection Manager if the connection

was established
– Send resource name, set resc name, and instrument name, set inst name, to

the driver (enqueue element for the transmitter loop)
– Request status information from driver with get status
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C Program Flow

– Request instrument type from driver with get inst type
• Transmitter Loop

Forwards enqueued data to the driver. Identifies the driver port by the usage.
Sends
– set resc name and set inst name with respective argument to the driver
– get status

• Driver get status case called
It obtains connectivity information and returns the status information, connec-
tivity and instrument name, to the client with return status.

• Receiver Loop: Receive driver’s response in case return status
Forward received data to receive case in Main Loop to process, i.e. save and
display, the data.

• Error Loop Handle missing EXE
Receives error code from driver.start lvl2 case. Generates a pop-up window
to inform the operator.

Cancel Experiment Select/Shutdown Experiment
Event User cancels current experiment selection or exits the current experiment

• Event Handler
Enqueues driver.shutdown with init as argument which is the case to call after
the following case (init.level 1)

• driver.shutdown
Sends cmd shutdown command to all connected drivers

• transmitter.reset connections
Removes connection from connection manager if connection to driver can not
be established. Only continues with next case, if all drivers are terminated, i.e.
main program can no longer connect to the drivers. Therefore, check connection
to all drivers as often as necessary until all drivers are disconnected.

• Call init.level 1 case
– Flush queues
– Erase content of and display device array displaying the available instruments

on the experiment selection page
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C.1 Main Program

Shutdown Program
Event User exits the main program

• Quit Receiver Loop
• Event Handler

– Enqueue driver.shutdown case with cmd shutdown as argument, i.e. the
case to call after the following case (main.shutdown)

– Quit Event Handler Loop

• driver.shutdown

– Send cmd shutdown command to all connected drivers
• transmitter.reset connections

– Remove connection from STM Connection Manager, if the connection to the
driver can no longer be established. Only continue with the next case, if all
drivers are terminated, i.e. main program can no longer connect. Therefore,
check connection to all drivers as often as necessary until all drivers are
disconnected.

– Quit Transmitter Loop

• Main Loop: cmd shutdown

– Release main queue
– Quit Main Loop
– Enqueue element for Error Loop telling it to release the error queue

• Error Loop

– Release error queue
– Quit Error Loop

• At this point the EXE quits executing.
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C Program Flow

Loading and Setting Default Parameters
Event User proceeds to GUI

• Stop enqueueing elements to try to connect to driver
• Load parameters into controls on instrument tab

– Determine reference to sub tab of instrument tab
– Determine control references to clusters on current page of the instrument

panel sub tab
– Read current spectrometer and experiment from Experiment Info functional

global to open respective INI file
– Determine control references on the active page for every cluster on the

page
– Use section and cluster of key names to read key value for every control

inside the cluster (2nd for loop)
• Load parameters into controls on experiment tab
• Send parameters to instrument

The clusters on the instrument panel are a superset of what is shown on the experiment
panel, i.e. the experiment panel contains a subset of the controls on the instrument
panel. In addition to that, the instrument panel only contains clusters while the
experiment panel also contains indicators.

Change Instrument Control
• Input cluster label and control label to cl-ctl to cmd.vi.
• Send its output, i.e. usage and command, to the driver.
• Call settings.update ctl.invert case to update the equivalent control on

the respective control panel. Updates the instrument panel control, if the value
change occurred on the experiment panel and vice versa.
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C.2 Driver

C.2 Driver
While the program flow of the main program is oriented along the user’s input, the
program flow of the driver is oriented along the commands received from the main
program.
This section describes the program flow of a driver used for a DAQ instrument.

Drivers for other instrument types, e.g. function generators, have a subset of the
routines of a DAQ driver since they are missing the DAQ part.

Driver Startup
• Make front panel invisible
• Reset indicators and controls to default values
• Read port assigned to this driver type by the STM Connection Manager in the

main program from text_based_variable.ini.
• Listen for TCP connection on read port.
• Send STM Meta-Data as soon as a connection is established.

Processing set commands for setting a driver parameter
Event Main program sends command to set a driver parameter.

set resc name or set inst name

• Command Parser
Enqueues the received variant data and the received command on the Medium
Priority Queue for the Medium Priority Loop (Processor). In case the
received command contains a dot only the part before the dot is forwarded.

• Medium Priority Loop (Processor)
Case called that is named like the received command. Converts variant data to
original data type and saves it inside the Instrument Parameters cluster.
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C Program Flow

Processing set commands for setting an instrument parameter
Event Main program sends command to set an instrument parameter.

E.g. set number of samples, set ad range, etc.

• Command Parser
Enqueues the received variant data and the received command on the Medium
Priority Queue for the Medium Priority Loop (Processor). In case the
received command contains a dot only the part before the dot is forwarded.

• Medium Priority Loop (Processor)
Case called that is named like the received command. Converts variant data to
original data type and writes it to a control or indicator on the driver’s front
panel.

Processing get commands
Event Main program sends command to read the driver status.

E.g. get status or get inst type

• Command Parser
Enqueues the received variant data and the received command on the Medium
Priority Queue for the Medium Priority Loop (Processor). In case the
received command contains a dot only the part before the dot is forwarded.

• Medium Priority Loop (Processor)
Case called that is named like the received command. Retrieve requested infor-
mation:
– get status

Retrieve instrument and resource name from Instrument Parameters cluster.
Use resource name to check the connectivity to the instrument. Send
connectivity state, TRUE = connection successful, and instrument name to
main program using the command return status.

– get inst type
Read instrument type from Instrument Parameters cluster and return it to
the main program using the command return inst type.
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C.2 Driver

Processing cmd commands
Event Main program sends command to trigger the execution of code.

E.g. cmd start acquisition, cmd stop acquisition, or cmd shutdown

• Command Parser
Does not need to forward any received data. Instead one or several elements with
an empty data field and the name of the case/cases to be called are enqueued on
the High Priority Queue for the High Priority Loop (DAQ).

• High Priority Loop (DAQ)
Case specified in the queue element’s command field is called. This case might
call other cases, as for the

Performing Data Acquisition
Event The DAQ routine was activated by the cmd start acquisition command

• High Priority Loop (Processor)

– DAQ1-Init
∗ Retrieves all instrument parameters for instrument initialization.
∗ Starts the acquisition task.
∗ Calls data acquisition case DAQ1-Acquire.

– DAQ1-Acquire
∗ Waits for signal to take the first sample.
∗ After each acquired sample the data point is returned the the main
program using the command return data.add data point.

∗ Checks if the number of desired samples for the current measurement
is reached.
If the number is not reached yet, it enqueues an element on the High
Priority Queue calling DAQ1-Acquire to take the next sample.
If the number is reached, it enqueues an element on the High Priority
Queue calling DAQ1-Send Collection.

– DAQ1-Send Collection
∗ Stops the acquisition task
∗ It then checks if the number of desired measurements is reached and

transmits the number of already completed measurements to the main
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C Program Flow

application.
If the number is not reached yet, it enqueues an element on the High
Priority Queue calling DAQ1-Restart to start the acquisition task
again and wait for the signal to take the first sample.
If the number is reached, it sends the signalling commands return
data.collection complete and return data.averaging complete to the main
program and enters an idle case.

– DAQ1-Restart
∗ Starts the acquisition task
∗ Enqueue element on the High Priority Loop calling DAQ1-Acquire
to wait for the signal to take the first sample.

– DAQ1-Stop This case can be called at any time by sending cmd stop acqui-
sition to the driver.

∗ Stops the acquisition task
∗ Return the signalling command return data.delete collection to the
main program causing it to delete the current collection.
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C.2 Driver

Driver Shutdown
Event Driver receives cmd shutdown command.

• Command Parser Loop
Enqueues DAQ-Shutdown command for High Priority Loop and quits Command
Parser Loop.

• High Priority Loop: DAQ-Shutdown
– Release High Priority Queue
– Enqueue shutdown on Data Queue for Medium Priority Loop (Transmitter)
– Enqueue MPLP-Shutdown on Medium Priority Queue for Medium Priority

Loop (Processor)
– Enqueue shutdown for Error Loop
– Delete acquisition task
– Quit High Priority Loop

• Medium Priority Loop (Transmitter): shutdown
– Release Data Queue
– Quit Medium Priority Loop (Transmitter)

• Medium Priority Loop (Processor): MPLP-Shutdown
– Leave instrument in a save condition
– Quit Medium Priority Loop (Processor)
– Release Medium Priority Queue

• Error Loop

– Release Error Queue
– Quit Error Loop
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D Source Code Modifications (STM)
This is a summary of the parts of the final application that are programmed from
scratch or are modifications of existing source code.
Everything, except the files in the STM library and the instrument drivers, are

written from scratch. While the instrument drivers are used as they are, the STM
library is modified. Every modified VI of the STM library is identified by having
the name of the project, ICAS, in the head line. The following list shows which
modifications were done to which part of the STM library v2.0. The original version
can be found on http://zone.ni.com/devzone/cda/epd/p/id/2739.

• TCP Connection Manager.vi

– Organized inputs and outputs in a cluster to reduce the number of input
and output terminals.

– Added handling of usage name, driver name, and driver port, i.e. rewrote
the “Properties In” cluster.

– Replaced the “Set Properties” case by “Set Properties by Conn” and “Set
Properties by Port” to select the connection that should be changed by
either the “Connection Info” or the port used for that connection.

– Added outputs for all usage names, all driver names, the EXE name and
port for the currently processed connection, all ports, all connections.

– Added case “New Port” to determine the next smallest port not used by
any other connection currently saved and add a connection with this port.

– Replaced the “Get Connection(s)” case by “Get Connection by Index”, “Get
Connection by Driver”, and “Get Connection by Usage”

– Added case “Get Data Type by CMD” to determine the data type associated
with the given command by looking it up in the Meta Data Cluster of the
respective connection.

– Modified “Add Connection, “Remove Connection”, and “Get Connection
Count” to incorporate above changes.
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D Source Code Modifications (STM)

• TCP Check Connection.vi

– Now ignores errors resulting from a Connection ID being equal to zero. In
this case the server is starting up and will be available soon, therefore its
connection information should not be removed. If it does not start up until
the user proceeds to the experiment interface, its connection information
will be removed from the connection manager inside the start lvl2 case
of the driver case in the main loop.

– Now outputs driver and usage information of the last processed connection.
• All STM Read Message and STM Write Message VIs now use the variant data

type instead of string to transmit the parameter.
• The following VIs and controls are modified or updated inside the LabVIEW

user.lib directory to save additional information in the Meta Data.
– _SubVIs \ stm_GetIDfromName_.vi
– compatibility \ _SubVIs \ TypeDefs \ stm_MetaElement.ctl
– Serial \ STM Read Message (Serial).vi
– Serial \ STM Read Meta Data (Serial Clst).vi
– Serial \ STM Read Meta Data (Serial Ref).vi
– Serial \ STM Set Meta Data (Serial Clst).vi
– Serial \ STM Set Meta Data (Serial Ref).vi
– Serial \ STM Write Message (Serial).vi
– Serial \ STM Write Meta Data (Serial Clst).vi
– Serial \ STM Write Meta Data (Serial Ref).vi
– Serial \ stm_Serial Connection Info.ctl
– TCP \ STM Get Connection Reference (TCP).vi
– TCP \ STM Read Message (TCP).vi
– TCP \ STM Read Meta Data (TCP Clst).vi
– TCP \ STM Read Meta Data (TCP Ref).vi
– TCP \ STM Set Meta Data (TCP Clst).vi
– TCP \ STM Set Meta Data (TCP Ref).vi
– TCP \ STM Write Message (TCP).vi
– TCP \ STM Write Meta Data (TCP Clst).vi
– TCP \ STM Write Meta Data (TCP Ref).vi
– TCP \ stm_TCP Connection Info.ctl
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– UDP \ STM Get Connection Reference (UDP).vi
– UDP \ STM Read Message (UDP).vi
– UDP \ STM Read Meta Data (UDP Clst).vi
– UDP \ STM Read Meta Data (UDP Ref).vi
– UDP \ STM Write Message (UDP).vi
– UDP \ STM Write Meta Data (UDP Clst).vi
– UDP \ STM Write Meta Data (UDP Ref).vi
– UDP \ stm_UDP Connection Info.ctl

Strictly speaking, it is no longer necessary to transmit the data type as a part of the
STM meta-data, since the data type of the parameter is changed from string to variant.
This feature was kept, since it might be beneficial to transmit additional information
inside the meta-data for future implementations and poses no significant overhead.
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E Sample INI Files

Listing E.1: spectrometer.ini
[ c on f i g ]
cur r ent spectrometer = "L−Band"

; d e f au l t experiment INI f i l e s
[ S−Band ]

[X−Band ]

[ L−Band ]
CW sim = "L−Band .CW sim . i n i "

[Q−Band ]

[W−Band ]

Listing E.2: text_based_variable.ini
[ s rds345 ]
port = 60000
checksum = 0.18903285363229319

[ n i pci −6024e ]
port = 60001
checksum = 1.47458434037360586
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E Sample INI Files

Listing E.3: L-Band.CW sim.ini
; ass ignment o f instrument to usage
; −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
; usage = instrument name
[ c on f i g ]
s t epper motor = "DS345 ( 1 ) "
s i g n a l = "DS345 ( 2 ) "
adc = "NI PCI−6024E"

; EXE names
; −−−−−−−−−
; instrument name = dr i v e r name
[ d r i v e r ]
DS345 (1 ) = " srds345 "
DS345 (2 ) = " srds345 "
N8241A = " n8241a "
N8241A Option 330 = " n8241a "
NI PCI−6024E = " ni pci −6024e "

; instrument r e s ou r c e names
; −−−−−−−−−−−−−−−−−−−−−−−−−
; instrument name = re sou r c e name
[ r e s ou r c e ]
DS345 (1 ) = "17 "
DS345 (2 ) = "18 "
N8241A = "TCPIP0 : : 1 6 9 . 2 5 4 . 1 . 2 0 : : i n s t 0 : : i n s t r "
N8241A Option 330 = "TCPIP0 : : 1 6 9 . 2 5 4 . 1 . 2 2 : : i n s t 0 : : i n s t r "
NI PCI−6024E = "Dev1 "

; d e f au l t parameters
; −−−−−−−−−−−−−−−−−−
; parameter_DataType = value
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[ s t epper motor ]
f r equency_Dig i ta l = 33.333333
ampl i tude_Digita l = 1.000000
phase_Dig ita l = 0.000000
o f f s e t_D i g i t a l = 0.000000
amplitude unit_Ring = 1.000000
waveform_Ring = 2.000000

[ s i g n a l ]
f r equency_Dig i ta l = 1.000000
ampl i tude_Digita l = 3.000000
phase_Dig ita l = 0.000000
o f f s e t_D i g i t a l = 0.000000
amplitude unit_Ring = 1.000000
waveform_Ring = 1.000000
wr i t e wfm f i l e_Path = "/C/temp/waveform . txt "

[ adc ]
daq cntr control_Ring = 0.000000
ad range_Enum = 1.000000
num of samples_Dig i ta l = 1024.000000
num of avgs_Dig i ta l = 1.000000
input mode_Ring = 65535.000000
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F TCP Benchmark Results
This chapter contains information regarding the TCP benchmark. First the system
requirements are determined to be able to evaluate if the benchmark results fulfil
the needs. Afterwards the measurement approach is described. The benchmark code
can be found on the DVD as Appendix A and the measurement results are attached
on Page 113. The benchmark results do not indicate if they were done within the
LabVIEW 32 or 64-bit environment, because no throughput difference between 32 and
64-bit LabVIEW build binaries was measured.

Requirement Definition Among others, the Agilent AP240 digitizer card is used at
MCW to sample the analog signal from the spectrometer. For this example the AP240
is selected, because it is one of the fastest averaging devices used at MCW.

It acquires 1000 samples at a typical sampling rate of 10 to 100MSa/sec. Each acquired
sample is added to a separate on-board memory location of the card’s 24-bit buffer.
After all 1000 samples are acquired, the acquisition stops until the next averaging
interval starts. A typically used averaging rate is 20 kHz. At the end of each averaging
interval each of the 1000 points is send as three separate Bytes to the measurement
application via the computer’s PCI bus. This results in 3 kB of data send every 20 kHz.

From the set averaging rate and the sample size one can calculate the throughput in
Bytes per second with

averaging rate
[

Samples
sec

]
· sample size

[
Byte

Sample

]
. (F.1)

Using Equation F.1 the required throughput for a typical averaging rate of 20 kHz is
calculated to be 60MB/sec. This is well below the measured minimum throughput of
90MB/sec.
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F TCP Benchmark Results

Measurement Method Two LabVIEW programs are written to perform the benchmark:

• A server generating the data with three nested for loops. The number of runs is
adjusted separately for each for loop to control the amount of data generated.

• A client measuring how long it takes to receive the data.

As soon as the client connects, the server sends the data, closes the connection, and
waits for a new client connection. Inside the client a sequence structure calculates
the time it takes to receive the data from the server. To increase the accuracy of the
final measurement result, variations and inaccuracies are minimized by averaging over
several measurements. Therefore, the client reconnects several times and averages the
accumulated results at the end. The end result, comprising the number of transferred
bits and the measured throughput, i calculated in the client and displayed on the
client’s front panel.
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TCP Benchmarking

Q-Band System
20 measurement averages

Single (32-bit)
single-precision floating-point numbers have a 32-bit IEEE single-precision format

transmission time increases exponentially with increasing number of transmitted bits

TCP Benchmark 2010-07-16 1/2

Transmitted Transmitted Speed Speed

loops bits Mbytes Transmission Time [ms] Mbits/s Mbytes/s

32 2097152 0.262 2.9 723.156 90.3945

64 16777216 2.097 21.6 776.723 97.0904

128 134217728 16.777 153.8 872.677 109.085

256 1073741824 134.218 1124.95 954.48 119.31

512, 256, 256 2147483648 268.435 2261.9 949.416 118.677

512, 512, 256 4294967296 536.871 4604 932.877 116.61

855.290 106.9114

1000000 100000000 10000000000

1

10

100

1000

10000

Number of Transmitted bits

T
ra

n
s

m
is

s
io

n
 T

im
e

 [
m

s
]

1000000 100000000 10000000000

0.000

200.000

400.000

600.000

800.000

1000.000

1200.000

Number of Transmitted bits

T
h

ro
u

g
h

p
u

t 
[M

b
it
s

/s
]



Double (64-bit)
double-precision floating point numbers have a 64-bit IEEE double-precision format

transmission time increases exponentially with increasing number of transmitted bits

TCP Benchmark 2010-07-16 2/2

Transmitted Transmitted Speed Speed

loops bits Mbytes Transmission Time [ms] Mbits/s Mbytes/s

32 2097152 0.262 2.85 735.843 91.9804

64 16777216 2.097 21.75 771.366 96.4208

128 134217728 16.777 153.6 873.813 109.227

256 1073741824 134.218 1126.9 952.828 119.103

512, 256, 256 2147483648 268.435 2255.55 952.089 119.011

512, 512, 256 4294967296 536.871 4564.75 940.899 117.612

871.140 108.8924
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