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ChapterChapter 10 

Thee MA^AB Software for 
Integratedd Mapping 

Analysiss of multichannel ECG recordings requires special software. We 
createdd a software package and a user interface on top of a commercial 
dataa analysis package (Matlab) by a combination of high-level and low-
levell  programming. Our software was created to satisfy the needs of a 
diversee group of researchers. It can handle a large variety of recording 
configurations.. It allows for interactive usage through a fast and robust 
userr interface and batch processing for the analysis of large amounts of 
data.. The package is user-extensible, includes routines for both common 
andd experimental data processing tasks, and works on several computer 
platforms.. The source code is made intelligible using software for struc-
turedd documentation and is available to the users. — Camp. Meth. Prog, 
Biomed.Biomed. {i n press) [208]. 

10.11 Introduction 

Electrocardiographicc body surface maps and high-resolution intracardial 
mapss typically consist of many signals sampled simultaneously. Record-
ingss with over 500 leads have been reported [18]. Our group records map-
pingg data with 64 up to 247 leads which are sampled with frequencies rang-
ingg from 0.5 to 4 kHz and 8,14, and 16-bit resolution at bit steps of 0.73 up 
too 40UV [172]. Datafile sizes range from 48kB to circa 300MB. A variety 
off  recording situations is employed, resulting in intracardial electrograms, 
surfacee electrograms, electrograms recorded in cell cultures, and combined 
multichannell  endocardial and body surface map (BSM) recordings [48]. 

Thee methods that are used for the analysis of multichannel ECG record-
ingss differ strongly from those for single-lead or standard 12-lead ECGS. The 
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largee number of channels makes visual inspection of all waveforms almost 
impossible:: even if an experienced investigator were to inspect one elec-
trogramm per second, it would take more than eight minutes to evaluate a 
500-leadd recording. On the other hand, the availability of data sampled at 
manyy sites does enable spatial representation of parameters such as poten-
tiall  or activation time using, for example, pseudocolour maps. In addition, 
computerr algorithms of varying complexity are employed to convert the 
largee amounts of data into concise diagnostics. Standard ECG-analysis tools 
aree therefore inadequate for multichannel ECG (MECG) analysis. 

10.22 Background 

Analysiss of multichannel ECG data requires specialized software. Due to 
thee variety in research purposes and available hardware, many custom 
softwaree packages were created in laboratories involved in electrocardio-
graphicc research. However, it is advantageous to make such software as 
generall  as possible, making it applicable at many different laboratories. 
Thiss could prevent repetition of effort and make implementation of diffi -
cultt algorithms and a sophisticated user interface more worthwile. We shall 
analysee some requirements for such software and present a software pack-
agee that is aimed to fulfil l these requirements and to be general enough to 
bee useful for several research groups. 

10.33 Design Considerations 

Interactivee processing is required in various situations. For example, if 
analysiss of BSM recordings is used on-line to guide catheter ablation of an 
arrhythmia,, a computer program can perform all computations, but the 
physiciann has to select the QRS complex of interest [194,212]. An interactive 
systemm is also expedient if data are processed off-line but with input from 
aa human expert. Such a system should, for example, be able to apply base-
linee corrections, integrate over time, and produce maps of potentials and 
integrall  values in several different styles (figure 10.1). It has to detect ac-
tivationss in intracardial recordings and QRS complexes in BSMS, and allow 
thee user to correct detection results interactively For research purposes, it 
iss necessary that new algorithms can be incorporated with littl e effort in 
aa user-interface package so that they can be tested interactively. Such in-
corporationn of new program parts should preferably not break the existing 
software,, even if there are errors in the experimental parts, since such er-
rorss are very likely to be present, and would otherwise necessitate many 
re-startss of the sofware, which may consume much time. 
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(a)) (c) 

Figuree 10.1: Examples of body surface maps, (a) Large format, used to show 
detailsdetails clearly. Potential values are indicated with isopotential lines; solid lines 
areare used for the positive area, dash-dotted lines for the negative area, and a dotted 
lineline for the zero level. The area with positive potentials is shaded. Maximum and 
minimumminimum are indicated. Above the map, the positions of shoulders, sternum, and 
spinespine are indicated schematically, (b) Economy-size map. All contour lines are 
drawndrawn in a solid style because their curvature is too high for display in a dashed 
oror dotted style, (c) Special format for unsigned data, such as squared potentials. 
BothBoth contour lines and grey values are used to display the values. In this map, the 
schematicschematic torso anatomy was omitted as is often done when many maps are shown 
inin a single display. 

Theree are also circumstances where batch processing of data is more 
appropriate.. For example, to create and test a new algorithm it is often nec-
essaryy to go through the cycle of changing and testing a program several 
times,, while testing a large number of recordings. The creation of programs 
forr such jobs is easier if separate routines are available for basic tasks such 
ass loading of recordings from file, baseline correction, and activation de-
tection.. Note that these are tasks that are also performed in an interactive 
analysiss program. 

Interactivee and noninteractive software thus have many requirements 
inn common. Creating them in the same programming environment has the 
advantagee that basic routines can be shared, and that interchange of data 
betweenn interactive and noninteractive software is more easily achieved 
thann when both are completely separate programs. It is expedient if basic 
routiness for tasks like sorting, differentiation, principal components analy-
sis,, and notably graphics presentation are already present in the program-
mingg environment. The same applies to user-interface routines; for the 
creationn of interactive software, the need of an easily programmable user 
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interfacee is obvious. Batch programs can also benefit from user-interface 
facilities,, particularly in the testing stage. For example, when inspecting 
outlierss in a scatter plot, it is desirable to just click on a data point with 
aa pointer device to view the corresponding ECG data. A convenient way 
too achieve this is by making calls to an existing user-interface package in 
thee same programming environment. The common environment is a clear 
advantagee in such cases. 

Softwaree documentation and source control are indispensable, partic-
ularlyy for experimental software. Good documentation facilitates mainte-
nancee of software. Source control, by which we mean the automated log-
gingg of changes to software, provides crucial information to the program-
merr who wants to change an existing program. Such a system can also 
providee file locking services, which prohibit multiple programmers over-
writingg each other's changes by accident, thus facilitating the work of a 
teamm of scientists and programmers cooperating on a project. 

Inn conclusion, research in the field of multichannel electrocardiography 
cann strongly benefit from a software package that has both a user interface 
andd a programmer interface, provides basic as well as sophisticated ECG 
analysiss routines, has access to existing graphical, mathematical, and user-
interfacee programming libraries, and is well documented and organized. 
Wee describe how we created and worked with a software package that ful-
fill ss all these requirements. We shall not discuss the algorithms that are 
used,, since the purpose of our software is to provide a framework for the 
implementationn of algorithms, and not to make a selection from them. In 
fact,, several alternative methods were implemented for particular tasks, so 
thatt users can make their own choices. 

Wee chose to create our software under an interactive programming en-
vironmentt (IPE). By IPE we mean an interactive program that can execute 
typedd commands and programs or "script files." An IPE can include li-
brariess of mathematical, graphical, user interface, and other functions. It 
cann be platform-independent in the sense that the same commands have 
equivalentt results on different platforms. It is an advantage if an IPE can 
communicatee with external programs or call functions written in a sys-
temm programming language to allow efficient handling of bottleneck op-
erations.. It is also advantageous if the IPE programs are plain-text files, 
becausee this facilitates documentation and source control (section 10.4.2). 
"Visual""  programming languages and IPES with a graphic programming 
interfacee are therefore less suitable for our purposes. An IPE can also be an 
extremelyy versatile debugging program because it allows access to internal 
dataa at any time, can use its graphical capabilities for display of debugging 
output,, and may permit substitution of program parts without restarting 
thee whole program. 
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10.44 System Description 

104.11 Choice of platform 

Thee IPE we used was MATLA B (The MathWorks Inc., Natick, MA, USA), a pro-
gramm that can apply mathematical operations to matrices, has functions for 
graphicss and user interfaces built-in, and includes libraries of mathematical 
routines.. Apart from platform-specific bugs, MATLA B programs run with-
outt modification on several operating systems and computer architectures. 
Thiss allowed us to develop the software and do our experimental work on 
aa UNIX system while also providing code for MS-windows and Apple Mac-
intoshh systems. 

Interpretedd programs run slower than system programs. Modern com-
puterss are capable of running an interpreter fast enough for a user interface 
orr small computations, but for bottleneck operations such as baseline cor-
rectionn of a multilead ECG it could be necessary to write a function in a 
compiledd language and use this function in the IPE. The IPE we use, sup-
portss dynamic linking of functions programmed in the C language. We 
usedd this feature selectively for often-used routines that caused significant 
delayy when programmed in the IPE language. 

Thee C functions are a limitation to platform-independence because they 
mustt be compiled specifically for each platform. We made our C sources 
compilablee for all platforms used, by programming strictly conforming to 
thee ANSI standard, without using compiler-specific or platform-specific li -
braries,, whenever possible. We had to resort to platform-specific code at 
twoo occasions: when implementing directory reading and for TCP/IP com-
municationn (section 10.5.1). 

104.22 Documentation and source control 

Wee chose the "literate programming" technique [129,130] (Appendix A) 
too document our software. A "literate" program is written in the style 
off  a monograph and consists of small pieces of code which are written in 
thee programming language(s) of choice—in our case MATLA B and C. These 
codee fragments are called "refinements" and can be partially or completely 
definedd in terms of each other. Each refinement comes with a documenta-
tionn part, written in a document formatting language—in our case ET^X. 
Thiss means that the program documentation can include mathematical for-
mulae,, graphics, references, indexes, etc. The refinements can be presented 
inn any order the author wishes. By application of refinements in other re-
finementss the code is ordered for the compilers's purposes. Because the 
documentationn parts can be large compared to the code parts, without ob-
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scuringg the program structure, it is possible to give a thorough description 
off  the code, explaining not only what it does, but also why it does so. The 
latterr is often neglected in traditional software documentation, but highly 
importantt for scientific and experimental software. Literate programming 
systemss allow the definition of multiple program files in a single docu-
ment.. This facilitates comprehensive documentation of interrelated pro-
gramm files. A small program, illustrating some of these aspects, is shown in 
Appendixx A. 

Ourr C-language functions were created and documented with the CWEB 

systemm [132]. For the MATLA B programs we created a literate program-
mingg system, called MWEB [202]. We also made provisions to include CWEB 

andd MWEB programs in Î T̂ X documents [201] and to implement a uniform 
layoutt of the circa 90 program documents. The documentation could be 
printedd and was also made available on our internal web server as hyper-
textt in PDF format. 

Additionall  tools were the Revision Control System (RCS) [22], which 
providedd for automated revision archiving, the standard UNIX make pro-
gramm and a few small programs written in a scripting language (Perl [269]) 
too control the compilation process. 

10.4.33 Structure 

Too accommodate both interactive use and batch processing we created two 
packages:: a low-level toolbox, called MA^JB, and a user interface, called 
MA^AB,, which was created using MA^JB routines. The toolbox contains all 
routiness that interactive and noninteractive programs can share; it can also 
bee used independently for batch jobs and for user-created additions. Com-
municationn of data between MA^AB and batch jobs is done with IPE vari-
ables,, and with files if the data have to be passed between invocations of 
thee IPE. 

Thee user-interface package consists of several tens of functions, whose 
syntaxx is documented in the source files. This allows experienced program-
merss to make calls to the user interface from experimental programs, for 
examplee to inspect internal data of these programs with existing tools. It 
iss also possible to let user-created programs be called from MA^AB. This is 
donee by a general hook mechanism. Programs that run in the IPE can add 
aa code fragment to one of MA^AB'S hooks. This code fragment is then exe-
cutedd whenever the hook is activated, e.g., every time a new file is loaded, 
ann activation marker is moved, or baseline adjustment is performed. Some 
off  MA^AB'S programs are activated by this hook mechanism as well. 

Twoo new file formats are used by our software: a datafile format for 
storagee of ECG data and a metafile format for descriptions of data (we con-
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siderr it undesirable to store such descriptions in the datafile itself because 
thee integrity of the datafiles, which may contain clinical data, must be guar-
anteed,, and because datafiles are often stored on a read-only medium such 
ass CD-ROM). 

AA metafile contains the name of a datafile and a set of time instants 
suchh as begin and end of a QRS complex and activation times which refer 
too the datafile. The aim of the metafile format was to store descriptions of 
datafiless on disk. Metafiles can be loaded in the MA^AB package in the same 
wayy as datafiles. The software wil l then load the corresponding datafile 
andd place the time markers at the positions indicated in the metafile. This 
makess it convenient to load, for example, previously determined time in-
stantss for baseline correction together with the datafile. Our metafiles are 
oftenn used to postprocess hand-made analyses in a batch job. In addition 
too the datafile reference and time instants, a metafile can contain a check-
summ to allow verification of the identity of the datafile, a time-stamp, and 
ann identification of the researcher and the analysis software. The software 
findss a datafile by the name and location recorded in the metafile. If the 
fil ee is not found at the specified location, for example because metafile and 
datafilee were transported to a computer with a different directory structure, 
thee software wil l search for it by means of a configurable search path. 

Thee datafile format is discussed in section 2.5.4. The two file formats 
aree designed according to the IFF metaformat [178], which also underlies, 
e.g.,, Amiga's ILBM format. This design allows extensions (such as new com-
pressionn types [149], or additional parameters) with backward and forward 
compatibility. . 

10.4.44 Generality 

Thee MA'JAB package was designed to cope with every possible electrode 
configuration,, including body surface map configurations [98] and vari-
ouss grids for intracardial recordings (figure 10.2). Regular and irregular 
one-,, two-, and three-dimensional shapes [155] can be handled. For each 
configuration,, an electrode definition file was created, which specified the po-
sitionss of the electrodes, the corresponding lead numbers, and the type of 
leadd (surface, endocardial, epicardial, etc.). Users can create such files when 
theyy employ new grids or need to make ad hoc changes to compensate for 
wiringg errors. The software uses this configuration information to display 
mapss taking into account the differences between types of leads. For exam-
ple,, it does not automatically perform activation detection in surface leads, 
whichh would be meaningless. 

Potentiall  maps, integral maps, activation time maps, and maps of other 
dataa can be displayed in several different formats. It is possible to indicate 
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(b) ) 

(d) ) 

Figuree 10.2: Examples of electrode configurations. Dots indicate electrode posi-
tions,tions, (a) Sixty-four-channel body surface map configuration. This configuration 
waswas used for the maps in figure 10.1. This is a cyclic grid; the rightmost col-
umnumn of electrodes is repeated on the left, indicated by open circles. The vertical 
inter-electrodeinter-electrode distance s ('s approximately 3 cm; the electrode diameter d is 1 cm. 
(b)) A 105-channel configuration for intracardial maps, s = 0.8 mm, d = 0.1 mm. 
(c)) A yD multielectrode with igy terminals fitting in the left atrium of a dog, 
S K II  mm, d = 0.1 mm [155]. (d) A star-shaped grid used for cell cultures of 
cardiaccardiac myocytes; s = 300 pm, d = 24pm [12]. Cells grow only in the white area. 

dataa values for electrodes with an interpolated or non-interpolated pseu-
docolourr map. In addition, data values can be printed at the electrode 
positions,, and several contour algorithms are available to draw, for exam-
ple,, activation isochrones (figures 10.4, 3.8, 3.9, 3.10). One of these is the 
"isomap""  algorithm presented in section 3.7. Data for pseudocolour maps, 
texts,, and contours can be chosen independently; this facilitates compari-
sonn of e.g. potential maps to an activation (isochrone) map. 

10.4.55 Features 

Thee MA^AB package is intended as a basis for development and implemen-
tationn of algorithms. It includes basic, established, and experimental algo-
rithms.. Among the implemented routines are various filters, zeroth- and 
first-orderr baseline correction, QRS detection [123], arrhythmia localization 
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Figuree 10.3: Channel window. The vertical lines between the ECG tracings and 
thethe two dots on the lowest tracing are called "markers" and are used to indicate 
timetime instants. Dot-shaped markers indicate instants that are applicable to a single 
lead,lead, e.g. activation times, while line-shaped markers are used for instants that 
applyapply to all leads, such as onset and offset of the QRS complex. The markers can 
bebe placed automatically by the software, for example by the activation-detection 
routine,routine, as well as by the user, by dragging them with a pointer device. 

byy body surface mapping using either databases [194, 236] or a continu-
ouss algorithm [212], a configurable activation-detection algorithm, compu-
tationn of nondipolar content [1,211], signal alignment and signal averag-
ing,, and various display methods discussed above. As mentioned in sec-
tionn 10.3, we shall not go into details about the algorithms. 

Importantt features are the possibility to edit results of automatic analy-
ses,, such as activation detection, by hand quickly and easily, and the provi-
sionss for storing such edited results for later review or processing by batch 
jobs. . 

Thee software package creates several windows on the screen; each win-
doww displays the data or a part of the data in a different way, and contains 
user-interfacee controls for tasks relevant to the kind of display. For exam-
ple,, the Channel window (figure 10.3) shows one or more ECG tracings and 
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containss a user interface for selection of time instants, baseline correction, 
filtering,, etc. In contrast to this temporal display, the Map windows show 
dataa in the spatial domain, such as potential maps and activation maps. Ex-
ampless are shown in figure 10.4. Time instants for maps are selected in the 
Channell  window, and working channels can be selected conversely from 
Mapp window's by clicking at electrode positions. 

Wee chose to have multiple instances of some windows, while other win-
dowss could be one-of-a-kind. For example, multiple Map windows can 
showw potential maps and activation maps simultaneously. In contrast, only 
onee Channel window was needed, because it can show as many simulta-
neouss ECG tracings as the user wishes and because it is usually preferred to 
displayy all ECG tracings in a single frame. 

Anotherr window that can have multiple instances is the Localizer win-
dow,, which shows results of arrhythmia localization obtained with body 
surfacee maps. Multiple instances of this window were desirable because it 
iss useful to see results for different cavities or by different algorithms at the 
samee time (figure 10.5). Localization is performed either by comparing QRS 
integrall  maps to database maps [236] or by a continuous algorithm [212]. 
Databasess exist for human ventricles and atria [236,239,240]. The Localizer 
windowss can present localization results in several different diagrams for 
bothh ventricles and atria. 

Forr each window there are one or more programs to create and main-
tainn that particular window. We tried to make the programs corresponding 
too different windows as independent as possible, but some interrelations 
weree inevitable, for example to keep track of a "current channel," rejected 
channels,, and marker values in different windows. Most relations, how-
ever,, are hierarchical; for example, a button in one window can make a call 
too a function that creates another window. 

10.55 Discussion 

Softwaree for MECG analysis should be fast, flexible, extensible, easy to pro-
gram,, and easy to use. These requirements are partly at cross-purposes. 
Thee software we created is flexible, but not as fast as would be possible if 
itt were implemented entirely in a system programming language such as 
C.. This is a trade-off between programming efficiency and usage efficiency. 
Userr responses are fast enough if a modern computer is used. For example, 
onn a Pentium-n PC at 233 MHz, drawing an annotated isochrone and pseu-
docolourr map (as in figure 10.4) with 121 electrodes takes approximately 
0.33 s, activation detection on 121 channels and 130 samples takes about one 
second,, and dragging of markers happens with no noticeable delay. 
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Figuree 10.4: Activation Map window (left) and body surface map (BSM) window 
(right).(right). The activation map is shown with isochrones, pseudocolours, and texts. 
TheThe white lines in the activation map represent lines of block, as determined by 
thethe activation time difference between adjacent electrodes. A white area represents 
electrodeselectrodes where no activation was detected within the current complex. The BSM 
windowwindow shows the body surface QRS integral map corresponding to this activation 
map.map. The format of this map is quite different from that shown in figure 10.1; the 
pseudocolourpseudocolour map used here can be generated faster and is useful for display on a 
computercomputer monitor. A contour plot as in figure 10.1 is more suitable for hardcopy. 
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Figuree 10.5: Examples of Localizer windows. Several of these windows can be 
activeactive in a single MA!JAB session while each of them displays localization results 
inin a different format. The middle and right windows show database localiza-
tiontion results [236], indicated in a left-ventricular pseudo 3-D plot using different 
databases.databases. The title of the right window indicates that this is a (psuedo) 3-D left-
ventricularventricular diagram (Ivjd) featuring the anterior myocardial infarction (AMI) da-
tabase.tabase. At the righ side of this window, the 5 best-correlating segment numbers are 
indicatedindicated with the correlation values in percents. The left window shows contin-
uousuous localization results [212], given in a schematic diagram of the left ventricle. 
NumbersNumbers (in this case 1, 2, and 3) are used to indicate localized positions; these 
numbersnumbers can be clicked with the mouse to reload the corresponding ECG data. 
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Onee requirement for the package was that it would be extensible. Sev-
erall  extensions have been written and subsequently incorporated in the 
package.. One such extension constitutes the interactive display of a three-
dimensionall  (3-D) multielectrode for the left atr ium of a dog heart [155] 
(panell  c in figure 10.2). The left atrium is a complex 3-D structure that can-
nott be mapped on a flat surface without losing important geometrical infor-
mation.. To overcome this problem, the 3-D shape of this 197-electrode de-
vicee was obtained from CT scans and stored as a triangulated surface, which 
wass visualized on the computer. Measured potentials and activation times 
weree displayed on this surface, and electrode positions were indicated. The 
objectt could be rotated with the mouse to allow inspection of all sides. This 
softwaree was written in the same IPE as MA^A B so that it could easily inter-
facee with the latter. For example, analysis of ECG leads was performed with 
MA^A BB and results are presented directly on the surface. Electrode markers 
onn the surface could be clicked with the mouse to show the corresponding 
ECGG tracing in MA^AB' S Channel window (figure 10.3). The special window 
thuss operated in the same way as MA^AB' S own Activation Map window. 

Onn several occasions, we implemented new methods first as small MAT -
LA BB scripts, then improved them, and finally re-implemented them in C for 
betterr performance. 

AA minor drawback of an IPE is that—in principle—it allows the user to 
corruptt internal data. Therefore, we used variable names that are unlikely 
too be used by accident and while doing so we experienced no problems in 
thiss respect. 

Ass it stands, our software is less suitable for real-time clinical applica-
tions,, such as BSM-guided catheter ablation [194]. Although it can serve as 
aa prototype in the hands of an experienced operator during clinical evalu-
ationn of a new procedure, it is too complicated and perhaps not sufficiently 
robustt for routine clinical use. For such purposes, dedicated software and 
hardware,, such as created previously for BSM procedures [154], remains a 
betterr choice. 

Thee software is used by several medical and biomedical researchers in 
bothh clinical and fundamental research groups [12,42,48,81,82,92,93,118, 
122,157,193,194,220,240,275].. The software has been used for the creation 
off  graphics for several years [42,193,194,240]. Examples of MA^AB' S graph-
icall  output are shown in figure 10.1 and in the maps shown elsewhere in 
thiss thesis. It has become the pr imary tool for several research groups and 
hass played a part in many clinical and experimental studies [12,48,81,82, 
92,93,118,122,157,220].. The MA^ B toolbox and the MA^A B interface were 
usedd in all ECG-related studies performed by its authors [206,211,212,275]. 
Thee resulting experience and the frequent contact with other users have 
acceleratedd the development of the system. 
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Platform-independencee turned out to be important. We programmed 
mostt comfortably on a Linux system. Linux, a UNIX implementation for 
thee IBM-compatible PC and other architectures, is a robust operating system 
forr which all programmer's tools, such as a powerful text editor, text pro-
cessingg tools, C compiler, TgX system, make, and RCS are readily available, 
stable,, free, and working seamlessly together. The system's robustness is 
evenn more important for programmers than for other users: segmentation 
faultss are common during development and a UNIX system handles them 
gracefullyy without consequences for other processes or the operating sys-
temm itself, even after hundreds of segmentation faults have occurred. On 
thee other hand, two or three segmentation faults of our software or prob-
lemss in other applications sufficed to crash any version of the Ms-windows 
system.. However, most users prefer systems such as MS-windows or the 
Applee Macintosh. Therefore, we wanted to generate code for these plat-
formss but develop it on a UNIX system. 

Wee found that literate programming (Appendix A) makes our programs 
moree readable for ourselves and for others. It allows the authors of MA^AB to 
understand,, comment, and change each other's programs. Our experience 
confirmss the observation that literate programming encourages the pro-
grammerr to scrutinize the code [130]; many a misconception was brought 
too light by trying to explain the code. 

Sourcee control using the RCS system [22] and software building using 
thee make program (which is standard software on UNIX systems) allowed 
differentt programmers to work on the same set of source files without the 
riskk of overwriting each other's changes and to create consistent distribu-
tionss of the package at any time. 

10.5.11 Submitting diagnostic information through Internet 

Onee feature of the MA^AB software that has not been discussed yet is its 
abilityy to submit error reports through the Internet. All software, and es-
peciallyy software that is continuously under development like MA^AB, can 
emitt several kinds of error messages. These include reports of relatively 
harmlesss user errors as well as possibly fatal errors that occur due to bugs 
inn the software. The latter are important for the development team. Even 
iff  the developers use the software themselves and may encounter the error 
messagee in practice, it is very likely that they use the software in such a 
wayy that some problems never occur, while they do occur with other users. 
Itt is therefore important that such errors are reported. 

Ourr experience has shown that users cannot be relied upon to pass such 
reportss to the authors of the software. Therefore, we developed routines 
thatt submit such reports automatically over the Internet. Several problems 
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inn the software have since been solved due to reports received in this way, to 
thee surprise and satisfaction of the users who encountered the error before. 

Severall  problems had to be solved for the implementation of Internet 
logging.. The first problem was that although network communication pro-
tocolss are standardized (TCP/IP), the software libraries that can be used for 
thiss purpose are system dependent. On UNIX systems, a standard imple-
mentation,, called the "sockets" interface, can be used. A similar interface 
iss available for MS-Windows, but it differs enough from the UNIX interface 
too require a few tens of exceptions in our code (using "#if def" in the C lan-
guage).. We have made no attempt to implement Internet logging on Mac-
intoshh computers. 

Thee next problem was presented by company firewalls. The MA^AB soft-
waree is typically used on computers connected to hospital or university 
intranetss that are connected to the Internet through gateways known as 
"firewalls""  because they run software that prevents unauthorized connec-
tions.. It depends on company policy what is authorized; in many cases 
thiss policy prevents the creation of a direct TCP/IP link between a computer 
inside,, and another outside the hospital. In our case, the computer that re-
ceivess the reports is connected to a hospital intranet as well, and its firewall 
preventss connections to be made from outside the hospital. 

Wee circumvented problems with firewalls by using the Internet mail 
protocoll  (SMTP) to submit the error reports. This protocol does not require a 
directt link between the submitting and the receiving computer. Mail is sent 
too a dedicated "mail server" and from there submitted to the mail server 
att the receiving end, from where it can be picked up by the receiving com-
puter.. An example diagnostic message is presented in figure 10.6. 

Obviously,, Internet logging does not work on computers that are not 
connectedd to the Internet. In addition, it is problematic on computers that 
aree connected by a non-persistent link, such as a telephone line, where an 
automaticc logging mechanism may cause a connection to be made at in-
convenientt times. Therefore, it must be made easy for the user to switch off 
thee automatic submission of log reports—in such a way that the user is not 
temptedd to do so in situations where internet logging does no harm. 

Anotherr application of Internet logging is the acquisition of usage statis-
tics.. Every invocation of a user-interface element in MA^AE (buttons, menus, 
etc.)) is counted, and at the end of a session these statistics are submitted to-
getherr with the error reports. This allows the authors of MA^AB to find out 
whichh functions are used most, and it can help them to decide which user-
interfacee elements should have the most prominent positions. For example, 
iff  a menu item appears to be used very often, it may be replaced by a button 
thatt can be clicked directly. Conversely, buttons that are rarely used may 
bee removed to save space. 
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11 BS_LOG_MESSAGE $Revisio n 1.1 9 $ 

22 MyName =  <980600079 > 

33 MyFullNam e =  <980600079.amc.uva.nl > 

44 MylPAdd r  =  <145.117.46.205 > 

55 MyRealNam e =  <amcip0787.amc.uva.nl > 

66 MaplabVersio n =  1.43.8 5 

77 foun d a  lo g file : 

88 >  bs_lo g 

99 >  bs_lo g 

100 >  bs_lo g 

l ii  >  bs_lo g 

122 >  bs_lo g 

133 >  bs_lo g 

144 >  bs_lo g 

155 >  bs_lo g 

166 >  bs_lo g 

177 >  bs_lo g 

188 >  bs_lo g 

2200 barlaeus.ic.uva.n l  ESMTP Sendmai l  8.9.3/8.9.3 ; 

hel oo 980600p7 9 

2500 barlaeus.ic.uva.n l  Hell o amcip0787.amc.uva.n l 

mai ll  from :  <maplab'/.gnu@amc.uva.nl > 

2500 <maplab'/.gnu®amc.uva.nl> .  .  .  Sende r  o k 

rcp tt  to :  <mlog'/,gnu<aamc .  uva .  nl > 

2500 <mlog'/,gnu®amc.uva.nl> .  .  .  Recipien t  o k 

BS_L0G_MESSAGEE $Revisio n 1.1 9 $ 

RealTim ee =  <4 > second s 

199 >  ms g =  <loa d fil e 131*179 2 'unknown' > 

200 >  ms g =  <loa d re c 2  fro m 131*179 2 'unknown' > 

211 >  ms g =  <loa d fil e 241*716 8 'tdp' > 

222 >  BEGI N ERROR 

233 >  Readin g heade r  failed .  RecN r  to o high ? 

244 >  EN D ERROR 

255 >  ms g =  <loa d re c 1  fro m 241*716 8 'tdp' > 

266 >  ms g =  <loa d fil e 241*716 8 'tdp' > 

277 >  BEGI N ERROR 

288 >  Unforesee n erro r  i n MapLa b 

299 >  pleas e infor m th e author s abou t  thi s 

300 >  lin e 181 4 o f  bs_chn. m i n channel.web. v 1.260 ,  I D =  10 2 

311 >  laster r  =  Inde x exceed s matri x dimensions . 

322 >  END ERROR 

Figuree 10.6: Example MA^AB log message. It starts with the revision number of 
thethe sending program, which identifies the format of the message. Lines 2-5 identify 
thethe sending machine and line 6 the software version. The program then reports that 
itit  found a log file, which contains a report of the previous session. Lines 8-32 show 
thisthis report. The report starts with a transcript of the communication between the 
previousprevious invocation of the sending program and the mail server. On line ig, the 
actualactual diagnostic report begins. Lines 19-21 show that datafiles were loaded. The 
filefile type is indicated but the file name is not, in order to protect privacy. Line 22 
displaysdisplays a "user error:" the user attempted to load the next recording from the file 
whilewhile there was none (the software cannot currently test for this circumstance in 
advance).advance). Lines 2J-32 display an "unforeseen error" which means that a part of 
MA^ABB was interrupted by MATLAB . This usually indicates a bug in the MA^AB 

code.code. This error triggered an immediate submission of the log file. 

http://barlaeus.ic.uva.nl
http://barlaeus.ic.uva.nl
http://amcip0787.amc.uva.nl
mailto:gnu@amc.uva.nl
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10.5.22 Conclusion 

Thee MA^AB software is available free of charge for research purposes. Our 
workk has several other aspects that may be of interest to other researchers 
eitherr in the field of electrocardiology or other disciplines. Our approach 
too interaction between a user interface and batch-job programming, as well 
ass the combination of documented and revision-controlled software with a 
commerciall  data-processing package, may be of general interest. 

Ourr work may also be helpful to researchers who have to choose new 
dataa analysis software either in ECG analysis or in other areas. Options 
rangee from home-grown programs in a low-level programming language, 
viaa higher level or visual programming languages, IPES, to off-the-shelf 
dataa analysis packages. The latter are not suitable when experimentation 
withh new algorithms is needed. Visual programming languages have the 
disadvantagee that they cannot be combined with general tools for literate 
programmingg and source control, which require plain-text program files. 
Wee chose an IPE because it allows a combination of high-level and low-level 
programmingg and interactive development, and—in our case—is largely 
platform-independent.. Because our IPE uses plain-text program files, we 
couldd apply literate programming and source control. We thus obtained 
aa compromise between program speed, programming speed, ease of use, 
flexibility ,, extensibility, and readability that serves us well. 

10.5.33 Future plans 

Thee software described here facilitates the implementation of data process-
ingg methods for multichannel ECGS and allows biomedical researchers to 
usee them interactively. Researchers with some programming skills have al-
readyy written extensions and also use the software for batch processing. 
Availabilityy of a graphical user interface during batch-job programming 
wass found to be very useful. These properties make the software suit-
ablee for continuing development. We expect that a growing user commu-
nityy wil l create custom extensions and that we shall be involved in several 
projectss where extensions of the software are desired that are more difficult 
too program. In addition, we shall continue to improve the software, particu-
larlyy in those places where weaknesses exist or develop. In our experience, 
additionn of features to software often implies the addition of bugs as well 
ass new manifestations of existing bugs in other parts of the software. Han-
dlingg these wil l be a continuing effort while MA^AB is further developed. 


