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Abstract second, and consider a programmer that knows a fault oc-
curs at around the 280frame. Using traditional tools, the
This paper presents a new approach to using music for programmer must either write print statements in the code
debugging computer code, layered program auralization. to see the runtime behavior, or halt execution in a debugger.
We use layers of musical structure to represent the state and_ayered program auralization offers an alternative, athow
behavior of a computer program while it is running, taking the programmer to “listen” for where a problem occurs.
advantage of metaphorical relationships between musical This paper makes three contributions to the debugging
structure and programming constructs. and program auralization literature. We use cadences,
This paper makes three contributions to the debugging recognizable patterns of chords that usually represent an
and program auralization literature. We use cadences, ending, to metaphorically represent nesting depth and hier
recognizable patterns of chords that usually dictate an-end archical control structures. Users do not need to remember
ing, to metaphorically represent nesting depth and hierar- that a sound occurred to determine nesting depth, and in-
chical control structures. Auralizations, in our systerseu  stead can determine this information from the current musi-
more than one perceptual mapping at a time. Further, we cal context.
decompose our auralizations into units, which we call lay- Second, we combine multiple perceptual mappings dur-
ers. This decomposition is similar to using classes in dbjec ing auralization. Some program constructs, like an IF, can
oriented programming. be mapped to metaphorically equivalent sounds, like ca-
We see debugging as a time consuming, difficult, task,dences. Other characteristics, like an arbitrary string or
and present a solution where music is played to the pro- number, have no known, general case, metaphorical map-
grammer during program execution. Our goal is to in- ping. To circumvent this problem, we have adopted an ap-
crease debugging effectiveness and to improve a program-proach where metaphorical and nomic mappings are com-
mer’s comprehension of the runtime behavior of computer hined.
programs. Lastly, we present a system of layers for program aural-
ization. A layer is a small, encapsulated, section of thal tot
sound produced, and we use it primarily in the way object
oriented programming(OOP) developers use classes. Just
like in OOP programming, classes can interact and commu-
] nicate. Layers do the same, but after communication occurs,
1 Introduction each layer’s output is overlaid to create an auralization, o
in other words, music. This final process of auralizing the
In this paper, we propose the use of music during the code is analogous to using viewgraphs on an overhead pro-
debugging process to help find faults while computer pro- jector. Each layer is like a viewgraph. When combined on
grams are executing. Static analysis of a computer programan overhead, the viewgraphs overlap to present a final im-
allows the programmer to see information about what a pro-age. When layers are combined, they aurally represent a
gram should do over time, but music allows the programmer running computer program. Because layers encapsulate our
to hear what a program is actually doing, without halting a total design, we discuss our first two contributions in the
program’s execution. Thus, layered program auralizagon i context of the third, for the remainder of this paper.
a form of dynamic analysis. We are using this new technology to increase a program-
Consider a graphics application running at 50 frames permers effectiveness while debugging computer code. To test
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layered program auralization, an empirical study was re- In Vickers’ work, musical events correspond to the ex-
cently conducted [11], with positive results. Further em- ecution of program statements that are marked as points

pirical work is ongoing. of interest. For example, a major chord could indicate a
true in an IF statement, and a minor chord could indicate a
false [14].

2 Background Bonar et al. conducted empirical studies of novice

programmers in an attempt to understand why program-
In program auralization, the state and behavior of com- ming is difficult for novices [3]. Spohrer and Solloway
puter programs are represented in sound. Program auraldiscuss several of the most common, or high frequency,
ization has been used to assist programmers in debuggindaults, although they call them bugs, created in novice pro-
tasks [14], to help blind users navigate hierarchical datagrams [10]. Chmeil gave training to novice debuggers
structures [9], and to provide a richer and more informative in an attempt to increase their debugging skills in a CS1
desktop operating system interface [6]. course [4]. Ahmadzadeh created a two phase debugging
One important concept for program auralization was Study, where student programs were first tested for com-
first defined by Gaver when working on the SonicFinder, mon compilation errors, and second tested for logic er-
a perceptual mapping [5]. Most pertinent for this paper rors [1]. Layered program auralization techniques litgral
are Gaver's categories of perceptual mappings, symbolic,create music mapped to an executing computer program,
metaphorical, and iconic [6] or nomic [5]. and as such, only runtime or logic errors are relevant to the
A symbolic mapping has meaning only by convention, currentwork.
and must be learned and remembered, like a langauge. A
metaphorical mapping makes use of a non-literal relation-3 Using Layers to Represent Computer Pro-
ship between an object and its representation. For example,  grams
the operation of copying a file from one part of a filesystem
to anotr_\er.can be represgnteq by the so_und of water fiI_Iing In this section, we expand on the idea of a layer, and
up a drinking glass. An iconic, or nomic, representation give an overview of how we partitioned our problem space,
looks or sounds like the thing it represents. For example, a5nq our overall contributions, into these layers. Layees ar
nomic mapping of deleting a file, by throwing itin avirtual - gimjjar to the object oriented idea of a class, where a layer
recycle bin, could be represented by the sound of throwinggncapsulates some idea or functionality. In our case, this
physical objects into a real recycle bin [S]. functionality is an element of a perceptual mapping [5],
Boardman created the language Listen, now reimple- aithough we, predominately, use metaphorical and nomic
mented in Java and called JListen [2]. The original moti- mappings [5].
vation for Listen was to create a tool for describing how Layers represent computer program behavior with mu-
Computer source code can be auralized. This work inCIUdedsic_ We represent three different Categories of program in-
the creation of the LSL, Listen specification language, that formation [8]: control flow, state, and semantic data. Rrevi
allows auralization code to be put into other computer pro- oys program auralizers, such as Vickers’, represented only
grams. This specification tells the Listen system how to control flow information [14]. Our layered auralizer pro-
interpret computer code it receives, and what to auralize induces a musical score, which can be performed by a music
that code. So, in Listen, the focus was on inputting code rendering system, like a MIDI synthesizer.
and outputting auralized code, but not on the actual sounds | ayers can generate music at various levels of specificity.
themselves. Some layers generate information as specific as notes on
Paul Vickers uses musical structures to design his au-the page, and others generate abstract information, léke th
ralizations [13, 14]. With his program, CAITLIN, Vickers musical key to perform in, or the volume. Some informa-
describes his method of program auralization for the Pascalion, like volume, cannot be performed alone. This non-
programming language. Vickers ran empirical studies using performable information constitutes metadata about the mu
his auralizations, in which he showed a positive corretatio - sic being produced.
between use of the auralizations and debugging simple Pas- The auralization design in this paper consists of three

cal computer programs. primary layers. The root layer, referred to as the caden-
One interesting concept in auralization, to appear in tial layer, generates chord progressions over time as a form
Vickers, is the, so called, “Point of Interest,” or (POI)cWi of musical metadata, and also generates specific notes for

ers describes this concept as as “a feature of a construct théhose chords. These chord progressions are communicated
details of which are of interest to the programmer at execu-to lower level layers.

tion” [12]. In our design, a layer is a mapping over one or  Lower level layers, the orchestration and lyrics layers,
more related points of interest. interpret metadata from the cadential layer and create mu-
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Figure 1. Overview of the auralization system

This section discusses the specifics of several layers in
our layered program auralization design. For the examples
in each subsection, we give the computer code, written in
C++, and show the exact mapping from that code into mu-
sic. Mappings with the same input always produces the
same, in this case musical, output.

sic that can be performed from that data. The orchestrationrd.1 Cadential Layer - Control Flow
layer is based on a metaphorical mapping, and the lyrics
layer is based on a nomic mapping. Figure 1 and Figure 2 A cadences a chord progression used to mark the end
give two alternative sets of layers. The second set of layers of a musical phrase. Theadences a centuries-old tech-
in Figure 2, includes two layers not discussed in this paper,nique. We used them in our system, largely, because they
the boolean expression layer and the loop layer. These twaare aurally recognizable. For example, an “amen,” techni-
layers consist of an alternative design that we tested in acally called plagal, cadence, is often used at the end of a
recent empirical study on our auralization system. See Ste-hymn.
fik [11] for more information on the empirical study or these Cadences give a strong “pull” to the end of a phrase or
alternative layers. piece of music. So, in our work, we might play the intro-
duction to a two chord cadence at the beginning of an IF
For a programmer, auralizations such as these may bestatement, in a running computer program, and play the end
useful, as it may inform the debugger what element of a of the same cadence at the end of the IF statement.
running program is currently executing, like a branch of an ~ One goal in our design for this system is for a computer
IF statement. Note that the cadential layer is a metaphori-programmer to know where in the control flow a program is
cal mapping. Other layers are not limited to any particular currently executing, without using a debugger or haltirey th
perceptual mapping [5]. program. This is especially useful for applications where
halting the program is either inconvenient or difficult. Ex-
To auralize C++ code, we designed a system to rep-amples include graphics applications that make calculatio
resent various program constructs, like loops and condi-on each frame, sound synthesis applications with thousands
tional statements, semantic data, like numbers or text, andof calculations a second, or programs, in general, that run
dynamic memory allocation and deallocation. Thus, we in an infinite loop.
are, whenever possible, mapping program constructs to Cadential patterns were chosen to represent control flow
metaphorically similar musical structures. We use thesebecause of their likeness to computer code structures, and
metaphorical mappings where possible, but not all behaviortheir recognizability as part of a musical structure.
or data has an obvious metaphorical mapping. When this Layers take advantage of a variety of musical metaphors.
occurs, we create a new layer that uses a nomic mapping. Each program construct is put in context of a cadence.
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. else if (d > 10 && d <= 30)
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Figure 4. An auralization for an IF statement Figure 5. IF-ELSE statements
Computer programs have structure, and cadences have mu 1 2 3 45
sical structure in a similar way. Layered program auraliza- . FLSEIR  ELSEIF - ELSE EndIF
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give a stronger metaphorical mapping from computer pro- . v =T s -
grams into music. 4 J N 4 2 4 i
Another advantageous element of cadences is that they =SS —

can be extended by inserting chords in between the typical

cadential pattern. This helps distinguish which IF-ELSE

block, in a series of IF-ELSE blocks, is executing. In mu-  Figure 6. An auralization for IF-ELSE state-
sic theory, roman numerals are used to indicate chord pro- ments

gressions, and these notations were useful in our technical

musical design. Roman numeral analysis of music is a sim-

ple way to show chord progressions in a key neutral way. dential patterns. The music represented in Figure 6 is what
While the specifics of the music theory are outside the scopewould play if, in the running computer program, the value
of this paper, examples of the results of our cadence basegf the variabled were, for example, 59.
approach are given. Looping constructs, WHILE and FOR, are represented
Figure 3 shows code, and Figure 4 an auralization, for with a different set of cadential patterns. Each iteratibn o
an IF statement in C++. Later, we will build upon this and  the loop, at runtime, changes the chords. Figure 7 shows
other examples, and show how adding program state or sean auralization for a FOR loop with ten iterations. The first
mantic information does not alter this design. Encapsula-chord is the beginning of the auralization. Each successive
tion between layers makes adding new information similar chord indicates another iteration of the loop. The last two
to adding a viewgraph on an overhead projector. The to-chords indicate the end of the FOR loop.
tal picture from the projector is altered, but the viewgraph  Nesting of control structures, as shown in Figure 8, is
beneath the addition are unchanged. common. We use key changes to indicate a change in nest-
If multiple IF statements occur one after the other, in a ing depth. As control flow leaves the nested region, the key
typical IF-ELSE construct, such as the one shown in Fig- changes back to the original, eventually leading to cadence
ure 5, the listener should be able to determine which blockin the original key. Figure 8 gives an example of a nested
of the code is executing. Figure 6 gives a second examplelF statement and Figure 9 gives its corresponding auraliza-
with several IF-ELSE combinations. This second auraliza- tion. In addition to a cognitive benefit from a metaphorical
tion combines several IF-ELSE blocks into a short set of ca- mapping using cadences, they also sound musical!
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Figure 9. An auralization for a nested IF state-
if (d < 10) ment
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if (q < 15)
{112
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}14 bj ect* ob = node->get hj ect ();
15
del ete node;
del ete ob;
/1 Orchestration |ayer
Figure 8. A nested IF statement
}
head = 0;
4.2 Orchestration Layer - Program State numNodes = 0;

}

Orchestration, at least for our purposes here, includes
adding to, and removing from, the instruments in a musical Figure 10. The clear method in a linked list
score. Thus, in the cadential layer, we saw that only a pi-
ano was used, but when the orchestration layer is included,
new instruments, like a saxophone or guitar, may be addedmethod as it deletes four nodes. In this figure, the piano
depending on the current program state. part is created by the cadential layer. The last five parts are
Program state is “the connections between execution ofcreated by the orchestration layer.
an action and the state of all aspects of the program that The calls toit.next() andnode—getObject()are not au-
are necessarily true at that point in time” [7]. Examples of ralized. Thedeleteoperation is also not auralized directly,
program state include the number of nodes in a linked list but, instead, the orchestration changes from this operatio
or data stored in one particular node. occurring. Note that the orchestration of the passagesthin
In our auralizations, we use orchestration to representout” as the memory is deleted. This operation works well
dynamic memory allocation in the implementation of a When you do not need to know the exact number of objects
linked list data structure. As the computer program adds removed. The thicker the orchestration, the more memory
elements to the linked list, instruments are added to the au4S consumed.
ralization. The newly added instruments use metadata from
the cadential layer to determine what melody to play and 4.3 Lyrics Layer - Semantic Data
what musical key to play in. Similarly to addition, when
nodes are removed from the linked list, instruments are re-  Previous work in program auralization included musical
moved from the auralization. information with non-speech based audio only [12]. This
Figure 10 shows the program code for a method that re-musical information is typically auralized using either a
moves all elements from the list, and releases the associsymbolic or metaphorical mapping. However, using this ap-
ated memory. Figure 11 shows the auralization ofdlear proach, it is difficult to represent numbers and text. Furthe
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lyrics music into text does not exist. As an example, consider try-
ing to represent the text “Hello, how are you Sally?” To as-
sign auralizations to this text, we could define melodies for

while musical elements may be created with good reason,eaCh character, melodies for each word, cadential pafterns
or a strong sense of logic, they must be memorized to be®" other techniques, but as the number of text strings the

understood by the listener. Our approach includes speech!Ser triés to remember grows in size, it becomes increas-
based audio, specifically singing, with lyrics based on the INgly difficult to determine an appropriate set of sounds.
computer code. Using speech based audio, in conjunction>ince @ metaphorical mapping does not exist for this type

with our existing cadential structure, combines a metaphor Of information, a different solution was necessary.
ical mapping with a nomic one. Adding a lyrics layer simplifies representing strings and

In the previous musical examples, we see several diffi- ngmbers by making their audio representation nomic [6].
culties in determining the location of a running program in Figure 13 and 14 show an example of program constructs

code from cadential sounds alone. The largest difficulty is €2USing the auralizer, using the lyrics layer, to sing a mem-
making the cadential structures sufficiently differentfsat ~ ©TY address. With music alone, representing the address is
an untrained listener can tell them apart. To solve thisprob difficult, but using the lyrics layer, the representation be
lem, words can be used to help the listener understand th&©mMes non-ambiguous.
current location in an executing program. Figure 12 shows
a nested IF statement auralized with the cadential layer, th 5 Conclusion
piano, and the lyrics layer, the tenor.

It is impractical to map numeric data into pitch numbers ~ We have discussed a new system of auralizing program
in the general case, and an obvious intuitive mapping from constructs for use in debugging computer programs. We



voi d LinkedList::add( ListNode * node ) //1
{
if( NULL == head ) //2
{ I/ Cadential I|ayer
head = node; //3
IlLyrics layer

/1 ERRCR here:
/1 should increnent numNodes
}
el se
{ [//Cadential layer
node- >set Next ( head) ;
++nuniNodes;
head = node;
IlLyrics layer
}

} 114

Figure 14. Adding a node to a linked list

used this system of auralization to write music that poten-
tially helps programmers debug computer programs more
effectively. Recently, we conducted an empirical study to
determine the effectiveness of the techniques for debgggin
computer code [11]. In this study, 29 sophomore level pro-
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