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Abstract. Printed signals are well-documented aids to reading and memory for 
expository text. Despite their usefulness, many TTS applications fail to ade-
quately communicate signaling. A theoretical framework called “SARA” pro-
vides an analysis of printed signals that identifies what specific information 
should be rendered in order to preserve the signaling function. Further, SARA 
identifies two important criteria – the availability criterion and the accessibility 
criterion – that should help guide the evaluation of alternative auditory  
renderings of signals. 

1 Introduction 

If a text consists of continuous prose (e.g., narrative), text-to-speech (TTS) software is 
very good at producing a clearly intelligible auditory rendering of the text [1-2]. 
However, much text contains non-sentential content: A set of instructions is likely to 
contain illustrations of the procedures to be carried out. A scientific article is likely to 
contain tables and graphs. Exposition of all types frequently contains various signal-
ing devices (e.g., headings, typographical contrast) used by the author to emphasize 
specific content or to highlight aspects of the organization of a text. These non-prose 
sources of information in a text pose major challenges to attempts to render printed 
text in other modalities [1], [3-4]. It seems readily apparent that visual, analog nature 
of graphs presents obstacles to the goal of effectively communicating their content via 
a nonvisual representation. It may be less apparent that signaling devices such as 
headings and typographical contrast pose any problems for TTS, but they do [3], [5]. 

This article focuses on the question of how TTS applications might effectively 
communicate signaling devices in printed text.  We organize our presentation as 
follows: First, we define signaling devices and briefly review the psychological litera-
ture documenting their influence on processing of expository text. Second, we de-
scribe our theoretical framework for analyzing signaling devices. We present our 
framework as an answer to the question of what information must TTS software 
communicate to effectively render a printed signaling device. Finally, we consider the 
other important question that must be answered if printed signals are to be effectively 
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communicated by TTS software; namely, what forms of auditory representation might 
be used to effectively communicate visually signaled information?   

2 Effects of Signals on Text-Processing 

Understanding technical information or following the exposition of a complex argu-
ment are examples of common challenges faced by citizens in an educated society. 
Part of the challenge for a reader or listener is following the organization of an expo-
sition, and part of the challenge is distinguishing more important from less important 
content. Authors often attempt to help their audiences by using signaling devices to 
highlight text organization and to emphasize important content [6]. In printed text, 
signals include writing devices such as: headings, outlines, topical overviews, typo-
graphical contrast, preview sentences, summaries and importance indicators. 

There is an extensive literature in cognitive and educational psychology that doc-
uments a range of ways in which signaling devices support text-processing [7]. Sig-
nals that emphasize specific text content produce more attention and better memory 
for the signaled content. Specifically, the use of typographical contrast (e.g., boldface, 
italics, color) is effective at attracting attention to the signaled content [8] and improv-
ing memory for the content [8-10]. Similarly, the use of numbers to highlight a list 
results in more attention and better memory for the content [11]. 

Various signaling devices may be used singly or in combination to highlight text 
organization to the benefit of readers. Numbering a list of items produces better 
memory for the organization of the content [11].  Providing an overview of text top-
ics speeds reading of sentences that introduce the topics later in the text [12-13] and 
improves recall of content [14] by aiding memory for the text topics [15-16]. Preview 
and review sentences that make connections between topics that are distant in the 
surface structure of a text result in greater attention to those connections and better 
memory for them after reading [17]. Headings, and headings in combination with 
topical overviews and summaries, have been repeatedly shown to support online 
processing and subsequent recall of text. The presence of headings in a text affects 
readers’ calibrations of their progressive eye movements [18-19] and how they scan a 
text when searching it for the answers to questions [20]. Headings can facilitate the 
search for information in a text [21-22] and they serve as reference points for readers 
when they are reading to summarize a text [23-24]. In fact, the presence of organiza-
tional signals in a text can alter readers’ text-processing strategies [25]. In the absence 
of signaling of text organization, even mature readers often construct a very linear 
representation of text structure that is minimally organized around the major text top-
ics [16], [26-27]. When signaling devices emphasize text organization, readers con-
struct a hierarchical representation of text structure that focuses on the major text 
topics [16], [26-27]. This change in text-processing strategy and the resulting effects 
on the nature of the text representation leads to better memory for the text topics and 
their organization and that, in turn, usually leads to better overall memory for text 
content [16], [26], [28]. 

Signaling devices are generally found to facilitate text processing but there is evi-
dence that the extent of their benefits depend on both text and reader characteristics. 
Organizational signals are increasingly beneficial as text organization becomes more 
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complex [28] or more difficult to perceive [15]. Readers who lack background know-
ledge relevant to understanding a text appear to depend more on signals to text organ-
ization [29] and content [30-31]. Finally, there is some evidence to suggest that poorer 
readers benefit more from the presence of signals than better readers [32]. 

To sum up, signaling devices are ubiquitous in expository texts.  Authors use them 
to guide readers in their efforts to understand text organization and to sort important 
from less important content. The empirical literature demonstrates that signaling de-
vices do, in fact, serve these purposes well. Given this state of affairs, it is desirable 
that printed signals be effectively communicated by TTS applications. To do this, two 
problems must be solved: (1) the information carried by printed signals must be iden-
tified and (2) effective means of auditorily communicating that information must be 
identified. 

3 SARA: A Theoretical Framework for Analyzing Signaling 
Devices 

The problem of identifying the information carried by printed signals is addressed by 
a theoretical framework we call “SARA”, which stands for “signaling available, rele-
vant, accessible” information [33]. The acronym stands for the three criteria that we 
hypothesize must be met in order for a signaling device to influence text processing: 
The signal must code information (i.e., make “available”) in a way that is easy for the 
reader to use (i.e., “accessible”) and the information must be pertinent (i.e., “rele-
vant”) to the reader’s goals. The criterion of “availability” is our concern in the 
present context; that is, what distinct types of information does a given signal encode? 
We propose that 7 distinct types of information may be identified: 

1. Demarcation: Some signaling devices indicate major boundaries in the structure 
of a text. This information is often communicated in a purely visual way (e.g., a 
line return). 

2. Emphasis: Some signaling devices provide emphasis to text content, often by 
purely visual means (e.g., typographical contrast). 

3. Hierarchical Organization: Outlines, topical overviews, systems of headings all 
typically carry information about the hierarchical organization of topics or themes 
within a text.  This information can be coded verbally but it is also often commu-
nicated visually by variation in typography and spacing. 

4. Linear Organization: Sequencing of related text sections is often signaled by 
numbering but it can also be communicated nonverbally (e.g., by bullets) 

5. Labeling: Signals such as headings can be used to provide verbal labels for text 
sections. The labels facilitate reference to specific sections by the author or reader. 

6. Topic Identification: Signals such as headings and preview sentences are often 
used to explicitly identify topics of a text section with verbal labels. 

7. Function Identification: Headings, preview sentences and other devices can be 
used to explicitly identify the function of a text section (e.g., “introduction”).  This 
also requires verbal coding. 
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To illustrate these “information functions” of signaling devices, imagine that the 
heading for the first section of this article had been: 

I.   Introduction: Signaling Devices as a Challenge to TTS  
Software 

This particular heading communicates all seven possible information functions. First, 
by the white space that precedes and follows it, the heading demarcates a boundary 
between distinct subsections of the text.  Second, emphasis is applied to the heading 
in the form of boldface print.  Third and fourth, information about both the hierar-
chical and linear position of the subsection is communicated by the Roman numeral 
“I.” Fifth, the heading is a label for the subsection that may be used to refer uniquely 
to the subsection it heads. Sixth, the phrase “signaling devices as a challenge to TTS 
software” identifies the topic of the subsection.  Finally, the label “introduction” 
establishes the function of the subsection.  It is important to realize that not all head-
ings serve all possible information functions. A heading usually serves only a subset 
of all possible functions. For example, the heading above might have been truncated 
to “Signaling devices as a challenge to TTS software” or simply “Introduction” or 
even more simply “I.” All headings carry emphasis, and demarcate and label a sub-
section, but the other four information functions are optional where headings are con-
cerned. Other signaling devices perform other combinations of information functions. 
For example: typographical contrast is often used solely to lend emphasis to specific 
content; preview sentences indicate a section boundary and identify a new topic; ad-
vance outlines identify topics and their hierarchical and linear organization. In short, 
an analysis of the information functions of various signaling devices is an important 
part of understanding the similarities and differences between distinguishable  
signaling devices. 

Besides establishing the nature of similarities and differences among signaling de-
vices, an analysis of the information functions of a given signaling device is a critical 
step in understanding how that signaling device might influence text-processing. The 
information functions of a signaling device mediate the effects of the device on text-
processing. If a signal codes a particular type of information such that the information 
is readily accessible to cognitive processing, and if that information is relevant to the 
reader’s goals, then that information function will influence text-processing. In a se-
ries of experiments, we have isolated each of the information functions under task 
conditions that make each highly relevant to task performance and shown that each 
information function has an influence on text processing [21, 22]. For example, if 
readers are asked to select sentences from a text to compose a summary, they are 
more likely to select a sentence from a paragraph if it is immediately preceded by a 
row of asterisks (i.e., demarcation) than if it is not; this is true even if the paragraph is 
not an appropriate source of summary information. 

Of particular relevance in the present context is the observation that several infor-
mation functions are often coded by purely visually means rather than verbally. It is in 
these cases that TTS applications often fail to render important information for the 
listener. Specifically, the information functions of emphasis, demarcation, hierarchic-
al organization and linear organization are often (although not always) represented 
visually rather than verbally. In the heading example considered earlier, emphasis and 
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demarcation information was coded by typographical contrast and spacing; hierar-
chical and linear organization was coded by a Roman numeral in that example but it is 
very common for the hierarchical organization of headings to be communicated solely 
by formatting conventions (i.e., spacing and typographical variation). To the extent 
that such information is useful to the listener in identifying important content and 
understanding the organization of the discourse, the loss of the information can be 
expected to disrupt text processing. In fact, we have found that if a TTS application 
fails to preserve emphasis, demarcating and hierarchical information for listeners, 
outlining performance is severely disrupted [5]. 

In sum, SARA provides a very useful analysis of the distinct types of information 
communicated by different signaling devices. Most importantly, SARA’s identifica-
tion of information functions is the appropriate level of analysis for understanding 
how signaling devices influence on text-processing. Thus, SARA provides an answer 
to the important question of: What information in signaling devices must be preserved 
when print is converted by a TTS application? 

4 Implications for Auditory Rendering of Printed Headings 

SARA does not address the question: How should visually communicated information 
functions be represented auditorially when a printed signal is converted by a TTS 
application? However, it does offer two criteria that are relevant to evaluating candi-
date solutions to this challenge. The first is simply that the auditory signal must pre-
serve the information functions of the printed signal; we will refer to this as the 
“availability criterion.” Second, it must do so in a way that allows efficient cognitive 
processing of the information functions; we will refer to this as the “accessibility cri-
terion.” Thus, given the choice of two alternative auditory codings of the same infor-
mation functions, we would select the option that more effectively and efficiently 
communicates those functions to the listener. 

Maurel and his colleagues [34-36] have elaborated a model, the Modèle 
d’Oralisation des Textes Écrits pour être Lus Silencieusement or “MOTELS”, that 
describes four possible strategies to render text visual signals in the auditory modality. 
Their descriptive strategy simply describes the visual properties of the text content. 
For instance, the sentence: “TTS systems have now reached acceptable levels of qual-
ity and naturalness” could be transformed into: “TTS systems have now reached 
acceptable levels of quality and naturalness. The words quality and naturalness are in 
bold.” We do not see this strategy as holding much promise because although it meets 
the first criterion of communicating the information function of emphasis, it does not 
meet the second criterion of communicating efficiently. We suspect that this strategy 
would be cognitively cumbersome. Further, the description of visual properties is not 
compatible with Design-for-All principles [37]. 

The second strategy in the MOTELS model is the discursive strategy. It is closely 
related to the descriptive strategy except that instead of describing the physical 
attributes of the text, the author’s intentions in signaling are described. For the exam-
ple above, the translation would be: “TTS systems have now reached acceptable le-
vels of quality and naturalness. I emphasize quality and naturalness.” This approach is 
compatible with Design-for-All principles. Although the current example would not 
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appear to fare well when evaluated against the cognitive accessibility criterion, there 
may be instantiations of this general approach that would measure up well against 
both the availability and accessibility criterion.  For example, preceding the verbali-
zation of a heading with a simple verbal label such as “Level 1 heading” might be an 
effective and efficient way to communicate demarcation, function and hierarchical 
information. 

The third, typo-phonic strategy represents the nonverbal properties of signals by 
tones or earcons. Going back to the preceding example, the words “quality” and “na-
turalness” could be preceded by a specific sound [38].  Alternatively, the fourth, 
prosodic strategy attempts to find or define a prosodic equivalent to the nonverbal 
information communicated by a visual signal.  In our example, the boldfaced words 
“quality” and “naturalness” might be read more slowly, more loudly and/or at a dif-
ferent pitch than the rest of the sentence to contrast them with the rest of the text ana-
logous to the way that typographical contrast is used in the printed text [39-40]. This 
approach has been used relatively effectively in communicating emphasis in TTS 
applications [3], [41].  The apparent advantage of both the typo-phonic and prosodic 
strategies is that both should allow efficient communication. The prosodic strategy is 
particularly attractive in this regard in that prosodic variation is integral to the speech 
signal rather than requiring the addition of other information (i.e., a tone or earcon or 
verbal label). The possible disadvantage of each strategy may derive from the implicit 
nature of both categories of devices. That is, there is no natural relationship between 
the hierarchical status of a heading in a text and either a set of tones or earcons or 
variation in prosody. Further, as the number of distinctions within a particular infor-
mation function increases, implicit means of communicating the distinctions may 
become less effective. Again taking the hierarchical status of a heading as our exam-
ple, it may be easy for a listener to understand variation in tones or earcons or prosody 
as signaling two different hierarchical levels; however, if there are four or five levels 
of headings in a text, the correspondence between the auditory cues and hierarchical 
level may be more difficult to learn and process. 

5 Conclusion 

Printed signals are well-documented aids to reading and memory for expository text. 
However, many TTS applications fail to adequately communicate signaling and the 
resulting loss of information can actually disrupt text processing. SARA’s analysis of 
printed signals might be used to augment current TTS applications by identifying 
what specific information should be rendered in order to preserve the signaling func-
tion. SARA also identifies two important criteria that should help guide the evaluation 
of alternative auditory renderings of signals. However, much work needs to be done 
to identify effective and efficient ways to render printed signals in auditory form. 
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