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Abstract

This thesis develops a computational representation for air traffic control dia-
logue. Such a model might be used in developing a spoken language understanding system
to represent and reason about utterances. Currently, speaker-independent, continuous-
speech systems rely primarily on constraints such as sharply limited vocabularies, simple
grammars, and word-pair probabilities to limit the possibilities considered in mapping
sounds to phonemes, words, and ultimately, meaning. When speech understanding systems
are applied to unconstrained speech in real-world settings, though, the range and complex-
ity of potential utterances increases dramatically. To overcome this complexity, additional
knowledge sources are needed. Of particular interest are “higher-level” knowledge sources,

which describe information above the phonemic level.

One class of higher-level knowledge that is beginning to prove useful in
speech understanding is dialogue modeling. By predicting the form and content of the next
utterance from the content of prior utterances, dialogue models allow the recognizer to con-
sider only a subset of the application’s full grammar and vocabulary. Dialogue context is
also used after the fact to correct the output of the speech recognizer, to select among sev-
eral possible interpretations of the utterance, to handle ellipses and anaphora, and to disam-
biguate meaning. This thesis will focus on the use of two dialogue models, speech acts and
the collaborative view of conversation, to explain and predict the intended meaning of an

utterance.

The domain selected for this analysis is air traffic control, which exhibits several
characteristics that make it interesting for both dialogue modeling and speech recognition

studies. For this analysis, radio exchanges between air traffic controllers and pilots were



taped and transcribed. A complete dialogue, consisting of all exchanges between the con-
troller and the pilot of a commercial flight approaching the airport to land, was explicated

at the speech act level in terms of the beliefs and intentions of the conversants.
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Chapter 1

Introduction

The goal of this research is to develop a computational representation for air
traffic control dialogue. Such a model is expected to be of use in developing a spoken lan-

guage understanding system to represent and reason about utterances.

This research is part of a larger effort directed toward improving the perfor-
mance of spoken language understanding systems. Speaker-independent, continuous-
speech systems rely primarily on constraints such as sharply limited vocabularies, simple
grammars, and word-pair probabilities to limit the possibilities considered in mapping
sounds to phonemes, words, and ultimately, meaning. As speech understanding systems
begin to tackle unconstrained speech in real-world settings, though, the range and complex-
ity of potential utterances increases dramatically. To overcome this complexity, we would
like to bring additional knowledge sources to bear on the problem. Of particular interest are
the “higher-level” knowledge sources, which describe information above the phonemic

level.

One class of higher-level knowledge that is beginning to prove useful in
speech recognition is dialogue modeling. By predicting the form and content of the next
utterance from the content of prior utterances, dialogue models may let the recognizer con-
sider only a subset of the application’s full grammar and vocabulary. Dialogue context is
also used after the fact to correct the output of the speech recognizer, to select among sev-
eral possible interpretations of the utterance, to handle ellipses and anaphora, and to disam-

biguate meaning. This thesis will focus on the role of speech act dialogue models and the
1



collaborative view of conversation in explaining and predicting the intended meaning of an

utterance.

Speech act theory was proposed by the language philosopher Austin and devel-
oped by his student Searle ([Austin 62], [Searle 69], [Searle 75], [Searle 85]). This theory
explains the motivation behind an utterance by considering it as an act intended to bring
about change in the world. The collaborative view of conversation offers an explanation for
conversational coherence by viewing conversation as an ensemble work in which the con-
versants cooperatively build a model of shared belief [Clark 89]. Recently, increasing inter-
est has been shown in applying dialogue models — particularly speech act theory — to
text-based natural language understanding problems (for example, [Allen 89], [Perrault
80], [Stubbs 83]). Novick has used these theories in developing a theory of meta-locution-
ary acts to explain control acts in conversation [Novick 88]. To bring these theories to bear
on the problem of understanding spoken language, a computational model of dialogue at

the speech act level in a tractable real-world domain is needed.

The domain selected for this analysis is air traffic control (ATC). ATC dialogue
exhibits several characteristics that make it interesting for both dialogue modeling and
speech recognition studies. Although it is unconstrained speech — that is, the conversants
can and will use any phraseology necessary to communicate their meaning — ATC com-
munications are built around a small core vocabulary of phrases with documented mean-
ings. The radio communications protocols make explicit certain aspects of conversational
control (e.g., turn taking) that are often difficult to capture in face-to-face conversation.
Many troublesome aspects of conversational context, such as power relationships and prior

interaction between the conversants, are known or minimized in this domain.

For this analysis, radio exchanges between air traffic controllers and pilots were
taped and transcribed. A complete dialogue, consisting of all exchanges between the con-
troller and the pilot of a commercial flight approaching the airport to land, was explicated

at the speech act level in terms of the beliefs and intentions of the conversants.



Chapter 2 of this thesis reviews related research in spoken Janguage understand-
ing and in dialogue modeling. Chapter 3 describes in more detail the characteristics of ATC
communications that make it an atoractive domain for studying dialogue and provides an
introduction to ATC tasks and terminology. Chapter 4 presents a speech act model for ATC
dialogue and Chapter 5 illustrates the use of the model in explaining a typical dialogue.

Chapter 6 contains a summary and conclusions.



Chapter 2
Dialogue Models for Spoken Language Understanding

Systems

Spoken language understanding technology is expanding from the highly con-
strained systems that marked the first successes in the field [Reddy 76] to more ambitious
systems designed to function in real-world settings (for example, the systems participating
in DARPA’s ATIS project [Price 91]). The long-term goal, of course, is a system capable of
matching human performance in unconstrained, speaker-independent dialogue. For this,
acoustic models alone are insufficient. Humans rely on a wealth of non-acoustic language
information to aid in interpreting the speech signal: syntax and semantics, prosody and
pragmatics. One kind of pragmatic knowledge is our understanding of the structure of dis-
course above the sentence level, sometimes called the dialogue model. The first half of this
chapter reviews the use of dialogue models in spoken language understanding systems. The
second half describes the linguistic theory underlying the dialogue modeling techniques

that will be used in this work.

2.1 Language Models in Spoken Language Understanding Systems

Research in spoken language understanding has traditionally emphasized mod-
eling and interpreting the acoustic signal. Language models have been used primarily to

reduce the number of possibilities that the recognizer must consider in searching for the
4



most likely word string to match the given acoustics. Thus the emphasis has been on sim-

ple, fast models that predict words or phonemes.

2.1.1 Word and Phrase Models

The most widely-used language model is N-gram modeling. This technique
assumes that the probability of a given word’s occurrence depends on the previous N
words, most often one word (bigram models or word-pair grammars). N-gram models offer
several advantages: they have been successful in greatly reducing the search space; they are
reasonably straightforward to construct when the input is understood well enough so that
the word occurrence probabilities can be estimated; because they do not incorporate
notions of grammar, semantics or pragmatics, N-gram models have proven robust in han-

dling the ungrammatical constructions that typify unconstrained speech [Price 91].

The lack of higher-level language modeling leads to several serious problems,
however. First, the recognizer frequently returns an ungrammatical or nonsensical result.
Second, an N-gram model at best merely returns a plausible string of words; additional pro-
cessing is required to determine the speaker’s intentions so that the system may respond
appropriately. When N-gram models are used, then, the recognizer’s output must be inter-
preted and corrected after the fact. The most common approach has been to modify the rec-
ognizer to return several possible word strings instead of a single assignment. This ranked
list of the “N-best” possibilities is then evaluated by a separate language component (see,

for example, [Schwartz 90] or [Soong 90]).

Traditional language grammars fare poorly in spoken language systems. Uncon-
strained speech is very different from the grammatical prose that we were encouraged to

use in English class. As journalist Janet Malcolm observes:

“When we talk with somebody, we are not aware of the strangeness
of the language we are speaking. Our ear takes it in as English, and
only if we see it transcribed verbatim do we realize that it is a kind



of foreign tongue... we all seem to be extremely reluctant to come
right out and say what we mean — thus the bizarre syntax, the hes-
itations, the circumlocutions, the repetitions, the contradictions, the
lacunae in almost every non-sentence we speak” ([Malcolm 901, pg.
20).
Parsing techniques built around traditional grammars of English tend to do poorly in the

face of this “foreign tongue,” not surprisingly.

Frame-based approaches to parsing and semantic analysis have been more suc-
cessful in handling unconstrained speech. CMU’s Phoenix system uses slot-level grammars
built around frame-based semantics to implement a phrase-driven flexible parser ([Ward
91], [Young 91]). The output of the SPHINX speech recognition system [Lee 90] is passed
to a parser which applies grammatical restraints at the phrase level. The phrases fill in slots
in semantic frames, which are then analyzed further to construct a database query. For

example, the utterance

“Show me I want to see all flights to Denver after two pm”

would be initially parsed into a frame like this:

[list]: I want to see
[flights]: all flights
[arrive_loc]: to Denver
[depart_time_range]: after two pm

(example taken from [Ward 91]). This strategy assumes that unparsable utterance frag-
ments represent restarts or repeats and may be ignored, an assumption which may not gen-
eralize well. The Phoenix system has performed well on the DARPA ATIS task, however

[Price 91], and this approach is clearly a useful one.



2.1.2 Integrating Language Models with Speech Recognition

Although frame-based language models represent an improvement over simple
N-gram word models, the standard architecture still suffers from an inherent limitation:
higher-level language knowledge is used only after the fact to correct and disambiguate the
recognizer output. The lack of feedback between the language component and the recog-
nizer means that the language component is limited to second-guessing the recognizer.
Similarly, the speech recognizer cannot make use of higher-level constraints to further
restrict and guide the search. Clearly, integrating the two should improve the accuracy of

the system, but how best to accomplish this integration remains unclear.

One approach has been to develop “dynamic grammars,” which change as the
dialogue progresses. Fink and Biermann made an early attempt to implement a system that
could recognize and exploit patterns in the discourse [Fink 86]. When a pattern was
detected, the system formed expectations about what was likely to be said next. These
expectations were used to bias the recognizer’s grammar toward the expected next sen-
tence. This design was noteworthy in that the system acquired these patterns dynamically
by monitoring the discourse. The implementation, however, was limited by the decision to
use off-the-shelf speech recognition equipment that had no provision for dynamically mod-
ified grammars. Instead, Fink and Biermann applied the expectations to the recognizer out-

put as part of a post-processing error correction strategy.

The MINDS project was more successful at implementing a true dynamic gram-
mar ([Young 89b], [Young 89a], [Hauptmann 88]). This system tracked the dialogue state
and modified the grammar to reflect the current dialogue context and focus, user goals, and
problem solving strategy. As an utterance was processed, the system constructed a gram-
mar for the speech recognizer to use in interpreting the next utterance. If this small, specific
grammar failed to produce an acceptable parse, the system relaxed its constraints somewhat

to produce a less-focused grammar. This “layered grammar” technique was designed to



permit the system to respond efficiently when the next utterance matched expectations
while still exhibiting graceful degradation when an utterance was unexpected. Although
intuitively appealing, this approach apparently was unacceptably inefficient; in their more
recent work (e.g., [Ward 91],[ Young 91]), Ward and Young have abandoned dynamic gram-

mars in favor of a more traditional post-processing approach.

A more successful effort to integrate higher-level language models into the
speech recognition process comes from MIT. The SUMMIT speech recognition system and
the TINA language undérstanding system can be run in several configurations. In the most
tightly coupled configuration, TINA’s parser is called interactively during the recognizer’s
search phase to prune impossible theories from the search space [Goodine 91]. The TINA
language understanding system currently includes only a fairly traditional context-free
grammar and does not yet incorporate dialogue-level knowledge. Still, this architecture is
promising because of its potential for incorporating multiple higher-level knowledge

sources into the speech recognition process in a flexible and extensible manner.

2.2 Modeling Dialogue

The previous section discussed the language models currently used in spoken
language understanding systems. This section looks at the theoretical basis for the dialogue

models that will be used in this analysis.

2.2.1 Speech Acts

Traditional linguistics approaches the problem of understanding language from
the bottom up, focusing on words and definitions, grammar and syntax. We cannot fully
understand or predict language use by considering syntax and semantics alone, however.
For instance, it seems intuitively correct to say that these sentences all request the same

action:



Pass the pepper.

Would you please hand me the pepper?

Pepper, please.
In form, the first appears to be a command, the second a question, and the third isn’t even
a complete sentence. This suggests that there is a common underlying intention behind

these sentences that is separate from their surface form.

The reverse of this problem is equally vexing. How do we account for the obser-
vation that the same words uttered in different circumstances are easily understood to mean

very different things? For example, the question:

Do you know what time it is?

could represent, in the appropriate circumstances, either a simple request for information
or a pointed suggestion that it’s time to leave — and only rarely can it be interpreted as the
simple “yes-no” question that its surface form would indicate. Meaning, then, must some-

how depend on the context in which the utterance was made.

Furthermore, if communication is defined by the lexical meaning of words, how
do we explain our understanding of nonverbal communications? As Austin notes, “in very
many cases it is possible to perform an act of exactly the same kind not by uttering words,
whether written or spoken, but in some other way.” ([Austin 62], page 8). In the analysis
which follows, we will see that what isn’t said is often as significant as what is said. We can
take this a step further by observing that silence is itself a potent carrier of meaning
[Saville-Troike 85]. We communicate not only with speech and sound, but with gesture and

pause.

We observe, then, a many-to-many mapping between the literal form of a com-
municatory action and our intuitive notion of what the speaker intended in performing it.
Clearly the literal meanings of words can do no more than constrain the possible interpre-

tations of the utterance. It is not enough to transcribe the words that may — or may not —
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have been said. For reasoning about communication, we need a representation that captures

the speaker’s intention and the hearer’s understanding.

Speech act theory suggests such a representation ([Austin 62], [Searle 69]).
Speech act theory treats language as a tool the speaker uses to bring about changes in the
world. Earlier language philosophers had considered communication to consist primarily
of statements that were intrinsically true or false; Austin, however, realized that language
use is fundamentally an action, something not conceptually all that different from, say,

picking up a pencil.

Some utterances affect the world directly. For instance, saying “I bet you a quar-
ter it will rain tomorrow,” is not to make a report about the truth or falsehood of a bet; mak-
ing the statement creates the bet. More commonly, an utterance may be intended to change
the hearer’s mental state in some way, or to motivate the hearer to perform some action. For
example, the request “please pass the pepper” is generally designed to motivate the hearer
to pass the pepper to the speaker. Casual conversation may have the more diffuse goal of

building and affirming social relationships.

Speech act theory, then, emphasizes the intent of the speaker and the effect on
the hearer, independent of the words — if any — actually used. The hearer draws on a com-
bination of the literal meaning of the words actually uttered, the manner in which they were
uttered (prosody and gesture), and the context in which the utterance occurred to infer the
speaker’s intentions in making the utterance. The interaction and redundancy among
knowledge sources provide robustness to human communication in the face of noisy, inad-
equate, ambiguous, or even erroneous productions. A spoken language understanding sys-
tem, then, needs to be able to derive and represent the speech acts that underlie the observed

locutionary acts.

Searle proposed that speech acts could be recognized and defined by a set of

rules [Searle 69]. In Searle’s terminology, propositional content rules indicate the literal
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Table 1. Properties of a Request Speech Act

Rule Properties of Request
Propositional content The literal meaning of the utterance refers to some
future action of the hearer.
Preparatory conditions The speaker believes that the hearer can do the action,

and it is not obvious to both speaker and hearer that
the hearer will perform the action in the normal course

of events.
Sincerity conditions The speaker wants the hearer to do the action.
Essential feature The utterance represents an attempt to get the hearer

to perform the action.

meaning of the utterance, preparatory and sincerity rules express the context in terms of
the relevant beliefs and goals of the conversants, and the essential feature defines the inten-
tions of the speaker in making the utterance!. For instance, an utterance that exhibits the
properties summarized in Table 1 will generally be interpreted as a request. Searle’s rules
suggest several features that will be required for modeling language understanding, notably
that such a model should incorporate some notion of conversants’ beliefs about each other’s

wants, abilities, and expected actions.

2.2.2 Speech Act Taxonomies

In this thesis I will be presenting a set of speech acts useful for representing

air traffic control dialogue. A question naturally arises from this: how universal are these

1. In his later work, Searle refined the rule categories somewhat [Searle 85]. In particular, his 1985
version includes additional categories designed to capture degree of strength (e.g., the intuitive differ-
ence between request and beg). For the purposes of this work, the original categories are sufficient.
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speech acts? Is it possible — or even meaningful — to attempt to develop a general taxon-

omy or list of speech acts?

There have been efforts to develop a small list of basic, irreducible speech acts
or to group speech acts into a small number of related families. Several people have sug-
gested heuristics for recognizing verbs that can describe speech acts (e.g., [Austin 62],
[Stubbs 83]). Austin estimated that there roughly one thousand speech act verbs in English,
and he proposed a preliminary taxonomy based on an intuitive classification of related
verbs. Searle later proposed a hierarchical taxonomy based on similarities among the
speech act properties [Searle 85]. Allen [Allen 91a] presents an alternate taxonomy of
intention-based speech acts, categorized as understanding, information, or coordination

acts.

Whether any of these efforts succeed in capturing the expressive richness of
the English language is a question perhaps best left to language philosophers. A better
approach, I believe, is the one taken here: determine the speech acts relevant within a par-
ticular domain. There are some speech acts that crop up commonly in many domains, like
request or inform, just as there are concepts that are pervasive in more traditional data mod-
eling (person and name, for instance). Within a particular context, however, only a subset
of possible concepts are likely to be relevant. For instance, a request differs from an order
in that a successful order requires that the speaker has the authority to give the hearer an
order. Note that a person with such authority may still make a request, implying that the
hearer may choose to not comply. In representing an air traffic controller’s communication
with a pilot, however, the difference between request and order becomes vanishingly small;
by law, a pilot must comply with controller directives if able to safely do so. The authority
relationship is so extremely asymmetrical in this case that it becomes difficult — if not
impossible — for the controller to make a request that would not functionally be an order,
and so we will model only one act for the controller. Only in the context of a particular

domain can one determine whether a particular shade of meaning is significant.
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2.2.3 Using Speech Acts to Model Dialogue

A dialogue — a conversational exchange between two or more persons —
exhibits structure above the utterance level. As Stubbs points out [Stubbs 83], we can
readily distinguish between random sentences and actual dialogue, or grasp a joke that

depends on faulty discourse order:

A: Yes, I can.
B: Can you see into the future?

It is this structure that lends a conversation its coherence.

Although neither Austin nor Searle directly concerned themselves with dis-
course above the sentence level, speech act theory contributes two important ideas to the
understanding of dialogue structure. First, speech act theory provides the conceptual link
between intention and utterance, thus providing a basis for modeling utterance meaning in
terms of the speaker’s goals. A person says something for a reason, and that reason is to
effect change in the world. Second, speech act theory makes explicit the role of the hearer
in understanding an utterance. People do not normally speak in a vacuum; they communi-
cate with another person. The meaning of an utterance can only be considered in terms of

its expected effect on some hearer in some context.

Thus, speech act theory suggests that we can motivate dialogue and explain
conversational coherence by modeling conversation in terms of the conversants’ goals and
their plans for reaching those goals. A speaker plans utterances to accomplish certain goals;
a hearer interprets those utterances in light of the inferred intentions — goals — of the
speaker. This approach accords well with findings that the structure of discourse about a
particular task closely follows the structure of the task itself (for example, [Oviatt 88],
[Cohen 79], [Grosz 86]). Language, then, is viewed as just another tool to be used in accom-
plishing the goal, and utterance planning becomes incorporated into the larger task plan-

ning [Power 79].



14

But task planning, although an important part of explaining dialogue struc-
ture, does not seem sufficient for explaining certain phenomena observed in actual dia-
logue. For example, how do subdialogues for correction or clarification fit into a planning
model? What about “back-channel” responses, the “uh-huhs” and head nods that punctuate
casual dialogue? How is conversational turn-taking coordinated? The plan-based analyses
of Cohen [Cohen 84] or Litman [Litman 87], for instance, explain these phenomena only

with difficulty.

2.2.4 The Collaborative View of Conversation

Speech act theory views communicative acts — verbal or nonverbal — as
attempts to bring about change. But what is being changed by a conversation? In a series
of studies, Clark and his colleagues proposed and developed a theory of conversation as
collaborative process in which conversants work together to build up a mutual model of the

conversation ([Clark 81], [Schober 89], [Clark 89], [Clark 86]).

In Clark’s view, many of the characteristics of real-world dialogue can be
explained in terms of mutuality of knowledge. Conversants build upon a basis of shared
knowledge drawn from the information considered to be known by all members of a com-
munity, knowledge from prior interaction between the conversants, and information
observed from the physical world around them. They add to this mutual model in an orderly
way though collaboration; both conversants are responsible for ensuring that the speaker’s
contribution has been understood “to a criterion sufficient for current purposes” ([Clark
891, pg. 163). Clark modeled conversation, then, as a series of contribution-acceptance
pairs. After each contribution by one conversant (A), the other conversant (B) accepts the
contribution by displaying evidence of understanding. This evidence might consist of one
of the following (taken from [Clark 89], pg. 267):

1. Continued attention. By continuing to listen, B indicates that A’s presenta-
tion has been understood to B’s satisfaction.
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2. Initiation of the relevant next contribution. B shows that A’s contribution
has been understood by starting in on the next relevant contribution.

3. Acknowledgment. B nods, says “uh huh”, or makes some other overt indica-
tion that A has been understood.

4. Demonstration. B demonstrates understanding, e.g., B performs the action
that A has requested.

5. Display. B repeats verbatim all or part of A’s presentation, e.g., B repeats

back the address that A has dictated.
Notice that an acknowledgment is itself a contribution to the conversation, thus requiring
acknowledgment. How do we keep from looping on acceptances of acceptances? Clark
proposed that the types of evidence are ordered from weakest to strongest; we accept a con-

tribution at one level by offering evidence of understanding at a weaker level.

Clark also suggested a hierarchy of evidence of trouble in understanding (from
[Clark 89] pg. 268):

State 0: B didn’t notice that A was attempting to communicate.

State 1. B noticed that A was attempting to communicate, but B wasn’t in
State 2. For instance, B may have heard A say something without
catching all the words.

Stare 2: B correctly received A’s communication, but wasn’t in state 3. For
instance, B may have understood all the words but doesn’t under-
stand what A meant.

State 3: B understood what A meant.
2.2.5 Example

The exchange reproduced in Figure 1 illustrates several types of evidence of
understanding and of trouble in understanding. The exchange is drawn from a longer dia-

logue found in [Ward 90b].

As the conversation begins, the pilot (Ford 645) has attempted to contact the
controller (Approach) for permission to make a sight-seeing flight over downtown Port-

land. The controller didn’t quite catch the pilot’s initial transmission — that is, he was in
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(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

Ford 645:

Approach:

Ford 645:

Approach:

Ford 645:

Approach:

Ford 645:

Approach:

Ford 645:

Approach:

Ford 645:

Portland Approach, Ford Trimotor niner six
four five.

((Garbled)) Portland Approach say again?
Ford Trimotor niner six four five we’re
squawking twelve hundred. We’re uh just off
Troutdale southbound we’'d like to: make one
circuit over the city, we’re uh one thousand
three hundred, then we’ll be southbound to
McMinnville.

Roger and uh say again the full call sign?
I got the niner six and what was the last of
it?

Niner six, four five.

Niner six four five is that it?

That is correct.

And what’s your type aircraft niner six four
five?

Uh we’re a Ford Trimotor.
Ford uh, six four five squawk zero one zero
five and ident remain outside the ARSA till

radar identified.

OK.

Figure 1. A Difficult Conversation
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state 1 — so in utterance 83 Approach acknowledges that the transmission occurred while
indicating that its content was not understood. Ford 645 demonstrates his understanding by
repeating his identification as requested and then going on to explain what he wants (rele-
vant next contribution). Approach, however, is still having difficulty with the call sign
(state I). Notice that in utterance 85 Approach again indicates that only part of the trans-
mission was received and understood, this time using display to show that he has under-
stood part of the call sign. In utterance 86, the pilot responds with a demonstration of
understanding, repeating the call sign. The controller again uses display, the strongest form
of evidence of understanding, to show that he has finally understood the call sign. The pilot
accepts the controller’s contribution with the relatively weaker acknowledgment form “that
is correct.” The controller then continues with the relevant next contribution, a request that
the pilot supply his aircraft type. The pilot supplied this in utterance 84, but the controller
did not catch this phrase either (state I), possibly because the type was unusual; the Ford
Trimotor is an antique. Only after this correction is completed does the controller respond
to the pilot’s original request (utterance 91). Notice that this exchange ends with the pilot’s
moderately-strong acknowledgment; the controller apparently has no relevant next contri-
bution, the next-weaker form of evidence, and so he responds with the weakest evidence of

understanding: continued attention, or silence.

2.2.6 Summary

The model proposed in this thesis is based on a synthesis of the principles sup-

plied by the theories of dialogue summarized in the previous section. From speech act the-

ory:

« Language use can be abstracted and represented in terms of speech acts.

» Speech acts can be motivated and described in terms of the speaker’s
beliefs, which include the speaker’s beliefs about the hearer’s beliefs.
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From the collaborative view of conversation:

» Conversational state can be represented in terms of the conversants’
beliefs and the mutuality of those beliefs.

* Mutuality of knowledge considerations can motivate and explain the
information that conversants exchange.

Thus, in this model, conversation is viewed as an attempt to establish and build
upon mutual knowledge using speech acts. This synthesis was first proposed by Novick
[Novick 88] to explain conversational control acts. In this work, I will be using these prin-

ciples to explain and motivate domain-level acts in a real-world task.

2.3 Domain Requirements

This research is part of a larger effort that is investigating the use of dialogue
models in improving the performance of spoken language understanding systems. In
choosing a domain in which to instantiate the investigation, therefore, one must consider
the requirements and limitations of the state of the art in both dialogue modeling and speech
recognition. This section discusses the factors that would characterize a tractable and inter-

esting domain for this purpose.

2.3.1 Domain Requirements for Speech Recognition

The fundamental problem in speech recognition is coping with variability.
For instance, the differences between the way two different speakers pronounce the same
word may be far greater than the difference between two different words uttered by the
same speaker, or even by one speaker saying the same word under different conditions
[Doddington 85]. From a speech recognition standpoint, then, the biggest concern is con-
trolling or compensating for acoustic variability. This has several implications for choosing

a domain for speech understanding research.
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2.3.1.1 Vocabulary

In simplified terms, a speech recognition system works by attempting to find
the best match between its acoustic input and its vocabulary [Reddy 76]. As the number of
alternatives grows, the search space quickly becomes unmanageably large. For speech rec-
ognition performance, then, a good domain is one with either a small vocabulary overall,

or one with a vocabulary that has few legal alternatives at each point.

When presented with an out-of-vocabulary word or perhaps an unexpected
noise, like a door slam, a speech recognizer will try to map that sound to some word in its
vocabulary. At best, it may reject all matches. Thus, a good domain should have few out-

of-vocabulary words.

We would also like the vocabulary to exhibit a low confusability. The greater
the acoustic differences between alternatives, the lower the chance that the recognizer will

confuse one word for another.

2.3.1.2 Signal Quality

Noise also presents multiple problems for speech recognition. A noisy channel
distorts the acoustic signal and degrades performance. When background noise is constant,
it is possible to compensate for it. When background noise is variable, however, it poses
great problems for a recognizer. It may be difficult for the recognizer to determine where
the noise ends and the speech signal begins, for instance, or to distinguish a door slam from
a word. Also, people make distinct prosodic, acoustic, and phonetic changes in their speech
when speaking in the presence of noise [Summers 88]. Although people instinctively
change their speech production to increase their intelligibility, ironically these changes may
be great enough to confuse a recognizer, especially if the noise levels — and thus the speak-
ers’ compensating productions — vary greatly. A good domain, then, is one where the noise

levels are minimal, or at least consistent.
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2.3.1.3 Data Collection

It will be necessary to gather and analyze many examples of conversations
directed toward accomplishing the same task both to train the system and to test the robust-
ness of the models. This suggests that a good domain should exhibit short, repetitive, well-

defined, largely verbal tasks.

Another consideration in selecting the domain is the anticipated difficulty of
capturing sample dialogues for analysis. One approach is to set up a controlled experiment
in the lab, solicit subjects, and record protocols for study. This has the advantage of giving
the researcher the greatest possible control over the data, but is time-consuming and expen-
sive. Another possibility would be to draw protocols from sources that were produced for
another purpose, either public sources such as television or radio, or other research projects.
This option is likely to be cheaper and faster, but may require accepting more compromises

in the domain characteristics.

2.3.2 Domain Requirements for Dialogue Modeling

If the primary concern from the speech recognition standpoint is acoustic
variability, the corresponding concern from the dialogue modeling standpoint is contextual
variability. As noted earlier, the same words in different contexts may take on very different
meanings. “Context” is a broad term, though, encompassing a wide range of ill-defined fac-
tors: facial expression, gesture and body position, the physical surroundings, prior interac-
tion between the conversants, the “background” or social knowledge that all members of a
community are presumed to share, etc. For most of these, there is no accepted method of
describing or representing the relevant features, nor even a theoretical basis for predicting
when a given feature might be relevant [Cook 90]. For instance, how do we determine what
“general knowledge” is relevant to a given conversation? It would therefore be desirable to

eliminate or control as many of these contextual features as possible.
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2.3.2.1 Physical Context

One method of controlling the context of expression, gesture, and physical
surroundings is to examine dialogue produced under limited modality conditions. The term
modality refers to the communications modes available to the conversants. For example,
face-to-face conversation is an interactive, audio-plus-visual modality; voice-mail is a non-

interactive, audio-only modality.

The audio-only modality offers some advantages for dialogue research. Face-
to-face communications rely heavily on gaze, gesture, and facial expression to control and
coordinate the conversation. These phenomena are rapid and subtle, making them difficult
to capture and analyze. Furthermore, there is no general agreement on how these phenom-
ena should be recognized or categorized: was that eye-blink a significant part of the con-
versation, or was it an involuntary action that passed unnoticed by the conversants? Finally,
there are few tools available to automate the task of capturing and classifying gesture, much
less make the physical context available to a speech understanding system in real time. By
studying communications carried out without benefit of visual modalities, i.e., through tele-
phone or radio, the researcher avoids the theoretical and practical difficulties of capturing
and quantifying nonverbal communication. Also, the lack of visual interaction forces the
conversants to convert nonverbal feedback into more explicit verbalizations, making them

easier to detect and classify.

2.3.2.2 Prior Interaction

The context of prior interaction can present many problems in understanding
and analyzing dialogue. How are we to understand, much less anticipate for speech recog-
nition purposes, a conversation that begins: “Did you get that done?” Similarly, it may be
important to be able to anticipate and allow for the effects of roles, power relationships, and
authority structures. These affect both the words we choose [Hovy 91] and the interpreta-
tion we place on what we hear [Stubbs 83]. For instance, the primary difference between a

suggestion and an order lies in whether the speaker has the authority to order the hearer to
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perform the action [Searle 69]. As Stubbs notes, if the authority relationship is sufficiently
lopsided - as with teacher and pupil, for instance - it may be difficult for the more powerful
speaker to successfully make a suggestion without being very explicit (“Now, you don’t
have to do this if you don’t want to, OK?”). To minimize these effects, it is common to
design experiments involving strangers or to observe people interacting in situations where
their roles are formalized or well-defined (for example, Stubbs’ analysis of classroom dia-

logue [Stubbs 83]).

2.3.3 Summary

An ideal domain, then, would have these characteristics:

Vocabulary:

* perplexity low

confusability low

small core vocabulary

few out-of-vocabulary words
letters and numbers

semantic ambiguity minimized

Noise:

signal quality high

background noise low and consistent
few nonverbal noises

little overlapping talk

Data Collection:
« short, repetitive, well-defined tasks
* easy to capture

Physical Context:
« audio modality emphasized

Prior Interaction:
* prior interaction minimized
* roles well-defined

The domain selected for this study, that of air traffic control, exhibits many of
the characteristics desired for dialogue modelling: the vocabulary is relatively small and

formal; domain tasks are short, repetitive, and well-documented; communications take
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place via radio, an advantage both in terms of data collection and modality; roles and con-
text are unusually well-defined for a real-world task. For speech recognition, however, the
picture is not so rosy: signal quality is poor, background noise is high. Because this study
focuses on dialogue modelling, it was decided that the advantages outweighed the disad-

vantages. These factors will be discussed more thoroughly in the following chapter.



Chapter 3

The Air Traffic Control Domain

The first part of this chapter provides an introduction to the air traffic control
(ATC) tasks and terminology that will be used in this study. The second discusses the char-
acteristics of ATC-pilot communications that make this domain particularly attractive for
studying dialogue. The chapter concludes with a summary of other modeling efforts in the
ATC domain.

3.1 Introduction to Air Traffic Control

This represents a simplified version of approach control procedures from the
standpoint of an Instrument Flight Rules (IFR) pilot flying into a moderately busy airport
such as Portland International. The information in this section is drawn primarily from three
sources: Air Traffic Control [FAA 89], the air traffic controller’s primary manual; Airman’s
Information Manual [FAA 91], the pilot’s major source of information on air traffic control
procedures; A User’s View of the Air Traffic Control (ATC) System [Rosenbaum 88], an

unusually thorough explanation of the air traffic control system written for the non-pilot.

3.1.1 Controllers

An air traffic controller’s primary responsibility is to ensure the separation of
aircraft. Each controller is responsible for coordinating traffic within a particular piece of
the airspace. During the course of a flight, a pilot communicates with several controller
positions:

24
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Clearance Delivery. A pilot flying under Instrument Flight Rules
(IFR) must file a flight plan showing the proposed route of the flight.
Clearance Delivery is responsible for approving or amending the
flight plan and for entering it into the ATC system. A pilot normally
communicates with this controller immediately before departure.

Ground Control. The ground controller has responsibility for traffic
on the taxiways within an airport. This controller directs the pilot
from the ramp area (next to the gates) to the runway.

Control Tower. The tower controller is responsible for traffic on the
runways; a pilot communicates with the tower during takeoff and
landing. At larger airports (e.g., Portland International) the tower
controller has the use of a radar display; at smaller airports such as
Hillsboro, OR, the tower controller relies on binoculars and radio
communications to locate and coordinate traffic.

Departure/Approach Control. This controller (Departure/Approach
Control is one position, not two) is responsible for a section of the
airspace immediately around the airport. Specifically, this controller
is particularly concerned with the coordination of arriving and
departing aircraft as they enter the standard approach and departure
routes established around an airport. Pilots that are taking off will
generally address this controller as “Departure,” while pilots that are
landing or overflying the airport tend to use the term “Approach.”
The approach controller relies exclusively on radar and radio com-
munications to coordinate traffic. The airspace that this controller is
responsible for is called an Airport Radar Service Area (ARSA), and
the radar facility from which this controller operates is called a Ter-
minal Radar Approach Control (TRACON).

Enroute Controller. The enroute controller operates from a facility
called an Air Route Traffic Control Center (ARTCC). The enroute
controller controls the airspace between and above airports using
radar and radio.

Each controller communicates with pilots on a separate, published radio frequency. As an
aircraft moves from one airspace to another, the flight is handed off to the next controller,
that is, the controller transfers responsibility for the aircraft to the next controller before
instructing the pilot to contact the next controller. Although the frequencies are published

and the pilot is responsible for looking them up in advance, the handoff procedure includes

a reminder to the pilot of which frequency to use next.



Because each controller position is responsible for a different kind of airspace
and operates on a separate frequency, a controller working a given position expects to
encounter only a subset of the range of ATC tasks. For instance, ground control would not
expect to hear a request for lower altitude, and an enroute controller would be very sur-

prised to be contacted for takeoff clearance.

The approach controller’s radar display shows the airplane’s position and a data
block with the aircraft’s current status. The controller has a printed flight progress strip that
shows the flight plan ﬁléd by the pilot and information added by controllers along the air-
craft’s route. The console also displays the current airport conditions being broadcast on the
Automatic Terminal Information System (ATIS), a recording of current airport conditions

that is continuously broadcast on a separate frequency.

As of December 30, 1990, an aircraft is required to have a Mode C transponder
when operating within an ARSA. A Mode C transponder provides altitude information to
the controller’s radar display. Although the exchange analyzed here was recorded a few
months before this requirement took effect, it is reasonable to assume that all aircraft

involved were equipped with Mode C transponders.

3.1.2 Pilots

A pilot is required to comply with ATC instructions unless doing so would jeop-

ardize the safe operation of the aircraft.

Portland International (PDX) is surrounded by a type of controlled airspace
called an Airport Radar Service Area (ARSA). Federal regulations require two-way com-
munication between pilot and the controlling facility (in this case, Portland Approach)

before an aircraft may enter an ARSA (AIM, par. 3-101).

Before landing, a pilot needs to know the airport conditions, particularly wind,

altimeter setting, and the runway and approach procedure in use. A pilot may get this infor-
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mation verbally from the ARTCC controller just before handoff, or from the approach con-
troller. Frequently, though, the pilot listens to the Automatic Terminal Information Service
(ATIS) broadcast. Because the ATIS is updated frequently, each update includes an identi-
fying letter (e.g., “alfal,” “bravo,” “charlie”). A pilot who has listened to the ATIS broad-
cast will include this letter in the initial callup so that controller and pilot may verify that

the pilot has indeed heard the current version.

According to the procedures recommended in the Air Traffic Control handbook
and the Airman’s Information Manual, the pilot and the approach controller should confirm
that the pilot is aware of current airport conditions and of the approach procedure to expect.
They often do not do so. A local pilot reports that Seattle Center (ARTCC) often confirms
ATIS information just before handoff [Schwartz 92]; if this is common procedure, then
Portland Approach may not expect to confirm ATIS with an incoming IFR flight. For the

purposes of this analysis, then we will assume that this is the case.

3.1.3 IFR Approach Procedures

The dialogue to be analyzed in this study is between an approach controller and
the pilot of a commercial flight making an IFR approach to Portland International Airport.
Approach procedures differ for aircraft flying under Instrument Flight Rules and Visual
Flight Rules. This section briefly describes the pilot-controller interactions expected when

the flight is IFR.

An IFR flight is monitored by the ATC system from start to finish. The pilot files
a flight plan showing details of the flight’s expected route, and the pilot is expected to
adhere to that plan. The flight plan is entered into the ATC system and is made available
(by computer, generally) to each controller along the flight’s route. While the aircraft is

within a particular controller’s airspace, the controller may update the flight plan to reflect

1. FAA documentation uses the spelling “alfa” instead of “alpha.”
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changes that occur during the flight (changes in estimated arrival time, for instance, or

changes in routing).

As the flight leaves one controller’s airspace and enters the next, responsibility
for the flight must be explicitly transferred from one controller to the next. This procedure
is called a handoff, and it may be coordinated either verbally (by phone) or electronically
(though the controllers’ consoles). In either case, the receiving controller is required to take
explicit action to accept responsibility for the aircraft, and the pilot should not be instructed
to contact the next controller until after the controllers have completed their handoff. When
the pilot first contacts the controller, then, the controller is expecting the call; the explicit
handoff should guarantee that the controller knows the aircraft is there. Furthermore, the
controller knows quite a lot about the history of the flight and about the pilot’s intentions

from the flight plan.

Within the ARSA, the approach controller directs the aircraft from its current
path to the approach gate, a point where it can begin to execute one of several standard pro-
cedure for approaching the airport and landing. These directions, termed vectors, will
include instructions to change heading, speed, and altitude. A large airport like PDX will
have several approach procedures for various weather conditions. The ATIS broadcast

informs the pilot which procedures are in use at that particular time.

The exact vectors given will depend on many factors: the approach procedure
in use, the current position of the aircraft, other traffic in the area, weather conditions, the
capabilities of the aircraft and pilot. In general, the pilot does not know exactly what vectors
to expect. Controllers tend to use a handful of standard routes, however, so pilots that fly
into a particular airport frequently may learn those routes and come to anticipate, or at least

recognize, the route they’re being directed though.

Instrument Flight Rules flights into PDX use a navigation system called the

instrument landing system (ILS). This system includes several components; the two that
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will concern us in this analysis are the marker beacon and the localizer. A marker beacon
triggers a light in the cockpit when the airplane flies over it, thus providing the pilot with
an accurate point of reference. Marker beacons are used to define legs of an ILS approach
procedure; the aircraft should be at a certain altitude and heading when passing over a par-
ticular marker. The localizer is a directional radio beacon that defines the path that the air-
craft must follow in descending to the runway. Once the pilot has intercepted the localizer
signal, he or she can follow it directly to the runway without additional instructions from
the controller. When the pilot has begun flying along the localizer beam, the aircraft is said

to be established on the localizer.

The controller guides the aircraft to the localizer. After the aircraft is established
on the localizer, the controller authorizes the pilot to follow one of the standard approach
procedures. The approach procedure specifies the altitudes, speeds, and directions that the
aircraft is to use, so the controller no longer needs to provide vectors. As the aircraft enters
the airspace controlled by the tower, the approach controller hands the flight off to the tower

controller.

The normal procedure for an IFR flight entering an ARSA for landing, then, is

this:

» The pilot establishes communications with the approach controller,

» The controller directs the aircraft to the approach gate by issuing a series
of vectors,

» The aircraft intercepts the localizer,

» The controller authorizes, or clears, the pilot to fly a particular approach
procedure,

» The controller transfers authority for the flight to the tower controller.

As can be seen from the description above, communications between the approach control-
ler and the IFR pilot are highly formalized, with strong expectations on both sides about

what should be happening at every point in the conversation.
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3.2 Characteristics of ATC Communications

To a naive listener, the dialogue between pilot and controller is almost unintel-
ligible. The exchanges are short, rapid-fire, and full of jargon. In fact, ATC communications
pose difficulties even for experienced participants. Communications take place over noisy,
crowded radio channels by people engaged in the complex tasks of flying airplanes or coor-
dinating the movements of multiple aircraft. ATC dialogue exhibits several adaptations to
these challenges that make it particularly interesting for studying dialogue and speech

understanding. This section discusses the factors that make ATC communications unusual.

3.2.1 Vocabulary

Recall from the previous chapter that a good domain for speech recognition
applications should have a small core vocabulary and few out-of-vocabulary words. Addi-
tionally, the core vocabulary should include relatively few confusable words, and the words

used should have clearly-defined meanings.

The conditions under which ATC communications are performed have had a
strong effect on the vocabulary. The quality of the acoustic signal is generally poor; radio
is a low-bandwidth medium made worse by the noise of the aircraft engines and by uncer-
tain reception quality. To compensate for this, considerable human-factors work has gone
into increasing the intelligibility of ATC messages. The FAA suggests, and conversants
generally use, a standard lexicon and phraseology. These phrases are built around a small
core vocabulary of words known to exhibit a low degree of phonetic confusion and to
remain differentiable when spoken by non-native speakers of English.1 In some cases,
words are given alternate pronunciations to increase their intelligibility. For instance, “five”
and “nine” are notoriously confusable over the radio, so they are pronounced “fife” and

“niner” ([FAA 89], [FAA 91)).

1. English is the international language of aviation and is used at major airports throughout much of
the world.
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The number of words in the core vocabulary is quite small. Hall, for instance,
found that the grammar of the Local Controller’s prescribed vocabulary is built around just
four verbs [Hall 88]. The core vocabulary also incorporates a high proportion of letters and
numbers, a speech recognition task that has been particularly well-studied (e.g., [Fanty
92D.

The prescribed vocabulary is somewhat misleading, however; the range of lan-
guage actually used in pilot-controller communications is much more extensive and com-
plex than one might think from reading the ATC manual (see, for example, the dialogues
recorded in [Ward 90b]). This happens for several reasons. First, although controllers are
rigorously trained in the standard phraseology, pilots — especially general aviation pilots
— are not. We see both a greater variation in their phraseology and a greater degree of dis-
fluency in their speech. Recall this transmission from the example in the previous chapter
(Figure 2):

(84) Ford 645: Ford Trimotor niner six four five we’re
squawking twelve hundred. We’'re uh just off
Troutdale southbound we’d like to: make one
circuit over the city, we’re uh one thousand

three hundred, then we’ll be southbound to
McMinnville.

The transmission is far from fluent; it contains filled pauses (“uh”) and lengthened sylla-
bles (“to:”), and the information is poorly organized (the pilot intersperses position infor-

mation with his request to fly over the city).

Second, the ATC handbook prescribes exact phrases only for the most common
situations. It cannot of course include local place names and landmarks. “Lloyd Center”
and “the volcano” are mentioned regularly in the Portland area, for example. Also, standard
phrases are augmented as necessary to accomplish the task at hand, resulting in a more
“English-like” vocabulary when unusual situations arise. This example is taken from a con-

versation that took place at Detroit Metro Wayne County Airport [Ward 90b]. The control-
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ler is asking the pilot of Northwest 752 to allow a smaller commuter flight to take off before
him. Apparently, Northwest’s company policy requires a 15 mile minimum spacing
between company aircraft, so the controller can permit the commuter to take-off immedi-

ately but must delay the Northwest flight:

(281) Local Control: Northwest seven fifty two roger I got
to put you fifteen miles in trail of
your company. What I'd like to have you
do if we can work it out i:s take
position and hold three center, but
pull off to your right because there is
a Jetstream commuter behind you that I
can get out right now.

A third type of variation from the “standard” phraseology is slang, as illustrated

by this controller’s use of “three holer” to indicate a 727 (from [Ward 90b]):

(239) Local Control: Continental two oh one, follow the
Northwest seven twenty seven
approaching from your left, he’ll be
the second three holer.

Finally, there is a certain amount of chitchat that takes place on occasion. It is
not unheard of for enroute controllers to provide pilots with score updates during the World
Series, for example [Dunham 91]. Although the volume of such “social” discourse is still

far smaller than in most other domains, it does occur.

Despite these exceptions, ATC communications represent an unusually con-
strained and focused subset of English. The advantages to a speech understanding system
are obvious: relatively small vocabulary, words selected to be easily identifiable, and a sim-
ple phrase-oriented grammar. These are exactly the characteristics that one looks for in a
speech-understanding application. Unfortunately, ATC communication exhibits these char-
acteristics precisely because it takes place under conditions that present difficulty even for
people; the poor signal quality puts ATC discourse — especially the pilots’ utterances —

beyond the capability of current speech recognition technology. If spoken languages under-



33

standing systems are to succeed in this challenging domain, they will have to make use of

higher-level knowledge sources such as dialogue context.

3.2.2 Radio Communications

Communication between pilot and controller is largely limited to radio and
radar. This forces most communication to be carried out without the use of non-verbal
channels. The nonverbal communications that do occur in this domain are rare and
extremely limited. When radio communications are impossible, a tower may communicate
with an aircraft via a light gun, for instance. There are also reserved transponder codes that
the pilot can use to alert the controller to certain situations, e.g., “7600” to indicate radio
failure. The only significant avenue of nonverbal information exchange is the radar image
displayed on the controller’s workstation, however. The controller can see the aircraft posi-
tion and thereby draw some conclusions about the pilot’s actions and intentions. Also, most
aircraft have a Mode C transponder, which supplies approximate aircraft altitude to the con-

troller.

Radio has another important modality limitation; it is a half-duplex commu-
nications medium. A person cannot simultaneously listen and transmit on a single channel.
This has several implications for ATC communications. The most obvious one is that con-
versants cannot speak at the same time (at least, not understandably), which allows the
researcher to avoid the difficulties of interpreting and representing the sort of simultaneous

conversation that is common in face-to-face modalities.

The half-duplex modality also affects the structure of dialogue. For instance, it
tends to discourage the installment-type exchanges noted by Clark [Clark 89], where com-
plex information — say, an address — is presented in several parts with the speaker waiting
for acknowledgment after each piece of the contribution. In ATC communications, how-
ever, we see the opposite pattern: multiple items of information are usually packaged into

one transmission. This appears to be a response to both the overhead of establishing two-
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bandwidth around major airports; a pilot is encouraged to say everything immediately,

because it may be difficult to get another chance to transmit.

Congested frequencies are a particular problem around heavily used airports
[Fischetti 86]. Pilots sometimes have difficulty getting through to the controller in a timely
fashion. As the channel becomes saturated with calls, the controller may begin issuing the
next instruction without waiting for an acknowledgment of the previous one. The problem,
of course, is that the controller assumes that the instructions are understood and accepted
by the pilot unless the pilot objects. This accords well with Clark’s observation that we
accept silence as evidence of understanding and acceptance [Clark 89]. On a crowded radio
channel, however, the lack of response could signify that the pilot was unable to gain con-

trol of the frequency.

The emphasis on verbal communications in ATC is changing, however.
Although general aviation and smaller commercial carriers will continue to rely on radio
for the foreseeable future, larger carriers have already begun to use the Mode S transponder
system. This system provides a data link between the ATC system and the cockpit. Pilots
and controllers will be able to exchange routine information such as weather data and alti-
tude confirmations without using the radio [Heppenheim 90]. This is expected to reduce the

frequency congestion, but at the cost of a reduction in the pilots’ situational awareness.

3.2.3 Task, Context, and Role

Task, context, and the relative roles of the conversants have tremendous effect
on the structure and content of dialogue. In most “real-world” situations, however, these
factors are extremely difficult to control or even understand. ATC communications take

place in an unusually structured environment.

In the ATC domain, contexts are limited and largely available to the researcher.

Pilots and controllers do not in general know each other, so the context of prior interaction
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is minimized. Furthermore, roles are formally defined and quite limited. Because an
unusual effort has gone into specifying and documenting procedures in this domain, many
of the conversants’ expectations are available to the researcher in the form of charts, regu-
lations, and recommended practices. Thus, conversants are tightly focussed on a small set
of well-defined tasks that are completed over a short period of time. This structure makes
it possible to collect and analyze many examples of brief conversations with nearly identi-

cal context and goals.

3.2.4 Multi-Person Dialogues and Overhearers

Another interesting property of ATC dialogue is that it represents a sort of mid-
way point between the two-person dialogues that are usually examined by researchers and
a full multi-party conversation. ATC dialogue can be viewed as many interleaved yet fairly
independent conversations. The controller converses with first one pilot, then another.
These conversations are not entirely separate, though; pilots routinely monitor the fre-
quency in order to build up a situational awareness of the activities around them. Thus they
may, on occasion, respond or refer to dialogue that was not directed to them, as in this
exchange from [Ward 90b]:

(66) Ground Control: Northwest two oh nine, uh, you still
got your radar on?

(67) NW 209: That’s a negative, Northwest two zero
nine.

(68) Ground Control: OK.

(.)
(69) NW 255: Two fifty five does.

To understand such exchanges, it will be necessary to model a utterance’s effect
on all hearers. The effect will not in general be the same for all hearers, of course. A pilot
and retired controller comments [Dunham 91]:

With no visual display of traffic in the cockpit, the only way to keep
track of what’s going on is via the radio. For instance, I once had a



36

pilot question me after I cleared an aircraft to hold at the same place
and altitude as he was. They were still 120 miles apart, and the plan
was that Aircraft A was going to be long gone by the time B got
there, but Pilot A couldn’t tell that from just listening. He spoke up
when he heard what sounded like a dangerous situation developing.

This accords well with Schober and Clark’s findings that it is more difficult for overhearers

to understand a conversation [Schober 89].

3.2.5 Safety and Sincerity

Safety issues have a strong effect on ATC communications. This is seen partic-
ularly clearly in the emphasis on explicit confirmation of information and instructions, and

in the relative lack of insincere and non-literal speech.

Some of the information exchanged between controller and pilot is expected by
the hearer. Rather than representing information that the other does not know, it represents
confirmation of information that the other may well already have. This is seen most clearly
in the emphasis on explicit acknowledgment and readback of critical instructions. For
example, pilots routinely report their altimeter reading when entering a controller’s air-
space even though the Mode C transponder also reports the aircraft altitude automatically.
This is done because altimeters are frequently imprecise ([FAA 89], [FAA 91]) and the air-
craft altitude is critical in maintaining aircraft separation. Radar or computer failures can
cause erroneous or missing data on the controller’s display, making confirmation of critical

information even more important [Fischetti 86].

Searle and other writers (e.g. [Grimshaw 80]) have wrestled with the issue of
insincerity in speech. Searle’s definitions of speech acts include sincerity requirements
[Searle 69]. For instance, to recognize a request the hearer must believe that the speaker
honestly wants the proposed action to occur. This requirement explains how we easily
understand sarcastic comments that appear on the surface to be requests (“Go ahead, kick

me when I'm down!”’) and suggests a mechanism for explaining both politeness constructs
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(“Oh, you shouldn’t have!”) and deliberate falsehood. It vastly complicates dialogue mod-
elling, however, so the researcher would prefer a domain in which the conversants can be

assumed to be telling the truth.

In ATC, safety concerns greatly lessen questions of sincerity; it is simply too
dangerous to hide one’s true intentions. In this domain, we can generally assume that people
truly want what they ask for, although they may request indirectly. One exception to this
may be in the handling of emergencies. These is anecdotal evidence that pilots are reluctant
to declare an emergency, especially in marginal cases. Controllers seem to be aware of this

and will treat situations as emergencies even though the pilot does not formally declare one.

3.3 Other Modeling Efforts in the ATC Domain

The unusual nature of ATC communications has made it an attractive domain

for other language and speech modelling.

Hall used a PC-based system to build a speaker-dependent speech recognition
application for the tower positions: local controller, ground controller, and clearance deliv-
ery [Hall 88]. His efforts were constrained by the decision to use an off-the-shelf PC-based
speech recognition system, however. He developed a static case-based grammar imple-
mented in the proprietary software of the speech recognizer that he was using. A slightly
simplified version of the ground controller portion of the grammar was tested in an opera-
tional setting. Hall made no effort to model dialogue; his application recognized and cap-
tured only the controller’s side of the conversation. Thus, his system did not attempt to
build up an understanding of the context, nor did it have any way of capturing the pilots’

contributions to the conversation.

Wesson modelled problem-solving for enroute controllers and achieved perfor-
mance rivalling that of trained controllers for the given domain [Wesson 77]. His system

successfully addressed the problem of modelling change and planning in a dynamic system.
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He did not address communications, though, and recognized the lack of speech recognition
as a barrier to his system (he tested his system with hand-entered data). Wesson’s original
system has since been expanded into the successful TRACON game and has formed the

basis of more complex simulators used by the FAA in training air traffic controllers.

The FAA and the US Navy have recently installed a system called the Tower
Simulator for training controllers in tower operations. The Tower Simulator is a simulated
ATC tower inside a huge building. The trainees can look out the “window” and see a pro-
jected representation of the area around a tower. The computers provide a simulation of the
airspace around the tower — including such factors as wind, traffic, pilots’ responses to
ATC, etc. — and alters the projection accordingly. An instructor at the FAA Academy
describes this life-sized voice-controlled video game as being “very realistic” [Harold 91].
The Tower Simulator uses a speaker-dependent speech recognition system with a vocabu-
lary of 260 “words” (some of these are actually short phrases), and 2.5 to 4 hours are

required to train the system to recognize a new person.



Chapter 4

Representation

Chapter 2 described the theoretical basis for motivating dialogue and explaining
conversational coherence in terms of the beliefs and intentions of the conversants. This
chapter presents and discusses a computational representation designed to support lan-
guage understanding by modeling the beliefs and intentions of conversants in the air traffic
control domain. The first section describes the method that will be used in this study. The
second section discusses representation issues and establishes the goals for the model. The

final section describes the representation itself.

4.1 Method

This thesis develops a computational model for representing air traffic control
dialogue at the speech act level. This model is intended to be incorporated into a spoken
language understanding system. Unfortunately, such a system is not currently available.

For this study, then, a more modest approach must be used.

Because the model should represent actual dialogue and not just encode the for-
malisms suggested by the FAA, the model was developed after studying protocols of actual
pilot-controller conversation. As indicated in the previous chapter, it was decided to focus
on Terminal Radar Approach Control (TRACON) operations for this study. TRACON
operations — approach and departure control around a moderately busy airport — are
attractive for several reasons. First, the TRACON controllers rely completely on radar and

radio for interacting with the pilots. Unlike tower controllers, TRACON controllers cannot
39
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see the aircraft directly; TRACON controllers work in a room with no windows. Thus, the
only non-verbal channel of communication available to the controller is radar, which could
in principle be made available to a spoken language understanding system. Another advan-
tage of studying TRACON operations is that there is typically a steady stream of both com-
mercial and general aviation traffic into and out of the airspace, so it is particularly easy to
collect many examples of controllers interacting with pilots of various skill levels. Finally,
Portland International Airport, which has a TRACON facility, is nearby so it was possible

to visit the TRACON to gain a clearer understanding of the controller task.

The protocols used in this study were made from a recording taped from the
radio at a site approximately two nautical miles from the airport on July 1, 1990, between
10:45 and 11:15 AM [Ward 90b]. From these a suitable dialogue was selected for explica-

tion. From this sample dialogue I developed a model sufficient to represent and motivate

the exchanges that were observed.

In selecting a dialogue for this study, I looked for one that might be considered
“typical” so that I could examine the base requirements of the task and domain with as few
complications as possible. The initial representation could then be expanded in future work
to handle a wider range of dialogues. Also, the dialogue selected had to be complete; many
of the dialogues in the corpus were in progress as taping began or were not finished at the

time taping ended. The dialogue that was selected is described in detail in Section 5.2.

4.2 Representation Issues

This section discusses the goals to be met by the representation, then briefly dis-

cusses other representation issues that arose in the course of this study.
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4.2.1 Goals of Representation

To represent an utterance in terms of speech acts, the representation must be
able to model the beliefs and intentions of the conversants in a form that facilitates inferen-
tial analysis. The representation should also support reasoning about conversational coher-
ence in terms of mutuality of belief. As will be seen, the safety-critical nature of the ATC
domain leads to many exchanges in which conversants confirm information that each
believes the other to already have. By modeling conversants’ beliefs about the mutuality of

this information, we can motivate these confirming exchanges and model their effects.

Conversants may likewise have inconsistent beliefs. Misunderstanding can be
modeled in terms of inconsistent beliefs; conversants’ mental models of the conversation
may have diverged without the conversants realizing it. A person may then take some
action intended to convey some speech act, only to be surprised when the other’s response
indicates that a completely different speech act was understood. Similarly, disagreements
can be modeled in terms of the conversants’ beliefs about the other conversants’ differing
beliefs. For instance, I may believe that A is true while recognizing that you believe that A
is not true. Beliefs of this sort can also be used to account for certain types of correction
subdialogues (“No, I said ‘three’, not ‘free.’”). The model, then, should support both rec-

ognized and unrecognized belief inconsistency.

The representation should capture sufficient contextual information to model
and explain the observed exchanges at the speech act level. Because this study focuses on
the approach controller’s position, it will be sufficient to represent only those domain ele-
ments that apply to the tasks of communicating with aircraft flying instrument approaches
into Portland International Airport. In this domain one can generally assume that controller
and pilot do not know one another; thus, the context of prior interaction will be ignored in

this representation. The representation should, however, capture the context of the dialogue
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itself, that is, it should model the effect of the earlier part of the conversation on the con-

versants’ current beliefs and intentions.

As was noted earlier, conversations in the ATC domain represent an interesting
midway point between two-party conversations and full multi-party conversations.
Although most utterances are clearly directed at just one other conversant, some exchanges
cannot be explained without modeling the effect that an utterance has on the other pilots
listening on the radio channel. The representation should therefore explicitly support mul-
tiple conversants by accounting for the effect that an utterance has on overhearers, includ-
ing mutuality of belief among multiple agents. The issue of multiple conversants has been
largely ignored in dialogue modelling efforts to date; a notable exception is Novick’s saso
system, which simulates multi-agent conversations at the speech act level [Novick 90].
Novick does not define the belief structures necessary to represent mutuality of belief
among multiple agents, however.

A suitable representation, then, should meet the following goals:

+ It should support reasoning about the beliefs and intentions of the con-
versants.

» It should permit agents to hold beliefs about other agents’ beliefs.

» It should permit different agents to hold different, possibly inconsistent,
beliefs, and it should support reasoning about the mutuality or inconsis-
tency of conversants’ beliefs.

« It should capture sufficient domain and physical context to model the
exchanges, particularly the evolving context of the dialogue itself.

* It should support multiple (more than two) conversants.
4.2.2 Other Representation Issues

The emphasis of this representation is on modeling the role played by beliefs
and intentions in motivating dialogue and in explaining conversational coherence in the air
traffic control domain. ATC dialogue takes place as part of a larger cooperative task, how-

ever, that of trained individuals coordinating the safe movements of aircraft. The conver-
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sants’ expectations and inferences include detailed mental models of the events taking
place around them:. If this were an attempt to model all aspects of air traffic control dialogue
— for instance, to build a working system to understand ATC dialogue — there would be
other factors that would require consideration. Although these are beyond the scope of this

thesis, they will be mentioned briefly here.

4.2.2.1 Time

The representation presented here includes no notion of the passage of time. In
the world, however, things change with time, and the passage of time thus has a profound
effect on conversants’ beliefs and expectations. Expectations for both pilot and controller
are heavily dependent on time and on the conversants’ mental models of how long some-
thing is likely to take or of when something should occur. For instance, consider this

exchange [Ward 90b]:

(57) Horizon 64: Horizon sixty four cleared for the approach?

(58) Approach: Horizon sixty four you’re: one zero miles
from Laker, maintain four thousand five
hundred till established on the localizer
cleared ILS two eight right approach,
maintain one seven zero knots until Laker.

The pilot expected to receive a clearance by a certain point in the approach. When no such
clearance was forthcoming, the pilot finally prompted the controller. By modelling the
pilot’s unfulfilled expectation, the question can be motivated — but only by including in

the model some notion of the passage of time and of the changing position of the aircraft.

4.2.2.2 Change

The model presented here is based on a fairly traditional notion of world state

and events; at any given point, the world is in a particular state, and the world can change



its state only when an event or action (an event performed by some agent) occurs. Problems

arise in representing the effects of continuous and asynchronous change.

In many applications, events can be successfully modelled as if they were
instantaneous. Events in the aviation domain — and in the world in general — are not so
neat. Most predicates represent facts that are neither static nor changed only in response
to a particular event. Instead, things change more-or-less continuously through time. For
instance, a plane is at a particular position only for an instant, and then only approximately.
It takes time to for a controller to transmit and confirm instructions to a pilot and more time
for the pilot to implement the requested action, and during that time the situation may

change, as in this example [Ward 90b]:

(33) Approach: Alaska two oh five, nine from Laker,
maintain three thousand till established on
the localizer cleared the ILS two eight
right approach, maintain speed (of) one
eight zero until Laker.

(34) Alaska 205: Roger Alaska two oh five, uh, cleared
approach three thousand till established on
the localizer at three thousand, and uh
hundred ‘n uh ninety till Laker?

(35) Approach: Alaska two zero five, uh turn left heading
two five zero now to join the localizer and
maintain three thousand till established on
the localizer, cleared ILS two eight right
approach, maintain speed one eight zero
until Laker.

To make sense of the above exchange, one must realize that the exchange took some
amount of time to complete; during that time, the aircraft travelled some distance on its cur-

rent heading, so that the controller had to modify the initial instructions when issuing the

clarification.
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4.2.2.3 Inference

The model presented here is envisioned as the state portion of a production sys-
tem. Throughout the discussion of the application of this model to a real-world dialogue
(Appendix E) I indicate in general terms the inference rules that will be required to deduce
speech acts and beliefs from the text of an utterance and to update the agents’ belief states
based on the acts recognized. A detailed specification of the rule set is beyond the scope of

this work, though.

4.2.2.4 Natural Language Understanding

There are many linguistic issues that are not addressed here. While traditional
linguistic notions of syntax and semantics are not sufficient for determining the intent of an
utterance, they are certainly necessary. Furthermore, there are many other pragmatic issues
that are not addressed here, such as common-sense knowledge, intonation and pause as
modifiers of meaning [Steedman 90], inference generation. Each of these problems are dif-
ficult in isolation; to attain human performance in understanding unconstrained dialogue,
however, we need to have at least rudimentary methods of handling all of these linguistic
phenomena. Allen has proposed a system architecture designed to integrate models of ref-
erence and focus, discourse structure, and speech acts [Allen 897]; his Discourse System is

designed for text, however, not spoken language.

4.3 Representation

4.3.1 Model of Agent Interaction

Figure 2 summarizes the conceptual model behind this representation. Conver-

sants are modelled as autonomous agents, each having a separate belief space. An agent’s
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beliefs may include beliefs about another agent’s beliefs, shown in Figure 2 as smaller areas
within an agent’s belief space. Agents communicate in a multi-step process:
» Agent A forms the intention to perform an act directed toward Agent B.

This intention is based on A’s beliefs about B’s beliefs along with other
beliefs that A holds.

« A’sintended act is expressed as an utterance, and it is this utterance that
is transmitted to other agents in the system.

» B interprets this utterance as an act based on B’s own beliefs and B’s
beliefs about A’s beliefs. Note that if B’s beliefs about A are in error or
incomplete, B may infer a different act than A intended.

« Agent B’s belief space is updated to reflect the effects that A’s act had
on B’s beliefs.

Agent C represents an overhearer, an agent who hears A’s utterance but is not
the intended target (shown by a grey line from utterance to agent). Agent C interprets the
overheard utterance in light of C’s beliefs, including C’s beliefs about the beliefs of A and
B. Of course, C may arrive at an interpretation of the utterance that differs from that of

either A or B.

4.3.2 Belief Representation

An agent’s understanding of the world is represented as a set of beliefs of the

form:

blf (belief-item,
truth-value,
[belief-group])

Each agent has a separate belief space. In determining the interpretation that an
agent will place upon a particular utterance, only the beliefs within that agent’s belief space

are considered. For example,

approach:
blf (airspeed([sun512],190),
true,
[ [approach]])
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blf (altitude ([sun512],5000),
true,
[ [approach]])
represents a portion of the belief space of an agent named Approach. Two beliefs are

shown: that Approach believes Sundance 512 is travelling at an airspeed of 190 knots, and

that Approach believes that the altitude of Sundance 512 is 5000 feet.

In this presentation it will be assumed that new beliefs are added to an agent’s
belief space. Old beliefs are retracted or replaced only if specified. In an implementation it
would probably be desirable to retain a history of old beliefs with some indication of when
and why they were retracted, so that the agents would be able to “remember” that they used

to believe something.

4.3.3 Belief Items

The belief-item clause represents the item about which a belief is held. An agent
may hold beliefs about the state of the world,.e.g., that United flight 101 is flying at an alti-
tude of 5000 feet. An agent may also hold beliefs about acts that have occurred and about
acts that agents intend, representing an agent’s expectations of future actions and memory

of past action. A belief-item clause, then, takes one of three forms:

intend ([agent], act)
occurred ([agent], act)

state (state-data)

An intend clause represents an agent’s expectation of future action, while the

occurred clause is used to represent an agent’s memory of past events. For example:

approach:
blf (intend([sunb12],
contact ([approachl])),
true,
[ lapproach]])
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blf (occurred([delta745],
contact ([approach])),
true,
[ [approach]])
represents the approach controller’s beliefs that Sundance 512 intends to contact the

approach controller, and that Delta 745 has already done so.

The list notation for the agent in the intend and occurred clauses is

intended to accommodate coordinated actions by groups of agents.

An act represents an agent’s interpretation of observed events. Because this
interpretation depends upon an agent’s current beliefs, different agents may interpret the

same event as different acts.

Belief-items of the form state (state-data) represent the agent’s beliefs about the
current state of the world. These srate beliefs are assumed to be current and ongoing. For

example,

approach:
blf (airspeed([sun512],190),
true,
[ [approach]])

would represent the approach controller’s belief that Sundance 512 was flying at an air-

speed of 190 knots. More complex beliefs are possible, e.g.:

approach:
blf(intend( [sun512],
report ( [approach],
blf (altitude([sun512],5000),

true,
[[sun512], [approach]l])))),

true,

[[sun512], [approach]])

which would be read as: “The approach controller believes that the pilot of Sundance 512

intends to report that the airplane is at S000 feet.”
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This representation does not accommodate conditions that are in the process of
changing from one state to another, e.g., Sundance 512 is slowing from 190 knots to 170
knots. As mentioned earlier, it does not capture notions of time; a more general represen-
tation would add a time interval argument to indicate when the agent believed the action
would or did occur (see, for example, [Allen 91b]). It also does not capture events that take
place without being triggered by the actions of some agent. This limitation is acceptable for
this representation because its purpose is to model dialogue and not to model general

events.

The complete list of acts and states used in analyzing the example dialogue

(Appendix E) are defined in Appendix D.

4.3.4 Truth Value

The truth-value clause may take the values true, false, or unknown.
Clauses which do not appear in the agent’s belief space are considered to have a truth value

of unknown.

The truth-value clause does not directly indicate the agent’s opinion about the
truth the belief-item clause; instead, it reflects the agent’s understanding of the beliefs of the
agents in the belief-group. This indirection allows an agent to hold contradictory beliefs
about other agents’ beliefs. For example, assume the following clause appeared in the

approach controller’s belief space:

approach:
blf(altitude (sun512,5000),
true,
[{sunb1211])

This would represent a belief that the approach controller had about the belief of the pilot

of Sundance 512, and might be read something like this: “Approach believes that Sundance
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512 thinks that the aircraft is at an altitude of 5000 feet.” Note that this belief would not

conflict at all with the following:

approach:
blf (altitude(sun512,4500),
true,
[ lapproach]])

and both beliefs could easily occur together in the approach controller’s belief space:

approach:
blf (altitude (sun512,4500),
true,
[ [approach]])

blf{altitude (sun512,5000),
true,
[[sunb512]1)

This might be read as: “The approach controller believes that Sundance 512 is at an altitude
of 4500 feet, although the controller realizes that the pilot thinks that the airplane is at 5000

feet.” Time for an altimeter check, clearly.

The truth-value representation does not capture the infinite gradations of uncer-
tainty that people are certainly capable of expressing. In this domain, however, agents have
unusually strong expectations about each others’ beliefs and intentions, so the simplified

range of truth values (t rue, false, unknown) is sufficient for the current purpose.

4.3.5 Belief Groups

The belief-group represents sets of agents who mutually hold a belief. A mutu-
ally-held belief is one that has been explicitly confirmed by the participating agents. For

example:
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conversational state is represented in terms of the agents’ separate and possibly conflicting
beliefs about the beliefs of other agents. An agent’s belief associates a belief-item and truth-
value to a belief-group of agents who, in the opinion of the believing agent, assign that
truth-value to the belief-item. This indirection allows an agent to hold contradictory beliefs
about other agents’ beliefs. The use of a flexible set representation makes this model able
to represent mutuality and inconsistency of belief in conversations involving more than two

agents.



Chapter 5

Analysis

5.1 Introduction

The previous chapter described a computational representation designed to sup-
port language understanding by modeling dialogue in terms of beliefs and intentions. In this
chapter, the use of this representation is illustrated by showing its application to a typical
dialogue in the air traffic control domain. A complete actual dialogue between an air traffic
controller and a pilot was explicated at the speech act level in terms of the conversants’
evolving beliefs and expectations. The full analysis and a detailed discussion may be found
in Appendix E. This chapter discusses the analysis at a more general level, focussing on the
characteristic patterns seen in the dialogue and on the representation issues that arose dur-

ing the analysis.

5.2 The Dialogue

The dialogue used in this example was selected from a larger corpus of air traffic
control dialogue [Ward 90b]; the dialogue is shown in its entirety in Figure 3. It represents
a complete conversation between an approach controller at Portland International Airport
and the pilot of a commercial flight approaching the airport to land. Controller and pilot are
cooperatively performing the task of guiding the aircraft through the controller’s airspace
to the appfoach gate, a point from which the pilot can begin flying a standard ILS landing
procedure. As discussed in Chapter 3, the ILS approach procedure consists of the following

steps:
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(108) Sun 512: Approach Sundance five twelve’s with you at five thousand,
one hundred on the heading one ninety on the speed.

(109) Approach: Sundance five twelve Portland Approach roger.

(110) Approach: Sundance five twelve maintain speed one seven zero.

(111) Sun 512: One seven zero, Sundance five twelve.

(114) Approach: Sundance five twelve turn left heading zero five zero.

(115) Sun 512: Left zero five zero Sundance five twelve.

(125) Approach: Sundance five twelve turn left heading zero one zero.

(126) Sun 512: Left zero one zero Sundance five twelve.

(127) Approach: Sundance five twelve descend and maintain four thousand
five hundred.

(128) Sun 512: Four thousand five hundred, Sundance five twelve.

(131) Approach: Sundance five twelve eight miles from Laker turn left

heading three one zero. Maintain four thousand five hundred
till established localizer cleared ILS two eight right
approach, maintain one seven zero knots until Laker.

(132) Sun 512: Three one zero uh four thousand five hundred we’ll maintain
uh, speed, (and cleared for the) ILS two eight right Sundance
five twelve.

(157) Approach: Sundance five twelve contact tower one one eight point
seven.

(158) Sun 512: Five twelve good-bye.

Utterance numbers are from the original transcript [Ward 90b]. See Appendix C for context.

Figure 3. Dialogue between Sundance 512 and Portland Approach
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» The pilot establishes communications with the approach controller. In
this dialogue, this takes place in utterances 108 and 109.

» The controller directs the aircraft to the approach gate by issuing a series
of vectors, seen here in utterances 110 through 128.

» The controller authorizes the pilot to begin the approach procedure
(utterances 131 and 132).

» The controller hands off the flight to the tower controller (utterances 157
and 158).

The ILS approach task was selected because it represents a common task and a
common form of interaction between pilot and controller. The 30 minutes of dialogue tran-
scribed in [Ward 90b] include seven complete examples of the ILS approach task and por-
tions of five more. Thus there are several samples available for analysis, and more can be
readily obtained. Also, the task is short; in the seven complete examples, the task is accom-
plished in just 13 to 29 utterances, with all but one being completed in fewer than 20 utter-

ances.

The Sundance 512 dialogue was selected for use in developing and illustrating
the initial representation because it is a good baseline dialogue for this task. It depicts each
step of the ILS approach procedure without including any unusual occurrences that would
unnecessarily complicate the initial analysis. Also, it does not include exchanges that are
not central to the ILS approach task, such as reports of other traffic or references to

exchanges with other pilots.

The absence of references to other dialogues is particularly important because
for this analysis the dialogue was removed from its original context. As was mentioned ear-
lier, ATC dialogue consists of largely separate, interleaved conversations. Between the
exchanges of this dialogue, the controller is talking with several other pilots. Pilots can hear
the controller’s conversations with other pilots, so they are forming and updating beliefs
about the actions and intentions of other pilots. Often these beliefs do not affect the pilot’s
own actions, and when that is the case the conversations may be extracted and analyzed

separately with minimal distortion.
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5.3 Characteristic Patterns in ATC Communications

The Sundance 512 dialogue includes several exchanges that are characteristic
of ATC communications: confirmation exchanges (utterances 108 and 109), directions
(utterances 110 through 128), explicit acknowledgments (utterances 109 and 111, for exam-
ple), and complex transmissions (utterances 108, 131, and 132). In this section, the confir-
mation exchange will be examined in detail to illustrate the reasoning behind the analysis

in Appendix E. The other patterns will be discussed in more general terms.

5.3.1 Confirmation Exchanges

ATC dialogue is unusual in that the conversants often hold strong expectations
about what the other knows and what the other will say. The ILS approach procedure is par-
ticularly predictable, even for an ATC task. Pilot and controller are both trained in ILS
approach procedures; each knows at least approximately what the other should do under
normal circumstances. The system is not infallible, however, and circumstances are not
always normal, so a certain amount of conversation is directed toward confirming informa-
tion that each thinks the other probably already knows or expects. In tracking the conver-
sants’ changing beliefs during such exchanges, the following pattern will frequently be

secn:

» Pilot and controller separately form similar beliefs.
» One conversant attempts to confirm the belief.

» The conversants each update their beliefs to reflect the newly-estab-
lished mutuality of the belief.

This pattern is discussed in more detail in the following paragraphs.

Initially, pilot and controller will separately form similar beliefs, generally
derived from different evidence. Each expects the other to hold similar beliefs, but they
have not yet confirmed that this is so. For instance, the pilot may believe that the aircraft is

flying at an airspeed of 190 knots and may think that the controller should know this from
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the information displayed on the radar console. Because this has not been confirmed — that
is, it is not yet mutually known — the belief representation will show the pilot and control-
ler in different belief groups, like this:
blf (airspeed ([sun512], 190),

true,

[[sun512], [approach]])
If this belief appeared in the pilot’s belief space, it might be read “the pilot of Sundance 512
believes that pilot and controller each believe that Sundance 512’s airspeed is 190 knots.

Pilot and controller have not yet confirmed this with each other, however.”

One conversant will then attempt to confirm the belief. This attempt is moti-
vated primarily by the fact that FAA procedures recommend or require this confirmation.
There is also a safety consideration, however, in that the evidence from which the beliefs
were derived may be in error: flight progress slips may be incorrectly entered, flight condi-
tions may have changed, instruments may be miscalibrated. Thus the conversants are
highly motivated to ensure that safety-critical beliefs are mutually understood. A common
method of confirming a belief is to report the belief and give the other an opportunity to
confirm or correct it. One conversant therefore forms the intention to report the belief to the
other, resulting in a belief structure that follows this pattern:

blf (intend ([sun512],
repont ([approach],
blf (airspeed ([sun512], 190),
true,
[[sun512], {approach]]))),
true,
[[sun512], [approach]])
This structure represents an agent’s belief that the pilot of Sundance 512 intends to confirm
with the approach controller the belief that Sundance 512°s airspeed is 190 knots. The agent
believes that the pilot intends to make this report and that the controller expects it. Until

knowledge of the airspeed is confirmed to be mutual, however, pilot and controller are rep-
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resented in separate belief groups. This belief is an example of the nested belief structure
discussed in the previous chapter. The inner belief clause represents the belief that will be
reported, while the outer belief clause represents the agent’s belief that pilot and controller
expect the report to occur. Note that this belief could appear in any agent’s belief space, rep-

resenting that agent’s expectation that the pilot will make the report.

The agent’s intention is expressed through some communicative act, often by
speaking a concise phrase identifying the belief. In this model, the intentions of the speaker
are represented in terms of acts that motivate the phrases that the speaker selects for the
communication. For example, the pilot’s intention to report the airspeed is seen as motivat-

ing the phrase one ninety on the speed that concludes utterance 108.

Upon hearing the utterance, the hearer attempts to infer the motivating acts that
underlay the speaker’s choice of words. The acts intended by the speaker may not always
match the acts inferred by the hearer, resulting in misunderstandings. This conversation
contains no evidence of misunderstanding, however, so in depicting the speech acts of this
dialogue only the intended acts of the speaker will be presented; the hearer’s interpretation

will be assumed to be similar.

After an utterance is made, the speaker’s beliefs are updated. These updates typ-

ically reflect:

» the speaker’s belief that the act occurred,

+ expectations that the hearer will give some evidence of understanding
(acknowledgment),

» expectations that the hearer will give some evidence of agreement (con-
firmation).

Upon successful completion of an utterance, the speaker’s belief space is

updated to reflect the speaker’s perception that the intended acts did indeed take place, e.g.,



blf (occurred ([sun512],
repont ([approach],
bif (airspeed ([sun512], 190),
true,
[[sun512], [approach]]))),
true,
[[sun512], [approach]])
As discussed in the previous chapter, “occurred” represents the agent’s memory of past
events. This structure, then, would represent an agent’s belief that the pilot had attempted

to confirm Sundance 512’s airspeed; the controller has not yet confirmed this, though.

The speaker also forms expectations that the hearer will respond with evidence
of understanding, some acknowledgment of the attempted act:
bif (intend ([approach],
acknowl ([sun512],
report ([approach],

blf (airspeed ([sun512], 190),
true,
[[sun512], [approach]})))),

true,
[[sun512], [approach]])

That is, the agent expects the approach controller to acknowledge the pilot’s report. Note
that this does not represent an expectation of agreement, only expectation that the utterance
will be acknowledged. The distinction is perhaps subtle, but it is necessary to express the

distinction between agreeing with a statement and merely understanding it.

In this dialogue, the conversants are attempting to confirm information that the
other should already have. The speaker will therefore also form strong expectations that the

hearer will in fact confirm the speaker’s statement:
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blf (intend ([approach],
report ([approach],
blf (airspeed ([sun512], 190),
true,
[[sun512, approach]]))),
true,
[[sun512], [approach]])
This structure represents the agent’s expectation that the approach controller will confirm
the report. Notice that only now does the representation begin to reflect mutuality of knowl-
edge; the agent expects that the controller will confirm that Sundance 512 is expected at
PDX (the inner, mutual belief) but has not yet received the confirmation (the outer, non-

mutual belief).

The speaker also believes that the intended speech act has been attempted,
although it is not yet known whether the act was successful, that is, whether the intended
recipient actually heard and correctly interpreted the utterance. The belief that originally
represented the speaker’s intention to perform the speech act, thereby serving as its moti-
vation, has served its purpose and may be removed. If the act was in fact unsuccessful, then
the speaker will become aware of that fact when the hearer fails to acknowledge the utter-
ance appropriately. At that time, an intention to re-attempt the communication can be rein-

stated from the unfulfilled expectation of acknowledgment.

Meanwhile, the beliefs of any agents who hear the utterance must also be
updated. If the transmission was understood and if the agents hold the expected beliefs —
or at least do not hold conflicting beliefs — the effect on the hearers will parallel the
changes made in the speaker’s beliefs:

» The hearers interpret the utterance as reflecting the speaker’s intention
to commit certain speech acts.

» The hearers form expectations that the agent being addressed will give
some evidence of understanding.

» The hearers form expectations that the agent being addressed will give
some evidence of agreement.



62

For simplicity, only the effects on the beliefs of the agent being addressed will
be tracked in this analysis (Appendix E), but in general it will be necessary to model the

beliefs of all agents able to hear the transmission.

5.3.2 Directions

Another common form of interaction occurs when a controller directs the pilot
to perform some action. In utterances 110 through 128 (Figure 3), for example, the
approach controller guides the aircraft through a series of speed, heading, and altitude
changes until it reaches a point from which it can begin flying the published approach pro-

cedure.

Recall that in the confirmation exchange, pilot and controller drew on different
sources of information to form similar beliefs. Directions, however, are marked by impre-
cise expectations on the part of the pilot. The pilot does not usually know in advance
exactly what directions to expect, only that directions will be given. In the dialogue ana-
lyzed here, for instance, the controller is guiding the pilot through the ARSA to the
approach gate. The pilot probably does not know the precise route that the controller will
use in directing the aircraft to the approach gate. The pilot can only expect an indefinite
number of directions that culminate in a final turn near the approach gate. This indefinite
expectation is represented by the notation <change> appearing in place of specific values
for airspeed, direction, and altitude. For example:

blf (intend ([approach],
direct ([sun512],
direction ([sun512], <change>))),
true,
[[sun512], [approach]])
represents an agent’s belief that the approach controller will direct Sundance 512 to change
heading, although the agent does not know exactly what the new heading will be. These

generalized expectations differ from the more specific expectations seen in the confirma-
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tion exchange in that they are not considered fulfilled and withdrawn when the pilot has
heard a single instruction of that type. Instead, the expectations remain in force until the
pilot is cleared onto the approach course, the point at which the pilot is authorized to begin

flying the approach procedure without further instructions from the controller.

5.3.3 Acknowledgments

In the dialogue in Figure 3, utterances occur in pairs; each initial transmission
is verbally acknowledged by the other. This acknowledgment often consists of a readback,

a verbatim repetition of a portion of the first speaker’s presentation:
(114) Approach: Sundance five twelve turn left heading zero five zero.
(115) Sun512: Left zero five zero Sundance five twelve.

Notice that the controller does not reply to the pilot’s acknowledgment, nor does
the pilot expect a reply. This is in accordance both with recommended ATC procedure and
with Clark’s rules for evidence of understanding [Clark 89]. The initial acknowledgment
was made in the form of the fairly strong display of understanding. It should be followed
by some weaker evidence of understanding, either initiation of the next relevant contribu-
tion (in this case, there was none) or with continued attention (silence). Strictly speaking,
this would be represented as an expectation of acknowledgment that is fulfilled after the
pilot has passed up an opportunity to initiate a correction or clarification to the controller’s
contribution. For simplicity, this step will not be represented explicitly in the analysis in

Appendix E.

5.3.4 Complex Transmissions

As was discussed in Section 3.2.2, the radio channel is a constrained resource,
especially in the crowded airspace around busy airports. Conversants respond to the

crowded channels by packing multiple speech acts into a single complex transmission



which may be hard to understand and which potentially requires an equally complex
response. The half-duplex modality makes the overhead of providing conversational feed-
back high, yet safety considerations make confirmation vital. The result is a tension
between the need for communicative efficiency and the need for a high degree of assurance

that mutuality has been achieved.

This tension can be seen in two complex transmissions found in the Sundance
512 dialogue. In the first exchange, the conversants’ strong expectations and the mutuality
of their belief permit an extremely terse, efficient response to a complex transmission. In
the second example, less-precise expectations prompt a more verbose response, although
mutuality of belief still explains several omissions in the readback. These contrasting
examples will be examined more closely in Sections 5.3.4.1 and 5.3.4.2. In Section 5.3.4.3,

the representation issues raised by these complex transmissions will be discussed.

5.3.4.1 Communicative Efficiency

The constraints of the radio modality encourage the use of complex transmis-
sions; instead of contributing a single item and waiting for evidence of understanding
before continuing, conversants tend to package multiple speech acts together and transmit

them in a single rapid-fire utterance. For example, the dialogue opens with this exchange:

(108) Sun512: Approach Sundance five twelve’s with you at five thousand,
one hundred on the heading one ninety on the speed.

(109) Approach: Sundance five twelve Portland Approach roger.

In utterance 108, the pilot intends four speech acts. The pilot’s primary purpose
is to establish contact with the controller; this is signalled by the use of the phrase with you.
As part of the same transmission, however, the pilot also attempts to confirm that the alti-
tude, direction, and airspeed information shown on the cockpit instruments matches the

information being displayed on the controller’s console.
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In this case, the controller is able to respond quite efficiently to the pilot’s com-
plex transmission. The phrase Sundance five twelve Portland Approach formally
acknowledge and confirm that contact has been made, and the single word roger suffices
to acknowledge and confirm the pilot’s other three speech acts. This communicative effi-
ciency is possible because of the strong expectations and beliefs that underlie this
exchange. Each conversant believes that the other should know the aircraft status, although
each derives the information from a different source. Both therefore strongly expect the
controller to acknowledge the acts in utterance 108 and to confirm the altitude, heading, and
airspeed information. These strong expectations will encourage both parties to accept even
moderately weak evidence of understanding as acknowledgment; anything less than an
explicit statement of disagreement is likely to be taken as both confirmation and agreement.
This is reflected in the terseness of the controller’s reply. In the absence of evidence to the
contrary, the strong expectations set up by procedures and by the multiple sources of infor-
mation within the ATC system permit the conversants to interpret an extremely efficient

response correctly.

What might have constituted “evidence to the contrary” had the controller not
intended to acknowledge and confirm the utterance? The problem-filled conversation
shown in Figure 1 offers an example. In utterances 82 and 83, the controller understood
enough of the transmission to realize that someone had attempted to contact Portland

Approach. The controller was unable to understand the aircraft identification, however:
(82) Ford 645: Portland Approach, Ford Trimotor niner six four five.
(83) Approach: ((garbled)) Portland Approach say again?

The controller’s intentions in this exchange would be represented as:



blf (intend ([approach],
acknowl( [<unknown>],
contact ([approach))),
true,

[[approach]])

blf (intend ([approach],
report ([<unknown>],
blf (occurred ( [<unknown>],
contact ([approach])),
false,

[[approach]])),
true,

[[approach]])

The controller acknowledged the attempt to contact by replying Portland Approach, but
indicated that the attempt was unsuccessful with the request for clarification say again?
The formal contact is not successfully completed until the controller finally confirms the

aircraft identification in utterance 91 (Figure 1).

5.3.4.2 Assurance of Mutuality

The opening exchange of the Sundance 512 dialogue demonstrates the commu-
nicative efficiency that can be achieved when conversants are confirming information that
each believes the other already knows. In contrast, utterances 131 and 132 are typical of the
exchanges that occur when mutuality is less certain. In this exchange, the approach control-

ler authorizes the pilot of Sundance 512 to begin the approach procedure:

(131) Approach: Sundance five twelve eight miles from Laker turn left
heading three one zero. Maintain four thousand five
hundred till established localizer cleared ILS two eight right
approach, maintain one seven zero knots until Laker.

(132) SunS512: Three one zero uh four thousand five hundred we’ll maintain
uh, speed, (and cleared for the) ILS two eight right Sundance
five twelve,
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The controller’s transmission is the longest in the entire dialogue, using 34

words to express five speech acts:

» A report of the aircraft position (eight miles from Laker).

* An instruction to the pilot to turn to intercept the final approach course
(turn left heading three one zero).

* An authorization for the pilot to execute a particular approach procedure
(cleared ILS two eight right approach).

e Altitude and speed assignments to be observed until the aircraft is estab-
lished on a segment of the approach procedure (Maintain four thou-
sand five hundred till established localizer ... maintain one seven
zero knots until Laker).

Despite the amount of information contained, this transmission is delivered at
the same rapid-fire pace as the rest of the dialogue. One would expect this to be difficult or
impossible to follow, and in fact non-pilots do find this utterance to be nearly unintelligible
[Novick 92]. How does the pilot understand it? One explanation is that although the pilot
probably cannot anticipate exactly what instructions the controller will give, the pilot can
strongly expect to receive the instructions in the order given. The arrival instructions are
largely boilerplate; FAA procedure requires the controller to include all but the speed
assignment. The standardized format helps the pilot to focus on the most important words:
eight miles, heading three one zero, two eight right, four thousand five hundred, and

one seven zero knots.

The pilot’s response in utterance 109 supports the boilerplate hypothesis and
points up the importance of mutuality of belief in explaining the acceptability of a non-stan-
dard response. Notice that the pilot’s response consists mostly of the “important” words

identified above:

(132) SunS512: Three one zero uh four thousand five hundred we’ll maintain
uh, speed, (and cleared for the) ILS two eight right Sundance
five twelve.



There are notable omissions in the pilot’s readback of this long and complex
transmission: the identifying words heading and knots have been dropped; the pilot says
the word speed but fails to repeat the actual speed assignment; the position report has dis-
appeared altogether. Despite these omissions, the controller is apparently satisfied with the

response; there is no request for clarification.

This non-standard response — and its acceptability to the controller — can be
explained in terms of the conversants’ ability to make use of the growing mutuality of
knowledge to increase the efficiency of their exchange. The pilot gives the strong display
evidence of understanding to show that the new information has been successfully under-
stood, but omits the redundant words heading and knots for the sake of communicative
efficiency; the controller is expecting this information, so it is easily interpretable in the cur-
rent context of the conversation. The pilot acknowledges the speed restriction even more
generally with we’ll maintain uh, speed, indicating the pilot’s understanding that the cur-
rent aircraft speed is not to change. Note that neither the actual speed assignment nor the
position report is read back. Both of these are items of information that each conversant
believes the other already knows; mutuality of knowledge permits them to be understand-

ably omitted.

Another example of general conversational principles explaining an acceptable

deviation from standard phraseology is seen in the final exchange in the dialogue:

(157)  Approach: Sundance five twelve contact tower one one eight point
seven.
(158) Sun512: Five twelve good-bye.

The pilot’s response good-bye is not approved phraseology. It is, however, a
relevant next contribution [Clark 89], and as such strongly signals understanding and

acceptance of the controller’s contribution.
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5.3.4.3 Representation of Complex Transmissions

How should complex transmissions such as utterance 131 be represented? This
analysis presents them in terms of multiple speech acts (e.g., utterance 131 in Table 46). If
the conversants do in fact consider the first part of utterance 131 to be a single long standard
phrasel then perhaps it might be better expressed as a composite instruction consisting of
four sub-instructions that may, in other conditions, occur independently. This would argue

for a hierarchy of speech acts that is not captured by this model.

The main contribution of the notion of a composite instruction would be the
expectation that all components will be issued together. This same expectation can be cap-
tured without introducing the composite act by appealing to the task structure and the need
for mutually confirming critical information: this is the last vectoring instruction that the
controller will issue before the pilot begins executing the published approach procedure.
While executing the approach procedure, the pilot will maneuver without explicit instruc-
tions from a controller, so the controller takes this last opportunity to confirm certain critical
information — the aircraft position — before stating the altitude, speed, and direction
assignments that are to be observed until the pilot can begin the standard approach proce-
dure. Thus, the complex instruction can be motivated in terms of task within the simpler,

non-hierarchical representation.

5.4 Shortcomings

The belief representation presented in this thesis fails to capture certain nuances
of the Sundance 512 dialogue, particularly in representing the imprecise expectations that

mark the pilot’s acceptance of the controller’s instructions. It does not capture “reasonable-

1. That is, the utterance up to the speed assignment. The speed assignment is not part of the standard
arrival instructions, but may have been added to ensure that minimum aircraft separation require-
ments were met. Notice that it occurs after the standard parts of the arrival instructions and is pre-
ceded by a slight pause, which is consistent with the view that the controller did not think of it as
part of the arrival instructions but as a separate instruction.
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ness checks” in the conversants’ expectations; for instance, the pilot does not expect to be

directed to slow to 40 knots and would certainly protest if asked to do so.

Strength or immediacy of expectation is not captured either. For instance, a pilot
flying under instrument flight rules may receive instructions to change course, speed, or
altitude at any time. At some level, then, a pilot must always hold “background” expecta-
tions that capture this expectation while reflecting the pilot’s lack of foreknowledge as to
when directions will be given and precisely what they will be. At this stage of the flight,
these expectations are intensified and made more immediate; instead of merely recognizing
that the controller may issue vectors, the pilot now positively expects that the controller will
issue vectors to guide the aircraft to the approach gate. In fact, the pilot would be quite sur-
prised if the controller failed to do so. This representation does not differentiate between
the expectation that something may reasonably occur and the expectation that something
should certainly occur. This distinction has implications for motivating and explaining dia-
logue. One would not expect someone to question the lack of an instruction that was rec-
ognized as possible but not strongly expected. A pilot would almost certainly say
something if the controller failed to begin issuing vectors to the approach within a reason-

able length of time, though.

Because this model does not capture time or more general conditional instruc-
tions, the “until” clauses seen in utterance 131 are not represented. Although this is not ade-
quate for ATC instructions in general, it is acceptable in this case; the “until” clauses refer
to conditions that would normally supercede the controller’s instructions anyway. Once
established on the localizer, the pilot is expected to descend along the glideslope defined by
the localizer. After passing the Laker beacon, the pilot should be adjusting speed in accor-
dance with approach procedure and the performance characteristics of the aircraft. A more

general representation might include a “conditions” clause on all instructions, however.
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5.5 Summary

This chapter discussed the issues that arose in modelling a complete ATC dia-
logue in terms of the beliefs and goals of the conversants. From this analysis, typical pat-
terns emerged. Conversants separately form similar beliefs based on separate inputs, then
attempt to confirm the mutuality of the belief. As utterances are made and acknowledged,
speaker and hearer form beliefs about what speech acts are intended by the utterance and
form expectations that the act will be acknowledged and confirmed. These expectations
form a strong context that permit the conversants to easily recognize the speech acts moti-
vating terse responses that might otherwise be ambiguous. Finally, the fulfilled expecta-
tions are deleted and beliefs about the state of the world are updated to reflect the newly-

confirmed information.

The model succeeds in accounting for several aspects of the dialogue that a
strict reading of the approved FAA phraseology does not. The abbreviated readbacks seen
un utterances 109 (discussed in appendix E.2), utterance 132 (appendix E.4), and utterance
158 (appendix E.5) are non-standard, but the strong expectations of the conversants cou-
pled with general conversational principles allowed the hearer to correctly deduce the acts
intended by the speaker. In utterance 110, a potentially confusing instruction to “maintain”

a new speed was correctly interpreted in a similar fashion (discussed in appendix E.3).

The model does not, however, capture several nuances of the exchange, notably
reasonableness limits in the conversants expectations, immediacy or intensity of belief,

time, and conditional instructions.



Chapter 6

Conclusions

The goal of this work is to develop a computational model for dialogue at the
speech act level in a real-world domain. Such models are expected to prove useful in future
spoken language understanding systems for two reasons. First, dialogue models provide a
means for tracking the state of the dialogue at a high level, which may help limit the number
of possibilities that the speech recognition component must consider in interpreting the
acoustic signal. Second, speech act models provide a basis for linking an utterance to the
speaker’s goals and beliefs, thus providing a basis for reasoning about the speaker’s

intended meaning.

The domain chosen for this study was that of air traffic control dialogue. ATC
dialogue exhibits several characteristics that make it particularly suitable for dialogue mod-
eling: Context, roles, and vocabulary are unusually structured; tasks are short and well-doc-
umented; the reliance on radio communications minimizes such difficult-to-capture
phenomena as non-verbal communications and overlapping speech. Despite these charac-
teristics, ATC dialogue is unconstrained conversation between people engaged in real-

world tasks.

This thesis presents a computational representation in which the evolving con-
text of the dialogue is represented in terms of the mutuality of belief established by the con-

versants. An agent’s perception of the dialogue is represented as a set of beliefs about:

» Acts that agents have performed,

» Acts that agents intend to perform,
72
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¢ The state of objects in the domain.
Utterances that the agent hears or produces are interpreted or intended as speech acts in
light of that agent’s beliefs. Each agent’s belief space is separate; thus, agents may hold
conflicting beliefs and may place conflicting interpretations upon the same utterance (mis-

understanding).

A key contribution of this model is the representation of mutuality of belief in
terms of belief sets. Belief sets capture both an agent’s understanding of who believes a
given piece of information and the mutuality that the agents holding that belief have estab-
lished among themselves. This representation allows an agent to hold beliefs about other
agents’ possibly conflicting beliefs (“I believe A but he believes B.”) as well as allowing
agents to hold beliefs about the mutuality of their knowledge (“She and I have established
that we both believe A; he should also believe A, but we have not yet confirmed that.”). The
belief set representation is flexible enough to represent and reason about mutuality combi-
nations involving any number of agents, thus supporting the modelling of multi-agent con-

versations.

To test and refine the initial model, radio exchanges between air traffic control-
lers and pilots were taped and transcribed. A complete dialogue, consisting of all exchanges
between the controller and the pilot of a commercial flight approaching the airport to land,
was selected for detailed analysis. A small set of speech acts and associated domain facts
was developed to represent the dialogue events seen in that conversation. The dialogue was
then explicated at the speech act level in terms of the beliefs and intentions of the conver-
sants. From this analysis, it can be seen that the model captures sufficient conversational

context to motivate and explain actual dialogue.

This study is part of a larger effort directed toward improving the performance
of spoken language understanding systems. Future work, then, will include expanding this

model to account for a larger subset of ATC dialogue and incorporating the resulting model
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into a working spoken language understanding system. The first steps in this long-range
goal will be to implement a working example of this model and to define the rules needed
to effect the transition from one conversational state to the next. These will be tested against
a broader sample of ATC dialogue using saso, a rule-based shell for modeling multi-agent

interactions [Novick 90].
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Appendix A

Glossary of Air Traffic Control Terms

This glossary includes ATC terms that are used in this document plus local

terms that occur in the transcript in Appendix C. The definitions given are deliberately sim-

plified; the intention is to provide sufficient information to permit the non-pilot to under-

stand their use in this document.

28 Right Approach

Active Runway

Alfa

Approach Control

ARSA
ARTCC

ATC
ATIS

City, the

See ILS RWY 28R Approach.

Many airports have several runways to accommeodate various
weather conditions. The one that is currently being used is
called the active runway.

FAA-approved pronunciation of the letter “A.” FAA documen-
tation uses the spelling “alfa” instead of “alpha.”

The controller working the Approach position in a TRACON.
This controller is responsible for coordinating aircraft as they
approach a moderately-busy airport, e.g., Portland Interna-
tional. Also called Approach, Departure.

Approach Radar Service Area, the airspace around a moder-
ately-busy airport (e.g., Portland International).

Air Route Traffic Control Center, the radar facility responsible
for coordinating traffic between airports.

Air Traffic Control.

Automatic Terminal Information Service. A continuous radio
broadcast of recorded information about airport conditions, e.g.,
wind, visibility, altimeter setting, active runway. The ATIS
broadcast frequency is identified on the pilot’s charts.

The downtown area of Portland, Oregon; about 5 NM from
PDX.

82



Cleared

Contact

Control Tower

Departure
Enroute Controller
Established on the

Localizer
Flight Progress Slip

Flight Plan

Foxtrot

Ground Controller

Handoff

Heading

Ident

ILS

83

Authorized. Controllers use this term in authorizing pilots to
perform certain actions, e.g., to begin flying a standard
approach procedure.

To establish two-way communications with.

The controller position that has responsibility for coordinating
traffic on the runways.

See Approach Control.

The controller position that has responsibility for coordinating
traffic between airports.

The aircraft is flying along the path defined by the localizer.

A summary of the flight plan filed by the pilot. The flight strip is
automatically printed at each facility along a pilot’s route
shortly before the aircraft is scheduled to arrive and is updated
by controllers as the flight progresses.

Information filed by an IFR pilot describing the intended flight.
It includes aircraft information, route, and expected time of
arrival.

FA A-approved pronunciation of the letter “F,” used in utterance
151 (Appendix C) to refer to the current ATIS broadcast.

The controller position that has responsibility for coordinating
traffic on the taxiways within an airport. Also called Ground.

The act of formally transferring responsibility for an aircraft
from one controller to the next.

Compass direction, given in degrees.

A request (instruction) for a pilot to activate the aircraft tran-
sponder identification feature. This has the effect of highlight-
ing the radar image of the aircraft on the controller’s radar
display so that the controller can more easily associate the air-
craft with the correct radar image.

Instrument Flight Rules. The regulations that govern aircraft
operation when flying by reference to instruments only, €.g., in
poor weather.

Instrument Landing System. A IFR navigation system that is
used to guide aircraft to the airport and to the active runway.



ILS 28 Right Approach

Laker

Localizer

Looking
McMinnville

Niner
NM
PDX

Readback
River, the

Roger

Seattle Center

Squawk

Tower
TRACON

Traffic

ILS RWY 28R Approach, an instrument approach to PDX that
results in aircraft landing on the Runway 28. See Appendix F.

A Non-Directional Radiobeacon southeast of PDX. Laker is
one of the marker beacons that define the ILS 28R approach
into PDX. See Appendix F.

A directional radio beam, part of an ILS. The localizer defines
the path that the aircraft should follow in descending to the run-
way.

The pilot is looking for traffic (nearby aircraft) that the control-
ler has just pointed out.

A smaller, uncontrolled airport about 30 NM southwest of
PDX.

FA A-approved pronunciation of the number nine.
Nautical mile(s).

Portland International Airport, located in Portland, Oregon.
This is a moderately-busy airport with an ARSA. See Appendix
E

The recipient of a transmission repeats back all or part of the
transmission to verify that it was understood correctly.

The Columbia River. Portland International (PDX) is located on
the south bank of the Columbia. See Appendix F.

“I have received your last transmission.” In dialogue terms, the
FAA defines this to be an acknowledgment and not an agree-
ment. However, it is often used to convey agreement.

The ARTCC facility that controls the airspace over most of
Washington and northern Oregon.

A request (instruction) for a pilot to set the aircraft transponder
to emit a particular code. This code is displayed on the control-
ler’s radar console so that the controller can more easily associ-
ate the radar image with the correct aircraft.

The Tower Controller. See Control Tower.

Terminal Radar Approach Control, the facility from which an
Approach Controller operates. This facility coordinates traffic
around moderately-busy airports.

Other aircraft nearby. The controller uses this term to notify a
pilot of nearby aircraft.



Traffic

Traffic no longer a factor

Transponder

Troutdale

Vectors

VFR

Visual 28 Left
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Other aircraft nearby. The controller uses this term to notify a
pilot of nearby aircraft.

Other aircraft are no longer nearby. This phrase is used to can-
cel a traffic warning, See Traffic,

A radar transmitter/receiver installed in an aircraft. It responds
to certain radio signals with information about the aircraft, e.g.,
a squawk code and altitude information. This information is dis-
played on the controller’s radar console.

A smaller, controlled airport about 8 NM east of PDX. See
Appendix F

Instructions from controller to pilot to change speed, heading,
or altitude.

Visual Flight Rules. The set of regulations that govern aircraft
operations when navigating by visual reference to the ground.

An approach procedure into Portland International Airport. See
Appendix F.



Appendix B

Transcription Conventions

In this transcript, an utterance is defined to be a single transmission directed

toward a single recipient. That is, an utterance is ended when either:
» the speaker begins addressing a different recipient, or
« the speaker ends the transmission (by closing the microphone).

Each utterance is numbered and labeled with the speaker, if known, or with “Unknown” if

the speaker’s identity could not be determined.

The end of a transmission is typically accompanied by a pause of a second or
so while other potential speakers realize that the channel is available. These brief pauses
are not noted in the transcript. Pauses longer than two or three seconds are marked as
untimed pauses (see below), and indicate that no conversant who could transmit wished to
do so. The determination of whether a pause had occurred was made subjectively by the

transcriber.

Except for the notation indicated below, words are spelled using standard spell-
ings. No attempt was made to depict alternate pronunciations that may have been used

(e.g., “goin” for “going”).

: (colon) Denotes a lengthened sound within a word.

- (dash) Indicates a stop, a cutting off of sound. In mid-utter-
ance, it denotes a verbal hesitation. It also occurs at
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(words in parenthesis)

((words in double parenthesis))
. (period)

? (question mark)

, (comma)

()
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the end of an utterance when the microphone is
closed before the speaker finishes speaking.

Transcriber was uncertain of the words.
Transcriber notes.

A full stop, with falling intonation.

A rising intonation.

A short pause with slight falling intonation, less than
that indicated by a period.

Untimed pause between utterances.



Appendix C

Full Transcript Containing Sundance 512 Dialogue

This appendix is extracted from a longer corpus of ATC dialogue [Ward 90b].

It begins with the first utterance of the Sundance 512 dialogue and includes all transmis-

sions made on the channel through the end of the Sundance 512 dialogue. The intent is to

provide additional context for this conversation. Notation and transcription conventions are

described in Appendix B. Local terms are defined in Appendix A.

(108)

(109)

(110)

(111)

(112)

(113)

(114)

Sun 512:

Approach:

Approach:

Sun 512:

Approach:

Delta 1443:

Approach:

(.)

Approach Sundance five twelve’s with
you at five thousand, one hundred on
the heading one ninety on the speed.

Sundance five twelve Portland
Approach roger.

(.)

Sundance five twelve maintain speed
one seven zero.

One seven zero, Sundance five
twelve.

(.)

Delta fourteen forty three turn left
heading three one zero join the
localizer.

Delta fourteen forty three, three
one zero join the local-.

Sundance five twelve turn left
heading zero five zero.
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(115)

(116)

(117)
(118)

(119)

(120)
(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

Sun 512:

Approach:

Ford 645:

Horizon 182:

Approach:

Horizon 182:

Approach:

Delta 1443:

Approach:

Delta 1443:

Approach:

Sun 512:

Approach:

Sun 512:
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Left zero five zero Sundance five
twelve.

Ford Trimotor six four five contact
approach one one eight point one.

Eighteen one, roger.

Portland Approach Horizon, uh one
eighty two visual (two eight left).

Horizon one eighty two roger contact
tower one one eight point seven.

((Garbled)) (one eighty two).

Delta fourteen forty three you’ve
got niner miles to Laker maintain
three thousand till established on
the localizer cleared ILS two eight
right approach maintain one seven
zero knots until Laker.

Delta fourteen forty three, cleared
for the ILS to two eight right and
uh, maintain three thousand, till on
the localizer.

Delta fourteen forty three that'’s
correct and maintain one seven zero
knots until Laker.

Copy one seven zero knots till Laker
Delta fourteen forty three, thank
you,

(.)

Sundance five twelve turn left
heading zero one zero.

Left zero one zero Sundance five
twelve.

(.)

Sundance five twelve descend and
maintain four thousand five hundred.

Four thousand five hundred, Sundance
five twelve.



(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)
(140)

Expo 92:

Approach:

Approach:

Sun 512:

Approach:

Expo 92:

Approach:

Delta 1443:

Bonanza 64A:

Approach:

Expo 92:
Approach:

(.)

Portland Approach Expo nine two out
of sixty five.

Expo nine two Portland Approach
roger.

Sundance five twelve eight miles
from Laker turn left heading three
one zero. Maintain four thousand
five hundred till established
localizer cleared ILS two eight
right approach, maintain one seven
zero knots until Laker.

Three one zero uh four thousand five
hundred we’ll maintain uh, speed,
(and cleared for the) ILS two eight
right Sundance five twelve.

Expo nine two reduce speed to one
seven zero descend and maintain four
thousand five hundred.

One seven zero on the speed, and
down to forty five.

(.)

Delta fourteen forty three traffic
one-o-clock two miles maneuvering
vicinity Troutdale altitude
unknown.

Fourteen forty three: looking.

(.)

Portland Approach Bonanza three
three six four alpha, three point
five.

Expo nine two turn left heading zero
two zero.

Zero two zero, Expo nine two.

Bonanza six four alpha Portland
Approach roger.



(141)

(142)
(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

Approach:

Expo 92:
Approach:

Delta 1443:

Bonanza 64A:

Approach:

Bonanza 64A:

Approach:

Expo 92:

United 169:

United 169:
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(.)

Expo nine two turn left heading
three six zero.

Three six zero Expo ninety two.

Delta fourteen forty three traffic
no longer a factor contact tower one
one eight point seven.

Delta fourteen forty three.
(.)

Portland Approach Bonanza three
three six four alpha, request
immediate lower traffic ILS maintain
VFR over.

Bonanza six four alpha maintain at
or above two thousand five hundred
will that be uh low enough
correction high enough (for you)?

Think so, thank you very much.
(.)

Expo nine two you’re niner miles
from Laker turn left heading three
one zero, maintain three thousand
till established on the localizer,
cleared ILS runway two eight right
approach, maintain one seven zero
knots until Laker.

That’s two one, uh zero on the
heading and, uh- one seven till
Laker.

(.)
{United) one sixty nine Portland.
(.)

Portland Approach United one uh
sixty nine with you out of nine
seven with foxtrot.



(152)

(153)

(154)

(155)

(156)

(157)

(158)

Approach:
United 169:

Approach:
United 169:
Approaéh:
Approach:

Sun 512:

92

United one sixty nine Portland
Approcach descend and maintain five
thousand five hundred.

OK down to five thousand five
hundred and uh what was (about the)
speed?

Bonanza or correction United one
sixty nine normal speed.

Normal speed down fifty five
hundred, is that affirmed?

That’s affirmative United one sixty
nine.

Sundance five twelve contact tower
one one eight point seven.

Five twelve good-bye.
(.)



Appendix D

Act and State Definitions

The acts and states used in the analysis are defined here. Note that this is by no
means a complete list of the acts needed to explain all ATC dialogue; it represents only the

acts and states needed to represent this particular dialogue.

D.1. Acts

Often acts are divided into speech acts, which accomplish their goals through
the use of language, and domain acts, which are everything else. In this definition I have
made no distinction between the two. I justify this with the observation that many so-called
“speech” acts can be accomplished equally well without words and so the distinction in
many cases between speech acts and domain acts is arbitrary. In this case, the purpose is to
model the dialogue that actually occurred, so acts which pertain more to the physical world

are cither absent or represented only at a very high level.

Acts are being modelled at a high level. Preconditions and effects are repre-
sented only to the degree necessary to understand the communication, and are necessarily
incomplete. For instance, the preconditions for a departure would technically include —
among other things — a requirement that the pilot be legally and physically able to fly the
aircraft in question, that the plane be fueled and ready to fly, that the pilot had filed a flight
plan (if this is to be an IFR flight), and so on. These considerations do not generally enter
in to the dialogue between pilot and approach controller, though, and so may be omitted

without compromising understanding.
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Acknowledge

acknowl ([target—agent], act)

Preconditions: To perform or recognize an acknowledgment, an agent must believe that:
» some action was performed by one “acting’ agent,
» the action was directed toward another “target” agent,

» the “target” agent has not yet acknowledged the “acting”
agent’s action,

+ the “acting” agent expects an acknowledgment.

Effects: Upon successful completion of an acknowledge act, the agent will believe
that the “acting” agent and the “target” agent mutually believe that:

« the action was acknowledged by the “target” agent.

Example: The approach controller acknowledges Sundance 152 ‘s attempt to contact
approach:

approach:
act (acknowl ([sun512], contact (approach))
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Authorize
authorize ([target-agent], act)

Preconditions: To perform or recognize an authorization, an agent must believe that:
» the “target” agent wishes to perform the action,

+ the “target” agent has not yet been authorized to perform
the action,

» the “target” agent is able to perform the action,

o the “target” agent should not perform the action unless
authorized,

» the “authorizing” agent is able to authorize the other agent
to perform the action (in this domain, this generally means
that the “authorizing” agent is a controller),

Effects: Upon successful completion of an authorize act, the agent will believe that
the “authorizing” agent and the “target” agent mutually believe that:

+ the “target” agent is authorized to perform the action.

Example: The approach controller authorizes the pilot of Sundance 152 to contact
the tower controller:

approach:
act (authorize([sun512], contact (tower))



Contact

Preconditions:

Effects:

Example:

Notes:

contact ([target-agent])

To perform or recognize a contact act, an agent must believe that:

» the “contacting” agent and the “target” agent are not in
two-way communication,

» the “contacting” agent intends to establish two-way com-
munication with the “target” agent.

Upon successful completion of a contact act, the agent will believe that the
“contacting” agent and the “target” agent mutually believe that:

+ they have established two-way communication with each
other.

The approach controller believes that the pilot of Sundance 512 intends to
establish communications with Approach.

approach:
blf (intend( [sun512],
contact ( [approach])
true,
[{approach], [sun512]1])

contact in Air Traffic Control is the formal domain task of establishing
two-way communication between pilot and controller. Its successful com-
pletion requires that both pilot and controller have addressed each other
by identification, that is, the contact act is not completed if the controller
has failed to understand and repeat the pilot’s call sign.



Direct

Preconditions:

Effects:

Example:
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direct ([target-agent], act)

To perform or recognize a directing act, an agent must believe that:

 the “directing” agent intends for the “target” agent to per-
form the action,

» it is not obvious that the “target” agent would otherwise
perform the action,

« the “target” agent is able to safely perform the action,

» the “directing” agent is in a position of authority over the
“target” agent. In this domain, the “directing” agent will
often be a controller and the “target” agent will be a pilot.

Upon successful completion of a directing act, the agent will believe that
the “directing” agent and the “target” agent mutually believe that:

» the “target” agent has been directed to perform the action,

» the “target” agent will either perform the action or will
object to the instruction.

Seattle Center directs the pilot of Sundance 512 to contact the approach
controller:

seattle:
act (direct ([sun512],contact ( [approach]))
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Report
report ([target-agent], belief)

Preconditions: To perform or recognize a report, an agent must believe that:

+ the “reporting” agent and the “target” agent have not yet
established the belief as being mutually known between
them,

+ the” reporting” agent intends that the *“target” agent know
that the “reporting” agent holds the belief.

Effects: Upon successful completion of a report act, the agent will believe that the
“reporting” agent and the “target” agent mutually believe that:

¢ the “reporting” agent holds the belief.

Example: The pilot of Sundance 512 reports to the approach controller that the air-
craft is at an altitude of 5000 feet.

sunb512:
act (report ( [approach],
blf (altitude ([sun512]},5000),
true,
[ [sun512]1)))



Request

Preconditions:

Effects:

Example:

Notes:

request ([target-agent], act)

To perform or recognize a request act, an agent must believe that:

» the “requesting” agent intends for the “target” agent to per-
form the action,

» itis not obvious to both that the “target” agent would oth-
erwise perform the action,

+ the “target” agent is able to safely perform the action.

Upon successful completion of a request act, the agent will believe that the
“requesting” agent and the “target” agent mutually believe that:

+ the” requesting” agent has requested that the other agent
perform the action,

» the “target” agent will respond with a report indicating
whether the “target” agent intends to perform the action or
not.

Cessna N69016 requests the approach controller to authorize the pilot to
contact the tower controller:

N69016:
act (request ( [approach],
authorize ([N69016],
contact ([tower])))

Note that, unlike a direct act, a request carries no expectation that the agent
will comply. Note also that the preconditions for a request differ from the
preconditions of a direction primarily in the relative authority of the
agents.
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D.2. States

A small number of domain states are mentioned in the example dialogue. These

are defined briefly here.

approach-in-use (facility, approach-procedure)

Definition: An airport may have several published landing procedures, designed to
handle various weather conditions, etc. At any given time, some subset of
these procedures will be in use.

Example: Seattle Center informs the pilot of Sundance 512 that the ILS-28R
approach is in use at PDX:

seattle:
act (report ( [sun512],
approach-in-use (pdx, ILS-28R)))

airspeed ([object], number)

Definition: An object’s speed with respect to the air, also called Indicated Airspeed.
This is the speed shown on the aircraft airspeed indicator, and is the speed
normally used in pilot/controller communications. Note that this is not
generally the same as groundspeed (the speed with respect to the ground)
or the True Airspeed (the airspeed relative to undisturbed air) [FAA 89, p.
A-7].

Example: Sundance 512 informs Portland Approach that the aircraft’s airspeed is
190 knots:

sunb512:
act (report ( [approach],
airspeed([sun512],190)))



Definition:

Example:

Definition:

Example:
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altitude ([object], number)

The height of a level, point, or object measured in feet Above Ground
Level (AGL) or from Mean Sea Level. [FAA 89, p. A-9]. In these dia-
logues, often refers to indicated altitude, that is, the altitude as shown by
an altimeter (e.g., in the aircraft).

Sundance 512 informs Portland Approach that the aircraft’s indicated alti-
tude is S000 feet:

sun512:
act (report (approach],
altitude([sun512],5000)))

destination ([aircraft], facility)
The agent’s destination is the facility.

Approach believes that Sundance 512’s destination is Portland Interna-
tional:

approach:
blf (destination([sun512], pdx),
true
[ [approach, sun512]1)



Definition:

Example:

Definition:

Example:
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direction ([aircraft], degrees)
The compass heading that the aircraft is flying, in degrees.

Approach believes that Sundance 512 is flying on a heading of 050
degrees:

approach:
blf (direction({sun512],050),
true
[ [approach, sun512]1])

position ([aircraft], marker, distance)
The position of an aircraft relative to some reference point.

Approach believes that Sundance 512 is eight miles from the Laker
marker beacon:

approach:
blf (position([sun512], laker, 8),
true
[ [approach, sun512]])



Appendix E

Speech Act Representation of a Sample Dialogue

In this appendix, a representative dialogue (Figure 4) is represented in terms of
speech acts. The analysis is presented in sections corresponding to the steps of the task.
First, the initial beliefs of the conversants are represented, then the initial callup (Section
E.2), vectors (Section E.3), arrival instructions, (Section E.4), and the handoff (Section
E.5). Within each section, the task and the issues that arose in representing it are discussed

first, then the representation itself is presented with explanatory notes.
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(108) Sun 512: Approach Sundance five twelve’s with you at five thousand,
one hundred on the heading one ninety on the speed.

(109) Approach: Sundance five twelve Portland Approach roger.

(110) Approach: Sundance five twelve maintain speed one seven zero.

(111) Sun 512: One seven zero, Sundance five twelve.

(114) Approach: Sundance five twelve tumn left heading zero five zero.

(115) Sun 512: | Left zero five zero Sundance five twelve.

(125) Approach: Sundance five twelve tumn left heading zero one zero.

(126) Sun 512: Left zero one zero Sundance five twelve.

(127) Approach: Sundance five twelve descend and maintain four thousand
five hundred.

(128) Sun 512: Four thousand five hundred, Sundance five twelve.

(131) Approach: Sundance five twelve eight miles from Laker turn left

heading three one zero. Maintain four thousand five hundred
till established localizer cleared ILS two eight right
approach, maintain one seven zero knots until Laker.

(132) Sun 512: Three one zero uh four thousand five hundred we’ll maintain
uh, speed, (and cleared for the) ILS two eight right Sundance
five twelve.

(157) Approach: Sundance five twelve contact tower one one eight point
seven.

(158) Sun 512: Five twelve good-bye.

Utterance numbers are from the original transcript [Ward 90b]. See Appendix C for context.

Figure 4. Dialogue between Sundance 512 and Portland Approach
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E.1 Initial Beliefs

As the exchange begins, Sundance 512, a scheduled commercial flight, has just
been handed off to Portland Approach. This means that the approach controller has
accepted responsibility for the aircraft from the previous controller, probably Seattle Center
(represented in controller belief CB1 in Table 2 as “artcc™), and the pilot has been instructed

to contact Portland Approach.

Pilot and controller have not yet established radio contact. Each begins the con-
versation with strong expectations about the knowledge held by the other, however. The
approach controller’s initial beliefs, shown in Table 2, are derived from several sources.
The controller has a flight strip for Sundance 512 which supplies — among other things —
the flight’s destination, route, and estimated time of arrival. Thus, the controller is expect-
ing the flight before the handoff takes place. In accepting the handoff from Seattle Center,
the controller acknowledges (to the Seattle Center controller) that Sundance 512 appears
on the approach controller’s radar display. From this display, the controller can see position,

direction, approximate airspeed, and altitude information for approaching aircraft.

The approach controller believes that, as part of the handoff procedure, the
ARTCC controller has instructed the pilot to contact Portland Approach. The controller
expects that the pilot will comply with this direction. Recall that “contact” is a formal act
in this domain; the pilot must formally establish two-way radio contact with the approach
controller before entering the ARSA. The pilot is expected to initiate communications, and

the controller’s beliefs reflect that (see controller belief CB2).

As part of the contact procedure, the controller expects the pilot to confirm the
aircraft altitude, heading, and airspeed (represented in Table 2 as controller beliefs CB4,
CB6, and CBS). Although the controller has already formed expectations based on the
information displayed on the workstation console (CB3, CBS, and CB7), those beliefs must

be checked against the pilot’s report. There are many reasons why the pilot’s beliefs may
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not match the controller’s beliefs exactly. Some possible causes might include: faulty tran-
sponder on the aircraft; wind causing an unexpected discrepancy between the groundspeed
(reported on the radar) and the airspeed (reported in the cockpit); or instrument error on
either side. In the crowded airspace around a busy airport, it is particularly important that
these beliefs be confirmed as mutual or that some idea of the magnitude of the discrepancy
be established.

Finally, the controller believes (CB10) that the ILS-28R Approach Procedure is
currently in use at PDX. This belief is based on the controller’s awareness of conditions
at the airport and on information displayed on the controller’s console. The controller
believes that the pilot should have been informed which approach procedure was in use as
part of the handoff procedure (the pilot may have been told directly by the Seattle Center
controller, or may have listened to the ATIS, a continuously-broadcast recording of airport

conditions).

The pilot has also formed a set of initial beliefs, shown in Table 3. Although
similar in form to those of the approach controller — there was no evidence of misunder-
standing in this dialogue — most of the beliefs come from different sources. The pilot was
indeed instructed by Seattle Center to contact Portland Approach and had formed the inten-
tion to do so (PB1, PB2). The pilot’s beliefs about the altitude, heading (direction), and air-
speed of the aircraft are based on the information displayed on the cockpit instruments.
These beliefs are represented in pilot beliefs PB3, PBS, and PB7. The Seattle Center con-
troller probably informed the pilot that the ILS-28R Approach Procedure is in use (PB10),
although the pilot may also have learned this from the ATIS broadcast. The pilot forms the
intention to report and thereby attempt to confirm this information, as called for in the hand-

off procedure (PB4, PB6, and PBS).
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Table 2. Initial Beliefs of Controller

Representation

Notes

CB1:
bif (occurred ([artcc],
direct ([sun512], contact {[approach])),
true, .
[[approach, artcc], [artce, sun512]))

cB2:
bif (intend ([sun512], contact ([approach}}},
true,
[[approach], [sun512]))

CBa3:
blf (altitude ([sun512], 5000),
true,
[[approach], [sun512]])

CB4.
bif (intend ([sun512],
report ([approach],
blf (altitude ([sun512], 5000),

true,
[[sun512], [approach]])),

true,

[[approach], [sun512]))

CBS:
bif (direction ([sun512],100},
true,
[[approach], [sun512]))

CBeé:
bif (intend ([sun512],
report { [approach],
bl {direction ([sun512], 100),
true,
[[sun512], [approach]]))),
true,
[[approach], [sun512]))

(CB1) The controller believes that
Seattle Center instructed the pilot of
Sundance 512 to contact Portland
approach (from handoff procedure).

(CB2) The controller believes that the
pilot intends to establish communica-
tions with approach (derived from
CB1).

(CB3) The controller believes that the
aircraft is maintaining an altitude of
5000 feet (displayed on the control-
ler’s console).

(CB4) The controller expects the pilot
to confirm the aircraft altitude. This
expectation is derived from the hand-
off procedure and from controller
belief CB3.

{CB5) The controller believes that the
pilot is flying heading 100 (displayed
on console).

(CB6) The controller expects the pilot
to confirm the aircraft direction. This
expectation is derived from the hand-
off procedure and from controller
belief CBS.
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Table 2. Inital Beliefs of Controller (Continued)

Representation

Notes

cB7:
blf (airspeed ([sun512],190),
true,
[[approach], [sun512]])

CB8:
bif (intend ([sun512],
report ( [approach],
blf (airspeed {[sun512], 190),

true,
[[sun512], [approach]]))),

true,

[[approach], [sun512]])

CB9:
blf (destination ([sun512], pdx)],
true,
[[approach], [sun512]))

CB10:
blf (approach-in-use (pdx, ils-28r),
true,
[[approach], [sun512]])

(CB7) The controller believes that the
aircraft is flying at an airspeed of 190
knots (derived from information dis-
played on console).

(CB8) The controller expects the pilot
to confirm the aircraft speed. This
expectation is derived from the hand-
off procedure and from controller
belief CB7.

(CB9) The controller believes that the
pilot plans to land at PDX (from flight
progress strip).

(CB10) The controller believes that
ILS-28R approach is currently in use,
and that the pilot has been informed of
this by Seattle Center (from proce-
dure).
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Table 3. Initial Beliefs of Pilot

Representation

Notes

PB1:
blf (occurred ([artce],

direct ([sun512], contact ([approach])),

true
[[sun512, artcc), [artee, approach]])

PB2:
bif (intend ([sun512], contact ([approach])),
true,
[[sun512], [approach]])

PB3:
bif (altitude ([sun512], 5000)),
true,
[[sun512], [approach]])

PB4:
blf (intend ([sun512],
report ( [approach],
blf (altitude {[sun512], 5000),
true,
[[sun512], [approach]]))),
true,
[[sun512], [approach]])

PB5:
blf (direction ([sun512], 100),
true,
[isun512), [approach]])

PB6:
blf (intend ([sun512],
report ( [approach],
bif (direction ([sun512], 100},
true,
[[sun512], [approach]}))},
true,

[[sun512], [approach]])

(PB1) The pilot believes that Seattle
Center instructed the pilot to contact
Portland Approach, and the pilot
believes that Approach knows this
from the handoff procedure.

(PB2) The pilot intends to establish
communications with Portland
Approach, and Approach expects this
(derived from handoff procedure and
PB1).

(PB3) The pilot believes that the air-
craft is maintaining an altitude of 5000
feet (from aircraft instruments) and
that Approach can see this on the con-
sole.

(PB4) The pilot intends to confirm the
belief that the aircraft is maintaining
an altitude of 5000 feet. The pilot
believes that the controller expects this
(derived from handoff procedure and
pilot belief PB3).

(PB5) The pilot believes that the air-
craft is flying on a heading of 100
(from aircraft instruments) and that
Approach can see this on the console.

(PB6) The pilot intends to confirm the
belief that the aircraft is flying a head-
ing of 100 with the controller, and the
pilot believes that the controller
expects this (derived from handoff
procedure and Sun512’s belief PBS).
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Table 3. Initial Beliefs of Pilot (Continued)

Representation Notes
PB7: (PB7) The pilot believes that the air-
blf (airspeed ([sun512], 190), craft is maintaining an airspeed of 190
true, knots (from aircraft instruments), and
[[sun512], [approach]]) the pilot believes that Approach can

see this on the console

PBS: (PB8) The pilotintends to confirm the
bif (intend ([sun512], belief that the aircraft is maintaining
repont {[approach], an indicated airspeed of 190, and the
bif (airspeed ([sun512], 190), pilot believes that the controller
true, expects this (derived from handoff
[[sun512], [approach]]))), procedure and the pilot’s belief PB7).
true,

[[sun512], [approach]])

PBg: (PB9) The pilot plans to land at PDX,
blf {destination ([sun512], pdx), and the pilot believes that Approach
true, knows this from the flight plan.

[[sun512], [approach]])

PB10: (PB10) The pilot believes that the
bif {approach-in-use (pdx, ils-28r]), TL.S-28R approach is in use (from
true, ATIS), and the pilot believes that the
[[sun512], [approach]]) controller knows this.
PB11: (PB11) The pilot expects to be autho-
blf (intend ([approach], rized to execute the ILS-28R instru-
authorize ( [sun512], ment approach procedure. This belief
approach (pdx, ils-28r))), is derived from PB9 and PB10.
true,

[[sun512], [approach]])
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E.2 Initial Callup

The initial callup begins with utterance 108 from the pilot of Sundance 512. In
this utterance the pilot intends four speech acts, shown in Table 4. The pilot’s primary inten-
tion is to establish contact with the controller; this is signalled by the use of the phrase “with
you.” During this transmission, the pilot also attempts to confirm that the altitude shown on
the cockpit instruments matches the altitude being displayed on the controller’s console
(which is broadcast by the aircraft’s Mode C ransponder). The pilot also reports the direc-

tion and speed assignments that were received from Seattle Center before handoff.

Immediately after this first utterance, the pilot’s beliefs are updated to reflect the
pilot’s attempt to contact the approach controller and confirm certain information (repre-
sented in Table 5). These beliefs represent the pilot’s view of what just happened; the pilot
intended to perform those acts (Table 3), the pilot attempted to perform them in making the
initial callup (Table 4), the pilot then believes that those acts have been performed (Table
5). The belief structure still reflects a certain amount of uncertainty as to the mutuality of
these beliefs, however. The pilot does not yet know for certain whether the transmission has
been received, or whether the pilot’s words have been understood as intended, or whether
the controller’s information in fact matches the pilot’s. The pilot assumes that all is routine,
though, and forms expectations that the controller has understood the utterance as intended
(pilot beliefs PB2 through PB14 in Table 5) and that the controller will both acknowledge
and confirm the reports (pilot beliefs PB15 through PB22, Table 5).

In this case, the approach controller has in fact heard and correctly interpreted
the pilot’s transmission. The controller’s beliefs are updated to reflect that fact, as shown in
Table 6. The information is still not confirmed mutual, however; the parties have not yet
succeeded in establishing two-way communication. The controller’s belief space is there-
for updated to show that the controller believes that both pilot and controller understand the

same information to be true, but that the controller has not yet communicated that fact to
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the pilot. The controller intends to acknowledge and confirm the pilot’s report, and believes

that the pilot expects this.

At this point, both pilot and controller have independently formed strong expec-
tations that the controller will acknowledge the acts in utterance 108 and will furthermore
confirm the altitude, heading, and airspeed information. These strong expectations will
encourage both parties to accept even moderately weak evidence of understanding as
acknowledgment; anything less than an explicit statement of disagreement is likely to be
taken as confirmation. This is reflected in the terseness of the controller’s reply (utterance
109, Table 7). The controller formally completes the contact as specified by FAA proce-
dures [FAA 89] by addressing the pilot (“Sundance 512”) and repeating the facility identi-
fication (“Portland Approach”) to confirm that the pilot is in communication with the
correct facility. The single word “roger” suffices to acknowledge and confirm the remaining
three speech acts; in the absence of evidence to the contrary, the strong expectations set up
by procedures and by the multiple sources of information within the ATC system permit the

conversants to interpret the response correctly.

After the controller’s acknowledgment in utterance 108, the controller and pilot
believe that they are in communication and have confirmed altitude, heading, and airspeed
information to be mutually known true. The changes to the controller’s and pilot’s beliefs
are shown in Table 8§ and Table 9. Notice that the pilot does not reply to Approach’s
acknowledgment in utterance 109, nor does the controller expect a reply. This is in accor-
dance both with recommended ATC procedure and with Clark’s [lelrk 89] rules for evi-
dence of understanding; one acknowledges an acknowledgment with either the initiation of
the next relevant contribution (in this case, there was none) or with continued attention
(silence). Strictly speaking, this would be represented as an expectation of acknowledg-
ment that is fulfilled after the pilot has passed up an opportunity to initiate a correction or
clarification to the controller’s contribution. For simplicity in this example, this step will

not be represented explicitly.
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Table 4. Intentions of Pilot in Utterance 108

(108) Sun 512: Approach Sundance five twelve’s with you
at five thousand, one hundred on the
heading one ninety on the speed.

Representation

Notes

PA1:
act (contact ([approach}))

PA2:
act (report ( [approach],
bif (altitude ([sun512], 5000),
true,
[[sun512], {approachl})))

PA3:
act (report ([approach],
blf (direction ([sun512], 100),
true,
[[sun512], [approach]]))
PA4:

act (report ( [approach],
blf ( airspeed ([sun512],190),
true,
[[sun512], [approach]]}))

(PA1) The pilot attempts to establish
formal communications with the con-
troller. This act is motivated by the
pilot’s belief PB2 and is expressed by
the phrase Sundance five
twelve’s with you.

(PA2) The pilot attempts to confirm
with the controller the belief that the
aircraft is maintaining an altimde of
5000 feet. The act is motivated by the
pilot’s belief PB4 and is expressed by
the phrase at five thousand.

(PA3) The pilot attempts to confirm
that the aircraft is flying a compass
heading of 100. This act is motivated
by the pilot’s belief PB6 and is
expressed by the phrase one hun-
dred on the heading.

(PA4) The pilot attempts to confirm
that the aircraft is maintaining an air-
speed of 190 knots. This act is moti-
vated by the pilot’s belief PBS and is
expressed by the phrase one
ninety on the speed.
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Table 5. Changes in Pilot’s Beliefs After Utterance 108

Representation

Notes

PB12:
b {occurred ([sun512),
report ([approach],
blf (altitude ([sun512], 5000),
true,
[[sun512], [approach]]))),
true,

[[sun512], [approach]])

PB13:
blf (occurred ([sun512],
report ([approach],
bif (direction {[sun512],100),
true,
[[sun512], [approach]]))},
true,

[[sun512}], [approach]])

PB14:
blf (occurred ([sun512],
report ([approach],
blf (airspeed ([sun512],190),
true,
[[sun512], [approach]]))),
true,

[[sun512], [approach]}))

PB15:
blf (intend ([approach],
acknowl ([sun512],
contact {[approach]))),
true,

[[sun512], [approach]])

(PB12) The pilot has attempted to
confirm that the controller believes
that the aircraft is maintaining an alti-
tude of 5000 feet. This belief is
derived from the pilot’s attempt to per-
form act PA2, and it replaces belief
PB4,

(PB13) The pilot has attempted to
confirm that the aircraft is maintaining
aheading of 100. This belief is derived
from the pilot’s attempt to perform act
PA3, and it replaces PB6.

(PB14) The pilot has attempted to
confirm that the controller believes
that the aircraft is maintaining an air-
speed of 190 knots. This belief is
derived from the pilot’s attempt to per-
form act PA4, and it replaces PB8.

(PB15) The pilot expects the control-
ler to acknowledge the pilot’s attempt
PA1 to contact Approach. This expec-
tation is derived from procedures and
from the pilot’s intention PB2 to per-

form act PA1.
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Table 5. Changes in Pilot’s Beliefs After Utterance 108 (Continued)

Representation

Notes

PB16:
blf (intend ([approach],
report {{sun512),
blf (occurred ([sun512),
contact ([approach)),

true,
[[sun512, approach])))),

true,

[[sun512), [approach)))

PB17:
blf (intend ((approach].
acknowl ([s3un512],
report ({approach],
blf {(altitude ( [sun512),
5000y,
true,
[[sun512],
[approach]))))).
true,
[(sun512], {approach]])

PB18:
blf (intend ([approach],
report {{sun512),
blf (altitude ({sun512],5000),

{fue,
[(approach, sun512]))),

true,

[[sun512), [approach]))

(PB16) The pilot expects the control-
ler (0 confirm that Lthe pilot's auempl to
contact Portland Appsoach in utter-
ance 108 was successful.

(PBL17) The pilot expects the control-
ler to acknowledge the pilot’s attempt
to perform PA2. This expectaton is
derived from procedures and from the
pilot’s intention PB)?2 10 perform act
PA2,

(PB18) The pilot expecls the control-
ler to confirm the pilot’s report PA2
that the aircraft altitude is 5000 feet.
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Table 5. Changes in Pilot’s Beliefs After Utterance 108 (Continued)

Representation

Notes

PB19:
bl (intend ([approach],
acknowl {[sun512],
report ([approach],
blf (direction ( [sun512],
100),
true,
[[sun512],
[approach]))))).
true,
[[sun512], [approach]))
PB20:
blf (intend ([approach],
report ([sun512],
bif (direction ([sun512], 100),
true,
[[sun512, approach]]))),
true,

[[sun512], [approach]])

PB21:
bif {intend ([approach],
acknowl ([sun512],
report ([approach],
blf (airspeed ([sun512],
190),
true,
[[sun512],[approach]])))).
true,

([sun512], [approach]])

PB22:
bif (intend ([approach],
report ([sun512},
bif (airspeed ([sun512], 190},
true,
[[sun512, approach])))),
true,

[[sun512], [approach]))

(PB19) The pilot expects the control-
ler to acknowledge the pilot’s act PA3.
This expectation is derived from pro-
cedures and from the pilot’s intention
PB13 to perform act PA3,

(PB20) The pilot expects the control-
ler to confirm the pilot’s report PA3
that the aircraft is flying heading 100.

(PB21) The pilot expects the control-
ler to acknowledge the pilot’s act PA4.
This expectation is derived from pro-
cedures and from the pilot’s intention
PB14 to perform act PA4,

(PB22) The pilot expects the control-
ler to confirm the pilot’s report in PA4
that the aircraft is flying at 190 knots.
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Table 6. Changes in Controller’s Beliefs After Utterance 108

Representation

Notes

CcB11:
bif (occurred ([sun512],
contact ([approach])),
true,
[[approach], [sun512]))

cB12:
blf (occurred ([sun512],
report ([approach],
blf (altitude ([sun512], 5000),
true,
[[sun512], [approach]]))),
true,

[[approach], [sun512]])

CB13:
bif (occurred {[sun512],
report {(approach],
bif (direction ([sun512],100),
true,
[[sun512], [approach]]))),
true,

[[approach], [sun512]])

cB14:
blf (occurred ([sun512],
report ([approach],
bif (airspeed {[sun512],180),
true,
[[sun512], [approach]}))),
true,
[[approach], [sun512]))

CB15:
blf (intend ([approach],
acknow! ([sun512],
contact ([approach])))),
true,

[[approach], [sun512]))

(CB11) The controller recognizes act
PA1 from the use of the phrase Sun-
dance five twelve’s with
you and from controller expectation
CB2. CB11 replaces controller belief
CB2.

(CB12) The controller recognizes act
PA2 from the use of the phrase at
five thousand and from the
expectation CB4 that the pilot will
report that the aircraft is flying at 5000
feet. CB12 replaces CB4.

(CB13) The controller recognizes act
PA3 from the use of the phrase one
hundred on the heading and
from the expectation CB6 that the pilot
will report that the aircraft is flying
heading 100. CB13 replaces CB6.

(CB14) The controller recognizes act
PA4 from the phrase one ninety
on the speedand from the expec-
tation CB8 that the pilot will report
that the aircraft is maintaining an air-
speed of 190 knots. CB14 replaces
CBS.

(CB15) The controller intends to
acknowledge the pilot’s attempt to for-
mally contact the approach facility
(from recommended procedure and
the controller’s belief CB11).
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Table 6. Changes in Controller’s Beliefs After Utterance 108 (Continued)

Representation

Notes

CB16:
bif (intend ([approach],
report ([sun512],
blf (occurred {[sun512],
contact ([approach])),
true,
[[sun512, approach]]))),
true,

[[approach], [sun512]])

CB17:
blf (intend {[approach],
acknow! ([[sun512],
report ( [approach],
bif (altitude ( [sun512],
5000),
true,
[[sun512],
[approach]]))).
true,
[[approach], [sun512]])
CB18:
blf (intend ([approach],
report {([sun512],
blf (altitude ([sun512], 5000},
true,
[[approach, sun512]))),
true,

[[approach], [sun512]))

CB19:
blf (intend ([approach],
acknowl (sun512],
report ([approach],
bif {direction ([sun512],
100),
true,
[[sun512],[approach]]))),
true,

[[approach], [sun512]])

(CB16) The controller intends to con-
firm that the pilot has succeeded in
contacting the approach facility (from
recommended procedure and the con-
troller’s belief CB11).

(CB17) The controller intends to
acknowledge the pilot’s report that the
aircraft is at 5000 feet (from controller
belief CB12 and recommended proce-
dure).

(CB18) The controller further intends
to confirm the report that the aircraft is
at 5000 feet (from controller beliefs
CB3 and CB12).

(CB19) The controller intends to
acknowledge the pilot’s report that the
aircraft is maintaining a heading of
100 (from controller belief CB13 and
from recommended procedure).
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Table 6. Changes in Controller’s Beliefs After Utterance 108 (Continued)

Representation

Notes

CB20:
blf (intend ([approach],
report ([sun512],
bif {direction {[sun512],100),
true,
[[approach,sun512])))),
true,

[[approach], [sun512]])

cB21:
bif (intend ([approach],
acknowl ([sun512],
report ([approach],
blf (airspeed ([sun512],
190),
true,
[[sun512],[approach]}))).
true,

[fapproach], [sun512]])

cB22:
bif (intend ([approach],
report {[sun512],
blf (airspeed ([sun512], 190},
true,
" [[approach, sun512]}))),
true,

[[approach], [sun512]])

(CB20) The controller further intends
to confirm the report that the aircraft is
maintaining a heading of 100 (from
controller beliefs CB5 and CB13 and
from recommended procedure).

(CB21) The controller intends to
acknowledge the pilot’s report that the
aircraft is maintaining an airspeed of
190 knots (from controller belief
CB14 and recommended procedure).

(CB22) The controller further intends
to confirm as mutual the belief that the
aircraft is maintaining an airspeed of
190 knots (from controller beliefs CB7
and CB14 and from recommended
procedure).
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Table 7. Intentions of Controller in Utterance 109

(109) Approach:
roger.

Representation

Sundance five twelve Portland Approach

Notes

CA1:
act (acknowl ([sun512],
contact { [approach])))

CA2:
act (report ([sun512],
blf (occurred ([sun512],
contact ([approach]),
true,
[[sun512, approach]))))
CA3:
act (acknowl ([sun512],
report ([approach],
bif (altitude ([sun512}, 5000),
true,
[[sun512], [approach])))))
CA4:

act (report ([sun512],
bif (altitude ([sun512], 5000),
true,
[[approach, sun512]})))

(CA1) The controller attempts to
acknowledge the pilot’s attempt to
contact the approach facility. This act
is motivated by the controller’s belief
CBI1S. This act is expressed by the
controller’s confirming self-identifica-
tion Portland Approach.

(CA2) The controller attempts to con-
firm that the pilot has succeeded in
contacting the approach facility. This
actis motivated by controller intention
CB16 and is expressed by the use of
the confirming term roger.

(CA3) The controller attempts to
acknowledge the report of the aircraft
altitude. This act is motivated by con-
troller intention CB17 and is
expressed by the use of the confirming
term roger and by the absence of a
request for clarification.

(CA4) The controller attempts to con-
firm the pilot’s report of the aircraft
altitude. This act is motivated by con-
troller intention CB18. The act is
expressed by the use of the confirming
term roger and by the absence of a
correction to utterance 108.
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Table 7. Intentions of Controller in Utterance 109 (Continued)

Representation

Notes

CAS:
act (acknowl ([sun512],
report ([approach],
blf {direction ([sun512],100),
true,
[[sun512], [approach]]))))
CAG:

act (report ([sun512],
blf (direction {[sun512],100),
true,
[[approach, sun512]])})

CA7:
act {acknowl ([sun512],
report ([approach],
bif (airspeed ([sun512],190),
true,
[[sun512], [approach]))))

CAS:
act (report ([sun512],
bif (airspeed ([sun512],190),
true,

[[approach, sun512]])))

(CAS) The controller attempts to
acknowledge the report of the aircraft
heading. This act is motivated by con-
troller intention CB19. The act is
expressed by the use of the confirming
term roger and by the absence of a
request for clarification.

(CA6) The controller attempts to con-
firm the report of the aircraft heading.
This act is motivated by controller
intention CB20. The act is expressed
by the use of the confirming term
roger and by the absence of a correc-
tion to utterance 108,

(CA7) The controller attempts to
acknowledge the pilot’s report of the
airspeed. This act is motivated by con-
troller intention CB21. The act is
expressed by the use of the confirming
term roger and by the absence of a
request for clarification.

(CAB) The controller attempts to con-
firm the report of the aircraft airspeed.
This act is motivated by controller
intention CB22. The act is expressed
by the use of the confirming term
roger and by the absence of a correc-
tion to utterance 108.
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Table 8. Changes in Controller’s Beliefs After Utterance 109

Representation

Notes

CB23:
blf (occurred ([approach],
acknowl ([sun512],
contact ([approach]))),
true,
l{approach, sun512}))

CB24:
bif (occurred ([sun512],
contact ([approach])),
true,
[[approach, sun512]]))

CB25:
blf (occurred ([approach],
acknowl ([sun512],
report ([approach],
bif (altitude ([sun512],
5000),
true,
[[sun512],
{approach])))),
true,
[[approach, sun512]))

CB26:
blf (occurred ([approach],
report ([sun512],
bif (altitude {[sun512}, 5000),
true,
[[approach, sun512]})))),
true,

[[approach, sun512]))

CB27:
blf (altitude ([sun512], 5000),
true,
[[approach, sun512]))

(CB23) The controller believes that
the pilot’s attempt to contact the
approach facility has been acknowl-
edged. This belief is derived from the
controller’s attempt to perform act
CA1 and replaces belief CB15.

(CB24) The controller believes that
Sundance 512 has successfully con-
tacted Portland Approach. This belief
is derived from the controller’s
attempt to perform act CA2 and
replaces belief CB16.

(CB25) The controller believes that
the pilot’s altitude report has been
acknowledged. This belief is derived
from the controller’s attempt to per-
form act CA3 and replaces controller
belief CB17.

(CB26) The controller believes that
the pilot’s altitude report has been con-
firmed. This belief is derived from the
controller’s attempt to perform act
CA4 and replaces controller belief
CB18.

(CB27) The controller believes that
they now mutually believe that the air-
craft is at 5000 feet. This belief
replaces controller belief CB3.
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Table 8. Changes in Controller’s Beliefs After Utterance 109 (Continued)

Representation

Notes

CB28:
bif (occurred ([approach],
acknowl ([sun512],
report ([approach], .
bif (direction ([sun512],
100),
true,
[[sun512],
[approach]])))),
true,
[[approach, sun512]))

CB29:
blf {occurred ([approach],
report ([sun512],
blf (direction ([sun512],100),
true,
[[approach, sun512])))),
true,

[[approach, sun512]])

CB30:
bif (direction {[sun512], 100),
true,
[[approach, sun512]])

CB31:
blf (occurred {[approach],
acknowl ([sun512],
report ( [approach],
blf(airspeed ([sun512],
190},
true,
[[sun512],
[approach]]))).
true,
[[approach, sun512]})

(CB28) The controller believes that
the pilot’s direction report has been
acknowledged. This belief is derived
from the controller’s attempt to per-
form act CAS and replaces controller
belief CB19.

(CB29) The controller believes that
the report of the aircraft heading has
been confirmed. This belief is derived
from the controller’s attempt to per-
form act CA6 and replaces controller
belief CB20.

(CB30) The controller believes that it
is mutually known that Sundance 512
is maintaining heading 100. This
belief replaces controller belief CBS.

(CB31) The controller believes that
the pilot’s airspeed report has been
acknowledged. This belief is derived
from the controller’s attempt to per-
form act CA7 and replaces controller
belief CB21
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Table 8. Changes in Controller’s Beliefs After Utterance 109 (Continued)

Representation

Notes

CB32:
bif (occurred ([approach],
report ({sun512},
bif (airspeed ([sun512],190),
true,
[{approach, sun512]})}),
true,

[fapproach, sun512]])

CB33:
bif (airspeed ([sun512}, 190),
true,
[[approach, sun512]))

(CB32) The controller believes that
the pilot’s report of the airspeed has
been acknowledged and confirmed.
This belief is derived from the control-
ler’s attempt to perform act CA8 and
replaces controller belief CB22.

(CB33) The controller believes that
controller and pilot mutually know
that Sundance 512 is maintaining an
airspeed of 190 knots. This belief
replaces controller belief CB7.
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Table 9. Changes in Pilot’s Beliefs After Utterance 109

Representation

Notes

PB23:
blf (occurred ([approach],
acknowl ([sun512],
contact ([approach]))),
true,
[[sun512, approach]])

PB24.
bif (occurred ([approach],
report {[sun512],
blf (occurred ([sun512],
contact ({approach]),
true,
[[sun512, approach]]))),
true,

{{sun512, approach]j)

PB25:
blif (occurred ([approach],
acknowl ([sun512],
report ([sun512],
bif (altitude ([sun512],
5000),
true,
[[sun512],
[approach]])))).
true,
[[sun512, approach]])

PB26:
blf {occurred ([approach],
report ([sun512],
blf (altitude ( [sun512], 5000),
true,
[[approach, sun512]]))),
true,
[[sun512, approach]])

(PB23) The pilot believes that the
controller has acknowledged PA1.
This belief is derived from pilot expec-
tation PB135 and from the controller’s
use of the phrase Portland
Approach. This belief replaces
PB15.

(PB24) The pilot believes that the
controller has confirmed PA1, the
pilot’s attempt to establish contact.
This belief is derived from PB15 and
from the controller’s phrase Sun~
dance five twelve. This belief
replaces PB1S.

(PB25) The pilot believes that the
controller has acknowledged PA1, the
pilot’s report of the aircraft altitude.
This belief is derived from pilot expec-
tation PA17 and from the lack of a
request for clarification from the con-
troller. This belief replaces PA17.

(PB26) The pilot believes that the
controller has confirmed the report of
the aircraft altitude. This belief is
derived from the controller’s reply
roger and from the pilot’s expecta-
tion PB18. This belief replaces PB18.
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Table 9. Changes in Pilot’s Beliefs After Utterance 109 (Continued)

Representation

Notes

PB27:
bif (altitude ([sun512], 5000),
true,
[[sun512, approach]])

PB28:
blf (occurred ([approach],
acknowl ([sun512],
report ([approachy,
blf (direction ([sun512],
100),
true,
[[sun512],
[approach]])))),
true,
[[sun512, approach]))

PB29:
bl (occurred ([approach],
report ([sun512],
blf (direction ([sun512],100),
true,
[[approach, sun512]]))),
true,
[[sun512, approachi})

PB30:
bif (direction ([sun512], 100),
true,
[[sun512, approach]])

(PB27) The pilot believes that they
now mutually believe that Sundance
512 is maintaining an altitude of 5000
feet. This belief replaces pilot belief
PB3.

(PB28) The pilot believes that the
controller has acknowledged the
report of the aircraft direction. This
belief is derived from the pilot’s
expectation PB19 and from the
absence of a request for clarification
from the controller. This belief
replaces pilot belief PB19.

(PB29) The pilot believes that the
controller has confirmed the report of
the aircraft heading. This belief is
derived from the pilot’s expectation
PB20, and from the controller’s reply
roger. This belief replaces PB20.

(PB30) The pilot believes that they
mutually know that the aircraft is fly-
ing heading 100. This belief replaces
pilot belief PBS.
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Table 9. Changes in Pilot’s Beliefs After Utterance 109 (Continued)

Representation

Notes

PB31:
blf (occurred ([approach],
acknowl ([sun512],
report ( [sun512],

blf (airspeed([sun512],
190},
true,
[[sun512],
[approach))))),
true,
[[sun512, approach]])
PB32:
blf (occurred ([approach],
report {[sun512],
blf (airspeed ([sun512],190),
true,
[[approach,sun512])))),
true,

[[sun512, approach]])

PB33:
blf (airspeed ([sun512], 190},
true,
[[sun512, approach]])

(PB31) The pilot believes that the
controller has acknowledged PA4, the
report of the airspeed. This belief is
derived from the pilot’s expectation
PB21 and from the absence of a
request for clarification from the con-
troller. This belief replaces PB21.

(PB32) The pilot believes that the
controller has confirmed the report of
the airspeed. This belief is derived
from the controller’s reply roger and
from the pilot’s expectation PB22.
This belief replaces PB22.

(PB33) The pilot believes that it is
mutually known that the aircraft is
maintaining an airspeed of 190. This
belief replaces pilot belief PB7.
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E.3 Vectors

There was a pause between utterance 108 and 110. During this time, the control-
ler may have been engaged in some other task or may have been waiting for Sundance 512

to reach a particular position. The pilot was proceeding along the assigned heading.

With the next instruction to Sundance 512 (utterance 110, Table 12), the con-
troller begins the process of directing the aircraft to a point where it can turn onto the
approach path and intercept the localizer (a navigation beacon). The approach controller
must keep wraffic flowing smoothly while maintaining required separations between aircraft
in a relatively congested airspace. During these exchanges (utterances 110 through 128),
the controller’s utterances are motivated primarily by the progress of the aircraft along the
route to the approach gate and by the controller’s knowledge of the positions and perfor-

mance characteristics of other aircraft in the vicinity.

The route through the ARSA (o the approach gate is probably a standard one
from the controller’s standpoint but may not be known to the pilot. These routes are not part
of the published procedures available to pilots, although a pilot who flies into PDX fre-
quently may learn the routes and come to anticipate the directions. Because the pilot gen-
erally has no way to anticipate the exact vectors, this analysis assumes only that the pilot
expects to hear instructions to change direction, speed, and altitude. These expectations are

represented in Table 10.

The representation 1n Table 10 fails to capture certain nuances of the pilot’s
expectations: “reasonableness checks” in the conversants’ expectations; strength or imme-
diacy of expectation, that is, the difference between the expectation that something may
reasonably occur and the expectation that something should certainly occur; imprecise

expectations. These are discussed in greater detail in Chapter 5.

In utterance 110, the approach controller directs the pilot to “maintain speed one

seven zero.” In isolation, this might appear to be an instruction for the pilot to continuc fly-
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ing at a speed of 170 knots. In utterance 108, however, the pilot reported the aircraft’s speed
as 190 knots, and Approach acknowledged this in utterance 109. Furthermore, an aircraft
being vectored by a controller, as this one is, should not deliberately change speed unless
directed to do so. Thus, the aircraft should still be travelling at an airspeed of 190 knots and
both the pilot and the controller should know this. Furthermore, they believe that this
knowledge is mutual, that is, that they have explicitly established in utterances 108 and 109
that both know that Sundance 512 is flying at 190 knots. In light of this, it is possible for
the pilot to interpret Approach’s utterance as an instruction to slow to and then maintain

170 knots.

Sometime after completing the exchange in utterances 110 and 111, the pilot
completes the process of slowing the aircraft to 170 knots. This is represented for both pilot
and controller as a mutually-known belief (PB41, CB42) even though the conversants do
not confirm this verbally. This assumption is justified, however, from the earlier exchanges
that have established that their instruments agree well enough and that the pilot intends to
make the speed change. The controller expects the pilot to slow to approximately 170 knots,
and only if the radar display shows something substantially different would the controller
be expected to say something. Likewise, the pilot believes that the controller expects the
speed change and can see it on the radar display. Only if the pilot encounters some difficulty
in maintaining the requested speed would there be another transmission about the speed

change.

As was seen in the initial callup, the strong expectations engendered by the task
and the authority relationship between the conversants — a pilot is expected to comply with
ATC directions if able to do so safely — allow for an extremely terse and efficient reply.
The pilot is able to signal an intention to comply merely by acknowledging the direction
without objection. In the notes for utterances in which the pilot is responding to directions,
I have described the pilot’s implied assent to the instructions as being signalled by the lack

of a statement that the pilot is unable to comply (see, for example, PAS8 in Table 23). FAA
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procedure suggests that the pilots use the phrase unable to inform the controller that they

cannot comply with an instruction; the asymmetrical authority relationship may lead to

more indirect formulations, however.

Table 10. Changes in Pilot’s Beliefs Between Utferances 108 and 110

Representation

Notes

PB1:
bli (intena ([approach],
direct ([sun512),

true,
[[sun512], [approach]])

PB2:
bif (intend ([approach],
direct {(sun512],
direction ([sun512], <change>)})),
true,
[[sun512], [approach]))

PB3:
blf (intend ((approach},
direct ([sun512],
aitituge ([sun512], <change>})),
true,
{[sun512), [approach}))

airspeed ([sun512], <changes))),

(PB1) The pilot expects 1o be directed
to change speed to accommodate other
traffic in the area (derived from recom-
mended procedure).

(PB2) The pilot of Sundance 512
expects 10 be given vectors (o the
approach gate. The exact veciors are
unknown to the pilot, hawever. This
belief is derived from PBS and PB10.

(PB3) The pilot of Sundance 512
expects to be given instructions 10
change altitude. The exact alttude
assignment is vnknown to the pilot,
however (derived from recommendcd
procedures).
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Table 11. Changes in Controller’s Beliefs Between Utterances 108 and 110

Representation Notes
CB34: (CB34) The controller intends to issue
blf (intend ([approach], a series of vectors to direct the pilot to
direct ([sun512], the ILS-28R approach gate. The con-
direction ([sun512], <change>))), troller has a plan for doing this, proba-
true, bly utilizing a standard routing; the
[[approach], [sun512])) transcriber does not know what that

route is, however. This belief is
derived from controller belief CB9 of
the pilot’s destination and CB10 of the
approach in use at PDX.

CB35: (CB35) The controller intends to
bif (intend ([approach], direct the pilot to slow the aircraft to
direct ([sun512], 170 knots. This intention is formed
airspeed {[sun512}, 170))), from knowledge of recommended pro-

true, cedures, from CB34 above, and from
[[approach])) controller beliefs CB26, CB30,and

CB33 of the aircraft speed, altitude,

and course.

Table 12, Intended Act of Controller in Utterance 110

(110) Approach: Sundance five twelve maintain speed one
seven zero.

Representation Notes
CA9: (CA9) The controller attempts to
act (direct ([sun512], direct the pilot to fly at an airspeed of
airspeed ([sun512], 170))) 170 knots. This act is motivated by the

controller’s belief CB35 and is
expressed by the phrase maintain
speed one seven zero.
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Table 13. Changes in Controller’s Beliefs After Utterance 110

Representation

Notes

CB36:
bif (occurred ([approach],
direct ([sun512],
airspeed ([sun512], 170))),
true,

[[approach], [sun512]])

CB37:
bif (intend ([sun512],
acknowl ([approach),
direct ([sun512],
airspeed ([sun512], 170)))),
true,

[[approach}, [sun512]})

CB38:
bif (intend ([sun512],
report ([approach],
intend ( [sun512],
airspeed ([sun512], 170)))),
true,

[[approach], [sun512]])

(CB36) The controller believes that
the pilot has been directed to slow the
aircraft to 170 knots. This belief is
derived from the controller’s attempt
to perform act CA9 and it replaces
controller belief CB35.

(CB37) The controller expects the
pilot of Sundance 512 to acknowledge
the controller’s direction to slow to
170 knots. This belief is derived from
CB36.

(CB38) The controller expects the
pilot to inform the controller of the
pilot’s intention to comply with the
direction. This belief is derived from
CB36.




133

Table 14. Changes in Pilot’s Beliefs After Utterance 110

Representation

Notes

PB34:
blf (occurred ([approach],
direct ([sun512],
airspeed ([sun512], 170})),
true,

[[sun512], [approach]])

PB35:
bif (intend ([sun512],
acknowl ([approach],
direct ([sun512],
airspeed ([sun512], 170)))),
true,

[[sun512], [approach]])

PB36:
bl (intend ([sun512],
airspeed ([sun512], 170)),
true,
[[sun512], [approach]])

PB37:
bif (intend ([sun512],
report ([approach],
intend ([sun512],
airspeed ([sun512], 170)))),
true,

[[sun512], [approach]])

(PB34) The pilot of Sundance 512
believes that the controller has
directed the pilot to slow the aircraft to
170 knots. This belief is derived from
the pilot’s belief PB33 that the current
airspeed is mutually known to be 190
and from the pilot’s expectation PB1
that the controller will direct the pilot
to change the aircraft speed.

(PB35) The pilot intends to acknowl-
edge the controller’s direction to slow
to 170 knots. This belief is derived
from PB34.

(PB36) The pilot intends to comply
with the direction. This belief is
derived from PB34, recommended
procedures, knowledge of the immedi-
ate situation, and knowledge of the
flight characteristics of the aircraft.

(PB37) The pilot intends to inform the
controller of the intention PB36 to
comply with the direction.
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Table 15. Intended Acts of Pilot in Utterance 111

(111) Sun 512: One seven zero, Sundance five twelve
Representation Notes
PAS5: (PAS) The pilot of Sundance 512

act (acknowl ( [approach],
direct ([sun512],
airspeed ([sun512), 170))))

PAG:
act {report ([approach],
intend ( {sun512],
airspeed ([sun512), 170))))

attempts to acknowledge the control-
ler’s direction to slow to 170 knots
(derived from pilot belicf PB3S and
expressed with the phrase one
seven zero).

(PA6) The pilot attempts to inform the
controller of the pilot’s intention to
comply with the direction (from pilot
belief PB37).
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Table 16. Changes in Piiot’s Beliefs After Utterance 111

Representation

Notes

PB38:
blf (occurred ([sun512],
acknowl ([approach],
direct ([sun512],
airspeed ([sun512],
170))),

true,

[[sun512, approach])])

PB39:
bif (occurred ([sun512],
report ([approach],
intend ([sun512],
airspeed ([sun512],170)))),
true,

[[sun512, approach]])

PB40:
bif (intend ([sun512],
airspeed ([sun512], 170)),
true,
[[sun512, approach]))

(PB38) The pilot of Sundance 512
believes that the controller’s direction
in utterance 110 has been acknowl-
edged. This belief is derived from the
pilot’s intention PB35 to perform act
PAS. Tt replaces pilot belief PB35.

(PB39) The pilot believes that the
controller has been informed of the
pilot’s intention to comply with the
request to slow to 170 knots. The
belief is derived from the pilot’s inten-
tion PB37 to perform act PA6. It
replaces PB37.

(PB40) The pilot believes that pilot
and controller mutually know that the
pilot intends to comply with the
request to slow to 170 knots. The
belief is derived from PB39. It
replaces PB36.
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Table 17. Changes in Controller’s Beliefs After Utterance 111

Representation

Notes

CB39:
blf (occurred ([sun512],
acknowl ([approach],
direct (fsun512],
airspeed ([sun512],
170))).

true,

[[approach, sun512]))

CB40:
blf (occurred ([sun512],
report ([approach],
intend ( [sun512],
airspeed ([sun512},
170)))),

true,

[[approach, sun512]))

CB41:
bif (intend ([sun512],
airspeed ([sun512], 170)),
true,
[[approach, sun512]])

(CB39) The controller believes that
the pilot of Sundance 512 has
acknowledged the controller’s direc-
tion to slow to 170 knots. This belief is
derived from CB37 and from the
pilot’s phrase one seven zero.
CB39 replaces controller belief CB37.

(CB40) The controller believes that
the pilot has informed the controller of
the pilot’s intention to slow to 170
knots. This belief is derived from
CB38 and from the absence of a state-
ment from the pilot indicating inability
to comply. This belief replaces con-
trolier belief CB38.

(CB41) The controller believes that
the pilot intends to comply with the
request to slow to 170 knots. This
belief is derived from CB40.
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Table 18. Changes in Controller’s Beliefs Between Utterances 111 and 114

Representation

Notes

CB42: (CB42) The controller believes that
bl (airspeed ([sun512], 170)), the aircraft has slowed to 170 knots,
true, from information displayed on the
[[approach, sun512]]) console. This belief replaces controller
beliefs CB33 and CB41.
CB43: (CB43) The controller intends to
blf (intend ([approach]; direct the pilot to change heading to
direct ([sun512], 050. This intention is formed from
direction ([sun512], 050)))), knowledge of recommended proce-
true, dures and from controller belief CB30
[[approach])) about the aircraft direction.
Table 19. Changes in Pilot’s Beliefs Between Utterances 111 and 114
Representation Notes
PB41: (PB41) The pilot believes that the air-
bif (airspeed ([sun512], 170)), craft has slowed to 170 knots, from
true, information displayed on the aircraft

[[sun512, approach]))

instruments. This belief replaces pilot
beliefs PB33 and PB36.
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Table 20, Intended Act of Controller in Utterance 114

(114) Approach:
zero five zero.

Representation

Sundance five twelve turn left heading

Notes

CA10:
act (direct ([sun512),
direction ([sun512], 050)))

(CA10) The controller attemplts ¢o
direct the pilot to fly heading 050. This
act is motivated by controller belief
CB43 and is expressed with the phrase
turn left heading zero
five zero.

Table 21, Changes in Controller’s Beliefs After Utterance 114

Representation

Notes

CB44:
blf (occurred ([approach],
direct (Jsun512],
direction ((sun512], 050})),
true,
[[approach], [sun512]))

CB45:
blf {imend ([sun512),
acknowl ([appreach],
direct ([sun512],

direction ([sun512], 050}})),

true,
[[approach], [sun512]))

CBdé:
bif {intend ([sun512},
report ([approach,
intend ( {sun512]),
direclion ([sun512], 050))),
true,
[[approach], [sun512]])

(CB44) The controller believes that
the pilot of Sundance 512 has been
directed to change to heading 050.
This belief is derived from the contol-
ler’s intention CB43 1o perform act
CA10; it replaces CB43.

(CB45) The controller expects the
pilol to acknowledge the controller’s
direction to change direction. This
belief 1s derived from CB44.

(CB46) The controller expects the
pilot 1o inform the conmoller of the
ptlol’s intention 10 comply with the
direction (from CB44).
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Table 22. Changes in Pilot’s Beliefs After Utterance 114

Representation

Notes

PB42:
bif (occurred ([approach],
direct ([sun512],
direction ([sun512], 050))),
true,

[[sun512}, [approach]])

PB43:
bif (intend ([sun512],
acknow! ([approach],
direct ([sun512],
direction ([sun512], 050)}))),
true,

[[sun512], [approach]])

PB44.
bif (intend ([sun512],
direction {[sun512], 050)),
true,
[[sun512], [approach]))

PB45:
blf (intend ([sun512,]
report ([approach],
intend ( [sun512],
direction ([sun512],050)))),
true,

[[sun512], [approach]])

(PB42) The pilot believes that the
controller has directed the pilot to
change heading to 050. This belief is
derived from the pilot’s belief PB30
that the current heading is mutually
known to be 100, from the pilot’s
expectation PB2 that the controller
will instruct the pilot to change direc-
tion, and from the controller’s use of
the phrase turn left heading
zero five zero.

(PB43) The pilot intends to acknowl-
edge the controller’s direction to
change heading. The belief is derived
from PB42.

(PB44) The pilot intends to comply
with the direction. This belief is
derived from PB42 and from the
pilot’s knowledge of current condi-
tions.

{PB45) The pilot intends to inform the
controller of PB44.
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Table 23. Intended Acts of Pilot in Utterance 115

(115) Sun 512: Left zero five zero Sundance five twelve.
Representation Notes
PA7: (PA7) The pilot of Sundance 512
act (acknowl ([approach], attempts to acknowledge the control-
direct ([sun512], ler’s direction to change heading to
direction ([sun512], 050))) 050. This act is motivated by pilot
belief PB43 and is expressed by the

phrase left zero five zero.

PA8: (PA8) The pilot attempts to inform the
act (report ([approach], controller of the intention to comply.

intend ( [sun512], This belief is motivated by pilot belief

direction ([sun512), 050)))) PB45 and is expressed by the absence

of a statement that the pilot is unable to
comply.
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Table 24. Changes in Pilot’s Beliefs After Utterance 115

Representation

Notes

PB46:
blf (occurred ([sun512],
acknowl ([approach],
direct ([sun512],
direction (sun512,
050,

true,

[[sun512, approach]))

PB47:
bif (occurred ([sun512],
report ([approach],
intend ([sun512],
direction {[sun512},050))}),
true,

[[sunS12, approachl])

PB48:
blf (intend ([sun512],
direction ([sun512], 050))),
true,
[[sun512, approach}))

(PB46) The pilot of Sundance 512
believes that the controller’s direction
in utterance 114 has been acknowl-
edged. This belief is derived from the
pilot’s intention PB43 to perform PA7,
It replaces PB43.

(PB47) The pilot believes that the
controller has been informed of the
pilot’s intention to comply with the
request to change to heading 050. This
belief is derived from the pilot’s inten-
tion PB45 to perform PAS. It replaces
and PB45.

(PB48) The pilot believes that pilot
and controller mutually know that the
pilot intends to comply with the
request to change to heading 050. This
belief is derived from PB47 and
replaces pilot belief PB44,
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Table 25. Changes in Controller’s Beliefs After Utterance 115

Representation

Notes

CB47:

bif (occurred ([sun512],

acknowl ([approach],
direct ([sun512],
direction ([sun512],
050))),
true,
[[approach, sun512]])

CB48:
bif (occurred ([sun512],
report ([approach],
intend ( [sun512],
direction ([sun512],
050)))),

true,

[[approach, sun512]])

CB49:
bif (intend ([sun512},
direction ([sun512], 050)))),
true,
[[approach, sun512]))

(CB47) The controller believes that
the pilot of Sundance 512 has
acknowledged the controller’s direc-
tion to change heading to 050. This
belief is derived from CB45 and from
the pilot’s use of the phrase left
zero five zero. This belief
replaces controller belief CB45.

(CB48) The controller believes that
the pilot has informed the controller of
the pilot’s intention to comply with the
request to change heading t0 050. This
belief is derived from CB46 and from
the absence of a statement that the
pilot is unable to comply. This belief
replaces controller belief CB46.

(CB49) The controller believes that
the pilot intends to comply with the
request to change heading to 050. This
belief is derived from CB48.
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Table 26. Changes in Pilot’s Beliefs Between Utterances 115 and 125

Representation

Notes

PB49:
blf (direction ([sun512], 050)),
true,
[[sun512,approach]])

(PB49) The pilot believes that the air-
craft is now flying heading 050, from
information displayed on the aircraft
instrument panel. This belief replaces
pilot beliefs PB30 and PB44.

Table 27. Changes in Controller’s Beliefs Between Utterances 115 and 125

Representation

Notes

CB50:
blf (direction ([sun512], 050}),
true,
[[approach, sun512]])

CB51:
bif (intend ([approach],
direct ([sun512],
direction ([sun512], 010)))},
true,

[[approach]])

(CB50) The controller believes that
the aircraft is now flying heading 050,
from information displayed on the
controller’s console. This belief
replaces CB30 and CB49.

(CB51) The controller intends to
direct the pilot to change heading to
010. This intention is derived from
knowledge of recommended proce-
dures and from controller belief CB50.
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Table 28. Intended Act of Controller in Utterance 125

(125) Approach:
zero one zero.

Representation

Sundance five twelve turn left heading

Notes

CA11: (CA11) The controller attempts to
act (direct ([sun512), direct the pilot to fly heading 010. This
direction ([sun512], 010))) act is motivated from controller belief
CB51 and is expressed with the phrase
turn left heading zero one
Zero.
Table 29. Changes in Controller’s Beliefs After Utterance 125
Representation Notes
CB52: (CB52) The controller believes that
blf (occurred ([approach], the pilot has been directed to change
direct ([sun512], direction to heading 010. This belief is
direction ([sun512], 010))), derived from the controller’s attempt
true, to perform act CA11 and it replaces

[[approach], [sun512]])

CBs3:
bif (intend ([sun512},
acknowl! ([approach],
direct ([sun512),
direction ([sun512], 010)))),
true,

[[approach], [sun512]])

CB54:
blf (intend ([sun51]2,
report {[approach],
intend ( [sun512],
direction ([sun512], 010})})),
true,

[lapproach], [sun512]])

controller belief CB51.

(CB53) The controller expects the
pilot to acknowledge the controller’s
direction to change heading. This
belief is derived from CB52 and rec-
ommended procedure.

(CB54) The controller expects the
pilot to inform the controller of the
pilot’s intention to comply with the
direction (from CB52).
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Table 30. Changes in Pilot’s Beliefs After Utterance 125

Representation

Notes

PB50:
blf {occurred ([approach],
direct ([sun512],
direction ([sun512], 010)})),
true,

[[sun512], [approach]])

PBS51:
bif (intend ([sun512],
acknowl ([approach],
direct ([sun512],
direction ([sun512], 010)))),
true,

[[sun512), [approach]])

PBS2:
bif (intend ([sun512],
direction ([sun512], 010}),
true,
[[sun512], [approach]])

PB53:
blf (intend ([sun512],
report ( [approach],
intend ( [sun512],
direction ([sun512], 010}))),
true,

[[sun512], [approach]))

(PB50) The pilot believes that the
controller has directed the pilot to
change heading to 010. This belief is
derived from the pilot’s expectation
PB2 that the controller will direct the
pilot to change direction, from pilot
belief CB50 about the current heading,
and from the controller’s use of the
phrase turn left heading
zero one zero.

(PB51) The pilot intends to acknowl-
edge the controller’s direction to
change heading to 010, This belief is
derived from PB50.

(PB52) The pilot intends to comply
with the direction. This belief is
derived from the pilot’s knowledge of
current conditions.

(PB53) The pilot intends to inform the
controller of the intention to comply
with the direction (from PB52 and rec-
ommended procedure).
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Table 31, Intended Acts of Pilot in Utterance 126

{115) Sun 512: Left zero one zero Sundance five twelve.
Representation Notes
PA9: (PA9) The pilot of Sundance 512

act (acknow! ([approach],
direct ([sun512],
direction ([sun512], 010)))

PA10:
act (repon ([approach],
intend ((sun512},
direction ([sun512), 010))))

auempts (o acknowledge the control-
ler’s direction to change heading to
010 (motivated by PBS1 and
expressed with the phrase left
zexo one zero).

(PA10) The pilot attempts o inform
the controller of the pilot's intention Lo
comply with the direction. This act is
motivated by PB53 and expressed by
the absence of a statement that the
pilot is upable 10 comply.
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Table 32. Changes in Pilot’s Beliefs After Utterance 126

Representation

Notes

PB54:
bif (occurred ([sun512),
acknowl ([approach],
direct ([sun512],
direction ([sun512],
010))),

true,

[[sun512, approach]])

PB55:
bif {occurred {[sun512],
report ( [approach],
intend ( [sun512],
direction ([sun512],
010)))),

true,

[[sun512, approach]])

PB56:
bif (intend ([sun512],
direction ([sun512], 010)),
true,
[[sun512, approach]))

(PB54) The pilot of Sundance 512
believes that the controller’s direction
in utterance 125 has been acknowl-
edged. This belief is derived from the
pilot’s intention PB51 to perform act
PA9. It replaces pilot belief PB51.

(PB55) The pilot believes that the
controller has been informed of the
pilot’s intention to comply with the
request to change to heading 010. This
belief is derived from the pilot’s inten-
tion PB53 to perform act PA10. It
replaces pilot belief PB53.

(PB56) The pilot believes that pilot
and controller mutually believe that
the pilot intends to comply with the
request to change to heading 010. This
belief is derived from PB55 and
replaces pilot belief PB52,
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Table 33. Changes in Controller’s Beliefs After Utterance 126

Representation

Notes

CB55:
bif (occurred ([sun512],
acknowl ([approach],
direct ([sun512],
direction ([sun512],
0100)),
true,

[[approach, sun512]])

CB56:
bif (occurred ([sun512],
report ([approach],
intend ( [sun512],
direction ([sun512],
010)))),
true,

[[approach, sun512]])

CB57:
bif (intend ([sun512],
direction ([sun512],010)),
true,
[[approach, sun512]))

(CBS55) The controller believes that
the pilot has acknowledged the direc-
tion to change heading to 010. This
belief is derived from CB53 and from
the pilot’s use of the phrase left
zero one zero. This belief
replaces CB53.

(CB56) The controller believes that
the pilot has informed the controller of
the pilot’s intention to comply with the
request to change heading to 010. This
belief is derived from CB54 and from
the absence of a statement from the
pilot indicating inability to comply.
This belief replaces CB54.

(CB57) The controller believes that
the pilot intends to comply with the
request to change heading to 010. This
belief is derived from CB56.
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Table 34. Changes in Pilot’s Beliefs Between Utterances 126 and 127

Representation

Notes

PB57:
bif (direction ([sun512], 010)),
true,
[[approach, sun512]))

(PB57) The pilot believes that the air-
craft has changed direction to heading
010. This belief is derived from infor-
mation displayed on the pilot’s instru-
ment panel. It replaces pilot belief
PB52.

Table 35. Changes in Controller’s Beliefs Between Utterances 126 and 127

Representation

Notes

CB58:
bif (direction ([sun512], 010)},
true,
[[approach, sun512]])

CB59:
blf (intend ([approach],
direct ([sun512],
altitude ([sun512], 4500)))),
true,

[fapproach]])

(CB58) The controller believes that
the pilot has changed direction to
heading 010. This belief is derived
from information displayed on the
controller’s console. It replaces con-
troller belief CB57.

(CB59) The controller intends to
direct the pilot to descend to 4500 feet.
This intention is formed from knowl-
edge of recommended procedures and
of current conditions, and from con-
troller belief CB27 about the aircraft
altitude.
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Table 36. Intended Act of Controller in Utterance 127

(127) Approach: Sundance five twelve descend and maintain
four thousand five hundred.

Representation Notes
CA12: (CA12) The controller attempts to
act (direct ([sun512], direct the pilot to descend to an alti-
aftitude ([sun512], 4500))) tude of 4500 feet. This act is motivated

by controller belief CB59 and
expressed with the phrase descend
and maintain four thousand
five hundred.
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Table 37. Changes in Controller’s Beliefs After Utterance 127

Representation

Notes

CB60:
blf (occurred ([approach],
direct ([sun512],
altitude ([sun512], 4500))),
true,
[[approach], [sun512]))

CB61:
bif (intend ([sun512],
acknowl ([approach],
direct ([sun512],
altitude ([sun512], 4500)))),
true,

[fapproach], [sun512]])

cBé62:
bif (intend ([sun512],
report ([approach],
intend ( [sun512],
altitude ([sun512], 4500))),
true,

[[approach], [sun512]])

(CB60) The controller believes that
the pilot has been directed to descend
to 4500 feet. This belief is derived
from the controller’s intention CBS9
to perform act CA12 and it replaces
controller belief CB59.

(CB61) The controller expects the
pilot to acknowledge the controller’s
direction to change altitude (from
CB60 and recommended procedure),

(CB62) The controller expects the
pilot to inform the controller of the
pilot’s intention to comply with the
direction (from CB60).
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Table 38. Changes in Pilot’s Beliefs After Utterance 127

Representation

Notes

PB58:
bif (occurred ([approach],
direct ([sun512],
altitude ([sun512], 4500)))),
true,

[[sun512], [approach]])

PB59:
bif {intend ([sun512],
acknowl ([approach],
direct {[sun512],
altitude ([sun512], 4500)))),
true,

[[sun512], [approach]])

PB60:
blf {intend {[sun512],
altitude ([sun512], 4500)),
true,
[[sun512), [approach]])

PB61:
bif (intend ([sun512],
report ([approach],
intend ( [sun512],
altitude ([sun512], 4500)))),
true,

[[sun512], [approach]])

(PB58) The pilot believes that the
controller has directed the pilot to
change altitude to 4500 feet. This
belief is derived from the pilot’s belief
PB27 that the current altitude is mutu-
ally known to be 5000 feet, from the
pilot’s expectation PB3 that the con-
troller will direct the pilot to change
altitude, and from the controller’s use
of the phrase descend and main-
tain four thousand five
hundred

(PB59) The pilot intends to acknowl-
edge the controller’s direction to
change altitude (from PB58 and rec-
ommended procedure).

(PB60) The pilot intends to comply
with the direction (from PBS58 and
from knowledge of current condi-
tions).

(PB61) The pilot intends to inform the
controller of the intention to comply
with the direction (from PB64 and rec-
ommended procedure).
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Table 39. Intended Acts of Pilot in Utterance 128

(128) Sun 512: Four thousand five hundred, Sundance five
twelve.
Representation Notes
PA11: (PA11) The pilot attempts to acknowl-
act (acknowl ([approach], edge the controller’s direction to
direct ([sun512], descend to 4500 feet. This act is moti-
altitude ([sun512], 4500))) vated by pilot belief PB59 and

expressed with the phrase four
thousand five hundred.

PA12: (PA12) The pilot attempts to inform
act (report ([approach], the controller of the pilot’s intention to
intend ( [sun512], comply with the direction. This act is
altitude ([sun512], 4500)))) motivated by pilot belief PB61 and is

expressed by the absence of a state-
ment indicating that the pilot is unable
to comply.
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Table 40. Changes in Pilot’s Beliefs After Utterance 128

Representation

Notes

PB62:
blf (occurred ([sun512],
acknowl ([approach,
direct ([sun51

2],

altitude ([sun512],

true,
[[sun512, approach]])

PB63:
bif (occurred ([sun512],
report ([approach],
intend ([sun512],
altitude (

true,
[[sun512, approach]])

PB64.
blf (intend ([sun512),
altitude ([sun512], 4500)),
true,
[[sun512, approach]])

4500)))).

[sun512],
4500)))),

(PB62) The pilot believes that the
controller’s direction in utterance 128
has been acknowledged. This belief is
derived from the pilot’s intention
PB59 to perform act PA11. It replaces
pilot belief PB59.

(PB63) The pilot believes that the
controller has been informed of the
pilot’s intention to comply with the
request to descend to 4500 feet. This
belief is derived from the pilot’s inten-
tion PB61 to perform act PA12; it
replaces pilot belief PB61.

(PB64) The pilot believes that pilot
and controller mutually know that the
pilot intends to comply with the direc-
tion. This belief is derived from PB63
and replaces PB64.
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Table 41. Changes in Controller’s Beliefs After Utterance 128

Representation

Notes

CB63:
blf (occurred ([sun512],
acknowl ([approach),

direct ([sun512],
altitude ([sun512],
4500)))),
true,
[fapproach, sun512]])
CBé64:
bif {occurred ([sun512],
report ([approach],
intend ( [sun512],
altitude ([sun512],
4500)))).
true,

[[approach, sun512]])

CBé65:
blf (intend ([sun512],
altitude ([sun512], 4500)),
true,
[[approach, sun512]])

(CB63) The controller believes that
the pilot of Sundance 512 has
acknowledged the controller’s direc-
tion to change altitude to 4500 feet.
This belief is derived from controller
expectation CB61 and from the pilot’s
use of the phrase four thousand
five hundred; it replaces control-
ler belief CB61.

(CB64) The controller believes that
the pilot has informed the controller of
the pilot’s intention to comply with the
request to change altitude to 4500.
This belief is derived from controller
expectation CB62 and from the
absence of a statement indicating that
the pilot is unable to comply. This
belief replaces controller belief CB62.

(CB65) The controller believes that
the pilot intends to comply with the
request to change altitude to 4500
(derived from CB64).
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Table 42. Changes in Controller’s Beliefs Between Utterances 128 and 131

Representation Notes
CB66: (CB66) The controller believes the
bif (altitude ([sun512], 4500}, aircraft has descended to an altitude of
true, 4500 feet. This belief is derived from
[[approach, sun512]]) information displayed on the control-
lers console; it replaces controller
belief CB27 and CB6S.

Table 43. Changes in Pilot’s Beliefs Between Utterances 128 and 131

Representation Notes
PB65: (PB65) The pilot believes the aircraft
bif (altitude ([sun512], 4500), has descended to an altitude of 4500
true, feet. This belief is derived from infor-
[[sun512, approach]]) mation displayed on cockpit instru-

ments; it replaces pilot beliefs CB27
and CB6S.
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E.4 Arrival Instructions

The aircraft is now two to three miles from the approach gate for the ILS-28R
Approach, and the controller issues arrival instructions (utterance 131, table Table 46). This
is the last vectoring instruction that the controller will issue before the pilot begins execut-
ing the published approach procedure. While executing the approach procedure, the pilot
will maneuver without explicit instructions from a controller. In this transmission, the con-
troller confirms certain critical information — the aircraft position — and states the alti-
tude, speed, and direction assignments that are to be observed until the pilot can begin the

standard approach procedure.

This utterance is the longest transmission in the entire dialogue, using 34 words

to express five speech acts:

e aposition report (eight miles from Laker),

» aturn to intercept the final approach course (turn left heading
three one zero),

« authorization to execute a particular approach procedure (cleared
ILS two eight right approach),

+ altitude and speed assignments to be observed until the aircraft is estab-
lished on a segment of the approach procedure (Maintain four
thousand five hundred till established localizer
..maintain one seven zero knots until Laker).

Despite the amount of infprmation contained, this transmission is delivered at
the same rapid-fire pace as the rest of the dialogue. One would expect this to be difficult or
impossible to follow, and in fact non-pilots do find this utterance to be nearly unintelligible
[Novick 92]. How does the pilot understand it? One explanation is that the pilot strongly
expects to receive this set of instructions in the order given. The arrival instructions are
largely boilerplate; FAA procedure requires the controller to include all but the speed
assignment. Furthermore, much of the content is confirming information that the pilot

should already know. The pilot is therefore able to quickly recognize and focus on the most
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important words: eight miles, heading three one zero, two eight

right, four thousand five hundred, and one seven zero knots.

Because this model does not capture time or more general conditional instruc-
tions, the “until” clauses of this instruction are not represented. Although this is not ade-
quate for ATC instructions in general, it is acceptable in this case; as mentioned above, the
“until” clauses refer to conditions that would normally supercede the controller’s instruc-
tions anyway. Once established on the localizer, the pilot is to descend along the glideslope
defined by the localizer. After passing the Laker beacon, the pilot should be adjusting speed

in accordance with approach procedure and the performance characteristics of the aircraft.
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Table 44. Changes in Controller’s Beliefs Before Utterance 131

Representation

Notes

CB67:
blf (position ([sun512], laker, 8},
true,
[[approach), [sun512]})

CB68:
bif (intend ([approach],
authorize ( [sun512],
approach (pdx, ils-28R))),
true,
[[approach], [sun512]])

CB69:
bif (intend ([approach],
report ([sun512),
bif {position ([sun512], laker, 8),
true,
[[approach], [sun512]])),
true,

[[approach], [sun512]))

CB70:
blf (intend ([approach],
direct ([sun512],
altitude ([sun512], 4500))),
true,
[[approach]])

CB71:
bif (intend ([approach],
direct ([sun512],
airspeed {[sun512}, 170))),
true,
[[approach]])

(CB67) The controller believes that
the aircraft is approximately eight
miles from the Laker beacon. This
belief is derived from information dis-
played on the controlier’s console.

{CB68) The controller intends to
authorize the pilot to execute the ILS-
28R approach procedure into PDX.
This belief is derived from controller
beliefs CB9 (the pilot’s destination)
and CB10 (the approach in use) and
from information displayed on the
console.

(CB69) The controller intends to
inform the pilot of the aircraft posi-
tion. This belief is derived from con-
troller belief CB67 and from
recommended procedure.

(CB70) The controller intends to
direct the pilot to maintain an altitude
of 4500 feet until the aircraft begins
executing the ILS-28R approach pro-
cedure. This belief is derived from
CB66 and from information displayed
on the controller’s console.

(CB71) The controller intends to
direct the pilot to maintain an airspeed
of 170 knots until the aircraft flies over
the Laker beacon. This belief is
derived from CB44 about the aircraft
altitude and from information dis-
played on the console.
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Table 44. Changes in Controller’s Beliefs Before Utterance 131 (Continued)

Representation

Notes

CB72: (CB72) The controller intends to
bif (intend ([approach], direct the pilot to change heading to
direct ([sun512], 310. This belief is derived from the
direction ([sun512], 310))), controller’s beliefs about the aircraft
true, position (CB67) and heading (CB58)
[[approach])) and from information displayed on the
controller’s console.
Table 45. Changes in Pilot’s Beliefs Before Utterance 131
Representation Notes
PB66: (PB66) The pilot believes that the air-
bif (position ([sun512], laker, 8), craft is approximately eight miles
true, from the Laker beacon. This belief is

[[sun512], [approach]])

derived from information displayed on
the cockpit instruments.
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Table 46. Intended Acts of Controller in Utterance 131

(131) Approach: Sundance five twelve eight miles from
Laker turn left heading three one zero.
Maintain four thousand five hundred till
established localizer cleared ILS two
eight right approach, maintain one seven
zero knots until Laker.

Representation Notes
CA13: (CA13) The controller attempts to
act (report ([sun512], inform the pilot of the controller’s
blf (position ([sun512], laker, 8) belief that the aircraft is approximately
true, eight miles from the Laker beacon.
[[approach], [sun512]]))) This act is motivated by controller

belief CB69 and is expressed by the
use of the phrase eight miles
from Laker.

CA14: (CA14) The controller attempts to
act (direct ([sun512], direct the pilot to fly heading 310. This
direction ([sun512], 310))) act is motivated by controller belief

CB72 and expressed by the use of the
phrase turn left heading
three one zero.

CA15: (CA1S5) The controller attempts to
act (direct ([sun512], direct the pilot to maintain an altitude
altitude ([sun512], 4500))) of 4500 feet until the aircraft begins

executing the ILS-28R approach pro-
cedure. This act is motivated by con-
troller belief CB70 and expressed by
the use of the phrase maintain
four thousand five hundred
till established local-
izer.
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Table 46. Intended Acts of Controller in Utterance 131 (Continued)

Representation Notes
CA16: (CA16) The controller intends to
act (authorize ([sun512], authorize the pilot to execute the ILS-
approach (pdx, ils-28R}))) 28R instrument approach procedure

into PDX. This act is motivated by
CB68 and is expressed by the use of
the phrase cleared ILS two
eight right approach.

CA17: (CA17) The controller intends to
act (direct ([sun512], direct the pilot to maintain an airspeed
airspeed {[sun512], 170))) of 170 knots until the aircraft flies over

the Laker beacon. This act is moti-
vated by controller belief CB71 and is
expressed by the use of the phrase
maintain one seven zero
knots until Laker.
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Table 47. Changes in Controller’s Beliefs After Utterance 131

Representation

Notes

CB73:
blf (occurred ([approach],
authorize ( [sun512],
approach (pdx, ils-28R))},
true,
[[approach], [sun512]])

CB74:
bif {(intend ([sun512],
acknowl ([approach],
authorize ([sun512],

approach ( pdx,
ils-28RY)))),
true,
[[approach], [sun512]))
CB75:
blf (occurred ([approach],
report ([sun512),
blf (position ([sun512), laker, 8),
true,
[[approach], [sun512]]))),
true,

[[approach], [sun512]))

CB76:
bif (intend ([sun512],
acknowl ([approach],
report ([sun512],
bif (position ([sun512],

laker,
8),

true,

[[approach],

[sun512]))))),
true,

[[approach], [sun512]])

(CB73) The controller believes that
the pilot has been authorized to exe-
cute the ILS-28R instrument approach
procedure into PDX. This belief is
derived from the controller’s intention
CB68 to perform CA16. This belief
replaces CB68.

(CB74) The controller expects the
pilot acknowledge the authorization.
This belief is derived from CB73 and
recommended procedure.

(CB75) The controller believes that
the pilot has been informed of the con-
rroller’s belief that the aircraft is
approximately eight miles from the
Laker beacon. This belief is derived
from the controller’s intention CB69
to perform act CA13. This belief
replaces controller belief CA13.

(CB76) The controller expects the
pilot to acknowledge the controller’s
report of the aircraft position. This
belief is derived from controller belief
CB75.
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Table 47. Changes in Controller’s Beliefs After Utterance 131 (Continued)

Representation

Notes

CB77:
bif (intend ([sun512],
report ( [approach],
bif (position ([sun512], laker, 8),
true,
[[sun512, approach]])))),
true,

[fapproach], [sun512]))

CB78:
bif (occurred ([approach],
direct ([sun512],
altitude ([sun512], 4500))),
true,

[[approach], [sun512]))

CB79:
bif (intend ([sun512],
acknowl ([approach],
direct ([sun512],
altitude ([sun512], 4500)))),
true,
[[approach], [sun512]])

CB80:
bif (intend ([sun512],
report ([approach],
intend {[sun512],
altitude ([sun512], 4500)))),
true,

[fapproach}, [sun512]))

CB81:
bif (occurred ([approach],
direct ([sun512],
direction ([sun512], 310))),
true,

[[approach], [sun512]])

(CB77) The controller further expects
the pilot to confirm the controller’s
report of the aircraft position. This
belief is derived from controller belief
CB67 about the aircraft position and
from controller belief CB75 that the
position report occurred.

(CB78) The controller believes that
the pilot has been directed to maintain
an altitude of 4500 feet until the air-
craft begins executing the ILS-28R
approach procedure. This belief is
derived from the controller’s intention
CB70 to perform act CA15. This
belief replaces CB70.

(CB79) The controller expects the
pilot to acknowledge the altitude
assignment. This belief is derived
from the controller’s belief CB78 that
the assignment occurred.

(CB80) The controller expects the
pilot to inform the controller of the
pilot’s intention to comply with the
altitude assignment. This belief is
derived from controller act CB78.

(CB81) The controller believes that
the pilot has been directed to fly head-
ing 310. This belief is derived from the
controller’s intention CB72 to perform
act CA14. This belief replaces control-
ler belief CB72.
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Table 47. Changes in Controller’s Beliefs After Utterance 131 (Continued)

Representation

Notes

cB82:
blf (intend ([sun512},
acknowl ([approach],
direct ([sun512],
direction ([sun512], 310)))),
true,

[[approach], [sun512]}))

CB83:
blf (intend (sun512,
report (approach,
intend ( sun512,
direction ([sun512],310)))),
true,

[[approach}, [sun512]])

CB84:
blf (occurred ([approach],
direct ([sun512],
airspeed ([sun512], 170))},
true,

[[approach], [sun512]])

CB85:
bif (intend ([sun512],
acknowl ([approach],
direct ([sun512,
airspeed ([sun512], 170)))),
true,

[[approach], [sun512]])

CB8é6:
blf (intend ([sun512],
report ([approach],
intend ( [sun512],
airspeed ([sun512), 170)))),
true,

[[approach], [approach]])

(CB82) The controller expects the
pilot to acknowledge the heading
assignment. This belief is derived
from CB81.

(CB83) The controller expects the
pilot to inform the controller of the
pilot’s intention to comply with the
heading assignment. This belief is
derived from CB81.

(CB84) The controller believes that
the pilot has been directed to maintain
an airspeed of 170 knots until the air-
craft flies over the Laker beacon. This
belief is derived from the controller’s
intention CB71 to perform CA17. This
belief replaces controller belief CB71.

(CB85) The controller expects the
pilot to acknowledge the speed assign-
ment. This belief is derived from
CB84.

(CB86) The controller expects the
pilot to inform the controller of the
pilot’s intention to comply with the
speed assignment. This belief is
derived from CB84.
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Table 48. Changes in Pilot’s Beliefs After Utterance 131

Representation

Notes

PB67:
blf (occurred ([approach],
report ([sun512],
blf (position ([sun512], laker, 8),
true,
[[approach], [sun512]}))),
true,

[[sun512], [approach]))

PB68:
bif (intend ([sun512],
acknowl ([approach],
report ( [sun512],
blf {(position ([sun512],
laker,
8),
true,
[[approach],
[sun512]))))),
true,
[[sun512], [approach]])
PB69:
bif (intend ([sun512],
report ([approach],
bif (position ([sun512], laker, 8),
true,
[[sun512, approach]))))),
true,

[[sun512], [approach]])

PB70:
blf (occurred ([approach],
direct {[sun512],
direction ([sun512], 310))},
true,

[[sun512], [approach]])

(PB67) The pilot believes that the
controller has reported that the aircraft
is approximately eight miles from the
Laker beacon. This belief is derived
from the controller’s use of the phrase
eight miles fromLaker.

(PB68) The pilot intends to acknowl-
edge the controller’s position report.
This belief is derived from pilot’s
belief PB67 and from recommended
procedure.

(PB69) The pilot further intends to
confirm the controller’s position
report. This belief is derived from
pilot’s belief PB67 and from the pilot’s
belief PB66 about the aircraft position.

(PB70) The pilot believes that the
controller has directed the pilot to fly
heading 310. This belief is derived
from the controller’s use of the phrase
turn left heading three
one zero and from the pilot’s
expectation PB2.




167

Table 48. Changes in Pilot’s Beliefs After Utterance 131 (Continued)

Representation

Notes

PB71:
bif (intend ([sun512],
acknowl ([approach],
direct ([sun512],
direction ([sun512], 310)))),
true,

{[sun512], [approach]))

PB72:
bif (intend ([sun512],
report ( [approach],
intend ( [sun512],
direction ([sun512], 310)))},
true,

[[sun512], [approach]])

PB73:
bif (intend ([sun512],
report ([approach],
intend ( [sun512],
direction ([sun512], 310)))),
true,

([sun512], [approach]])

PB74:
blf (occurred ([approach],
direct ([sun512],
altitude ([sun512], 4500))),
true,

[[sun512], [approach]))

(PB71) The pilot intends to acknowl-
edge the heading assignment. This
belief is derived from pilot belief
PB70 and from recommended proce-
dure.

(PB72) The pilot intends to comply
with the heading assignment. This
belief is derived from pilot belief
PBSS and from knowledge of the air-
craft capabilities and of the current
conditions.

(PB73) The pilot intends to inform
the controller of the pilot’s intention to
comply with the heading assignment.
This belief is derived from pilot belief
PB72 and from recommended proce-
dure.

(PB74) The pilot believes that the
controller has directed the pilot to
maintain an altitude of 4500 feet until
the aircraft begins executing the ILS-
28R approach procedure. This belief is
derived from the controller’s use of the
phrase maintain four thou-
sand five hundred till
established localizer.
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Table 48. Changes in Pilot’s Beliefs After Utterance 131 (Continued)

Representation

Notes

PB75:
bif (intend ([sun512],
acknowl ([approach],
direct ([sun512],
altitude ([sun512], 4500)))),
true,

[[sun512], [approach]))

PB76:
bif (intend ([sun512],
altitude ([sun512), 4500)))),
true,
[[sun512], [approach]])

PB77:
bif (intend ([sun512],
report ( [approach],
intend ( [sun512],
altitude ([sun512], 4500)))),
true,

[[sun512], [approach]))

PB78:
blf (occurred ([approach],
authorize ([sun512],
approach (pdx, ils-28R})),
true,
[[sun512], [approach]])

(PB75) The pilot intends to acknowl-
edge the altitude assignment. This
belief is derived from pilot belief
PB74 and from recommended proce-
dure.

(PB76) The pilot intends to comply
with the altitude assignment. This
belief is derived from pilot belief
PB65 that the aircraft is at 4500 feet
and from knowledge of the flight char-
acteristics of the aircraft and of the
current conditions.

(PB77) The pilot intends to inform the
controller of the pilot’s intention to
comply with the altitude assignment.
This belief is derived from pilot belief
PB76 and from recommended proce-
dure.

(PB78) The pilot believes that the
controller has authorized the pilot to
execute the ILS-28R instrument
approach procedure into PDX. This
belief is derived from the controller’s
phrase cleared ILS two eight
right approach and from pilot
expectation PB11.
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Table 48. Changes in Pilot’s Beliefs After Utterance 131 (Continued)

Representation

Notes

PB79:
bif (intend ([sun512],
acknow! ([approach],
authorize ( [sun512],
approach ( pdx,
ils-28RY))),

true,

[[sun512], [approach]])

PB80:
blf (occurred ([approach],
direct ([sun512],
airspeed ([sun512], 170))),
true,

[[sun512], [approach]])

PB81:
bl (intend ([sun512],
acknowl ([approach],
direct ([sun512],
airspeed ([sun512], 170))),
true,

[[sun512], [approach]))

PB82:
bif (intend ([sun512],
airspeed ([sun512], 170)),
true,
[[sun512], [approach]])

PB83:
bif (intend ([sun512],
report ( [approach],
intend ([sun512],
airspeed {[sun512], 170))),
true,

[[sun512], [approach]])

(PB79) The pilot intends to acknowl-
edge the authorization. This belief is
derived from PB78.

(PB80) The pilot believes that the
controller has directed the pilot to
maintain an airspeed of 170 knots until
the aircraft flies over the Laker bea-
con. This belief is derived from the
controller’s use of the phrase main-
tain one seven zero knots
until Laker and from pilot belief
PB41 of the current aircraft speed.

(PB81) The pilot intends to acknowl-
edge the speed assignment. This belief
is derived from pilot belief PB80 and
from recommended procedure.

(PB82) The pilot intends to comply
with the speed assignment. This belief
is derived from knowledge of the air-
craft characteristics and the current
conditions.

(PB83) The pilot intends to inform the
controller of the pilot’s intention to
comply with the speed assignment.
This belief is derived from pilot belief
PB82 and from recommended proce-
dure.
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Table 49. Intended Acts of Pilot in Utterance 132

(132) Sun 512:

Three one zero uh four thousand five
hundred we’ll maintain uh, speed,

(and

cleared for the) ILS two eight right
Sundance five twelve.

Representation

Notes

PA13:
act (acknowl ([approach],
report ([sun512],
bif (position ([sun512], laker, 8),
true,
[[approach}, [sun512])))))

PA14:
act (report ( [approach],
blf (position ([sun512], laker, 8),
true,
[[sun512, approach]))))

PA15:
act (acknowl ([approach],
direct ([sun512],
direction ([sun512], 310))))

PA16:
act (report ( [approach],
bif ( intend ( [sun512],
direction ([sun512], 310)),
true,
[[sun512], approach]))))

(PA13) The pilot attempts to acknowl-
edge the position report. This act is
motivated by PB68 and is expressed
by the absence of a request for clarifi-
cation to the position report.

(PA14) The pilot attempts to confirm
the position report. This act is moti-

vated by PB69 and is expressed by the
absence of a correction to the position

report.

(PA15) The pilot attempts to acknowl-
edge the heading assignment. This act
is motivated by pilot belief PB71 and
from the use of the phrase three
one zero.

(PA16) The pilot attempts to inform
the controller that the pilot intends to
comply with the heading assignment.
This act is motivated by PB73 and is
expressed by the absence of a state-
ment that the pilot is unable to comply.
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Table 49. Intended Acts of Pilot in Utterance 132 (Continued)

Representation

Notes

PA17:

act (acknowl ([approach],
direct ([sun512],
altitude ([sun512], 4500))))

PA18:
act (report ([approach],
bif ( intend ( [sun512],
altitude ([sun512], 4500)),
true,
[[sun512], approach]])))
PA19:

act (acknowl ([approach],
direct ([sun512],
airspeed ([sun512], 170))))

PA20:
act (report ([approach],
bif (intend ([sun512],
airspeed ([sun512], 170)),
true,
[[sun512], [approach])])))
PA21:

act (acknow! ([approach],
authorize ( [sun512],
approach (pdx, ils-28R))))

(PA17) The pilot attempts to acknowl-
edge the aliitude assignment. This act
is motivated by PB7S and is expressed
with the phrase four thousand
five hundred.

(PA18) The pilot attempts to inform
the controller of the pilot’s intention to
comply with the altitude assignment.
This act is motivated by PB77 and is
expressed by the absence of a state-
ment that the pilot is unable to comply.

(PA19) The pilot intends to acknowl-
edge the speed assignment. This belief
is motivated by PB81 and is expressed
with the phrase we’ 1l maintain
uh, speed

(PA20) The pilot attempts to inform
the controller of the pilot’s intention to
comply with the speed assignment.
This belief is derived from pilot belief
PB83 and is expressed by the phrase
we’ll maintain uh, speed

(PA21) The pilot attempts to acknowl-
edge the authorization. This act is
motivated by PB79 and is expressed
by the pilot’s use of the phrase
cleared for the ILS two
eight right.
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Table 50. Changes in Pilot’s Beliefs After Utterance 132

Representation

Notes

PB84.:
bif (occurred ([sun512],
acknowl ([approach],
report ([sun512],
blf {position ([sun512],
laker,
8),
true,
[[approach],
[sun512])))).
true,
[[sun512, approach]])
PB85:
blf (occurred ([sun512],
report ([approach],
blf (position ([sun512], laker, 8),
true,
{[sun512, approach]}))),
true,

[[sun512, approach]))

PB8é6:
bif (position ([sun512], laker, 8)),
true,
[[sun512, approach]])

PB87.
bif (occurred ([sun512),
acknowl ([approach],
direct ([sun512],
direction ([sun512],
310)))),
true,

[[sun512, approach}})

(PB84) The pilot believes that the
position report has been acknowl-
edged. This belief is derived from the
pilot’s intention PB68 to perform act
PA13. This belief replaces PB68.

(PB85) The pilot believes that the
position report has been confirmed.
This belief is derived from the pilot’s
intention PB69 to perform act PA14,
This belief replaces PB69.

(PB86) The pilot believes that pilot
and controller are mutually aware of
the current position of the aircraft.
This belief is derived from PB85 and
replaces PB66.

(PB87) The pilot believes that the
heading assignment has been
acknowledged. This belief is derived
from the pilot’s intention PB71 to per-
form act PA15. It replaces PB71.
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Table 50. Changes in Pilot’s Beliefs After Utterance 132 (Continued)

Representation Notes
PB88: (PB88) The pilot believes that the
bl (occurred ([sun512], controller has been informed of the
report ([approach], pilot’s intention to comply with the
blf (intend ([sun512], heading assignment. This belief is
direction {[sun512], derived from the pilot’s intention
310)), PB73 to perform act PA16. It replaces
true, PB73.
[(sun512, approachl]))),
true,
[[sun512, approach]])
PB89: - (PB89) The pilot believes that pilot
bif (intend ([sun512], and controller are mutually aware of
direction ([sun512], 310)), the pilot’s intention to comply with the
true, heading assignment. This belief is
[[sun512, approach])) derived from PB88 and replaces PB72.
PB90: (PB90) The pilot believes that the alti-
bif (occurred ([sun512], tude assignment has been acknowl-
acknow! ([approach], edged. This belief is derived from the
direct ([sun512], pilot’s intention PB75 to perform act
altitude ([sun512], PA17. It replaces PB75.
4500)))),
true,
[[sun512, approach]))
PB91: (PB91) The pilot believes that the
blf (occurred ([sun512], controller has been informed of the
report ([approach), pilot’s intention to comply with the
blf (intend ([sun512], altitude assignment. This belief is
altitude ([sun512], derived from the pilot’s intention
4500)), PB77 to perform act PA18. It replaces
true, PB77.
[[sun512, approach]]))),
true,

[[sun512, approach]])
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Table 50. Changes in Pilot’s Beliefs After Utterance 132 (Continued)

Representation

Notes

PB92:
bif (intend ([sun512],
altitude ([sun512], 4500)),
true,
[[sun512, approach]))

PB93:
bif (occurred ([sun512),
acknow! {[approach],
direct ([sun512],
airspeed ([sun512),
170))),

true,

[[sun512, approach]])

PB94.
blf (occurred ([sun512],
report ([approach],
bif (intend ([sun512],
airspeed ([sun512],
170)),

true,

[[sun512], [approach]]))).

true,

[[sun512, approach]])

PB95:
bif (intend ([sun512],
airspeed ([sun512], 170)),
true,
[[sun512, approach]))

PB96:
blf (occurred ([sun512],
acknowl ([approach],
authorize ( [sun512],
approach (pdx,
ils-28n))),

true,

[[sun512, approach]])

(PB92) The pilot believes that pilot
and controller are mutually aware of
the pilot’s intention to comply with the
altitude assignment. This belief is
derived from PB91 and replaces PB76

(PB93) The pilot believes that the
speed assignment has been acknowl-
edged. This belief is derived from the
pilot’s intention PB81 to perform act
PA19. It replaces PB81.

(PB94) The pilot believes that the
controller has been informed of the
pilot’s intention to comply with the
speed assignment. This belief is
derived from the pilot’s intention
PB83 to perform act PA20. It replaces
PB83.

(PB95) The pilot believes that pilot
and controlier are mutually aware of
the pilot’s intention to comply with the
speed assignment. This belief is
derived from PB94 and replaces PB82

(PB96) The pilot believes that the
authorization has been acknowledged.
This belief is derived from the pilot’s
intention PB79 to perform act PA21. It
replaces PB79.
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Table 50. Changes in Pilot’s Beliefs After Utterance 132 (Continued)

Representation Notes
PB97: (PB97) The pilot believes that both
blf (authorize (jsun512], controller and pilot mutually know
approach (pdx, ils-28r)), that the aircraft is authorized to exe-
true, cute the ILS-28R approach procedure.
[[sun512, approach])) This belief is derived from PB96 and

replaces PB78. At this point, the indef-
inite expectations that the controller
will vector the aircraft 1o the approach
gate (PB1, PB2, and PB3) are with-
drawn.
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Table 51. Changes in Controller’s Beliefs After Utterance 132

Representation

Notes

CB87:
blf (occurred ([sun512],
acknowl ([approach],
direct ([sun512],
direction ([sun512],
310))).
true,
[[sun512, approach]))
CBs88:
blf (occurred (sun512,
report (approach,
blf (intend (sun512,
direction (sun512,
310)),
true,
[[sun512, approach]}))),
true,

[fapproach, sun512]])

CB89:
bif (intend (sun512,
direction (sun512, 310)),
true,
[[approach, sun512]])

CB90:
bif (occurred ([sun512],
acknowl ([approach],
direct ([sun512],
altitude ([sun512],
4500)))),
true,
[[approach, sun512]))

(CB87) The controller believes that
the pilot has acknowledged the head-
ing assignment. This belief is derived
from controller belief CB82 and from
the pilot’s phrase three one zero.
It replaces controller belief CB82.

(CB88) The controller believes that
the pilot has reported the intention of
complying with the heading assign-
ment. This belief is derived from
expectation CB83 and from the
absence of a statement that the pilot is
unable to comply. This belief replaces
CB83.

(CB89) The controller believes that
the pilot intends to comply with the
heading assignment. This belief is
derived from belief CB88.

(CB90) The controller believes that
the altitude assignment has been
acknowledged. This belief is derived
from controller expectation CB79 and
from the pilot’s phrase four thou-
sand five hundred. It replaces
controller belief CB79.
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Table 51. Changes in Controller’s Beliefs After Utterance 132 (Continued)

Representation

Notes

CB91:
blf (occurred ([sun512],
report ([approach],
bif (intend ([sun512],
altitude ([sun512],
4500)),
true,
[[sun512, approach]]})),
true,

[[approach, sun512]])

cB92:
blf (intend ([sun512],
altitude ([sun512), 4500)),
true,
[[approach, sun512]])

CB93:
bif (occurred ([sun512],
acknow! ([approach],
direct ([sun512],
airspeed ([sun512],
170))),
true,
[{approach, sun512]])
CB94:
bif (occurred ([sun512],
report ([approach],
blf (intend ([sun512],
airspeed ([sun512],
170)),
true,
[[sun512], [approachi]))).
true,

[[sun512, approach]))

(CB91) The controller believes that
the pilot has reported the intention to
comply with the altitude assignment.
This belief is derived from expectation
CBB80 and from the absence of a state-
ment that the pilot is unable to comply.
This belief replaces CB8O0.

(CB92) The controller believes con-
troller and pilot mutually know that
the pilot intends to comply with the
altitude assignment. This belief is
derived from belief CB91.

(CB93) The controller believes that
the speed assignment has been
acknowledged. This belief is derived
from controller expectation CB85 and
from the pilot’s phrase we’ 11
maintain uh, speed.ltreplaces
controller belief CB8S.

(CB94) The controller believes that
the pilot has reported the intention of
complying with the speed assignment.
This belief is derived from controller
expectation CB86 and from the pilot’s
phrase we’ 11 maintain uh,
speed. It replaces controller belief
CB86.
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Table 51. Changes in Controller’s Beliefs After Utterance 132 (Continued)

Representation

Notes

CB95:
blf (intend ([sun512],
airspeed ([sun512], 170)),
true,
[[sun512, approach]))

CB96:
bif (occurred ([sun512],
acknowl ([approach],
authorize ( [sun512],
approach (pdx,
ils-28R)))),

true,

[[approach, sun512]))

CB97:
blf (authorize ([sun512],
approach (pdx, ils-28R)))),
true,
[[approach, sun512]))

CB98:
bl (occurred ([sun512],
acknowl ([approach],
report ([sun512],
bif (position ([sun512],
laker,
8),
true,
[[approach),
[sunS12])))),
true,
[[approach, sun512]])

(CB95) The controller believes that
the controller and pilot mutually know
that the pilot intends to comply with
the speed assignment. This belief is
derived from belief CB94.

(CB96) The controller believes that
the authorization has been acknowl-
edged. This belief is derived from con-
troller expectation CB74 and from the
pilot’s phrasec cleared for the
ILS two eight right. This
belief replaces CB74 .

(CB97) The controller believes that
pilot and controller mutually know
that Sundance 512 is cleared for the
ILS-28R approach. This belief is
derived from CB96 and replaces
CB73.

(CB98) The controller believes that
the position report has been acknowl-
edged. This belief is derived from con-
troller expectation CB76 and from the
absence of pilot request for clarifica-
tion. This belief replaces CB76.
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Table 51. Changes in Controller’s Beliefs After Utterance 132 (Continued)

Representation

Notes

CB99:
bl (occurred ([sun512],
report ([approach],
bif (position ([sun512], laker, 8),
true,
[[sun512, approach]])}),
true,

[[approach, sun512]))

CB100:
blf (position ([sun512], laker, 8),
true,
[[approach, sun512]))

(CB99) The controller believes that
the position report has been confirmed.
This belief is derived from controller
expectation CB77 and from the
absence of pilot correction. This belief
replaces CB77.

(CB100) The controller believes that
controlier and pilot mutually know the
current position of the aircraft. This
belief is derived from controller belief
CB99 and replaces belief CB67.
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Table 52. Changes in Controller’s Beliefs Between Utterance 132 and 157

Representation Notes
CB101: (CB101) The controller believes that
bif (direction ([sun512], 310)), the Sundance 512 is flying heading
true, 310. This belief is derived from infor-

[lapproach, sun512]))

mation displayed on the console. It
replaces beliefs CB89 and CBS58.

Table §3. Changes in Pilot’s Beliefs Between Utterance 132 and 157

Representation

Notes

PB98:
bif (direction ([sun512], 310)),
true,
[[sun512, approach]))

(PB98) The pilot believes that the air-
craft is flying heading 310. This belief
is derived from information displayed |
on the cockpit instruments. It replaces
beliefs CB89 and CBS8.
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E.S Handoff

The handoff is the final exchange between Sundance 512 and the approach con-
troller. The pilot has reached the edge of the tower controller’s airspace, so the approach
controller hands off the flight to the tower and then instructs the pilot to contact the tower
on radio frequency 118.7. The tower frequency is published information, so the pilot

expects it and in fact may have it already set on the second radio.

The pilot’s response — good-bye — is not approved phraseology. It is, how-
ever, a relevant next contribution [Clark 89], and as such strongly signals understanding
and acceptance of the controller’s contribution. This, then, is an example of more general

conversational principles explaining deviation from the prescribed response.

The analysis ends at this point. Note that the approach controller’s belief is
updated to show that the controller believes that the handoff occurred, but the pilot’s beliefs
are not similarly updated. This is because the controller doesn’t expect to hear another
transmission from Sundance 512 and so believes that all is well after a suitable interval has
passed without report of a problem. The pilot’s beliefs would be updated to show that the
handoff occurred only after contact has been made with the tower controller — but that is

part of another dialogue and so is not represented here.
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Table 54. Changes in Controller’s Beliefs Before Utterance 157

Representation

Notes

CB102:
bif (intend [approach],
direct ([sun512], contact (tower))),
true,
[[approach], [sun512]])

(CB102) The controller intends to
direct the pilot to contact the tower
controller. This belief is derived from
pilot belief CB9 and from the aircraft
position.

Table §5. Changes in Pilot’s Beliefs Before Utterance 157

Representation

Notes

PB99:
bif (intend [approach],
direct ([sun512], contact (tower))),
true,
[[sun512], [approach]])

(PB99) The pilot expects to be handed
off to the tower. This belief is derived
from pilot belief PB9.

Table 56. Intended Act of Controller in Utterance 157

(157) Approach: Sundance five twelve contact tower one
one eight point seven.

Representation

Notes

CA18:
act (direct ([sun512], contact ([tower]}))

(CA18) The approach controller
attempts to direct the pilot to contact
the PDX tower controller. This belief
is motivated by CB102 and is
expressed with the phrase contact
tower one one eight point
seven.
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Table 57. Changes in Controller’s Beliefs After Utterance 157

Representation

Notes

CB103:
blf (occurred ([approach],
direct ([sun512], contact ([tower)))),
true,

[[approach], [sun512]))

CB104;
bif (intend ([sun512],
acknowl ([approach],
direct ([sun512],
contact ([tower})))),
true,
[fapproach], [sun512]])

CB105:
blf (intend ([sun512],
report ([approach],
intend ( [sun512],
direct ([sun512],
contact [{tower]))))),
true,

[[approach], [sun512]])

(CB103) The approach controller
believes that the pilot has been
directed to contact the tower control-
ler. This belief is derived from the con-
troller intention CB102 to perform act
CAI18.

(CB104) The controller expects the
pilot to acknowledge the direction.
This belief is derived from CB103 and
from recommended procedure.

(CB105) The controller expects the
pilot to report the intention to comply
with the direction to contact the tower.
This belief is derived from CB103 and
from recommended procedure.
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Table 58. Changes in Pilot’s Beliefs After Utterance 157

Representation Notes
PB100: (PB100) The pilot believes that the
bl (occurred ([approach), approach controller has directed the
direct ([sun512], contact ([tower]))), pilot to contact the tower controller.
true, . This belief is derived from the control-

[[sun512], [approach]])

PB101:
bif (intend ([sun512],
acknow! ([approach],
direct ([sun512],
contact ([tower})))),
true,

[[sun512], [approach]))

PB102:
bl (intend ([sun512),
contact ([tower])),
true,

[[sun512], [approach]])

PB103:
blf (intend ([sun512],
report {[approach],
intend ( [sun512],
direct ([sun512],
contact ([tower]))))),
true,

[[sun512], [approach]])

ler’s use of the phrase contact
tower one one eight point
seven and replaces pilot belief PB99.

(PB101) The pilot intends to acknow!-
edge the controller’s handoff. This
belief is derived from PB100 and from

recommended procedure.

(PB102) The pilot intends to comply
with the handoff.

(PB103) The pilot intends to inform
the approach controller of the inten-
tion to comply with the handoff. This
belief is derived from PB102 and from
recommended procedure.
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Table 59. Intended Acts of Pilot in Utterance 158

(158) Sun 512: Five twelve good-bye.

Representation Notes
PA22: (PA22) The pilot attempts to acknowl-
act (acknowl ([approach], edge the controller’s handoff. This act
direct ([sun512], is motivated by pilot intention PB101.
contact ([tower)))))
PA23: (PA23) The pilot attempts to inform
act (report {[approach], the approach controller of the inten-
intend ( [sun512], tion to comply with the handoff. This
contact ([tower]))}) act is motivated by PB103 and is
expressed with the phrase good-
bye.
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Table 60. Changes in Pilot’s Beliefs After Utterance 158

Representation Notes
PB104: (PB104) The pilot believes that the
bif (occurred ([sun512], controller’s handoff has been
acknowl ([approach], acknowledged. This belief is derived
direct ([sun512], from the pilot’s intention PB101 to
contact ([tower])))), perform PA22. This belief replaces
true, PB101.

[[sun512, approachl]])

PB105:
blf (occurred ([sun512],
report ([approach],
intend { [sun512],
contact ([tower])))),
true,

[[sun512, approach]])

PB106:
blf (intend ([sun512],
contact {[tower])),
true,

[[sun512, approach]])

(PB105) The pilot believes that the
controller has been informed of the
intention to comply with the handoff.
This belief is derived from the pilot’s
intention PB103 to perform PA23.
This belief replaces PB103.

(PB106) The pilot believes that pilot
an controller mutually know that the
pilot intends to comply with the hand-
off. This belief is derived from PB105
and replaces PB102.
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Table 61. Changes in Controller’s Beliefs After Utterance 158

Representation

Notes

CB106:
blf (occurred ([sun512],
acknow!| ([approach],
direct ([sun512],
contact ([tower])))),
true,
([approach, sun512]))

CB107:
bit (occurred ([sun512],
report ([approach],
intend ( [sun512],
contact ([tower])))),
true,

[[approach, sun512], [approach, tower]))

CB108:
blf (intend ([sun512},
contact ([tower])),
true,

[lapproach, sun512], [approach, tower]])

CcB109:
bif (occurred ([sun512],
comact ([tower])),
true,

[[approach], [sun512, tower]])

(CB106) The controller believes that
the handoff has been acknowledged.
This belief is derived from and
replaces controller expectation
CB104,

(CB107) The controller believes that
the pilot has informed the controller of
the intention to comply with the hand-
off, This belief is derived from con-
troller expectation CB105 and the
pilot’s use of the phrase good-bye.
This belief replaces CB105.

(CB108) The controller believes that
pilot and controller mutually know
that the pilot intends to comply with
the handoff. This belief is derived
from CB107.

(CB109) After a suitable interval, the
controller believes that the piiot has
contacted the tower. This belief is
derived from CB108.




Appendix F

Charts

Figure F1. Portland Inset of Seattle Sectional Aeronautical Chart, 37th edition, June 29,
1989, U.S. Department of Commerce.

Figure F2. Excerpts of Entry for Portland, OR, Airport/Facility Directory, Northwest U.S.,
November 16, 1989, U.S. Department of Commerce, pp. 82-83.

Figure F3. ILS RWY 28R, Portland Intl (PDX), Instrument Approach Procedures, U.S.
Northwest, October 19, 1989, U.S. Department of Commerce, pg. 213.

Figure F4. River visual RWY 28R, Portland Intl (PDX), Instrument Approach Procedures,
U.S. Northwest, October 19, 1989, U.S. Department of Commerce, pg. 221.

Figure F5. Airport diagram, Portland Intl (PDX), Instrument Approach Procedures, U.S.
Northwest, October 19, 1989, U.S. Department of Commerce, pg. 222.
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