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ABSTRACT

Although the echolocation capabilities of bottlenose dolphins have been

examined, little is known about how echolocating dolphins represent the information they

use to recognize objects. When a dolphin echolocates a fish, it may represent only the

sound of the fish's echoes. In contrast, the dolphin may represent the characteristics of

the fish (e.g., size, shape) as well as the sound elements that convey its characteristics.

The purpose of this project was to evaluate these representation theories by measuring a

dolphin's ability to discriminate among objects, and then characterizing the acoustic

information contained in the object echoes.

A dolphin performed a match-to-sample task in which it was presented with a

sample object and then had to choose the same object from a group of three objects.

Acoustic measurements of the objects were made by ensonifying the objects with

dolphin-like clicks and capturing the returning echoes. Acoustic features were extracted

from the echoes: target strength, number of highlights, duration, peak frequency, center

frequency, and bandwidth. To determine the role played by acoustic features in the

dolphin's representations, an analysis of the dolphin's errors on the matching task was

combined with information on the variation in acoustic features between objects. The

dolphin's errors could not be fully explained by similarities in single acoustic features,

linear combinations of these features, or correlations of echo spectra. These results

suggest that dolphins use acoustic information in a complex way to determine object

characteristics.
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To further investigate the nature of dolphins' representations, human participants

were presented with slowed-down echoes from the same objects used in the dolphin

matching task. The participants were asked to discriminate between the objects and

report relevant discrimination cues. The participants' reports and an analysis of their

errors indicated that the participants represented the sounds of the echoes. The error

patterns of the humans did not always consistently match the error patterns of the

dolphin, which suggests that the dolphin represented the objects differently than the

humans. This project's results support the idea that dolphins directly represent object

characteristics, not merely the sound elements that convey those characteristics.
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CHAPTERl
INTRODUCTION

Dolphins echolocate by emitting short, high intensity clicks and processing the

echoes reflected from objects. In 1961, the first evidence was provided that dolphins

could echolocate when a blindfolded dolphin navigated around underwater maze poles

and located pieces offish (Norris, Prescott, Asa-Dorian, and Perkins, 1961). In the last

four decades, echolocation experiments have focused mainly on determining dolphins'

object detection and discrimination capabilities. Dolphins can detect a 7.62 cm sphere at

a distance of 113 meters, and they can discriminate between objects that vary in size,

shape, material, and texture (see Au, 2000 for a recent review). These detection and

discrimination capabilities have been characterized, but little is known about how

echolocating dolphins represent the information they use to recognize objects.

A representation is a remnant of previous experience that allows the experience to

affect later behavior (Roitblat, 1982). A cognitive representation is a representation that

is internally coded in an organism's nervous system. How experiences are represented is

a central question in cognitive psychology. The focus ofthis paper is how dolphins

represent objects when echolocating. There are at least three theories of how

echolocating dolphins could cognitively represent objects: visual picture (or picture-like)

representations, sound representations, and object-centered representations.

Alternative Object Representation Theories

Several theories have been proposed to explain how echolocating dolphins

represent objects. The first theory contends that dolphins represent objects in a visual
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and analog manner, by painting a "picture" using echoes (Herman, Pack, & Hoffman

Kunht, 1998; Pack & Herman, 1995). The second theory is that dolphins represent the

acoustic features of object echoes. The third theory is that dolphins represent object

characteristics, such as the size, shape, and material of the object (Harley, Putman, &

Roitblat, 2003; Harley, Roitblat, & Nachtigall, 1996; Roitblat, in press; Roitblat, Helweg,

& Harley, 1995). Each of these theories will be considered in detail below.

Visual Picture Representations

Some investigators have suggested that the mental representations of objects

perceived through echolocation are a like a visual picture (Herman, Pack, & Hoffman

Kunht, 1998; Pack & Herman, 1995). The notion of visual picture representations may

stem from a human bias towards vision. It is difficult to conceive of how echolocating

dolphins may represent objects because echolocation is a foreign sense to humans. Thus,

humans may be inclined to imagine that dolphin representations are like human mental

images (for a review of mental imagery see Pylyshyn, 2002). But this view is

anthropocentric, and probably misleading.

Herman, Pack and Hoffman-Kunht (1998) suggest that "echolocation yields a

direct percept of the object, in effect a representation ofthe object's shape that is

analogous to or easily integrated with the percept developed through vision" (emphases

mine, p. 303). Pack and Herman (1995) state that what a dolphin experiences through

biosonar is functionally similar to what it experiences through vision. They do not

describe the dolphin's representation of objects in detail, but the implication is that the

information received through echolocation is sufficient to produce a visual-like image of
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an object that is roughly similar to the visual scene received when a dolphin looks at an

object. It is not clear how a dolphin would create such a representation. One hypothesis

is that the dolphin translates sound into a visual image like an ultrasound device. These

ideas can be examined by contrasting the mechanisms of the ultrasound device and the

properties of vision with the amount and quality of information a dolphin receives during

echolocation.

Dolphin echolocation signals have peak frequencies that range between 100 - 130

kHz, with intensities that vary between 170-220 dB (e.g., depending on the amount of

noise in the dolphin's environment; Au, 1993). An echolocating dolphin sends out

approximately 5 - 150 short, widely-spaced clicks to investigate an object over a period

of several seconds (Au, 1993). The clicks are approximately 50 IlS in duration and

relatively widely spaced (the interclick interval is approximately 15-20 ms plus the

round-trip travel time of the sound; Au, 1993). Combining information from multiple

clicks is problematical because the dolphin and/or the object can move during

echolocation. However, there is some evidence that dolphins integrate information from

multiple clicks (Roitblat, Penner, & Nachtigall, 1990).

The amount of detail a dolphin can obtain about an object is determined in part by

the beam width of the dolphin's clicks and the distance from the dolphin to the object.

The clicks are projected in a directional beam that spans approximately 10° in the

horizontal and vertical planes (Au, Moore, & Pawloski, 1986). The distance between the

dolphin and the object it is investigating determines whether the echolocation beam

covers the entire object or only part ofthe object. If the dolphin is ten meters away from

a 15 cm object, the beam will cover the entire target. If the dolphin is half a meter away
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from the object, the beam will cover only 8.6 cm ofthe target. If the dolphin's beam

covers the entire object, the dolphin won't be able to resolve fine details ofthe object.

To explore the idea that dolphins may translate sound into a visual image like an

ultrasound device, it is useful to examine the mechanisms of ultrasound devices and then

compare ultrasounds with dolphin echolocation. A medical ultrasound device projects a

high intensity, high frequency (1-5 MHz) directional beam into the body, and echoes are

received through directionally sensitive receivers. In a medical ultrasound device,

thousands of pulses and echoes are sent and received each second. The machine translates

the characteristics of the echo (e.g., the time of the echo's return, the amplitude of the

echo) into a two-dimensional image that shows the location of the organs and the relative

density of the different organs and tissues. The density of the tissues affects the

amplitude of the echoes, which determines the brightness of the points on the display

(i.e., high density areas are white, low density areas are dark). The ultrasound probe is

usually swept slowly over the area of interest, which allows very high spatial resolution.

The information from the thousands of echoes per second is combined and stored on a

continuous display that shows the entire area of interest. The information is displayed in

a visual format to take advantage of the visual processing capabilities of humans.

There are many differences between medical ultrasound devices and dolphins.

Dolphins do not emit and receive signals as quickly as an ultrasound device (50 signals

per second vs. thousands of signals per second). The ultrasound uses a signal that is much

higher in frequency and intensity (100 kHz vs. 1 MHz). Dolphins are not likely to

achieve the same degree of high spatial resolution as an ultrasound because in an

ultrasound the transducer is moved slowly over the object so that the beam covers each
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part of the object, whereas the dolphin's beam may cover the entire object. These

differences suggest that the amount of information an echolocating dolphins receives

does not equal the information an ultrasound receives, and that the ultrasound receives

more detailed spatial information about objects than a dolphin. Thus, it seems unlikely

that dolphins form the same kind of visual image made by an ultrasound device.

To further explore the idea of visual picture representations, it is useful to contrast

the amount and quality of information present when a dolphin gathers information about

the world with vision vs. echolocation. When looking at an object, a dolphin gathers

information continuously -light is reflecting off an object and striking the dolphin's

retina in a continuous barrage. In addition, information from the entire visual field is

available to the dolphin simultaneously. In sum, information received during visual

perception is continuous and parallel in nature. In contrast, the information received

from the returning echoes is neither continuous nor parallel. It is sequential and

discontinuous, because the dolphin receives a sequence of echoes that are separated in

time. Each echo returns some information about the structure of the object, but none of

the individual clicks captures the same wide scope of information a visual "look" would

capture.

If echolocation were to be compared loosely to vision, one might imagine the kind

of information gathered by a person in the dark wearing a miner's lamp that flashes on

and off like a strobe light, compared to the kind of information received by the same

person viewing a scene with the lights on (Au, personal communication). The amount of

information a dolphin receives during echolocation doesn't come close to approximating

that in the spatially parallel visual system. Thus, it seems unlikely that the dolphin could
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form representations that approximate visual scenes, i.e., visual images. To date, there

has been no evidence to suggest that dolphins have visual-like object representations.

It is possible that dolphins could construct images of objects, if the concept of

imagery is separated from visual connotations. The concept of an "image" does not

necessarily have to implicate vision. An image is an analog representation, in which

continuous changes in the represented item produce continuous changes in the

representation (Roitblat, Helweg, & Harley, 1995). For example, a scale model ofa

garden is an analog representation of a real-world garden if each flower in the model is

placed in the same spatial relationship that is found in the real garden. In contrast, a

paragraph of text describing the garden is symbolic and not analog because the

representation does not preserve the similarity structure.

It is possible that dolphins could construct images of objects, where an image is

an analog representation of the object (described above). It has been suggested the

dolphins could form representations much like the images formed by bats (Pack &

Herman, 1995). Echolocating bats (Eptesicusfuscus) seem to perceive images that

represent the distance to the target and the shape of the target (Simmons, 1989; Simmons,

Moss, & Ferragamo, 1990). Each different reflective surface of the object is called a glint

(Altes, 1976). Eptesicus perceives images of targets that represent the location and

spacing of discrete glints located at different ranges. The bat reconstructs an image of the

range profile of the target from a combination of the time-delay and spectral components

of the echoes.

Representational models derived from bats may not be similar to representations

used by dolphins because the signal properties and echolocation medium are different for
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bats vs. dolphins. Bats emit a signal that lasts 3-5 ms, and sweeps down across

frequencies (Simmons, 1989). In contrast, dolphins emit a broadband click that lasts

about 50 IlS. The bat's long signals playa role in enabling the bat to image the range

profile of the target. In addition, dolphins echolocate in water whereas bats echolocate in

air. Sound travels five times faster in water than in air, so the bat may be able to exploit

time domain information more effectively than dolphins. Another reason bat and dolphin

representations may not be similar is because the impedance mismatch at the water-target

interface is less than the impedance mismatch at the air-target interface. For bats, most of

the energy striking a target (e.g., moth) will be reflected, so that the echoes received by

the bat specify the surface structure of the target. In contrast, when a dolphin echolocates

a target (e.g., a fish), a portion ofthe energy will penetrate the target, and the received

echoes can specify both the surface structure and the internal structure of the target.

These considerations suggest that dolphins and bats may not necessarily have the

same kind of object representations. It is possible that dolphins could have acoustic

images something like the range map described for the bat, but one way in which it might

be different is that it could include information about the internal object structure.

Although this is an intriguing possibility, to date there is no evidence for this type of

acoustic image in dolphins.

Sound Representations and Object-Centered Representations

The second and third theories of object representation by echolocating dolphins

can be described by contrasting proximal and distal stimuli. When a dolphin echolocates,

it could directly represent the proximal stimulus, i.e., the patterns of sounds striking its
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ear. In contrast, the dolphin could represent the distal stimulus, i.e., the characteristics of

the object (such as its size and shape). The sound representation theory contends that the

dolphin represents the proximal stimulus (the features of sounds) whereas the object

centered theory contends that the dolphin represents the distal stimulus (the features of

objects). According to the sound representation theory, when a dolphin echolocates a

fish, it represents the sound ofthe fish's echoes. In contrast, the object-centered

representation theory contends that the echolocating dolphin represents the characteristics

of the fish (e.g., the size and the species).

The sound representation theory maintains that dolphin echolocation can be

conceived of as a listening problem. Consider a match-to-sample task, in which a

dolphin is presented with a sample object, and then must choose the same object from

among several alternative objects. According to the sound representation theory, a

dolphin performing a match-to-sample task would listen to the sound of the echoes from

the sample object, and then choose the correct match by locating the comparison object

with the most similar sounding echoes. The object-centered representation theory

contends that the information from the echoes (e.g., amplitude, frequency, duration)

carries information about object characteristics (e.g., size, shape, material). It is possible

that this could be a hierarchical system with multiple layers in which the dolphin

represents both the characteristics of the echoes and the characteristics of the objects.

Another possibility is that dolphins' representations include only the characteristics of the

objects. Either way, according to this theory the representations of objects dolphins use to

make decisions contain object feature information instead of proximal acoustic

information.
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If there was a one-to-one correspondence between the acoustic features of the

echoes and the characteristics of the object, there would be no difference between the

sound representation theory and the object representation theory. For example, if the

echo intensity specified the size of the target and no other object characteristic, then

listening to the loudness of the echo would tell the dolphin the size of the object.

However, a given acoustic feature is not always a good indicator of a single object

characteristic. The amplitude of the echo varies with the size of the object (large objects

return louder echoes), but also varies with distance to the object (close objects return

louder echoes than distant objects). For example, a loud echo may indicate either a small,

close object or a large, distant object. To further complicate matters, echo amplitude can

also vary with object shape or material. There is a complex relationship between the

acoustic features and the object characteristics where a given acoustic feature does not

map reliably to one object characteristic.

There is evidence that dolphins use object-centered representations rather than

sound representations. Aspect-dependent objects, such as a cube, return echoes with

different sound characteristics depending on their orientation relative to the transmitter.

For example, an echo from the flat face of a cube is louder and shorter than an echo from

the comer of a cube. An echolocating dolphin was presented with a matching task with

aspect-dependent objects in which a sample was presented, and then it had to select the

identical object from among three alternatives (Helweg, Au, Roitblat, & Nachtigall,

1996). The objects were allowed to rotate freely during the task, so the dolphin could

have ensonified the samples and alternatives from different orientations. For example, the

dolphin may have ensonified the flat face of the cube when it was presented as a sample.
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Then when the dolphin ensonified the alternatives, the cube may have rotated in the water

such that the corner of the cube was facing the dolphin instead of the flat face. The

authors found that the orientation ofthe objects did change within and between trials, and

that some acoustic features of the objects varied significantly as a function of orientation

(e.g., number of highlights, amplitude). Despite the fact that the acoustic features of the

echoes varied as a function of orientation, the dolphin was able to recognize the objects.

According to a sound representation system, the dolphin would select the

comparison object that has the echoes most similar sounding to the sample. But in this

study, the matching comparison object may have had echoes with very different acoustic

features from those of the sample object because the objects rotated within and between

trials. A dolphin using a sound representation system would have a difficult time

performing the match-to-sample task because the echoes from the matching comparison

object would potentially sound different than the echoes from the sample. That the

dolphin was able to recognize that different sounding echoes belonged to the same object

suggests an object-based representation system instead of sound representation system.

An alternative interpretation of these results is that although the echoes varied

along some acoustic features as a function of object orientation, other acoustic

characteristics were constant and distinguishable enough to make the three objects

discriminable. If so, the dolphin could have accomplished the matching task using sound

representations. However, none of the acoustic features that were measured both (a)

varied between objects and (b) did not vary as a function of object orientation. It is

possible that the acoustic features that were salient to the dolphin were not measured.
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Further evidence that dolphins use object-centered representations comes from a

conditional cross-modal matching study (Harley, Putman, & Roitblat, 2003). In an

identity cross-modal matching task, the dolphin is presented with an object in one

modality (e.g., vision), and then must choose the identical object from among several

alternatives using a different modality (e.g., echolocation). In Harley et. aI's study, a

dolphin was rewarded for making identity matches for some objects (i.e., the dolphin was

rewarded for choosing the alternative that matched the sample), but for other objects he

was rewarded for making conditional matches (i.e., the dolphin was rewarded for

choosing an arbitrary, but consistent alternative that was different from the sample).

During trials in which conditional matches were rewarded, the object that was identical to

the sample object was one of the alternatives, so the dolphin could choose either the

rewarded arbitrary match or an unrewarded identity match. If dolphins represent object

characteristics, then they should be able to detect a correspondence between the evidence

for a characteristic perceived through vision and the evidence perceived through

echolocation. Thus, the theory of object-centered representation predicts that the dolphin

should be inclined to make identity matches (i.e., choose the comparison item that

matches the sample). If dolphins represent proximal stimuli, then the way they associate

the sight of an object with the sound of an object is through simultaneous experience with

the two modalities. Thus, the proximal theory predicts that the dolphin should be equally

inclined to perform conditional and identity matches. Although the dolphin was never

reinforced for making identity-based matches with the arbitrarily-paired objects, the

dolphin chose the identity match a majority of the time. Therefore, reinforcement cannot

be the mechanism that allows the dolphin to recognize a correspondence between the
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different sensory modalities. In addition, the stimuli were never presented

simultaneously to the two modalities, so the dolphin didn't have the experience with

specific stimuli that would allow it to form an association. The dolphin had to have

knowledge ofthe object characteristics signaled by the two modalities (echolocation and

vision) to recognize that they represented the same object and make the identity match.

These results suggest that dolphins represent object characteristics.

A Comparative Analysis of Object-Centered Representations

The issue of whether dolphins represent proximal sensory experiences or the

characteristics of the distal stimulus in a hierarchical representation can be informed by

examining object representation and recognition in other species using different sensory

systems. First, consider how humans represent objects they see. Humans could represent

the proximal stimulus (i.e., the visual pattern projected on the retina) or they could

represent the distal stimulus (i.e., the object itself). The evidence presented in the

following sections suggests that humans obtain and use visual sensory input to derive

representations of the object characteristics. The representation of visual information

contains the characteristics of objects rather than proximal visual features (e.g., Kosslyn

& Osherson, 1995; Wilding, 1983)

There is evidence that the visual stimulus by itself is not adequate to recognize

objects. Humans are able to recognize objects despite the fact that the input to our eyes

varies in many ways. One of the biggest problems is that the visual input to our eyes

varies when an object is viewed from different orientations: vision is aspect-dependent.

For example, when we view a chair from the side, the pattern of light and darkness
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impinging on the retina is very different from the view we receive when we look at the

same chair from the top. However, we are able to recognize objects from different

orientations as being the same object. Visual input to our eyes also varies with the

distance to the object. A large object seen from far away (i.e., a building) projects a

small image on the retina, yet we do not assume that the building itself is small. These

are problems of object constancy. Ifhumans represented only the visual sensory input

projected on the retina, it would be difficult to recognize objects over a wide range of

orientations and distances.

Another issue bearing on the visual recognition of objects by humans is that often

the visual stimulus itself is insufficient to indicate what object is being perceived.

According to most theories of object recognition, the process of recognizing objects

involves both bottom-up (sensory driven) and top-down (conceptually driven) processes.

Conceptually driven processes include the perceiver's experience, expectations, and

intentions. Consider an ambiguous figure such as Rubin's Goblet (Figure 1.1). One

could see either a white vase on a black background or two silhouetted faces looking at

each other. The visual stimulus impinging on the retina is the same, but what the

perceiver sees as the figure vs. the background depends on the interests and intentions of

the perceiver. Another example of an ambiguous figure is the Young/Old Woman

(Figure 1.2). The very same visual stimulus can be interpreted as a young woman with

her head turned or an old woman with a large nose and chin. These considerations of

ambiguous figures illustrate the point that object recognition is driven by an interaction

between the visual stimulus and the perceiver.
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When looking at objects, humans do not represent merely the proximal visual

stimulus. The proximal stimulus, as well as the experiences and expectations of the

perceiver, are used jointly to derive object characteristics. Higher level object

representations contain object characteristics instead of visual sensory characteristics.

The same process of building object centered representations from proximal sensory

input occurs in human speech. Acoustic information in speech sounds is transformed into

higher-level cognitive representations of the objects and ideas conveyed in words and

sentences. Similar to visual sensory input, speech input can be ambiguous. The same

sound pattern is heard as /p/ in /pi/ and as /k/ in /ka/ (Schatz, 1954). The perceiver must

use context (in this case, the vowel after the sound) to decide which consonant is

appropriate. In speech as in vision, the stimulus itself is inadequate to recognize objects.

The proximal stimulus is used to build object-centered representations.

Object-based representation systems are not unique to adult humans. It appears

that human infants also represent distal stimuli instead of proximal stimuli (Spelke, 1990;

Rose & Ruff, 1987; Ruff & Kohler, 1978). Six-month-old infants were given either a

sphere or a cube to hold in one hand for 30 s., then they were visually presented with both

the cube and sphere. (Ruff & Kohler, 1978) The infants looked longer at the shape they

had previously felt (e.g., infants who felt the sphere looked longer at the sphere). [In

infant studies, preferential looking is used to measure the infant's ability to discriminate

among objects.] If they had represented only the tactile sensory stimulus, they would not

have been able to recognize the object when it was presented visually unless they

associated the two experiences though simultaneous exposure to both the sight and feel of

the object. Since they were not simultaneously exposed to both the sight and feel of the
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objects, these results suggest that the infants represented the shape of the object (the

distal stimulus).

It seems likely that other nonhuman animals may also represent object

characteristics rather than (or in addition to) proximal sensory input. Objects seen from

different views present very different images to the retina. If an animal can recognize

objects from different views, either the animal has located some invariant visual

properties, or the representation used by the animal is object-centered. Pigeons and

monkeys can recognize objects seen from novel vantage points (Kirkpatrick, 2001;

Logothetis, Pauls, Bulthoff, & Poggio, 1994). Pigeons can also classify novel stimuli

despite changes in size (e.g., a small boat was classified in the same category as a large

boat; Kirkpatrick, 2001). These results imply that pigeons and monkeys may have

object-centered representation systems because they can recognize objects from different

orientations despite the fact that they present different images to the retina.

Echolocating bottlenose dolphins face many of the same issues as humans (or

pigeons or monkeys) do when viewing objects. Dolphins must recognize objects in the

environment from different views and from varying distances. Vision is aspect

dependent. An echolocating dolphin must also deal with aspect dependence because

many acoustic features of object echoes change according to the orientation from which

the object is ensonified. Dolphins must also deal with the problem of ambiguous stimuli.

An echo with a certain set of acoustic characteristics may belong to more than one object.

For example, an echo with a particular amplitude could come from a large object far

away, or a small object close to the animal. Dolphins, like humans, may find themselves

in situations where the object is occluded or embedded in noise so that it is difficult to

15



identify an object based only on the proximate sensory stimuli. When dolphins

echolocate, they receive echoes from not only the object of interest (e.g., a fish), but also

from surrounding objects (e.g., other animals, coral beds, plants). The echoes returning

from the fish may not be adequate for the dolphin to recognize the fish. It seems likely

that to recognize the fish the dolphin must draw on context and its own experiences, as

well as the returning echoes.

In summary, there are many reasons to think it likely that dolphins have a

hierarchical system in which they use echo information to construct object

representations. Other species that face similar issues with proximal sensory stimuli

(e.g., aspect dependence) represent object level characteristics. There is also behavioral

evidence (Harley et aI., 2003; Helweg et aI., 1995) that suggests dolphins use object

based representations (discussed in previous section). It is sensible to view object

recognition by bottlenose dolphins as constructive process where proximal stimulus, as

well as the experiences and expectations of the perceiver, are used jointly to derive object

characteristics.

The Approach of this Project

The purpose of the current study is to evaluate whether dolphins use sound

representations or object-centered representations by measuring the acoustic features of

object echoes available to a dolphin during an echoic matching task. To determine the

role played by acoustic cues in dolphins' representations, it is necessary to measure not

only the dolphin's behavior during a match-to-sample task, but also the acoustic cues

available to the dolphin in the object echoes. To understand how information is
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represented in the dolphin's head, it is critical to measure the information available to the

dolphin during the task. When a dolphin echolocates, the information available to the

dolphin is in the form of echoes returning from the objects. A weakness of other studies

that propose dolphin representation mechanisms is that they speculate how the dolphin

represents objects without measuring the acoustic cues available to the dolphin (Herman

et aI., 1998; Pack & Herman, 1995).

An acoustic analysis of the object echoes can suggest whether dolphins use sound

representations or object-based representations if the dolphin's errors (confusions

between objects) are analyzed in conjunction with the acoustic features of the echoes.

Errors reveal the wayan individual represents information (Roitblat, 1987). For

example, Conrad (1964) tested people's ability to remember lists of consonants that had

been displayed visually on a screen. The participants confused letters that sounded

similar (e.g., B and P) instead ofletters that looked similar (e.g., P and R). These errors

suggest that people represented the sound of the letters during the task. An analysis of

errors made by rats in a radial-arm maze suggest that they represent the location of food

relative to cues outside the maze (e.g., a door or window in the lab), instead of the

location of the food relative to cues inside the maze (e.g., a scent marker; Olton &

Samuelson, 1976).

If a dolphin confuses two objects, it can be inferred that the dolphin's

representations of the two objects are similar. If a dolphin typically does not confuse two

objects, it can be inferred that the dolphin's representations of the two objects are

relatively dissimilar. If a dolphin's representations consist of acoustic features of the

echoes, then it will confuse objects that have echoes with similar acoustic features. The
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acoustic features represented by the dolphin can be identified by examining the dolphin's

errors. For example, imagine that object 1 and object 3 had echoes that were significantly

different in amplitude but objects 1 and 2 had echoes that were very close in amplitude. If

the dolphin confused objects 1 and 2 but didn't confuse objects 1 and 3, then it can be

inferred that the dolphin may have represented the amplitude of the objects and used that

feature to make its decision. In contrast, if a dolphin does not confuse objects 1 and 2,

but does confuse objects 1 and 3, than it suggests that amplitude may not have been part

of the dolphin's representation of the two objects.

If the dolphin represents only the sound of the echoes, a single feature or some

combination of acoustic features would be sufficient to determine the dolphin's

performance. In other words, if the dolphin's errors can be explained by between-object

similarities in these acoustic features, it suggests dolphins represent the sound of echoes.

On the other hand, according to the object-centered theory, no one acoustic feature or

combination of acoustic features would be sufficient to describe performance. There is a

complex relationship between the acoustic features and the object characteristics where a

given acoustic feature does not map reliably to one object characteristic. If the dolphin's

errors cannot be explained by between-object similarities in the acoustic features, it

suggests dolphins represent object characteristics rather than sounds. Presumably, it

indicates that the dolphin uses acoustic information in a complex way to determine object

characteristics. There is also the possibility that the dolphin used some acoustic features

or combinations of features that were not measured in the echoes in this study.

Another way to evaluate whether dolphins use sound representations or object

centered representations is to ask human listeners to discriminate among the object
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echoes. Human listeners can help to identify what, if any, simple combinations of

acoustic features are relevant to discriminate among objects. The advantage of using

human listeners to classify objects is that, unlike dolphins, they can verbalize how they

performed the task. Participants can be asked to describe the echoic cues that allowed

them to discriminate among the objects. Since introspections are not always accurate or

reliable indicators of how people performed a task (Eysenck & Keane, 1995), an analysis

of the participants' errors can be used to verify their introspections. For example, if they

reported using echo amplitude to discriminate among objects, then their errors should be

between the object whose echoes were closest in amplitude. The human participants'

error patterns can be compared to the dolphin's error patterns. If the dolphin made

similar errors as the humans, it suggests they may have used similar representations of

the objects. Conversely, if the humans made different kinds of errors than the dolphins, it

suggests that the dolphins may have used different object representations. For example, if

the results suggest that the humans used sound representations of the objects and their

errors do not match the dolphin's errors, it suggests that the dolphin was not using sound

representations.

In order to compare the performance of the human listeners and the dolphin on

this task, it is necessary to compare how humans and dolphins might perceive various

acoustic features of the echoes. Human and dolphin auditory perception is similar along

many measures, with the exception of frequency range. Humans hear sounds in a lower

frequency range than dolphins (see next section). Dolphin echoes are high frequency

sounds, above the range of human hearing. If dolphin echoes are slowed down, they can

be brought into the frequency range of human hearing. Several studies have shown that
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the human auditory system is suited to discriminate broadband echoes from targets used

in dolphin experiments (Fish, Johnson, & Ljungblad, 1976; Au & Martin, 1989; Helweg,

Roitblat, Nachtigall, Au, & Irwin, 1995). The next section reviews auditory perception

in dolphins and humans.

Auditory Perception in Bottlenose Dolphins and Humans

Table 1.1 shows a comparison of results ofpsychoacoustic studies for both

Bottlenose Dolphins (Tursiops truncatus) and humans. The main difference between

dolphin and human hearing is that the dolphins' functional hearing range is both wider

and higher in frequency than the humans' hearing range. For both dolphins and humans,

auditory sensitivity varies as a function of frequency and follows the typical animal u

shape (Figure 1.3). In humans, the functional hearing range is 20 Hz to 20 kHz, with a

range of best sensitivity from 2 kHz to 5 kHz (Green, 1976). In dolphins, the functional

hearing range is 75 Hz to 150 kHz, with a range of best sensitivity from 15 kHz to 110

kHz (Johnson, 1966). The dolphins' hearing range is both higher and wider than the

human hearing range (approximately 150 kHz vs. 20 kHz, respectively). For both

species, the range of best hearing sensitivity corresponds with the frequencies of sounds

produced by the species. The frequencies of human speech sounds (100 Hz to 8,000 Hz)

are consistent with the best frequency of hearing in humans. Similarly, the peak

frequencies of dolphin echolocation signals (about 110 - 130 kHz; Au, 1993) and dolphin

whistles (about 2 -18 kHz; Herzing, 2000) are near the best frequency of hearing for

dolphins.
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In the current study, both dolphins and humans were asked to discriminate

between objects based on object echoes. It is common to characterize echoes using the

following acoustic features: intensity, duration, number and structure of echo highlights,

and measures of frequency and bandwidth. The following sections compare how humans

and dolphins might perceive each of these features.

Intensity Discrimination

Echoes can differ in intensity, or loudness. Both dolphins and humans can

discriminate sounds that vary in intensity by 1 dB. Humans can discriminate sounds that

differ by 0.5 dB - 2 dB, depending on the sensation level of the signal (Green, 1993).

For louder sounds, humans can detect a smaller difference between two sounds (.5 dB)

whereas for softer sounds, a larger difference is required to detect an intensity difference

(2 dB). Dolphins can discriminate sounds that differ by 0.7 to 2.5 dB (Vel'min, Titov, &

Yurkevich, 1975 cited in Au, 1993). Like humans, the dolphins were able to make finer

intensity difference distinctions as the intensity of the signal increased.

Temporal Resolution

Echoes can vary in duration and temporal structure. It is important to note that

when echoes are slowed down to bring them into the human hearing range, the duration

of the echoes is lengthened relative to the echoes the dolphin hears. For dolphins,

individual echoes are approximately 50 - 500 Ilsec in duration. When the echoes are

slowed down for the human participants, they are each approximately 10-30 msec. in

duration. Thus, dolphins must be able to resolve temporal differences in signals that last
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for /lsec, whereas humans must be able to resolve temporal differences in signals that last

formsec.

The ability to discriminate between differences in the duration of short broadband

echoes has not been investigated in dolphins or humans. However, it may be possible to

get an idea of the temporal resolution capabilities of dolphins and humans by examining

both species' ability to discriminate temporal differences in tone stimuli (Yunker &

Herman, 1974). The stimuli were 9 or 25 kHz pure tones for the dolphin, and 1 kHz pure

tones for the human participant. Difference limens were determined for tones of 0.3, 0.6,

and 1.2 sec. On each trial, participants indicated whether the tone was a standard

duration signal or a longer duration signal. Difference limens were estimated from the

Weber ratio (the difference between the standard and longer comparison duration divided

by the standard duration) corresponding to 75% correct. For example, the difference

limen for the dolphin with the 9 kHz 0.6 sec tone is 0.085, which indicates the dolphin

could tell the difference between a 0.60 sec tone and a 0.65 sec tone. The difference

limens for the dolphin ranged between 0.06 and 0.09, whereas the difference limens for

the human ranged between 0.14 and 0.23. These results suggest that dolphins are capable

of finer temporal discriminations with tone stimuli than humans. However, some human

participants in other studies displayed difference limens as low as the dolphin's (e.g.,

difference limens of 0.06-0.10; e.g., Creelman, 1962).

Highlights are local amplitude maxima in the echoes. The number and structure

of highlights can vary across echoes. Although no one has explicitly measured the ability

of humans to perceive differences in the highlight structure of dolphin echoes or

differences between echoes in number of highlights, evidence from studies ofphase
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discrimination and time-separation pitch suggests that humans can discriminate between

echoes that vary in their time structure. Ronken (1970) studied humans' ability to detect

phase differences in clicks by using two stimuli that had the same energy spectra, but

different phase spectra. Stimulus 1 was a high amplitude click followed by a low

amplitude click (a waveform with two highlights), and stimulus 2 was the same

waveform reversed in time (low amplitude click then a high amplitude click). The

human participants were able to discriminate the stimuli, which suggests that they can

discriminate between broadband signals that differ in phase. Dolphins were able to

discriminate between the same stimuli (a double click and its time-reversed version),

which suggests they can discriminate between stimuli based on differences in phase

spectra (Dubrovskiy, 1990; Johnson, Moore, Stoermer, Pawloski, & Anderson, 1988).

An echo with multiple highlights can produce the phenomenon of time-separation

pitch (TSP). Time-separation pitch is a perceived pitch of liT Hz that results from an

echo signal with two highlights separated by time T. The perceived pitch is a considered

a virtual pitch because no tonal signal is present at that frequency. Humans perceive a

TSP of liT Hz when presented with two highly correlated broadband pulses separated by

time T (Thurlow & Small, 1955). Currently, it is unclear whether dolphins perceive TSP.

Au & Pawloski (1989) investigated the ability of dolphins to perceive TSP by

determining whether a dolphin could discriminate between rippled and nonrippled noise.

A stimulus that produces TSP has a rippled frequency spectrum in which the spacing

between the ripples is equal to liT. A stimulus with a single pulse will have a smooth

spectrum. The dolphin was able to discriminate between rippled and nonrippled noise
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when the delay time between the two broadband pulses used to generate the rippled noise

was between 151ls and 500lls. These data suggest dolphins may be able to perceive TSP.

The results of the studies on TSP in dolphins and humans suggest that both

species can potentially perceive differences in the highlight structure of dolphin echoes.

However, it is uncertain whether dolphins or humans can detect differences between

echoes in the number of highlights (e.g., an echo with 4 highlights vs. an echo with 6

highlights).

Frequency Perception

Frequency Selectivity. Frequency selectivity is the ability to discriminate

frequency differences. Results of frequency discrimination studies are commonly

reported using the Weber ratio, which is a ratio of the minimum detectable change in a

stimulus to the starting level ofthe stimulus and is expressed by a single number (e.g.,

0.002). The frequency discrimination abilities of dolphins and humans are comparable in

the range of best hearing for each species. The Weber ratios for a dolphin were in the

range of 0.002 - 0.003 for stimuli between 6 and 50 kHz (Herman & Arbeit, 1972), and

the Weber ratios for humans were in the range of 0.0016 - 0.0025 for stimuli between

400 Hz and 2 kHz (Weir, Jesteadt, & Green, 1976). The highest frequency tested for

human listeners was 8 kHz, with a reported Weber ratio of 0.0085 (Weir et aI., 1976). A

dolphin was tested with stimuli from 2 - 130 kHz, and Weber ratios did not exceed 0.008

(Thompson & Herman, 1975). These results suggest that dolphins' fine frequency

discrimination ability extends throughout most of their functional hearing range.
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Masked Hearing. An auditory system that processes a wide band of frequencies

can be modeled as a bank of overlapping bandpass filters. The shape and size of these

filters can be estimated using masked hearing studies. In these studies, masking occurs

when the presence of one sound (a masker) interferes with the perception of another

sound (a signal). According to Fletcher (1940), only energy in a frequency band around a

center frequency can mask tonal signals of that center frequency. This frequency band is

called the critical band. Critical bandwidths can be estimate using two different

techniques: the critical ratio (CR) and the critical bandwidth (CB).

For both humans and dolphins, the critical bandwidth increases as the frequency

of the center of the band increases. In humans, using the critical ratio technique the

critical bandwidth was found to be between 45 Hz (at 300 Hz center frequency) and 700

Hz (at 10 kHz center frequency; Hawkins & Stevens, 1950). Using the critical bandwidth

technique the size ofthe critical bandwidth was found to be between 90 Hz (at 70 Hz

center frequency) and 3 kHz (at 10 kHz center frequency; Zwicker, Flottorp, & Stevens,

1957). The critical bandwidth for humans estimated with the CB technique is about 2.5

times the size ofvalues reported using the CR technique. For dolphins, the critical

bandwidth has been estimated in several studies that utilized different frequency ranges.

Johnson (1968b) reported critical ratios that ranged from 25 dB (at 5 kHz) to 40 dB re 1

Hz (at 100 kHz). Au and Moore (1990) reported critical ratios that ranged from 31 dB (at

30 kHz) to 45 dB re 1 Hz (at 100 kHz). Using the CB technique, the critical bandwidth

determined for three frequencies (30, 60, and 120 kHz) was found to be approximately

42,44, and 46 dB re 1 Hz. In dolphins, the critical bandwidth estimate using the CB

technique is 5.6 times bigger than the values found using the CR technique. The reason
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for the larger difference between CR and CB estimates for dolphins (5.6) vs. humans

(2.5) is not known (Au, 1993).

Conclusion

Although the echolocation capabilities of bottlenose dolphins have been

characterized, little is known about how echolocating dolphins represent the information

they use to recognize objects. Several theories have been proposed to explain how

echolocating dolphins represent objects; including the visual picture representation

theory, the sound representation theory, and the object-centered representation theory.

There are many reasons to think that it is likely that dolphins have an object-centered

representation system in which they use echo information to construct object

representations. The purpose of the current study is to evaluate whether dolphins use

sound representations or object-centered representations by measuring the acoustic

features of object echoes available to a dolphin during an object discrimination task. In

this study a dolphin was presented with a three-alternative match-to-sample task.

Acoustic measurements of the objects were then made and acoustic features (e.g.,

amplitude) were characterized for the object echoes.

In Chapter 2, the dolphin's errors were examined in conjunction with between

object similarities in acoustic features. If the dolphin's errors can be explained by

between-object similarities in these acoustic features, it suggests dolphins represent the

sound of echoes. On the other hand, according to the object-centered theory, no one

acoustic feature or combination of acoustic features would be sufficient to describe

performance. In Chapter 3, human listeners were asked to discriminate among echoes
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from the objects used in the dolphin matching task. A comparison of the error patterns of

the human participants vs. the dolphin can suggest whether dolphins use object-centered

representations or sound representations. The results of both chapters will allow

implications to be drawn about the organization of dolphin representation.
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CHAPTER 2
ACOUSTIC ANALYSES OF OBJECTS THAT WERE ENSONIFIED BY
A BOTTLENOSE DOLPHIN DURING AN ECHOIC MATCHING TASK

In this study, a dolphin in an echolocation matching task was presented with a

sample object and then had to choose the identical object from among three alternatives.

The dolphin was presented with a large variety of objects that differed along one or more

dimensions (e.g., size, shape, material, texture). After the matching task was completed,

the acoustic features of the object echoes were measured in a test tank by projecting a

dolphin-like click at the objects. In order to simulate the experience the dolphin could get

from swimming by the object and ensonifying it from different angles, echoes were

measured from multiple angles relative to the target.

A number of acoustic features of the echoes were characterized and analyzed.

Examination of the time waveform and spectra of the echoes produced in experiments to

date suggest that dolphins may be capable of using both frequency and time domain

information (Roitblat, Au, Nachtigall, Shizumrau, & Moons, 1995). Thus, echo acoustic

features from both the time and frequency domain were extracted from the echoes,

including target strength (echo intensity), duration, number of highlights (peaks in

amplitude in the envelope of the time waveform), peak frequency, center frequency, and

bandwidth (see method section for complete definitions). These features are relatively

easy to measure, and are simple ways of characterizing the echo in the time and

frequency domains. The number of highlights in the echo and the echo duration provides

a summary of the temporal features in the echo. The peak frequency, center frequency,
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and bandwidth summarizes the echo spectrum. Target strength characterizes echo

intensity.

Another reason this set of acoustic features was chosen is that these features were

found to vary between objects in previous sonar discrimination studies and they may

have been used by dolphins to discriminate among the objects during the studies. Echoes

from cylinders or spheres varying in length or diameter varied in target strength and

highlight structure (Au, 1993). Echoes from spheres or cylinders varying in material

composition varied in highlight structure (Au, 1993; Au & Turl, 1991). Echoes from

plates with different textures varied in target strength and had different frequency spectra

(Au, 1993). Echoes from differently shaped objects varied in highlight structure and

bandwidth (Au, 1993; Helweg et aI., 1996).

Acoustic features were extracted not only from individual echoes, but also from

trains of echoes. Here, an echo train is defined as a sequence of echoes measured from

different orientations of the object. This was made possible by collecting object echoes

from different orientations of the object by rotating the objects during measurement. It is

important to examine the acoustic features ofthe echoes from various object orientations

for two reasons. First, the dolphin could ensonify the object from different angles

relative to the object during the matching task. Second, there is evidence that dolphins

attend to the pattern of changes in acoustic features as an object is scanned across a range

of target orientations. For example, a dolphin seemed to use patterns of changes in echo

amplitude to discriminate among three-dimensional shapes (Nachtigall, Murchison, &

Au, 1980). Two objects with a high level of variability in echo amplitude (as the object

was scanned across different orientations) were confused, but when one object had a low
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amount of variability in echo amplitude across orientations and another object had a high

amount of variability across orientations the dolphin did not make errors. Since it seems

likely that the dolphin could have received echoes from different orientations and

attended to patterns of changes in the echoes, acoustic features were extracted from echo

trains.

The role played by acoustic features of the echoes in the dolphin's representations

was determined by analyzing the dolphin's errors in conjunction with between-object

similarities in acoustic features. If a dolphin confuses two objects, it can be inferred that

the dolphin's representations of the two objects are similar. If a dolphin typically does

not confuse two objects, it can be inferred that the dolphin's representations of the two

objects are relatively dissimilar. If a dolphin's representations consist of acoustic

features of the echoes, then it will confuse objects that have echoes with similar acoustic

features. The acoustic features represented by the dolphin can be identified by examining

the dolphin's errors. For example, imagine that object 1 and object 3 had echoes that

were significantly different in amplitude but objects 1 and 2 had echoes that were very

close in amplitude. If the dolphin confused objects 1 and 2 but didn't confuse objects 1

and 3, then it can be inferred that the dolphin represented the amplitude ofthe objects and

used that feature to make its decision. In contrast, if a dolphin does not confuse objects 1

and 2, but does confuse objects 1 and 3, than it suggests that amplitude may not have

been part ofthe dolphin's representation of the two objects.

Errors in the dolphin's performance were compared against similarities in object

echoes for a continuum ofpotential acoustic information increasing in complexity,

ranging from individual echo features to the complete echoes. This was done to
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investigate how the dolphin might use acoustic information in the echoes. Dolphins may

use single acoustic features of the echoes to discriminate among the objects. To test this

possibility, the dolphin's errors were considered in conjunction with between-object

similarities in single acoustic features (see above). Another possibility is that dolphins

may use linear combinations of acoustic features to discriminate among the objects. To

test this possibility, a discriminant function analysis (DFA) was used to predict object

type given a linear combination of acoustic features. If the dolphin classified the objects

in the same manner as the DFA, then it suggests that the dolphin may have used a linear

combination of features. Conversely, if the dolphin's classification pattern did not match

the DFA's, it suggests the dolphin may not have used a linear combination of these

features to discriminate among the objects. Another possibility is that dolphins use all

the spectral information in the echoes to discriminate among the objects. To test this

possibility, the echo spectra from objects were correlated. If dolphins use spectral

information, then the dolphin should confuse objects that have highly correlated echo

spectra.

If the dolphin represents only the sound of the echoes, a single feature or some

combination of acoustic features would be sufficient to determine the dolphin's

performance. In other words, if the dolphin's errors can be explained by between-object

similarities in these acoustic features, it suggests dolphins represent the sound of echoes.

On the other hand, according to the object-centered theory, no one acoustic feature or

combination of acoustic features would be sufficient to describe performance. There is a

complex relationship between the acoustic features and the object characteristics where a

given acoustic feature does not map reliably to one object characteristic. Ifthe dolphin's
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errors cannot be explained by between-object similarities in these acoustic features, it

suggests dolphins may represent object characteristics rather than sounds. Presumably, it

indicates that the dolphin uses acoustic information in a complex way to pick up object

characteristics. There is also the possibility that the dolphin used some acoustic features

or combinations of features that were not extracted from the echoes in this study.

Method

Bottlenose Dolphin Echoic Matching Experiment

Animal Subject

The subject was an adult male Atlantic bottlenose dolphin (Tursiops truncatus)

housed at Disney's Epcot's Living Seas in Orlando, Florida. At the beginning ofthe

study the dolphin Toby was approximately 20 years old. Toby was an experienced

research subject and had participated in many behavioral research activities, including a

human/dolphin communication project (e.g., Xitco 1996), an imitation study (Bauer and

Johnson 1994), and a passive echolocation study (Xitco and Roitblat 1996). Prior to the

current study, Toby participated in cross-modal matching studies in which the objects

varied along several dimensions (Harley, in press). Sessions were conducted in the main

tank of the Living Seas. The tank is a circular salt-water aquarium about 67 m in

diameter and 9 m deep, with a volume of 22 million liters. It houses a variety of marine

species, including dolphins, sea turtles, sharks, rays and various species of reef fish.

During sessions, Toby usually received one quarter of his daily allotment of

approximately 9.5 kg offish (herring [Culpia harengus], mackerel [Scomber japonicus] ,

and capelin [Mallotus villosusD.
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Materials

The stimuli were 27 assorted hardware-store objects which were unfamiliar to the

dolphin (Figure 2.1). The objects were organized into nine object sets: each set contained

three objects. Objects within each set were selected to vary along one nominal

dimension: size, shape, material, or texture. Two object sets were selected for size

differences (Strainers and Stone Squares), two object sets were selected for shape

differences (Foam Cones and Stone Shapes), two object sets were selected for material

differences (Rods and Figure 8s), and three object sets were selected for texture

differences (Wooden Plaques, Green Foam, and Sockets). However, the objects were

natural stimuli so they did not vary along only one dimension. For example, the Stone

Shapes varied in both shape and size. Object measurements are given in Appendix C.

Samples were presented in the underwater sample apparatus, a 0.7 m square PVC

framed box tightly covered in 10 mm black polyethylene that was acoustically

transparent but visually opaque. Comparison stimuli were presented in the choice

apparatus, a larger (front: 2.76 m by 0.90 m, sides: 0.98 m by 0.90 m) but similarly

fashioned rectangular structure used in previous studies (Herman et aI., 1998), the top of

which was positioned one meter below the water's surface. The three comparison stimuli

were centered within three square sections in the rectangular structure. Figure 2.2 shows

the dolphin positioned at the sample apparatus and the choice apparatus.

Procedure

The basic procedure involved a three-alternative identity match-to-sample task in

which the dolphin was presented with a sample stimulus, the sample was removed, and

then the dolphin was required to select the identical stimulus from among three
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comparison stimuli. Stimuli in this experiment were presented in two cross-modal

conditions (visual sample - echoic comparisons and echoic sample -visual comparisons)

and two intra-modal conditions (echoic sample - echoic comparisons and visual sample 

visual comparisons). Since the only the echoic-echoic matching condition will be

discussed in this paper, the procedure and results report only that condition. For details

about the dolphin's cross-modal matching performance, see DeLong (Chapter 3 of this

dissertation).

In the echoic - echoic matching procedure, the objects were only accessible to the

dolphin using echolocation (the sample and choices were presented in boxes covered with

polyethylene that made them visually inaccessible). At the beginning of each trial, the

dolphin investigated the sample as long as he wished at the underwater sample apparatus,

after which he swam to the choice array located several meters behind him. After the

dolphin positioned himself in front of his object of choice for about 3 sec, an assistant

naIve to the sample's identity reported the dolphin's choice to the trainer who blew a

whistle and reinforced the dolphin with two small fish for a correct choice, or tapped on a

metal platform to recall him for an incorrect choice. Intertrial intervals averaged

approximately 60 s (minimum 30 s).

Object sets were presented in the following order: Strainers, Wood Plaques, Foam

Cones, Figure 8's, Stone Squares, Stone Shapes, Sockets, Green Foam, Rods. Two 18

trial sessions were presented for each object set. Within a session, each stimulus was

presented as the sample object an equal number of times. Each object was also presented

equally often in each choice position. The order of the trials was randomized.
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The dolphin's ability to discriminate among the objects was measured using both

percent correct matches and signal detection theory measure, d' (Green & Swets, 1988).

In a signal detection task, on any given trial a signal is either presented or it is not, and

the participant can either respond yes (signal present) or no (signal absent). The value d'

is calculated by comparing the proportion of hits (participant responds yes when the

signal is actually presented) to the proportion of false alarms (participant responds yes

when no signal is presented). The value d' can also be calculated for a discrimination

task (match-to-sample) in which the participant is presented with a sample object and

must choose a match from among three alternatives. Data collected in this three

alternative procedure for each object set were broken down into three 2x2 confusion

matrices to calculate d'. In the following example, the 2x2 matrix includes only objects 1

and 2 (trials with object 3 are not counted). A hit is the choice of object 1 when object 1

was the correct match, and a false alarm is the choice of object 1 when object 2 was the

correct match. d' was calculated using the proportion of hits (the number of trials in

which the dolphin correctly responded that object 1 was the sample, divided by the total

number of trials in which 1 was the sample) vs. the proportion of false alarms (the

number of trials in which the dolphin responded that object 1 was the sample, divided by

the total number oftrials in which object 2 was the sample). A d'value of zero indicates

no discrimination behavior, and is comparable to 50% correct on a two-alternative task.

A d' value of 1.0 is comparable to approximately 76% correct responses on a two-choice

task.

The use of d' is preferable to percent correct matches because discrimination is

inferred from nonrandom responding given the comparison choices, but does not require
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the subject to select the matching choice alternative. In other words, the dolphin could

still show evidence of being able to discriminate the objects, even if it employs a perverse

response rule (e.g., choosing object 2 every time object 1 is presented). There are at least

three reasons why a well-trained dolphin could fail to select the correct matching

alternative: because it could not remember the sample (d' = 0), because it could not

discriminate among the comparisons (d' = 0), or because it had a bias to prefer one

stimulus over another (nonzero d'). d' provides a measure of stimulus discriminability

that is independent of response bias.

Acoustic Measurements ofObjects

Materials and Procedure

After the completion of the cross-modal matching experiment with the dolphin,

the acoustic characteristics of the targets were measured using a simulated dolphin click

in a seawater tank (with the exception of one target set- see below). The cylindrical tank

was 1.31 m in height by 2.41 m in diameter, and contained 8.3 m3 of seawater. The

transmitting transducer and the receiving hydrophone were mounted on the same

transducer assembly (a 28.55 cm x 20.30 cm metal plate). The transmitting transducer

was located 2.54 cm above the receiver. The transducer and receiver were custom built

with 1-3 composite piezoelectric ceramic circular discs.

The transducer assembly and the targets were placed 1 meter below the water

surface (Figure 2.3). Individual targets were hung with monofilament line from aT-bar

suspended over the surface of the water. The T-bar was linked to a calibrated rotor (ILC

Data Device Corp. API 30602) that could rotate the targets 360 degrees in 1.3 degree
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increments. Some ofthe objects required lead weights (343 gram or 571 gram) attached

with monofilament line to make them negatively buoyant. These weights were hung

62.23 cm below the targets to minimize their contribution to the echoes. These weights

were not hung from the targets during the dolphin echoic matching task. Weights were

not needed during the echoic matching task because the targets were held in place in the

target boxes using strings attached to the top and bottom of the targets (this set-up was

not possible in the measurement tank).

The transmitting hydrophone projected a broadband, dolphin-like signal that was

70 J..ts long with a peak frequency of about 110 kHz (see Figure 2.3). Echoes returning

from the objects were captured by the receiver hydrophone. The signal was generated by

a Quatech WSB-I0 function generator board housed in a PC and amplified (Hafler P3000

Transnova). The received signal was gated, amplified (custom-built amplifier), and

filtered before being digitized at 1 MHz using a Rapid Systems R1200 AID Converter.

An oscilloscope was used to view the signals during echo collection (Tektronix TDS

210).

In order to simulate the experience the dolphin could get from swimming by the

target and ensonifying it from different angles, echoes were measured from multiple

angles parallel to the horizontal axis of the target. Each target was measured across 80

degrees at approximately 1.3 degree increments for a total of 60 pings per run (i.e., a 60

echo train). The orientation of the target that was intended to face the dolphin during the

cross-modal matching task was called the 0 degree angle. Before beginning a

measurement run, the target was initially rotated 35 degrees counterclockwise from the 0

degree angle to the -35 degree orientation. Echoes were then captured approximately
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every 1.3 degrees from the initial position of -35 degrees through +45 degrees as the

signal generator triggered the rotor to tum. For example, at -35 degrees an echo was

captured, then the rotor turned 1.3 degrees to -33.7 degrees and another echo was

captured (this continued until the object stopped rotating at the +45 degree position).

Each measurement of an object produced a 60-echo train in which one echo was

captured for each angle (1.3 degrees apart) between -35 degrees and +45 degrees, a range

of angles that spans 80 degrees. The range of angles over which the dolphin ensonified

the objects during the task was not explicitly measured. For convenience sake, and as a

conservative estimate of what the dolphin was exposed to, only angles in the range

between approximately -15 degrees and +15 degrees were used in the data analysis (a 23

echo train that spans 30 degrees).

Ten echo trains were collected for each target. All ten measurements of a target

were completed on the same day. Between 2 and 9 objects were measured on one day (M

= 3 objects). The objects were measured in a random order.

Due to the extreme buoyancy and fragility of one of the object sets (the Foam

Cones), acoustic measurements were completed using a different method. The three

targets were measured in an open ocean pen instead of in the test tank. Instead of being

suspended from monofilament lines, the targets were attached with small metal clips to a

monofilament net weighted with a bar filled with lead shot (Figure 2.4). The targets were

hung 2.0 m above the weighted bar to minimize its contribution to the echoes. The set-up

included the same transducer assembly and echo collection system as was used for the

other targets, but a different rotor. The precision of this rotor differed from the ILC rotor,

which produced slight differences in the measurement parameters: each target was
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measured across 80 degrees at approximately 1.6 degree increments for a total of 50

pings per run. Like the other objects, only the echoes from approximately -15 degrees to

+15 degrees (a 30 degree span) were analyzed. Each target was measured ten times, i.e.,

ten echo trains were collected for each target. All ten measurements of a target were

completed on the same day. The objects were measured in a random order.

Acoustic feature extraction. Using a custom-written Matlab program, six acoustic

features were extracted from each individual echo: (1) target strength, (2) number of

highlights, (3) duration, (4) peak frequency, (5) center frequency, and (6) rms bandwidth

(Figure 2.5). (1) Target strength is defined as the ratio in dB of the echo intensity

measured 1 m from the target to the intensity of the incident signal at the location of the

target. Target strength is usually a negative number because the amount of energy in the

echo at 1 m from the target is less than the amount of energy in the incident signal. (2)

Highlights are defined as local amplitude maxima in the time domain. Highlights were

localized and counted by finding the envelope of the signal, smoothing the envelope (by

averaging 15 points centered around the sample), thresholding the smoothed envelope,

taking the derivative of the thresholded envelope, representing the derivative as a trinary

signal (+1,0,-1), taking the derivative of the trinary signal, and extracting zero crossings

that indicate slope changes associated with highlight onset and peak events. The number

of highlights is simply defined as the number of peaks detected. (3) Echo duration was

calculated by finding the envelope of the signal, thresholding the envelope at 1 standard

deviation, then finding the first and last suprathreshold sample. The duration was defined

as the time (in ~s) between the first and last suprathreshold sample. (4) The peak

frequency is the frequency of the signal at which the spectrum has its maximum value.
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(5) The center frequency is defined as the frequency that divides the power spectrum into

two equal parts, so that the energy in the upper frequency portion of the spectrum is equal

to the energy in the lower frequency portion. (6) The root mean square (rms) bandwidth

indicates the frequencies around the center frequency in which the majority of spectral

energy lies.

Additional acoustic features were extracted from echo trains (23 echoes collected

from -15 to +15 degrees) instead of individual echoes (Figure 2.6). The first echo in the

train was labeled "aspect 1" and the last echo in the train was labeled "aspect 23." Four

features were calculated: relative target strength, relative number of highlights, target

strength bumpiness, and highlight bumpiness. These features were extracted from each

echo train that was collected (10 per object). (1) Relative target strength was defined as

the target strength at aspect 12 (the 0 degree aspect) divided by the average target

strength of aspects 1-23. (2) Relative number of highlights was defined as the number of

highlights at the 0 degree aspect divided by the average number of highlights for aspects

1-23. These two features provide a measure of target strength or highlight variability

relative to the 0 degree aspect. (3) Target strength bumpiness was defined as the number

of slope direction changes in the plot of target strength from aspects 1-23 (see Figure

2.6). (4) Highlight bumpiness was defined as the number of slope direction changes in the

plot of number of highlights from aspects 1-23.
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Results

Recognition Performance by the Dolphin

Overall choice accuracy for all nine sets is shown in Figure 2.7. Chance choice

accuracy is 33%, because the dolphin could choose from among three alternatives. The

alpha level used to determine significance throughout this article was .05. The dolphin's

choice accuracy was significantly above chance for all object sets except for the Rods and

Wood Plaques Csummed binomial test). Three by three confusion matrices showing the

dolphin's choice in response to each sample object presentation are shown with the DFA

classification matrices in Tables 2.32 - 2.40.

Table 2.1 displays the dolphin's errors for each object set. Chi-square tests were

used to determine whether the dolphin's errors were distributed uniformly among the

three possible object confusions. For seven of the nine object sets, the dolphin's errors

were not distributed uniformly [Stone Squares Ci(2) = 14.6, N = 10,p < .001), Strainers

Ci(2) = 13.0, N = l4,p < .01), Stone Shapes Ci(2) = 8.0, N = l2,p < .05), Foam Cones

Ci(2) = 6.5, N = l6,p < .05), Figure 8's Ci(2) = 13.5, N = l2,p < .01), Sockets Ci(2) =

24.4, N = l5,p < .001), Green Foam Ci(2) = 6.8, N = 8,p < .05). The pair of objects the

dolphin confused most often was called the predominant error. For example, in the Stone

Squares set, the dolphin's predominant error was a confusion between the Medium and

Large objects. In the other two object sets, Rods and Wood Plaques, the dolphin's errors

were distributed uniformly among the three possible object confusions [Rods Ci(2) = 0.1,

N = 22,p > .05), Wood Plaques Ci(2) = 0.6, N = 25,p > .05)]. For these sets, there was

no predominant error because the dolphin confused all three pairs of objects. For

example, in the Rods set, 8 of 22 errors were confusions between Metal and Plastic, 7 of
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22 errors were confusions between Plastic and Wood, and 7 of 22 errors were confusions

between Metal and Wood.

Acoustic Analyses ofthe Objects

Changes in acoustic features ofthe echoes within objects as a function of

orientation. The object echoes changed as the objects were rotated. Figures 2.8 - 2.10

show changes in the echo structure in the time domain as a function of orientation for

three ofthe object sets. The way the echo changed as a function of orientation depended

on object type. Since echo highlights are caused by reflections from different parts of the

target, more complexly shaped targets produce echoes with more complex structures.

Whether the waveforms were simple or long and complex depended on the number of

reflective surfaces presented by the object at each particular angle. For some objects

(e.g., Cross, Stack, Holed Wood), when the object orientation was perpendicular to the

incident click (0 degree angle) the echo waveforms were of short duration and very

simple in structure. As those objects are rotated away from 0 degrees, the waveforms

become longer and more complex. For other objects (e.g., Plain Wood, Striped Wood,

Wood Rod), the echo waveforms were short and simple in structure over all orientations.

To examine whether acoustic features changed significantly as a function of

orientation, separate multivariate analyses of variance (MANGVA) were performed for

each object with one independent variable (orientation) and six dependent variables

(target strength, number of highlights, peak frequency, center frequency, bandwidth, and

duration). Table 2.2 displays the F ratios for the multivariate and between-echoes effects

for each of the objects. A significant multivariate effect of orientation was found for all

27 objects. All six acoustic features varied significantly as a function of orientation for
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all 27 objects. Each of the acoustic features changed in different ways as a function of

orientation, and the patterns of change also varied between objects. Figure 2.11 shows

how each of the six acoustic features changed as a function of orientation for the Stone

Squares object set.

An examination of all the object sets revealed that there were many different ways

the acoustic features could change as a function of orientation. Consider the acoustic

feature target strength. For the Small Stone, target strength changes gradually with

orientation, and the maximum value occurs at 0 degrees (see Figure 2.11). For the

Medium and Large Stones, target strength increases steeply as the objects are rotated

towards 0 degrees and decreases again as they are rotated away from zero, but there are a

different number of peaks in target strength (Large has two and Medium has one). For

other objects, target strength increases and decreases often between -15 and +15 degrees,

resulting in multiple sharp peaks (e.g., Medium Strainer, see Figure 2.22). For yet other

objects, target strength does not change as the object begins to rotate (e.g., from -15 to -5

degrees), increases and decreases several times around 0 degrees, then decreases

gradually as the object rotates away from 0 degrees (e.g., Tubing, see Figure 2.25). In

sum, there were many different ways the acoustic features could change as the object was

rotated, depending on object type and feature type.

The large amount of variability in acoustic features of the object echoes as a

function of orientation suggests that the echoes could sound very different to the dolphin

depending on the angle from which it ensonifies the objects. If the dolphin's

representation included only the sound of the echoes, it would be difficult for him to

recognize the Large Stone from several orientations (unless the dolphin memorized all
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the sounds it could get from all possible angles). On the other hand, if the dolphin

represented the object, that representation might include the way the sounds of the echoes

change with orientation. An object-centered representation would provide a way for the

dolphin to tag the different sounding echoes as belonging to the same object.

Acoustic differences between the objects. To examine between-object differences

in the acoustic features, separate multivariate analyses of variance (MANOVA) were

conducted for each of the nine object sets. Between-object differences were examined

within object sets (instead of examining differences between all possible pairings ofthe

27 total objects) because the dolphin was asked to match objects within sets but not

between sets. Two separate groups ofMANOVAs were conducted for (1) acoustic

features of individual echoes (target strength, number of highlights, peak frequency,

center frequency, bandwidth, and duration), and (2) acoustic features of echo trains

(relative target strength, relative number of highlights, target strength "bumpiness",

highlight "bumpiness"). The features ofthe individual echoes were not analyzed together

with the features of the echo trains because the number of samples was different for

individual echoes vs. echo trains (230 samples vs. 10 samples). For the individual echo

analysis, acoustic features were extracted from 230 individual echoes per object, one

echo from each angle in the range of -15 to +15 degrees (23 echoes) x 10 trains. For the

echo train analysis, acoustic features were extracted from 10 echo trains per object (i.e.,

10 samples per object)

In the echo MANOVAs, the independent variables were object and orientation

and the dependent variables were the six acoustic features of individual echoes (target

strength, number of highlights, peak frequency, center frequency, bandwidth, and

44



duration). Tables 2.3 - 2.11 summarize the results of these analyses for each object set.

There were significant multivariate effects of object, orientation, and object x orientation

for all nine object sets. The acoustic features of the objects differed among the different

objects, and the differences among objects changed as the orientation ofthose objects

changed. For seven of the nine object sets (Stone Squares, Strainers, Stone Shapes, Foam

Cones, Rods, Sockets, Green Foam), there were significant differences among objects for

all six acoustic features. For the Figure 8's set, the objects were not significantly

different in bandwidth. For the Wood Plaques set, the objects were not significantly

different in peak frequency.

To examine which pairs of objects within each set showed significant differences

in these acoustic features, post-hoc object comparisons were conducted. Figures 2.12 

2.20 display the results ofthe post-hoc analyses for each object set. The height of the

vertical bars represents the values for each feature averaged across all object orientations.

In the figures, statistically significant differences between means are indicated by

different lower case letters. For example, in the Strainers set, the Small Strainer, Medium

Strainer, and Large Strainer are all significantly different in target strength, number of

highlights, bandwidth, and duration. The Medium Strainer and the Large Strainer are not

significantly different in peak frequency and center frequency (the Small Strainer is

significantly different from both Medium and Large for peak and center frequency).

To examine which acoustic features the dolphin may have used to discriminate

among the objects, the errors made by the dolphin were considered in conjunction with

the results of the post-hoc object comparisons. In Figures 2.12 - 2.20, the bars

representing the objects that the dolphin confused most often (predominant errors) are
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cross-hatched. If two objects in a set had similar values for certain acoustic features (i.e.,

they were not significantly different on that feature), and the dolphin made errors

between those two objects, then it was inferred that those acoustic features may have

been part of the dolphin's decision making process and included in the dolphin's

representations ofthe objects. In the figures, graphs with acoustic features inferred to be

part of the dolphin's decision making process according to the above logic are shaded in

gray. For example, in the Strainers set, the dolphin confused the Medium and Large

Strainer, which are similar in peak and center frequency. Thus, peak and center

frequency may have been important acoustic features for the dolphin for that object set.

The above analyses examined differences between objects in acoustic features

calculated for individual echoes. Previous research suggests that the dolphin may

integrate changes in the echoes across different target orientations, and that different

patterns of changes in the echoes between different objects may be a salient

discriminatory cue (Nachtigall et aI., 1980). A second group ofMANOVAs were

conducted to investigate between-object differences in acoustic features calculated from

echo trains. A separate MANOVA was conducted for each object set with one

independent variable (object), and four dependent variables (relative target strength,

relative number of highlights, target strength "bumpiness", highlight "bumpiness").

Tables 2.12 - 2.20 summarize the results of these analyses for each object set. A

significant multivariate object effect was found for all nine object sets. For four of the

nine object sets (Strainers, Figure 8's, Rods, Green Foam), there were significant

differences among objects for all four acoustic features. For three object sets (Stone

Squares, Foam Cones, Sockets), the objects were not significantly different in highlight
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bumpiness. For the final two sets (Stone Shapes, Wood Plaques), the objects were not

significantly different in target strength bumpiness.

To examine which pairs of objects within each set showed significant differences

in these acoustic features, post-hoc object comparisons were conducted. Figures 2.21 

2.29 show the results ofthe post-hoc analyses for each object set, along with graphs that

display the changes in target strength and number of highlights as a function of

orientation for each object. Again, the errors made by the dolphin were considered in

conjunction with the results of the post-hoc object comparisons to examine which

acoustic features the dolphin may have used to discriminate among the objects. If two

objects in a set had similar values for certain acoustic features, and the dolphin made

errors between those two objects, then it could be inferred that those acoustic features

may have been part of the dolphin's decision making process and included in the

dolphin's representation of the objects.

Table 2.21 summarizes the features that may explain the dolphin's errors. Note

that different acoustic feature(s) are implicated to be important to the dolphin for each

object set. There is not a single acoustic feature or two that seemed to be used by the

dolphin for every object set. However, there are a number of acoustic features that may

have been important to the dolphin on 4 or more of the 9 sets: peak frequency, center

frequency, target strength bumpiness, and highlight bumpiness.

It is difficult to interpret what these results suggest about the nature of the

dolphin's representation. On one hand, these results could mean that the dolphin was

able to discriminate between the objects based on one or more acoustic features, and that

the dolphin represented the sound of the echoes. For example, for the Sockets set, it
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appears that the error analysis points to the idea that the dolphin's representation included

the center frequency of the echoes and/or the pattern of changes in target strength in the

object echo trains. For the other object sets, the dolphin's performance is explained by

other combinations of acoustic features. It is possible that dolphins represent different

acoustic features depending on the types of objects to be discriminated. Perhaps the

features that were implicated often (peak frequency, center frequency, target strength

bumpiness, highlight bumpiness) happened to be salient for this particular group of

objects.

Interpreting these results is complicated by the fact that statistical significance

may not equal biological significance. For example, in the Strainers set, the Small

Strainer has a peak frequency of 119 kHz, which is significantly different than the peak

frequencies of the Medium and Large Strainer (about 114 kHz). Dolphins' frequency

discrimination ability for click signals has not been assessed, so it is unknown whether

the dolphin could actually discriminate between an echo with a peak frequency of 114

kHz and an echo with a peak frequency of 119 kHz. Dolphins can discriminate between

a 114.0 kHz tone and a 114.2 kHz tone (Herman & Arbeit, 1972). Assuming that

dolphins' frequency discrimination ability for click signals is at least as good as their

ability to discriminate between tonal signals of different frequencies, it can be

hypothesized that dolphins can discriminate between echoes of 114 kHz and 118 kHz.

In the Figure 8's set, Rope has a target strength of -32.9 dB, which is significantly

different than the target strength for Tubing (-32.3 dB). However, dolphins may not find

objects with target strengths within 1 dB of each other to be significantly different since I
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dB is about the limit of their intensity discrimination ability (Vel'min, Titov, &

Yurkevich, 1975 cited in Au, 1993).

Although the error analysis indicated that particular acoustic features may have

been part of the dolphin's representation, the dolphin may not have actually attended to

these features per se but used them to construct an object-centered representation of the

objects. For example, in the Strainers set, the error analysis points to the idea that the

dolphin represented the certain acoustic features, including peak frequency, center

frequency, target strength bumpiness, and highlight bumpiness. But it may be possible

that the dolphin's errors were caused by other factors. For example, perhaps the dolphin

represented the size of the objects instead of acoustic features. The dolphin may have

confused the Medium and Large Strainer because they are closer together in size (i.e.,

surface area) than the Small Strainer vs. the Large Strainer or the Medium Strainer vs. the

Small Strainer.

Comparison ofvariance within objects to variance between objects. The

variability in acoustic features within objects (as a function of orientation) was compared

to the variability in acoustic features between objects. The variance was computed for

the entire object set ("between object variance") and then for each object separately

("within object variance"), with each echo as an observation. [Note that between object

variance was calculated for objects within a single object set, not across multiple object

sets. This was done because the dolphin was only asked to compare objects within an

object set, never across object sets.] A ratio of within: between object variance was

calculated by dividing within object variance by between object variance. If the value of

this ratio is greater than 1.0, then the within object variance was greater than the between
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object variance. If the value was 1.0, then the within object variance was equal to the

between object variance. If the value was less than 1.0, then the between object variance

was greater than the within object variance.

Table 2.22 shows the within to between object variance ratios for one of the

object sets in which the dolphin performed significantly above chance (Stone Shapes:

67% correct). The within object variance is greater than the between object variance

(values greater than 1.0) for four acoustic features for both Cross and Line, and two

acoustic features for Stack. The within object variance is approximately equal to

between object variance (values of 0.9- 1.0) for one Line acoustic feature and one Stack

acoustic feature. These results show the dolphin was able to succeed at the matching task

when the acoustic variance within objects (as a function of orientation) was greater than

the variance between objects. These results suggest that it would be difficult for the

dolphin to succeed on the matching task if it represented only the sound of the echoes.

Linear Model ofthe Dolphin's Performance

The dolphin's choice accuracy was compared to the classification accuracy of a

statistical pattern classification model: the discriminant function analysis (DFA). In a

DFA, one or more continuous predictor variables are used to form a linear model, from

which stimulus classification is made. A separate DFA was run for each object set. The

DFA was used to predict object type given six acoustic features: target strength, number

of highlights, echo duration, peak frequency, center frequency, and rms bandwidth. For

each object within a set, there were 230 echoes (23 object orientations x 10 measurement

runs). The classification matrices for the DFA are presented in Tables 2.23 - 2.31.
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To analyze the DFA results with the dolphin's classification results (12 trials per

object in each set), the classification percentages for the original DFA counts were

multiplied by 12. The classification matrices for the dolphin are presented above the

transformed classification matrices for the DFA in Tables 2.32 - 2.40. The DFA models

were more accurate than the dolphin in overall matching accuracy, with the exception of

the Green Foam object set (Figure 2.30). The classification performance of the DFA was

compared against the dolphin's performance using chi square tests with the dolphin's

choices as the expected distribution. The pattern of classification made by the DFA was

significantly different from the dolphin for all of the sets except the Stone Shapes, Foam

Cones, and the Green Foam [Stone Squares (i(4) = 42.86, N = 36,p < .001), Strainers

(i(4) = 68.73, N = 36,p < .001), Stone Shapes (X2(4) = 6.34, N = 36,p > .05), Foam

Cones (i(4) = 3.87, N = 36,p > .05), Figure 8's (i(4) = 19.53, N = 36,p < .001), Rods

(i(4) = 31.26, N = 36,p < .001), Wood Plaques (i(4) = 21.62, N = 36,p < .001),

Sockets (i(4) = 21.63, N = 36,p < .001), Green Foam (X2(4) = 2.98, N = 36,p > .05)].

The DFA models did not produce the same biased classification patterns made by

the dolphin for several object sets. For example, in both the Stone Squares set and the

Strainers set, when the dolphin was presented with the Medium object he consistently

chose the Large object. The DFA model did not show the same choice bias towards the

Medium object, it correctly classified the Medium object on most trials. For other object

sets, the DFA did not replicate the pattern of errors made by the dolphin. For example, in

the Figure 8's set, the dolphin's errors consisted primarily of confusions between Rope

and Tubing (10/12 errors). In contrast, the DFA rarely misclassified Rope and Tubing.

Another example is the Sockets set. The majority of the dolphin's errors were confusions
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between the Open Socket and the Closed Socket (14/15 errors). The DFA misclassified

Open and Closed rarely.

The classification performance of the DFA and the dolphin's performance were

compared using values of d'. Table 2.41 shows d' calculated from the dolphin's

performance contrasted with the d' from the DFA. The discrimination performance of the

DFA was not often comparable to the dolphin. For two of the object sets (Rods and

Wood), the DFA was more accurate in matching all ofthe object pairs. For two ofthe

object sets (Stone Shapes and Green Foam), the DFA was less accurate than the dolphin

in matching all of the object pairs. In two of the object sets (Foam Cones and Figure 8's),

the d' values for the DFA were higher than the dolphin's for two of the three object

pairings (e.g., Bow-Diamond, Diamond-Trapezoid), but the d'values for the dolphin

were higher than the model's for one of the three object pairings (e.g., Bow-Trapezoid).

In three sets (Stone Squares, Strainers, and Sockets) the pattern was the opposite, with the

d'values for the dolphin higher than the model's for two of the three object pairings

(Small-Medium and Small-Large) and the d' values for the DFA were higher than the

dolphin's for one of the three object pairings (Medium-Large). Out of a total of27 object

pairings (3 pairs x 9 object sets), the d'values for the DFA were comparable to the d'

values for the dolphin for only 3 object pairings (Bow-Diamond, Copper-Tubing, Metal

Plastic).

The DFA used a linear combination of acoustic features to classify objects. That

the dolphin's classification patterns and accuracy did not match the DFA's suggests that

the dolphin may not have used a linear combination of acoustic features to discriminate

among the objects. The dolphin may have used some complex nonlinear combination of
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acoustic features to construct representations of object characteristics. These results may

also mean that the dolphin was not using the same acoustic features that were fed to the

DFA. The dolphin may have been using a greater number of features than the DFA,

fewer features, or altogether different features.

Spectral Correlations

The dolphin's errors were examined alongside similarities between the entire echo

spectra of objects within each set. If the dolphin were using spectral information, it

would be expected to confuse objects with similar spectra. The echo spectra from object

echoes at the 0 degree aspect (the aspect of the object that was directly facing the

dolphin), were normalized such that each individual spectrum has a maximum power of

1.0, and averaged over 10 measurement runs per object. These average spectra for each

object were correlated with each other object within an object set. Object spectra were

not correlated with objects outside their object set because the dolphin was asked to

match objects within sets but not between sets. The r values for the correlations are

shown in Table 2.42 alongside the proportion of errors made by the dolphin in each error

type.

For four of the nine object sets, the two objects with the highest correlation

between echo spectra were the two objects most often confused by the dolphin. For

example, in the Green Foam set, the dolphin's predominant errors were between Slices

and Wedges (63% of the errors). Slices and Wedges were more highly correlated (r =

.952) than either Slices and Mounds (r = .670) and Mounds and Wedges (r = .635). For

the other five object sets, the two objects with the highest correlation between echo

spectra were not the two objects most often confused by the dolphin. For example, in the
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Stone Squares set, the dolphin's predominant errors were between Medium and Large

(90% ofthe errors). However, Small and Large were more highly correlated (r = .787)

than Medium and Large (r = .425) or Small and Medium (r = .365).

These results suggest a number of interpretations. For the objects sets in which

the dolphin does not confuse objects with similar spectra, it may indicate that the dolphin

was not using spectral information to discriminate between the objects. The dolphin

could have been attending to temporal information, or some echo information that was

not characterized by the spectrum. It may also indicate that the dolphin represented the

characteristics of the object instead of the sound of the echo. The spectral information,

along with other features of the echo, may have been translated by the dolphin into a

representation of the object features. If the dolphin represented the object features

instead of the spectral information, errors would be between objects with similar object

features, not necessarily between objects with similar spectra.

Discussion

When examined with the acoustic features of object echoes, the dolphin's pattern

of errors on the task suggest that the dolphin uses echo information in a complex way to

pick up object characteristics. There are a number of possibilities of how dolphins might

use acoustic features. First, it is possible that anyone of several acoustic features could

be used by dolphins to extract object feature information. For example, if the amplitudes

of all three object echoes are similar and thus inadequate to differentiate among the

objects, then the dolphin could move on to another feature (e.g., frequency). If that

feature is inadequate, the dolphin could move on to another feature until one feature
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allows the dolphin to resolve differences in the three objects. These results indicate that

the dolphin did not necessarily attempt to locate a single acoustic feature that would make

the objects discriminable. For example, in the Sockets set, the dolphin confused the

Closed and Open Sockets. The center frequency of the two objects was not significantly

different, but the dolphin could have used number of highlights, target strength, or

duration to discriminate between the objects. For every object set, there was at least one

feature that could have allowed the dolphin to discriminate between the objects the

dolphin confused. Thus, it doesn't seem as though the dolphin searched systematically

for a single acoustic feature in the echoes that allowed it to discriminate among the

objects.

Another possibility is that the dolphin uses a simple linear combination of several

acoustic features to build object representations (e.g., target strength, number of

highlights, peak frequency, center frequency, bandwidth, and duration). That the

dolphin's classification patterns did not match the classification patterns of the

discriminant function analysis suggests that the dolphin may not have used linear

combinations of features. Thus, it appears that dolphins may use complex, perhaps

nonlinear combinations of features to discern object characteristics.

It is reasonable to think that dolphins must combine features in complex ways to

pick up object characteristics because there is no one to one correspondence between

acoustic features and object features. A given acoustic feature could yield information

about several object features. For example, echo intensity does not map only to the size

of the object. Echo intensity is affected by the both the size and material of the object

(along with other characteristics). In addition, a number of acoustic features may be
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affected as a single object characteristic is varied. If the dolphin considered a number of

acoustic features, values of some features would disambiguate other features. A dolphin

may be able to determine an object characteristic given a combination of several features

whereas it would be difficult to determine an object characteristic with a small number of

features.

The results of this study lend support to the idea that dolphins represent object

characteristics rather than sounds. If dolphins represented the sounds of the objects, then

they should confuse objects that have echoes with similar sounding echoes. But in this

study the dolphin's errors could not always be explained by between-object similarities in

echo acoustic information. For example, many times the dolphin confused objects with

different echo spectra (and did not confuse objects that had closely correlated spectra).

The spectral information, along with other features of the echo, may have been translated

by the dolphin into a representation of the object features. If the dolphin represented the

object features instead of the spectral information, errors would be between objects with

similar object features, not necessarily between objects with similar spectra.

There is a possibility that the acoustic features that were extracted from the

echoes were not the only acoustic features that were salient to the dolphin. Consider the

Stone Squares set. None of the measured acoustic features can explain the dolphin's

confusions between the Medium and Large Stone. There are other features that may be

important to consider. For example, in this study the number ofhighlights was

characterized, but not the spacing between the highlights or the relative amplitude of the

highlights. Perhaps these other highlight measures were more salient to the dolphin.

Another related feature is the amount of rippling in the frequency spectrum. An echo
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with multiple highlights will produce a rippled spectrum, and it may be possible to

characterize the rippling by measuring the spacing between peaks or nulls (Au, 1993). It

also might be fruitful to extract other features from the echo trains. In the current study,

the focus was on examining between-object differences in how target strength and

number of highlights changed as a function of orientation. It might also be worth

examining between-object differences in how other features (e.g., frequency, bandwidth,

duration) change as a function of orientation. Finally, there may be other features that

have not been identified yet that may be salient to the dolphin.

Although interpreting the way the dolphins may use acoustic information appears

complex, it is further complicated by differences between the way echoes were obtained

in this study and the way the dolphin obtained echoes. In this study, the measurement

click signal (not the dolphin's signal) did not vary from trial to trial. In addition, the

echoes were collected from a consistent range of angles spanning 30 degrees on each trial

(-15° to +15°). An echo was collected about every 1.5 degrees for a total of 23 echoes.

The signals were not buried in noise. In contrast, the characteristics ofthe dolphin's

signals may have varied from trial to trial (e.g., the dolphin can change the amplitude and

frequency of the signal). The dolphin may have investigated the objects over a different

range of angles- either a narrower or a wider range of angles. In addition, the dolphin

was probably not consistent in choosing the same range of angles over all objects from

trial to trial. The dolphin may have used fewer clicks or more clicks than were collected

in this study (23), and this may also have changed from trial to trial. Finally, the echoes

received by the dolphin may have included noise (i.e., reflections from objects other than

the object of interest). To better understand how dolphins use acoustic information in the
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echoes, it is necessary to record a dolphin's echolocation clicks and echoes while the

dolphin performs an echolocation recognition task, and analyze the features of the echoes

and the dolphin's errors as was done in this study.

Echolocation can be conceptualized in at least two ways. On one hand, dolphin

echolocation could be conceived of as a listening problem. By this account, the dolphin

represents the sound of the echo. According to this theory, a dolphin performing a

match-to-sample task would listen to the sound ofthe echoes from the sample object, and

then choose the correct match by locating the comparison object with the most similar

sounding echoes. Since the acoustic features of the echoes change greatly depending on

the orientation from which the dolphin ensonifies the object, it seems unlikely that the

dolphin could recognize objects if it only represented the sound of the echo.

On the other hand, the dolphin could represent the characteristics of objects rather

than the sound elements that convey those characteristics. The object-centered

representation theory contends that the information from the echoes (e.g., amplitude,

frequency, duration) is translated into a representation of object features (e.g., size, shape,

material). The representations dolphins use to make decisions contain object feature

information instead of proximal acoustic information. The results from this study suggest

that the dolphin's errors cannot always be attributed to between-object similarities in

acoustic features of the echoes (the proximal stimulus). This could indicate that the

dolphin represents the object features rather than the proximal stimulus. Taken together

with the results of other behavioral studies (Harley, Putman, & Roitblat, 2003; Helweg et

aI., 1996), these results help build the case that dolphins represent the characteristics of

objects rather than the sound elements that convey those characteristics.
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CHAPTER 3:
ECHOIC CUES USED BY HUMAN LISTENERS TO DISCRIMINATE AMONG
OBJECTS: INSIGHTS INTO DOLPHIN PERCEPTION AND PERFORMANCE

One approach to identifying the acoustic features or combinations of features in

echoes that dolphins may use to discriminate among objects is to measure the object

echoes and analyze acoustic differences in the objects. Another approach is to ask human

listeners to discriminate among echoes and determine relevant discrimination cues. The

inner ear of dolphins functions similarly to the human inner ear (or any other mammalian

ear) except for the dolphins' ability to hear much higher frequencies, as suggested by

experiments with Tursiops truncatus on hearing sensitivity (Johnson, 1967), temporal

auditory summation (Johnson, 1968a), critical ratio (Johnson, 1968b), tone-on-tone

masking (Johnson, 1971), and frequency discrimination (Thompson & Herman, 1975;

Herman & Arbeit, 1972). Thus, by presenting echoes to human listeners, it may be

possible to gain insight into the echoic cues used by dolphins.

The major advantage of using human listeners to classify objects is that, unlike

dolphins, they can verbalize how they performed the task. Participants can be asked to

describe the acoustic features of the echoes that allowed them to discriminate among the

objects. However, introspections are not always reliable or accurate indicators of how

people actually perform a task (cf. Eysenck & Keane, 1995). An analysis of the

participants' errors can be used to validate their introspections ~d confirm participants'

use of certain features. Another advantage of using human listeners is that the human

auditory system excels at analyzing complex sounds. Dolphins may use complex

nonlinear combinations of acoustic cues in echoes. These may be difficult and time-
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consuming to identify using statistical programs. Human perception is capable of using

nonlinear combinations and we may be able to identify their use in the data and reports.

Previous studies have shown that the human auditory system is capable of

discriminating among broadband echoes from targets used in dolphin experiments (Fish,

Johnson, & Ljungblad, 1976; Au & Martin, 1989; Helweg, Roitblat, Nachtigall, Au, &

Irwin, 1995). Since dolphin echoes are high frequency sounds above the range of human

hearing, the echoes in these studies were slowed down to shift the echo spectra into the

human hearing range. In the first human listening study, human divers outfitted with a

helmet containing a sending transducer and two receiving transducers were able to

discriminate among metallic plates (Fish et aI., 1976). These plates, varying in material

(copper, aluminum, brass) and thickness (0.16 cm - 0.98 cm), had been used in a dolphin

experiment (Evans & Powell, 1967). The human divers discriminated among the plates

as well or better than the dolphins, but the echoic cues used by the divers to perform the

task were not discussed.

In the second human listening study, the participants were presented with echoes

from targets employed in a dolphin sonar discrimination task (Au & Martin, 1989). In

Experiment 1, the six participants were asked to discriminate between cylindrical targets

that varied in material (aluminum, bronze, glass, and steel) and size (diameter: 3.81 vs.

7.62). The dolphin had been able to discriminate among all the targets, except it couldn't

discriminate between the large aluminum and glass cylinders (Hammer & Au, 1980;

Schusterman, Kersting, & Au, 1980). The human participants were able to discriminate

between the aluminum and bronze cylinders (average 98% correct), and they could also

discriminate between the aluminum and steel cylinders (average 95% correct). They
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reported that they were able to determine the size of the cylinders using echo duration

(i.e., echoes from the larger cylinders had longer durations). To determine the material of

the cylinders, the participants reported using time-separation pitch, which is a perceived

pitch of I/THz that results from an echo signal with two highlights separated by time T

(e.g., bronze had a lower TSP than aluminum; 385 Hz vs. 444 Hz). The participants

could also discriminate between the aluminum and glass cylinders (72.3-97.9% correct).

They reported using echo duration to determine the difference between the two materials

(the glass echoes were shorter).

In Experiment 2 of Au & Martin's (1989) study, four human participants were

presented with echoes from aspect-independent shapes that were employed in a dolphin

sonar experiment. The dolphin had easily discriminated among three foam spheres and

five foam cylinders of varying size but overlapping target strength (choice accuracy

varied between 94% and 100% correct; Au, Schusterman, & Kersting, 1980). The human

participants were able to perform the sphere-cylinder discrimination (choice accuracy

varied between 84 and 96% correct). The participants reported using two cues: pitch and

reverberation. They said that the cylinder echoes were higher in pitch than the spheres,

and the spheres had a larger low frequency reverberation.

In the third human listening study, six participants were presented with echoes

from aspect-dependent shapes that were employed in a three-alternative match-to-sample

task with a dolphin (Helweg, Roitblat, Nachtigall, Au, & Irwin, 1995). The three

dimensional foam targets were in the shape of a rectangular prism, a square-based

equilateral pyramid, and a cube. The dolphin was able to match the rectangle and the

pyramid with high levels of accuracy, however he did not match the cube (he regularly
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chose the rectangle comparison when the cube was presented, suggesting that he did

recognize the cube; Helweg, Au, Roitblat, & Nachtigall, 1996). The stimuli presented to

the human participants were echo trains (30 echoes) instead of individual echoes. The

targets were free to rotate as the echoes were being collected, so the trains included

echoes collected from a number of different target orientations. The participants did not

perform as well as the dolphin. They were able to discriminate the rectangle and the

pyramid, but not the cube. In the first transfer test, participants were given single echoes

as stimuli instead of echo trains. Using a single echo reduced the humans' performance

by 50%. In the second transfer test, the amplitude of the echoes within the echo train

were equated. Participants were unable to discriminate among the shapes when given

amplitude-equated echo trains (accuracy at chance level). These results suggest that in

order to discriminate among aspect-dependent shapes, the participants needed to integrate

changes in echo characteristics (e.g., amplitude) across successive echoes.

In these studies, the human participants performed as well or better than the

dolphin (except in Helweg et aI, 1995), and they were able to report discriminatory cues

such as pitch, echo duration, and time separation pitch. However, the results of these

studies may not reveal how dolphins use echoic cues because of the way the participants

encoded and represented the echoic information. In these studies, the participants were

asked to discriminate between pairs of echoes as though they were just two different

kinds of sounds unconnected to any particular object. The participants listened to the

sample echo stimulus, then indicated their choice by pressing a button labeled A or B, or

selecting a category labeled I, II, or III. The participants were listening for the sound of

the echoes that matched their memory of the correct sound. This method encouraged the
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participants to form a mental representation of the echoes that consisted of only the sound

of the echoes. The sounds could have belonged to any object.

In contrast, when dolphins echolocate an object, they may represent the

characteristics of the object, rather than the sound elements that convey those

characteristics. For example, when a dolphin echolocates a fish, it may represent the

characteristics ofthe fish (e.g., the size and the species) rather than merely the sound of

the fish's echoes (e.g., echo amplitude, duration). There is evidence that dolphins use

object-centered representations (Harley, Putman, & Roitblat, 2003; Helweg et aI., 1996).

In a modified cross-modal matching task (Harley, Putman, & Roitblat, 2003), a dolphin

was rewarded for making identity matches for some objects (i.e., the dolphin was

rewarded for choosing the alternative that matched the sample), but for other objects he

was rewarded for making conditional matches (i.e., the dolphin was rewarded for

choosing an arbitrary, but consistent alternative that was different from the sample).

During trials in which conditional matches were rewarded, the identical object was one of

the alternatives, so the dolphin could choose either the rewarded arbitrary match or an

unrewarded identity match. If dolphins represent object characteristics, then they should

be able to detect a correspondence between an object characteristic perceived through

vision and the same feature perceived through echolocation. Thus, the theory of object

centered representation predicts that the dolphin should be inclined to make identity

matches (i.e., choose the comparison item that matches the sample). Although the

dolphin was never reinforced for making identity-based matches with the arbitrarily

paired objects, the dolphin chose the identity match a majority of the time. These results
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suggest that dolphins represent object characteristics. For dolphins, the sounds of the

echoes are connected to particular objects.

In contrast, humans are not natural echolocators and they are not accustomed to

picking up object characteristics from echoes. Humans lack the experience with echoes

and possibly also the built-in circuitry that would allow them to perceive object

properties directly from echoes. Thus, it is very likely humans will represent the acoustic

features of the echoes and not object characteristics.

In the previous human listening studies, there were at least two reasons the

participants represented the sound ofthe echoes and not object characteristics. The first

reason, discussed above, is that humans are not natural echolocators and lack the

experience to be able to extract object properties from echoes. The second reason is that

the method used in the studies, a sound discrimination task, encouraged the participants

to represent only the sounds of the echoes. For example, the participants listened to the

sample echo stimulus, then indicated their choice by pressing a button labeled A or B.

The objects that produced the echoes were not present during the experiment. In the

current study, human participants were presented with a cross-modal matching task

instead of a sound discrimination task, in which the participants listened to the sample

echo stimulus, and then selected the correct match visually from among three objects.

The cross-modal matching method could potentially encourage the participants to learn

that the sounds were connected to particular objects. Despite this change in

methodology, it was hypothesized that the human participants would still represent the

sounds of the echoes because they lack the experience with echoes and possibly also the
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built-in circuitry that would allow them to perceive object properties directly from

echoes.

In the current study, the representations formed by the human participants were

assessed by asking people to report relevant discriminative cues and by examining their

error patterns. If the humans report discriminating between the objects based simple

acoustic cues or combinations of cues, it may indicate that they represented the sound of

the echoes. However, introspections are not always reliable or accurate indicators of how

people actually perform a task (cf. Eysenck & Keane, 1995). In the other human

listening study that asked participants to report cues (Au & Martin, 1989), no attempt was

made to determine whether people actually used the cues they reported. In this study, a

three alternative task and an error analysis method was used to validate that the

participants used the cues they reported. A three-alternative task affords the chance to

better locate the source of error. When there are only two response alternatives, the

participant can make only one kind of error when failing to choose the correct alternative.

Therefore, it isn't possible to discriminate among sources of error. With a three

alternative matching task, there are three kinds of object confusions possible (object 1

could be confused with object 2, object 2 could be confused with object 3, or object 1

could be confused with object 3). The participants' object confusions were examined in

conjunction with the cues they reported to determine whether it seemed likely that they

actually used the cues. For example, if they reported using echo amplitude to discriminate

among objects, and their errors were confusions between the objects whose echoes were

closest in amplitude, then it suggests they did use echo amplitude.
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In the current study, a dolphin was presented with an echoic-visual cross-modal

matching task, and then human participants performed a cross-modal matching task with

the same objects used in the dolphin experiment. The error patterns ofthe human

participants and the dolphin were compared. If human participants made the same kinds

of errors the dolphin made, it suggests that the humans and the dolphin may have

represented the objects similarly, and that they may have used the acoustic cues in the

echoes in similar ways. Conversely, if the human participants made different kinds of

errors than the dolphin, it suggests that the humans did not represent the objects similarly

to the dolphin. It was hypothesized that the human participants would represent the

sounds of the echoes. Thus, differences in performance between the humans and the

dolphin could indicate that the dolphin used a different kind of representation (e.g., an

object-centered representation).

Method

Bottlenose Dolphin Cross-Modal Matching Experiment

Animal Subject

The dolphin subject is described in Chapter 2.

Materials

There were six object sets, each set consisting of three objects (Figure 3.1). The

objects within each set were selected to vary along one nominal dimension, but because

they are natural stimuli they were actually more variable than that. One object set was

selected to vary in size (Stone Squares), two object sets were selected to vary in shape

(Stone Shapes and Foam Cones), two object sets were selected to vary in material (Figure
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8's and Rods) and one object set was selected to vary in texture (Sockets). Measurements

for each ofthese objects are listed in Appendix C.

Echoic samples were presented in the echoic sample apparatus, a 0.7 m square

PVC-framed box tightly covered in 10 mm black polyethylene that was echoically

transparent but visually opaque. Visual comparison stimuli were presented in air, behind

acrylic windows in an underwater room that was visible from the tank. Since the dolphin

cannot echolocate through acrylic windows, the visual comparison stimuli were visually

but not echoically accessible to the dolphin.

Procedure

The basic procedure involved a three-alternative identity match-to-sample task in

which the dolphin was presented with a sample stimulus, the sample was removed, and

then the dolphin was required to select the identical stimulus from among three

comparison stimuli. The samples were presented to the dolphin echoically, and the

choices were presented to the dolphin visually.

At the beginning of each trial, the dolphin investigated the sample as long as he

wished at the underwater sample apparatus, after which he swam to the visual choice

array located several meters behind him. After the dolphin positioned himself in front of

his object ofchoice for about 3 sec, an assistant naIve to the sample's identity reported

the dolphin's choice to the trainer who blew a whistle and reinforced the dolphin with

two small fish for a correct choice, or tapped on a metal platform to recall him for an

incorrect choice. Intertrial intervals averaged approximately 60 s (minimum 30 s).

Object sets were presented in the following order: Foam Cones, Figure 8's, Stone

Squares, Stone Shapes, Sockets, and Rods. Five 18-trial sessions were presented for each
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object set (with the exception of Sockets and Rods, which were presented 6 sessions

each). Within a session, each stimulus was presented as the sample object an equal

number of times. Each object was also presented equally often in each choice position.

The order of the trials was randomized.

Human Cross-Modal Matching Experiment

Participants

Fourteen participants (eight females and six males) with diverse ethnic

backgrounds volunteered to be tested. Participants ranged in age from 21 years to 55

years (M = 28.7 years). Five ofthe fourteen participants (36%) were graduate students

who had taken a course in bioacoustics or were conducting research in the area of dolphin

bioacoustics. The other participants were undergraduates, graduates, or community

members from outside the university. All participants were screened for normal hearing

prior to the experiment at the University of Hawaii Speech Pathology and Audiology

clinic. All the participants had normal sensitivity in the frequency range of the echo

stimuli.

Materials

Stimuli for this experiment included the same objects that were used in the

bottlenose dolphin cross-modal matching task (see section above and Figure 3.1), and the

echo recordings of these objects (see Chapter 2 for details on how the echo recordings

were made). Each echo recording consisted of a train of 23 echoes that captured multiple

orientations of the objects (1 echo collected every 1.3 degrees from -15° to + 15°, where

0° is the orientation of the object that was directly facing the dolphin during the cross

modal matching experiments). Ten echo trains were collected for each of the 18 objects
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for a total of 180 echo trains. Three ofthese ten echo trains for each object were used as

training stimuli, and the remaining seven were used for testing.

The program used to edit the echoes was CoolEdit 2000 (Syntrillium Software

Corporation). The stimuli were slowed down to shift the spectra of the echoes into the

human hearing range. The original echoes were digitized at 1MHz and had center

frequencies around 120 kHz. The echoes were time stretched by a factor of 125 by

converting the echoes from digital to analog at 8 kHz. The time-stretched echoes had

center frequencies around 1 kHz. The total duration of each echo train was approximately

3 seconds. A bandpass filter was applied to the echoes (lowpass = 400 Hz, highpass =

1600 Hz) to reduce background noise.

In order to characterize the acoustic features of the echoes, multiple acoustic

features were extracted from each individual echo using a custom-written Matlab

program: (1) target strength, (2) number of highlights, (3) duration, (4) peak frequency,

(5) center frequency, and (6) rms bandwidth (see Chapter 2 for details). Additional

acoustic features were extracted from echo trains (23 echoes collected from -15 to +15

degrees) instead of individual echoes: relative target strength, relative number of

highlights, target strength bumpiness, and highlight bumpiness (see Chapter 2 and Figure

2.6).

The experimental set-up for the human listening experiment is shown in Figure

3.2. The experimenter ran a custom-written computer program (in Java) that controlled

the sequence of trials, stimulus presentation, and data logging. The echo stimuli were

presented though Optimus Pro 50MX stereo headphones. The stimuli were channeled to

both the participant and the experimenter (for the purpose of monitoring the echoes). The
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participant sat facing the three objects from the object set being tested. To control for

inadvertent cueing, the participant sat facing away from the experimenter as the stimuli

were played.

Procedure

Participants were tested individually in a quiet, sound-attenuating room by a

female experimenter. The participants were read a set of instructions and given a

vocabulary with which to describe the echoes. Table 3.1 shows the terms and definitions

provided to each participant. This procedure ensured that all the participants had the

same minimum set of descriptive tools with which they could describe echoic cues

(although it was emphasized that they could also use terms not on the list). This list of

terms and definitions was printed on a sheet of paper and available for the participant to

reference throughout the experiment.

Participants were tested on six object sets. The order of testing for the six object

sets was randomized separately for each participant For each object set session, there

were three phases: training, testing, and an interview. The participants completed the

entire procedure for a single object set before moving on to the next object set. Figure 3.3

shows a diagram of the procedure.

At the beginning of the session for an object set, the three objects of the set were

placed on the table in front of the participant. The position of the objects (left, center,

right) was randomized separately for each participant, and then was not changed from

trial to trial. First, participants received training. Three different echo trains for each

object were played as the participant simultaneously viewed each object (e.g., three echo

trains for left object were played, followed by three echo trains for the center object, then
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three echo trains for the right object). Then, the participant could request to listen to echo

trains from any of the three objects they wanted to hear again and the number of training

trials was recorded. Participants usually requested to hear the training stimuli more than

three times for each object (M = 5.9 training trials per object). The training phase lasted

approximately 2-5 minutes and was followed immediately by the test phase.

Each test trial consisted of a stimulus echo train, followed by the participant's

response (both a verbal response and a point to the correct object), and then feedback

from the experimenter. The experimenter told the participants whether they were correct

or incorrect, and then indicated the correct choice if the participants were incorrect.

Participants were allowed to listen to the stimulus echo train as many times as they liked.

The number of times each participant listened to the stimulus echo train was recorded.

Each test session consisted of three blocks, each containing 21 trials, for a total of 63

trials. In each of the three 21-trial blocks, seven different sample echo trains for each of

the three objects were presented. The order of the sample echo trains was randomized

separately for each participant. Participants completed the three block test session in

sequence with no pause between the three blocks. Participants completed a test session

(63 trials) in 7-19 minutes (M= 9 minutes).

After the participant completed the test, participants were asked to report the cues

they used to discriminate among the objects in the cue use interview (see Appendix D for

interview questions). The participants' answers were tape-recorded. The duration of the

cue use interview was approximately 5-10 minutes. When the interview was complete,

the participant began the training for the next object set. When all six object sessions

were complete, the participant was asked a set of post-experiment questions (Appendix
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D). All the participants completed all six object sessions in a single experimental session

that lasted approximately two and a half hours (with the exception of one participant who

completed two object sessions on one day and four object sessions on another day due to

scheduling difficulties).

The ability of the human participants and the dolphin to discriminate among the

objects was measured using both percent correct matches and signal detection theory

measure, d' (Green & Swets, 1988). See Chapter 2 for details on how d' is calculated for

a discrimination task (match-to-sample). The use of d' is preferable to percent correct

matches because discrimination is inferred from nonrandom responding given the

comparison choices, but does not require the subject to select the matching choice

alternative. In other words, an individual could still show evidence of being able to

discriminate the objects, even if she employs a perverse response rule (e.g., choosing

object 2 every time object 1 is presented). d' provides a measure of stimulus

discriminability that is independent of response bias.

Results

The results will be presented in three sections. The first section reports the

overall performance of the human participants across all six object sets and differences in

choice accuracy between the object sets. The second section reports the performance of

the human participants on each object set, which includes an analysis of errors and the

echoic cues reported by the participants to be helpful in discriminating among the objects.

The third section reports the performance of the dolphin, and includes a comparison

between the performance of the human participants and the dolphin.
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Overall Performance ofHuman Participants

The participants were able to visually select the object that matched the correct

echo train. Overall choice accuracy for all six object sets is shown in Figure 3.4. Chance

choice accuracy is 33%, because the participants could choose from among three

alternatives. The alpha level used to determine statistical significance throughout the

article was .05. The participants' average choice accuracy for all six sets combined was

88.0% correct. The participants' average choice accuracy on each set was as follows:

Stone Squares = 97.2%, Stone Shapes = 70.2%, Foam Cones = 99.1 %, Figure 8's =

84.0%, Rods = 90.2%, and Sockets = 87.2%. To determine whether the participants'

performance was above chance on each object set, a t-test was performed separately for

each object set using one score for each participant (average performance on the set) and

comparing the participants' scores to a value of 0.33. The participants' performance was

significantly above chance for all six object sets (Stone Squares, t(13) = 90.45; Stone

Shapes, t(13) = 11.39; Foam Cones, t(13) = 134.56; Figure 8's, t(13) = 15.56; Rods, t(13)

= 21.72; Sockets, t(13) = 21.22).

The participants' performance varied between object sets. A one-way analysis of

variance (ANOVA) revealed that choice accuracy varied between sets, F(5, 65) = 22.65.

Choice accuracy was significantly better on the Foam Cones set (99%) and the Stone

Squares set (97.2%) than on the other four sets. Choice accuracy was significantly worse

on the Stone Shapes set (70.2%) than on the other five sets. Choice accuracy did not

differ significantly among the Figure 8's (84.0%), Rods (90.2%), and Sockets (87.2%;

Newman-Keuls tests).
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The amount of training the participants requested before the testing started on

each set corroborates the finding that participants found the Stone Shapes set the most

difficult. A I-way ANOVA revealed that the number of times participants listened to

training stimuli varied between object sets, F(5, 65) = 8.47. The average number of times

participants listened to the training stimuli for an object within each set are as follows:

Stone Squares = 4.55, Stone Shapes = 8.31, Figure 8's = 6.02, Foam Cones = 4.74, Rods

= 5.81, Sockets = 5.81. Participants listened to the training stimuli for the Stone Shapes

significantly more times than they listened to training stimuli for the other sets (Newman

Keuls tests).

Performance ofHuman Participants on Each Object Set

The participants' performance on each object set was analyzed to determine: (1)

the objects the participants confused most often, and (2) the echoic cues participants

reported to be necessary to discriminate between the objects. Each analysis was

performed separately for each object set. The errors made by the participants were

characterized as confusions between pairs of objects. Confusion matrices are shown for

all six sets in Table 3.2. There were three possible object confusions: a confusion

between objects A and B (e.g., the sample is object A, but the participant selects object B

or vice versa), a confusion between objects Band C, and a confusion between objects A

and C. Chi-square tests were performed separately for each set to determine whether the

confusions were distributed uniformly among the three possible object confusions.

The discriminatory cues reported by the participants were evaluated by examining

a transcript of the tape-recorded interviews. For each participant, the answer to the

question "What cues did you use to discriminate the objects?" was classified into
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categories (e.g., overall loudness, duration ofechoes, overall pitch). To assess reliability,

93% ofthese interview answers were coded by a second coder using the experimenter's

classification system (the other 7% of the interview answers were used to train the coder).

The experimenter and second coder agreed on the classification of 74/78 (95%) of the

interview answers.

The errors made by the participants were examined in conjunction with the

discriminatory cues reported by the participants. The error patterns of the participants

were used to determine whether they seemed to use the cues they reported.

Object Set 1: Stone Squares. The participants' average choice accuracy for this set

was 97.2%. The participants' confusions were not distributed uniformly among the three

possible object confusions (X2(2) = 44.24, N = 25,p < .001). The participants confused

the Small and Medium objects (24/25 errors) more often than they confused the Medium

and Large objects (1/25 errors) or the Small and Large objects (0/25 errors).

The participants reported two to four echoic cues (M = 2.6) that allowed them to

discriminate between the three objects (see Table 3.3). First, all 14 of the participants

described overall loudness as a cue that allowed them to discriminate between the Large

Stone Square (loudest), Medium Stone Square (medium) and Small Stone Square

(softest). Next, 9 of 14 participants reported that since the Medium and Small Stone

Square were very similar in overall loudness, they used a secondary cue of change in

loudness across aspects (an additional participant described this as change in loudness

and pitch across angles). For the Medium Stone Square, the participants reported that the

echoes in the beginning of the train were soft, then rose in loudness to a peak in the

middle of the train, and then became soft again. In contrast, for the Small Stone Square
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the participants said the echoes were consistently soft throughout the train (some

described a small peak in loudness in the middle of the train, but discriminable from the

peak in the train of the medium stone square). Finally, 70fthe 14 participants described

an additional sound in the middle of the train of the Large Stone Square, at the point

where the echoes were at their loudest. Some participants described this sound as

different in sound quality from the other objects (3/14), or as a high frequency component

(2/14). This additional sound in the middle of the Large Stone echo train may have been

an artifact produced from slowing down the echoes, and may not have been available to

the dolphin as a cue.

The errors made by the human participants were consistent with the use of the

cues they reported. The majority of their errors were confusions between the Medium

and Small objects. That they made these errors suggests that they did use the cue of

overall loudness, since the difference in loudness between the Medium and Small (4.5

dB) was smaller than the difference in loudness between Small and Large (17.6 dB) or

Medium and Large (13.1 dB). The participants' lack of errors with the Large object also

suggests they used the cue of overall loudness, since the Large object (-25.1 dB) was

louder than Medium (-38.2 dB) and Small (-42.7 dB). The participants' confusions

between Medium and Small suggests that they did use the patterns of changes in loudness

across aspects, since the Medium object has a peak in loudness in the middle of the train

and the Small object is less variable in loudness (see Figure 2.21).

Object Set 2: Stone Shapes. The participants' average choice accuracy for this set

was 70.2%. The participants' confusions were not distributed uniformly among the three

possible object confusions (X2(2) = 196.48, N =263,p < .001). The participants confused

76



Cross and Line (194/263 errors) more often than they confused the Cross and Stack

(46/263 errors) or the Stack and Line (23/263 errors).

Participants reported using between one and four echoic cues (M = 2.1) to

discriminate between these three objects (see Table 3.3). Eleven of the 14 participants

reported using an overall loudness cue to discriminate between the Stack and the other

two objects. They reported that the Stack was softer than the other two (note that Stack

was smaller in size than Cross and Line, which were equal in size). In addition, 5 of

these 11 participants who used an overall loudness cue reported that Line was louder than

Cross, but 1 of the 11 reported that Cross was louder than Line. One of the fourteen

participants reported that duration was a useful cue to discriminate Stack from the other

two objects (Stack had a shorter echo).

Twelve of the fourteen participants reported using the pattern of changes in

loudness and/or pitch across aspects to discriminate between Cross and Line, or to

discriminate among all three objects. Three participants reported that Stack gradually

increased then decreased in amplitude (a peak that was lower in amplitude than the other

two objects), and three participants reported that stack had a constant amplitude

throughout the echo train. In contrast, Line and Cross had sharper increases in amplitude

in the middle of the train. Four participants specified that Line had a sharper peak than

Cross, and one participant reported that Cross had a sharper peak than Line (note that not

all eleven participants described patterns for all three objects). Six of the participants

made drawings of the patterns showing the change in loudness across aspects for the

three objects (set up as graphs with time on the x-axis and amplitude on the y-axis with

lines that could be characterized as the envelopes of the echo trains of the three objects).
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These drawings were consistent with their verbal reports of the pattern of changes in

loudness across time for the three objects. Two participants reported using pitch to

discriminate between Cross and Line (Line had a lower pitch). One participant reported

counting the number of high frequency sounds in the middle of the echo train for each

object (Stack had four sounds, and Cross had six sounds).

The errors made by the human participants were consistent with the use of the

cues they reported. The majority oftheir errors were confusions between the Cross and

Line. That they confused the Cross and Line suggests that they did use the cue of the

pattern of changes in loudness across aspects, because the Cross and Line were not

significantly different along a measure of change in loudness across aspect ("relative

target strength"; Cross = 1.96, Line = 1.85; see Figure 2.23 in Chapter 2) whereas Stack

was significantly different than the other two (Stack = 2.27). Their lack of errors with

Stack also suggest that the participants did use the cue of overall loudness, because Stack

(-35.7 dB) was significantly softer than Cross (-33.5 dB) and Line (-32.7 dB), and Cross

and Line were not significantly different in amplitude.

Object Set 3: Foam Cones. The participants' average choice accuracy for this set

was 99.1%. The participants' confusions were not distributed uniformly among the three

possible object confusions (i(2) = 6.25, N = 8, p < .05). The participants confused the

Bow and Diamond (5/6 errors) more often than they confused the Bow and Trapezoid

(1/6 errors) or the Diamond and Trapezoid (0/6 errors).

The participants reported one or two echoic cues (M = 1.1) that allowed them to

discriminate between the three objects (see Table 3.3). All participants reported using the

cue of the pattern of changes in the echo train over time. Eight of the participants
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reported that the echoes changed in loudness over aspects, five reported that the echoes

changed in both loudness and pitch over aspects, and one reported that the echoes

changed in both loudness and timbre over aspects. The participants reported that the

Trapezoid did not change in loudness (or pitch/timbre) over the train, the Bowtie had two

closely spaced peaks, and the Diamond had two widely spaced peaks. Nine participants

made a drawing of the three different patterns (Figure 3.5). These drawings were

consistent with their verbal reports of the pattern of changes in loudness across time for

the three objects.

The errors made by the human participants were consistent with the use of the

cues they reported. The majority of the participants' errors were confusions between the

Bow and Diamond. That they confused the Bow and Diamond suggests that they did use

the cue of the pattern of changes in loudness across aspects, because the Bow and

Diamond were not significantly different along a measure of change in loudness across

aspect ("target strength bumpiness"; Bow = 6.5, Diamond = 6.9; see Figure 2.24 in

Chapter 2) whereas Trapezoid was significantly different than the other two (Trapezoid =

9.6).

Object Set 4: Figure 8 'so The participants' average choice accuracy for this set

was 84.0%. The participants' confusions were not distributed uniformly among the three

possible object confusions (if(2) = 143.53, N = 141,p < .001). The participants confused

the Rope and the Tubing (114/141 errors) more often than they confused the Copper and

the Rope (16/141 errors) or the Copper and the Tubing (11/114 errors).

The participants reported one to three echoic cues (M = 2.1) that allowed them to

discriminate between the three objects (see Table 3.3). Four participants reported using
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an overall timbre or pitch cue to discriminate between all three objects. One participant

said Copper sounded "metallic", Tubing sounded "crisp", and Rope sounded "diffuse;"

another reported that Copper sounded "crisp", and Rope sounded "muffled" or "rumbly."

The single participant who reported using overall pitch said that Copper had the highest

pitch, Tubing had the lowest pitch, and Rope was intermediate. However, most of the

participants reported using one or two cues to discriminate between Copper and the other

two objects, and another cue to discriminate between Rope and Tubing. Cues used to

discriminate between Copper and the other two objects included overall timbre (8

participants), overall pitch (5 participants), overall amplitude (3 participants), and change

in pitch across aspects (2 participants). Participants reported that Copper sounded

"hollow" or "denser" or "metallic" as compared to the other two objects (timbre), that it

simply had a different pitch than the other two objects, or that it had a unique pitch

pattern (high in the beginning of the train, lower in the middle, and then high at the end),

and finally that it was louder than the other two objects. The cue 10 participants reported

using to discriminate between Rope and Tubing was the pattern of changes in loudness

across aspects. Participants described that Rope decreased in loudness at the end of the

echo train, whereas Tubing remained loud! or got louder at the end.

The errors made by the human participants were consistent with the use of the

cues they reported. The majority of the participants' errors were confusions between the

Rope and Tubing. That they confused the Rope and Tubing suggests that they did use the

cue of overall loudness since the difference in loudness between the Rope and Tubing

(0.7 dB) was smaller than the difference in loudness between Copper and Rope (2.4 dB)

or Copper and Tubing (3.1 dB). The Rope-Tubing errors also suggest that they used the
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cue of overall pitch because Rope and Tubing were not significantly different along an

approximate measure of pitch (peak frequency; Rope = 114.3 kHz, Tubing = 115.93

kHz), whereas Copper was significantly different from the other two (Copper = 111.2

kHz). That the participants used the cue of timbre couldn't be confirmed because no

direct measure of timbre was measured in the echoes. The participant's report that the

Rope decreased in loudness at the end of the echo train, whereas Tubing remained loud at

the end could be confirmed by examining the pattern of changes in loudness at the end of

both echo trains (see Figure 2.25).

Object Set 5: Rods. The participants' average choice accuracy for this set was

90.2%. The participants' confusions were not distributed uniformly among the three

possible object confusions (i(2) = 166.07, N = 86,p < .001). The participants confused

the Metal Rod and the Plastic Rod (85/86 errors) more often than they confused the Metal

Rod and the Wood Rod (1/86 errors) or the Plastic Rod and the Wood Rod (0/86 errors).

The participants reported one to four echoic cues (M = 2.2) that allowed them to

discriminate between the three objects (see Table 3.3). Most of the participants reported

one cue to discriminate between Wood and the other two objects, and another cue to

discriminate between Metal and Plastic. Eleven of the 14 participants reported that Wood

was louder overall than the other two objects. Others reported that Wood had a different

pitch than the other two objects (2 participants), or a different timbre ("hollowish") than

the other two objects (2 participants). Most participants (11) reported using the cue of

different patterns of change in loudness or pitch over aspects to discriminate between

Metal and Plastic. They reported that Plastic did not change in loudness (or pitch) over

aspects (or had a slight rise and fall), whereas Metal had more of a distinctive rise in
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loudness in the middle of the echo train. A few participants reported using other cues to

discriminate between Plastic and Metal: timbre (3 participants), and duration and pitch (1

participant who said Plastic had shorter echoes and a higher pitch). For example, Plastic

was described as "sharp" or "crisp" and Metal was described as "raspy" or "dull."

The errors made by the human participants were consistent with the use of the

cues they reported. The majority of the participants' errors were confusions between the

Metal and Plastic. That they confused the Metal and Plastic suggests that they did use the

cue of overall loudness since the difference in loudness between the Metal and Plastic

(2.4 dB) was smaller than the difference in loudness between Wood and Metal (9.7 dB)

or Wood and Plastic (7.3 dB). The participants' confusions between Metal and Plastic

suggests that they did use the patterns of changes in loudness across aspects, since Metal

and Plastic were not significantly different along a measure of change in loudness across

aspect ("target strength bumpiness"; Metal = 8.4, Plastic = 8.8; see Figure 2.26 in

Chapter 2) whereas Wood was significantly different than the other two (Wood = 5.4).

Object Set 6: Sockets. The participants' average choice accuracy for this set was

87.2%. The participants' confusions were not distributed uniformly among the three

possible object confusions (r(2) = 62.46, N = 113,p < .001). The participants confused

the Open Socket and the Closed Socket (77/113 errors) more often than they confused the

Open Socket and the Flat Socket (22/113 errors) or the Closed Socket and the Flat Socket

(14/113 errors).

The participants reported one to three echoic cues (M = 2.1) that allowed them to

discriminate between the three objects (see Table 3.3). Thirteen of the 14 participants

reported using the cue of the pattern of change in loudness (and/or pitch) over aspects to
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discriminate between all three objects (9/13) or to discriminate between Closed and Open

(4/13). The Flat object and the Open object were both described as having one peak in

loudness (e.g., "soft, loud, soft"), whereas the Closed object was described as having two

or three peaks in loudness (e.g., "loud, soft, loud, soft"). Eight participants made

drawings ofthe pattern of changes in loudness (and/or pitch) over time for the three

objects, which were consistent with their verbal reports of differences between the

objects. Participants who described pitch changes said Open went up in pitch at the end

of the train (2 participants). In addition to the cue of changes in loudness/pitch over

aspect, participants reported other cues that allowed them to discriminate between Flat

and the other two objects, or to discriminate between Open and Closed. Twelve of the 14

participants reported a cue they used to discriminate Flat from the other two objects:

timbre (e.g., Flat sounded "solid" and Open and Closed sounded "hollow"; four

participants), the presence of additional high frequency sounds in the middle of the echo

train for Flat (three participants), overall loudness (Flat was louder, three participants),

and overall pitch (one said Flat was lower than the other two, one said Flat had a different

pitch than Open). Seven of the 14 participants reported a cue that they used to

discriminate Open from Closed: overall loudness (three said Closed was louder, one said

Open was louder), timbre (one participant), pitch (Closed had a lower pitch, one

participant), and duration (Closed had shorter echoes; one participant).

The errors made by the human participants were consistent with the use of the

cues they reported. The majority of the participants' errors were confusions between the

Open and Closed. That they confused Open and Closed suggests that they did use the

cue of overall pitch because Open and Closed were not significantly different along an
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approximate measure of pitch (center frequency; Closed = 122.3 kHz, Open = 122.2

kHz), whereas Flat was significantly different than the other two (Flat = 113.3 kHz).

That the participants used the cue of timbre couldn't be confirmed because no direct

measure of timbre was measured in the echoes. An examination of the pattern of changes

in loudness over aspect revealed that participants were correct that the Flat and Open

Sockets had one major peak in loudness, whereas the Closed Socket had multiple peaks

(see Figure 2.28).

Comparison ofthe Performance ofthe Dolphin vs. the Human Participants

Figure 3.6 shows the dolphin's choice accuracy over all six object sets. For the

human participants, parametric statistics were used to determine significant differences

from chance in choice accuracy. A binomial test rather than parametric statistics were

used for the dolphin because of the single subject design. The dolphin's choice accuracy

was significantly better than chance on three object sets: Stone Squares, Foam Cones, and

Stone Shapes (summed binomial test). The dolphin's choice accuracy was not

significantly different from chance for the other three sets: Figure 8's, Rods, and Sockets

(summed binomial test). In contrast, the human participants' choice accuracy was

significantly better than chance on all six sets.

Table 3.4 shows the confusion matrices for the dolphin (for comparison,

confusion matrices for the humans are shown in Table 3.2). Table 3.5 shows a

comparison of the object confusions made by the dolphin vs. the object confusions made

by the human participants. The distribution of errors among the three possible object

confusions for the human participants was compared against the distribution of errors for

the dolphin using chi square tests with the dolphin's as the expected distribution (using
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percentages of errors for each error type). The pattern of distribution oferrors among

error types was significantly different for the human participants vs. the dolphin for all

six object sets [Stone Squares (i(2) = 330.8, P < .001), Stone Shapes (i(2) = 39.5, P <

.001), Foam Cones (i(2) = 8.1, P < .05), Figure 8s (i(2) = 61.7, p < .001), Rods (i(2) =

322.6, P < .001), Sockets (i(2) = 21.1, P < .001)]. For example, in the Stone Squares set,

the dolphin's predominant error was a confusion between Medium and Large (71.4% of

errors), there were some confusions between Small and Medium (21.4% of errors), and

very few confusions between Small and Large (7.1 % of errors). In contrast, the humans'

predominant error was a confusion between Small and Medium (96.0% of errors), there

were very few confusions between Medium and Large (4.0% of errors), and no

confusions between Small and Large. These results indicate that the dolphin and human

participants made different kinds of errors.

The signal detection theoretic measure d' was calculated for both the dolphin and

the human participants, and the results are shown in Table 3.6. To determine whether the

d' values for the dolphin were significantly different from the d' values for the humans, a

t-test was performed separately for each object pair within a set using one d'value for

each human participant and comparing the values to the dolphin's d'value for the object

pair. The d' for the dolphin were significantly different from the d'values for the human

participants for every object pair within every object set (see Table 3.6 for t values). For

all the object sets except for the Stone Shapes, the dolphin was less accurate than the

.humans in matching all of the object pairs. In the Stone Shapes set, the d'value for the

dolphin was higher than the d'value for the humans for one of the three object pairs

(Cross-Line), but the d' values for the humans were higher than the d'values for the
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dolphin on the other two object pairs (Cross-Stack, Line-Stack). These results suggest

that the dolphin's performance did not match the performance ofthe human participants.

Discussion

The human participants were able to discriminate among the objects, and they

reported using simple acoustic cues (or combinations of cues) to determine differences in

the echoes (e.g., overall loudness, overall pitch). The human participants seemed to form

representations that consisted of the sound of the echoes. When presented with a sample

echo stimulus they selected the correct matching object by comparing the sample with the

sounds of the three echo trains stored in their memory from the training phase. The

participants' errors were consistent with between-object similarities in acoustic features.

These results suggest that the human participants represented the sound of the

echoes instead of the characteristics of the objects. This finding was expected given that

humans lack the experience with echoes and possibly also the built-in circuitry that

would allow them to perceive object properties directly from echoes. The cross-modal

matching method, which was designed to encourage the participants to connect the

sounds to objects, did not change the nature of the participants' representations. Like the

participants in other human listening studies (Au & Martin, 1989; Helweg, Roitblat,

Nachtigall, Au, & Irwin, 1995), the participants in this study represented the acoustic

features of the echoes.

The error patterns of the human participants did not match the error patterns of the

dolphin. This suggests that the dolphin may have represented the objects differently than

the humans. One possibility is that the dolphin represented different acoustic features of
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the object echoes than the human participants represented. For example, for the Stone

Squares set, the reports and error patterns of the human participants suggest that they

represented the overall loudness of the three object echoes. If the dolphin represented the

pitch or duration of the echoes, for example, it may have led the dolphin to make

different types of errors. However, the results of the study presented in Chapter 2 suggest

that the dolphin was not representing only the acoustic features of object echoes.

A strong possibility is that the dolphins represented the characteristics of the

objects rather than (or in addition to) the sound elements that convey those

characteristics. Harley et al.'s (2003) study suggests that dolphins extract object feature

information from echoes and represent the object features instead of the sounds. In

Harley et aI's task, the dolphin was rewarded for making conditional matches for some

objects (i.e., the dolphin was rewarded for choosing an arbitrary, but consistent

alternative that was different from the sample). Despite this reinforcement contingency,

the dolphin still selected the object identical to the sample as the match instead ofthe

rewarded arbitrary match. Apparently, dolphins detect a correspondence between the

evidence for a characteristic perceived through vision and the evidence perceived through

echolocation. In other words, for a dolphin the sounds of the echoes are connected to

particular objects. The dolphin can derive properties of the object through the echoes.

In contrast, in this task the human participants seemed to be representing only the

sounds of the echoes. It is very likely that the participants, unlike the dolphin, could have

been induced to perform a conditional match. For example, if the participants were

rewarded for choosing object 2 when they heard the echo train for object 1, they probably

would have obliged. It would be interesting to perform this experiment in a subsequent
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study. If the human participants select conditional matches, it would provide evidence

that they are representing the sound of the echoes instead of object characteristics.

There is a possibility that there were other factors that contributed to the result

that the performance of the human participants did not match the dolphin's performance

(aside from differences in representations). There may have been some reasons that the

human participants performed overall better than the dolphin. One possible reason is

memory load. The humans did a simultaneous cross-modal matching task (they saw the

comparisons at the same time they listened to the sample) whereas the dolphin did a

successive cross-modal matching task (he ensonified the target, then made his choice

approximately 30-60 seconds later). Other reasons involve the ease of processing the

echoic sample. The echo trains presented to the human participants had a high signal to

noise ratio, and they did not contain any extraneous echoes that had to be filtered out

(e.g., echoes from the apparatus in which the objects were hung). In addition, there was

consistency between echo samples for a single object- each train always consisted of the

same range of target orientations (± 15 degrees). However, the dolphin's sample object

echoes may have contained noise, extraneous echoes, and covered different ranges of

target orientations over different trials. In the future, it would be useful to collect the

dolphin's clicks and echoes during the task (not done in this study due to the extensive

dolphin training time required), and present those echoes to the human participants so

that both the dolphins and the humans are basing their decisions on the same amount and

quality of echo information.

Taken together with the results of other studies (Harley, Putman, & Roitblat,

2003; Helweg et aI., 1996), these results suggest the dolphins represent the characteristics
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of objects, rather than the sound elements that convey those characteristics. The human

participants in this study (and the other human listening studies: Fish, Johnson, &

Ljungblad, 1976; Au & Martin, 1989; Helweg, Roitblat, Nachtigall, & Irwin, 1995)

seemed to represent the characteristics of the sounds rather than the characteristics of the

objects. Contrasting the performance ofthe human participants with the dolphin allowed

implications to be drawn about the nature of dolphins' representations.
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CHAPTER 4
GENERAL DISCUSSION

Although the echolocation capabilities of bottlenose dolphins have been

characterized, little has been known about how echolocating dolphins represent the

information they use to recognize objects. Several theories have been proposed to

explain how echolocating dolphins represent objects, including the visual picture

representation theory (e.g., Herman, Pack, & Hoffman-Kuhnt, 1998), the sound

representation theory, and the object-centered representation theory (e.g., Harley,

Putman, & Roitblat, 2003). The first theory contends that dolphins represent objects in a

visual and analog manner, by painting a "picture" using echoes. According to the second

theory, the dolphin represents the acoustic features of the object echoes (e.g., amplitude,

duration). The object-centered representation theory contends that the dolphin represents

the characteristics of objects (e.g., size, shape), instead of merely the sound elements of

the echoes that convey those characteristics.

The visual picture representation theory argues that dolphins' mental

representations of objects perceived through echolocation are a like a visual picture, and

that what a dolphin experiences through biosonar is functionally similar to what it

experiences through vision (Herman, Pack, & Hoffman-Kunht, 1998; Pack & Herman,

1995). Although the mechanism that would produce a picture-like representation from

sonar input is unclear, one hypothesis is that the dolphin translates sound into a visual

image like an ultrasound device. An examination of the contrast between the

mechanisms of the ultrasound device and the amount and quality of information a

dolphin receives during echolocation revealed that this hypothesis is untenable. An
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echolocating dolphin sends out approximately 5 - 150 short, widely-spaced clicks to

investigate an object over a period of several seconds (Au, 1993). The amount of detail a

dolphin can obtain about an object is determined in part by the beam width of the

dolphin's clicks (10° in horizontal and vertical plane) and the distance from the dolphin to

the object. If the dolphin's beam covers the entire object, the dolphin won't be able to

resolve fine details ofthe object. In contrast, a medical ultrasound device projects a high

intensity, high frequency (1-5 MHz) directional beam into the body in which thousands

of echoes are received each second. The ultrasound probe is usually swept slowly over

the area of interest, which allows very high spatial resolution. The amount of information

an echolocating dolphins receives does not equal the information an ultrasound receives,

and the ultrasound receives more detailed spatial information about objects than a

dolphin. Thus, it is unlikely that dolphins form the same kind of visual image made by an

ultrasound device.

The claim that what a dolphin experiences through biosonar is functionally

similar to what it experiences through vision seems implausible when the amount and

quality of information present when a dolphin gathers information about the world is

compared for vision vs. echolocation. When looking at an object, light is reflecting off

the object and striking the dolphin's retina in a continuous barrage, and information from

the entire visual field is available to the dolphin simultaneously. In contrast, information

received from the echoes is sequential and discontinuous, because the dolphin receives a

sequence of echoes that are separated in time. Since the amount of information a dolphin

receives during echolocation doesn't come close to approximating the spatially parallel
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visual system, it is unlikely that the dolphin could form representations that approximate

visual scenes.

Another hypothesis is that dolphins could form representations much like the

images formed by bats (Pack & Herman, 1995). Echolocating bats (e.g., Eptesicus

fuscus) seem to perceive images that represent the distance to the target and the shape of

the target (Simmons, 1989; Simmons, Moss, & Ferragamo, 1990). Eptesicus perceives

images of targets that represent the location and spacing of the reflective surfaces of the

targets located at different ranges. However, an examination of the signal properties and

echolocation medium for bats vs. dolphins revealed that bat representations are likely to

be different from dolphin representations. Bats emit a signal that lasts 3-5 ms, and

sweeps down across frequencies (Simmons, 1989). In contrast, dolphins emit a

broadband click that lasts about 50 IJS. The bat's long signals playa role in enabling the

bat to derive the range profile of the target. Sound travels five times faster in water than

in air, so the bat may be able to exploit time domain information more effectively than a

dolphin echolocating underwater. Another difference between an echolocating bat and

dolphin is that the impedance mismatch at the water-target interface is less than the

impedance mismatch at the air-target interface. For bats, most of the energy striking a

target will be reflected, so that the echoes received by the bat specify the surface structure

of the target. In contrast, when a dolphin echolocates a target, a portion of the energy will

penetrate the target, and the received echoes can specify both the surface structure and

the internal structure of the target.

An evaluation of the acoustic information an echolocating dolphin receives

strongly suggests that dolphins do not represent objects like a visual picture. There is a
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possibility that dolphins could have acoustic images something like the range map

described for the bat. However, one way in which a dolphin's representation might be

different from a bat's is that it could include information about the internal object

structure. Neurophysiological measurements (e.g., auditory evoked responses to

echolocation signals), and the manipulation of features of the echoes (e.g., echo delay)

using an electronic target simulator in behavioral studies have been critical in the

investigations of the process of acoustic image formation in bats (Simmons et aI., 1990).

Until these kinds of data are collected for dolphins, it is not possible to fully evaluate the

theory that dolphin representations are similar to those of bats.

The second and third theories of object representation by echolocating dolphins

can be described by contrasting proximal and distal stimuli. The sound representation

theory contends that the dolphin represents the proximal stimulus (the features of sounds)

whereas the object-centered theory contends that the dolphin represents the distal

stimulus (the features of objects). According to the sound representation theory, when a

dolphin echolocates a fish, it represents the sound of the fish's echoes. In contrast, the

object-centered representation theory contends that the echolocating dolphin represents

the characteristics of the fish (e.g., the size and the species).

The sound representation theory maintains that dolphin echolocation can be

conceived of as a listening problem. Consider the match-to-sample task, in which a

dolphin is presented with a sample object, and then must choose the same object from

among several alternative objects. According to the sound representation theory, a

dolphin performing a match-to-sample task would listen to the sound of the echoes from
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the sample object, and then choose the correct match by locating the comparison object

with the most similar sounding echoes.

According to the object-centered representation theory, the information from the

echoes (e.g., amplitude, frequency, duration) carries information about object

characteristics (e.g., size, shape, material). The object-centered representation theory

contends that the dolphin directly represents the characteristics of the objects instead of

the acoustic parameters of the echoes. Of course, the dolphin obtains and uses acoustic

parameters of the echoes to derive object-centered representations (the dolphin must learn

or know how acoustic features map onto object features or how they constrain object

features). According to this theory the representations of objects dolphins use to make

decisions contain object feature information instead of proximal acoustic information.

In the experiment presented in Chapter 2, a dolphin performed an echolocation

matching task and then acoustic measurements were made of the objects used in the

matching task. Errors reveal how an organism represents information (e.g., Roitblat,

1987). An analysis of the dolphin's errors was combined with information on the

variation in acoustic features between objects to determine the role played by acoustic

cues in dolphins' representations. The role of acoustic features was examined by looking

at varying levels of complexity in acoustic information: single acoustic features, linear

combinations of features, and all the frequency information in the echo (echo spectra).

The sound representation theory predicts that the dolphin will confuse objects that have

echoes with similar acoustic features. Instead, the results of this study indicated that the

dolphin's performance (pattern of object confusions) could not be fully explained by

similarities in single acoustic features, linear combinations of those features, or
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correlations of echo spectra. Put simply, the dolphin confused objects that had dissimilar

acoustic features, and correctly matched objects with similar acoustic features. For

example, the dolphin frequently confused the Closed and Open Sockets. Yet there were

significant differences between those two objects in target strength, number of highlights,

peak frequency, rms bandwidth, and duration. The sound representation theory predicts

that the dolphin will not confuse objects with different-sounding echoes. These errors in

which the dolphin confused objects that had many acoustic differences argue against the

theory that dolphins represent the acoustic features of echoes. Another prediction of the

sound representation theory is that the dolphin would not be likely to correctly match

objects that had similar acoustic features. However, the dolphin correctly matched the

Open and Flat Sockets, which were very similar in target strength, number of highlights,

and rms bandwidth. Although the dolphin had opportunities to make acoustic confusions

(errors based on similarities in the sounds of the echoes), instead the dolphin confused

objects based on similarities in object features such as shape or surface texture. For

example, the dolphin confused the Open and Closed Sockets, which have a more similar

surface pattern (e.g., holes and ridges) than the Flat Socket (smooth surface). The Open

and Flat Sockets are acoustically similar along more features than the Open and Closed

Sockets, yet the dolphin did not confuse the Open and Flat Sockets. Analyses of linear

combinations of acoustic features and similarities between echo spectra also showed that

the dolphin's pattern of errors did not match a pattern of acoustic confusions. For

example, in the Stone Shapes set the two objects with the most similar echo spectra were

Cross and Stack. The dolphin never confused these two objects. Instead, the dolphin

confused Cross and Line (8/12 errors). The dolphin's confusions may have been based
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on similarities in the shape of Cross and Line (e.g., sharing long, flat surfaces) that aren't

shared by Stack (e.g., a cube-like structure). The dolphin's errors did not match a pattern

of acoustic confusions. The dolphin confused objects that were structurally similar but

not acoustically similar. These results suggest the dolphin represented the features of the

objects rather than the sounds of the echoes.

The object echoes in this study were measured from multiple orientations in order

to simulate the experience the dolphin could get by swimming by the target and

ensonifying it from different angles. For all twenty-seven objects, all the acoustic

features of the echoes varied significantly with object orientation. In other words, every

object varied in target strength, number of highlights, peak frequency, center frequency,

bandwidth, and duration as a function of orientation. A dolphin echolocating these

objects would receive very different sounding echoes depending on the position from

which the object was investigated. For example, consider a dolphin echolocating the

Medium Stone Square from three different positions. From a position of 10°

counterclockwise from the flat face of the square, the target strength of the echo was

relatively low (-39 dB), the peak frequency was 110 kHz, and the echo duration was 200

Ilsec. From a position directly facing the flat face of the square (0°), the target strength of

the echo was relatively high (-32 dB), the peak frequency was 125 kHz, and the echo

duration was 100 Ilsec. From a position 10° clockwise from the flat face of the square,

the target strength of the echo was -45 dB, the peak frequency was 112 kHz, and the

duration was 690 Ilsec. Thus, the sound of the Medium Stone Square echoes would vary

widely from different object orientations.
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According to the sound representation theory, a dolphin approaches match-to

sample as a listening task, in which the correct match is selected by locating the

comparison object with the most similar-sounding echoes. During the match-to-sample

task, if the dolphin echolocated object A from one orientation in the sample phase, and

then echolocated the alternative objects A, B, and C from a different orientation in the

choice phase, then the echoes from object A in the sample phase may sound very

different than the echoes from the same object in the choice phase. Observations of the

dolphin's behavior during the task suggest that it did inspect the objects from multiple

orientations. Since acoustic features vary as a function of object orientation, it would be

very difficult for the dolphin to succeed on this task ifit represented only the sound of the

echoes, unless the between-object variation in acoustic features exceeded the variation in

acoustic features within each object as a function of orientation. A direct comparison of

between-object variation to within-object variation indicated that, for some of the object

sets in this study, within-object variation exceeded between-object variation. The

dolphin's overall success on these object sets argues against the idea that dolphins

represent merely the sound of the echoes.

The acoustic features of the echoes are affected by not only the orientation of the

objects, but also the characteristics of the dolphin's outgoing sonar signal (click). The

objects in this study were measured in a test tank using a dolphin-like click that did not

vary from trial to trial. In contrast, dolphin clicks can vary in frequency and intensity

(Au, 1993). An individual dolphin's clicks varied in peak frequency from 60 kHz to 140

kHz (Au, 1980). Dolphins can vary the amplitude of their clicks over a large dynamic

range (e.g., peak-to-peak source levels vary from 150 - 230 dB re 1 ~Pa; Au, 1993).
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Dolphins modify their clicks in an adaptive manner according to the environment and

task demands. For example, dolphins will emit higher amplitude clicks in noisy

environments (Au et aI., 1974). In a situation where a dolphin is performing a specific

task over and over again, there can be fluctuations in the characteristics of the emitted

clicks during the task (Au, 1993). These variations in a dolphin's outgoing clicks will

influence the acoustic characteristics of the resulting object echoes. For example, the

amplitude of the echoes from an object is dependent on the source level of the projected

click (Au, 1993).

It is a limitation of the current study that the clicks from the actual dolphin and the

resulting echoes were not recorded and measured during the behavioral task. However, it

is reasonable to think, based on other studies when these signals have been recorded, that

there were some variations in the clicks from session to session, from trial to trial, and

possibly also within trials. Thus, the acoustic features of the object echoes also varied

from session to session, from trial to trial, and within trials. This additional source of

variation from the dolphin's changing clicks means that the acoustic features of the

dolphin's echoes were actually more variable than the analysis in this study suggests.

This means that the echo acoustic features of an object ensonified at the beginning of the

trial may be different from the echo acoustic features from the same object at the end of a

trial if the dolphin changes the characteristics of its clicks within the trial. This would

make it difficult for the dolphin to match objects by listening for similar echoes from the

sample and choice objects. In summary, the sounds of the echoes were affected by the

characteristics of the dolphin's signal, the orientation of the object, and the position of the

dolphin. These factors argue against the theory that dolphins represent only the sounds of
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the echoes because the sounds of the echoes are highly variable, and this variability is

unreliable relative to the object being identified.

The analyses of the dolphin's errors, the analyses ofvariations in acoustic features

between objects, and the analyses of variation in acoustic features as a function of object

orientation, taken together with the probable variations in the dolphin's position and

outgoing signals, suggest that it is very unlikely that dolphins treat echolocation as a

listening problem. The dolphin's errors do not match a pattern of acoustic confusions,

instead they show the dolphin confused objects based on object feature similarities. This

suggests that dolphins use acoustic information to determine object characteristics, and

that the representations of objects dolphins use to make decisions contain object feature

information instead of the acoustic features of the echoes. When considering the variance

in echo acoustic characteristics as a function of object orientation and click

characteristics, it makes sense for the dolphin to represent directly the characteristics of

the object. The acoustic characteristics of echoes can be more similar between objects

than they are within the objects investigated from different orientations. For example,

when object A is rotated, the echoes from object A in position 1 can be more similar to

the echoes from object B in position 1 than they are to object A in position 2. Simply

put, when an object is rotated its acoustic characteristics from different orientations are

not similar. Yet a dolphin can identify the same object from different orientations

(Helweg et aI., 1996). The acoustics change from different orientations but what does not

change is the object. If the dolphin represents the distal object instead of the proximal

acoustic information, it explains the dolphin's ability to identify objects from different

orientations. It is important to note that echolocating dolphins in their natural
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environment are usually in motion (as are many of the objects they ensonify, such as prey

and predators), so they frequently must identify objects from varying orientations.

In the experiment presented in Chapter 3, object representation in dolphins was

explored by contrasting the echoic-visual cross-modal matching performance of a dolphin

with human participants. Errors reveal how an organism represents information (e.g.,

Roitblat, 1987). Thus, by assessing the nature of the representations used by the human

participants' (sound representations or object-centered representations), the

representation used by the dolphin can be determined by comparing the error patterns of

the human participants with the dolphin's error patterns. A match between the error

patterns of the human participants and the dolphin suggest the use of similar

representations, whereas a mismatch between the errors patterns argues that the dolphin

used different representations than the human participants.

The human participants' errors and their reports indicated that they were

representing the sounds of the echoes. The participants described using simple acoustic

features or combinations of features (e.g., overall loudness, pitch, change in loudness

across the echo train) to discriminate among the echoes. Their errors were consistent

with their reports and between-object similarities in acoustic features. For example, if

they reported using overall loudness as a cue, they confused the two objects in an object

set that were closest in loudness levels. For the Stone Squares set, the participants

reported using overall loudness of the echoes to discriminate between the Large,

Medium, and Small Squares (they reported that the Large Square had the loudest echo

and the Small Square had the softest echo). The majority of the participants' errors were

confusions between the Medium and Small Squares (24/25 errors). That they made these
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errors suggests that they did use overall loudness as a cue, since the difference in

loudness between the Medium and Small Squares (4.5 dB) was smaller than the

difference in loudness between the Small and Large Squares (17.6 dB) or the Medium

and Large Squares (13.1 dB). The error patterns of the human participants did not match

the error patterns of the dolphin (e.g., the dolphin confused different pairs of objects than

the humans). Therefore, the dolphin represented the objects differently than the humans.

An interpretation of these results that is consistent with the results of other

behavioral research (Harley, Putman, & Roitblat, 2003) is that the dolphin represented

the characteristics ofthe objects rather than the sound elements that convey those

characteristics. In the Harley et ai. experiment, a dolphin performed a three-alternative

match-to-sample task in which the sample was presented in one modality (e.g., vision)

and the alternatives were presented in another modality (e.g., echolocation). The dolphin

never had the opportunity to both see and echolocate the same object simultaneously.

Thus, if the dolphin was presented with a sample object visually, it had no way to select

the matching alternative object based on a similar-sounding echo because it never

listened to the echo from the sample.

The dolphin was rewarded for making identity matches for some objects (i.e., the

dolphin was rewarded for choosing the alternative that matched the sample), but for other

objects he was rewarded for making conditional matches (i.e., the dolphin was rewarded

for choosing an arbitrary, but consistent alternative that was different from the sample;

Harley et aI., 2003). During trials in which conditional matches were rewarded, the

dolphin could make one of three responses: (a) choose the object that is different from the

sample but rewarded (conditional match), (b) choose the object that is the same as the
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sample but not rewarded (identity match), or (c) choose the object that is different from

the sample and not rewarded. A dolphin representing object characteristics will detect a

correspondence between the evidence for a characteristic perceived through vision and

the evidence perceived through echolocation. In contrast, a dolphin representing acoustic

features of the echoes will associate the sight of an object with the sound of an object

through simultaneous experience with the two modalities. Thus, the object-centered

representation theory predicts that the dolphin will choose the comparison object that

matches the sample (i.e., an identity match) whether the dolphin was rewarded for

identity or conditional matches, whereas the sound representation theory predicts that the

dolphin will be as likely to choose the conditional match as he is to choose the identity

match.

In contrast to the prediction of the sound representation theory, the dolphin chose

the identity match a majority of the time. Therefore, reinforcement cannot be the

mechanism that allows the dolphin to recognize a correspondence between the different

sensory modalities. In addition, the stimuli were never presented simultaneously to the

two modalities (or in close temporal proximity), so the dolphin didn't have the experience

with specific stimuli that would allow it to form an association. The dolphin had to have

knowledge of the object characteristics signaled by the two modalities (echolocation and

vision) to recognize that they represented the same object and make the identity match.

Harley et al. 's (2003) results suggest that dolphins represent object characteristics.

It should be noted that there is another interpretation of the finding that the

dolphin represented the objects differently from the human participants. Instead of

concluding that the human participants represented the sound of the echoes and the
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dolphin represented the characteristics of the objects, the possibility exists that the

dolphin also represented the sound of the echo, but it represented a complex combination

of acoustic features that were not used by the human participants. There is evidence to

suggest that auditory perception in humans and dolphins is similar, except for the

dolphin's ability to hear much higher frequencies (Johnson, 1967; Johnson, 1968;

Johnson, 1968b; Johnson, 1971; Thompson & Herman, 1975; Herman & Arbeit, 1972),

which means that it is likely that the same kind of auditory information was perceived by

the humans and dolphins. However, certain acoustic elements of the echoes may have

been more salient to the dolphin than to the human participants. For example, the human

participants rarely reported using the duration of the echoes to discriminate among

objects (although human participants have reported using this cue in other studies; Au &

Martin, 1989). The hypothesis that dolphins represent acoustic characteristics cannot be

ruled out based only on any single piece of information in this study. Nonetheless, the

preponderance of behavioral and acoustic evidence to date suggests that dolphins directly

represent object characteristics, not the acoustic characteristics of the echoes.

Conclusion

Multiple lines of evidence converge to suggest that dolphins have object-centered

representations. In this study, acoustic analyses of the object echoes and the analyses of

the dolphin's errors highlight a mismatch between the dolphin's performance and the

results that are predicted by the sound representation theory (a pattern of acoustic

confusions). The acoustic characteristics of the echoes of every object in this study were

found to significantly vary as a function of object orientation, which means that the sound
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of an objects echo will vary considerably as the dolphin approaches the object from

different positions. A dolphin was able to perform a match-to-sample task in which the

aspect-dependent objects were free to rotate between and within trials, which means that

the sound of the echoes from each object varied (Helweg et al., 1996). The dolphin could

not succeed on the task by listening to the sound of the echoes from the sample object,

and then choosing the correct match by locating the comparison object with the most

similar sounding echoes, because the correct match may in fact have very different

sounding echoes than the sample. In this study, the dolphin's pattern of errors did not

match the errors made by the human participants, who apparently represented the sounds

of the echoes. This suggests that instead of representing the sounds of the echoes, the

dolphins directly represented the characteristics of the objects. This view is supported by

a study in which a dolphin presented with a conditional cross-modal matching task

selected the comparison object that was identical to the sample, instead of selecting the

rewarded conditional match (Harley et aI., 2003).

Object-based representation systems are not unique to dolphins. They are found in

the sensory systems of other species, as well. In humans, representations of visual

information contain characteristics of the objects instead ofproximal visual information

(e.g., Kosslyn & Osherson, 1995; Wilding, 1983). Retinal images (proximal information)

are formed on the back of the eyeball, upside-down; they are very unstable, abruptly

shifting two to four times per second as the eye moves (Nakayama et aI., 1995). These

retinal images vary as an object is viewed from different orientations and distances. Yet

humans can visually recognize objects from different orientations and distances, which

104



suggests that we perceive and represent the distal object instead ofthe proximal visual

input.

The same process of building object-centered representations from proximal

sensory input occurs in human speech. Acoustic information in speech sounds is

transformed into higher-level cognitive representations ofthe objects and ideas conveyed

in words and sentences. Evidence for this is the fact that some speech sounds that are not

different acoustically are perceived as different phonemes (e.g., "writer" and "rider").

The same sound pattern is heard as /p/ in /pi/ and as /k/ in /ka/ (Schatz, 1954). The

perceiver must use context (in this case, the vowel after the sound) to decide which

consonant is appropriate. Additional evidence is provided by an experiment in which

people's errors reveal that they form representations concerning the meanings of words,

not the sound of the word (Shulman, 1971). Participants were presented with lists of 10

words, followed by a probe word that was (a) identical to one of the words on the list, (b)

a synonym of one ofthe words on the list (e.g., list contains "robber," probe is "thief'), or

(c) not semantically related to any of the words on the list. The participants had to say

whether the probe was on the list they heard. The participants made the most errors when

the probe was a synonym of the target word, which shows that they represented the

meaning of the word instead of the acoustic characteristics of the word ("robber" does not

sound like "thief' although they refer to the same category of criminals).

There is evidence that other nonhuman animals represent object characteristics

rather than proximal sensory input. As noted above, objects seen from different views

present very different images to the retina. If an animal can recognize objects from

different views, it supports the idea that the representation used by the animal is object-
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centered. Pigeons and monkeys can recognize objects seen from novel vantage points

(Kirkpatrick, 2001; Logothetis, Pauls, Bulthoff, & Poggio, 1994). Pigeons can also

classify novel stimuli despite changes in size (e.g., a small boat was classified in the same

category as a large boat; Kirkpatrick, 2001). These results imply that pigeons and

monkeys may have object-centered representation systems because they can recognize

objects from different orientations despite the fact that they present different images to

the retina.

Object-centered representation systems have advantages over representation

systems that include only the proximal sensory stimulus. An object-centered system

allows organisms to combine information from multiple sensory systems. For example,

imagine that a dolphin sees and echolocates a fish simultaneously. The dolphin could

extract certain object properties visually, such as the size, brightness, and shape of the

fish. The dolphin could extract some of the same properties echoically (e.g., size and

shape), and other properties not revealed by vision, such as the size of the fish's

swimbladder. Having more information about object features and more details about

certain features may make object recognition and discrimination more accurate. A

dolphin was given a match-to-sample task in which each object set (e.g., gray PVC pipe,

gray steel pipe, white PVC pipe) contained two objects that were visually similar (gray

PVC pipe and gray steel pipe) and two objects that were echoically similar (white PVC

pipe and gray PVC pipe; Harley, Roitblat, & Nachtigall, 1996). The object set was

presented in three conditions: (a) echoic (sample and choices were investigated using

only echolocation), (b) visual (sample and choices were investigated using only vision),

and (c) dual modality (sample and choices were investigated using both vision and
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echolocation. The dolphin performed significantly better when the objects were

accessible to it visually and echoically rather than when the objects were accessible using

only vision or only echolocation. The dolphin required visual information to discriminate

the white pipe from the other pipes, and it required echoic information to discriminate the

steel pipe from the other pipes. In the dual modality condition, if the dolphin sampled the

objects using either vision or echolocation, than the errors would have revealed primarily

visual errors (e.g., gray pipes confused) or echoic errors (e.g., PVC pipes confused).

However, the dolphin's four errors were split between both categories. The dolphin's

high performance in the dual modality condition suggests that it encoded both visual and

echoic features and combined the information provided by both during the matching task.

From an ecological perspective, an object-centered representation system is more

advantageous than representation systems that contain only proximal stimuli. Imagine a

hypothetical animal that represents proximal sensory stimuli. This animal would have a

separate representation from each sensory system for each object. Thus, the sight of the

object, the sound of the object, the smell of the object, the taste of the object, and the feel

of the object would be separate, unconnected representations. Now imagine an animal in

which all sensory experiences of an object are tied to a single representation. The pattern

of light from the object projected to the retina and the sound ofthe object's echoes are

both tied to the same representation that contains the features of the object (e.g., size,

shape, material) instead of the proximal sensory experiences. The animal that represents

proximal sensory stimuli would be at a disadvantage when it comes to navigating,

foraging, or avoiding predators as compared to the animal that has an object-centered

representation system. For example, if the animal that represents proximal sensory
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stimuli was foraging, and a group of predators approached from behind (the animal

couldn't see the predators), and the animal did not connect the sound of the predators

with the concept of "predators" than the animal would not avoid being eaten. On the

other hand, an animal for which the sight, smell, and sound of the predators is connected

to a single representation would be able to take action to avoid the predators regardless of

the modality in which the danger was sensed.

Dolphin echolocation is a sophisticated cognitive process. Dolphins obtain and

use acoustic parameters of the echoes to determine object characteristics. However, the

representations dolphins use to make decisions contain object feature information instead

of proximal acoustic information. Echolocating dolphins directly represent the

characteristics of the objects.
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APPENDIX A
TABLES

Table 1.1. A comparison of auditory perception in Bottlenose Dolphins (Tursiops
truncatus) and Humans

Humans

0.0025 - 0.0016
(400-2,000 Hz)

0.0085
(8 kHz)

20Hz-20 kHz
2kHz-5kHz

0.5 dB - 2.0 dB#

0.06 - 0.23*
(0.3,0.6, 1.2 sec)

yes
yes

0.002 - 0.003
(6-50kHz)
~ 0.008

(2-130 kHz)

0.06 - 0.09*
(0.3,0.6, 1.2 sec)

yes
unknown

75 Hz - 150 kHz
15 kHz-110 kHz

0.7 -2.5 dB#

Bottlenose Dolphins

25 dB - 45 dB* 45 - 700 Hz*
(5 - 100 kHz) (300 Hz - 10 kHz)
42,44,46 dB* 90 Hz - 3 kHz*

(30,60, 120 kHz) (70 Hz - 10 kHz)
Ratio of CR:CB estimates 5.6 2.5

Critical bandwidth (CB)

Phase difference detection
Perception of TSP

Frequency Selectivity
Weber ratios in range of peak
hearing sensitivity
Weber ratios at frequencies
higher than peak sensitivity

Masked hearing
Critical ratios (CR)

Auditory sensitivity (pure tones)
Functional hearing range
Range of best sensitivity

Intensity Discrimination
Temporal Resolution

Difference Limens (tones)

Note. Values with an asterisk (*) vary as a function of signal frequency. Values with a number sign (#)
vary as a function ofsignal intensity.
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Table 2.1. Errors made by the dolphin on each object set.
Errors

Object Set
Strainers

Error (Confusion) Number Proportion
Small-Medium 2/14 .142
Medium-Large 11/14 .786
Small-Large 1/14 .071

Stone Squares Small-Medium 1/10 .100
Medium-Large 9/10 .900
Small-Large 0/10 0

Stone Shapes

Foam Cones

Figure 8's

Rods

Cross-Line 8/12 .667
Line-Stack 4/12 .333
Cross-Stack 0/12 0
Diamond-Bow 10/16 .625
Trap-Diamond 4/16 .250
Trap-Bow 2/16 .125
Rope-Tubing 10/12 .833
Copper-Rope 1/12 .083
Copper-Tubing 1/12 .083
Metal-Plastic 8/22 .364
Plastic-Wood 7/22 .318
Metal-Wood 7/22 .318

Wood Plaques Holed-Plain 7/25 .280
Striped-Plain 10/25 .400
Hole-Striped 8/25 .320

Sockets

Green Foam

Closed-Open 14/15 .933
Closed-Flat 1/15 .067
Open-Flat 0/15 0
Slice-Mound 3/8 .375
Slice-Wedge 5/8 .625
Mound-Wedge 0/8 0

Note. Predominant errors made by the dolphin on each object set are highlighted
in bold. When the dolphin did not make one type of error predominantly (Rods,
Wood), no errors are highlighted.
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Table 2.2. Multivariate analyses ofvariance showing significant differences in acoustic
features within objects as a function of orientation (F ratios).

Multivariate Between-Subjects

Object
Source Dependent Variable

Orientation TS HL peakF ctrF bwrms duration

6.10
6.17
2.87

16.48
27.75
5.29

78.79
6.15
10.08

8.41
11.92
48.32

26.57
49.14
5.10

32.45
100.34
36.47

6.71
193.39
5.31

3.49
139.01
49.32

33.44
41.95
37.50

8.13
12.06
7.20

20.96
7.13
9.45

12.35
27.20
25.96

15.30
131.23
4.14

62.34
133.61
160.19

153.18
43.10
6.82

108.89
10.92

153.11

6.77
20.02
6.02

5.76
10.72
16.82

46.78
59.66
17.01

65.32
58.02
7.82

42.08
71.13
137.16

25.85
228.30
35.62

63.79
100.39
70.11

95.55
7.35

134.63

4.11
5.51
5.63

4.54
4.54
5.41

8.96
9.93
3.08

3.78
9.34
13.79

8.11
35.02
5.29

16.42
25.49
8.93

14.51
4.96
13.60

4.66
26.71
7.27

13.13
55.22
19.29

20.40
31.52
18.03

10.55
28.44
11.11

22.45
13.35
5.40

12.23
12.77
27.28

21.53
54.91
74.04

30.13
29.78
13.97

13.84
135.66
13.13

20.20
88.81
23.36

37.63
77.24
61.84

35.54
496.91
17.23

62.63
169.43
465.44

953.82
191.59
996.73

106.76
54.94
8.42

108.68
102.43
17.76

578.13
2064.84
543.81

6.58
6.73
4.34

9.29
18.57
15.45

9.53
30.44
10.52

9.76
20.30
23.68

6.28
10.03
6.33

7.72
12.11
12.08

21.25
12.25
17.49

13.63
22.64
5.72

Stone Sq.
Small
Medium
Large

Strainers
Small
Medium
Large

Stone Sh.
Cross
Line
Stack

FoamCn.
Bow
Diamond
Trapezoid

Figure 8's
Copper
Rope
Tubing

Rods
Metal
Plastic
Wood

Sockets
Closed
Flat
Open

Wood
Holed
Plain
Striped

GreenFm.
Mounds 17.25 186.27 29.43 14.04 78.92 30.46 29.59
Slices 29.22 160.25 27.40 23.52 51.50 31.93 110.78
Wedges 9.66 37.41 23.08 6.02 11.91 9.97 54.39

Note. For all multivariate tests, df= 132, 1242. For all between-subjects tests, df= 22, 230. All Fratios
shown in the table are significant at p < .001.
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Table 2.3. Multivariate analysis ofvariance showing between-object differences in six
acoustic features for the Stone Squares set.
A. Multivariate tests
Source df(hyp) df(error) F p
Object 12 1234 645.11 <.001
Aspect 132 3726 16.79 <.001
Object x Aspect 264 3726 11.37 <.001

B. Between-Subjects tests
Source Dependent variable df(hyp) df(error) F p
Object Target Strength 2 621 6320.64 <.001

Number of Highlights 2 621 611.55 <.001
Peak Frequency 2 621 126.36 <.001
Center Frequency 2 621 654.11 <.001
Bandwidth 2 621 1383.75 <.001
Duration 2 621 751.94 <.001

Aspect Target Strength 22 621 127.92 <.001
Number of Highlights 22 621 17.98 <.001
Peak Frequency 22 621 11.96 <.001
Center Frequency 22 621 68.86 <.001
Bandwidth 22 621 13.98 <.001
Duration 22 621 17.09 <.001

Object x Aspect Target Strength 44 621 26.74 <.001
Number of Highlights 44 621 11.73 <.001
Peak Frequency 44 621 9.88 <.001
Center Frequency 44 621 20.61 <.001
Bandwidth 44 621 21.82 <.001
Duration 44 621 7.46 <.001
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Table 2.4. Multivariate analysis of variance showing between-object differences in six
acoustic features for the Strainers set.
A. Multivariate tests
Source df (hyp) df (error) F p
Object 12 1234 284.56 <.001
Aspect 132 3726 11.55 <.001
Object x Aspect 264 3726 14.06 <.001

B. Between-Subjects tests
Source Dependent variable df(hyp) df(error) F p
Object Target Strength 2 621 553.10 <.001

Number of Highlights 2 621 830.54 <.001
Peak Frequency 2 621 38.85 <.001
Center Frequency 2 621 276.82 <.001
Bandwidth 2 621 102.36 <.001
Duration 2 621 365.62 <.001

Aspect Target Strength 22 621 62.10 <.001
Number of Highlights 22 621 29.15 <.001
Peak Frequency 22 621 5.36 <.001
Center Frequency 22 621 22.93 <.001
Bandwidth 22 621 10.98 <.001
Duration 22 621 5.19 <.001

Object x Aspect Target Strength 44 621 30.10 <.001
Number of Highlights 44 621 16.68 <.001
Peak Frequency 44 621 6.51 <.001
Center Frequency 44 621 36.70 <.001
Bandwidth 44 621 32.40 <.001
Duration 44 621 5.48 <.001
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Table 2.5. Multivariate analysis of variance showing between-object differences in six
acoustic features for the Stone Shapes set.
A. Multivariate tests
Source df(hyp) df (error) F p
Object 12 1234 332.82 <.001
Aspect 132 3726 22.29 <.001
Object x Aspect 264 3726 15.80 <.001

B. Between-Subjects tests
Source Dependent variable df(hyp) df(error) F p
Object Target Strength 2 621 1336.45 <.001

Number of Highlights 2 621 269.52 <.001
Peak Frequency 2 621 203.90 <.001
Center Frequency 2 621 241.75 <.001
Bandwidth 2 621 427.69 <.001
Duration 2 621 75.60 <.001

Aspect Target Strength 22 621 1098.23 <.001
Number of Highlights 22 621 106.90 <.001
Peak Frequency 22 621 10.56 <.001
Center Frequency 22 621 59.49 <.001
Bandwidth 22 621 26.46 <.001
Duration 22 621 11.61 <.001

Object x Aspect Target Strength 44 621 43.23 <.001
Number of Highlights 44 621 26.71 <.001
Peak Frequency 44 621 10.77 <.001
Center Frequency 44 621 21.49 <.001
Bandwidth 44 621 20.78 <.001
Duration 44 621 8.15 <.001
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Table 2.6. Multivariate analysis of variance showing between-object differences in six
acoustic features for the Foam Cones set.
A. Multivariate tests
Source df (hyp)
Object 12
Aspect 132
Object x Aspect 264

df(error)
1234
3726
3726

F
61.96
9.60
6.91

p
<.001
<.001
<.001

B. Between-Subjects tests
Source Dependent variable
Object Target Strength

Number ofHighlights
Peak Frequency
Center Frequency
Bandwidth
Duration

Aspect Target Strength
Number of Highlights
Peak Frequency
Center Frequency
Bandwidth
Duration

Object x Aspect Target Strength
Number ofHighlights
Peak Frequency
Center Frequency
Bandwidth
Duration

df(hyp)
2
2
2
2
2
2

22
22
22
22
22
22
44
44
44
44
44
44
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df(error)
621
621
621
621
621
621
621
621
621
621
621
621
621
621
621
621
621
621

F
60.25
20.89
13.69
22.80
86.23

271.17
121.02
29.23
2.68
10.38
19.84
4.85

47.66
4.69
5.85
9.62
8.26
4.44

p
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001



Table 2.7. Multivariate analysis of variance showing between-object differences in six
acoustic features for the Figure 8's set.
A. Multivariate tests
Source df (hyp) df (error) F p
Object 12 1234 159.86 <.001
Aspect 132 3726 9.50 <.001
Object x Aspect 264 3726 8.61 <.001

B. Between-Subjects tests
Source Dependent variable df(hyp) df(error) F p
Object Target Strength 2 621 403.55 <.001

Number of Highlights 2 621 855.72 <.001
Peak Frequency 2 621 28.23 <.001
Center Frequency 2 621 63.42 <.001
Bandwidth 2 621 0.98 .375
Duration 2 621 1705.08 <.001

Aspect Target Strength 22 621 39.65 <.001
Number of Highlights 22 621 19.51 <.001
Peak Frequency 22 621 3.95 <.001
Center Frequency 22 621 6.58 <.001
Bandwidth 22 621 7.15 <.001
Duration 22 621 30.28 <.001

abject x Aspect Target Strength 44 621 34.54 <.001
Number of Highlights 44 621 8.77 <.001
Peak Frequency 44 621 5.74 <.001
Center Frequency 44 621 9.01 <.001
Bandwidth 44 621 8.66 <.001
Duration 44 621 10.95 <.001
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Table 2.8. Multivariate analysis of variance showing between-object differences in six
acoustic features for the Rods set.
A. Multivariate tests
Source df(hyp) df (error) F p
Object 12 1234 248.92 <.001
Aspect 132 3726 26.27 <.001
Object x Aspect 264 3726 18.39 <.001

B. Between-Subjects tests
Source Dependent variable df(hyp) df(error) F p
Object Target Strength 2 621 5830.16 <.001

Number ofHighlights 2 621 617.56 <.001
Peak Frequency 2 621 16.99 <.001
Center Frequency 2 621 302.08 <.001
Bandwidth 2 621 519.11 <.001
Duration 2 621 55.95 <.001

Aspect Target Strength 22 621 381.18 <.001
Number ofHighlights 22 621 31.72 <.001
Peak Frequency 22 621 21.35 <.001
Center Frequency 22 621 70.50 <.001
Bandwidth 22 621 83.25 <.001
Duration 22 621 4.40 <.001

Object x Aspect Target Strength 44 621 85.88 <.001
Number of Highlights 44 621 16.80 <.001
Peak Frequency 44 621 15.22 <.001
Center Frequency 44 621 82.69 <.001
Bandwidth 44 621 94.49 <.001
Duration 44 621 3.13 <.001
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Table 2.9. Multivariate analysis of variance showing between-object differences in six
acoustic features for the Wood Plaques set.
A. Multivariate tests
Source df (hyp) df (error) F p
Object 12 1234 160.80 <.001
Aspect 132 3726 21.86 <.001
Object x Aspect 264 3726 12.93 <.001

B. Between-Subjects tests
Source Dependent variable df(hyp) df(error) F p
Object Target Strength 2 621 5133.27 <.001

Number of Highlights 2 621 67.19 <.001
Peak Frequency 2 621 1.21 .298
Center Frequency 2 621 195.02 <.001
Bandwidth 2 621 262.37 <.001
Duration 2 621 178.13 <.001

Aspect Target Strength 22 621 1796.93 <.001
Number of Highlights 22 621 42.95 <.001
Peak Frequency 22 621 7.39 <.001
Center Frequency 22 621 70.28 <.001
Bandwidth 22 621 41.19 <.001
Duration 22 621 91.92 <.001

Object x Aspect Target Strength 44 621 269.70 <.001
Number of Highlights 44 621 7.36 <.001
Peak Frequency 44 621 4.96 <.001
Center Frequency 44 621 66.18 <.001
Bandwidth 44 621 30.90 <.001
Duration 44 621 16.45 <.001
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Table 2.10. Multivariate analysis of variance showing between-object differences in six
acoustic features for the Sockets set.
A. Multivariate tests
Source df (hyp) df(error) F p
Object 12 1234 513.81 <.001
Aspect 132 3726 22.43 <.001
Object x Aspect 264 3726 16.06 <.001

B. Between-Subjects tests
Source Dependent variable df(hyp) df(error) F p
Object Target Strength 2 621 596.08 <.001

Number of Highlights 2 621 688.21 <.001
Peak Frequency 2 621 131.96 <.001
Center Frequency 2 621 978.24 <.001
Bandwidth 2 621 364.46 <.001
Duration 2 621 245.87 <.001

Aspect Target Strength 22 621 180.19 <.001
Number of Highlights 22 621 52.85 <.001
Peak Frequency 22 621 21.50 <.001
Center Frequency 22 621 96.29 <.001
Bandwidth 22 621 7.64 <.001
Duration 22 621 17.32 <.001

Object x Aspect Target Strength 44 621 65.48 <.001
Number of Highlights 44 621 44.42 <.001
Peak Frequency 44 621 13.79 <.001
Center Frequency 44 621 30.52 <.001
Bandwidth 44 621 7.49 <.001
Duration 44 621 10.88 <.001
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Table 2.11. Multivariate analysis ofvariance showing between-object differences in six
acoustic features for the Green Foam set.
A. Multivariate tests
Source df (hyp) df (error) F p
Object 12 1234 114.63 <.001
Aspect 132 3726 22.18 <.001
Object x Aspect 264 3726 17.53 <.001

B. Between-Subjects tests
Source Dependent variable df(hyp) df(error) F p
Object Target Strength 2 621 503.64 <.001

Number of Highlights 2 621 69.41 <.001
Peak Frequency 2 621 6.83 .001
Center Frequency 2 621 34.52 <.001
Bandwidth 2 621 59.04 <.001
Duration 2 621 205.26 <.001

Aspect Target Strength 22 621 253.68 <.001
Number of Highlights 22 621 55.44 <.001
Peak Frequency 22 621 19.90 <.001
Center Frequency 22 621 28.77 <.001
Bandwidth 22 621 15.42 <.001
Duration 22 621 123.22 <.001

Object x Aspect Target Strength 44 621 33.11 <.001
Number of Highlights 44 621 11.05 <.001
Peak Frequency 44 621 10.93 <.001
Center Frequency 44 621 29.21 <.001
Bandwidth 44 621 20.75 <.001
Duration 44 621 16.34 <.001
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Table 2.12. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Stone Squares set.
A. Multivariate Tests
Source
Object

df(hyp)
8

df(error)
50

F
8.58

p
<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df (error) F p
Relative Target Strength 2 27 57.76 <.001
Relative Highlights 2 27 14.91 <.001
TS Bumpiness 2 27 6.88 <.001
HL Bumpiness 2 27 1.81 .183

Table 2.13. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Strainers set.
A. Multivariate Tests
Source
Object

df(hyp)
8

df(error)
50

F
26.21

p
<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df(error) F P
Relative Target Strength 2 27 19.45 <.001
Relative Highlights 2 27 48.80 <.001
TS Bumpiness 2 27 19.16 <.001
HL Bumpiness 2 27 14.43 <.001

Table 2.14. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Stone Shapes set.
A. Multivariate Tests
Source
Object

df(hyp)
8

df(error)
50

F
33.97

p
<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df(error) F p
Relative Target Strength 2 27 64.87 <.001
Relative Highlights 2 27 139.02 <.001
TS Bumpiness 2 27 2.04 .149
HL Bumpiness 2 27 10.51 <.001
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Table 2.15. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Foam Cones set
A. Multivariate Tests
Source
Object

df(hyp)
8

df(error)
50

F
4.85

p

<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df(error) F p
Relative Target Strength 2 27 5.75 .008
Relative Highlights 2 27 5.84 .008
TS Bumpiness 2 27 13.76 <.001
HL Bumpiness 2 27 0.45 .643

Table 2.16. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Figure 8's set
A. Multivariate Tests
Source
Object

df(hyp)
8

df(error)
50

F
16.79

p
<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df(error) F P
Relative Target Strength 2 27 21.33 <.001
Relative Highlights 2 27 9.93 .001
TS Bumpiness 2 27 12.56 <.001
HL Bumpiness 2 27 19.69 <.001

Table 2.17. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Rods set.
A. Multivariate Tests
Source
Object

df(hyp)
8

df(error)
50

F
10.57

p
<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df(error) F p
Relative Target Strength 2 27 70.28 <.001
Relative Highlights 2 27 10.86 <.001
TS Bumpiness 2 27 16.53 <.001
HL Bumpiness 2 27 10.11 .001
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Table 2.18. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Wood Plaques set
A. Multivariate Tests
Source
Object

df(hyp)
8

df(error)
50

F
12.75

p
<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df(error) F p
Relative Target Strength 2 27 430.92 <.001
Relative Highlights 2 27 44.50 <.001
TS Bumpiness 2 27 3.47 .045
HL Bumpiness 2 27 8.79 .001

Table 2.19. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Sockets set.
A. Multivariate Tests
Source
Object

df(hyp)
8

df (error)
50

F
33.94

p
<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df (error) F p
Relative Target Strength 2 27 63.087 <.001
Relative Highlights 2 27 77.398 <.001
TS Bumpiness 2 27 43.527 <.001
HL Bumpiness 2 27 2.915 .071

Table 2.20. Multivariate analysis of variance showing between-object differences in four
echo train acoustic features for the Green Foam set.
A. Multivariate Tests
Source
Object

df(hyp)
8

df (error)
50

F
5.15

p
<.001

B. Between-Subjects Tests
Dependent Variable df(hyp) df (error) F p
Relative Target Strength 2 27 8.37 .001
Relative Highlights 2 27 7.19 .003
TS Bumpiness 2 27 7.95 .002
HL Bumpiness 2 27 5.36 .011
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Table 2.21. Acoustic features that can explain the dolphin's errors for each of
the object sets

Acoustic Features 1 2 3 4
Object Set
567 8 9 Total

2
1
6
5
2
1

X
XX

X
X

XX

X
X
X
X
X
X

X

X

X
X

Individual Echo
Target strength
Highlights (#)
Peak frequency
Center frequency
RMS bandwidth
Duration

Echo Train (+/-15)
Relative TS X X 2
Relative HL X X X 3
TS Bumpiness X X X X X 5
HL Bumpiness X X X X 4

Note. 1 = Stone Squares, 2 = Strainers, 3 = Stone Shapes, 4 = Foam Cones, 5 = Figure 8's,
6 = Rods, 7 = Wood Plaques, 8 = Sockets, 9 = Green Foam.
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Table 2.22. Variance within objects (as a function of orientation) vs. variance between
objects for the Stone Shapes set.

Descriptive Statistics Variance Ratio
Object Feature Mean Minimum Maximum Within Between W:B
Cross TS -33.54 -42.29 -18.33 31.84 28.96 1.10

HL 3.37 1.00 9.00 2.31 2.19 1.06
pkFreq 115.15 89.84 141.60 72.93 82.89 0.88
ctrFreq 117.01 104.76 129.84 20.79 18.87 1.10
Bw(rms) 15.86 9.45 27.89 9.82 9.83 1.00
duration 135.67 40.00 720.00 17618.40 30526.79 0.58

Line TS -32.87 -41.65 -18.95 29.97 28.96 1.03
HL 2.86 1.00 8.00 1.60 2.19 0.73
pkFreq 118.94 41.02 140.63 92.27 82.89 1.11
ctrFreq 117.79 73.04 134.93 24.44 18.87 1.30
Bw(rms) 15.46 9.75 52.66 12.48 9.83 1.27
duration 142.08 53.00 735.00 28736.40 30526.79 0.94

Stack TS -35.70 -42.17 -22.99 20.78 28.96 0.72
HL 3.80 1.00 8.00 2.22 2.19 1.01
pkFreq 118.89 86.91 135.74 74.30 82.89 0.90
ctrFreq 117.23 104.51 122.84 11.11 18.87 0.59
Bw(rms) 15.95 10.41 27.84 7.09 9.83 0.72
duration 203.13 35.00 733.00 42549.88 30526.79 1.39

Note. Ratios that show within variance approximately equal to between variance (0.9 -1.0) and ratios
showing within variance greater than between variance (over 1.0) are highlighted in bold.
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Table 2.23. DFA classification matrices for the Stone Squares.
Original Counts

Predicted Group Membership

Small
Object Medium

Large
Percentages (%)

Small Medium Large
195 35 0
37 193 0
7 19 204

Predicted Group Membership

Object
Small
Medium
Large

Small Medium Large
84.8 15.2 0
16.1 83.9 0
3.0 8.3 88.7

Table 2.24. DFA classification matrices for the Strainers.
Original Counts

Predicted Group Membership

Big
Object Medium

Small
Percentages (%)

Big Medium Small
157 66 7
45 167 18
o 10 220

Predicted Group Membership

Object
Big
Medium
Small

Big Medium Small
68.3 28.7 3.0
19.6 72.6 7.8
0.0 4.3 95.7

Table 2.25. DFA classification matrices for the Stone Shapes.
Original Counts

Predicted Group Membership
Cross Line Stack

Cross
Object Line

Stack
Percentages (%)

129 79 22
31 186 13
36 22 172

Predicted Group Membership
Cross Line Stack

Object
Cross
Line
Stack

56.1 34.3 9.6
13.5 80.9 5.6
15.7 9.6 74.8
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Table 2.26. DFA classification matrices for the Foam Cones.
Original Counts

Predicted Group Membership

Bow
Object Diamond

Trapezoid
Percentages (%)

Bow Diamond Trapezoid
107 92 31
83 122 25
9 39 182

Predicted Group Membership

Object
Bow
Diamond
Trapezoid

Bow Diamond Trapezoid
46.5 40.0 13.5
36.1 53.0 10.9
3.9 17.0 79.1

Table 2.27. DFA classification matrices for the Figure 8s.
Original Counts

Predicted Group Membership

Copper
Object Rope

Tubing
Percentages (%)

Copper Rope Tubing
189 0 41
o 221 9
o 27 203

Predicted Group Membership

Object
Copper
Rope
Tubing

Copper Rope Tubing
82.2 0.0 17.8
0.0 96.1 3.9
0.0 11.7 88.3

Table 2.28. DFA classification matrices for the Rods.
Original Counts

Predicted Group Membership
Metal Plastic Wood

Metal
Object Plastic

Wood
Percentages (%)

128 99 3
58 153 19
15 47 168

Predicted Group Membership
Metal Plastic Wood

Object
Metal
Plastic
Wood

55.7 43.0 1.3
25.2 66.5 8.3
6.5 20.4 73.0

127



Table 2.29. DFA classification matrices for the Wood Plaques.
Original Counts

Predicted Group Membership

Holes
Object Plain

Striped
Percentages (%)

Holes Plain Striped
111 49 70
19 161 50
23 47 160

Predicted Group Membership

Object
Holes
Plain
Striped

Holes Plain Striped
48.3 21.3 30.4
8.3 70.0 21.7
10.0 20.4 69.6

Table 2.30. DFA classification matrices for the Sockets.
Original Counts

Predicted Group Membership

Closed
Object Flat

Open
Percentages (%)

Closed Flat Open
206 13 11
18 207 5
29 18 183

Predicted Group Membership

Object
Closed
Flat
Open

Closed Flat Open
89.6 5.7 4.8
7.8 90.0 2.2
12.6 7.8 79.6

Table 2.31. DFA classification matrices for the Green Foam.
Original Counts

Predicted Group Membership

Mounds
Object Slices

Wedges
Percentages (%)

Mounds Slices Wedges
139 48 43
46 127 57
63 24 143

Predicted Group Membership

Object
Mounds
Slices
Wedges

Mounds Slices Wedges
60.4 20.9 18.7
20.0 55.2 24.8
27.4 10.4 62.2

128



Table 2.32. Classification matrices for the dolphin vs. the DFA for the Stone Squares.
Dolphin's Performance

Choice

Small
Sample Medium

Large
Echo classification by the DFA

Small
12
1
o

Medium
o
2
o

Choice

Large
o
9
12

Sample
Small
Medium
Large

Small
10.2
1.9
0.4

Medium
1.8

10.1
1.0

Large
0.0
0.0
10.6

Table 2.33. Classification matrices for the dolphin vs. the DFA for the Strainers.
Dolphin's Performance

Choice

Big
Sample Medium

Small
Echo classification by the DFA

Big
11
11
o

Medium
o
1
2

Choice

Small
1
o
10

Sample
Big
Medium
Small

Big
8.2
2.3
0.0

Medium
3.4
8.7
0.5

Small
0.4
0.9
11.5

Table 2.34. Classification matrices for the dolphin vs. the DFA for the Stone Shapes.

Dolphin's Performance
Choice

Cross
Sample Line

Stack
Echo classification by the DFA

Cross
4
o
o

Cross

Line
8
12
4

Choice
Line

Stack
o
o
8

Stack

Sample
Cross
Line
Stack

6.7
1.6
1.9
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Table 2.35. Classification matrices for the dolphin vs. the DFA for the Foam Cones.
Dolphin's Performance

Choice

Bow
Sample Diamond

Trapezoid
Echo classification by the DFA

Bow
5
5
o

Diamond
5
4
1

Choice

Trapezoid
2
3
11

Sample
Bow
Diamond
Trapezoid

Bow
5.6
4.3
0.5

Diamond
4.8
6.4
2.0

Trapezoid
1.6
1.3
9.5

Table 2.36. Classification matrices for the dolphin vs. the DFA for the Figure 8's.
Dolphin's Performance

Choice

Copper
Sample Rope

Tubing
Echo classification by the DFA

Copper
12
1
1

Rope
o
5
4

Choice

Tubing
o
6
7

Sample
Copper
Rope
Tubing

Copper
9.9
0.0
0.0

Rope
0.0
11.5
1.4

Tubing
2.1
0.5
10.6

Table 2.37. Classification matrices for the dolphin vs. the DFA for the Rods.
Dolphin's Performance

Choice

Metal
Sample Plastic

Wood
Echo classification by the DFA

Metal
6
4
5

Metal

Plastic
4
6
5

Choice
Plastic

Wood
2
2
2

Wood

Sample
Metal
Plastic
Wood

6.7
3.0
0.8
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Table 2.38. Classification matrices for the dolphin vs. the DFA for the Wood
Plaques.

Dolphin's Performance
Choice

Holes
Sample Plain

Striped
Echo classification by the DFA

Holes
4
3
4

Plain
4
3
4

Choice

Striped
4
6
4

Sample
Holes
Plain
Striped

Holes
5.8
1.0
1.2

Plain
2.6
8.4
2.5

Striped
3.7
2.6
8.3

Table 2.39. Classification matrices for the dolphin vs. the DFA for the Sockets.

Dolphin's Performance
Choice

Closed
Sample Flat

Open
Echo classification by the DFA

Closed
6
1
8

Flat
o
11
o

Choice

Open
6
o
4

Sample
Closed
Flat
Open

Closed
10.7
0.9
1.5

Flat
0.7
10.8
0.9

Open
0.6
0.3
9.5

Table 2.40. Classification matrices for the dolphin vs. the DFA for the Green Foam.

Dolphin's Performance
Choice

Mounds
Sample Slices

Wedges
Echo classification by the DFA

Mounds
9
o
o

Slices
3
7
o

Choice

Wedges
o
5
12

Sample
Mounds
Slices
Wedges

Mounds
7.3
2.4
3.3
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Table 2.41. Comparison of d' values for dolphin ys. the DFA
d'yalues

Object Set Object pair Dolphin DFA
Stone Squares Small ys. Medium 3.53 2.03

Medium ys. Large 2.18 4.43
Small ys. Large 6.18 4.97

Strainers Small ys. Medium 4.04 3.03
Medium ys. Large 1.69 1.33

Small ys. Large 4.50 4.84
Stone Shapes Cross YS. Line 2.65 1.39

Cross YS. Stack 6.18 1.99
Line YS. Stack 3.53 2.70

Foam Cones Bow YS. Diamond 0.15 0.35
Bow YS. Trapezoid 3.64 2.42

Diamond YS. Trapezoid 1.58 1.87
Figure 8's Rope YS. Tubing 0.23 2.93

Copper YS. Rope 4.04 6.18
Copper YS. Tubing 4.22 4.01

Rods Metal YS. Plastic 0.51 0.76
Metal YS. Wood 0.12 3.46
Plastic YS. Wood 0.12 2.00

Wood Plaques Holed YS. Plain 0.00 1.72
Plain YS. Striped 0.44 1.45
Holed YS. Striped 0.00 1.41

Sockets Open YS. Closed 0.44 2.73
Open YS. Flat 6.18 3.39

Closed YS. Flat 4.50 2.96
Green Foam Wedges YS. Mounds 6.18 1.20

Mounds YS. Slices 3.77 1.26
Wedges YS. Slices 3.29 1.58
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Cross-Line .858 .667
Line-Stack .856 .333
Cross-Stack .952 0

Small-Medium .365 .100
Medium-Large .425 .900
Small-Large .787 0

Small-Medium .570 .142
Medium-Large .708 .786
Small-Large .580 .071

Object Set

Stone
Squares

Strainers

Stone
Shapes

Table 2.42. Spectral correlations and the dolphin's errors.
Correlations Errors

Error Type r values Proportions

Foam Cones Diamond-Bow .992 .625
Trap-Diamond .914 .250
Trap-Bow .920 .125

Figure 8's

Rods

Rope-Tubing .722 .833
Copper-Rope .698 .083
Copper-Tubing .766 .083
Metal-Plastic .439 .364
Plastic-Wood .811 .318
Metal-Wood .858 .318

Wood
Plaques

Sockets

Holed-Plain .995 .280
Striped-Plain .997 .400
Hole-Striped .999 .320
Closed-Open .838 .933
Closed-Flat .948 .067
Open-Flat .906 0

Green Foam Slice-Mound .670 .375
Slice-Wedge .952 .625
Mound-Wedge .635 0

Note. The dolphin's predominant errors are highlighted in bold. When the
dolphin did not make one type of error predominantly (Rods, Wood), no
errors are highlighted.
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Table 3.1. Terms and definitions provided to the human participants.
Term Definition
Loudness how loud or soft the sound is (amplitude or intensity)
Pitch how high or low the sound is (frequency)
Length how long each individual echo is (duration)
Timbre/Sound The property in musical tones that makes it possible to
Quality distinguish one instrument from another or to distinguish

voices from instruments; the characteristic "sound" of the
various instruments and voices (sound quality or tone
color)
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Table 3.2. Confusion matrices for the human participants.
A. Stone Squares

Choice
Small Medium Large

Small 283 11 0
Sample Medium 13 281 0

Large 0 1 293

B. Stone Shapes
Choice

Cross Line Stack
Cross 180 96 18

Sample Line 98 182 14
Stack 28 9 257

C. Foam Cones
Choice

Trapezoid Diamond Bow
Trapezoid 294 0 0

Sample Diamond 1 292 1
Bow 1 5 288

D. Figure 8's
Choice

Copper Rope Tubing
Copper 287 5 2

Sample Rope 11 225 58
Tubing 9 56 229

E. Rods
Choice

Wood Metal Plastic
Wood 293 1 0

Sample Metal 0 250 44
Plastic 0 41 253

F. Sockets
Choice

Closed Open Flat
Sample Closed 255 34 5

Open 43 236 15
Flat 9 7 278
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Table 3.3. Echoic cues used by participants to discriminate among objects in each object
set.
Object Set Echoic Cue

Stone Squares

3
3
2
2
1
1

21%
21%
14%
14%
7%
7%

Stone Shapes

Overall pitch
Sound quality
High frequency components in some objects
Additional sound in 'Large' object
Change in loudness and pitch across aspects
Duration of echoes-------

Rods

2
1
1
1
1
1

14%
7%
7%
7%
7%
7%

Figure 8's

Foam Cones

Overall pitch
Change in pitch and loudness across aspects
Change in pitch across aspects
High frequency components in some objects
Number of high frequency components/obj
Duration of echoes

----:---,.--------

Change in loudness & timbre across aspects
Overall sound uali-,.----------

Overall pitch
Change in loudness and pitch across aspects
Change in pitch across aspects
Duration of echoes-------

Sockets

21%
21%
7%
7%

3
3
1
1

High frequency components in some objects
Overall pitch
Change in pitch and loudness across aspects
Change in pitch across aspects
Duration of echo

21%
14%
14%
7%
7%

3
2
2
1
1

Note. Shaded rows indicate cues used by 5 or more participants.
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Table 3.4. Confusion matrices for the dolphin.
A. Stone Squares

Choice
Small Medium Large

Small 28 1 1
Sample Medium 2 18 10

Large 0 0 30

B. Stone Shapes
Choice

Cross Line Stack
Cross 21 8 1

Sample Line 1 28 1
Stack 6 4 20

C. Foam Cones
Choice

Trapezoid Diamond Bow
Trapezoid 14 7 7

Sample Diamond 0 19 13
Bow 0 9 21

D. Figure 8's
Choice

Copper Rope Tubing
Copper 11 9 10

Sample Rope 4 10 16
Tubing 7 6 17

E. Rods
Choice

Wood Metal Plastic
Wood 13 2 21

Sample Metal 20 0 16
Plastic 17 2 17

F. Sockets
Choice

Closed Open Flat
Sample Closed 13 14 9

Open 16 11 9
Flat 10 7 19

137



Table 3.5. Object confusions made by the human participants and the dolphin
on each object set.

Human* Dolphin
Object Set Objects Confusion # % # %
Stone Squares Small Small-Medium 24 96.0 3 21.4

Medium Medium-Large 1 4.0 10 71.4
Large Small-Large 0 0 1 7.1

Stone Shapes Line Cross-Line 194 73.8 9 42.8
Cross Cross-Stack 46 17.5 7 33.3
Stack Stack-Line 23 8.7 5 23.8

Foam Cones Bow Bow-Diamond 6 75.0 22 61.1
Diamond Bow-Trapezoid 1 12.5 7 19.4
Trapezoid Diamond-Trapezoid 1 12.5 7 19.4

Figure 8's Copper Rope-Tubing 114 80.9 22 42.3
Rope Copper-Rope 16 11.3 13 25.0
Tubing Copper-Tubing 11 7.8 17 32.7

Rods Metal Metal-Plastic 85 98.8 15 23.1
Plastic Metal-Wood 1 1.2 19 29.2
Rope Plastic-Wood 0 0 31 47.7

Sockets Flat Open-Closed 77 68.1 30 46.2
Open Open-Flat 22 19.5 16 24.6
Closed Closed-Flat 14 12.4 19 29.2

Note. Numbers in the # column represent the number of errors in each error type category. Numbers in the
% column represent the percentage of errors in each error type. *Human errors are shown for all 14
subjects who each received 63 trials per object set. Dolphin errors are shown for a single subject who
received 90 trials per object set (with the exception of Sockets and Rods, in which the dolphin received 108
trials per set).
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Table 3.6. Comparison of d' values for the human participants vs. the dolphin.
d'values t-test

Object pair Human* Dolphin t value#
Small vs. Medium 4.51 3.16 3.74
Medium vs. Large 6.08 3.45 25.54

Small vs. Large 6.18 4.97

Object Set
Stone Squares

Stone Shapes

Foam Cones

Figure 8's

Rods

Cross vs. Line 0.83 2.46
Cross vs. Stack 3.79 2.38
Line vs. Stack 4.92 2.84

Bow vs. Diamond 5.64 0.75
Bow vs. Trapezoid 6.08 3.53

Diamond vs. Trapezoid 6.08 3.53
Rope vs. Tubing 2.50 0.34
Copper vs. Rope 5.06 0.68

Copper vs. Tubing 5.46 0.60
Metal vs. Plastic 2.85 1.86
Metal vs. Wood 6.08 1.96
Plasticvs. Wood 6.18 0.31

-8.94
2.69
4.18
19.30
24.76
24.76
4.07
12.13
20.19
2.21

40.03

Sockets Open vs. Closed 2.96 0.28 6.07
Openvs.Flat 4.89 0.74 11.18

Closed vs. Flat 5.38 0.64 13.17
Note. *d'values for human column are values averaged from 14 participants. #ALL t values shown are
significant at p < .05 (df=13 for all). Empty cells in t-test column: t-tests could not be computed because
the standard deviation of the human d' values = O.
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Figure 1.1. Rubin's Goblet.
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Figure 1.2. The old/young woman.
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Figure 1.3. Audiograms for bottlenose dolphins and humans. Dolphin audiogram from
Johnson (1967). Human audiogram from Sivian & White (1933).
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Strainers Stone Squares Stone Shapes

Foam Cones Figure 8's Rods
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Figure 2.1. Object sets. Strainers = Small, Medium, Large. Stone Squares = Small,
Medium, Large. Stone Shapes = Stack, Cross, Line. Foam Cones = Bow, Trapezoid,
Diamond. Figure 8's = Copper, Rope, Tubing. Rods = Metal, Plastic, Wood. Wood
Plaques = Plain, Striped, Holed. Sockets = Flat, Open, Closed. Green Foam = Mounds,
Slices, Wedges.
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Echoic Sample Presentation

Echoic Choice Presentation
PVC frame covered with black
polyethylene sheeting (visually

opaque but acoustically transparent)

Figure 2.2. Experimental set-up for the dolphin object matching experiment. The sample
apparatus is shown on the top and the choice apparatus is shown on the bottom. Both
apparati were covered with polyethelene sheeting.
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Figure 2.3. The set-up for acoustic measurements showing a target being measured with
the transducer assembly in the test tanle A dolphin-like click was projected from the
transducer, and echoes returning from the objects were captured by the receiver. The
targets were rotated through 80 degrees at 1.3 degree increments.
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Figure 2.4. Measurement set-up for one of the target sets: the Foam Cones. Instead of
being measured in the test tank, targets were suspended from a monofilament net in an
open ocean pen. Illustration by Kelly Benoit Bird.
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Figure 2.5. Acoustic features extracted from individual echoes. This example echo is
from the Cross (orientation = -22°). The graph on the left shows the echo in the time
domain and the two temporal features that were extracted: duration and number of
highlights (highlights are marked with asterisks). Target strength is also shown on the
bottom of the graph. The graph on the right shows the echo in the frequency domain and
the three frequency features that were extracted: peak frequency, center frequency, and
rms bandwidth.
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Figure 2.6. Acoustic features extracted from echo trains. This example data is from the
Flat Socket. The top graph shows the normalized target strength plotted as a function of
orientation (aspect 16 corresponds to an orientation of -150 and aspect 36 corresponds to
an orientation of+150

). The bottom graph shows number of highlights plotted as a
function of orientation. The dotted line shows the average target strength (or number of
highlights) from -150 to +150

• The relative target strength (or number of highlights)
score is calculated by dividing the value at the 0 orientation (aspect 27) by the value
averaged from -15 0 to +150

• The stars and open circles show changes in line slope. The
total number of changes in slope across -15 0 to +150 yields the "bumpiness" score.
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Figure 2.7. Dolphin's choice accuracy shown for all nine object sets. Chance choice
accuracy is 33%, and is shown by the dotted line. Bars marked with asterisks (*) show
object conditions in which the dolphin's choice accuracy was significantly above chance.
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Figure 2.8. Echo waveforms for the Stone Squares set.
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Figure 2.10. Echo waveforms for the Wood Plaques set.
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Figure 2.11 Changes in six acoustic features as a function of object orientation
(aspect) for the Stone Squares set.
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Figure 2.12. Acoustic features of individual echoes for the Stone Squares set. The bars
representing the objects that the dolphin confused most often are cross-hatched. In this
set, the dolphin confused the Medium and Large object. Statistically significant
differences between means are indicated by different lower case letters (p <.05).
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Figure 2.13. Acoustic features of individual echoes for the Strainers set. The bars
representing the objects that the dolphin confused most often are cross-hatched. In this
set, the dolphin confused the Medium and Large objects. Objects sharing the same letter
were not statistically significantly different from each other (p <.05). Panels with
features that can account for the dolphin's errors are shaded gray.
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Figure 2.14. Acoustic features of individual echoes for the Stone Shapes set. The bars
representing the objects that the dolphin confused most often are cross-hatched.. In this
set, the dolphin confused Cross and Line. Objects sharing the same letter were not
statistically significantly different from each other (p <.05). Panels with features that can
account for the dolphin's errors are shaded gray.
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Figure 2.15. Acoustic features of individual echoes for the Foam Cones set. The bars
representing the objects that the dolphin confused most often are cross-hatched. In this
set, the dolphin confused Bow and Diamond. Objects sharing the same letter were not
statistically significantly different from each other (p <.05). Panels with features that can
account for the dolphin's errors are shaded gray.
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Figure 2.17. Acoustic features of individual for the Rods set. The bars representing the
objects that the dolphin confused most often are cross-hatched. In this set, the dolphin
confused all pairs of objects (Metal-Plastic, Plastic-Wood, Metal-Wood). Objects
sharing the same letter were not statistically significantly different from each other (p
<.05). Panels with features that can account for the dolphin's errors are shaded gray.
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Figure 2.18. Acoustic features of individual echoes for the Wood Plaques set. The bars
representing the objects that the dolphin confused most often are cross-hatched. In this
set, the dolphin confused all pairs of objects (Holes-Plain, Holes-Striped, Plain-Striped).
Objects sharing the same letter were not statistically significantly different from each
other (p <.05). Panels with features that can account for the dolphin's errors are shaded
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Figure 2.19. Acoustic features of individual echoes for the Sockets set. The bars
representing the objects that the dolphin confused most often are cross-hatched. In this
set, the dolphin confused the Closed and Open Sockets. Objects sharing the same letter
were not statistically significantly different from each other (p <.05). Panels with
features that can account for the dolphin's errors are shaded gray.

161



Target Strength (dB)
4.5

Number of Highlights
-25

4
-20 3.5 a

a 3
-15 2.5

-10 2

1.5

-5 1

0.5
0 0

Peak Frequency (kHz) Center Frequency (kHz)
118 117.5

117
117 116.5

116 116

115.5
115

115

114 114.5

114
113

113.5

112 113

RMS Bandwidth (kHz) Duration (microsec)
16.5 125

16 120

15.5 a 115 a

15 110

14.5 105

14 100

13.5 95

13 90

mounds slices wedges mounds slices wedges

Figure 2.20. Acoustic features of individual echoes for the Green Foam set. The bars
representing the objects that the dolphin confused most often (predominant errors) are
cross-hatched. In this set, the dolphin confused Slices and Wedges. Objects sharing the
same letter were not statistically significantly different from each other (p <.05). Panels
with features that can account for the dolphin's errors are shaded gray.
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Figure 2.21. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Stone Squares set. The bottom
four graphs show four acoustic features extracted from the echo trains. The bars
representing the objects that the dolphin confused most often are cross-hatched. In this
set, the dolphin confused the Medium and Large object. Objects sharing the same letter
were not statistically significantly different from each other (p <.05).
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Figure 2.22. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Strainers set. The bottom four
graphs show four acoustic features extracted from the echo trains. The bars representing
the objects that the dolphin confused most often are cross-hatched. In this set, the
dolphin confused the Medium and Large object. Objects sharing the same letter were not
statistically significantly different from each other (p <.05). Panels with features that can
account for the dolphin's errors are shaded gray.
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Figure 2.23. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Stone Shapes set. The bottom four
graphs show four acoustic features extracted from the echo trains. The bars representing
the objects that the dolphin confused most often are cross-hatched. In this set, the
dolphin confused Cross and Line. Objects sharing the same letter were not statistically
significantly different from each other (p <.05). Panels with features that can account for
the dolphin's errors are shaded gray
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Figure 2.24. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Foam Cones set. The bottom four
graphs show four acoustic features extracted from the echo trains. The bars representing
the objects that the dolphin confused most often are cross-hatched. In this set, the
dolphin confused Bow and Diamond. Objects sharing the same letter were not
statistically significantly different from each other (p <.05). Panels with features that can
account for the dolphin's errors are shaded gray.
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Figure 2.25. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Figure 8's set. The bottom four
graphs show four acoustic features extracted from the echo trains. The bars representing
the objects that the dolphin confused most often are cross-hatched. In this set, the
dolphin confused Rope and Tubing. Objects sharing the same letter were not statistically
significantly different from each other (p <.05). Panels with features that can account for
the dolphin's errors are shaded gray.
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Figure 2.26. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Rods set. The bottom four graphs
show four acoustic features extracted from the echo trains. The bars representing the
objects that the dolphin confused most often are cross-hatched. In this set, the dolphin
confused all three pairs of objects (Metal-Plastic, Plastic-Wood, Metal-Wood). Objects
sharing the same letter were not statistically significantly different from each other (p
<.05). Panels with features that can account for the dolphin's errors are shaded gray.
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Figure 2.27. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Wood Plaques set. The bottom
four graphs show four acoustic features extracted from the echo trains. The bars
representing the objects that the dolphin confused most often are cross-hatched. In this
set, the dolphin confused all three pairs of objects (Holes-Plain, Holes-Striped, Plain
Striped). Objects sharing the same letter were not statistically significantly different
from each other (p <.05). Panels with features that can account for the dolphin's errors
are shaded gray.
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Figure 2.28. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Sockets set. The bottom four
graphs show four acoustic features extracted from the echo trains. The bars representing
the objects that the dolphin confused most often are cross-hatched In this set, the
dolphin confused the Closed and Open Socket. Objects sharing the same letter were not
statistically significantly different from each other (p <.05). Panels with features that can
account for the dolphin's errors are shaded gray.
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Figure 2.29. The top two graphs show the change in target strength and number of
highlights as a function of orientation (aspect) for the Green Foam set. The bottom four
graphs show four acoustic features extracted from the echo trains. The bars representing
the objects that the dolphin confused most often are cross-hatched. In this set, the
dolphin confused Slices and Wedges. Objects sharing the same letter were not
statistically significantly different from each other (p <.05). Panels with features that can
account for the dolphin's errors are shaded gray.
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analyses (DFA).
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Stone Squares Stone Shapes Foam Cones

Figure 8's Rods Sockets

Figure 3.1. The six object sets used in the experiment. The objects in the Stone Squares
set were Small, Medium, and Large. The three objects in the Stone Shapes set were
Stack, Cross, and Line. The objects in the Foam Cones set were Bowtie, Trapezoid, and
Diamond. The objects in the Figure 8's set were Copper, Rope, and Tubing. The objects
in the Rods set were Metal, Plastic, and Wood. The objects in the Sockets set were Flat,
Open, and Closed.
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Figure 3.2. Experimental set-up (top down view). The participant faced away from the
experimenter and towards the three objects in the object set. The echo stimuli were
presented through headphones.
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Figure 3.3. Diagram of the procedure for the human participants. The three phases
(training, testing, and interview) were completed for one object set before proceeding to
the next object set.
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Figure 3.4. Average choice accuracy of the human participants for all six object sets.
The line shows performance at chance (33% for a three-alternative task). Performance
was significantly above chance for all six sets.
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Figure 3.5. Example of one of the participant's drawings of the pattern of changes in
amplitude across time for the three foam cone targets. The participant has represented
the envelope of the echo train.
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Figure 3.6. Dolphin's choice accuracy on all six object sets. The line shows performance
at chance (33% for a three-alternative task). Performance was significantly above chance
on the Stone Squares, Stone Shapes, and Foam Cones (indicated by an asterisk).
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APPENDIXC
DESCRIPTION OF OBJECT SETS

Object Measurements (in cm).
Object Height Width Depth
Stone Squares

Small 4.76 4.76 1.27
Medium 9.84 9.84 1.27
Large 20.00 20.00 1.27

Strainers
Small 22.86 8.26 3.81
Medium 32.39 16.51 8.26
Large 38.10 20.68 9.84

Stone Shapes
Line 24.13 4.76 0.95
Cross 14.92 14.29 0.95
Stack 5.08 4.76 4.76

Foam Cones
Bow 6.99 30.48 6.99
Diamond 6.99 30.48 6.99
Trapezoid 15.24 10.16 6.99

Figure 8's
Copper 26.67 20.32 3.81
Rope 26.67 16.51 2.54
Tubing 26.67 19.05 2.54

Rods
Metal 19.69 4.45 0.64
Plastic 19.69 4.45 0.64
Wood 19.69 4.45 0.64

Wood Plaques
Flat 17.78 8.26 0.95
Holed 17.78 8.26 0.95
Striped 17.78 8.26 0.95

Sockets
Flat 10.16 10.16 2.54
Open 10.16 10.16 2.54
Closed 10.16 10.16 2.54

Green Foam
Mounds 15.88 24.77 4.45
Slices 15.88 24.77 1.91
Wedges 15.88 24.77 2.54
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Description of Object Sets

Stone Squares
Three squares made of stone tiles, each one measuring 4.76 cm x 4.76 cm. The Small
Stone has 1 tile, the Medium Stone has 4 tiles, and the Large Stone has 16 tiles.

Strainers
Three strainers, in which the length of the handle on all the strainers is the same (11.43
cm). It is only the size (diameter and depth) of the basket on the strainers that varies.

Stone Shapes
Three shapes made of stone tiles (same as Stone Squares set). All three objects are made
of 5 tiles each. For the Stack, the tiles are stacked in a column with the sides facing out.

Foam Cones
Three objects made from joining two Styrofoam cones (height = 15.24 cm, diameter =

6.99 cm) in different configurations. The tips of two cones were joined to form the
Bowtie. The bases of two cones were joined to form the Diamond. Two cones were
joined side to side to form the Trapezoid.

Figure 8's
The objects are made from two overlapping circles joined to resemble a figure 8, each
object a different material: rope, copper, and plastic tubing wrapped in white tape.

Rods
Each object consists of 7 bars of plastic, wood, or metal glued together.

Wood Plagues
Three wood plaques with different textures: holed, striped, or smooth. For the holed
plaque, there are 58 holes, each hole is 0.95 cm in diameter. For the striped plaque, there
are six grooves, each 0.32 cm thick and 0.32 cm deep.

Sockets
Three light sockets in various configurations. The Closed Socket and Open Socket each
contain four holes, each one 3.81 cm x 3.81 cm. For the Closed Socket, the holes are
covered by prongs that are 2.54 cm long and 1.27 cm wide. For the Open Socket, these
prongs are folded outwards and do not cover the holes.

Green Foam
Each of the three green foam targets contain one green foam sphere (10.16 cm in
diameter) that has been cut and affixed to the rectangular white board backing in different
ways. For the Mounds target, the sphere was cut in half and each of these halves is
affixed to the board with the flat side down. For the Slices target, the sphere is cut in
three parts that form a triangle, with two parts affixed so that the flat side is up, and one
part on top (7.62 cm in diameter) with the flat side down. For the Wedges target, the
sphere has been cut into 15 wedges, each 4.45 cm in length.
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APPENDIXD
INTERVIEW QUESTIONS FOR THE HUMAN LISTENING STUDY

Questions Participants Were Asked After Each Object Set

1. How well do you think you were able to tell the objects apart?
2. Describe your errors. Which two objects do you think you confused most?
3. What cues did you use to discriminate the objects? Please use the terms on the

vocabulary list and any other cues you used that are not on the list. Please mention as
many cues as you think were helpful.

4. Please state the one or two cues that were the most helpful to you (the best cues).
5. Did the pattern of changes in the echoes across the echo train provide a helpful cue?
6. Can you identify a feature or features of the echo that conveyed the

size/shape/material/texture of the object?
7. Is there anything else you would like to comment on for this object set?

Questions Participants Were Asked in the Post-Experimental Interview

1. Please rate the difficulty of this task (averaged over all the object sets) on a scale of 1
7 (1 = easiest, 7 = most difficult).

2. Please rate the difficulty of each object set (give a "1" to the easiest set and a "6" to
the most difficult set).

3. Can you identify a feature or features of the echo that conveyed the size of the object?
4. Can you identify a feature or features of the echo that conveyed the shape of the

object?
5. Can you identify a feature or features of the echo that conveyed the material of the

object?
6. Can you identify a feature or features of the echo that conveyed the texture of the

object?
7. Is there anything else you would like to comment on for this experiment?
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