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Summary 18 

Some blind people use echoes to detect discrete, silent objects to support their 19 

spatial orientation/navigation, independence, safety and wellbeing. The acoustical 20 

features that people use for this are not well understood. Listening to changes in 21 

spectral shape due to the presence of an object could be important for object detection 22 

and avoidance, especially at short range, although it is currently not known whether it 23 

is possible with echolocation-related sounds. Bands of noise were convolved with 24 

recordings of binaural impulse responses of objects in an anechoic chamber to create 25 

‘virtual objects’, which were analysed and played to sighted and blind listeners 26 

inexperienced in echolocation. The sounds were also manipulated to remove cues 27 

unrelated to spectral shape. Most listeners could accurately detect hard flat objects 28 

using changes in spectral shape. The useful spectral changes for object detection 29 

occurred above approximately 3 kHz, as with object localisation. However, energy in 30 

the sounds below 3 kHz was required to exploit changes in spectral shape for object 31 

detection, whereas energy below 3 kHz impaired object localisation. Further 32 

recordings showed that the spectral changes were diminished by room reverberation. 33 

While good high-frequency hearing is generally important for echolocation, the 34 

optimal echo-generating stimulus will probably depend on the task. 35 

Key words 36 

Echolocation, human, binaural, spatial, blind 37 

Highlights 38 

• Sighted and blind listeners had to detect virtual objects using echoes 39 

• Most listeners could use changes in spectral shape across a wide bandwidth 40 

• Changes in spectral shape are diminished by room reverberation 41 
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• Good high-frequency hearing is generally important for echolocation 42 

• The optimal echo-generating stimulus will probably depend on the task 43 

Abbreviations 44 

BBN  Broadband noise 45 

HPN  High-pass noise 46 

IR  Impulse response 47 

LPN  Low-pass noise 48 

MDF  Medium-density fibreboard 49 

rms  Root-mean-square 50 

 51 
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1. Introduction 52 

Some sighted, visually impaired and blind people are able to use auditory cues 53 

from echoes to determine various features of otherwise silent objects (Kolarik et al, 54 

2014) and to avoid objects during locomotion (Kolarik et al, 2016). Furthermore, 55 

some blind people use echolocation in daily life to enhance their spatial navigation, 56 

especially in unfamiliar environments (Thaler, 2013). The ability to detect objects is 57 

fundamental to echolocation, including object localisation combined with head 58 

movement (Rowan et al, 2013). However, there is a lack of understanding of which 59 

acoustic features of echoes and the echo-producing sounds (‘emissions’) best support 60 

it. One challenge is that those features probably depend on a range of factors relating 61 

to the object, task and environment. If there is overlap in time between the emission 62 

and the echo (e.g. if the object is close), the cues available to detect the object may be 63 

quite different than those available when there is no overlap (e.g. if the object is much 64 

farther away) because of the acoustic interference between the emission, which 65 

contains no information about the object, and the echo. For example, the difference in 66 

time of arrival at the ear of an echolocator between an emission from their mouth and 67 

an object 1 m away is around 5 ms, which is similar to the duration of transient 68 

sounds typically used by blind echolocators (Rojas et al, 2009; Rojas et al, 2010; 69 

Schörnich et al, 2012). Interference between the emission and echo can therefore be 70 

expected when objects are at close range such as when the echolocator might need to 71 

take evasive action to avoid harm. We previously considered the effect of this 72 

interference on a binaural object localisation task (Rowan et al, 2013; Rowan et al, 73 

2015); one finding was that excluding energy in the emission below 2 kHz improved 74 

object localisation. This finding may not generalise to object detection. In this paper, 75 
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we focus on elucidating the cues to object detection available when there is 76 

interference between the echo and the emission. 77 

Studies of human echolocation typically distinguish between two types of 78 

auditory attributes that might be used for object detection: loudness and pitch (e.g. 79 

Cotzin and Dallenbach, 1950; Schenkman and Nilsson, 2011). By ‘loudness’, the 80 

studies presumably refer to the fact that if emission and echo arrive at the ear 81 

simultaneously, the overall level of the combined sound can be higher than with the 82 

emission alone, which might be heard as a change in loudness; we refer to this as the 83 

‘overall level’ cue. However, there are two other level cues. Firstly, the level of the 84 

sound within a narrow frequency range, e.g. the bandwidth of an auditory filter, might 85 

be higher in the presence, compared to absence, of the object; we refer to this as the 86 

‘within-channel level’ cue. The within-channel level cue can be substantially larger 87 

than the overall level cue. Secondly, if the within-channel level cue is not the same 88 

across auditory filters, the spectral shape of the sound must also change; that can be 89 

determined by comparing the changes in level across the outputs of auditory filters 90 

with different centre frequencies. We refer to this as the ‘across-channel level’ cue, 91 

also known in the literature as a spectral profile cue (Green, 1988) or an excitation 92 

pattern cue (Moore and Glasberg, 1983). A change in spectral shape could occur 93 

because of interference between the emission and the echo creating comb-filtering and 94 

because the echo may not have the same spectral shape as the emission due to 95 

imperfect reflection by the object. The distinction between these three types of level 96 

cue has not always been clearly made in the literature. For example, Schenkman and 97 

Nilsson (2011) distinguished only between overall level and pitch cues for detection, 98 

and they attempted to construct a stimulus with only ‘pitch’ information by removing 99 

only the overall level cue. This stimulus may still have contained within- and across-100 

channel level cues. Judging from their Figure 3, which plots the spectra of the stimuli 101 
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in one-third-octave bands for the object absent and present, within- and between-level 102 

cues were available in the ‘pitch only’ stimulus at an object distance of 1 m, were 103 

apparent but subtle at 2 m and were not apparent at 3 m. Whether listeners can use 104 

within- and across-channel level cues with echolocation-related stimuli and tasks is 105 

unclear. These three level cues might be apparent when comparing the sounds over 106 

their entire durations (‘static’ level cues) or during the sound with the object present 107 

(‘dynamic’ level cues). This is because of the latency in the arrival of the echo at the 108 

ears compared to the emission. Interaural level difference cues could arise, especially 109 

if the object is not straight ahead of the echolocator, and temporal cues could also 110 

contribute to object detection, such as via the perception of pitch (sometimes referred 111 

to as ‘repetition pitch’). 112 

The first aim of this study was to characterise the level cues for object 113 

detection associated with several objects in otherwise anechoic conditions through the 114 

analysis of acoustic recordings. This was done over a range of distances so as to be 115 

relevant to a wide range of emission durations. The second aim was to acquire 116 

baseline data on object detection ability from a listening experiment using several 117 

objects and distances, and sighted listeners. The recordings were combined with 118 

synthetic emissions and played over earphones, known as the virtual auditory space 119 

technique, a method we used previously for object localisation (Rowan et al, 2013; 120 

Rowan et al, 2015). 121 

Of the static level cues that are potentially available when the echo and 122 

emission interfere, the across-channel level cue might be particularly useful because it 123 

is expected to be more robust to unpredictable changes in level and spectrum of the 124 

emission and to fluctuating background noise. Blind people might also be better able 125 

to exploit an across-channel cue than sighted people (Doucet et al, 2005). While it is 126 

well established that humans can detect changes in spectral shape using an across-127 
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channel cue (e.g. Green, 1998), few studies have investigated it for sounds with 128 

spectra above 4 kHz, where the prominent changes in spectral shape might occur with 129 

echolocation. One such study found that the detection of single peaks or notches was 130 

poorer at 8 kHz than at 1 kHz using noise bands of various bandwidths (Moore et al, 131 

1989). The third aim of this paper was to determine whether humans can access the 132 

static across-channel cue in an object detection task. A second listening experiment 133 

was carried out, again using a virtual object in otherwise anechoic conditions, to 134 

determine if an across-channel cue can be used for object detection. 135 

2. Analysis of recordings 136 

2.1 Method of recording impulse responses 137 

The geometrical arrangement used here was identical to that used previously 138 

(Rowan et al, 2013) except that the object was placed centrally. Binaural impulse 139 

responses (IRs) were measured from the electrical input to a small loudspeaker (KEF 140 

HTS3001) to the electrical outputs of the in-ear microphones of a human manikin 141 

(KEMAR, head only) in an anechoic chamber (≥0.1 kHz) using a maximum-length 142 

sequence, with 16-bit resolution and 88.89-kHz sampling rate. The loudspeaker driver 143 

was positioned 0.25 m below and 0.05 m in front of KEMAR’s interaural axis, which 144 

itself was 0.975 m above the chamber’s grid floor; see Figure 1. See Papadopoulos et 145 

al (2011) for more details. Objects were a: 146 

1. Small square medium-density fibre (MDF) board with dimensions 0.55 m 147 

x 0.55 m (0.01-m thick), as in Rowan et al (2013, Experiment 1b) 148 

2. Small square metal board: an aluminium sheet (0.002-m thick) was 149 

mounted on the square MDF board and had the same dimensions 150 

3. Small circular MDF board with a diameter of 0.621 m (0.01-m thick) and 151 

thus approximately the same surface area as the small square boards 152 
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4. Large MDF board 1.6-m high and 1.22-m wide (0.01-m thick) 153 

5. Human (author AG; 1.69-m tall, 0.43-m wide at the height of the 154 

loudspeaker). 155 

 156 

For the recordings, the boards were placed vertically with their centre at the 157 

same height as, and on the midline of, KEMAR’s interaural axis at distances from 1.5 158 

m to 4 m in 0.5-m intervals plus 0.9 m, as in our previous studies. Figure 1 illustrates 159 

the arrangement with the metal board. 160 

 161 

/ FIGURE 1 NEAR HERE / 162 

 163 

The left panel of Figure 2 shows three example pairs of binaural IRs: free 164 

field, metal board at 0.9 m and metal board at 2 m. The right panel of Figure 2 165 

illustrates the delay between the direct and reflection parts of the IR based on 166 

autocorrelation of metal board IRs (crosses) and that predicted from the physical 167 

arrangement (dotted line). The agreement between predicted and estimated delay for 168 

the boards was always within 2% and usually within 1%. Cross-correlation analyses 169 

of the output of a gammatone filter bank, as conducted by Rowan et al (2015), 170 

suggested that no interaural time or interaural coherence cues were available (see also 171 

Section 6.3). 172 

 173 

/ FIGURE 2 NEAR HERE / 174 

2.2 Static overall level cue 175 

Figure 3 plots the root-mean-square (rms) level of the echo only relative to the 176 

rms level of the emission only as a function of distance for all objects. The rms levels 177 
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were estimated in MATLAB by taking the convolution of windowed versions of the 178 

measured IRs with a 50-s-long band of Gaussian noise (0.2–20 kHz). For the rms 179 

level of the echo only, the IRs with the object present were windowed between 4.7 ms 180 

and 29.7 ms to remove the part related to the emission. The rms level of the emission 181 

only was calculated based on the free-field IR from the right ear windowed between 0 182 

and 4.7 ms. The rms level of the ‘noise floor’ was calculated from the free-field IR 183 

windowed between 4.7 ms and 29.7 ms. Different band-limited versions of Gaussian 184 

noise were used to generate the stimuli that were used in the listening experiments. 185 

The estimated measurement uncertainty of these rms levels based on comparisons of 186 

repeat measurements of the IRs (two standard deviations) is ±0.3 dB. The square 187 

metal board is highlighted because it was used in the listening experiments. For 188 

distances below 2 m, the level did not drop as expected by the inverse-square law (–189 

6 dB with a doubling of distance) due to near-field effects. The irregular, non-190 

monotonic patterns are to be expected from natural, imperfect reflectors of finite size. 191 

 192 

/ FIGURE 3 NEAR HERE / 193 

 194 

Figure 4 plots the difference in rms level between object present and absent 195 

(free-field) conditions, i.e. the static overall level cue, based on the complete IRs 196 

convolved with the same band of noise used previously. (Again, different band-197 

limited versions were used in the listening experiments.) The estimated measurement 198 

uncertainty for each level difference is ±0.45 dB. Figure 4 also plots data obtained by 199 

Schenkman and Nilsson (2010; Appendix 1) using an acoustic manikin in an anechoic 200 

chamber and a 500-ms-long noise emission; they do not give the values for each ear 201 

separately so the same values are included in both plots. Their emission source was 202 
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placed in a similar position relative to the microphones as ours and their object was a 203 

circular metal disc with a diameter of 0.5 m. Their measurements were in direct 204 

response to the 500-ms-long noise emission rather than based on IRs like ours. 205 

At approximately 1 m, the overall static level cue was similar for our boards 206 

and Schenkman and Nilsson’s disc. However, the change in overall level as distance 207 

increased varied between the boards. Assuming that humans can detect an overall 208 

level change of 0.5–1 dB for long-duration, broadband stimuli (Epstein and 209 

Marozeau, 2010), Figure 4 suggests that this cue is viable for some hard objects for 210 

distances up to at least 4 m, which in turn suggests that Schenkman and Nilsson’s 211 

conclusion regarding the limit of object detection to 2 m may not be generalizable. 212 

The overall level cue does not seem to be viable for the human reflector. 213 

 214 

/ FIGURE 4 NEAR HERE / 215 

2.3 Static within- and across-channel level cues 216 

Figure 5 plots Fast Fourier Transforms of the IRs obtained with the free field 217 

(upper panel) and the metal board at 0.9 m (lower panel) for the right ear of KEMAR; 218 

broadly similar results were found for the other hard objects. The upper panel shows 219 

the full IR (emission only) and the windowed portion as in Figure 3 (noise floor). The 220 

lower panel shows the full IR (emission and echo) and the windowed portion again as 221 

in Figure 3 (echo only). In both panels, 0 dB represents the peak value for the full IR 222 

with the board present. The measurement uncertainty was estimated to be less than ±2 223 

dB at most frequencies, although it was considerably greater at some frequencies, for 224 

example around the notch in the noise floor at 0.2–0.3 kHz. A notch around that 225 

frequency was apparent in some other IRs but not all. There was energy in the 226 

emission at KEMAR’s ears across a wide range of frequencies and in the echo only 227 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Detection of virtual objects using echoes 

 

11

above about 0.6 kHz (as predicted based on the size of the board) compared to the 228 

noise floor. When compared to the echo only, the full IR with the board present 229 

demonstrated the characteristic signs of comb filtering above 0.6 kHz, peaks and 230 

notches that occurred at regular frequency intervals (on a linear scale) corresponding 231 

to the reciprocal of the time delay between emission and echo. 232 

 233 

/ FIGURE 5 NEAR HERE / 234 

 235 
To illustrate the within- and across-channel cues, Figure 6 plots differences in 236 

auditory excitation patterns between the board present and absent, using a model of 237 

the auditory periphery (Chen et al, 2011). To obtain these, the full IRs were convolved 238 

with long-duration bands of Gaussian noise with a frequency range from 0.2–12 kHz 239 

for the small square MDF board and the metal board at all distances, the thickest lines 240 

showing the results at the distance of 4 m. The upper frequency limit of the noise was 241 

set to 12 kHz here for consistency with the listening experiments where the frequency 242 

response of the earphone was limited to 12 kHz. The peaks for frequencies up to 243 

approximately 0.3 kHz largely depended on which particular free-field IR recording 244 

was used. The excitation level differences above 0.3 kHz are more meaningful and 245 

associated with uncertainty of ±0.5–1.0 dB. 246 

 247 

/ FIGURE 6 NEAR HERE / 248 

 249 

The comb-filtering effects were preserved in the excitation patterns for 250 

frequencies up to approximately 2 kHz, above which the auditory filters did not 251 

resolve the spectral ripples. The main differences in excitation level with the board 252 

present compared to absent occurred above approximately 2 kHz (see the vertical 253 
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arrows in Figure 6) and extended to at least 12 kHz; these are also apparent for 254 

distances up to at least 4 m. The differences between excitation patterns are often 255 

substantial and localised in frequency, providing clear potential within- and across-256 

channel level cues; similar results were found with the other boards. The within- and 257 

across-channel level cues here are more distinct than for the metal disc reported by 258 

Schenkman and Nilsson (2011) using one-third-octave-band spectra (their Figure 3). 259 

Differences in excitation level were apparent with the human reflector but were 260 

considerably smaller and restricted to distances of 0.9–1.5 m. Figures 4 and 6 also 261 

indicate that the overall and within-channel level cues can be larger in one ear than the 262 

other, providing a potential interaural level cue, presumably arising from the board 263 

not being perfectly straight-ahead and orthogonal to both of KEMARs ears, or 264 

perhaps due to asymmetries with KEMAR itself.  265 

3. General methods for listening experiments 266 

The aim of Experiment 1 was to check object detection ability with our 267 

recordings under a range of conditions some of which allowing comparisons with 268 

Schenkman and Nilsson (2010). Experiment 2 focused on the static within- and 269 

across-channel level cues for a metal board at 4 m, specifically to determine whether 270 

an across-channel level cue can be used by sighted and blind listeners.  271 

Approval of the ISVR Human Experimentation Safety and Ethics Committee 272 

was obtained before commencing these experiments. Sighted listeners were recruited 273 

from the university population and were otologically and ophthalmologically normal 274 

(excluding corrected short-sightedness). Some had prior experience of object 275 

localisation experiments. The blind listeners are described in Section 5. Unless 276 

indicated otherwise, all listeners responded to pure tones at 20 dB HL (as a screening 277 

level) for frequencies from 0.25–8 kHz at octave intervals and also at 12.5 kHz. 278 
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A three-interval, three-alternative forced choice format was used: two intervals 279 

contained a stimulus convolved with IRs with the board absent and one interval 280 

contained a stimulus convolved with IRs with the board present, in random order and 281 

each separated by a 400-ms silent gap. Listeners were required to determine which 282 

interval contained the ‘odd one out’ by selecting one of three buttons. The correct 283 

answer was displayed on a screen for 400 ms after a response was made. 284 

Stereo sound files were generated and manipulated, and the procedure 285 

controlled and responses collected using custom-written MATLAB code; sound files 286 

were played out at 44.1 kHz and 16 bits (Creative, Extigy). Stimuli consisted of 400-287 

ms-long bands of Gaussian noise convolved with bilateral IRs; each band of noise was 288 

generated independently prior to convolution and filtered using a 9th-order zero-phase 289 

filter. The resulting stimuli were played over Etymotic Research ER2 insert earphones 290 

to listeners seated in a quiet room. Stimuli were calibrated such that broadband stimuli 291 

with the board absent were presented at 65 dBA. 292 

Data are presented as box plots, with circles indicating values for individual 293 

listeners (‘outliers’) if greater than 1.5 times the inter-quartile range away from the 294 

nearest quartile; the grey area represents the 99% range expected from guessing (a 295 

score outside of this range has a 99% confidence interval that excludes 50%). 296 

Statistical analysis was conducted on arcsine-transformed scores, using parametric 297 

methods when the data were at least approximately normally distributed. T-tests were 298 

two-tailed, paired-samples tests unless indicated otherwise. 299 

Additional signal processing, the specific organisation of test sessions and any 300 

exceptions to these methods are described with each experiment. 301 

4. Experiment 1: object type and distance 302 
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Experiment 1 measured object detection with four objects (small square MDF 303 

board; large MDF board; small square metal board; human) and three distances (0.9 304 

m, 2 m and 4 m) with broadband noise (BBN). The human object was only tested at 305 

0.9 m because the scores for all listeners in pilot testing at and beyond 2 m were 306 

indistinguishable from chance. Fifteen sighted listeners (3 male, 12 female) took part. 307 

They completed 26 trials for each of the 10 conditions in an order that was balanced 308 

across listeners and then revisited the conditions in reverse order, giving a total of 52 309 

trials per condition. Before each condition, several familiarisation trials were run with 310 

the metal board at 0.9 m, the responses from which were discarded. The BBN had a 311 

bandwidth of 0.1–12 kHz and listeners heard the full, binaural stimuli. 312 

The results are shown in Figure 7. All listeners scored better than chance in all 313 

conditions except for two listeners with the large MDF board at 4 m. Overall, scores 314 

were clearly higher for the boards than the human at 0.9 m and reduced with 315 

increasing distance; ceiling effects precluded sensible statistical confirmation of the 316 

effect of distance. T-tests confirmed that scores at 4 m for the large MDF board were 317 

lower than for both the small MDF board and the small metal board (p < 0.001), while 318 

the scores for the small boards were similar (p > 0.1). 319 

This experiment demonstrates the potential for humans to detect some hard 320 

surfaces at distances beyond Schenkman and Nilsson’s (2010, 2011) 2-m limit and 321 

probably beyond 4 m. This is consistent with Rice et al (1965), who found that five 322 

blind listeners who could detect centrally placed physical surfaces to at least 2.7 m, 323 

and our acoustical analysis of the stimuli. The lower scores for our large MDF board 324 

compared to the smaller boards is consistent with the acoustical analysis although it is 325 

not clear if this represents a general effect of board size (e.g. perhaps because less 326 

reflections to the ears are generated from the edges as board size increases), the 327 

peculiarities of that board or peculiarities of the recordings for that board. 328 
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 329 

 330 

/ FIGURE 7 NEAR HERE / 331 

 332 

The object detection task used in Experiment 1 did not require listeners to 333 

recognise the presence of a board, but only to distinguish two stimuli. One could 334 

imagine real-world scenarios where one or other approach might be important. To 335 

check that sighted listeners can learn to recognise the presence of a board, a pilot 336 

study was conducted using a single-interval yes-no task. Listeners were randomly 337 

presented with one stimulus either representing the board absent or board present and 338 

had to report whether the board was present or absent; the ‘correct’ answer was then 339 

flashed on a screen. Using 20 new listeners, 90 trials were collected in blocks of 45 340 

with four objects at 0.9 m and with the BBN as in Experiment 1. Signal detection 341 

theory was applied to the raw frequencies of stimulus-response outcomes to derive d’ 342 

(a measure of sensitivity as opposed to bias) with Snodgrass and Corwin adjustment 343 

to avoid infinite values (MacMillan and Creelman, 2005); a d’ of 0 indicates no ability 344 

to recognise the board and a d’ of approximately 4.6 indicates perfect ability. The 345 

results are shown in Figure 8. All listeners scored highly for the hard flat boards, with 346 

most achieving perfect recognition; scores were poorer with the human reflector. 347 

These findings mirror those from Experiment 1 and provide some confidence that the 348 

results of Experiment 1 are not peculiar to an ‘odd-one-out’ scenario.   349 

 350 

/ FIGURE 8 NEAR HERE / 351 

 352 

5. Experiment 2: within- and across-channel level cues 353 
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5.1 Specific methods 354 

The main aim of this experiment was to determine whether the across-channel 355 

level cue, arising from interference between the emission and echo, could be used to 356 

detect an object. We again used emissions with a duration of 400 ms to avoid floor 357 

effects that might have occurred for durations closer to those of the emissions used by 358 

expert echolocators. To remove binaural cues, the IRs from one ear (the right) were 359 

convolved with the bands of noise and presented to both ears, i.e. diotically. To 360 

remove dynamic cues, the first and last 12 ms of the stimuli were digitally removed 361 

and 1-ms-long cosine-squared onset and offset ramps were applied. To remove the 362 

overall level cue, the levels of the stimuli associated with board present and absent 363 

were equalized to within 0.1 dB. The stimuli may still have contained a temporal cue 364 

related to repetition pitch, and we will comment on that in the Discussion. 365 

The five stimulus conditions were: 366 

1. Broadband noise (BBN) from 0.3–12.5 kHz. A low-frequency edge of the 367 

filter of 0.3 kHz was used to avoid the potential spurious notches below 368 

0.3 kHz in some IRs 369 

2. Low-pass noise (LPN) from 0.3–3 kHz 370 

3. High-pass noise (HPN) from 3–12.5 kHz 371 

4. High-pass noise with a level rove, referred to as the ‘HPN rove’, which 372 

was included to disrupt the use of a within-channel level cue as described 373 

below 374 

5. A low-frequency band of noise (0.3–2.8 kHz) together with a high-375 

frequency band of noise (3.2–12.5 kHz) and the same magnitude of level 376 

rove (applied to the entire stimulus) as in HPN rove condition, referred to 377 

as the ‘Frankenstein rove’. Importantly, the low-pass band was always 378 

convolved with the IR from the board absent condition and therefore 379 
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provided no cue to the presence versus absence of the board. If the scores 380 

with this condition were higher than with the HPN rove condition, this 381 

would provide evidence for use of an across-channel cue. 382 

Conditions were tested in blocks of 50 trials. The first four trials were for 383 

familiarization and were ignored. Two blocks were completed per condition per 384 

session, giving a total of 92 scored trials per condition per session. One set of blocks 385 

for every condition was completed before moving to the second set; one set of blocks 386 

typically took 30 min to complete. The first set of blocks was conducted in 387 

pseudorandom order. Testing started with the BBN, HPN and LPN conditions, found 388 

during piloting to be subjectively easier than the others, in random order. Testing then 389 

progressed to the HPN rove and Frankenstein rove in random order. The second set of 390 

blocks was conducted in completely random order. 391 

The selection of the magnitude of level rove, object, object distance and ear 392 

were interrelated. On one hand, we wanted to use a flat, hard object such as an 393 

echolocator might need to avoid,  and also for comparison with our previous data on 394 

object localization using the small square MDF board. On the other hand, we wanted 395 

to prevent listeners from achieving high scores by using a within-channel level cue 396 

despite the level rove and to use a level rove of no more than ±15 dB (Lentz, 2005). 397 

Several options were considered in terms of the highest score that could be achieved 398 

using a within-channel level cue determined using a statistical model (Dai and Kidd, 399 

2009) based on the output of a cochlear model (Chen et al, 2011). The process was 400 

described in detail in our previous paper (Rowan et al, 2015). The result was the 401 

selection of the IR from the right ear with the metal board at 4 m (see bottom panels 402 

of Figure 6) and a level rove of ±14 dB using a rectangular distribution. (We argue in 403 

the Discussion that the main finding of this experiment will apply to shorter distances, 404 

for which the across-channel level cue may be more relevant.) That combination 405 
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produced a maximum score expected from the use of the within-channel level of 63%. 406 

An individual listener must score 68% or higher to be statistically significantly higher 407 

than this with 99% confidence, given 92 trials per condition. 408 

5.2 Experiment 2a: sighted listeners 409 

Twelve new, sighted listeners (all postgraduate students; 3 male, 9 female 410 

aged between 22 and 30 years) participated in three test sessions; five wore lenses to 411 

correct their vision but were not classified as blind. The results are plotted in Figure 9. 412 

The thin and thick horizontal lines show the 63% and 68% criteria described at the 413 

end of the previous section. The box plots and Shapiro-Wilk normality tests indicated 414 

that there were no marked deviations from normality (p > 0.05 in all cases but one, 415 

where p = 0.04). One-sample t-tests were conducted to compare the mean score for 416 

each stimulus condition against the expected probability from unbiased guessing 417 

using a Bonferroni-corrected criterion p value. The asterisks in Figure 9 indicate 418 

statistically significant differences (p ≤ 0.003; all others were p ≥ 0.02). Correlations 419 

of the results across the sessions for each condition indicated that the findings were 420 

highly repeatable for the BBN (r2 ≥ 83%; p < 0.001), HPN (r2 ≥ 74%; p < 0.001) and 421 

Frankenstein rove (r2 ≥ 84%; p < 0.001) conditions. Correlations for LPN were only 422 

statistically significant for Session 2 vs. Session 3 (r2 = 57%; p = 0.005; otherwise r2 423 

≤ 26%); correlations for HPN rove were all non-significant (r2 ≤ 29%). 424 

Overall, listeners scored highest with the BBN. By the third session, scores 425 

were similar to those found in Experiment 1 in which all cues where available. 426 

Removing the information above 3 kHz in the LPN condition had a marked 427 

detrimental affect on scores, with only one or two listeners (the same ones across the 428 

sessions) appearing to score above chance on each session. This indicates that within- 429 

and across-channel level cues, and other monaural cues, between 0.3–3 kHz are weak; 430 
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it is unclear whether any pitch cue would have been stronger in Experiment 1 where 431 

the bandwidth of the emission had a lower cut-off frequency of 0.1 kHz. Most 432 

listeners scored better than chance with the HPN and scored clearly better than with 433 

the LPN. Scores were higher overall for the BBN than for the HPN for every session 434 

(p ≤ 0.001). The comparison between these three stimuli indicates that there is a cue 435 

or cues available with the BBN that is not available with the HPN and LPN 436 

individually, possibly the across-channel level cue. 437 

Scores for the HPN rove condition were indistinguishable from chance for 438 

most distances. This suggests that a within-channel level cue was being used in the 439 

HPN condition without rove. No listeners exceeded the criteria for ruling out the use 440 

of a within-channel level cue in the condition with the level rove. If an across-channel 441 

level cue was usable with the HPN, we would have expected scores in the HPN rove 442 

condition to be above chance; that they were not indicates that an across-channel level 443 

cue was not usable within the HPN. 444 

In contrast, two aspects of the data shown in Figure 9 indicate that an across-445 

channel level cue was used in the Frankenstein rove condition. Recall that the 446 

Frankenstein rove condition was identical to the HPN rove condition with the 447 

exception that the stimuli contained a low-pass band of noise that was subject to an 448 

identical level rove. That low-pass band by itself provided no cue to the presence of 449 

the object since it was always processed as if the object were absent; rather, it 450 

provided a reference for changes in level in the HPN. Scores with the Frankenstein 451 

rove condition were clearly substantially better than for the HPN rove condition 452 

overall, even in Session 1. Also, most listeners had scores in the Frankenstein rove 453 

condition that exceeded both chance and the criterion for ruling out the use of a 454 

within-channel level cue by Session 3. 455 
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A repeated-measures analysis of variance comparing the three conditions with 456 

consistently above-chance average scores and good between session repeatability (i.e. 457 

BBN, HPN and Frankenstein rove) indicated a main effect of stimulus condition (F2,22 458 

= 26.6; p<0.001) and session (F2,22 = 27.5; p < 0.001) but no interaction (F4,44 = 1.0; p 459 

> 0.1). Post-hoc t-tests indicated that BBN gave a higher mean score (p < 0.001) than 460 

the other two conditions, which were not significantly different (p > 0.1), and that 461 

across all conditions the scores for each session were higher than for the preceding 462 

one (p ≤ 0.006). 463 

 464 

/ FIGURE 9 NEAR HERE / 465 

5.3 Experiment 2b: blind listeners 466 

Twelve blind listeners were recruited via charities and societies for the blind 467 

and visually impaired within the Hampshire and Brighton area. Of the 12, one took 468 

part in a pilot study and six were excluded. Of the six excluded, three had residual 469 

vision meaning they could not be classified as blind; one had additional disabilities 470 

that led her to fatigue easily; two withdrew from the study before data collection. This 471 

left a sample of five; see Table 1. None of the listeners reported using specific self-472 

vocalizations to navigate using echolocation. The listener identifier is consistent with 473 

our previous paper (Rowan et al, 2015); listeners B2, B4, B5 and B6 participated in 474 

both studies. As for Experiment 3 of Rowan et al (2013), testing of blind listeners 475 

took place in their homes if they preferred. Ambient noise was monitored to be no 476 

higher than 30 dBA throughout. The audiometric criterion for inclusion was relaxed to 477 

30 dB HL for three listeners at 8 kHz and 12.5 kHz bilaterally. Blind listeners 478 

participated in one session, which was identical in structure to Session 1 from 479 

Experiment 2a. 480 
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/ TABLE 1 NEAR HERE / 481 

 482 

The results are shown in Figure 10. The general pattern is similar to that for 483 

sighted listeners, in Session 1. Most blind listeners performed better than chance with 484 

the BBN. Scores were universally indistinguishable from chance in the LPN and HPN 485 

rove conditions; some listeners had above-chance scores for the HPN rove and 486 

Frankenstein rove conditions. None of the listeners exceed the criterion score to rule 487 

out use of a within-channel level cue in the HPN rove and Frankenstein rove 488 

condition. However, the scores for three listeners (B5, B6 and B8) were 489 

indistinguishable from chance with the HPN rove but above chance for the 490 

Frankenstein rove condition suggesting that they could make use of an across-channel 491 

level cue. 492 

 493 

/ FIGURE 10 NEAR HERE / 494 

 495 

6. Discussion 496 

6.1 General 497 

There is a rich set of cues available for object detection, including various 498 

level cues when the emission and echo overlap in time such as would occur at close 499 

range even with the transient emissions typically used by blind echolocators. Those 500 

level cues may be important for object avoidance behaviour. They might also occur at 501 

farther distances if the emission duration was longer, such as with speech. We found 502 

that object detection was possible for inexperienced sighted listeners with an emission 503 

having a long duration relative to the duration of emissions typically used by expert 504 

echolocators, for three hard flat virtual surfaces placed centrally in an anechoic 505 
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environment for distances up to at least 4 m, consistent with some previous research 506 

(Rice et al, 1965; Rowan et al, 2013). In contrast, Schenkman and Nilsson (2010) 507 

concluded that none of their sighted listeners and only two of their ten blind listeners 508 

scored above chance with a single hard flat surface at 4 m using similar emissions; 509 

most listeners were unable to detect the surface beyond 2 m. This can be explained, at 510 

least in part, by the weaker levels cues associated with Schenkman and Nilsson’s hard 511 

surface compared to ours of similar size (see Figure 4), presumably due to differences 512 

in reflection properties of the surfaces. Our study also differed from that of 513 

Schenkman and Nilsson in other ways, such as using a three-alternative rather than 514 

two-alternative forced choice task, which might contribute to the differences in 515 

findings. Other studies provide data related to a distance limit for object detection, but 516 

those are difficult to compare to our study due to differences in the object, emission, 517 

environment, and task (e.g. Cotzin and Dallenbach, 1950; Kolarik et al, 2016). 518 

Rice et al (1965) found that increasing object size improved object detection 519 

for metal discs ranging from approximately 0.03 m to 0.40 m in diameter. We did not 520 

find an effect of object size for our two MDF boards, although they were both at least 521 

0.5-m wide, the largest being 1.22-m wide, and thus larger than the largest used by 522 

Rice et al. Increasing the size of a flat surface may not lead to stronger echoes once a 523 

certain size is reached. From the perspective of a stationary listener centred on the 524 

object, echoes mostly arise from specular (mirror-like) reflections from around the 525 

centre of the surface and from diffraction from the edges of the object. Once the size 526 

of the surface is increased beyond a certain amount, the area of the surface that is 527 

effective in generating specular reflections that the listener can receive does not 528 

increase. As the surface increases in size, the lengths of the edges increase but the 529 

edges also get farther from the listener; the overall effect on the reflections from the 530 

edges that reach the listener is not obvious. The effect of object size requires further 531 
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acoustical and psychoacoustical investigation, with greater control of potentially 532 

confounding variables, such as orientation, material and mounting (and hence 533 

rigidity), than in our current study. 534 

Our experiments with object detection demonstrate considerable inter-535 

individual variation in scores within both sighted and blind populations and that the 536 

scores of inexperienced sighted listeners can improve with practice across several 537 

hundred trials. The time course of the learning on this task is currently unknown. As 538 

discussed in our previous paper on object localisation (Rowan et al, 2015), the 539 

substantial inter-individual variation in scores and the short-term learning effects 540 

make it difficult to ascertain whether there are meaningful differences between 541 

populations. For that reason, and because of our small sample sizes, our results do not 542 

warrant any conclusions to be made about differences between blind and sighted 543 

people; our results simply confirm that the trends across stimuli we observed in a 544 

sample of sighted people were also observed in a sample of blind people. In any case, 545 

there are likely to be important sub-populations within the blind population: not all 546 

blind people are ‘expert’ echolocators.  547 

6.2 Use of across-channel cue 548 

Experiment 2 focused on whether listeners could use an across-channel level 549 

cue for object detection. Impulse responses for an object distance of 4 m were used. 550 

However, cues that would be specific to that distance were not useful to listeners in 551 

this experiment. Cues at the onset and offset of the emission were removed and 552 

listeners’ scores were indistinguishable from chance with the LPN condition 553 

suggesting that the could not exploit any ‘repetition pitch’ cue (having a fundamental 554 

frequency of approximately 45 Hz for the 4-m IRs). We therefore argue that our 555 
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findings on the question of whether the across-channel cue can be used for object 556 

detection generalises to other distances. 557 

Our finding that object detection with LPN was poor is similar to our previous 558 

finding for object localisation (Rowan et al, 2013), presumably because the echo 559 

contains relatively little useful energy below 3 kHz for the object sizes we have used. 560 

An important, qualitative difference between object detection and localisation tasks is 561 

how the LPN influences performance with the HPN when the two are combined in the 562 

BBN. For localisation, scores were higher for HPN than for BBN; for detection, 563 

scores were lower for HPN than for BBN. The information in the LPN interferes with 564 

that in the HPN for object localisation performance with the BBN, whereas it supports 565 

object detection performance. The interference with object localisation is presumably 566 

due to an obligatory use of unhelpful low-frequency (interaural time difference) 567 

information during binaural processing (Rowan et al, 2013). One possible explanation 568 

for the supportive effect of low-frequency information with object detection was that 569 

listeners used a static across-channel level cue (i.e. profile analysis); that explanation 570 

can be considered by comparing object detection performance across the other 571 

stimuli.  572 

The above-chance detection performance for HPN without rove but not for 573 

HPN with rove indicates that a within-channel level cue was available for the former 574 

but not the latter. It also indicates that a within-channel level cue was not available for 575 

the Frankenstein-with-rove condition, since it was constructed using the same HPN 576 

and same magnitude of level rove. The only difference between the HPN-with-rove 577 

and Frankenstein-with-rove conditions was that the latter included a LPN that was 578 

always convolved with IRs for the object absent. The Frankenstein-with-rove 579 

condition therefore combined two stimuli associated with chance performance 580 

individually and that produced above chance performance together. This indicates that 581 
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the unhelpful LPN provides a reference for the exploitation of a static across-channel 582 

level cue when combined with the HPN. This finding is important because that level 583 

cue may be more robust than the other level cues to unpredictable variations in the 584 

emission, echo or background noise, as may occur in real-world scenarios. It is 585 

currently unclear if the static across-channel level cue is used in more ecologically 586 

relevant tasks and with stimuli that have narrower spectra and shorter durations such 587 

as the vocalisations used by some blind people to echolocate. Also, in this study we 588 

did not consider temporal or dynamic cues, or object locations off to one side that 589 

produce binaural cues, which might be similarly or even more robust to uncertainty in 590 

the level and spectrum of the emission or background noise. 591 

Why were the scores for the Frankenstein condition worse than for the BBN? 592 

One possible explanation is that the Frankenstein condition included level rove but the 593 

BBN did not. The level rove might lead to an increase in stimulus uncertainty, a 594 

change in listening strategy, a change in the internal representation of the spectra of 595 

the stimuli or a disruption of a within-channel level cue which might otherwise be 596 

used in combination with an across-channel level cue (Lentz, 2005). Alternatively, 597 

perhaps there was other information for object detection in the low-frequency portion 598 

of the BBN that was not available in the Frankenstein condition. This is unlikely to be 599 

a repetition pitch cue or a within-channel level cue since most listeners’ scores were 600 

indistinguishable from chance in the LPN condition (without level rove). 601 

While low-frequency information has generally been associated with relatively 602 

poor detection and localisation performance in the stimulus conditions featured in our 603 

studies, this does not mean that low-frequency information is not useful in general. 604 

For example, our stimuli were limited to frequencies above 0.3 kHz and the data with 605 

LPN in Experiment 2 were obtained only for an object distance of 4 m. Had we used 606 

stimuli with a lower cut-off frequency and shorter distances with LPN, scores might 607 
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have been better. Ashmead and Wall (2002) have suggested that information below 608 

0.1 kHz can be useful for detecting walls. 609 

The duration of the emission we used in Experiment 2 was long relative to the 610 

duration of transient emissions typically used by blind echolocators. Both the 611 

detection of differences in spectral shape using an across-channel level cue in profile 612 

analysis experiments (Green, 1988) and the detection of objects in echolocation-613 

related experiments (Schenkman and Nilsson, 2010) weakens with reducing stimulus 614 

duration. However, the size of the across-channel level cue is substantially larger for 615 

much shorter object distances (e.g. 1 m) than the nominal distance (4 m) used in 616 

Experiment 2, as illustrated in Figure 6. Furthermore, blind listeners might be better 617 

able to exploit an across-channel level cue than sighted listeners (Doucet et al, 2005). 618 

The combined effect of these factors is difficult to predict. Nevertheless, the goal of 619 

this paper was not to estimate real-world object detection accuracy using an across-620 

channel level cue but to establish that it can be used at all with echolocation-related 621 

stimuli. 622 

It is not clear which features of the spectrum above 3 kHz were important for 623 

object detection via an across-channel cue in Experiment 2 and it is difficult to 624 

compare the results for the stimuli used here (bands of noise with complex changes in 625 

spectral profile) to those of studies of profile analysis (usually multi-tone complexes 626 

with changes in relative level of one of the tones). A general finding from profile 627 

analysis research is that changes in spectral profile near the centre of the spectrum are 628 

more easily detected than changes at the edges of the spectrum (Green, 1988); 629 

listeners also seem to rely more on peaks than troughs (Lentz, 2006). We might 630 

therefore expect from Figure 6 that the peak at approximately 6 kHz was more 631 

important than the peak near 10 kHz. Further research to clarify the frequency regions 632 

that are important for echolocation has clinical relevance since hearing loss usually 633 
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affects such high frequencies earlier in life and more than lower frequencies. 634 

Furthermore, supra-threshold changes associated with sensori-neural hearing loss in 635 

adults impair the use of an across-channel cue (Lentz, 2006). Some blind listeners 636 

who have used echolocation for much of their lives have told us that echolocation has 637 

become increasing difficult as they have aged into their 60s, reducing their confidence 638 

and independence. In one such case, the individual’s hearing threshold levels were 639 

better than 30 dB HL up to 4 kHz and worsened to 70 dB HL from 8–12.5 kHz. He 640 

reported using a variety of emissions, all non-vocalisations, including taps of a ring on 641 

his finger against his cane. Of course, it is difficult to say from this whether the self-642 

reported difficulties were due to reduced audibility, supra-threshold factors or other 643 

factors. Nevertheless, there is reason to investigate whether hearing loss, including 644 

loss that would not normally be considered clinically significant or would not even be 645 

detected by conventional clinical testing, might have a significant impact on object 646 

detection for blind echolocators. 647 

6.3 Environment 648 

/ FIGURE 11 / 649 

Our experiments on both object detection and localisation to date used 650 

recordings obtained from an anechoic (at least above 0.1 kHz) environment. This 651 

presumably provides insight into real-world echolocation in open spaces or when the 652 

emission and echo are well separated in time from reflections from other objects. The 653 

results may have been different had the recordings been made in reverberant rooms. 654 

As indicated by Kolarik et al (2014), reverberation might alter the spectral cues. To 655 

investigate this, we recorded additional binaural IRs from four conveniently located 656 

rooms to cover a range of reverberation times (RTs); see Figure 11. Room 1, the 657 

anechoic chamber, was the same one as used for the recordings described in Section 658 
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2. Binaural IRs were measured with the interaural axis of KEMAR, this time 659 

including the torso, 1.2 m above the floor; a loudspeaker (Mackie HR824) driver was 660 

placed 1.0 m above the floor and just below and in front of KEMAR’s chin. The IRs 661 

were measured using a pure tone sweep from 0.02–20 kHz. The responses were 662 

recorded with a sampling rate of 96 kHz and with 32-bit amplitude resolution. The 663 

recordings were convolved with an inverse filter to derive the IRs. The object was an 664 

aluminium plate that was 0.5 m in diameter and 1.5 mm thick, as described by 665 

Shenkman and Nilsson (2010), and it was positioned with its centre 1.2 m above the 666 

floor and directly in front of KEMAR’s head at various distances. 667 

 668 

/ FIGURE 12 / 669 

 670 

Figure 12 plots the difference in excitation level between the board present 671 

and absent, as in Figure 6, for the left ear, all four rooms and four distances from 1–4 672 

m. The analysis was the same as for Figure 6, using the cochlear model, except that a 673 

temporal window was applied to the stimuli to remove the first 0.05 s and the last 10 s 674 

in order to focus only on the portion where the echo, emission and reverberation are 675 

all present and in a steady state. The difference in excitation level below 3 kHz is 676 

similar in all rooms except in Room 4, with the largest reverberation time, where the 677 

peak near 2 kHz is weaker. The difference in excitation level above 3 kHz is weaker 678 

for all the three reverberant rooms than for the anechoic chamber, such that there are 679 

no or only weak excitation level cues below 10 kHz in the reverberant rooms when 680 

the object was at 2 m and beyond. This confirms that the level cues can be 681 

detrimentally affected by room reverberation. In practice, the effect of room 682 

reverberation on object detection will be dependent on whether the listener is able to 683 

separate the echo from the reverberation. For example, author DR’s and RGL’s 684 
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informal listening experience is that it is easier to detect the object in the reverberant 685 

rooms using the raw IRs than when convolved with noise of durations from 10–400 686 

ms for object distances beyond 1 m. Schenkman and Nilsson (2010) found that object 687 

detection was better in a room with a reverberation time of 0.4 s, similar to our Room 688 

2, than in an anechoic room for an emission duration of 500 ms and object distance up 689 

to 2 m, beyond which object detection was typically not possible. It has also been 690 

reported that performance on other echolocation tasks can improve in the presence of 691 

reflections from additional, ‘background’ objects (Schörnich et al, 2012; Wallmeier 692 

and Wiegrebe, 2014a). Our findings suggest that this is unlikely to be due to enhanced 693 

excitation level cues. 694 

An alternative explanation is that room reverberation leads to an enhanced 695 

interaural coherence cue. Interaural coherence would typically be lower in a 696 

reverberant room than in an anechoic chamber (Aaronson and Hartmann, 2010) and 697 

an echo from an object could have the effect of increasing the interaural coherence by 698 

a more detectable amount in the reverberant room, heard as a change in the 699 

diffuseness of the image. We analysed similar stimuli as used with Figure 12 to 700 

determine the peak interaural correlation coefficient at the output of a bank of 701 

gammatone filters; here, the band of noise was modulated at 125 Hz with a half-wave 702 

rectified sinewave prior to convolution in order to clarify interaural coherence in the 703 

envelope (Rowan et al, 2015). An increase in interaural coherence in the waveform 704 

fine-structure between the board absent and present below 1.5 kHz was found for the 705 

reverberant rooms only, between 0.5 and 1.5 kHz. The magnitude of the increase 706 

varied with frequency between 0 and approximately 0.10. Above 1.5 kHz, substantial 707 

differences in interaural coherence in the waveform fine-structure were observed, 708 

although the human binaural system is insensitive to it (Bernstein and Trahiotis, 709 

1992). An increase in interaural coherence in the waveform envelope was found for 710 
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the reverberant rooms only, at most frequencies above 1.5 kHz and varied in 711 

magnitude with frequency between 0 and approximately 0.15. These increases in 712 

interaural coherence in the waveform fine-structure and envelope were from a wide 713 

range of baseline values with the object absent from as low as 0.40; typically, the 714 

higher the room reverberation time and the higher the frequency, the lower the 715 

interaural coherence with the object absent. While humans can detect a reduction in 716 

interaural coherence from a baseline of 1.00 of as little as 0.02 in the temporal fine 717 

structure at 0.5 kHz (e.g. Gabriel and Colburn, 1981) and 0.05 in the envelope at 4 718 

kHz (e.g. Bernstein and Trahiotis, 1992) it is unclear if it is a viable cue with our 719 

echolocation-related stimuli. Informal listening trials by authors DR and RGL suggest 720 

not. It is important for future research on the effect of reverberation on echolocation to 721 

connect any changes in listeners’ behaviour to specific, quantifiable changes in the 722 

stimuli the listeners received. 723 

6.4 Final comments 724 

The technique that we have used to study echolocation creates virtual objects 725 

and enables careful control of the stimuli as well as detailed investigation of the 726 

auditory cues and processes involved in echolocation. It can be extended to make the 727 

tasks more ecologically valid. For example, listeners’ own vocalisations and 728 

movement can be included in real time, which has been found to influence 729 

echolocation performance (Wallmeier et al, 2013; Wallmeier and Wiegrebe, 2014b; 730 

Fiehler et al, 2015). The inclusion of motion can allow detailed investigation of the 731 

combination of object detection with head movement to locate objects, which we 732 

previously referred to as ‘scanning’ (Rowan et al, 2013). These and other 733 

developments to make laboratory echolocation more ecological relevant are 734 

important. Nevertheless, there remains a lack of detailed understanding of the specific 735 
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acoustical cues and auditory processes involved in more basic echolocation scenarios, 736 

such as the object detection task used in the current study, which we hope our paper 737 

contributes to improving. 738 

7. Conclusions 739 

(i) Changes in overall level, within-channel level and spectral shape (an 740 

across-channel level cue) are available for object detection when the 741 

emission duration is similar to, or longer than, the delay between the echo 742 

and emission arriving at the ears, as might be relevant to short-range object 743 

detection by blind echolocators using transient emissions such as mouth 744 

clicks. The within- and across-channel cues occur predominately for 745 

frequencies above 3 kHz and for some hard flat objects sized 0.5 m2 and 746 

greater. 747 

(ii)  Inexperienced sighted listeners could detect hard flat objects 4 m away, 748 

and probably further, using 400-ms-long broadband emissions. 749 

(iii)  Changes in spectral shape could be used to detect objects. While the 750 

relevant level changes for that cue occur above 3 kHz, audible energy in 751 

the emission is also required below 3 kHz to act as a reference. In contrast, 752 

it was found previously that the addition of energy below 2 kHz impaired 753 

object localisation (Rowan et al, 2013). Hence, the optimal emission will 754 

probably depend on the task. 755 

(iv) The object detection scores of inexperienced listeners improved over 756 

several hundred trials. 757 

758 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Detection of virtual objects using echoes 

 

32

Acknowledgements 759 

Thanks to Leah Evans for help with measurement of the impulse responses. 760 

David Edwards was supported by a RCUK studentship through a Basic Technology 761 

Programme grant to the Bio-Inspired Acoustical Systems project (www.biasweb.org). 762 

We are extremely grateful to the Associate Editor, Brian Moore, and two anonymous 763 

reviewers for their critical comments and numerous suggestions, which have 764 

improved the paper substantially. Box-plots were created using a (modified) template 765 

produced by Vertex42 (www.vertex42.com/ExcelTemplates/box-whisker-plot.html). 766 

A database of IRs covering a wide range of conditions, including those in the current 767 

paper, can be downloaded via: 768 

www.southampton.ac.uk/engineering/research/projects/make_like_a_bat.page. 769 

 770 

References  771 

Aaronson, N.L., Hartmann, W.M., 2010. Interaural coherence for noise bands: 772 

waveforms and envelopes. J. Acoust. Soc. Am. 127 , 1367–72. 773 

Bernstein, L.R., Trahiotis, C., 1992. Discrimination of interaural envelope correlation 774 

and its relation to binaural unmasking at high frequencies. J Acoust Soc Am 91 , 775 

306–316. 776 

BS EN ISO 3382-1:2009, 2009. Acoustics - Measurement of room acoustic 777 

parameters. Part 1: Performance spaces. Br. Stand., 1–26. 778 

Chen, Z., Hu, G., Glasberg, B.R., Moore, B.C.J., 2011. A new method of calculating 779 

auditory excitation patterns and loudness for steady sounds. Hear. Res. 282 , 780 

204–215. 781 

Cotzin, M., Dallenbach, K.M., 1950. “Facial vision:” the role of pitch and loudness in 782 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Detection of virtual objects using echoes 

 

33

the perception of obstacles by the blind. Am. J. Psychol. 63 , 485–515. 783 

Dai, H., Kidd, G., 2009. Limiting unwanted cues via random rove applied to the yes-784 

no and multiple-alternative forced choice paradigms. J. Acoust. Soc. Am. 126 , 785 

EL62-7. 786 

Doucet, M.E., Guillemot, J.P., Lassonde, M., Gagné, J.P., Leclerc, C., et al, 2005. 787 

Blind subjects process auditory spectral cues more efficiently than sighted 788 

individuals. Exp. Brain Res. 160 , 194–202. 789 

Epstein, M., Marozeau, J., 2010. Loudness and intensity coding. In C.J. Plack, ed. The 790 

Oxford Handbook of Auditory Science: Hearing. Oxford University Press, 791 

Oxford, pp. 45–69. 792 

Fiehler, K., Schütz, I., Meller, T., Thaler, L., 2015. Neural correlates of human 793 

echolocation of path direction during walking. Multisens. Res. 28 , 195–226. 794 

Gabriel, K.J., Colburn, H.S., 1981. Interaural correlation discrimination: 1. Bandwidth 795 

and level dependence. J. Acoust. Soc. Am. 69 , 1394–1401. 796 

Green, D.M., 1988. Profile Analysis: Auditory Intensity Discrimination. Oxford 797 

University Press. 798 

Kolarik, A.J., Cirstea, S., Pardhan, S., Moore, B.C.J., 2014. A summary of research 799 

investigating echolocation abilities of blind and sighted humans. Hear. Res. 310 , 800 

60–68. 801 

Kolarik, A.J., Scarfe, A.C., Moore, B.C.J., Pardhan, S., 2016. An assessment of 802 

auditory-guided locomotion in an obstacle circumvention task. Exp. Brain Res. 803 

234 , 1725–1735. 804 

Lentz, J.J., 2005. Profile analysis: The effects of rove on sparse spectra. J. Acoust. 805 

Soc. Am. 118 , 2794–2797. 806 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Detection of virtual objects using echoes 

 

34

Lentz, J.J., 2006. Spectral-peak selection in spectral-shape discrimination by normal-807 

hearing and hearing-impaired listeners. J. Acoust. Soc. Am. 120 , 945. 808 

MacMillan, N.A., Creelman, C.D., 2005. Detection Theory: A User’s Guide. 809 

Lawrence Erlbaum Associates, Inc., Mahwah, N.J. 810 

Moore, B.C., Oldfield, S.R., Dooley, G.J., 1989. Detection and discrimination of 811 

spectral peaks and notches at 1 and 8 kHz. J. Acoust. Soc. Am. 85 , 820–836. 812 

Moore, B.C.J., Glasberg, B.R., 1983. Suggested formulae for calculating auditory-813 

filter bandwidths and excitation patterns. J. Acoust. Soc. Am. 74 , 750–753. 814 

Papadopoulos, T., Edwards, D.S., Rowan, D., Allen, R., 2011. Identification of 815 

auditory cues utilized in human echolocation — objective measurement results. 816 

Biomed. Signal Process. Control 6 , 280–290. 817 

Rice, C.E., Schusterman, R.J., Feinstein, S.H., 1965. Echo-detection ability of the 818 

blind: size and distance factors. J. Exp. Psychol. 70 , 246–251. 819 

Rojas, J.A.M., Hermosilla, J.A., Montero, R.S., Espi, P.L.L., 2010. Physical analysis 820 

of several organic signals for human echolocation: hand and finger produced 821 

pulses. Acta Acust. United With Acust. 96 , 1069–1077. 822 

Rojas, J.A.M., Hermosilla, J.A., Montero, R.S., Espí, P.L.L., 2009. Physical analysis 823 

of several organic signals for human echolocation: oral vacuum pulses. Acta 824 

Acust. United With Acust. 95 , 325–330. 825 

Rowan, D., Papadopoulos, T., Edwards, D., Allen, R., 2015. Use of binaural and 826 

monaural cues to identify the lateral position of a virtual object using echoes. 827 

Hear. Res. 323 , 32–39. 828 

Rowan, D., Papadopoulos, T., Edwards, D., Holmes, H., Hollingdale, A., et al, 2013. 829 

Identification of the lateral position of a virtual object based on echoes by 830 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Detection of virtual objects using echoes 

 

35

humans. Hear. Res. 300 , 56–65. 831 

Schenkman, B.N., Nilsson, M.E., 2010. Human echolocation: blind and sighted 832 

persons’ ability to detect sounds recorded in the presence of a reflecting object. 833 

Perception 39 , 483–501. 834 

Schenkman, B.N., Nilsson, M.E., 2011. Human echolocation: pitch versus loudness 835 

information. Perception 40 , 840–852. 836 

Schörnich, S., Nagy, A., Wiegrebe, L., 2012. Discovering your inner bat: echo-837 

acoustic target ranging in humans. J. Assoc. Res. Otolaryngol. 13 , 673–682. 838 

Schroeder, M.R., 1965. New method of measuring reverberation time. J. Acoust. Soc. 839 

Am., 409–412. 840 

Thaler, L., 2013. Echolocation may have real-life advantages for blind people: an 841 

analysis of survey data. Front. Physiol. 4 , 1–8. 842 

Wallmeier, L., Geßele, N., Wiegrebe, L., 2013. Echolocation versus echo suppression 843 

in humans. Proc. Biol. Sci. 280 , 20131428. 844 

Wallmeier, L., Wiegrebe, L., 2014a. Ranging in human sonar: effects of additional 845 

early reflections and exploratory head movements. PLoS One 9 , 1–28. 846 

Wallmeier, L., Wiegrebe, L., 2014b. Self-motion facilitates echo-acoustic orientation 847 

in humans. R. Soc. Open Sci. 1 , 140185. 848 

 849 

850 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Detection of virtual objects using echoes 

 

36

Figure and table captions 851 

Figure 1 852 

The environment used for measuring impulse responses showing one of the objects. 853 

Figure 2 854 

Left panel: example binaural impulse responses without an object (‘free field’) and 855 

with the metal board at two distances. Right panel: the delay between the direct 856 

(related to the emission) and reflection (related to the echo) parts of impulse responses 857 

as a function of distance based on autocorrelation for metal board impulse responses 858 

(crosses) and predicted from the physical arrangement (dotted line). See Section 2.1 859 

for a description of all objects used. 860 

Figure 3 861 

Estimated overall rms level of the echo only relative to the rms level of the emission 862 

only as a function of distance for all objects, and the noise floor. See Section 2.2 for 863 

details. 864 

Figure 4 865 

Estimated difference in rms level between object present and object absent (free-field) 866 

conditions for our objects (open symbols; sqr = square; circ = circle; lrg = large; mtl = 867 

metal) and for the object used by Schenkman and Nilsson (2010; Appendix 1; 868 

‘S&N,2010’) as a function of distance. See Section 2.2 for details. 869 

Figure 5 870 

Fast Fourier Transforms of impulses responses for the metal board at 0.9 m. Upper 871 

panel: with the echo removed and either the emission absent (‘noise floor’) or present 872 
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(‘emission present’). Lower panel: with the echo present and either the emission 873 

absent (‘echo only’) or present (‘echo and emission’). See Section 2.3 for details. 874 

Figure 6 875 

Differences in auditory excitation (‘ex’) level between the board present and absent, 876 

using a model of the auditory periphery (Chen et al, 2011) for the MDF square (upper 877 

panels) and metal square (lower panels). The different lines indicate different 878 

distances, the thickest line being for the results at a distance of 4 m. See Section 2.3 879 

for details. The vertical arrows indicate the main differences in excitation level. 880 

Figure 7 881 

Results of Experiment 1, showing detection accuracy (%) for the three-alternative 882 

forced task (as also used in Experiment 2) as a function of object distance for four 883 

object types for a 400-ms broadband noise (BBN) emission. Data for the human were 884 

only collected at 0.9 m. 885 

Figure 8 886 

Supplementary data for Experiment 1, showing ‘sensitivity’ (as opposed to bias), d’, 887 

for a single-interval yes-no task at a distance of 0.9 m for various objects. 888 

Figure 9 889 

Results of Experiment 2 with sighted listeners and the metal board only. Detection 890 

accuracy (%) is shown for each stimulus condition and test session (S1-S3). The thin 891 

horizontal line at 63% is the highest score expected from the use of within-channel 892 

level cues and the thick horizontal line at 68% is the score at or above which 893 

performance is statistically significantly better than that expected from the use of 894 

within-channel level cues. The asterisks indicate conditions where the sample mean 895 
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was statistically significantly different from the expected percentage for guessing (p ≤ 896 

0.003; all others were p ≥ 0.02). See Section 5.1 for an explanation of the stimuli. 897 

Figure 10 898 

Results of Experiment 2 with blind listeners. As in Figure 9, except that each line 899 

shows the data for one blind listener and was one session only. 900 

Figure 11 901 

The rooms used for recording the impulse responses. Top left: Room 1 (anechoic 902 

chamber, as in Figure 1) with mid-frequency reverberation time (RT0.5-1 kHz) of 0.04 s. 903 

Top right: Room 2 with RT0.5-1 kHz of 0.45 s. Bottom left: Room 3 with RT0.5-1 kHz of 904 

2.00 s. Bottom right: Room 4 (reverberation chamber) with RT0.5-1 kHz of 7.63 s. Those 905 

reverberation times (RTs) are based on impulse responses measured in the rooms (BS 906 

EN ISO 3382-1:2009, 2009) analysed using the Schroeder integral (Schroeder, 1965). 907 

Figure 12 908 

Differences in auditory excitation level for the left between the board present and 909 

absent, using a model of the auditory periphery as Figure 6, for an aluminium disk 910 

(similar to that reported by Schenkman and Nilsson, 2010) placed in the four rooms 911 

shown in Figure 11. Room 1 is the anechoic chamber. The different lines indicate 912 

different distances. See Section 6.3 for details. 913 

Table 1 914 

Details of the five blind listeners who took part in Experiment 2b. The listeners’ 915 

identifiers are consistent with our previous paper (Rowan et al, 2015). 916 
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Listener Sex Age at 

testing (yrs) 

Age at onset 

of blindness 

Aetiology Residual 

sight 

B2 Female 46 13 years Secondary 

glaucoma 

None 

B4 Male 44 42 years Retinitis 

pigmentosa 

Some light 

sensitivity 

B5 Female 48 26 years Trauma (road 

traffic accident) 

None 

B6 Female 64 11 months Retinoblastoma None 

B8 Female 67 <1 year Retinitis 

pigmentosa and 

secondary 

glaucoma 

None 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 1 
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Figure 10 
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Figure 11 
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Figure 3. 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Highlights 

• Sighted and blind listeners had to detect virtual objects using echoes 

• Most listeners could use changes in spectral shape across a wide bandwidth 

• Changes in spectral shape are diminished by room reverberation 

• Good high-frequency hearing is generally important for echolocation 

• The optimal echo-generating stimulus will probably depend on the task 

 


