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Cone vs. Distributed Mode Loudspeakers
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DML VS STUDIO MONITORS 2

Abstract

A conventional cone loudspeaker has a limited capacity for creating the impression of

spatiality, while a distributed mode loudspeaker (DML) has an inherent ability to evoke

it. DMLs have their specific drawbacks, but some of these can be compensated for. A

key question arises – is it a cone loudspeaker or a compensated DML that is preferred by

listeners? A listening experiment with carefully controlled conditions was carried out to

answer this question; 30 subjects participated. The participants evaluated three stereo

systems based on a DML speaker (with its power response equalized) and two conventional

two-way active systems. Two perceptual attributes were evaluated: “overall preference,”

and “spatial impression.” A graded pairwise comparison was used as an experimental

paradigm; the results were analyzed according to the law of comparative judgment. The

findings indicated that, even though the DMLs achieved slightly lower ratings than the

conventional systems on average, the perceptual differences were very small. This was

confirmed by the hypothesis testing that was performed on the raw results of the pairwise

comparisons.

Keywords: distributed mode loudspeakers, loudspeaker evaluation, spatial sound,

pairwise comparison, listening experiment
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DML VS STUDIO MONITORS 3

Comparative Perceptual Assessment of Sound Quality:
Cone vs. Distributed Mode Loudspeakers

Introduction1

The relationships among the directivity of loudspeakers, the acoustics of home listening2

rooms, and perception have been investigated by a number of researchers: Evans, Dyreby,3

Bech, Zielinski, and Rumsey (2009), Toole (1986a), Toole (1986b), Toole (2018), Bertland4

(1985), Olive (2004c), Olive (2004a) and Zacharov (1998). Key findings can be summa-5

rized as follows: a joint indicator that combines both the directivity of a loudspeaker and6

the acoustic properties of a room is the ratio of the direct to the early-reflected sounds.7

This indicator is closely related to the perception of reproduced sounds, with its higher8

values (more-direct sound) favoring the accurate localizations of sound sources and its9

lower values favoring the perception of space. Widening the radiation of the loudspeaker10

and increasing the reflectivity of the room boundaries both reduce the ratio of the direct11

to the early-reflected sounds. Reducing the lateral reflections in a listening room tends12

to have the same effect as narrowing the loudspeaker dispersion (Moulton, 1986). There13

are several works that support the opinion that the wide directivity of loudspeakers is14

preferable when compared to the directivity of conventional loudspeakers (Allison, 1995;15

Bertland, 1985; Ferralli & Moulton, 1995; Flindell, McKenzie, Negishi, Jewitt, & Ward,16

1991; Linkwitz, 2007; Moulton, 1986). Extensive work on the subject was carried out by17

Toole (1986a, 1986b, 2018), who noticed that wide dispersion loudspeakers were preferred18

by listeners—especially for recreational listening (but not exclusively). The preference19

for more- or less-dry listening conditions depends on the purpose of the listening; audio20

engineers favor drier spaces for their work, while more reverberance is preferred for recre-21

ational listening.22

Loudspeaker systems that are based on electrodynamic units with cone-shaped diaphragms23

are incapable of wide radiation—even when they employ dome-shaped tweeter units.24

There is an unconventional type of loudspeaker that offers very wide radiation as its25

inherent property: the distributed mode loudspeaker (DML), which belongs to a wider26
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DML VS STUDIO MONITORS 4

class of flat panel loudspeakers.27

A DML employs a different sound-radiating element than a conventional dynamic one28

does. In the DML, the radiator is a stiff flat panel with a rectangular shape and con-29

siderable mass. An electrodynamic or piezoelectric exciter is attached to the panel and30

induces uniformly distributed bending wave vibrations. This is entirely different than31

with a dynamic speaker, which was designed to vibrate like a rigid piston. In what fol-32

lows, a loudspeaker system that is based on dynamic units will be referred to as a piston33

loudspeaker system (PLS).34

DML technology began to attract the interest of researchers at the turn of this century,35

and numerous works on the subject have been published. An introduction to the technol-36

ogy can be found in (Angus, 2000; G. Bank & Harris, 1998; N. J. Harris & Hawksword,37

2000; Newell & Holland, 2019), and a review of its history was written by M. C. Heile-38

mann, Anderson, Roessner, and Bocko (2021).39

DMLs are normally mounted in walls or ceilings (i.e., they become architectural loud-40

speakers [this mounting is also referred to as flush mounting]), which is one of their advan-41

tages. With this mounting, their directivity can be described as quasi-omnidirectional in42

the hemisphere. Comprehensive anechoic measurements were presented in (Bai & Huang,43

2001; Czesak & Kleczkowski, 2023); the directivity characteristics were irregular, but the44

property of omnidirectionality was maintained.45

DMLs have another unique property besides quasi omnidirectionality: they behave like46

many sound sources; thus, their radiation is incoherent (Azima & Harris, 1997; Gontcharov47

& Hill, 2000; N. Harris, Gontcharov, & Hawksford, 2000). Its advantage is that the in-48

terference of the direct sound with the first reflections is largely suppressed; thus, the49

comb-filtering effect is reduced, and the advantage of the reflections (i.e., the perception50

of space) is maintained. The effect of using an incoherent sound source is similar to51

applying acoustic diffusors. Wendt and Höldrich (2021) analyzed the consequences of52

specular and diffuse reflections on the precedence effect.53

As a consequence of their principle of operation (which consists of the excitation of54

modal frequencies), DMLs have irregular frequency responses that are far from being flat55
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DML VS STUDIO MONITORS 5

and bring coloration. This drawback could be the main reason why DMLs have never56

been considered to be high-end devices. Nevertheless, their development is ongoing (Bai57

& Huang, 2001; M. C. Heilemann et al., 2021; Jeon, Ryu, Kim, & Wang, 2020; Jung,58

Jensen, Jeong, Jeon, & Wang, 2021; Lu & Shen, 2009; Lu, Shen, & Liu, 2012; Yu, Zhu,59

Wu, & Yang, 2023; Zenker, Schurmann, Merchel, & Altinsoy, 2020).60

It is likely that improvements to DML technology, new areas of application (like the61

screens in OLED TVs), and the current trend in the home-entertainment market toward62

the use of architectural loudspeakers with multi-speaker and multi-room installations63

will bring another wave of interest in DMLs. Therefore, a comparison of the perceptual64

qualities of DMLs and PLSs is a timely topic.65

There have been a few works that have been published on the perceptual properties of66

DMLs – especially as compared to PLSs. N. Harris, Flanagan, and Hawksford (1998)67

found that DMLs improved the stereo localization of pink noise stimuli when compared68

to PLSs in an untreated room. Flanagan and Moore (2000) showed that detecting a69

spectral ripple was easier from a DML than it was from a PLS, but the accuracy of70

the vowel identification was similar for the two loudspeakers (Flanagan & Moore, 2001).71

Flanagan and Harris (1999) proposed a hypothesis that the loudness attenuation with72

distance in a given space was reduced by the use of a DML.73

M. Heilemann, Anderson, Roessner, and Bocko (2018) performed anechoic measurements74

of three different types of DMLs (one- and multi-exciter) and a two-way PLS. They used75

a prediction model of loudspeaker preferences (Olive, 2004b) and obtained an objective76

evaluation that strongly favored the PLS. Roessner, Heilemann, and Bocko (2019) per-77

formed a listening comparison among two multi-exciter DML prototypes, one one-exciter78

commercial DML, and two two-way passive PLSs, in monophonic reproduction. The two79

PLSs obtained the highest scores, while the two prototype DMLs scored about 10% lower.80

The one-exciter DML scored distinctively lower than the others.81

Newell and Holland (2019) reported an experiment where conventional loudspeakers were82

used as a stereo pair and four DMLs were used to reproduce separately recorded ambience83

signals (with a remarkably realistic effect).84
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DML VS STUDIO MONITORS 6

The purpose of this work was to evaluate the perceptual properties of an example DML by85

a subjective perceptual comparison with two examples of professional quality active PLSs86

in a stereo listening format. A key assumption for the experiment was to reduce the main87

disadvantage of DMLs (i.e., an irregular frequency response), as it was likely that it could88

override the acoustic advantages of DML technology. The smoothing of the frequency89

response was achieved by equalization (which is an easily accessible technological option).90

Although the DML technology has found wide range of applications, no thorough percep-91

tual experiment on DMLs with carefully controlled conditions satisfying the requirements92

for an objective comparison, participated by a relatively large panel of listeners, and other93

than a monophonic format was known to the authors at the time of writing this article.94

Method95

Assumptions for Experiment96

1. It is widely agreed that the flatness of the amplitude response is the key factor in97

the preference ratings of loudspeakers (Gabrielsson, Lindström, & Till, 1991; Olive,98

2004c). Therefore, it was decided to implement equalization in order to avoid the99

overriding of the results by the inherent irregularity of the frequency responses of100

DMLs. The possible generalization of results required a simple and robust method101

of equalization. Magnitude-only equalization was chosen.102

2. The most widespread listening format was assumed, i.e., stereophonic.103

3. It was decided to use pairwise comparison as an experimental method due to its104

sensitivity to small perceptual differences (ITU-R, 2015). To keep the durations105

of the listening sessions within recommended limits (Bech & Zacharov, 2006), only106

three loudspeaker systems could be used; this resulted in the decision to compare107

three pairs.108

4. The pilot listening evaluation of an equalized DML speaker indicated that the over-109

all sound quality was comparable to a PLS of good quality. Therefore, three systems110

were elected for comparison: one DML, and two near-field two-way active monitors111
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DML VS STUDIO MONITORS 7

as examples of high-end PLSs. As an example of DML, a commercial unit from the112

line of the most widely available full DML-type panels from Amina Technologies113

Ltd. was selected – a one-exciter Edge 5 model. Two PLSs were chosen: a pair of114

Dynaudio BM15s, and a pair of Genelec 8030s. To minimize any commercialism,115

the DML will be referred to as “DML,” the Dynaudio PLS as “PLS_D,” and the116

Genelec PLS as “PLS_G” throughout the rest of this paper.117

5. To implement the pairwise comparison, fast switching between sound sources was118

necessary. Therefore, all units had to be permanently installed during each experi-119

mental session.120

Figure 1 . Exemplary arrangement of loudspeakers. During the experiment,

loudspeakers were hidden behind an acoustically transparent curtain.

Positions of Loudspeakers121

An important advantage of DMLs is the ease of their flush mounting, which provides a122

number of acoustic advantages (Newell & Holland, 2019). However, it was decided not to123

use this option since it would limit the objectivity of the comparison. The flush mounting124

of all of the compared loudspeakers was not feasible.125

The loudspeakers of both stereo channels were positioned as close to each other as pos-126

sible (as can be seen in Fig. 1), but this still introduced experimental biases – from the127

different spacings between the loudspeaker units in the stereo pairs and the slightly dif-128

ferent positions of the loudspeakers in the room (thus, exciting different room modes129
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DML VS STUDIO MONITORS 8

and reflections). In order to reduce these biases, the spatial arrangements of all of the130

loudspeakers were changed from session to session so that the participants listened to131

different arrangements.132

The geometric centers of the speaker triplets were positioned at a height of 120 cm133

(corresponding to the average ear level of the seated participants). These centers formed134

a stereo triangle with the listener’s head. The distance from the listener to the center of135

the triplet was precisely measured, and the distances of the loudspeakers from the walls136

were also controlled. The stereo base was 2.5 meters (measured from the center of the137

arrangement). The distance from the walls was no less than one meter.138

There were n = 3! = 6 possible speaker arrangements, and the arrangements of both139

channels were made to be mirror images in order to maintain symmetry (cf. Fig. 5).140

With 12 experimental sessions, each arrangement was repeated twice in random order. A141

carefully designed protocol for exchanging the positions of the speakers between sessions142

was implemented (as shown in Fig. 2).143

Figure 2 . Changing positions of speakers between experiment sessions.

Equalization of Frequency Responses144

Equalization of Frequency Responses of DML Loudspeakers Efforts toward145

loudspeaker equalization may be grouped into two types: equalization of the loudspeaker146

PRE-P
ROOF P

UBLIC
ATIO

N

PR
E

-PR
O

O
F PU

B
L

IC
A

T
IO

N
 A

R
C

H
IV

E
S O

F A
C

O
U

ST
IC

S



DML VS STUDIO MONITORS 9

itself (as measured under anechoic conditions), and loudspeaker + room equalization147

(based on the loudspeaker’s in-room frequency response). In principle, loudspeaker +148

room equalization provides more of a flat-amplitude response at the point of listening;149

however, room equalization is sometimes questioned from the point of view of psychoa-150

coustics. This also introduces an experiment-specific factor, thus limiting the external151

validity of an experiment. Therefore, we chose loudspeaker-only equalization.152

The frequency responses of a DML measured from different directions largely differ153

(Czesak & Kleczkowski, 2023). Therefore, a routine measurement at the axis that is154

perpendicular to the loudspeaker surface is inappropriate for DMLs; multipoint measure-155

ments with averaging should be used instead.156

There have been numerous works on loudspeaker equalization (e.g. Karjalainen, Piirila,157

Järvinen, and Huopaniemi (1999); Norcross, Soulodre, and Lavoie (2004) and B. Bank158

(2013)), but fewer attempts have been published on equalizing DMLs. Pueo, López,159

Ramos, and Escolano (2009) and M. C. Heilemann, Anderson, and Bocko (2017) studied160

the equalization of multiactuator DMLs, and their measurements were limited to one161

point (as is typical for piston loudspeakers). Ho and Berkhoff (2015) investigated a new162

honeycomb structure of a DML panel with multiple actuators and applied velocity feed-163

back controllers for each actuator. Hörchens and de Vries (2011) compared measurement164

methods for equalizing DMLs and concluded that this could not be based on measure-165

ments taken at a single position (or only a few positions) in front of the panel but rather166

on its average radiation spectrum.167

Equalization Above 100 Hz In this work, it was chosen to implement the magnitude168

equalization of the frequency response. The procedure presented below was limited to169

the range above 100 Hz, since the efficiency of the DML used drops off rapidly below this170

frequency and the equalization would require excessive power.171

A precise multipoint measurement was performed in order to obtain a reliable average172

magnitude of the frequency response (Czesak & Kleczkowski, 2023). Each of the DMLs173

used in the left and right stereo channels was analyzed. The frontal hemisphere radia-174

tion was investigated, as the units were supplied in an enclosure that reduced backward175
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DML VS STUDIO MONITORS 10

radiation. The measurements were performed on a dense grid of 325 points over the176

hemisphere, with an angular resolution of 10◦ (both in azimuth and elevation).The grid177

of measurement points is presented in Figure 3. There was one measurement point at the178

axis perpendicular to the loudspeaker surface, and 9 × 36 points were distributed along179

nine circles (representing the parallels of the hemisphere).180

Figure 3 . The grid of measurement points of the DML on the hemisphere (from

(Czesak, 2025))

The measurements were carried out in a 1000 m3 anechoic chamber at the Department of181

Mechanics and Vibroacoustics, AGH University of Krakow, using a custom-made auto-182

mated system for positioning a measurement microphone. To minimize near-field effects,183

the maximum available measurement radius was used (2.5 m).184

Due to constant angular resolution, geometric correction was required: points at higher185

elevation angles (e.g., 80◦) are denser than those at 0◦ and represent smaller areas. Cor-186

rection coefficients derived in Czesak, Kleczkowski, and Król-Nowak (2022) are presented187

in Table 1.188

Table 1

Relative correction factors for parallel circles in measurement hemisphere

Elevation angle [◦] 0 10 20 30 40 50 60 70 80 90

Correction factor 1.000 0.985 0.940 0.866 0.766 0.643 0.500 0.342 0.174 0.786
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DML VS STUDIO MONITORS 11

Averaging acoustic pressure over the 325 points of the measurement hemisphere was189

performed according to Equation 1:190

p̄h(f) =
√√√√ 8∑

i=0
ki

35∑
j=0

|pi,j(f)|2 + k9|p9,0(f)|2 (1)

where:191

• p̄h(f) – average acoustic pressure over the hemisphere,192

• ki – correction factors for elevations from Table 1,193

• pi,j(f) – acoustic pressure at point (i, j),194

• f – frequency.195

At each measurement point, amplitude-frequency responses were obtained using narrow-196

band noise excitation in 1/20th-octave bands (193 bands, center frequencies: 63–16,200 Hz).197

Custom software developed at the anechoic chamber (Pilch & Kamisiński, 2011) provided198

sound pressure values in dB for each band, offering constant-Q resolution across the fre-199

quency range.200

An equalizing filter was implemented using a 220-point FFT filter. The FFT filter, with201

linear-phase property and numerical stability, allowed accurate equalization and easy202

generalization. Since offline filtering was used, causality was not a requirement, and the203

zero-phase property was advantageous for perceptual comparisons. Informal listening204

revealed no pre-ringing effects.205

The equalization procedure was as follows:206

1. Conversion of 1/20-octave frequency scale (63–16,200 Hz) to a linear scale of 220207

points;208

2. Linear interpolation to obtain A(f) – the linear-frequency amplitude response;209

3. Computation of Ac(f) = 1/A(f) – the equalizing filter;210

4. Offline filtering of each musical excerpt by Ac(f) using a 220-point zero-phase FFT211

filter;212
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DML VS STUDIO MONITORS 12

5. Conversion back to time domain by IFFT and storage as 24-bit/44.1 kHz WAV213

files. It was decided to requantize the floating-point results of filtering not to 16 bit214

but to 24 bit with appropriate dithering, as D/A conversion during reproduction215

was of 24 bit resolution.216

Figure 4 shows the equalizing filters for both DMLs. The right channel was equalized217

from 100 Hz, while the left channel from 85 Hz due to better low-end response. The218

filters are highly similar, indicating consistency between the DML units. Flat sections219

below 100 Hz and above 16 kHz were manually limited to avoid overload.220

To preserve objectivity, musical excerpts used for comparing DML with the two PLS221

systems were also passed through the same 220-point FFT/IFFT pipeline. Above 100 Hz,222

this procedure was transparent.223

Figure 4 . Frequency responses of equalizing filters for DML loudspeakers.

Correction at Frequencies Below 100 Hz As the frequency responses of the DMLs224

could not be corrected below 100 Hz, an alternative approach to equalization in this225

range was adopted. The low-frequency responses were essentially flat down to 40 Hz in226

the case of PLS_D and to 54 Hz in the case of PLS_G (both at –2 dB). The responses227

of the PLSs were corrected to match those of the DMLs using high-pass filtering of the228

test material. This filtering was implemented within the FFT/IFFT procedure described229

earlier.230

Analysis of the spatially averaged frequency responses of the DMLs revealed that their231

downward slope below 100 Hz (right speaker) and 85 Hz (left speaker) was approximately232
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DML VS STUDIO MONITORS 13

–18 dB/oct. Therefore, this slope was applied in the high-pass filtering of material re-233

produced by both PLS systems.234

Listeners235

The experiment involved a total of 30 participants, primarily fourth-year students from236

the Acoustical Engineering program, with an average age of 23 years. The distribution of237

participants across experimental sessions was as follows: 7 attended 1 session, 8 attended238

2 sessions, 7 attended 3 sessions, 6 attended 4 sessions, and 2 attended 5 sessions. We239

decided to divide the entire panel of listeners into two groups. The first consisted of those240

who participated in one session, as well as those who participated in two sessions, but in241

the latter case only the results from the first session were included – these participants242

were classified as one-time listeners (1-TL). The second group consisted of those who243

participated in at least three sessions. For those who took part in more than three sessions,244

only the first three sessions were included – these were classified as three-times listeners245

(3-TL). The advantage of this division was that the two groups were mutually exclusive,246

with the 3-TL group containing, on average, somewhat more experienced listeners. Both247

groups included an equal number of participants (15 each).Most of the participants had248

similar moderate levels of experience due to their completions of courses in ear training249

and sound engineering (although some individuals had additional experience working in250

the industry or through other relevant experiences). However, they had little experience251

with listening tests. About half of the members of the 1-TL group were not students of252

acoustical engineering and had no experience at all. Because participation was voluntary,253

it may be hypothesized that more experienced listeners were more interested in taking254

part and thus were more likely to appear in the 3-TL group. None of the participants255

reported any hearing problems.256

Setup257

During the experiments, the loudspeakers were concealed behind an acoustically trans-258

parent curtain, rendering them invisible to the listeners. The experimental setup is259

illustrated in Fig. 5. The experiment was conducted in a room with a floor area of 44 m2
260
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DML VS STUDIO MONITORS 14

and a ceiling height of 2.8 m, yielding a volume of 123 m3. The room was acoustically261

treated with appropriate panels and materials, resulting in a reverberation time of ap-262

proximately 0.3 seconds. Based on its volume and reverberation characteristics, the room263

conformed to the standards for listening rooms as specified in ITU-R BS.1116-2 (ITU-R,264

2015) and EBU Tech. 3276 (EBU Tech, 1998). However, the background noise level in265

the room, influenced by a neighboring street, was higher than recommended by these266

standards—approximately 35 dB SPL(A), comparable to that of an empty office space.267

Nonetheless, the test signal level was approximately 80 dB SPL(A), ensuring a sufficient268

signal-to-noise ratio for perceptual testing. While the room did not fully comply with269

the noise level specification, the elevated test level mitigated any potential perceptual270

masking effects.271

Figure 5 . Experimental setup.

Evaluation Attributes272

The evaluation process was facilitated through a graphical user interface (GUI) developed273

in Matlab (see Fig. 6). The interface enabled participants to assess two perceptual274

attributes: overall preference and spatial impression. The test was conducted in Polish,275

and the respective original terms were: preferencja ogólna and wrażenie przestrzenności.276
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Both attributes were evaluated in the same session. The position (upper/lower) of each277

attribute in the graphical interface (Fig. 6) was not randomized, but users were free278

to evaluate attributes in the order of their choice. These attributes were rated using a279

continuous slider scale ranging from A much better through Very similar quality to B280

much better. This design allowed for nuanced judgments and captured subtle perceptual281

differences between loudspeaker systems.282

The experiment followed a double-blind protocol in which neither participants nor ad-283

ministrators knew which speaker system was assigned to version A or B during any given284

trial. The GUI assigned control numbers to each evaluation, tracked trial progression,285

and maintained systematic consistency across sessions.286

Figure 6 . Graphical user interface used in the experiment.

The overall preference attribute referred to the overall auditory experience delivered by287

the loudspeaker system. The spatial impression attribute addressed the spatial impression288

perceived by the listener.289

The ITU-R (2019) standard offers a general framework for sound quality evaluation,290
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including aspects such as clarity, spatiality, and timbre. It extends the methodologies291

outlined in ITU-R (2015), which is focused on the subjective assessment of small impair-292

ments in audio systems, including multichannel configurations. Additionally, the EBU293

Tech (1998) recommendation provides detailed guidance on listening conditions and the294

assessment of sound program material for mono and stereo reproduction, with emphasis295

on spatial attributes and perceptual clarity.296

In our experiment, the focus was narrowed to two key evaluation dimensions: overall297

preference and spatial impression. This decision was informed by informal pretests, in298

which listeners struggled to distinguish timbral and clarity differences after equalization299

of the DMLs. Therefore, such aspects were assumed to be implicitly accounted for in the300

“general quality” rating. This also helped reduce the cognitive load for participants with301

limited critical listening experience.302

The most pronounced audible differences stemmed from the contrasting directivity pat-303

terns of the loudspeakers. These were considered to be captured in the spatial impression304

attribute. The incoherent radiation of the DMLs, their longer impulse responses (An-305

derson & Bocko, 2015), and the use of non-coaxial configurations likely contributed to306

broader perceptual differences, all of which were assumed to be reflected within the over-307

all preference ratings.308

Method for graded pairwise sound-quality comparison309

Two most often used experimental paradigms in research on perception are independent310

rating (referred to as multiple comparisons in audio evaluation) and pairwise comparison.311

Multiple comparisons are more prevalent in audio evaluation, as can be inferred from312

the published literature. According to (Perez-Ortiz et al., 2019), pairwise comparison313

eliminates observer bias. We chose the latter paradigm, with an extension referred to314

as graded pairwise comparison (or scaled pairwise comparison) (Koczkodaj, 2016; Perez-315

Ortiz et al., 2019). Below we outline the basics of pairwise comparison, while information316

on how we used the graded version is included at the end of this section.317

The raw results of the pairwise comparisons had to be transformed into a set of scalar pa-318
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rameters assigned to each of the three compared stimuli, allowing for direct ranking. This319

is typically achieved using statistical models, most notably Thurstone’s law of compara-320

tive judgment (Thurstone, 1927a, 1927b; Tsukida & Gupta, 2011) or the Bradley-Terry321

model (later extended to the Bradley-Terry-Luce model) (Tsukida & Gupta, 2011).322

In this study, Thurstone’s model was employed. According to Thurstone, each comparison323

between two stimuli Ψ1 and Ψ2 evokes a “discriminal process” in the listener, assumed324

to be normally distributed. Consequently, the perceived difference between two stimuli325

is also normally distributed, and its mean reflects the most frequent judgments made by326

the listeners. If Ψ1 is perceived as stronger or better than Ψ2, the probability area under327

the Ψ1 − Ψ2 distribution is greater than that under the reverse comparison.328

Thus, the perceptual magnitude of difference between two stimuli can be described by329

the following expression (Thurstone, 1927b):330

Ψ̄1 − Ψ̄2 = z12 · σΨ1−Ψ2 (2)

where:331

• Ψ̄1, Ψ̄2 – means of the normally distributed discriminal processes,332

• z12 – z-score corresponding to the observed probability pΨ1>Ψ2 ,333

• σΨ1−Ψ2 – standard deviation of the distribution of Ψ1 − Ψ2.334

Thurstone’s original formulation was based on dichotomous judgments (i.e., A > B or335

B > A), which yielded raw scores in the form of probability values (p), later transformed336

into z-scores. As the model does not provide values for σΨ1−Ψ2 , several assumptions were337

required. Thurstone proposed five model cases, depending on the assumptions concerning338

standard deviations. The model used in this study is a hybrid of Case I (single observer339

with repeated judgments) and Case II (multiple observers, single judgment per pair),340

because the design involved multiple observers each providing repeated judgments.341

In graded pairwise comparison listeners express the magnitudes of their preferences to-342

ward A or B with some numeric scale. With a graded comparison, the distribution of the343

values of Ψ1 −Ψ2 is readily available, and the p values are calculated from the sums of the344
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respective scores (unlike in a dichotomous judgement). We assumed that the distribution345

of δΨ1−Ψ2 calculated this way provided an estimate of δΨ1−Ψ2 from Thurstone’s dichoto-346

mous model. This assumption allowed direct computation of δΨ1−Ψ2 without making any347

assumptions about the underlying distributions. Thus, direct estimation of Ψ1 − Ψ2 was348

possible. Formally, the model that was used in this work was a combination of Thurstone349

Case I (no simplifying assumptions about the distributions of the data, a single observer,350

and repeated judgements) and Case II (no simplifying assumptions, and many observers351

making single judgements).352

It seems that graded pairwise comparison have seldom been used in audio evaluation.353

The authors of (Schuck et al., 1993) collated practical evaluations of loudspeakers using354

multiple comparisons and pairwise comparison, as part of a study on the interaction be-355

tween the loudspeaker and listening room. Pairwise comparison had primarily been used356

as the dichotomous choice, but the authors also asked subjects to give each loudspeaker357

a rating. They found that similar results were obtained using the multiple-comparisons358

paradigm, the graded paired comparison paradigm (analyzed with MANOVA), and di-359

chotomous pairwise comparison analyzed with the Bradley-Terry method. They noticed360

that multiple comparisons resulted in a wider spread of ratings than pairwise compar-361

ison, but that the power to detect differences between loudspeakers was greater in the362

multiple-comparisons paradigm.363

Francombe, Brookes, Mason, Woodcock, et al. (2017) used a continuous scale rating364

during pairwise comparisons. The authors admitted that this was more demanding for365

participants than a forced-choice task. No further details were provided in (Francombe366

et al., 2017) regarding the use of the rating scale in the context of Thurstone’s Case367

V. In (Lee & Rumsey, 2004) multiple comparisons were used, but technically the rating368

involved a pairwise comparison of each stimulus with a reference stimulus. However,369

multivariate ANOVA — not the Thurstone’s probabilistic model — was used to quantify370

the effect under investigation.371

All computations and model implementations were carried out in Matlab.372
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Design and course of experiment373

Each subject participated on different days, i.e. in different sessions. Sessions differed374

only in the loudspeaker setup (see Fig. 2), so that each subject experienced a differ-375

ent spatial arrangement of loudspeakers in each session. Listeners were free to choose376

the dates of their participation, but sessions with repeated arrangements were excluded.377

Subjects were unaware of the actual loudspeaker arrangement on the days they selected.378

Thus, the arrangement factor was randomized. The experiment employed a randomized379

pairwise AB test methodology without repetitions, focused on the perceptual evalua-380

tion of audio reproduced by different loudspeaker systems. Prior to the test phase, each381

participant completed a training session comprising several examples, which served to382

familiarize them with the experimental interface and procedure. Participants were pre-383

sented with eight distinct audio samples. Each sample was played in two versions, labeled384

“A” and “B”, corresponding to a pairwise comparison between two of the three systems385

(DML, PLS_D, and PLS_G). All possible system pairings were included: DML/PLS_D,386

DML/PLS_G, and PLS_D/PLS_G. To avoid bias, each pairing was tested in both as-387

signment orders (e.g., A = DML, B = PLS_D; and A = PLS_D, B = DML). However,388

each participant only experienced one fixed order per pairing during their session to limit389

session length. The order of sample presentations was randomized individually for each390

participant, ensuring unbiased and diverse evaluation sequences. Participants could lis-391

ten to each sample as many times as needed and switch freely between versions A and392

B, in accordance with ITU-R (2015) recommendations. After making a selection, they393

could not return to that trial, preserving the integrity of each evaluation. The GUI was394

designed to avoid audible artifacts during switching. Generally, participants operated395

the system with ease. Post-session remarks often indicated that the differences between396

versions were subtle but perceptible, validating the sensitivity and clarity of the test397

environment. Data from each session contributed to the global analysis across all 29398

participants. Each audio sample was limited to a duration of 48 seconds and shaped399

with fade-in and fade-out envelopes. This design follows findings by Koehl and Paquier400

(2013), who demonstrated that excerpts longer than five seconds enhanced discrimination401
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sensitivity between loudspeakers. The musical material represented a variety of genres:402

two classical music excerpts (symphonic and chamber), choral music, instrumental and403

vocal jazz, stage music (Latin and guitar), blues rock, and fado. All samples were in CD-404

quality WAV format (16-bit, 44.1 kHz) and normalized based on their RMS levels after405

equalization. Differences between samples were reduced to below 1 dB, and all samples406

were presented at the same calibrated level.407

Detailed information regarding the musical excerpts that were used is provided in Table408

2.409

Table 2

Music excerpts used in the experiment

Excerpt Title Artist Music Genre

1 Piano Concerto No. 1 in

E Minor, Op. 11: I

Sinfonietta Cracovia

- dir. Jerzy Dybał,

sol. Szymon Nehring

Classical – symphonic

music

2 Nyne otpushchayeshi Church Slavonic

School Choir

Classical – choral music

3 Uma Casa Portuguesa by

Artur Fonseca

Amalia Rodrigues Fado

4 Machine Gun Jimi Hendrix Rock / Funk fusion

5 Get It While You Can by

J. Ragovoy and C. Tay-

lor

Janis Joplin Blues rock and soul

6 Leaving Mateusz Pałka Trio Contemporary jazz

7 Candeeiro de Saudade by

Roque Ferreira

Thais Macedo Samba / MPB

8 Piano Trio No. 2 in E

minor

AMKP Piano Trio Classical – chamber mu-

sic

Most individual sessions lasted between 20 and 30 minutes. While the length of samples410

and sessions slightly exceeded the recommendations from ITU-R (2019), participants were411
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permitted to pause at any time. The procedure closely followed the “paired comparisons”412

method suggested therein.413

Results414

The structure of the data that was obtained in this experiment is presented in Fig. 7.415

This was organized into two 75×8×3 matrices (indexed as i×j ×k), with the individual416

participants’ sessions as rows (the total number of evaluations was 75 – see Section417

Listeners), eight musical excerpts as columns, and the three pairs of compared systems418

as layers (the third dimension).419

Figure 7 . Structure of data obtained in the experiment, for both matrices (GQ and FS).

One matrix represented assessments of overall preference (OP), the other Spatial Im-420

pression (SI). The matrixes contained all participants’ results from the sessions they421

participated in. Analyzing data in the 1-TL and 3-TL groups (see Section Listeners)422

required dividing OP and SI matrixes into appropriate submatrixes. In this work, ex-423

perimental variables z12 and δΨ1−Ψ2 (2) were determined individually from the data that424

was contained in each of the columns of the OP and SI matrixes.425

When the pairs of perceptual differences were determined according to (2), the final set of426

quality scores for all three systems was calculated with the least squares solution (Tsukida427

& Gupta, 2011). These results are presented in Figures 8-11 separately for each of the428

excerpts. The mean values of the quality scores for each loudspeaker pair are also shown.429

The values in reffig:OP1-11 are perceptual units. According to Thurstone’s model, the430
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placement of the zero point of a perceptual scale is completely arbitrary, so the scale431

is an intervallic one. It is convenient to perform calculations so that the mean of each432

of the three quality scores is zero for each excerpt. This is the way that the scores are433

presented.434

The value of one (z score = 1) in Thurstone’s model is interpreted as one perceptual435

unit; therefore, most of the scores should be interpreted as being low; consequently, the436

perceptual differences that could be found in this experiment were low. The scores in437

the 1-TL group exhibited a substantially higher spread than those in the 3-TL group.438

This can be attributed to lower experience of participants in the 1-TL group and to439

intra-subject variability in assessments, which is reduced in the 3-TL group by averaging440

three independent evaluations. In the 3-TL group, only five cases were the perceptual441

differences Ψ1 − Ψ2 between loudspeaker pairs close to 1.5. For overall preference, these442

cases were DML and PLS_G (in Excerpts 4 and 5), PLS_D and PLS_G (in Excerpt443

7); for spatial impression: DML and PLS_G (in Excerpts 4 and 5). Excerpts 4, 5444

and 7 appeared to be the most revealing in the listening evaluations according to both445

attributes. It is noteworthy that for both attributes, DML scored substantially lower446

than the other systems in Excerpt 4, while it scored substantially higher than the others447

in Excerpt 5. This demonstrates considerable effect of the excerpt on evaluation.448

Another observation is that when scores were averaged over excerpts, for both attributes,449

the 1-TL group evaluated DML lower than both cone speaker systems (although the450

difference, expressed in perceptual units, was low), whereas the 3-TL group ranked it451

between the two cone systems.452

With a graded pairwise comparison, it is possible to perform hypothesis testing based453

on the raw perceptual comparisons using parametric tools. The same procedure was454

performed on the data from OP and SI matrixes, containing results for the 1-TL and455

3-TL groups. The columns of each matrix (see Fig. 7) were assumed to be samples,456

and µjk sample averages were found. For each column j, the average of means µj =457

(µj1 + µj2 + µj3)/3 was calculated. Then, individual divergencies from µj were calculated458

according to ∆j1 = µj1 − µj, ∆j2 = µj2 − µj, ∆j3 = µj3 − µj. The ∆jk values were459
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effects of interest; they were used in the standard procedure for evaluating the statistical460

significance at a p = 0.05 level, with the two-tailed t-test (df = 14 for the 1-TL group461

and df = 44 for the 3-TL group), and with Bonferroni correction (m = 3). All of the ∆jk462

values for both matrixes turned out to be insignificant; this confirmed that perceptual463

differences that are presented in Figures 8–11 were low.464

Figure 8 . Quality scores for all three systems: overall preference, 1-TL group.

Figure 9 . Quality scores for all three systems: overall preference, 3-TL group.

Assessments of the perceptual differences among the loudspeaker systems were dispersed465

among the individual listeners, with fairly consistent values of standard deviation (which466

were calculated from the columns of the OP and SI matrixes). The average values of467

the standard deviation were for OP – 1-TL group: 2.06 and 3-TL group: 2.23; for SI –468

1-TL group: 1.93 and 3-TL group: 2.09.469
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Figure 10 . FQuality scores for all three systems: overall preference, 1-TL group.

Figure 11 . Quality scores for all three systems: overall preference, 3-TL group.

Although eliminating less-reliable listeners from the results of listening tests is not rec-470

ommended in general (Bech & Zacharov, 2006), such a possibility was analyzed in this471

work. At first, intra-listener consistency was evaluated by calculating the pairwise corre-472

lations between the rows of the OP and SI matrixes that represented the sessions of the473

same listener. Correlations were not expected, as the sessions of an individual listener474

were carried out with different arrangements of loudspeakers (see Section - Positions of475

Loudspeakers). All of the correlations were low, so care should be taken when drawing476

conclusions from them.477

In principle, the credibility results of the triple pairwise comparisons can be verified by478

the transitivity test Birnbaum (2023). Preferences are said to be transitive when if X > Y479
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and Y > Z for all X, Y , and Z (then, X > Z). However, this is not a reliable measure480

of the consistency of the preferences, as individual preferences contain random errors.481

Moreover, sets of X, Y , and Z may be transitive by chance, so listeners who did not hear482

any differences between the stimuli might pass the test.483

When applied to a particular problem, the quality of the Thurstone model can be verified484

by reversing the procedure. The final values in the perceptual scale Ψ1, Ψ2 can be used485

to determine z12 from (2), and the latter value can be converted to estimated value486

pe(Ψ1 > Ψ2). Finally, the two values of p that were obtained experimentally (pΨ1>Ψ2)487

and estimated (pe(Ψ1 > Ψ2)) may be used to evaluate the quality of the model. The488

close correspondence between the two values indicated the applicability of the model.489

The reverse procedure was performed on the entire OP and SI matrixes, with the 1-490

TL and 3-TL groups combined, and the pairs of the results were tested for statistical491

significance by a χ2 test. Forty-eight pairs were tested; these results are given in Table492

3. The analysis produced all insignificant values except for one instance, which indicated493

that the used model was applicable.494

The only significant value (indicating the inapplicability of the model that was used)495

occurred in just one comparison – in the evaluation of overall preference regarding Excerpt496

7. The other two comparisons in this group also produced considerably higher χ2 values497

than could be found in all of the other groups. Excerpt 7 is a samba piece with numerous498

percussion instruments, featuring a high amount of high-frequency content. This genre499

may benefit from the narrow directional characteristics of PLS monitors. It can be noticed500

that the lowest values of χ2 (which indicated the very good performance of the model in501

both of the perceptual attributes) were obtained with Excerpts 1, 2, 3, and 5.502

Discussion and Conclusions503

Two key findings can be observed in the results. The primary finding is that the per-504

ceived differences between loudspeaker systems were small. This outcome is somewhat505

unexpected, considering the simple construction of DML speakers and the level of techno-506

logical advancement in professional-grade two-way active monitors. The second finding is507
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Table 3

χ2 values from tests of the fit between experimental and predicted preference proportions.

The only significant value (Ex. 7, GQ, DML vs. PLS_G) is shown in bold.

Comparison 1 2 3 4 5 6 7 8

Overall preference

DML/PLS_D 0.28 0.06 0.06 0.98 0.10 1.08 3.36 1.07

DML/PLS_G 0.27 0.06 0.06 1.03 0.09 1.04 4.21 0.85

PLS_D/PLS_G 0.30 0.06 0.06 0.98 0.10 0.94 3.23 0.66

Spatial impression

DML/PLS_D 0.04 0.00 0.02 1.53 0.24 0.12 0.63 0.85

DML/PLS_G 0.00 0.00 0.02 0.85 0.42 0.01 0.58 0.64

PLS_D/PLS_G 0.00 0.01 0.05 1.53 0.26 0.21 0.99 0.59

that the 3-TL group evaluated the DML higher than the 1-TL group for both attributes,508

rating it at a level comparable to that of the cone systems. Whether this difference is due509

to the greater experience of the 3-TL participants or to more consistent results within510

this group remains unknown.511

After the completion of our study, a follow-up investigation designed to verify and extend512

our findings was conducted by our research team, with a partly different set of authors513

(Kleczkowski, Makuch, Król-Nowak, & Czesak, 2025). It was carried out under com-514

pletely different experimental conditions. Important conclusions can be drawn by refer-515

encing our results to those presented in (Kleczkowski et al., 2025). The overall findings of516

both works are similar: equalized DMLs attain sound quality close to that of high-quality517

loudspeaker systems based on cone drivers. This similarity was observed despite nearly518

all possible differences in the applied methods. In (Kleczkowski et al., 2025) the loud-519

speaker arrangement was fixed, the DMLs (two were examined) were flush-mounted, both520

the DMLs and cone systems were equalized for their position in the listening room, the521

experimental paradigm was multiple comparisons with parametric and non-parametric522

statistical evaluation, six evaluation attributes were used, the musical excerpts differed,523

five out of six loudspeakers used in both experiments were different, the listening room524

PRE-P
ROOF P

UBLIC
ATIO

N

PR
E

-PR
O

O
F PU

B
L

IC
A

T
IO

N
 A

R
C

H
IV

E
S O

F A
C

O
U

ST
IC

S



DML VS STUDIO MONITORS 27

was quite different, and finally all listeners were distinct.525

A specific finding of Kleczkowski, Król, and Małecki (2015) was that for two out of526

three spatial attributes (“envelopment” and “stage width”) the DMLs significantly out-527

performed the cone system, whereas the cone systems were significantly favored in the528

“localization” attribute. For two timbral attributes and the global attribute “pleasant-529

ness,” the loudspeakers of both types were rated close.530

The comparison of this study with (Kleczkowski et al., 2025) leads to an important con-531

clusion: loudspeaker and room correction seems to improve the perceived quality of DMLs532

compared to loudspeaker-only (anechoic) correction. The overall relative evaluation of533

DMLs was moderately higher in (Kleczkowski et al., 2025) than in the current study. The534

type of equalization is likely to affect perceptual evaluation more than any of the follow-535

ing factors: flush mounting, listening room and competing cone loudspeakers. Another536

conclusion concerns the use of pairwise comparison: the combination of findings from537

both studies confirms the observation reported in (Schuck et al., 1993) that the power538

to detect loudspeaker differences is greater for multiple comparisons than for pairwise539

comparison.540

Several works that were cited in the Introduction indicated that a wide directivity of541

loudspeakers is preferable. This was not confirmed in our experiment, as the listeners did542

not evaluate the spatial impression of the DMLs higher than its overall preference.543

Another factor that should be taken into consideration when interpreting our results is544

that the conditions eliminated a considerable shortcoming of DMLs; i.e., their insufficient545

low-end extension (see Section - Correction at Frequencies Below 100 Hz). This short-546

coming can be overcome by using a subwoofer, as implemented in (Kleczkowski et al.,547

2025).548

The χ2 test results showed almost all comparisons to be insignificant, affirming the549

model’s applicability in this context (except for one instance in the overall preference550

evaluation).551

The main conclusion from the experiment was that the widely applied technology of552

DML loudspeakers, after a relatively simple improvement, achieves sound quality that is553
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evaluated as very close to that of professional quality two-way active loudspeaker systems554

based on traditional cone technology. With its significantly more-versatile mounting555

options, the DML transducer technology offers a unique potential – particularly in home556

and commercial applications. This technology allows the loudspeakers to blend seamlessly557

into the decor of a room, serving as a piece of art or a graphic rather than a freestanding558

piece of furniture (like traditional speakers). This suggests that DML technology could559

be particularly advantageous in settings where space and aesthetic integration are critical560

– especially as part of a multichannel sound system.561
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