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A BSTRA CT 

This paper deals with change of subjective spatialisation induced by 
loudspeaker listening of dummy-head recorded musical samples. Data 
were analysed through multiple correspondences analysis. Three kinds of 
analysis were performed: (1) subjective characteristics with headphones 
and loudspeakers; (2) interindividual differences with headphones; (3) 
interindividual differences with loudspeakers. 

1 I N T R O D U C T I O N  

The initial purpose of  this paper was an improvement of  the knowledge 
of  recording/diffusing chain effect on some spatial properties of sound 
perception. The quality of  concert halls is usually investigated through 
dummy-head  recorded sound samples listened to with headphones, and is 
supposed to give to the listener the same impression as when sitting in 
the room. However, sound perception could be shifted under normal 
loudspeaker listening. A previous experiment was performed in ESPRO 
(Espace de Projection), the acoustically modulable room of  IRCAM 
(Institut de Recherche et Coordination Acoustique/Musique, Paris): multi- 
dimensional relationships between six spatial subjective characteristics, 
eight acoustical criteria and tfiree geometrical parameters were presented.l'2 
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This  s tudy  emphas i zes  differences between h e a d p h o n e  and  h:)udspeakci 
pe rcep t ion  o f  sound  spat ia l  character is t ics .  

2 M E T H O D  

2.1 Physical  measurements 

E S P R O  is a para l le lep ipedic  r o o m  (24 m long and  15 m wide) whose  

walls are c o m p o s e d  o f  o r i en tab le  t r ihedra ls  with absorpt ive--dif fus ing-  

reflecting sides. The  height o f  the ceiling is var iable  f rom 2.5 to 12.5 m. An 

anechoic  musical  signal was diffused in E S P R O  th rough  two loudspeakers ,  
and  recorded  at three posi t ions  with two s te reophonic  m i c r o p h o n e s  placed 

on  each  side o f  a d u m m y  head.  I m p u l s e  responses  were  also m e a s u r e d  

and  15 acous t ica l  cr i ter ia  were c o m p u t e d .  T h e  p r o c e d u r e  was repea ted  

for  81 con f igu ra t ions  o f  E S P R O ,  chosen  f rom different  c o m b i n a t i o n s  o f  

'[ABLE I 
Geometrical Parameters of ESPRO 

Code H [ m )  A ~ ,.. D (!'~,;~ R ( !4)  A / D  /"~f,J 

1013 10 100 0 0 (strong) 
1072, 1073 10 69 0 31 (strong) 
1132, 1133 10 53 32 15 1.65 (median) 
1182, 1183 10 22 78 0 0.28 (weakt 
1272 10 0 I) 100 O. 30 (weak) 
2132, 2133 7.5 ~3 32 15 1.65 (median) 
3072, 3073 5 (~7 0 33 (strong~ 
3132. 3133 5 S0 28 13 2.10 (median) 
3182, 3183 5 25 77 i 0,32 (weak) 
3252, 3253 5 I,q 50 32 0-36 (weak) 
3272, 3273 5 ! 0 99 (weak) 

1012, 
1071 
1131 
ll81 
1271 
2131 
3071 
3131 
3181 
3251 
3271 

H: height of ceiling : high (10 m), median (7.5 m) and low (5 m), 
A/D: ratio of absorptive to diffusing panels : strong (~), median (200%) and weak (30%). 
P: receiver position in the room : PI and P3 in the axis of the room, respectively, at 7 and 
16 m from the loudspeakers line, and P2 close to a lateral wall at 12 m from the loud- 
speakers line. 
G: absorptive panels distribution gradient, which indicates that absorptive panels are 
either predominantly grouped or uniformly distributed in the room (three values). 
R: percentage of reflecting panels (three values). 
Configurations used in the study of ESPRO: First number represented height of ceiling, l 
for high (10 m), 2 for median (7.5 m), and 3 for low (5 m) ceiling. The two following 
numbers described walls absorption : 01 and 07 for strong, 13 for median, 18, 25 and 27 
for weak absorption. Fourth number concerns position in the room. 1 for near (Pl), 2 for 
excentred (P2) and 3 for distant position (P3). 
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three values of each geometrical parameter (see Table 1). Preliminary 
tests have shown that variations of absorptive panel distribution in the 
room were poorly discriminated through listening tests, while reflecting 
and diffusing panels produced roughly identical effects. Therefore, a set 
'of 31 configurations were selected according to variations of position in 
the room (P), ratio of absorptive to diffusing panels (A/D) and ceiling 
height (H). Configurations of ESPRO were represented by a four-number 
code (see Table 1). Taking into account the correlation between the 15 
acoustical criteria, 3 it appeared relevant to select only eight among them 
(see Table 2). 

2.2 Perceptive tests 

The sample under test was a 15 s duration piece of Schubert's 14th string 
quartet. In a first test, musical samples were reproduced through head- 
phones. Each sample was reproduced twice, and 11 sound engineering 
students, not highly experienced in listening tests, were required to evaluate 
samples according to six subjective characteristics (see Table 2): apparent 
room size, depth perception (or apparent distance), lateral localisation, 
spatial impression, subjective reverberation time and preference. Several 
days later, 10 of the same subjects repeated the test with loudspeakers 
listening in a studio with very few reverberations. 

2.3 Multidimensional analysis 

Data were analysed through multiple correspondences analysis (MCA). 4 
Input was a (31, n) matrix, made by the description of 31 configurations 

TABLE 2 
Definitions 

Acoustical criteria 
Direct energy (Dir) / Energy arising within the first 40 ms after direct sound (En. 40) / Early 
decay time (EDT) / Reverberation time (RT60) / Clarity (dB) (C80) = 10 log (~o°°~p2(t) dt/ 
~oo8 oo p~(t) dt) / Ratio of  direct to reverberant energy (Dir/rev) / Interaural cross correla- 
tion coefficient (IACC) / Total  energy of  impulse response (En.Tot) 

Subjective characteristics 
Apparent room size (~rs): impression to be in a small or a great room (five choices) / Apparent 
distancefi'om the source or depth perception (dp): impression to be near or far away from 
the source (five choices) / Lateral localisation: perception of  sound direction from the left 
or from the right (five choices) / Spatial impression (si): impression to be surrounded by the 
sound or to listen to it like through a small window (four choices) / Subjective reverberation 
time (srt): impression to be rather in a dull or a reverberant room (rated on a subjective 
scale ranged from 0 to 10)/Preference (pr): rated on a subjective scale ranged from 0 to 10 
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TABLE 3 
Multidimensional Analysis 

I, J: set respectively of configurations (in lines) and variables fin columns) 

k,,j: table of logical coding which replaces real measurements (k,q = 0 or 1 according to 
whether measurement falls or not into the class). All following definitions concerning 
lines are analogous for columns 

k , =  Y. k i j: weight of rawi :  k - ~ k,/: 1" = I / i  k .... } . . . .  i =- kl ' ] E J " prof i l eof raw ' i  
/G J ~ 1.]¢ .1 , 

k , /  1 
j'; = Z - ' :  mass of profile./C~ d~.~ - Z _ = ~/; .~ t~2: ~: distance centred at/.) 

1¢-  J k ' ' /  ./~i 

Clouds N(/) and N(J)  of profiles of lines and columns ./~ and.[~, respectively, associated 
with masses f and ~, are considered in the space structured by 2( 2 distance centred a t / )  

N(/) develops in principal directions of expansion called principal axes of inertia: u~,j 

F~(i) and G~(j) are coordinates, respectively, of /~  on u~j and j~  on u~t: F,,(it = Y ./~u,,i 

J ~ :  Y, -.,. ./iJa. barycentre of cloud N(II: ./i~ - .L)  : Y- I"~,(iJu,,j 
i E t  ~* 

1 
p2(i) = ~ - -  (/~ -.)5)2: X 2 distance between/~ and £, centred at./.) 

! E J  f ]  ' " " " 

a~ = ~'. fF ;O) '  ~ " = Y. ~G;(j):~ " moment  of inertia of cloud N(/) in direction c~ 
i ~ l  j e J  

Principal axes maximise variance (or total inertia) of the projection of clouds N(/) and N(J): 

Z a~, = Z fp2( i )  = Z j;p2(j) 
ct i ~ 1 i e , l  

1 J-i'-J g~(i) G~(j) are obtained from F~(i) by the transition formula: G~(j) = ~ = . ~  

The relation allows the clouds N(/) and N(J)  to be plotted in same planes 

For each i (analogous results are obtained for each j), the program prints fF,  di), cor (i, c0, and: 
Qlt(i) = Z cos = (i, a): quality of representation of element i 

in(i) - fp2( i )  ." relative contribution of element i to total inertia 
,) . 

Z.£p'0) 
i 

cor (i, a) F~(i) - - cos 2 (/~ - f j ,  u~j): relative contribution of factor a to p2(i) 
p2(i) 

ctr (L ~) - f F ] ( i ) ,  relative contribution of element i to moment  of inertia ,~ 

For each factor c~ the program also prints: 

r~ - : proport ion of variance, and ~ %: cumulated variance 
Z & ,  u:, 
a 
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of ESPRO (in lines) with n variables (acoustical criteria or subjective 
characteristics) in columns. Correlations between variables allowed 
configurations to be sufficiently described by a smaller number of factors 
n' < n. MCA built and n'-dimensional space, in which configurations 
and initial variables were plotted (definitions about MCA are listed in 
Table 3). To reduce heterogeneous raw data, a logical coding was used. 
Each measurement scale was replaced by a partition into classes, and 
initial values were coded into a table of numbers {ki,; = 0 or 1, according 
to whether the value fit or not to the class}. Interpretation of each 
axis was based on elements which give the strongest contribution to its 
variance. Proximities between elements into the new space were related 
to their correlations in such a way that the latter can be analysed 
by visual representation of each plane. Lateral localisation was not 
analysed in the present study. Three analyses were performed (Table 4); 
(1) subjective characteristics with headphones and loudspeakers listening; 
(2) interindividual perception of space with headphones; (3) interindividual 
perception of space with loudspeakers. 

TABLE 4 
Analysis 

Analysis Variables Space 

1 Six subjective characteristics Common subjective space 
with headphones and loudspeakers 
(average values over subjects) 

2 Six subjective characteristics 
for each of the 11 subjects 
with headphones listening 

3 Six subjective characteristics 
for each of the 11 subjects 
with loudspeakers listening 

Interindividual space with headphones 

Interindividual space with loudspeakers 

Variances of Axes 

Axes Analysis 1 Analysis 2 Analysis 3 
(Common space) (Headphones) (Loudspeakers) 

Var. (%) Cum. var. (%) Var. (%) Cure. var. (%) Var. (%) Cure. var. (%) 

1 39.205 39.205 44.934 44.934 7.330 7.330 
2 15-008 54.214 19-949 64.883 6.614 13.945 
3 9.782 63.995 15.215 80.134 5.055 19-000 
4 8.215 72.210 10.258 90.392 4.864 23-864 
5 5-679 77.889 5.403 95.796 4.392 28.256 
6 5.145 83.035 4.204 100.00 4.228 32.484 

Proportion of variance (Var.) and cumulated variance (Cum. var.) (see Table 3) are listed 
for the six first axes of each analysis. 
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3 RESULTS 

3.1 Analysis 1: Relations between subjective characteristics and geometrical 
parameters for each listening system (common subjective space) 

3.1.1 Structure of common subjective space 
Variances of axes are listed in Table 4. The six first axes of common 
space accounted for 83% of total variance. Axis 1 was related to small 
and large values of subjective reverberation time (RT), (see Fig. l(a)L 
Medium and large values of subjective RT were respectively located 
on the positive and negative side of axis 2. Values of preference were 
distributed on axis 3 (see Fig. l(b)). Small and medium values of preference 
were located on each side of axis 4 (Fig. l(b)). Figure l(c) shows that 
axis 4 was also related to large values of spatial impression and axis 5 
to large values of apparent room size. Values of depth perception were 
distributed on axis 6 (see Fig. l(d)). 

3.1.2 Differences between headphones and loud, speakers 
Subjective RT. Figure l(a) (plane I 2) reveals that, with loudspeakers, 
large values of subjective RT were more related to distant positions in 
the room than with headphones. 

Depth perceptions. Figure l(d) (plane 5-6) reveals that perceived depth 
was smaller with headphones than with loudspeakers. 

Spatial impression. Figure l(c) reveals (plane 4-5) that large values 
of spatial impression were correlated to the same configurations (low 
ceiling--very diffusing) with headphones and loudspeakers. However, 
correlation values were greater with headphones. 

Apparent room size. Figure l(c) shows that large values of apparent 
room size were rather correlated to P3--low ceiling-diffusing configura- 
tions with headphones, and to P3--high ceiling-absorptive configurations 
with loudspeakers listening. 

Preference. Figure l(b) (plane 3-4) illustrates the effects of ceiling 
height on preference. It appears that in near positions P1 and for each 
listening system, preference was emphasised by decrease of ceiling height. 
It was also the case in off-centre positions P2 with loudspeakers, but not 
with headphones for which high ceiling configurations were preferred~ 
Differences between headphones and loudspeakers listening for a same 
configuration are represented in Fig. l(b'). They appeared to be more 
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Axis 2 

3253(h) 

srt(8) 

3253(I) 

1183(h) 

1183(I) 
i v  

3251 (I) 

• " | ' " I ' " I " " 

srt(2) 

1181 (0 

1181"~) 

I " ' I " " I 

Axis 1 

(a) 

Fig. 1. Common subjective space (Analysis 1). Same configurations listened with 
headphones and loudspeakers are respectively represented by (h) and (1). Values of 
subjective characteristics were numbered from weak to strong values (see Table 2). Some 
values and configurations were not represented for clarity of figure. (a): Plane 1 2. 
Axis 1: weak/strong values of subjective reverberation time (respectively srt(2) and srt(8)). 
Axis 2: strong/median values of subjective reverberation time (srt(8) and srt(5)). With 
loudspeakers, great values of subjective reverberation time were particularly related to 
distant room positons (ex: 3253 (1)). (b) and (b'): Plane 3~,. Axis 3: weak/strong values of 
preference (resp. pr(4) and pr(10)). Axis 4: weak/median values of preference (resp. pr(4) 
and pr(7)). (b) Illustrates effect of ceiling height on preference. Preference was emphasised 
by decreasing ceiling height (ex: 1181-3181), except for excentred position P2 for 
headphones (1182-3182). (b') Illustrated differences between headphones listening (h) 
and loudspeaker listening (1). Differences were greater for distant room positions 
(ex: 1232). Preference was greater with headphones (b). (c): Plane 4-5. Axis 4 was related 
to great values of spatial impression (si(3)) and axis 5 to great values of apparent room 
size (rs(3)). Great values of apparent room size were related to low ceiling diffusing 
configurations with each listening system (ex: 3251, 3253). Great values of apparent room 
size were rather related to low ceiling-diffusing configurations (ex. 3183) with headphones 
and high ceiling-absorptive configurations (ex: 1013) with loudspeakers. (d): Plane 5 6. 
Axis 6: weak/strong values of depth perception (dp). All configurations were perceived as 

more distant with headphones (h). 
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Axis 4 

1181(h) 

~ X X ~ i  ~810) I\ 

11820) 

pr(4) 

' " I " " I I 

(b) 

3181(h) 

\ 
1182(h) 

pr(lO) 
Axis 3 

Axis 4 

2131(h)4 

pt(7) 107 

1071 (I) ~ /  
1 q7~l[I) 

pr(4) 

2132(I) 

I " • I " " I " " 

(b') 

2131 (I) 

10,~(h) y--  

pro O) 

Fig. 1--contd 

Axis 3 

2132(h) 
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Axis 5 
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3251 (h) 
3253(h) /~ 

3183(I) I 3251(0 

3253(I) 
1013(I) - ~  1013(h) 

I 3183(h) 

si(3) 

Axis 4 

rs(3) 
I I 

(c) 

Axis 6 

1183(h) 

1 ' 1 8  

dp(4) 

1181 (h) 

118~(i) 

dp(1) 
O) 

! 

(d) 
Fig. 1--contd. 

Axis 5 
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important in positions P2 and P3 than in near positions Pit Figure i(bt 
also shows that, for any configurations, preference was greater with 
headphones than with loudspeakers. 

3.2 Analyses 2 and 3: interindividual differences with each listening system 

The three first axes of analysis with all subjects accounted for 80% of 
total variance with headphones and for 32% with loudspeakers (see 
Table 4). Axis 1 was related to, respectively, large and small values of 
depth perception with headphones and loudspeakers. With each listening 
system, axis 2 was related to large values of apparent room size. Axis 3 
was related to small values of depth perception with headphones and to 
small values of apparent room size with loudspeakers, 

3.2.1 Headphones listening 
Results are presented in a previous paper. ~ Contributions of all subjects 
were nearly identical on axis 1, but different on axes 2 and 3: five subjects 
had their main contribution to axis 2 and four subjects to axis 3. Figure 
2(a) and 2(b) illustrates the distribution of subjective evaluations for one 
subject of each group. Only one subject had no main contribution to any 
subjective axis. 

3.2.2 Loudspeakers listening 
Three subjects had a main contribution to axis 1, six subjects to axis 2, 
and two subjects to axis 3, so judgements of subjects were scattered in 
planes 1-2 and 2-3. Figure 2(c) shows the distribution of subjective eval- 
uations for a subject which contributed to axis 1. 

4 ANALYSIS AND INTERPRETATION 

4.1 Differences between headphones and loudspeakers 

The greatest differences between each listening system were obtained with 
distant positions, and consequently with small values of dir/rev ratio 
(see Fig. l(b')). Such an observation could reveal a greater effect of the 
listening system for reverberant than for direct sound, which mainly 
differ by their spatial properties. Localisation of direct sound is related to 
the respective positions of source and listener, whereas diffuse sound 
is composed of randomly localised reflections. This stochastic character 
remains unchanged through the dummy head-headphones chain, when 
characteristics of channels are respected. However, through loudspeakers, 
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Axis 3 

3072 

1013 

"1 • I 

1072 

1012 

3252 

IO% 
3073 

3071 

1071 

d p ( 2 )  

1073 

1132 

1271 

rs(3) 3272 

3273 

1183 

3183 1272 

3133 

1181 

Ax/s 2 

| ! 

(a) 

Fig. 2. Interindividual space. (a) and (b): Headphones listening (Analysis 2). Evaluations 
of configurations were mainly scattered on axes 2 and 3. Axes 2 and 3 were respectively 
correlated to low values of depth perception (dp) on the negative side, and to high values of 
apparent room size (rs) on the positive side. (a) Illustrates distribution of configurations 
for a subject which contributed to axis 2. (b) Illustrates distribution of configuration for a 
subject which contributed to axis 3. (c) Loudspeaker listening (Analysis 3). Axes 1, 2 and 
3 were respectively correlated to weak values of depth perception, strong and weak values 
of apparent room size. Figure represents distribution of configurations for a subject 

which contributed to axis 1. 
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1073 

1013 

1071 

3072 
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3252 

1132 

1183 

2132 

1012 

d~2) 

1072 

3071 

Axis 3 

3183 

3133 

1181 

I l l  

3O73 

3273 

• I 

(b) 
Fig. 2- contd 

1272 

3272 

rs(3) 

1271 
Axis 2 

some constraints on sound direction are determined by loudspeakers' 
positions. If spatial stochastic character is assumed to be a criterion of 
diffuse field perception, the latter might be underevaluated with loud- 
speakers. Results could not be analysed without taking account of this 
observation. 

4.1.1 Subjective R T  
Through loudspeakers, large values of subjective RT were particularly 
correlated to distant positions in the room. Subjective RT is usually 
known to be positively related to early decay time (EDT) and measured 
reverberation time (RT60), but also negatively to the dir/rev ratio. I If 
diffuse sound is assumed to be less well perceived with loudspeakers, 
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1272 
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1132 

1183 3133 

3183 

1181 

325; 

1271 

2132 

1012 
1072 dp(1) 

1073 1013 

3073 3O72 

3071 

1071 

I ! 

(c) 
Fig. 2--contd. 

Axis 1 

subjective reverberation could be in proportion more negatively related 
to direct energy (and consequently to position in the room). 

4.1.2 Depth perception 
According to Coleman, depth perception increases with decreasing 
dir/rev ratio. 5 Small values of depth effect with loudspeakers could be 
explained by the poor impact of reverberant energy in the perception of 
depth. 

4.1.3 Spatial impression 
Values of spatial impression appeared less important when perceived 
through loudspeakers. This characteristic is known to be related to early 
lateral reflections level. 6 Localisation of reflections are correctly represented 
through headphones, but are very dependent on loudspeakers positions. 
This latter fact could be related to the small value of spatial impression. 
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4.1.4 Apparent room size 
Through headphones and loudspeakers, the apparent room size was 
respectively correlated to low ceiling diffusing and high ceiling absorptive 
configurations (consequently, respectively high and low values of sound 
level). It was known that apparent room size increased with increasing 
reverberation time. ~ That could explain the correlation of spatial impression 
with reverberation level through headphones. However, it can also be noted 
that in real concert halls, total sound level decreases with increasing 
room size. If diffuse sound is assumed to be perceived less through loud- 
speakers, increase of apparent room size could be mainly related t~ 
sound level decrease. 

4.1.5 Preference 
For off-centre listener positions (P2), low ceiling configurations were 
preferred through loudspeakers, but not through headphones. Large 
values of preference are known to be related to median values of RT60 
and dir/rev ratio.J Dir/rev was reduced by decreasing ceiling height, and 
consequently shifted from high to middle values in PI and from low to 
very low values in P2, so preference increased in PI and reduced in P2. 
However, if increase of diffuse sound is assumed to be mainly perceived 
as an increase of total sound level when observed through loudspeakers, 
preference could be more marked in any position in the room. 

Greater values of preference with headphones could be explained on 
the basis of the two channels characteristics when sound samples are 
recorded through a dummy head, which produces more natural listening. 

4.2 lnterindividual differences 

The main result concerning interindividual variations appeared in the 
fact that the six first axes totalled less variance with loudspeakers (32%) 
than with headphones (80%). Such an observation reveals greater inter- 
individual differences for the loudspeaker system. However, the clearest 
perception of diffuse sound field through headphones remains in agreement 
with Schroeder's 8 assertion that reverberation is a factor of consensus 
between subjects. 

5 CONCLUSION 

Some significant differences between headphones and loudspeakers in 
sound spatial perception are presented. The effect of the listening system 
was particularly relevant for distant positions in the room: (i) subjective RT 
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was higher and depth perception lower with loudspeakers; (ii) preference 
was stronger with high ceiling configurations when observed through 
loudspeakers, but not through headphones. It also appeared that with 
loudspeakers and for any position: (i) large values of spatial impression 
were less well perceived, (ii) interindividual differences were higher and 
(iii) large values of apparent room size were more related to low values 
of reverberant level. 

Results were interpreted as a less accurate representation of diffuse 
field spatial characteristics through loudspeakers, mainly due to the 
source positions. A perceptive study of concert halls by means of musical 
samples recorded in the room could be analysed from this point of view. 
Such an experiment could allow a better comprehension of the recording- 
diffusing chain effect on sound perception. The procedure could also be 
employed to compare different recording systems. 
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