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Summary
Acoustic simulation of realistic rooms implies dealing with uncertainties in terms of properties of
room boundaries and complex internal fittings. This comparative study investigates the limitations
of  model  calibration,  a  common  approach  to  alleviate  uncertainties  in  acoustical  renovation
projects by calibrating simulation parameters of the untreated room to measurement results. For
the considered industry hall and reverberation time calibration we find that mean sound pressure
levels, reverberation time and Dl2 can be predicted with reasonable accuracy. Per measurement
point  sound pressure levels,  however,   show significant deviations if  considering single octave
bands. Comparing a least effort empty room scenario to a scenario with internal fittings, we find
that  the  empty  room  scenario  can  provide  accurate  results  but  shows  significantly  higher
sensitivity with respect to the setting of scattering coefficients as compared to the scenario with
fittings.   Furthermore,  we show that  detailed  model  tuning based  on  sound pressure  levels  in
addition to reverberation time calibration does not result in higher prediction accuracy. 

PACS no. 43.55.Ka, 43.50.Jh

1. Introduction

Powerful  simulation  tools  for  room-acoustical
prediction are widely used by acoustic consultants
but  results  are  sometimes  questionable  due  to
multiple  sources  of  uncertainty  when  modeling
real  rooms.  Most  software  tools  are  based  on
Geometrical Acoustics (GA) e.g. combinations of
ray tracing and the image source method extended
by  algorithms  to  approximate  wave  effects  like
diffraction  as  well  as  frequency  dependent
scattering.   Though  nowadays  established  tools
offer  elaborated algorithms the accuracy of room
acoustic  prediction  crucially  depends  on  the
available  input  data  and  the  experience  of  the
acoustic engineer in handling uncertainties in room
modeling.   Some  of  these  uncertainties  can  be
compensated for rather easily, among those are 

 limitations  of  GA in the low frequency range
due  to  the  neglection  of  some  important  wave
phenomena of sound
 room  geometry  abstraction:  [1]  [2]  provide
guidelines  on  modeling  room  geometry  and
internal fittings. Basically,  the required level of
detail is inversely proportional to room size and
distance  of  structures  to  sources  and  receivers.

Fine details should be omitted to avoid creation
of  a  model  suited  only  for  high  frequencies.
Instead  frequency  dependent  absorption  and
scattering should be  applied
 use of appropriate algorithms for the considered
room  size,  shape   and  frequency  range.
Dependent  on  a  room's  degree  of  geometrical
mixing,  i.e.  its  ability to  approximate  a  diffuse
sound  field,  fast  algorithms   using  random
scattering  [2]  or  more  complex  GA algorithms
creating  multiple  rays   per  reflection  may  be
employed
 reasonable  settings  for  algorithm  parameters
like required number of rays, echogram length. 

Uncertainties related to the estimation of input data
are significantly harder to estimate:

 boundary  conditions  of  rooms,  i.e.  scattering
and  absorption  coefficients.   Absorption
coefficients  for  a  range  of  materials  and  sound
absorbers  may  be  reasonably  well  known,
scattering  coefficients  of  real-room  boundaries
having  various  exposures  and  structures,
however,   are  hard  to  guess  but   significantly
influence  results  in  case  of   high  and  uneven
absorption and non mixing room geometries 
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 internal  structures  in  rooms.  The  equivalent
absorption  area  and  scattering  coefficients  of
fittings  in  workrooms  like  complex  machines
with multiple metal braces,  ventilation ducts,  or
furniture in offices is hard to estimate by visual
inspection or measurements. In densely equipped
rooms these structures have a major effect on the
sound field

 sound power  and directivity characteristics  of
sound  sources  (e.g  noisy  parts  of   production
machines in industry halls)  are often unknown. 

This  paper  focuses  on  industry  halls  where  the
above mentioned unknown boundary conditions in
combination with a variety of complex machines
and structures  are a standard case. Our aim is to
understand   to  which  extent  it  is  possible  to
perform  predictions  in  case  of  these  worst-case
engineering conditions.  Under such conditions it
can hardly be considered realistic to perform rule
of  thumb  estimations  of  input  data  such  that
acoustic prediction can be done with the accuracy
expected  by customers  having  high  expenditures
for  acoustical  treatments  to  diminish  noise
exposure  of  employees.  In  case  of  acoustical
renovation  projects,  however,   we  may  hope  to
alleviate the problem of  inaccurate input  data  by
calibrating  the  simulation  model  to  approximate
acoustical  measurements  of  the  untreated  room
prior  to  investigating  the  effect  of  acoustical
treatments. 

In  related  work  Round  Robin  Studies  [3-6]
comparing simulation and measurement results in
well defined scenarios  show significant deviations
due to inconsistent interpretation of  input data by
software  users.   Only few publications   exist  on
simulation/measurement  comparison  using  model
calibration.  [7]  focuses  on  a  spatially  high
resolution comparison in a mid-sized auditorium.
[8][9] propose a framework for model calibration
in  simulation  tools.  [10]  evaluates  simulation
accuracy  for  industrial  noise  control  in  several
workplaces  using  model  calibration.  [11]
investigates  Sound  Pressure  Level  (SPL)
predictions  in  an  industry  hall  using  model
calibration  but  does  not  compare  simulation  and
measurement results after the acoustical treatment. 

2. Model Calibration Approach

The  room  acoustical  simulation  procedure  using
model calibration can be  outlined as follows: 

  Input  parameters  are  initialized   based  on
measurements,  material  data-sheets,  and  visual
inspection with as high accuracy as possible

 The  untreated  room  is  simulated  and  input
parameters  are  calibrated  until  the  difference
between simulation  and  measurement result is
smaller than some target value

 Finally, the effect of  the acoustical treatment is
predicted.

Note that different sets of  input parameters (e.g.
combinations  of  absorption/scattering coefficients
of multiple materials in a room) can result in the
same  value  for  the  calibrated  measure  (e.g.  T30,
SPL)  possibly  causing  wrong  prediction  results.
For instance, considering a room with an absorbent
ceiling  to  be  mounted,  the  same  T30 can  be
achieved  in  calibrating   the  untreated  room
assuming a ceiling with rather  high absorption and
walls with rather low absorption or a ceiling with
rather  low absorption and walls  with rather  high
absorption.   In  the  first  case  the  effect  of  the
absorbent  ceiling  on  T30 will  be  significantly
smaller than in the second case. 

Consequently,  authors  argue  that  the  problem of
realistic  input data  acquisition  should  be  solved
solely  by  a  priori  knowledge  of   material
properties and source characteristics [12].  In case
of  acoustic  renovation  of  industry  halls  with
multiple  uncertainties  in  terms  of  boundary
conditions,  internal  fittings  and  sound  sources,
however,  we  argue  that  model  calibration  is  the
only  feasible   approach,  as  pure  a-priori
knowledge of input  data  cannot  be accomplished
with  the  required  accuracy.  Note  that  we  do  not
consider model calibration and a-priori-knowledge
being  exclusive  approaches.  Rather,  model
calibration  should  be  seen  as  an  add-on  to
maximum possible a-priori knowledge in complex
scenarios with many uncertainties. 

3. Room- and Measurement Description

The  considered  room  is  a  production  hall  with
sawing  and  mortising  machines  for  aluminum
processing.  The  room  has  proportions  of
30·20·4m3;  i.e.   a   flat  room  with  non  mixing
geometry.
Dimensions  of  room  boundaries  and  machines
have  been  measured.  Internal  fittings  (i.e.
machines, work benches) have been modeled with
a  level  of  detail  inversely   proportional  to  the



  

distance to sources and receivers, omitting objects
with  all  dimensions  smaller  than  1m.  Loss  of
absorption  area  and  scattering  due  to  geometry
simplification is compensated by higher absorption
and scattering coefficients of surfaces. 

In order to avoid the directional characteristics of
the dodecahedron source at 2kHz and 4kHz octave
bands,  the speaker has been turned several  times
and average  SPL has  been measured  in  the  near
field of the source. 

Figure  1.  Considered  hall  including  fittings,  sources,
measurement points, absorbers on walls and ceiling.

Measurement parameters:
 Speaker height 1.6m. Mic height 1.3m
 Noise  excitation  for  T30  measurements   is
performed with a  pistol shot
 Loudspeaker:  Norsonic  276.  Amp:  Norsonic
NOR280,  White  Noise,  Amp  level  -10dB;
internal EQ activated for a flat SPL spectrum
 Measurement  device:  B&K  2260,  calibrated
before measurements
 The background noise   equals  45dB which is
negligible  as  compared to  SPLs  created for  T30

and SPL measurements.  

In  order  to  evaluate  Sound  Propagation  Decay
(SPD) over distance, SPLs are measured along two
straight lines throughout the hall. SPD1 along the
main corridor; SPD2 almost orthogonal to SPD1,
see figure 1. Measurement points are located in 1m
intervals  between  1m and  10m from the  source,
and in  2m intervals  up  to  20m from the  source.
This  conforms  to  the  recommendations  in  [12].
Measurement  points   are  identical  in  all
simulations and measurements. 

The  Schroeder  frequency  of  the  untreated  hall
equals 53Hz. In order to take GAs limitations in
the low frequency range into account we consider
the  frequency range  between  250  Hz  and  4kHz.
Note that LAeq is computed over 250-4kHz octave
bands  in  order  to  enable  comparison  between
measurement and simulation results. 
The  acoustical  treatment  consists  of  melamine
foam  absorber  panels  glued  on  the  ceiling  and
walls,  as  shown  in  figure  1  (grey  areas).  The
panels were mounted with a shadow gap of 5cm to
each other. A total of  408m2 have been mounted,
301m2  with  a  format  of   100·50·5cm3 on  the
ceiling,  49m2 with  a  format  of   100·50·5cm3 on
walls and 58m2 sized  100·50·7cm3 on walls.

4. Scenarios and Measures 

In Industrial noise control usually SPL reduction,
reverberation time  (T30),  and DL2 the  SPL decay
when  doubling  the  distance  to  the  source are  of
interest. Let Lm,i,b define the measured, and Ls,i,b the
simulated SPL at measurement point  i  before the
acoustical  treatment.  Equivalently,  Lm,i,a and  Ls,i,a

are  defined  after  the  acoustical  treatment.  Then
Calibration Error (CE) at point i is defined as

        CEi  = Lm,i,b  – Ls,i,b    (1)

Prediction Error  (PE) at point i is defined as 

        PEi  = Lm,i,a  – Ls,i,a       (2)

Let  r  define  the  distance  between  source  and  a
measurement  point.  According  to  the
recommendations in [13], DL2 is computed in the
near region 1≤ r≤4m and the middle region 4<r≤
16m.  On the contrary to SPL, where CE and PE
are computed per measurement point (see (1) and
(2)), CE and PE of DL2 are computed as the DL2

difference  between  measurement  and  simulation
over all measurement points  in  near and middle
region, respectively.  

T30 measurement points are evenly distributed over
the  room.  Receiver  and  source  positions  in
measurement and simulation are identical. Similar
to  DL2,  CE T30 and  PE T30 are  computed  as  the
mean over all measurement points. 

Simulated  SPLs  are  normalized  during  post
processing such that measured and simulated SPLs
at  r=1m are  identical.  SPL normalization  allows
comparison of sound decays in different scenarios
solely based on room properties, avoiding errors in
modeling sources. 

SPD2

SPD1



Table Ⅰ.  Absorption and Scattering coefficients of surfaces before\after acoustical treatment, mean 250-4000Hz
Absorption [%] Scattering [%]
Overall
mean

Walls,
Ceiling

Floor Fittings Absorber Overall
mean

Walls,
Ceiling

Floor Fittings Absorber 

Empty-HS 12\29 9.5\9.5 19\19 - 9.5\70 80\80 80\80 80\80 - 80\80
Fitted-HS 9.7\23 9.7\9.7 9.7\9.7 13\13 9.7\70 80\80 80\80 80\80 80\80 80\80
Fitted 9.9\24 11.3\11.311.3\11.3 13\13 11.3\70 47\47 35\35 35\35 65\65 35\38
Empty 13\30 9.5\9.5 22\22 - 9.5\70 53\54 35\35 80\80 - 35\38
Empty-LS 16\32 14\14 24 \24 - 14\70 27\26 15\15 40\40 - 15\19
Fitted-LS 11\24 10.3\10.310.3\10.3 13\13 10.3\70 26\26 17\17 17\17 27\27 17\19

The room is modeled with CATT-Acoustic, v9.1.a
[14].  Simulation parameter settings: 700000 rays,
1.8secs  ray  tracing.  Algorithm  1,  Split  order  1.
Various  test  with  other  algorithms  including
advanced  scattering  methods  showed  identical
results  but  longer  simulation  times.  First  order
diffraction  is  enabled  as  well  as  auto  edge
scattering  for  all  fittings  and exposed edges.  Air
absorption is enabled. E (Energy) values  are used
for evaluations. See  [14] for detailed explanations
of the simulation parameters mentioned above.  

4.2 Empty Room vs. Room with Fittings using
T30 Calibration

Engineering costs should be at least one order of
magnitude  lower  than  the  cost  of  the  acoustical
treatment  itself,  otherwise  customers  are  usually
not  interested.  For  the  considered  hall,  for
instance,  the effort to measure and model internal
fittings would have been too high compared to the
value  of  the  acoustical  treatment  in  a  standard
engineering  project.  Thus  it  makes  sense  to
compare simulation errors in case of a minimum
effort  scenario  without  internal  fittings  (empty
hall) to a fitted hall as shown in figure 1.  

In  our  investigations  we  found  that  setting  of
scattering  crucially  influences  results.  Thus  we
examine  a  low  (LS),  a  medium,  and  a  high
scattering (HS) version for each scenario: empty-
LS, empty, empty-HS; fitted-LS, fitted, fitted-HS.
Absorption  and scattering  coefficients  are  shown
in Table  Ⅰ. Coefficients are selected dependent on
the loss of detail  in geometry modeling in empty
and  fitted  scenarios,  respectively.  During  the
model calibration phase, scattering and absorption
coefficients of the machines in the fitted scenario,
and the floor  in case of the empty-room scenario
are tuned such that the  T30 CE is minimal.. 

T30 CEs are smaller than 3% in all  scenarios and
thus  not  shown  in  the  figure  2  for  brevity  of
explanation.  Figure  2  shows  that  T30 PEs  are
massively false in case of the empty and Empty-LS

scenario.  Simulated  empty  and  empty-LS
echograms  after  acoustical  treatment   show high
variances  due  to  flutter  echoes  between  parallel
room  boundaries.  See  i.e.  figure  3  comparing
Empty-LS  and  Empty-HS  echograms  at
measurement point at r=18m in the main corridor,
2000Hz octave. 

Figure 2. T30 Prediction Error [%]

In case  of Empty-HS all room surfaces have very
high  scattering.  Thus  there  exist  no  flutter  echo
simulation artifacts and T30 PE is small. In case of
the fitted-HS scenario  high scattering results in a
higher  T30 PE.  Thus  very  high  scattering  only
improves accuracy in the empty room scenario, not
the fitted scenario. Generally, the fitted scenario is
much less sensitive to variation of scattering than
the empty scenario and shows reasonable accuracy
in all cases providing common setting of scattering
values (Fitted and Fitted-LS). Note that T30  PE as
predicted  by  Sabine  is  small  for  the  considered
room, showing that densely fitted flat rooms may
allow application of diffuse field theory. 
Figure  4  shows mean SPD1 and SPD2 CEs  and
PEs over all  measurement points as well as error
bars with 10% and 90% quantiles. 
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Figure 3. 2000Hz echogram, SPD1, measurement  point r= 18m. Left:  Empty-LS; right: Empty-HS

Figure 4. Mean SPL Calibration and Prediction Errors, including 10% and 90% quantiles. SPD1 left, SPD2 right. 
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Evaluating figure 4 we find that with the exception
of the Empty-LS scenario, SPL is  generally less
sensitive to variation of scattering than T30. This is
due to T30 being more dependent on the late decay
of  sound  than  SPL.   Comparing  the  fitted  and
empty room scenario in figure 4 we find that 

 CE and,  even more,  PE SPL quantiles  show
high variations among measurement points. This
is due to the simulated model not being capable
of reproducing measured local SPL variation, see
for  instance  the  SPD1  500Hz  band,  fitted
scenario  in  Figure  4.   Figure  5  shows  the
corresponding decay curve, indicating the reason
for  quantile  variations.  Between  r=14m  and
r=18m from the source the measured SPL curve
shows  a  spike,  not  followed  by  the  simulated
curve.2  In case of a smooth SPL decay, simulated
SPD curves  approximate  measured  SPD curves
very well. See for example Figure 5, 1<r<12m
 Due to high per measurement point variances,
mean PE and CE do not always correlate, see for
instance Figure 4, SPD1, fitted scenario, 1000Hz.
Mean SPD1 CE shows a maximum while mean
PE is close to zero
 For  Empty-LS  mean  SPD2  PEs  are  much
smaller  than  SPD1  PEs.  This  is  due  to  SPD1,
being  located  in  the  main  corridor,  is  more
exposed  to  the  flutter  echo  artifacts  between
parallel walls in case of the empty room with low
scattering
 Generally, SPD2 PE quantiles are smaller than
SPD1, although SPD2 is closer to fittings
 With  the  exception  of  Empty-LS,  mean
octave-band  SPL CEs  are  usually  smaller  than
±1dB, with 10/90% quantiles between  -2dB and
+2dB.  Mean  octave-band  SPL PEs  are  usually
smaller  than  ±1.5dB,  with  10/90%  quantiles
between -3dB and +4dB. With the exception of
Empty-LS, all scenarios show similar SPL PEs
 Comparing per measurement point LAeq PE to
octave  band  PEs,  we  observe  that,  obviously,
sums  over  octaves  tend  to  minimize  PE (mean
and quantile).  Similarly, mean SPD1 and SPD2
PEs are smaller than per measurement point PEs
 For the fitted scenario high scattering results
in in higher PEs, showing that the fitted scenario
is  somewhat  sensitive  concerning  SPL  PE  if
scattering is set artificially high. 

Table  Ⅱ shows  DL2 PEs  for  the  empty  and  the
fitted scenario. HS, and LS scenarios are omitted.

2The empty scenario shows similar 500Hz  curves. 

Figure 5. 500Hz SPD1 curve, fitted room

Table Ⅱ. DL2 PEs, empty and fitted scenario

[Hz] 250 500 1000 2000 4000 LAeq

DL2

near
region

SPD1 Fitted 0,43 -0,25 -0,14 0,98 0,09 0,22

SPD1 Empty 0,25 -0,45 -0,41 0,54 -0,05 0

SPD2 Fitted -0,28 -0,08 1,22 0,75 0,69 0,65

SPD2 Empty -0,43 -0,69 0,81 0,23 0,27 0,21

DL2

middle
region

SPD1 Fitted -1,46 -2,39 -0,65 -0,99 0,38 -0,33

SPD1 Empty -0,97 -1,29 0,27 0,09 1,15 0,51

SPD2 Fitted 0,33 0,73 -0,88 -0,04 -0,04 -0,04

SPD2 Empty 0,79 1,32 -0,18 0,39 0,49 0,50

Analyzing  Table  Ⅱ we  find  that  DL2 PEs  are
smaller than 1 dB in the near region and usually
smaller  than  2dB  in  the  middle  region.   Local
spikes or dips in measured SPDs, however, cause
higher  DL2 errors  in  the  middle  region.  See  for
instance, SPD1, 500Hz in table 2 and  figure4. 

Results  in  this  chapter  show an  example  for  the
ambiguity problem of model calibration. Different
settings  for  scattering  and  levels  of  detail  in
modeling fittings may result in similar calibration
errors but dramatically different prediction errors. 

4.2 SPL Calibration

This  chapter  investigates  the  effect  of T30

calibration  plus additional  SPL  calibration   on
prediction errors.  We focus on the simulated hall
with  fittings.  Our  methodology  is  to  initially
perform  a  rough  T30 calibration  using  the
Interactive-RT-Estimation  feature  of  CATT-
Acoustic.   See table Ⅲ, “T30 calib” for absorption
and scattering values.  
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Table Ⅲ. Absorption and Scattering coefficients before\after acoustical treatment, mean 250-4000Hz
Absorption [%] Scattering [%]
Overall
mean

Walls,
Ceiling

Floor Fittings AbsorberOverall
mean

Walls,
ceiling

Floor Fittings Absorber 

T30 calib. 10\24 9\9 12.5\12.5 11\11 9\70 48\53 20\20 57\57 99\99 20\40

Subsequently  to  T30 calibration,  absorption  and
scattering  values  of  the  floor  along  SPD1  and
SPD2  are  adjusted  to  minimize  SPL  CEs.
Specifically,  the  main  corridor  of  the  hall  is
divided into two rectangular surfaces along SPD1
with  a  width  of  4m.  Rectangle  1:  0<r≤10m;
Rectangle 2: 10<r<28m. Similarly, the floor along
SPD2  is  divided  into  rectangles  3  and  4  with  a
width of 3m. 
For  fine  grained  SPL calibration  absorption  and
scattering  of  rectangle  1-4  is  adjusted  for  each
octave  band  to  minimize  SPL  CE.  As  a  single
example,  we  show  the  SPD1  2000Hz  band   in
figure 7.  The black error-bars show the CE after
rough T30 calibration, but before fine grained SPL
calibration.  White  error-bars  show  the  CE  after
fine  grained  SPL  calibration.  SPL  calibration
reduces  calibration  errors  for  all  measurement
points with the exception of r=6m. 

Figure 7. SPD1 CE, 2000Hz octave 

Figure 8,  left  figure shows that  SPD1 and SPD2
CEs are generally reduced due to SPL calibration.
Comparing PEs with and without SPL calibration,
we  observe  smaller  PEs  for  some  octave  bands,
and  higher PEs for others. Overall, no reduction in
prediction  error  can  be  achieved  due  to  fine
grained  SPL  calibration.  Additional  tests  not

shown  in  this  paper,   including  calibration  of
fittings  and  various  settings  of  absorption  and
scattering values, showed the same result. 
Returning to  the  SPD1 2000Hz band in figure  7
and 8 we observe that  CE is  reduced,  prediction
errors, however, are slightly increased due to SPL
calibration.  This  shows,  as  already  reported  in
section 4.1, that  CE and PEs not always correlate.
Additional  SPL calibration  is  a  too  fine  grained
optimization in the context of  GA, not  providing
higher prediction accuracy. 

5. Conclusions

Engineering costs for small- or medium industrial
noise control projects are often too high to employ
roomacoustical  simulation.  Thus  we  investigate
whether  fittings  can  be  omitted,  significantly
simplifying  the  simulation  model  of  an  industry
hall.   We find that  the empty room scenario is  a
feasible  but  error-sensitive  least  effort  modeling
option for SPL and T30 prediction in the considered
hall.  Care  has  to  be  taken  to  set  scattering
artificially  high  to  avoid  flutter  echo  artifacts
between  parallel  surfaces,  enabled  by  the
simplified  simulation  scenario.  Studying
echograms  of  the  simulated  room  after  the
acoustical treatment, however, this artifact can be
detected and scattering can be adapted. 
Although measured curves are approximated very
well, the simulated scenario is not always able to
reproduce  measured  SPL  spikes  or  dips.
Consequently,  we  find  in  section  4.1  that  per
octave  band  prediction  errors  may  be  high  at
specific  measurement  points.  Considering  LAeq,
however,  per  measurement  point  errors  are
sufficiently small to allow reliable SPL prediction.
The latter statement also holds for mean SPL or T30

over measurement points.   
Comparing scenarios with and without fittings we
find  that  simulations  without  fittings  show
significantly  higher  sensitivity  to  variation  of
scattering  values  with  respect  to  false  T30

prediction.  Somewhat attenuated, this is also true
for  SPL prediction.  Additionally,  we  find  that  in
some  cases  smaller  calibration  errors  not
necessarily result in smaller prediction errors. 
The above mentioned weak correlation between
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Figure 8. SPL CE and PE with T30 calibration vs. SPL calibration

calibration  and  prediction  errors  is  confirmed  in
scenarios investigating  the effect of detailed SPL
calibration  in  addition  to  initial  rough  T30

calibration.  While  T30 calibration  results  in
reasonable  prediction  accuracy  in  complex
scenarios,  fine grained  SPL calibration does not
show additional benefits. 
We emphasize that results are not specific for the
used simulation tool but show generic properties of
the GA method. Furthermore, results in this paper
are only valid for the scenario under consideration

 flat room with non-mixing geometry but dense
fittings 

 absorbent treatments on most walls and ceiling

 line of sight between sources and receivers.

The above limitation to a single room encourages
future work analyzing simulation errors  in other
working room scenarios, evaluating the limitations
of  model  calibration.  Combination  of  this
knowledge  might  in  the  future  result  in  expert
systems and standards helping engineers to avoid
pitfalls in acoustic simulation. 
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