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ABSTRACT

Computational cost has been an issue for the proven robust source
localization algorithm, steered response power (SRP) using the
phase transform (SRP-PHAT). Some proposed computation reduc-
tion algorithms degrade under high noise and reverberant condi-
tions. Some require at least 10% the cost of a full SRP-PHAT grid-
search. In ICASSP 2007, we introduced a robust, low-cost global
optimization technique, stochastic region contraction (SRC). In
this paper, we present another algorithm, stochastic particle filter-
ing (SPF), which uses SRC’s initialization and is a kind of Impor-
tance Sampling technique. In this paper, the SRP is computed us-
ing a modification to the conventional PHAT, namely 3-PHAT. Ex-
tensive experiments using real data and simulated data are shown.
The results indicate that, while maintaining the desirable accuracy
of the full search, this method reduces the cost to about half the
cost of SRC (0.03% the cost of full search), thus making SRP-
PHAT more practical for real-time applications.

Index Terms — Microphones, acoustic radiators, position mea-
surement, particle filters.

1. INTRODUCTION

Locationing algorithms using steered beamforming, such as SRP-
PHAT have been shown to be more robust than two-stage, TDOA-
based and high-resolution spectral estimation-based algorithms un-
der high noise and reverberant conditions [1, 2]. However, SRP-
PHAT’s tremendously high computational cost prevents it from
practical implementation. This cost mainly lies in the search for
the global extremum in a non-linear, multi-local extremum SRP
space.

There have been a few approaches to solve the large compu-
tational cost of the search process, such as: hierarchical search
[3], spherical intersection [4], and inverse mapping of the time-
delays [5]. Unfortunately, the hierarchical search performance de-
grades quickly when the reverberation is high (at 430ms) [6]. The
spherical intersection method requires that the source has to be
in the near-field, which limits this solution from far-field cases.
The time-delay inverse-mapping method stands the test of high
reverberations and is applicable in all cases. However, the time-
delay inverse-mapping and the spherical intersection methods still
take up to about 10% the cost of the full grid-search. When the
search volume is significantly large, the achieved savings might
not be enough for real-time use. Recently, we introduced SRC [7]
at ICASSP 2007 to cut the search cost to about 0.06%-0.1% of
the full grid-search’s. This method exploits the probabilistic re-
lationship between the volume of the global maximum Vjeqr and

the search volume. Instead of evaluating every grid-points as in
the full-search, it iterates only on a small subset of highly probable
points with a substantially small probability (< 0.1%) of missing
the peak. The search volume is then contracted smaller and smaller
until the global peak is captured.

In this paper, we present a new method, stochastic particle fil-
tering (SPF), to find the global extremum using the initialization
of SRC. In contrast to many particle filter algorithms[8, 9], where
the initial set of particles (or 3-D points) is chosen randomly or
uniformly without considering the probabilistic relation between
the global maximum and the initial search volume, SPF uses the
probabilistic approach of SRC to select the initial set of highly
probable points (importance sampling step) that guarantees to
capture the global peak with a negligible missing probability at
a much faster convergence rate. In addition, we introduce a new
resampling algorithm in SPF to avoid the degeneracy or also re-
ferred as impoverishment problem of particle filters. Furthermore,
a modification of PHAT, namely 3-PHAT [10] is used to compute
the SRP functional. The 3-PHAT has been shown empirically to
smoothen the SRP surface better than the conventional one. Thor-
ough experiments in a real room under adverse conditions as well
as simulations were done to test the algorithm. The results show
that SPF outperforms all other existing, fast global searching meth-
ods in computational saving. It costs only about 0.03% the cost
of a full grid-search, while maintaining the same desirable accu-
racy. In a real-time system, we would like to make an estimate
every 51.2ms, implying a 1.27GF (GigaFlops) machine for SRP-
PHAT using SPF versus 1.24TF (TeraFlops) for SRP-PHAT using
the full-search. This real-time performance can be achieved with
today’s powerful processors.

2. STEERED RESPONSE POWER USING THE BETA -
PHASE TRANSFORM (SRP-3-PHAT)

Using the signal model derived in [7], the estimate of the (single)
source location for a time frame n is given by,
~(n)

d,"” = argmax P(d)™. (1)

d

where d is the 3-D spatial vector of a point in the space, and
P(d) (") denotes the steered response power (SRP) of point d, and
is defined as,
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The conventional phase transform (PHAT) is an especially effec-
tive weighting of a generalized cross-correlation(GCC) [11] for
finding a TDOA from speech signals in highly-reverberant envi-
ronment. The PHAT weighting is,

1
7% (w) = Tv 7 S vel V- (3)
| X (W) X7 (W)
Recently, a modification of PHAT, namely, 5-PHAT [10] has been
shown empirically to be more robust, i.e, smoothing the SRP-
PHAT surface and reducing the noise better than the conventional
PHAT. It is defined as,

1

B—Tuw) = (X (@) X7 (W)])e

“
Here, (3 varies between 0 and 1 (with O being no weighting ap-
plied to the GCC, and 1 being the conventional PHAT). In this
work, we chose 8 = 0.8 since it was shown in [10] and in our
testing to give the best performance. In this case, -PHAT does
not completely remove the magnitude of the spectrum as in the
conventional PHAT but preserves a fraction of it. This results in
an enhanced, smoother surface of the SRP, where a large num-
ber of the local maxima corresponding to the noise are reduced
significantly, see, e.g. Fig. 1. The calculation of any particu-
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Figure 1: SRP plots of (a) a conventional PHAT and (b) a 3-PHAT
(B = 0.8) for a horizontal slice through (approximately) the height
of the talker in the same frame.

lar point of P(d)™ will be called a functional evaluation(fe).
For the SRP-PHAT functional (for simplicity, we will implicitly
refer to SRP-G-PHAT as SRP-PHAT in the rest of the paper), we
want to determine a point-source location in the room that gives
the maximum value of P(d)(”). In the next section, we introduce
a new method, stochastic particle filtering (SPF) that evaluates a
substantially small number of fe’s compared to the conventional
full grid-search in finding the SRP-PHAT global maximum.
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3. STOCHASTIC PARTICLE FILTERING (SPF)

Stochastic particle filtering (SPF) uses a Importance Sampling tech-
nique [12] with the initialization of stochastic region contraction
SRC.

While much work has been done on particle filtering used for
tracking acoustic sources [13, 14], which usually requires informa-
tion from previous frames to update the tracker, the SPF method
presented in this paper is a real-time SRP-PHAT-based source lo-
calization implementation using only a single frame of data. Many
particle filtering algorithms [8, 9], choose the initial set of particles
(or points) randomly or uniformly without regarding a probabilis-
tic measure of converging to the global maximum. On the other
hand, SPF selects the initial set of particles, Jo, in such a way that
it guarantees a particle in the volume surrounding the global max-
imum, Vjeqr, is captured with a missing probability of less than
0.1%. This is the same initialization step to get Jo particles in
SRC [7]. If V} is the original search volume, we can estimate the
number of particles needed to ensure that the probability of miss-
ing Vpear altogether is less than a given percent. The probability
of a random particle hitting Vjeqr in the initial search volume Vy
is,

P (hit Vpear) = V”?;’“ 5)

Hence, the probability of a random point missing Vpear 18,

‘/peak

P(miss Vpear) =1 —
(miss Vpeak) Vo

(0)
The event of throwing a random particle is independent from one
to another. Therefore, the probability of throwing Jo random par-
ticles missing Vipear is,

Vpeuk Jo
Vo ) @)

P(Jo-misses) = (1 —

Taking the logarithm of both sides, separating Jo to one side, we
have,
_ log P(Jo-misses)

Voeak
log(1 — PTO")

®)

0

From this relationship between the probability of throwing .Jo ran-
dom points missing Vjeqr and the ratio between Vjeqr and Vp,
we can determine how many random particles, .Jo needed to throw
to ensure that the missing probability, P (Jo-misses) is negligible
(substantially small in a realistic sense). In addition, a new, robust
resampling technique is introduced to avoid the degeneracy prob-
lem of particle filters. The SPF searching algorithm for a frame
f consists of two steps: Importance sampling and Resampling as
follows,

(i) Importance Sampling:
1) Initialize: k = 0. For p = 1, .., Ji, randomly sample d(p) ~

U[By], where U denotes the uniform distribution, and By, defines
the 3-D boundary of the search volume V.

2) Evaluate to get the set W of the Jj, importance weights:

W = w(d(p)) = P(d(p)))) )
3) Select a set Ny, containing the best N < J}, out of the Jj, parti-
cles:
d(n) = argmax(W),n=1,..,N (10)
d(p)

4) Calculate the standard-deviation, o' (k) of the N particles d(n).
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(i)

5) Normalize the importance weights:

N
SWy = w(d(n)) a1
1=1
w (d(n)) = w(sdim(/z))’” —1,.,N (12)

6) Number of functional evaluations (fe’s):

P = Ji (13)

Resampling: IF o (k) > 0.05m:

1) Sort the particles d(n),n = 1, .., N according to their weights

in descending order.

2) Calculate the number of replications (a binary value, either 0 or
1, since all the weights are normalized from Eq. 12), i(k, n) for

each particle d(n):
Forn=1— N:

i(k,n) = |w(d(n)) x N];n=1,..,N. (14)

3

=

Calculate the number of particles that are eliminated, e(k):

e(k) = li(k,n)| 3 i(k,n) =0 (15)

where |.| denotes cardinality of the set.

4) Find the set of R replicated particles:

X, =d(r) =d(n) x 1(i(k,n)) (16)

where r = 1,.., R < N, and 1 denotes a vector having all
elements equal to 1. This creates i(k, n) copies of d(n) for each

n.

5) Find the set of replicated (de-normalized) weights:

Wi = w(d(r)) = w(d(n)) x 1(i(k,n)) x SWy,  (17)

6) Adding e(k) new particles, which are randomly selected within

0.1m-deviation of the “top weighted” e(k) original particles:

X, =d(a) =d(a) £ v x0.1 (18)

where a = 1, .., e(k), and -y is a random number in [0,1].

7) Evaluate the importance weights of the e(k) newly added parti-

cles: R R R

Wi, = w(d(a)) = P(d(a)V (19)

8) Create the new set of particles and weights for next iteration:
Xpy1 = [Xis; X (20)
Wit1 = [Wis Wi @n

9) Update the normalizing factor (weight sum):
N
SWii1 =D (Wit1) ©2)
n=1

10) Normalize the importance weights:

Wit =
k+1 SWeir

11) Calculate the new standard-deviation, o (k+1) of the N particles

d(n) in the set X 1.
12) Update the number of fe’s:

Dpi1 = P +e(k) 24)

13) If &4 > P7: Exit and discard the estimate.
14) Tterate: k = k + 1.

Whet1 (23)
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ELSE: Output the final location estimate, £ and number of fe’s, ®:

N
z= (d(n) x w(d(n))) 25)

n=1
O = (26)

Note: In our case, for Vi = 400cm x 100cm x 600cm = 24 x
10%em?, and typically for alow SNR case, Vpeak = 12X 10%em?,
hence from Eq. 8, Jo = 3000 and N = 100 will err by missing
Vpeak less than 0.1% of the time, which is virtually zero. Although
the selection of Jy seems a bit ad-hoc, absolute exactness is not
required in this stage. A rough estimate of .Jy is sufficient, and the
resulting missing probability is guaranteed to be in a negligible
range. The threshold for the number of fe’s is &7 = 20, 000.

4. EXPERIMENTAL EVALUATION

The new method was evaluated with experiments using real data
in a real room with high noise and reverberations, as well as with
simulated data (to have full control over different high levels of re-
verberations). The cost of the pre-processing stage (signal process-
ing and cubic-splines interpolation) is the same for grid-search,
SRC, coarse-to-fine region contraction (CFRC)[15], SPF, and is
equal to 46.6 mo/f(million operations per frame)[7, 15]. These
methods only differ in the search stage, and the search cost, hence
the total computational cost depends on the number of fe’s (each
fe costs 2588 ops) evaluated in this stage. As shown in [7], the
cost of a full grid-search is 63,113 mo/f (note that the cost of the
pre-processing stage is tiny compared to this), implying a 1.28TF
machine for 51.2ms/estimate! SPF’s cost is significantly less, and
will be shown experimentally since it varies (within a small order
of fe’s) with the source locations in the room.

4.1. Experiments using real data

The system (a room with a Tgp = 450ms and a focal volume
Vieom =4m X 1m x 6m) that we used in our experiments has been
described in [7]. The source was an Advent AV0O09 speaker play-
ing an 8-second clean-speech recording (wav file) at 5 different
locations facing the 24 microphones in the room as shown in Fig.
2. A recording of different native American English talkers was
played at each location. Hence, there were 5 recordings of 5 differ-
ent talkers (1 female and 4 males) played at 5 locations. By varying
the source locations and talkers, versatility of SPF were tested both
for different SNR situations and talker’s characteristics, such as:
pitches, tones, etc. Frames of 102.4ms, advancing each 25.6ms,

=" Panel M ’ Panel L Panel K PanelJ
= —
| Avg.Dist =3.66 m T
S| SNR ~7.67dB T <
- &
& Tig — —
. SNR ~ 883 dB n, "
s[l< t Avg.Dist=2.21m SNR 2 8.20 dB
3z >Z Avg.Dist=1.83m |T
T
& T5. T S
" (] a
SNR ~10.30dB SNR ~12.73dB
| Avg.Dist=3.33m  Avg.Dist=2.88m ©
T =
5 Focal Area %
v Panel C Panel D Panel E Panel F ©
T T T

6.5M

Figure 2: Top view of the array, showing source locations and
panels. This experiment used 24 microphones of the 128 on panels
H, I, J, K. The arrows indicate the orientation of the talker and the
SNR’s are for background noise only.
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and a sampling rate of 20 KHz were the conditions for testing. We
selected “speech frames” by hand-labeling frames from the close-
talking data that have speech in at least 90% of the framelength.
They total to about 62% of all 1500 frames. On the “speech”
frames, performance of the full grid-search was compared to the
measured locations of the source. On the frames where the full
grid-search gave correct estimates, denoted as “good” frames (~
916 frames), performance of SPF, SRC-I, and CFRC[15] were
compared relatively to the performance of the grid search, i.e.,
performance is listed as 100% if SPF, SRC-I, & CFRC achieved
the global maximum everywhere the grid-search did. Results are
given in Table 1 for accuracy and the average number of fe’s used
for SPE, SRC-I, and CFRC on “good” frames, and for grid-search
on all “speech” frames. A location estimate was considered an er-
ror if it was either off by more than Scm in  or z or 10cm in y,
the vertical dimension.

(1]

[2]

[3]

[4]

[3]

—_

0]

Algorithm T1 T2 T3 T4 T5
SNR 8.2dB 9.83dB 12.73dB 7.67dB 10.30dB
% Corr. #fe’s |% Corr. #fe’s (%Corr. #fe’s |% Corr #fe’s |% Corr #fe’s
(Grid Search] 98.54 2.4 x 107] 98.17 2.4 x 107] 97.96 2.4 x 107] 71.57 2.4 x 107 89.96 2.4 x 10"
SPF 99 8,074 100 7,317 100 7,144 100 7,064 100 7,770
SRC -1 99 11,649 100 10,300 100 10,884 100 10,913 100 10,748
CFRC 98 12,171 100 11,031 99 11,380 | 100 11,510 | 100 12,808

Table 1: Performance and cost of SRP-PHAT using a full grid
search over all speech frames; SPF, SRC, and CFRC over good
[frames for 5 different locations.

4.2. Evaluation using simulated data

We utilized the Brown Acoustic Simulator (BAS)[16] to simulate
a fixed, single source facing 24 microphones in the room described
in section 4.1.Uncorrelated white Gaussian noise was added to the
microphone signals, making SNR at the source 12dB. We tested
SPF under 4 adverse room’s conditions, i.e., Tg0=315, 400, 500
and 585ms. Table 2 shows the performance (% correct) and cost
(number of fe’s and % cost respectively) of SPF relative to those
of the full search on 300 frames where the full search gave correct
estimates, i.e., “good” frames.

Teo % Corr. #fe’s % Cost
315 ms 100 9,331 0.039
465 ms 97 9,018 0.038
510 ms 96 12,254 0.051
585 ms 96 9,809 0.041

Table 2: Performance and cost of SPF relative to those of the full
grid-search in 4 adverse reverberant environments

Note: More data and a movie demonstrating how SPF works
are available at [16].

5. CONCLUSION

We presented a new global maximum searching method, stochas-
tic particle filtering (SPF) for SRP-3-PHAT, a more robust ver-
sion of SRP-PHAT for single-source localization. Thorough ex-
periments using real data and simulated data were done to test the
new method. Under real, adverse conditions, SPF only requires
on average 0.03% the cost of a full grid-search, which is fewer
than other existing search methods, such as: spherical intersec-
tion (10% of a full search), time-delay inverse mapping (10%),
CFRC and SRC ( 0.06%). While maintaining performance rela-
tive to that of a full search, SRP-PHAT using SPF would require
only a 1.27 GF (GigaFlop) processor for real-time applications
(51.2ms/estimate). This is feasible with a single floating-point
DSP today, such as the Analog Devices’ 600MHz TigerSHARC
processor (ADSP-TS201S), which can provide up to 1.2 GF.

(71

(8]

[9]

(10]

(11]

[12]

[13]

(14]

(15]

(16]
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