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ABSTRACT

Common spatial patterns (CSP) and probabilistic CSP (PCSP)
are popular methods for extracting discriminative features
from electroencephalography (EEG), but they are trained on
a subject-by-subject basis so that inter-subject information is
neglected. When only a few training samples are available
for each subject, the performance is degraded. In this paper
we present a method for Bayesian CSP with Pitman-Yor pro-
cess (PYP) priors, in which spatial patterns (corresponding
to basis vectors) are simultaneously learned and clustered
across subjects using variational inference, allowing for a
flexible mixture model where the number of components are
also learned. Spatial patterns in the same cluster share the
hyperparameters of their prior distributions, so that the in-
formation transfer is encouraged between subjects involving
similar spatial patterns. Numerical experiments on BCI com-
petition IV 2a dataset demonstrate the high performance of
our method, compared to existing PCSP and Bayesian CSP
with a single prior distribution.

Index Terms— Common spatial patterns, EEG classifi-
cation, nonparametric Bayesian methods

1. INTRODUCTION

Multi-subject EEG classification considers EEG from multi-
ple subjects, each of whom undergoes the same mental task,
so that such brain waves reflect task-specific and subject-
specific characteristics, as well as inter-subject variations.
Common spatial patterns (CSP) is a popular discriminative
EEG feature extraction method, which is useful for learning
a subject-specific spatial filter [1]. Learning common spatial
patterns was also cast into a probabilistic framework leading
to probabilistic CSP (PCSP) [2], i n which linear Gaussian
generative models of two classes with a shared basis matrix
are jointly learned to infer spatial pattern vectors correspond-
ing to column vectors of the shared basis matrix. However,
CSP and PCSP are subject-specific methods, so other sub-
jects’ information involving the same task as the subject of
interest is not considered. In the case of a subject with much

© EURASIP, 2012 - ISSN 2076-1465 684

fewer training samples, the performance of CSP and PCSP
are deteriorated.

In this paper we propose a Bayesian CSP model where we
exploit multi-subject EEG data to learn spatial patterns for a
target subject, encouraging information transfer between sub-
jects involving similar spatial patterns. To this end, we present
a Bayesian CSP with Pitman-Yor process (PYP) priors, re-
ferred to as BCSP-PYP, in which we develop a variational
inference algorithm to learn as well as to group spatial pat-
tern vectors, so that spatial pattern vectors in the same group
share the hyperparameters of their prior distributions. Cou-
pling similar spatial patterns in the same cluster by sharing
the hyperparameters encourages information transfer between
subjects involving similar spatial patterns, while information
transfer is discouraged between dissimilar subjects. BCSP-
PYP is an extension of our recent Bayesian CSP (BCSP) [3]
where we assign a single prior distribution to all spatial pat-
tern vectors, regardless of subjects. Our method is motivated
by task-clustering methods in the multi-task learning frame-
work [4,5], where similar tasks are identified and information
is transferred between tasks in the same group.

2. RELATED WORK

In this section we briefly review two probabilistic models for
CSP, i.e., probabilistic CSP (PCSP) [2] and Bayesian CSP
(BCSP) [3]. We denote by X*¢ = [z, ..., z5¢ | € RP*Twe
a collection of EEG signals measured at D electrodes over tri-
als (Ts. is the number of samples recorded for a pre-defined
number of trials) for subject s € {1,...,S} who undergoes
the mental task involving class ¢ € {1,2}. PCSP or BCSP
assumes that X °¢ is generated by

XSC — ASYSC + ‘ESC7 (1)
where A° = [af,...,a3,] € RP*M is the basis matrix
for subject ’s’, containing M spatial pattern vectors shared
across classes, Y°¢ = [yi¢,... y5 | € RM*T: the co-
efficient matrix (latent variables), E*° = [ei°,... €7 | €
RP*Tse is the noise matrix. It is assumed that each row of
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(a) Probabilistic CSP (b) Bayesian CSP
Fig. 1. Graphical representations of PCSP model [2] and
BCSP model [3].

X ¢ is already centered (zero mean). Coefficients and noise
are assumed to be drawn from zero-mean Gaussian distribu-
tions:

yi© o~ N(yic]0,(A™)7h),
€ ~ N(&]0,(T*)7),

where A*¢ € RM*M and ¥*¢ € RP*PD are diagonal preci-
sion matrices for s = 1,...,S and ¢ = 1, 2, whose diagonal
entries are given as {A\{°,..., A\37} and {¢5°, ... ¢35}, re-
spectively. In the case of S = 1, the model (1) is equivalent
to the PCSP model, as shown in Fig. 1(a), where maximum
likelihood estimates of spatial pattern vectors A°® are learned
by the expectation maximization [2].

In the case where a sufficient number of training samples
is not available for some subjects, the performance of PCSP is
degraded. Bayesian multi-task learning enforces spatial pat-
ten vectors across subjects to share hyperparameters of their
prior distributions, allowing for learning from each other sub-
jects. In BCSP (see Fig. 1(b)) [3], Gaussian prior was placed
on the basis matrix A°®, sharing the hyperparameters (mean
vector and precision matrix) across subjects:

M
p(A®%) = [ N, |m.Q),
m=1

fors = 1,..., 5 and the mean vector and the precision matrix
are assumed to follow Gaussian-Wishart distribution

p(p, Q) = N(plmo, (Bo2)"HW(QIW, 1p),

where W(Q|W, 1) denotes Wishart distribution parame-
terized by W and 9. Gamma distributions are assumed for
precision parameters A°¢ and ¥ *°,

M
p(A) = ]] Gamma(x;7|ap, bo),
m:1
D
p(‘I’SC) — H Gamma ('(/J;C ‘ CL;)/}, bg})

d=1
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Fig. 2. Graphical representation of Bayesian CSP with PYP
priors.

Posterior distributions over A® and Y *¢ are approximately
computed by Bayesian variation inference method to calcu-
late CSP features [3].

3. BAYESIAN CSP WITH PYP PRIORS

In this section we present the main contribution of this pa-
per, which is Bayesian CSP with PYP priors, referred to as
BCSP-PYP. BCSP [3], as shown in Fig. 1(b), assumes that
all spatial pattern vectors {a?,} share the hyperparameters,
without proximity between spatial patterns. This restriction
might bring negative effect such that information transfer is
enforced even between subjects whose spatial patterns are
very different. Motivated by the idea of task clustering in the
multi-task learning framework [4, 5], we incorporate a infi-
nite mixture model with PYP priors [6] into Bayesian CSP, as
shown in Fig. 2, so that grouping spatial pattern vectors a;,
and learning the model (1) are performed simultaneously. In
this way, only spatial pattern vectors in the same cluster share
the hyperparameters.

The Pitman-Yor process (PYP) [7, 8] is a two-parameter
generalization of the Dirichlet process [9], which relaxes the
’rich-get-richer” property of the Dirichlet process by set-
ting an additional parameter. Invoking the linear model (1),
BCSP-PYP assumes that spatial pattern vectors {a?,} are
drawn from the distributions p(a?, |62, ) parameterized by
{02,} that are independently drawn from a random measure
G from a PYP with a scaling parameter o and a discount
parameter v and a base distribution Gj:

form=1,...,Mand s = 1,...,5. The process is defined
with @« > —y and 0 < < 1. Spatial pattern vectors {a?, }
generated by this model are partitioned according to the dis-
tinct values of the parameters {62, }. Parameter 62, takes one
of distinct values in {65} (k =1,..., MYS).

The stick-breaking representation [10] [7] of the random
measure G is given by

k—1 )
T = Vg H(].—Uj), G:Z’]Tk(ng, (3)
j=1 k=1



where vy, and 60} are independent random variables drawn
from Beta distribution and the base measure G, respectively

v ~ Beta(vg |l — v, + k), 05 ~ Go.

The stick-breaking representation (3) makes it clear that G is
an atomic random measure (with probability one), in which
mixing proportions {7y} are given by successively breaking
a unit-length stick into an infinite number of pieces. An inde-
pendent draw vy, from a Beta(l — v, a + k+y) distribution is
re-scaled, proportional to the rest of stick, leading to the size
of the broken piece 7y, corresponding to the mixing propor-
tion.

We introduce cluster indicator vectors z; € RMS | the
k-th entry of which, denoted by =z, (k), equals 1 if 65, = 67,
otherwise zero. In the BCSP-PYP model, 0 = (u}, 2};), and
spatial pattern vectors are assumed to be drawn from Gaus-
sian distribution parameterized by the mean vector uj, and
the precision matrix €. The base measure G is chosen as
Gaussian-Wishart distribution that is the conjugate prior for
Gaussian likelihood N (a3, |u}, (25)~1). BCSP-PYP also
considers the same generative model (1) with the following
parameterization:

Beta(vk|l — v, a + kv),
N (prlmo, (BoS2%) ™ YW(QIW o, 1),

k—1
o [T =vy),
j=1

N (am|ur, (Q5)7),

Vk ~
O = (B, Q) ~

plzm(k) =1) =

am|(zm(k) =1) ~

v~ N (),
B~ N A (),
¢~ Gamma(\SS|a), by),
¥~ Gamma(yS©lay,by).

We employ the variational inference method [11] to ap-
proximately compute the posterior distributions over spatial
pattern vectors as well as latent variables. As in variational
inference for DP mixture models [11], we also consider the
truncated stick breaking representation with the truncation
level K. The variational inference considers a lower-bound
on the marginal log-likelihood

log p({X*°})

log / P({X*), ©)dO

p({X*},0)
> / 1(©)1og 1 200 = 7o)

where the Jensen’s inequality was used and F(¢) denotes the
variational lower-bound to be maximized. ® denotes the set
of variables to be inferred, where the variational distribution
q(0©) is factorized as

9(®) = q({A’})a({z}) d({Y™}) a({ve})
q({A*}) a({®*}) a({ (e, 21)})-
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Optimal variational posterior distributions are computed by
alternatively maximizing the variational lower-bound F(q),
which is summarized in Table 1. The hyperparameters,
{a, 7, Bo, V0, Wo,mo,ag, bg’, ad, by}, are also estimated
by maximizing the variational lower-bound F(g), which is
summarized in Table 2.

Given a test data X°® € RP*T we compute the CSP fea-
ture vector f € R2" as follows. We first compute the poste-

rior mean matrices {786} forc=1,2,
?sc — ys¢ <AsT> <\I’SC> XS,

which corresponds to 77¢ in Table 1 and (-) denotes the sta-
tistical expectation. Considering the class conditional proba-
bility as p(X*® € ¢) = Ty./(Ts1 + Ts2) for ¢ = 1,2, we com-
pue Y° =52 p(X* €c)- Y. Treating columns in ¥
as projected variables in CSP, we compute a M -dimensional
vector ?S € RM™ the m-th entry of which is calculated as

po s (377 - (3],) )

where 17 € R is the vector of all ones. We select 2n entries
from { f® (m)} for m associated with top n and bottom n

expected precision ratio { (A1) /(X52)}, to construct the CSP
feature vector f° € R?".

4. NUMERICAL EXPERIMENTS

We compared the classification performances of the PCSP,
BCSP and BCSP-PYP on the BCI Competition IV'-2a data
set. The data set contains 9 subjects with 4 imagery move-
ments such that left/right hand, right foot, tongue, and we took
trials of left/right hand movement to consider binary classifi-
cation problem. Each imagery movement consists of 144 tri-
als. Every trial was divided into T" = 500 times points, which
corresponds to the time interval from 3.5s to 5.5s after the vi-
sual cue (250 Hz). The data was recorded with 22 electrodes
(D = 22). Every trial was bandpass-filtered to emphasize
important frequency bands for the motor imagery task.

For all models, basis matrices are set to square matrix
(M = D) and feature vectors f° € R?" (with n = chosen)
are constructed by PCSP, BCSP and BCSP-PYP. Linear dis-
criminant analysis (LDA) is applied to transform these feature
vectors down to scalar values which are fed into a minimum
distance classifier. The classification accuracy was obtained
by the ratio of the number of correctly classified test trials
compared to the total number of test trials. We selected half
of the trials in each subject as the test trials, and randomly
selected some of the remaining trials as the training trials. At
each experiment, a subject s in the dataset is chosen as the

"http://www.bbci.de/competition/iv/



Table 1. Variational posteriors and corresponding updating equations in BCSP-PYP are summarized. Denote by (-) the statis-
tical expectation with respect to corresponding variational posterior distributions. The (4, j)-element of a matrix is denoted by
[-]ij, and [-]; . represents the i-th row of a matrix. The trace operator is denoted by tr(-), and diag(x) represents the diagonal
matrix whose diagonal entries are given by the vector . Multinomial(z|p) represents the multinomial distribution such that

p(xr = 1) = pi.

Variational posterior distributions Updating equations for variational parameters
(®3) " = SAL, ([9]a.0) diag ((229)) + 52, () (Yy™T),
s s —s &S =5 _ 2 sc sc sc K s
9(A%) = [17, V (A%, ) py = {2 i) (X0, (YT) + S0 ((@aem) (227)

~ ding (%)) 5, (910, (4757 ) | @5,

zk = [53(k) .25, (R)]
52 (k) o exp { §(l0g 94]) — § X0, (R4 aa) (([A"am)?)
9(2;,) = Multinomial(z7, |r7, ) — 530 (A%Tom) ([0 ([A%]m) + (@3] ) (Qrasy)

5 (] Q) + (log o) + L4 (log(1 - vy)) }

(=) = (A™) + S0 (05 <[AS] 14%0,),

e = X% <AsT> (W) 8
q(vk) = Beta(vg|ag, b}) ap=1—7+ (L), =o+ zw 3 Yot (2 (),
q(A%) =TT, Gamma(\szlaye,03e) | ay =ad + 5o, oy =w+ 3 [(Yey= )] .

T

sc Tse sc sc
q(Y™) = t—1N(y In;¢, 3°°)

m o Ym 2

awsc — aw + Tse
d 0 2
bgsc _ b;)b _~_% |:XSCXSCT _ 2Xsc<YscT><AsT> + <AsYchscTAsT>}

sc D sc sc sc
q(®*) = [142; Gamma(ilay ™, b))

dd
Br = Bo + (L),
vp = vo + (Lg),
alui, ) = N (il (B0 7) | ma= 2 (Bomo + (Li)an),
W (Wi, i) (Wk)_ (Wo)_ (L)

<Lk> Zé lzm 1
(Lk) Zs IZm 1

}A/' + ﬁo(Lk>(mO_ak)(m0—ak)T,
(2 (K))(ar,),
(zm (k) (a5,

)
Was,asT) — ara, .

Table 2. Updating equations for hyperparameters {«, 7, 8o, Vo, W, my, agb, bg, ap, by} are summarized: (a) stationary point
equations for {«, 7, azf, aé, vo}, which do not have closed-form solutions, are numerically solved to update corresponding
hyperparameters; (b) updating equations for {8y, W, mg, bg , b} }.

Fla) =i {(a+ (k= 1)y) —(a + ky) + (log(1 —vg)) } =0

FO) =h g {e = D(a+ 14 (k= 1)) + (1 =) — k(e + k) } =0,

@ | f(af) = log<ao> Wlag) + 335 Yoy Yooy Yy (log ) —log (3ap X5, Soin S0, (05) ) = 0,
(ap
(

=
7)) = log(ad) = (ad) + 5y S5y Loy Loy log Ass) — log (535 5, 2y Ty (N50)) =0
J(0) = Dlogwy = Y2, v (51=1) — 1og [, (7)] + % I, (log I925)) + D(log K — log2) = 0.
=
fo = < Birs como= (i) (Zi‘:mm),

S {((Mmo—pp) TR (Mo — )
ay 28D a)-28M

_ 1 K * b _ A
Wo = voK Zk:1<ﬂk>’ by S S W)’ bo DD YDA

)

(b)
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Fig. 3. Averaged classification accuracy for target subjects is shown when the number of training samples for non-target
subjects, denoted by n,, varies. Three different plots are shown for n; = 1,24, 60, where n; denotes the number of training

samples for target subject for each class.

target subject. We randomly selected n; trials from each class
of the target subject as the training trials (T5. = T - ny). We
randomly selected n,, trials from each class of the non-target
subjects (T;. = T - ng,i # s) as the additional training tri-
als. The classification accuracy was evaluated using the test
trials of the target subjects only. We repeated the experiments
10 times for s = 1, ..., .5, and averaged the accuracies to rep-
resent the classification performance of models on the given
(nt, ng) setting. Note that PCSP cannot exploit the additional
training trials so that the classification performance of which
does not vary by n,.

As shown in Fig. 3, the performance of BCSP-PYP is bet-
ter than PCSP and BCSP, in terms of classification accuracy
when features computed by these methods are used. These
results demonstrate that our proposed method BCSP-PYP is
quite effective in exploiting non-target subjects’ data, as com-
pared to BCSP.

5. CONCLUSIONS

We have presented a Bayesian CSP model with PYP priors
to tackle multi-subject EEG classification, where the infinite
mixture model partitions the spatial pattern vectors into sev-
eral groups and at the same time spatial pattern vectors are
learned in Bayesian framework. Spatial patter vectors in the
same group are coupled through sharing the hyperparame-
ters of their prior distributions, such that information transfer
between subjects involving similar spatial patterns is encour-
aged while information transfer between dissimilar subjects is
discouraged. Numerical experiments on BCI competition IV
2a dataset confirmed the useful behavior of our BCSP-PYP,
compared to existing probabilistic models such as PCSP and
BCSP.
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