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a,, a,, . ap are the AR parameters and z is the complex frequency of the z-transform. 
The time-domain representation of the signal generator is 

where f, denotes the undisturbed output signal of the filter. Sequences (W,), and 
(N,), are uncorrelated zero mean Gaussian white noise signals with constant variances 
q and v ,  respectively. As an essential property of the model, the mean p(k) of the 
white noise excitation (X,), is time variant. This yields the motor system the control 
over the biological signal generator in order to produce a particular movement. 
Within this framework, the response onset to is defined as an abrupt change between 
two time varying profiles po(k) and p,(k, to), as illustrated in Fig. I .  

Ir,(k) k =  t, ,, 

Fig.1 Process model for the kinetic signal of a responding suhject. 

3 The Algorithm 

The properties of the sequence (Y,), are fully described by the (time varying) vector 

M = [a, a, ... ap q v p(k)IT (3) 

comprising the parameters of the process model in Fig. 1. Thus, statistically optimal 
onset detection can be achieved with the aid of a binary hypothesis test between the 
two statistical models Mo and MI which describe the signal properties before and 
after the change, respectively. The method consists of two stages, (i) an adaptive 
whitening filter Hw(z), and (ii) a statistical decision element, as illustrated in Fig. 2. 
The whitening filer Hw(z) adapted to the Mo model transforms the measured signal (Y,), 
into an uncorrelated (,,whiteq') sequence b,), of innovations. The new series (E,), 
sensitively reflects deviations of (Y,), from the Mo model. It is examined by a 
decision rule based upon the log-likelihood ratio test, which signals a possible change 
in model parameters (alarm time to) and, in addition, computes an estimate 6 of the 
unknown change time to. 

3.1 The Adaptive Whitening Filter 

The properties of (Y,), are determined to a large extend by the transfer function 
H(z) . According to the model, however, the change to be detected predominantly 
affects the excitation (X,),, whereas H(z) remains comparably constant. 
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Fig. 2 Detection scheme for the determination of the response onset 

This implies that all the information for event detection available in (Y),)), is com- 
prised by the mean profile p(k) of the excitation, but the information contained in the 
AR parameters a, is not relevant for correct detection of changes. In order to remove 
this irrelevant component from the signal before it enters the decision stage, an 
adaptive whitening filter is used. The filter with transfer function 

transforms the measured sequence (Y),)), into a new series (E),)), called ,,the innova- 
tions". The filter coefficients are related to the Mo model according to 

c, (1 - 1 )  + 1 ,  when 1 : 1 i p  
C, = a, , when I = p  

where L = [l, 1, ...$IT is the steady-state Kalman gain vector which depends upon 
the variances q and v of the process model [3]. 
Under noise-free conditions (v =0), (4) reduces to a pure moving average (MA) filter 

HJZ) = I + clz-' + c,z-' + . +cpz" (6) 

Thus, for =a, and v=O, the whitening filter represents an ideal inverse filter 
Hw(z) = H -'(z) with respect to the transfer function H(z) . The excitation (X),), can 
completely be reconstructed and the detection task reduces to the detection of a 
change in the dynamic mean p(k) of a series of statistically independent Gaussian 
random variables with variance q .  For v> 0, the filter still produces an independent 
Gaussian sequence, but with different mean profile p '(k) . Sincep '(k) can be obtained 
by filteringp(k) with a filter 

detection for v> 0 can be performed as in the ideal noise-free situation by using the 
modified (filtered) profile p '(k) . 

Usually, the parameters of the Mo model are unknown. In this case, the coefficients b, 
and c, of the whitening filter are individually determined from the pre-stimulus 
interval k -. f which, by definition, only contains data produced by the Mo model. As 
illustrated in Fig. 2, before stimulus presentation (k  i f ) ,  model parameters are 
subjected to a standard least squares optimization technique [3]. At k =f , optimization 
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several onset detectors. The AGLR method was compared to a simple (adaptive) 
threshold (ST) criterion. In addition, results of the CUSUM method exactly tuned 
with the true profiles p,(i) and p,(ij) are shown as a reference for optimal perfor- 
mance. The ST method employed an adaptive threshold: event alarm occurred when 
the current sample Y ,  exceeded three times the standard deviation of (Y,), estimated 
from the pre-stimulus period ki f .  The broad shape of the error distribution of the 
ST method indicates highly variable onset estimates for this standard detection crite- 
rion. By contrast, the small error variance of only few samples indicates precise onset 
estimates of the AGLR method being nearly as accurate as those obtained with the 
(optimal) CUSUM detector. 

, AGLR 11 

Fig. 3 Histograms of estimation error for different detection methods 

5 Discussion 

Inclusion of a priori knowledge on the biomechanical generator process of kinetic 
signals significantly enhances the accuracy of detected movement onsets. When the 
parameters of the process model are exactly known, the CUSUM detector can serve 
as a reference criterion, e.g., in order to assess the performance of more ,,realisticG' 
methods by statistical simulations. When the exact model parameters are unknown, 
the AGLR method still provides high detection power by computing appropriate 
estimates of the unknown parameters. 
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