














Sorting Neural Waveforms 
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Figure 6. Neural recordings at three 
different noise levels, digitized at 32 
kHz. The numbers on the waveforms 
indicate the neuron that fired. 
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reliable performance. Previous studies showed that the 
performance of the principal-components method can be 
close to that of template matching for neural spike sort­
ing.34 The advantages of principal components are con­
siderable data reduction and speed, whereas template 
matching is the theoretically optimal approach. Reliable 
resolution of spike superpositions requires templates of 
individual spikes. Resolution of superpositions can be 
reliably achieved by using an iterative algorithm based 
on template matching.38 

It is possible that basis functions other than principal 
components can provide successful classification. A 
promising candidate is the wavelet transform,39 which is 
especially suited for an efficient representation of tran­
sient signals. Since its orthonormal basis functions are 
independent of the data, the wavelet transform does not 
require computation of the data covariance matrix and its 
eigenvectors. 

Recently, neural networks have been applied to vari­
ous pattern-recognition problems. Their ability to gener­
ate nonlinear and sometimes disjoint decision regions is 
the main contribution of neural networks to pattern 
recognition. In applications where each class has one 
cluster and when components of patterns are uncorrelat­
ed (whitened data) , the distribution of each class is 
spherical around its centroid. In such applications, the re­
quired decision boundary is a spherical shell, and it can 
be implemented simply with a template and the Euclide­
an distance. The nonlinear discriminatory power of neu­
ral networks does not provide an advantage for such ap-

Johns Hopkil/5 APL Technical Digesr. Volume 12. Number 2 (199 1) 

800 1000 

plications. If the application precludes satisfactory 
whitening of the data, then neural networks may contrib­
ute to the solution. 

Our classification performance studies also included 
the evaluation of template matching with the city block 
distance, the sum of absolute valued differences of com­
ponents of two patterns. The binary equivalent of the city 
block distance is the Hamming distance. The evaluation 
showed that the classification performance is only about 
5% lower than the performance with the Euclidean dis­
tance, and that the increase in performance that results 
from whitening is the same for both distances. In some 
applications, the city block distance can be preferable for 
higher processing speed. 

The optimal neural spike sorting system that we are 
developing is based on template matching with Euclide­
an distance and a high-speed whitening front end. This 
approach is applicable to a wide range of signal- and im­
age-processing problems where theoretically optimal de­
tection and classification under heavy noise conditions 
are desired. We expect the robust on-line operation and 
full automation of the system to contribute significantly 
to functional data analysis in the investigation of biologi­
cal neural networks. 

REFERENCES 

I Blum, N. A. , Carkhyff, B . G ., Charles, H. K., Jr. , Edwards, R. L. , and Meyer, 
R. A., "Multisite Probes for Neural Recordings," IEEE Trans. Biomed. Eng. 
BME-38, 68-74 (199 1). 

2 Gerstein, G. L. , and Clark, W. A. , "Simultaneous Studies of Firing Patterns in 
Several eurons," Science 143, 1325-1327 (1964) . 

151 



I. N. Bankman 

3 Keehn , D. G .. "An Iterati ve Spike Separation Technique," IEEE Trans . Bio­
med. Eng. BME-13. 19-28 ( 1966). 

4 Prochazka. Y. J ., "Bioelectric Signal Sorter (JU LIA)." in DECUS Program Li­
brary, pp. 12-35, Digital Equipment Computer Users ' Society, Digital Equip­
ment Corp. , Marlboro. Mass. ( 197 1) . 

5 Prochazka. Y. J .. Conrad. B .. and Sindermann, F. , "A Neuroelectric Signal 
Recogni tion Sy tem: ' Electroencephalogr. Clin . Nellrophysiol. 32, 95-97 
( 1972). 

6Capowski, J. J ., "The Spike Program: A Computer System for Analysis of 
europhysiological Action Potentials," in Compllfer Technology in Neuros­

cience. Brown, P. B. (ed.), Hem isphere Publ. , Washington, D.C. , pp. 237-251 
( 1976) . 

7 Matthews. B .. " Identifying Action Potential Wavefomls in europhysiolog ical 
Recordings," J . Physiol. 277, 32P-33P (1978). 

8 D' Holiander, E. H. , and Orban , G. A. , "Spike Recognition and Online Classifi­
cation by Unsupervised Learning System," IEEE Trans . Biomed. Eng. BME-
26, 279-284 ( 1979). 

9 Cohen, A. , and Landsberg. D .. "Adaptive Real-t ime Wavelet Detection," IEEE 
Trans . Biomed. El1g. BME-30. 332-340 (1983). 

10 Studer, R. M. , de Figueiredo, R. J . P. , and Moschytz, G. S., "An Algorithm for 
Sequential Signal Estimation and System Identification for EMG Signals," 
IEEE Trans. Biomed. Eng. BME-31, 285-295 ( 1984). 

II DeLuca, C. J ., and Forrest. W. 1.. "An Electrode for Single Motor Unit Activity 
during Strong Muscle Contractions," IEEE Trans. Biomed. Eng. BME-19, 
367-372 (1979). 

12 Feldman, J. E , and Roberge, F. A. , "Computer Detection and Analysis of eu­
ronal Spike Sequences," Infor. 9, 185-197 ( 197 1). 

13 Dinning, G. 1. , and Sanderson, A. c., " Real-time Classification of Multiunit 
eural Signals Using Reduced Feature Sets," IEEE Trans. Biomed. Eng. 

BME-28, 804-8 12 ( 198 1). 
14 Harper, R. M .. and McGinty, D. J ., "A Technique for Recording Single eurons 

from Unrestrained Animals," in Brain Unit Activity During Behavior. Phillips, 
M. I. (ed .), C. Thomas, Springfield, Ill. . pp. 80- 104 (1973) . 

15 Radna, R. J. , and Vaughn , W. J. , "Computer Ass isted Unit Data Acquisition/ 
Reduction," Electroencephalogr. Clin. Neurophysiol. 44. 239-242 ( 1978). 

16Best, P. J. , " An On-line Computer Technique for Display and Analysis of Sin­
gle Cell Acti vity:' in Brain Unit Activity DlIring Behavior, Phillips, M. I. (ed .), 
C. Thomas. Springfield, Ill. , pp. 67-75 (1973). 

17 O 'Connell , R. J ., Kocsis, W. A., and Schoenfeld, R. L. , "Minicomputer Iden­
tification and Time of erve Impulses Mixed in a Single Recording Channel." 
Proc. IEEE 61 , 16 15-1 62 1 ( 1973) . 

18 Dill. J. c., Lockemann . P. c.. and aka, K. I. , "An Attempt to Analyze Multi­
unit Recordings," EleClroencephalogr. Clin. Nellrophysiol. 28, 79-82 (1970). 

19 Mishelevich, D. J., "On-line Real-time Dig ital Computer Separation of Ex­
tracellular euroelectric Signals," IEEE Trans. Biomed. Eng . BME- 17, 147-
150 ( 1970) . 

20 Marks, W. B .. "Some Methods of Simultaneous Multiunit Recording," in Proc. 
Symp. Information Processing in Sight Sensory Systems, California Institute of 
Technology, Pasadena, Cali f. ( 1965). 

21 Fri edman, D. H .. Detection of Signals by Template Matching, Ph.D. Disserta­
tion , The Johns Hopkins Uni vers ity, Baltimore, Md. ( 1968) . 

22 Glaser. E. M .. "Separation of euronal Activity by Waveform Analysis," in 
Adl'ances in Biomedical Engineering . Vol. I . Kenedt , R. M. (ed. ), Academic 
Press, ew York, pp. 77-136 ( 197 1). 

23 Glaser, E. M. , and Marks. W. B. , "On-line Separation of Interleaved Pulse Se­
quences." in Data Acquisition and Processing in Biology and Medicine , Vol. 5, 
Pergamon Press. New York pp. 137-156 ( 1968) . 

24 Gerstein , G. L.. Bloom, M. J. , Espinosa, I. E., Evanczuk, S. , and Turner, M. R., 
" Design of a Laboratory for Multineuron Studies," IEEE Trans. Syst. Man . 
Cvbern. SMC-13. 668-676 ( 1983). 

25 Abeles, M .. and Goldstein. M. H., Jr., "Multi pike Train Analysis ." Proc. IEEE 
65, 762-773 ( 1977). 

26 Smith, S. R. , and Wheeler. B. C., "A Real-Time Multiprocessor System for Ac­
quisition of Multichannel eural Data; ' IEEE Trans. Biomed. Eng. BME-35, 
875-877 ( 1988). 

27 Bessou. P .. and Perl. E. R .. " Response of Cutaneous Sensory Units with Unmy­
e linated Fibers to oxious Stimuli ," 1. Neurophysiol. 32, 1025-1043 (1969). 

152 

28 Remmel, R. S. , "A Computerized Discriminator for Action Potentials," Elec­
troencephalogr. Clin. Neurophysiol. 56, 528-530 ( 1983). 

29 Camp, c.. and Pinsker. H .. "Computer Separation of Unitary Spikes from 
Whole- erve Recordings," Brain Res. 169, 455-479 ( 1979) . 

30 Roberts, W. M., and Hart line, D. K., "Separation of Multiunit Nerve Impulse 
Trains by a Multi-Channel Linear Filter Algorithm," Brain Res. 94, 141-149 
( 1975). 

31 Oguztoreli. M. ., and Stein. R. B .. "Optimal Linear Filtering of erve Sig­
nals." Bioi. Cybemet. 27, 4 1-48 ( 1977 ). 

32 Heetderks, W. J ., "Criteria for Evaluat ing Multiunit Spike Separation Tech­
niques ," Bioi. Cybernet. 29, 215-220 ( 1978). 

33 Wheeler, B. C. , and Heetderks, W. J ., "Separation of Cockroach Giant Action 
Potentials using Multiunit Analysis Techniques." in Proc. 7th New England Bi­
oengineering Conf. IEEE Engineering in Medicine and Biology Society, ew 
York, pp. 3 10-313 ( 1979). 

34 Wheeler, B. c., and Heetderks. W. J., "A Comparison of Techniques for Clas­
sification of Multiple eural Signals," IEEE Trans. Biomed. Eng. BME-29, 
752-759 ( 1982). 

35 Bow. S. , "Clustering Analysis and onsupervised Learning," in Pattern 
Recognition, Marcel Dekker, ew York, pp. 98-153 (1984). 

36 Dubes, R. , and Jai n, A. K., "Clusteri ng Methodologies in Exploratory Data 
Analysis," Adv. Comput. 19, 11 3-228 ( 1980). 

37 Jain, A. K., "A Fast Karhunen Loeve Transform for a Class of Random Pro­
cesse ," IEEE Trans. ComnlLlII. 24, 1023- 1029 (1975). 

38 Bankman, I. ., Johnson, K. 0 ., and Schneider, W. , "Optimal Detection , Clas­
sification, and Resol ution of Superpositions of eural Waveforms," IEEE 
Trans. Biomed. Eng. (in press). 

39 Daubechies, I. , "The Wavelet Transform, Time Frequency Localization and 
Signal Analys is," IEEE Trans. Infor. Theory IT-36, 96 1- 1005 (1990) . 

ACKNOWLEDGME T: The author would like to thank Kenneth O. John­
son and Michael A. Steinmetz of the euroscience Department of the Johns Hop­
kins Medical School and Wolfger Schneider of APL for their collaboration. This 
work is supported by NIH Grant S 07226, and partiall y by Department of the 
Navy Contract 00089-C-530 1. 

THE AUTHOR 

ISAAC BANKMAN holds 
B.Sc. and M.Sc. degrees in electri­
cal engineering and a Ph.D. in bio­
medical engineering. He joined the 
Biomedical Engineering Depart­
ment of The John Hopkins Uni­
versity as a postdoctoral fellow in 
1985 and was a research associate 
between 1987 and 1990. In June 
1990, he joined APL'S Eisenhower 
Research Center as a senior re­
search scienti st. His field of in­
terest is signal and image process­
ing, including optimal signal detec­
tion and classification, image pat­
te rn recognition, neural-network 
applications, modeling of neural 

systems, and algorithms for the analysis of biological signals. 

Johns Hopkins APL Technical Digest. Voilime 12 . NlImber 2 (199 1) 


