
ly charged air. Several clouds growing over 
the negative charge source developed exten- 
sive regions containing positive charge in 
their lower portions. An example is shown 
in Fig. 2. The measurements reported for 
1985 were made with ground-based equip- 
ment because the instrumented airplane and 
balloon systems used in 1984 were not 
available. 

It is conceivable that the abnormal polari- 
ty of electrification exhibited by these 
storms may have been an unusual natural 
occurrence that was not related to the artifi- 
cial release of negative space charge during 
the growing period of the thundercloud. 
This is unlikely, however. Observations in 
this region of New Mexico over the past 20 
years show that this polarity of electrifica- 
tion very rarely, if ever, occurs naturally in 
isolated clouds. Of the approximately 1000 
thunderstorms whose electric fields have 
been observed, no isolated cloud above us 
has exhibited abnormal polarity. That three 
abnormal storms would have occurred by 
chance during a 2-week interval seems high- 
ly improbable. 

The idea that the electrified wire powered 
by less than 100 W could influence the 
development of a thundercloud that pro- 
duces 100 MW mav at first strain creduliw. 
However, if the electrification of a thunder- 
cloud is brought about by a feedback pro- 
cess similar to that acting in a laboratory 
influence machine, this growth of charge in 
the thundercloud can reasonably be expect- 
ed. In describing his laboratory experiments, 
Kelvin (1 1, p. 69) wrote, "It is curious, after 
commencing with no electricity except a 
feeble charge in one of the jars, only discov- 
erable by a delicate electrometer, to see in 
the couise of a few minutes a somewhat 
rapid succession of sparks pass in some part 
of the apparatus . . . ." Just as his apparatus 
supplied with mechanical energy was capa- 
ble of multiplying the "feeble charge in the 
jar" until it produced sparks, so the growing 
cloud supplied with energy from the auno- 
sphere should be able, by electrostatic induc- 
tion, to multiply either naturally occurring 
positive space charge or artificially intro- 
duced negative charge until the resultant 
electric field becomes sufficiently intense to 
produce lightning. The fine weather electri- 
cal process, which may usually initiate thun- 
derstorm electrification, involves a current 
of only 1 pA and a power of < 1 W for each 
sauare kilometer. 

That the charge released from the wire 
could have influenced the polarity of the 
much larger charges forming later in the 
thundercloud indicates that the electrifica- 
tion process can be of the "feedback" or 
"influence" kind. It appears that on some 
occasions enough of-the negative charge 

from the wire is carried up into the cloud to 
overbalance the other factors that normally 
determine the electrical polarity of thunder- 
clouds. 

REFERENCES AND NOTES 

1. B. Franklin, in LCghtning, R. H. Golde, Ed. (Aca- 
demic Press. New York. 1977). vol. 1. D. 42. 

2. 0 .  H. Gish k d  G. R. wait, J .  '~eop@s.'~es. 55,473 
(1950). 

3. C. G. Ster is G C Rein, T. Kangas, J. Atmus. Tew. 
Phy. 11, f 3 ' ( 1 ~ 5 + ) ,  

4. C. T. R. Wilson, Obsewatmy 45, 393 and 484 
11922). 
\----, 

5. J. A. Chalmers, Atmuspheric Electricity (Pergarnon, 
Oxford, ed. 2, 1967). 

6. C. B. Moore and B. Vonnegut, in LCghtning, R. H. 
Golde, Ed. (Academic Press, New York, 1977), vol. 
1, p 51 98. 

7. R. &nn,J. Meteovol. 11, 130 (1954); ibid. 13, 269 
1 1  956\ 
1 - - - - / .  

8. I. M. Imyanitov, B. F. Evteev, I. I. Kamaldina, in 
Planetay Electrodynamics, S. C. Coroniti and J. 
Hu hes, Eds. (Gordon & Breach, New York, 
19&), vol. 1, pp. 401-425. 

9. R. E. Orville, R. W. Henderson, L. F. Bosart, Bull. 
Am. Meteorol. Soc. 64, 1029 (1983). 

10. W. D. Rust, D. R.  MacGorman, R. T. Arnold, 
Geoplys. Res. Leu. 8, 791 (1981). 

11. W. Thomson (Lord Kelvin), Pvoc. R .  Soc. London 
16, 67 (1867). 

12. A. D. Moore, Electrostatics (Doubleday, Garden 
City, NY, 1968), pp. 27-33. 

13. J. Elster and H. Geitel, Phy. Z. 14, 1287 (1913). 

C. T. R. Wilson, J. Fvanklin Inst. 208, 1 (1929); 
Proc. R .  Soc. London, Sev. A 236, 297 (1956). 
G. Grenet,Ann. Geqhyr. 3, 306 (1947); B. Vonne- 
gut, Geophys. Res. Pap. No. 42, Proceedings of the 
Conference on Atmospheric Electricitv, AFCRC- 
TR-55-222, Portsmouth, NH, May 1954 (1955), 
p. 169. 
G. C. Simpson, Proc. R .  Soc. London Ser. A 114, 376 
(1927). 
E. J. Workman and S. E. Reynolds, Phys. Rev. 78, 
254 (1950). 
A. J. Illingworth, J. Geophys. Res. 90, 6026 (1985). 
A. K. Kamra, ibid. 77, 5856 (1972). 
S. G. Gathman and W. A. Hoppel, ibid. 75, 1041 
(1970). 
P. Lenard, Ann. Phys. (Leipzzigi 46, 584 (1892). 
B. Vonnegut, Meteorol. Monogv. 5, 224 (1963). 
C. P. R. Saunders, M. F. S. Wheeler, N. Jallo, E. R. 
Jayaratne, J .  Geophyr. Res. 90, 6047 (1985). 
B. Vonnept, K. Maynard, W. G. Sykes, C. B. 
Moore, ibtd. 66, 823 (1961). 
B. Vonnegut et al., ibid. 67, 1073 (1962). 
B. Vonnegut et al., ibid., p. 3909. 
We thank J. Hughes, E. F. Corwin, and R. J. 
Williams of the U.S. Navv, and also thank the U.S. 
Forest Service for their Ion support of this smdv. 
We thank the Atmospheric tciences Program of t6e 
Office of Naval Research, and Arthur D. Little, Inc., 
for providing funding, and S. A. Colgate and P. H .  
Wyckoff for encouragement and help. The contribu- 
tions of C. R. Holmes, H .  W. Harris, W. P. Wim, 
T. C. Marshall, J. J. Jones, H. 0 .  McMahon, A. G. 
Emslie, D. F. Olgwn, and S. P. Marsh are also 
appreciated. The cable was placed across Sawmill 
Canyon and the electric field meters were construct- 
ed with the earlier su port of National Science 
Foundation grant ~ ~ 4 f 3 .  

31 March 1986; accepted 1 July 1986 

Neuronal Population Coding of Movement Direction 

Although individual neurons in the arm area of the primate motor cortex are only 
broadly tuned to a particular direction in three-dimensional space, the animal can very 
precisely control the movement of its arm. The direction of movement was found to be 
uniquely predicted by the action of a population of motor cortical neurons. When 
individual cells were represented as vectors that make weighted contributions along 
the axis of their preferred direction (according to changes in their activity during the 
movement under consideration) the resulting vector sum of all  cell vectors (population 
vector) was in a direction congruent with the direction of movement. This population 
vector can be monitored during various tasks, and similar measures in other neuronal 
populations could be of heuristic value where there is a neural representation of  
variables with vectorial attributes. 

F OR MANY FUNCTIONS CONTROLLED 

by the brain or variables represented 
in the brain, the relevant unit is the 

neuronal population rather than the individ- 
ual neuron. Elucidating the nature of this 
representation of information by a neuronal 
ensemble is a central problem of neurosci- 
ence (1). We have approached this problem 
by investigating the brain mechanisms sub- 
serving the direction of arm movement in 
three-dimensional (3-D) space in order to 
predict directed arm movements from the 

out and push red buttons that had been lit. 
A center button was located directly in front 
of the animal at shoulder level. Eight target 
buttons were placed at equal distances (12.5 
cm) from the center button so that the 
direction of movements made from the cen- 
ter to targets sampled the 3-D space at 
approximately equal angular intervals (Fig. 
1). In a trial, the center light came on first, 
and the animal pushed it and held its hand 
on that button for at least 1 second. Then 

neural responses of populations of motor Philip Bard Laboratories of Neuroph siology, De an 

cortical neurons. ment of Neuroscience, Johns Hopkins bniversity SC!~; 
of Medicine. 725 North Wolfe Street, Baltimore, MD 

Rhesus monkeys were trained to reach 21205. 
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the center light went off and one of the eight 
targets was turned on. The animal moved its 
hand toward this target and pushed it to get 
a liquid reward. In subsequent trials, differ- 
ent targets were lit so that all of the eight 
targets were presented in a random se- 
quence. Eight complete sequences (or 
blocks) were obtained for most cells studied. 
Movements of the left arm were reflected 
with respect to the midsagittal plane to 
allow the combination of right- and left- 
hand data. The average duration of move- 
ment was 0.435 i 0.205 (SD) second. 
Some of the movement traiectories at the 
wrist were monitored with a 3-D sonic- 
tracking system (2) to obtain estimates of 
the direction of the movements aimed at the 
eight targets. 

We used standard electrophysiological 
techniques (3) to record extracellularly the 
activity of single neurons during microelec- 
trode penetrations into the motor cortex 
contralateral to the performing arm. We 
selected neurons that changed activity with 
spontaneous movements of the arm or with 
movements directed to food rewards offered 
to the animal bv the ex~erimenter. We then 
studied quantitatively the relations between 
the activity of these arm-related cells and the 
direction of arm movement in 3-D space. 
We used the frequency of discharge (neural 
impulses per second) from the onset of the 

target illumination until the end of the 
movement as a measure of the neuronal 
activity. An analysis of variance (4) was 
performed to assess the statistical signifi- 
cance of the differences in neuronal activity 
associated with different movement direc- 
tions. Of the 282 neurons studied, 41 
(14.6%) were termed nondirectional, as 
they showed no statistically significant direc- 
tional variation (P < 0.05, F test), and were 
not analyzed further. For the remaining 
neurons, a multiple regression was per- 
formed (5) (with parameters described in 
the next section). ~ i u r o n s  that had an activ- 
ity pattern that was fit by the regression 
equation [n = 224 (79.4%), P < 0.05, F 
test in multiple regression] were considered 
directionally tuned and were used for the 
population analyses described below. Final- 
ly, data from 17  (6%) neurons were not fit 
by the regression equation (directionally 
nontuned) and were not analyzed further. 

We used the following model to describe 
the relations between the activitv of each 
directionally tuned neuron (Fig. i) and the 
direction of movement in 3-D space. Let x, 
y, z be the positive axes of a Cartesian 
coordinate system with center at the origin 
of the movement. Consider a movement 
vector M of unit length that makes angles X, 
JI, and w with the x, j, and z coordinate axes, 
respectively. The direction of vector M in 3- 
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Fig. 1. Impulse activity of a single cell with movements in eight different directions indicated in the 
center drawing. Each line represents activity in one trial; eight trials for each movement direction are 
shown. Short bars indicate the occurrence of a spike; longer bars in each trial indicate, from left to right, 
the onset of target, the beginning of movement (MOV, aligned at zero time), and the end of the 
movement. (The discharge after the end of the movement was not analyzed.) In the analysis of variance, 
the differences in activity among the eight movement directions were statistically significant 
(P < 0.0001, F test). Each set of eight trials corresponds to the movement direction that points to it in 
the center diagram. The multiple regression for Eq. 1 was statistically significant (P < 0.009, F test; 
r2 = 0.929) and yielded the following equation: d ( M )  = 17.37 + 6.99mx + 8.83mY - 13.07mZ. The 
standard errors of the coefficients 6, bX, by, and 6, were 0.598, 1.265, 0.964, and 0.981, respectively. 
The parameter k was 17.25. 

D space is specified by its direction cosines 
(m,, my, m,) (6) where m, = cos X, my 
= cos JI, and m, = cos o, and where 

We used the following model to relate cell 
activity to movement direction. 

where d(M) is the frequency of discharge of 
a particular neuron during movement in 
direction (m,, my, m,), and b, b,, by, and b, 
are coefficients that vary from neuron to 
neuron. The values of these coefficients and 
their standard errors were estimated with 
multiple regression techniques (5). 

The model of Eq. 1 implies that there is a 
particular movement vector C for which the 
cell's activity will be highest. The direction 
of this vector is the cell's preferred direction, 
which can be determined by estimating the 
direction cosines c,, c,, and c, of the vector 
C from Eq. 1 as follows. 

c, = b,lk 

where 

The preferred directions observed for the 
224 neurons that fit the model ranged over 
the whole 3-D directional continuum about 
the origin of the movement. 

An equivalent expression of the model of 
Eq. 1 is 

d(M) = b + k cos OcM (2) 

where OCM is the angle formed by the cell's 
preferred direction C and the direction of a 
particular movement M (Fig. 2) (7). It 
follows that the discharge rate, d(M), will 
be highest with movements in the cell's 
preferred direction, that is, when C and M 
coincide (OCM = 0 degrees, cos OCM = 1); 
lowest with movements in the opposite di- 
rection (OCM = 180 degrees, cos OCM = 
-1); and in between with movements 
in intermediate directions (0 < OCM 
< 180 degrees, 1 > cos OCM > -1) (8). 
Equation 2 indicates that motor cortical 
cells are broadly tuned in the sense that they 
change their activity with movements in any 
direction. In contrast, sharply tuned neu- 
rons, which might have changed activity 
with only one or two adjacent movement 
directions, were not observed. 

The broad directional tuning of single 
neurons suggested that the direction of 
movement is not coded by individual cells 
that respond only with movements in a 
specific direction. Instead, the direction of 
movement may be coded in a unique fashion 
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* of the contribution (or length of the vector) 
wi(M) of the ith cell is a function of the 
movement direction and is taken to be equal 
to the change in cell activity fiom an o k  
I d .  

x wi(M) = h(M) - bi 
where, fiom Eq. 2, bi is a constant and 
4 (M) is the fresuency of dkharge of the 
ith cell for movement in direction M. From 
assumptions (i) and (ii), it follows that the 

-2 weighted vectorial contribution of the ith 
Fig. 2. Schematic diagram to show the pretked is 
direction (C) of the d illustrated in Fig. 1. The 
direction cosines of the p & d  direction were 
c, = 0.41, c, = 0.51, c, = -0.76. Also shown are 

Ni (M) = wi (M) Ci 

a movement vector M with coordinates = The vector Ni (M) d point toward the ith 
0.23, f% = 0.78, m, = -0.58, and the an& 0 cell's preferred direction if the weight wi(M) 
formed b e e n  the cell's @rred direction C is positive or in the direction ifthe and the direction of movanent M. weight is negative (9). (iii) Finally, we sum 

vectorially these cell vectors to obtain the 
by the neuronal ensemble. Consider a move- neuronal population vector P(M) corre- 
ment in an arbitrary direction M. We want sponding to movement direction M. 
to find a way by which the n m n a l  popula- u1 

tion of the 224 directionally tuned cells will 
yield information about the direction of 

P(M) = C Ni(M) 
i -  1 

movement M. For that purpose we made The outcome for one of the movement 
three assumptions. (i) Each cell (indexed by directions tested is shown in Fig. 3. The 
fl makes a vectorial contribution along its yellow line indicates the movement direc- 
prdbrcd direction, Ci. (ii) The magnitude tion M. The duster of light purple lines 

Fig. 3. Cluster of 224 
sin& d vectorial con- 
tributions (light purple 
lines) for one mwement 
direction (yellow). The 
population vector is or- 
angc. 

Fig. 4. Schematic diagram to show the directions 
of the population (P) and mwement (M) vectors 
for the data in Fig. 3. For illustration purposes, 
the pulation vector has been normalized so that JP and M are of mit 1engt1-i. ~berehre, the 
direction mines of these vectors equal their 
projections onto coordinate axes x, y, and E.  These 
rajdons shown ~Px'P,Pz and 5' f%' m,' 

%~andM,respcctivel~. Alsoshownstheangk 
formed bctwccn the two vectors. 

represents the 224 cell vectors (that is, the 
vectors Ni(M), i = 1 to 224) for movement 
direction M. The direction of the popula- 
tion vector P(M) yielded by the vectorial 
summation of these cell vectors is orange. 
Thc direction of the population vector is 
very dose to the direction of the movement 
vector (Fig. 4) (10). Therefbre, the popula- 
tion vector predicts accurately the direction 
of the movanent (1 1,12). 
Similar results were obtained for the other 

movement directions (see cover). The re- 
sulting dusters have been placed, for illus- 
trative purposes, on the surface of a hypo- 
thetical sphere where the respective move- 
ment vector, arisiig fiom the center of the 
sphere, crosses the surface. (The remaining 
two dusters are behind the sphere and can- 
not be seen.) The directions of the move- 
ment and the corresponding population vec- 
tor were again similar (13). In general, the 
direction of movement fdl within a 95% 
confidence cone constructed around the di- 
rection of the population vector (14) (Fig. 
5). In preliminary work we have found that 
this result also occurs when the origin of the 
movement is changed (15). 

Thtse findings generalize to 3-D space 
previous results obtained in two-dimension- 
al (2-D) space (3, 16) concerning the direc- 
tional properties of single motor cortical 
cells and the predictive power of the neuro- 
nal population vector. These results indicate 
that single cells are broadly, rather than 
sharply, tuned to the direction ofmovement 
(17), and that the movement direction can 
be uniquely coded by a diredonally hetem 
geneous n m n a l  population. Assuming 
that other brain struaures are also involved 
in the control of the direction of movement 
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Fig. 5 .  Schematic diagram showing a 95% confi- 
dence cone around the population vector P illus- 
trated in Fig. 3. T h e  direction o f  the movement 
vector (M) falls within the cone. 

(18), it will be important to know whether 
the representation of movement direction in 
these other structures is also expressed in 
terms of neuronal populations, or, for exam- 
ple, in terms of sharply tuned cells that 
would discharge only with movements in a 
specific direction (19). 

The population vector can also be used as 
a probe to visualize and monitor the pro- 
cessing of directional information by neuro- 
nal populations over time. For example, we 
observed that, in 2-D space (20), if the 
population vector is calculated every 20 
msec during the reaction time, that is, from 
the onset of a lighted target until the onset 
of movement toward it, the population vec- 
tor can predict well the direction of the 
upcoming movement (21 ) . Moreover, when 
an animal is trained to withhold movement 
for 0.5 to 3 seconds until the lighted target 
dims, the population vector computed for 
the motor cortex during the waiting period 
is in a direction congruent with that of the 
upcoming movement (22). This suggests 
that the population vector can serve to 
monitor brain events during the spatial plan- 
ning of movement in space, in the absence 
of overt movement. 

In general, our investigation of the neural 
mechanisms subserving the direction of arm 
movement in space resembles studies in 
other fields that deal with the neural mecha- 
nisms subserving other directional variables. 
Examples include the neural coding of the 
direction of saccadic eve movements in the 
pontine reticular formation (23), the coding 
of the direction of head tilt in vestibular 
neurons (24), the coding of the direction of 
body motion relative to the neck, or of the 
head motion relative to the body, in spinal 
interneurons (25,26), and the coding of the 
direction of motion of a visual stimulus in 
the middle temporal visual area of the cere- 
bral cortex (27). In all of these studies, 
broadly tuned cells have been identified and 

in some cases the general cosine function of 
Eq. 2 has provided a good fit to the data 
123. 26). The relevant directional variables 
\ ,  , 
in these other studies may be uniquely cod- 
ed by neuronal populations according to 
principles outlined in our experiments. In 14. 

Fact, &is was found to be the case in the 
coding of the direction of a visual stimulus 
by neuronal populations of the posterior 
parietal cortex of the monkey (28). Single 15, 

cells were broadly tuned to the direction of 
the stimulus in the visual field but the 
population vector predicted accurately the 
hirection of the st~mulus. This result sup;- - 
gests that the population coding of motion 
direction proposed in our study may be of 
general significance to the problem of how 
directional information might be uniquely 
coded by neuronal ensembles (29). 
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