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Abstract. It has been shown for the motor cortex of pri- ‘basic physiological function’ covers any mathematical de-
mates, that an arm trajectory is coded as a population vectacription for the variation of a behaviour or the discharge
formed by many neurons with activities correlated with armrate of a neuron by a stimulus. In this sense a model con-
movements. Recently, neurons in the primate superior colsists of a set of rules which describe the use of these basic
liculus that also display activities related to arm movementsphysiological functions. These rules should be an attribute
have been described. In the present paper we show that @ the investigated brain area. On the condition that the dis-
subpopulation of this type of neuron is able to code for limb persion of preferred directions is uniform, every monotonic
movement by the population vector. However, the cosinefunction can, in principle, be a possible basic physiological
function cannot describe these neurons adequately. Rathé&unction (Mussa-lvaldi 1988; Sanger 1994). For a VCS, it
the Fisher distribution yields a much better description ofhas been shown that the quality of a population reponse de-
arm-movement-related cells in the superior colliculus. pends upon the dimensions of the parameter space and the
signal-to-noise ratio of the individual neurons (Snippe and
Koenderink 1992a,b). When determining the minimization
of the sum of squares of errors as a measure of quality,
the best tuning function in a statistical sense is one of the
1 Introduction gaussian type (Snippe and Koenderink 1992a,b).

In the literature many models have been described for the A formulation of a VCS has been described by Geor-
control of voluntary movements. The common ideas of thes@opoulos and co-workers for the motor cortex (Georgopou-
different models can be grouped into two classes of syslos et al. 1982, 1983, 1988; Caminiti et al. 1990, 1991;
tems: the equilibrium-point hypothesis (EPH) and the vector-Schwartz 1992) and the pre-motor cortex (Kalaska et al.
coding scheme (VCS). 1983; Caminiti et al. 1991). This formulation has become
The first class of system describes the regulation of vol-known as the population-coding hypothesis and is derived
untary arm movements at the level of the spinal cord (Mer-from the use of a cosine as the basic physiological function.
ton 1953; Feldman 1966, 1986; Bizzi et al. 1989; Latashln the superior colliculus (SC) a VCS has been proposed for
1992, 1994a,b, Mclntyre and Bizzi 1993, Dornay and Sange[‘\nsually evoked saccades (SCh”Ier and Stryker 1972, Wurtz
1993). Models of the EPH type are normally described asthd Goldberg 1972; Sparks et al. 1976; Gisbergen et al.
feedback systems, in which the physiological parameters o#987; Lee et al. 1988; Opstal and Gisbergen 1990; Glimcher
neurons and muscles are encoded in the matrix of inertia oRnd Sparks 1992) as well as for saccades towards remem-
the feedback system. bered targets (White et al. 1994; Stanford and Sparks 1994).
The second class of system describes the steering of vollhe formal description for the generation of saccades by the
untary movements — of the eyes at the midbrain level andculomotor neurons in the SC starts with a gaussian-type
of the arm at the cortical level (Schiller and Stryker 1972; function as a basic physiological function.
Wurtz and Goldberg 1972; Sparks et al. 1976; Georgopou- ) o )
los et al. 1983, 1988; Lee et al. 1988). These models infer 1N€re is now convincing evidence that next to saccade-
that neurons encode movement directions and that the neur5flated cells, in and below the SC, there are also neurons
discharge differs for movement directed towards different di-Which modulate their discharge rate in relation to arm move-
rections. The discharge patterns of neurons for movement®€nts (Werner 1993). The aim of this paper is to demon-
toward different directions are described by using a vec-Strate a VCS which woulld also code for arm trajectories
tor of a parameter space which encodes the difference dff these neurons. For this purpose we have tested a VCS

the discharge by a basic physiological function. The termUSing €ither a cosine or a gaussian-type function as the ba-
sic physiological function. We will show that the use of a

Correspondence toK.-P. Hoffmann vector description of a gaussian-type function (Fisher 1953)
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enables us to construct a VCS for the arm-movement-relatedn event (an action potential in our case) occuring within a defined cone
neurons in the SC. in space. The value:; is the reciprocal equivalent to the variance of a
gaussian function (Fisher 1953).
Equation (2) can be logarithmically transformed (Gould 1969) to

2 Materials and methods In(d(M)) = In(c(k:)) + ki * COSOc;m) (3)

This equation can be solved by the same regression technique as the cosine
model. With respect to the logarithm, the weights are determined by the

Two rhesus monkeysMacaca mulatth were trained in several eye and INter-trial variance normalized to the mean discharge frequency.

arm movement tasks. The animals were seated in a comfortable primate € extrapolation of a specified arm movemeéftwith the cosine
chair with their head fixed, facing a vertical Plexiglas plate. The distancefunction was done as follows: First, the spike rate has to be estimated by
between the plate and the monkey’s eyes was 30 cm for monkey P anme cosine function. The_n the prefe_rred directi®nhas to be weighted with

20 cm for monkey E. The non-working arm was loosely restrained by athls valug. The population 'vect_or is then calculated as thg resultant vector
plastic cylinder around the upper and lower arm. During the arm movemenff @ll weighted preferred directions. In contrast to the cosine function, the
task the monkeys had to perform an arm movement so as to touch a targgt'Sher dlstrlbL_mon predicts spike p_robabllltlgs. To calculate the popqlatlon
located on the screen with their fingers. Screen targets included the centrdfCtOr, the spike rate has to be estimated with respect to the total spike rate
fixation light at eye level and up to eight targets positioned on a circle with mMeasured for each neuron. _ _

an eccentricity of 15 centred on the fixation point. Each trial began when The prediction of the population vector from a population of arm-
the monkeys touched with their right hand a metal bar (touchbar) positionedn0vement-related neurons was compared with the vectors for movements.
close to their hip. This resulted in the onset of a central red fixation light | '€ SPherical correlation coefficient (Fisher and Lee 1986) was used as a
projected onto the screen. After a variable period of time, a peripheral redné@surement for the quality of the prediction. , _

target light was turned on. The monkeys had to maintain fixation of the ~ 1Nne coordinate system was defined for all calculations asrtagis
central light until it was extinguished, and then were required to make al© the right of the monkey, thg-axis upward and the-axis towards the
saccade to the peripheral target. After the saccade, the monkeys had f§Onkey.

maintain eye position within a window of’5to 8° radius surrounding the

target position. Then a tone (200 ms duration), which served as a go signaf-3 Neuronal database

allowed them to release the touch bar and to start a pointing movemenA total of 389 arm-movement-related neurons recorded in the SC or ven-

n ordgr to to_uch the _target._ Thls. temporal dls_souanon of different eventst al to the SC were considered in this study. For inclusion in the population
made it possible to distinguish visual, saccadic and skeletomotor neuronaJ

. S ; cheme, the cells had to satisfy the following criteria: (1) nine target po-
responses. The duration of the fixation light, that of the target, their overlapSitions were tested, (2) at least 15 trials existed for each position, (3) the
in time, the timing of the go signal and the position of the target occurred ’ .

. . - . ; direction of movement caused a significant effect on the mean discharge
in a pseudorandomized order. The total duration of a single trial was 3-6 s, g 9

The implantati f h coil d di lind I d t1'requency in MT/TET versus CT (Wilcoxon rank sum test, 1% level). In
€ Implantation o search colls and recording cylinders as well as da %tal, 34 neurons fulfilled all three requirements. One of these neurons is
acquisition have been described elsewhere (Werner 1993). shown in Fig. 1

2.1 Animals and task

2.2 Data analysis

Standard statistical techniques (Draper and Smith 1981; Snedecor and Results

Cochran 1989) were used to analyse the data. Three time epochs were

distinguished for every trial. A period of 500 ms before the appearance\when comparing different systems, the rules governing the
of the go signal defined theontrol time (CT). The movement timgMT) decision to accept or reject a system are the heart of the

began with the release of the hand from the touchbar and ended with ther blem. The rul d nd on the model to be introd d
contact of the target. Thiatal experimental tim¢TET) was defined as the problem. € ruies depe 0 € model 1o be Oduced,

time from the go signal to the contact of the target. The mean dischargdUt the proof of the system depends on the physiological data
frequency and the variance between the trials (inter-trial variance) were calbase. For our purposes we have divided the comparison of
culated for each of these epochs. The activity of the arm-movement-relatethe two possible basic physiological functions into two steps.
neurons was analysed further by a multiple linear weighted regression toT'he first is the description of the physiological data with the
determine whether the discharge rate varied in an orderly fashion with the[WO basic physiological functions (see also rules a—c in Geor-

arm movement in three-dimensional space. . .
The cosine model of Georgopoulos (Georgopoulos et al. 1983; SchwartgODOUIOS etal. 1983)' The second is the predlctlon of move-

et al. 1988) was tested as well as a gaussian-type model based on the FisHEENt direCtiO.n (See rule d in Georgopoulos et ?'- 1983). Two
distribution (Fisher 1953). The cosine model is defined as (Schwartz et aldifferent statistical tests were used. For the first step, a re-

1988): gression coefficient af?> > 0.7 in the multiple linear regres-
d(M) = b; + k; * cosOc,u) ) sion was chosen for the best fit (Georgopoulos et aI_. 1983;
_ ’ _ Schwartz et al. 1988). For the second step the spherical cor-
where ¢, is the angle formed by the neurons’ preferred directn  relation coefficient was used as a measurement of the quality
and the direction of movemerl. The vectorsC; and M are of unit of prediction (Fisher and Lee 1986). For our data this means

length. b; defines an offset ané; the amplitude. The parametebs and . . .
k; as well as the neurons’ preferred direction in (1) were calculated by that we have first selected neurons which could be described

standard techniques of weighted regressions (Draper and Smith 1981). THY one of the basic physiological functions, and then used
weights were determined by the inter-trial variance of the mean activity. Athe mathematical description of the neurons to predict sev-
regression coefficient af? > 0.7 was used as a criterion of a satisfactory eral movement directions and measured the quality of the
fit _ o o prediction.

Tr.1e gaussian-type model is defined by the Fisher distribution (Fisher Figure 1 shows the mean activity of a directional arm-
1953): ; ) e

movement-related neuron in the SC with movements in nine

d(M) = c(k:) * exple; * €0SOc;m)) @ directions. The arrangement of the plots is related to the
where x; defines a tuning strength for each neuron a(l;) defines the pOS'F'Q” of th,e,targets on the Scrfeen' The .neuron. ShO\{VEd
normalizing factor. The Fisher distribution forms a two-dimensional gaus- Negligible activity before the go signal, an increasing dis-
sian function in a three-dimensional space. It decribes the probability ofcharge shortly before the release of the touchbar (0)
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Fig. 1. Peri-stimulus time histograms (PSTHSs) and raster displays of the discharge rate of one neuron with movements towards nine targets. The arrangement
of the plots is related to the position of the targets on the screen. PSTHs and raster displays are aligned to the release of the hand from the touchbar. The
time ranges frm 1 s before movement onset£ 0) unti 1 s after. Thefirst bar in each trial of the raster displays marks the go signal;sixeond bar

marks the contact with the target. The scale of the ordinate in the PSTHSs is 80 impulses/s

and strong activity in the movement time until target con- spike rates. In contrast, the Fisher distribution predicted pos-
tact. Neuronal activity decreased again after this. It can betive spike rates for all directions. The tuning strength was
clearly seen that the activity differed for movements towardestimated withx = 9.5 with respect to the behaviour of the
different targets. The mean activity was highest for move-neuron.

ments to the upper left position [76 impulses/s (imp/s)] and  The mean discharge rates and inter-trial variances were
decreased gradually for other movement directions with &g|cylated for each direction of movement 9). Then, the
minimum at the right target position (37 imp/s, see MT in parameters for the proposed basic physiological functions
Table 1). The behaviour of this neuron resulted in an esyyere calculated for each neurom £ 34). For MT, a total of
timation of the preferred direction at the poifit= 109, 10 neurons could be described by the Fisher distribution and
¢ = 105" with 7= = 0.86 for the cosine function. The es- 11 cells by the cosine function. For TET, 15 neurons could
timated preferred direction for the Fisher distribution waspe described by the Fisher distribution and 11 cells by the
0 =110, ¢ = 103 with 7= = 0.84. The estimated preferred cqgjne function. The results (summarized in Table 2) show

directions are quite similar, but the parameters of the regresmat in a statistical sense both basic physiological functions
sion equation showed a strong difference between the tw@e aple to describe the behaviour of the neurons.

models. Following (1) the parameters for the cosine function
werek =521 andb = —452. This would mean that outside
a cone with an angle of 3@the equation predicted negative

In order to measure the quality of prediction for move-
ment directions, we used the data from neurons which were
described by each of the basic physiological functions. Due
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Table 1. Mean activity (impulses/s) of the neuron in Fig. 1 Table 4. Spherical correlation coefficient of the directions used in the ex-
. periment by Georgopoulos
Position MT TET n
(meantSD) (mear:-SD) MT TET

Right 367+9.2 243+101 20 Cosine Fisher Cosine Fisher

Right-up 4944125 227492 20 (n=11) @=10) @=11) (=15)

Up 674+ 145 4334143 19 0.048 0.370 0.001 0.729

Left-up 7564112 5484158 19

Left 5504182 3044133 20

Left-down 502+9.1 277+86 20 ) ) )

Down 457+171 2514+76 20 The space sampled by the nine trajectories was rela-

Right-down 4734+118 266+92 20 tively small. The population coding hypothesis is a gen-

Center 5S/+111  379+123 20 eral coding system for trajectories that allows the popu-
MT, movement time; TET, total experimental time lation vectors for different trajectories, including trajecto-

ries that have not been explicitly tested, to be calculated
Table 2. Number of fitted {2 > 0.7) arm-movement-related neurons (Geo.rgopOUIos et ‘f“" 1988, appendlx 3)' In. Ordef to enlarge
(n = 34) our field of analysis, we calculated the trajectories used in
the experiments by Georgopoulos et al. (1988) that were not

MT TET tested in our experiment. We have selected those trajecto-
Monkey Cosine Fisher Cosine Fisher . . . L . .
E 5 6 4 7 ries be_cause they describe a u_mform dlstr|but|o.n in three-
p 6 4 7 8 dimensional space. To those trajectories we applied our data
> 11 10 11 15 on neurons which were described by the two basic physio-

logical functions: cosine and Fisher distribution. The results
show that the cosine function did not result in a reasonable
prediction for those trajectories (Table #ur) = 0.048,

: o preny = 0.001), whereas the Fisher distribution yielded a
(TET)
to the difference in size of the two monkeys, movement tra-yqtter prediction for MT (Table 4pm = 0.370) and a

jectorigs differed for the n_ine targets. Consequently, MOVey60d prediction for TET (Table Hprem) = 0.729).
ment directions for the trajectories of monkey P and E were . . . -
In order to visualize the different statistical results of

predicted sep.arately. . . Table 4, the dispersion of the neurons’ preferred directions
The spherical correlation coefficient was used to compare,q the population vectors for TET are shown for the cosine
the movement direction predicted by the model with the realyng the Fisher distribution in Fig. 2. The coordinate system
trajectories in the experiment (Fisher and Lee 1986). Similaky o defined as follows: the monkey’s right as thexis,
to the linear correlation coefficient, the spherical correlation,o upward direction as thg-axis, and direction towards
coefficient allows a comparison of vector groups (here thee animal as the-axis. The positive directions of the axes
real trajectories of the experiment versus the predicted tragzre marked with capital letters. The figure shows a view
jectories of the model). This would mean that for a value 51ong the-axis into thex/y-plane. The trajectories of the
p = £1 the groups are equal. The sign marks the orientation, neriments done by Georgopoulos et al. (1988) are marked
of the groups with respect to each other. A vajuer 0 \ith the numbers 1-8 and are drawn with small arrowheads.
means that the groups are independent from each other. Ane different shadows of the arrowheads depend on different
value 0< |p| < 1 gives the dependency of the groups on prgiections in the drawing plane. The trajectories 1, 4, 5, and
each other (Fisher and Lee 1986). 8 mark directions behind the drawing plane; trajectories 2,
The model based on the cosine distribution resulted ing, 6 and 7 mark directions in front of the drawing plane. The
a good prediction for one of four cases only (Table 3:calculated population vectors are marked with8l respec-
peteT) = 0.923). In two cases the prediction was poor tively and are drawn with large arrowheads. If the estimation
(Table 3: ppuvrm = 0460, pe1er) = 0.223) and in the of the population vectors were perfegt £ +£1), the popu-
fourth case a total loss of the prediction was found (Table 3jation vectors would be drawn in the same positions as the
pE M) = 0.000). The model based on the Fisher distributiontrajectories of the experiment. Errors in the estimation of the
resulted in a good prediction of the movement directions forpopulation vectors lead to the drawing of different vectors
all four cases (Table 3:.839 < p < 0.883). This means (j.e. trajectory 1 and population vectof ih Fig. 2a). The
that the Fisher distribution is able to predict every move-amount of the prediction error is estimated and expressed by
ment direction tested in our experiment, independently ofthe spherical correlation coefficient (shown in Table 4 and
the animal and the selected time window. illustrated in Fig. 2). The population vectors calculated by
the cosine model (Fig. 2a) are all found in the same region
in front of the drawing plane. This fact clearly indicated the
inability of the cosine model to predict population vectors

MT, TET = time epochs; cosine, Fisher = supposed distributions

Table 3. Spherical correlation coefficient for different movement directions

Movement directions from our data. In contrast, the model based on the Fisher

Directions of P Directions of E distribution (Fig. 2b) estimated the directions accurately. Of

'\C";Sme £=11) 0460 0.000 course the Fisher dis'tribution was not a perfect predicti.on

Fisher @ = 10)  0.883 0874 of all trajectories but it was more accurate than the cosine
TET distribution.

Cosine ¢ = 11)  0.923 0.223 To analyse the reason why the two models differed in

Fisher ¢ = 15)  0.839 0.877 the prediction of trajectories, it was necessary to look at
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a) Y4 b) Y4

F N

Fig. 2. Population vectors of the neurons estimated by the supposed distribatimssife functionb Fisher distribution), viewed from in front of the
animal. The coordinate system was defined as follows: the monkey’s right as-dkis, the upward direction as theaxis, and direction towards the
animal as thez-axis. The positive directions of the axes are marked withital letters The figure shows a view along theaxis into thex/y-plane. The
trajectories of the experiments done by Georgopoulos et al. (1988) are marked withnthers 1-8&nd are drawn wittsmall arrowheads The different
shadowsof the arrowheads depend on different projections in the drawing plane. The calculated population vectors are matked wepectively and
are drawn withlarge arrowheads From Kutz (1995); reproduced with permission of the publisher

a) b)

54 A
54 A

Fig. 3a,b. Preferred direction of the neurons estimated by the supposed distribution, viewed from in front of the andesihe function ¢ = 11),
b Fisher distribution ¢ = 15). For details see legend of Fig. 2. From Kutz (1995); reproduced with permission of the publisher

the estimated preferred directions of the neurons (Fig. 3)of the Fisher distribution fits well with the activity of broadly

In Fig. 3a the preferred directions estimated by the cosinend sharply tuned neurons.

model are shown: there is clearly a bias towards the upper

region. Thus, the cosine function is able to estimate the be-

haviour of a neuron adequately only if the estimated cell is4 Discussion

broadly tuned, while it fails to do so when the cell is sharply

tuned. In contrast, the Fisher distribution allowed a muchThe present results show that a VCS can be applied to the
better estimation of the preferred directions in both casearm-movement-related neurons in the SC. We have used two
(Fig. 3b). This is due to the fact that the tuning strength functions as basic physiological functions of a VCS: the co-
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