
Producing trajectories without a trajectory plan 

Adam Matic and Alex Gomez-Marin 
Instituto de Neurociencias CSIC-UMH, Alicante, Spain 

amatic@umh.es 
agomezmarin@gmail.com 

 

 

1 Introduction 

When humans draw curved lines, the instantaneous veloc-
ity of movement is tightly related to local curvature by a 
power law [1, 2]. This phenomenon was also found in walk-
ing trajectories and eye movements [3, 4]. During decades of 
study, proposed explanations ranged from detailed trajectory 
plans based on optimal control and internal models [5], to low 
pass filtering properties of the musculoskeletal system of hu-
mans [6]. It has also been suggested that the power law is a 
statistical artefact, caused by ignoring a relevant dependent 
variable [7]. We have shown analytically, numerically and 
empirically that the speed curvature power law is a real, non-
trivial phenomenon requiring explanation [8]. 

Here we present our approach based on interaction theories. 
We are focused on first identifying perceptual invariants and 
controlled variables, and then incorporating them into numer-
ical models of closed loop interaction between the brain, body 
and environment. A numerical model will allow us to explain 
how the power law emerges in the process of trajectory pro-
duction. 

2 Methods and Results 

Our experiments feature tracking, tracing and drawing of 
different shapes on a graphics tablet or a digitizing screen. We 
are using the technique of perturbing hypothetical control 
variables to verify that they are being actively stabilized.  

 

Figure 1. Subjects tracking hypo-, hyper- and natural moving 
target along an elliptical trajectory. At high speeds subjects’ 
trajectories converge to the power law exponent β = ⅔. 

In Figure 1 we show the results of a target tracking experi-
ment for three identical geometries of target path (ellipse), but 
different kinematics of target trajectories. First, the target 
moves along an elliptical path at a constant tangential speed 
(blue, β=1). Second, the target moves with a ‘natural’ speed 
profile, (green, β=2/3). And finally, the target is slowing 
down excessively in the curved parts of the path, and speed-
ing up in the straight parts (red, β=1/3). Our results show that 
subjects’ trajectories converge toward natural movement (β= 
2/3) at high average speed.  

These results show that subjects’ speed profiles are not equal 
to targets’ speed profiles, and imply that subjects are not con-
trolling their speed at each point of the trajectory. Average 
tangential speed is also not maintained, however, the period 
(and frequency) of drawing the ellipse are maintained close 
those of the target. Similarly, subjects are maintaining the ge-
ometry of the drawn path similar to target geometry in size 
and shape.  

Analyzing correlations between hypothetical disturbances 
and controlled variables is another tool in exploring closed 
loop processes in humans and animals [10]. Since controlled 
variables will maintain stability against disturbances, finding 
low correlations indicates controlled variables, while finding 
high correlations means we can reject our hypothesis. For ex-
ample, room temperature controlled by a thermostat will have 
low correlation with outside temperature. If there is no ther-
mostat and no room temperature control, the correlation will 
be high.  

 

Figure 2. Target XY position (qd) correlated with target-cur-
sor distance (qi). Relatively high correlation suggests target-
cursor distance is not the controlled variable 



First, we define a triplet of variables: behavior output quantity 
(qo), perceptual input quantity (qi) is the hypothetical con-
trolled variable, and the disturbance quantity (qd) is acting on 
the controlled variable. Next, we analyze the correlations to 
support or reject the hypothesis.  

For analysis shown in Figure 2, we define cursor XY position 
as qo, cursor-target distance in X and Y as qi, and target po-
sition as qd. We conclude that cursor-target distance is not the 
controlled variable in the task of tracking high speed targets 
moving on elliptical paths, because qi shows fairly high cor-
relations with the target position (qd).  

 

Figure 3. Target phase (qd) correlated with cursor-target 
phase difference (qi). Low correlation suggests that the phase 
difference might be controlled. 

 

However, if we define the phase difference as qi, and target 
and cursor phases as qd and qo, respectively (Figure 3), we 
get very low correlations between qi and qd. The target phase 
is defined from the target, center of the ellipse and x axis, 
while the phase difference is defined from target, center of 
ellipse, to cursor. This seems to indicate phase difference as 
the controlled variable. In addition, maintaining phases of tar-
get and cursor equal, maintains their frequency and period 
equal 'for free'.  

3 Conclusion and future work 

We have started building a numerical model of the process 
(Figure 4). A similar mechanism is known as a phase-locked 
loop. An oscillator with adjustable frequency is generating a 
signal. The signal is low-pass filtered in the body mechanics 
and the interaction with the environment. The phase differ-
ence is compared to the setpoint, and this error is used to mod-
ulate the oscillator frequency.  The model is not complete, we 
are working on identifying additional controlled variables in-
volved in creating the geometry of the cursor path, such as 
size, shape and position of the center of the ellipse.  

Moreover, we are exploring alternatives to parametric oscil-
lators that would be capable of generating arbitrary geome-
tries, not just ellipses.  

 

Figure 4. Partial model of closed loop interaction in elliptical 
trajectory target tracking. An oscillator or pattern generator 
creates a signal, which is low-pass filtered when the body acts 
on the environment. Perception of phase difference modu-
lates pattern generation. 
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