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Abstract

Collision avoidance during locomotion can be achieved by a variety of strategies. 

While in some situations only a single trajectory will successfully avoid impact, in 

many cases several different strategies are possible. Locomotor experiments in the 

presence of static boundary conditions have suggested that the choice of an 

appropriate trajectory is based on a maximum-smoothness strategy. Here we 

analyzed locomotor trajectories of subjects avoiding collision with another human 

crossing their path orthogonally. In such a case, changing walking direction while 

keeping speed or keeping walking direction while changing speed would be two 

extremes of solving the problem. Our participants clearly favored changing their 

walking speed while keeping the path on a straight line between start and goal. To 

interpret this result, we calculated the costs of the chosen trajectories in terms of a 

smoothness-maximization criterion and simulated the trajectories with a 

computational model. Data analysis together with model simulation showed that the 

experimentally chosen trajectory to avoid collision with a moving human is not the 

optimally smooth solution. However, even though the trajectory is not globally 
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smooth, it was still locally smooth. Modeling further confirmed that, in presence of 

the moving human, there is always a trajectory that would be smoother but would 

deviate from the straight line. We therefore conclude that the maximum 

smoothness strategy previously suggested for static environments no longer holds 

for locomotor path planning and execution in dynamically changing environments.

Introduction

On our way back from work, we cross path with dozens, maybe even hundreds of 

people, but hardly ever we experience a collision with someone else. Our ability to 

infer the others’ intentions from action observation (for review, see [1]) apparently 

enables us to rapidly recognize others as being potential obstacles and predict their 

future path. Consequently we are able to adapt our own motion in order to avoid 

collisions. However, there are infinitely many possible solutions to avoid collision 

with a moving obstacle [2]. The analysis of whole body motion in the presence of 

static  obstacles  (e.g.,  [3,4])  or  boundary  conditions  has  shown  that  walking 

trajectories,  just  like  arm  movements,  are  stereotypical  under  the  repeated 

conditions [5,6].  This  suggests that humans use a specific strategy to solve the 

problem of trajectory formation for goal-directed locomotion, i.e., walking from one 

location to another. Previous studies have proposed that humans minimize a ‘cost’ 

associated with a trajectory and that this minimization is equivalent to a maximum-

smoothness strategy [7,8]. 

Whether  this  strategy  also  holds  for  collision  avoidance  is  yet  unknown  and 

investigations  in  the  presence  of  moving  obstacles  are  relatively  rare  [9,10]. 

Whereas some studies have analyzed how visual information affects perception of 

the others’  movement [3,11] and of  obstacles [12,13],  several  investigations  on 

human locomotion  behavior  focused on average behavior  of  crowds rather  than 

single agents (e.g., [14-16]). For human-aware robot control, which also faces the 

problem of obstacle avoidance (e.g., [17]), a common strategy, often based on the 
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concept  of  ‘proxemics’  [18],  has  been  adopted  for  different  cases  of  obstacle 

avoidance  and  types  of  interactions  [19].  While  static  obstacles  can  easily  be 

circumvented by a global path planning procedure, the exact trajectory of moving 

obstacles cannot be predicted without error and thus may require local planning, 

i.e.,  feedback  about  the  current  location  or  motion  of  the  obstacle  has  to  be 

incorporated to initiate re-planning and corrections.

In the current work, we first asked whether collision avoidance in the presence of 

another moving agent results in stereotypical trajectories, which would suggest a 

predefined  strategy.  We  then  analyzed  collision  avoidance  under  different 

conditions in order to clarify whether minimization of smoothness costs adequately 

describes the experimental findings. In order to disentangle different possibilities of 

trajectory  formation,  we devised a  simple  model  using  a  maximum-smoothness 

constraint [20,21] and simulated our experimental conditions.

Materials and Methods

1. Experiments 

13 subjects (age 25-43, 7 females) participated in the experiments. Two persons, an 

interferer (male, 37 years old) and one subject walked from a predefined starting 

position to a fixed goal position. The starting angle between the two intended paths 

was 90° and the starting positions were at the same distance from the intersection 

(Fig. 1A). Using a motion tracking system (IS-600 Mark 2, InterSense Inc., USA), the 

head position of the subject was tracked using a 6-DOF sensor mounted on a helmet 

(Fig. 1B) using infrared and ultrasound signals at 150Hz and the head position of the 

interferer was tracked with a wireless sensor at 20-50Hz. The size of the tracked 

area was 4m x 4m in the middle of a room of 38 m2. All experiments were done with 

open eyes and natural  lighting  conditions.  The interferer  and the  subjects  were 

instructed  before  the  experiment  about  their  task  (see  below)  and  told  not  to 

communicate verbally. Subjects gave their written consent prior to the experiment 
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according to the declaration of Helsinki.

Four different conditions were tested for each subject in 11 consecutive trials: (1: 

None) Subject walked alone from the start to the end position without obstacle (4 

trials);  (2:  Moving)  Subject  and interferer  started  to  walk at  a common starting 

signal (4 consecutive trials); (3: Catch) Subject and interferer walked simultaneously 

but the interferer stopped unexpectedly at the intersection with the subject’s path 

(one trial per subject); (4: Retest) Scenario (2) was repeated again two times. In the 

Moving obstacle  condition,  the  interferer  was  instructed  not  to  consider  the 

behavior of or look at the subject, but to try being the first to pass. The subject was 

informed that the interferer would not react to the subject. Condition (3), the catch 

trial,  was  used  to  assess  on-line  correction  strategies  when  an  unexpected 

event/obstacle occurs. In condition (4) the scenario presented in (2) was repeated 

to test whether the previous catch trial influenced the behavior of the subject. 

2. Data analysis

Raw data were analyzed using Matlab  (The Mathworks,  Natick,  MA).  3D position 

data  were  filtered  using  a  Gaussian  lowpass  filter  (cutoff  frequency  2  Hz).  The 

Figure 1: Experimental Setup. Subject and Interferer were instructed to reach a pre-defined 
target position. At an acoustic signal, both participants started to walk from initial positions 
at an equal distance to the intersection point of their paths. The interferer was instructed to 
pass before the subject and avoid gaze contact. A: Overhead view of the experimental setup.  
B: Experimental situation. 
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resulting trajectory was differentiated to yield 3D velocity. To define start and end 

of  a  movement,  a  velocity  criterion  of  20% of  the  maximum speed  was  used. 

Velocity profiles were normalized before averaging. Smoothness of the trajectory is 

quantified by the integrated squared jerk and the cost J is computed as follows [20]: 

J=∫
0

tE

x
. ..

( t )2+ y
. ..

( t )2 dt

where  (x,y)  are  the  Cartesian  coordinates  of  the  subject  position  and  tE is  the 

movement duration. Statistical analysis was performed using the Statistics Toolbox 

of Matlab. The significance level was set to a p-value of 0.05.

3. Simulation of Human Walking Behavior 

We simulated the subject’s movement by minimizing the jerk of the movement in 

the presence of a pre-defined interferer movement. Minimum jerk movement was 

computed given the velocity and position at the two end points using the algorithm 

presented in [21]. In addition to end-point constraints, we defined one via-point on 

the path to account for the path planning of the subject. Time of passage, position, 

and velocity at the via-point were obtained from the experimental velocity profile. 

Thus, the simulated movement profile was the minimum jerk movement given the 

particular  via-  and  end-point  constraints.  Simulations  were  performed using  the 

Matlab software (The Mathworks, Natick, MA) and using the procedure explained in 

[21]. 

Results

1. Experiments

In general,  trajectories were very stereotyped both within and between subjects 

demonstrating  that  the  same strategy  was  used in  each trial  of  one  condition. 

Exceptions were seen only in a few cases, which are described below together with 

the  respective  results  for  each condition.  Table  1  gives  an  overview of  several 
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descriptive variables per condition including the average cost of the trajectory in 

terms of a minimum-jerk strategy (see Methods). 

Condition Length of 

trajectory [m]

Max deviation 

[m]

Mean peak 

velocity [m/s]

Mean duration until 

peak velocity [s]

Jerk cost 

[m2/s5] 
1. none 3.17±0.12 0.3±0.07 0.97±0.34 2.29±0.42 3.48±1.61
2. moving 3.09±0.16 0.23±0.04 (a) 0.67±0.06

(b) 0.82±0.06

(a) 1.32±0.16

(b) 3.5±0.3

7.54±4.74

3. catch 3.36±0.19 0.43±0.15 (a) 0.65±0.1

(b) 0.81±0.11

(a) 1.31±0.23 

(b) 4.64±0.71

37.9±30.4

4. retest 3.03±0.36 0.26±0.05 (a) 0.66±0.08

(b) 0.61±0.07

(a) 1.44±0.24

(b) 2.04±0.31

7.17±3.9

Table 1: Average and standard deviation of descriptive variables for each condition. In conditions 2, 3, 
and 4, two velocity peaks (a and b) were observed. For conditions 2 and 3, alsothe average walking 
velocity of the interferer is given (i).

None:  When  walking  towards  the  predefined  target  position  without  obstacle, 

subjects performed stereotyped straight  trajectories (Fig.  2A) with a typical  bell-

shaped  velocity  profile  (Fig.  3A).  As  expected,  overall  costs  were  low  in  this 

condition (Table 1).

Moving:  In this  scenario,  subject  and interferer started walking simultaneously. 

While  the  interferer  reached  his  target  position  without  considering  the  other 

person, the subject was forced to adapt her/his motion to avoid a collision.  The 

strategy adopted by the subjects was to keep a straight path as if walking alone 

(condition 1,  None) but regulate walking speed (Fig. 2B, 3B). The subjects braked 

and  accelerated  again  before  the  interferer  had  reached  the  possible  collision 

position (intersection of both paths). The two peaks in the velocity profile (Fig. 3B) 

occurred for all subjects except one, who exhibited an alternative strategy using a 

slow acceleration phase. A collision between subject and interferer occurred only in 

a single trial of one subject. The overall movement cost was significantly larger than 

in condition 1 (paired t-test, p=0.03).

Catch:  When the interferer unexpectedly stopped in the middle of the subject’s 

path, the subject had to adapt the trajectory in order to avoid a collision with the 

interferer. This path re-planning induced a rapid braking (Fig. 2C) together with a 

modification of the trajectory (Fig. 3C). All subjects took a route behind the standing 
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interferer. The high cost of the movement reflects the non-optimal trajectory chosen 

due to the unexpected obstacle behavior. The costs were significantly larger than in 

the moving condition (p=0.008).

Retest: Even the first trial after the catch trial did not show any difference to the 

trials before (except for one subject who changed the strategy by adapting the 

path). Movement cost was therefore not different to the moving case (p=0.23). 

Figure 2: Average path of the subjects for each condition. Shaded area denotes standard 
deviation of the path. A: Without obstacle. B: Moving obstacle (interferer) condition. The path 
of the interferer is shown as dashed line. Triangles and diamonds indicate the first maximum 
and first minimum of the subjects’ velocity (see figure 3B) and the average position of the 
interferer at these points in time. The cross indicates the position of the interferer when the 
subject passed the intersection point. C: Catch condition. Dashed line shows the interferer’s 
path stopping in the center. D: Retest condition. The moving obstacle condition was repeated  
twice after the catch trial. 
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2. Simulation of Walking Behavior

When an appropriate via-point was chosen on the line connecting start and end 

positions, the simulated behavior that minimized jerk costs closely resembled the 

observed trajectories (see Figure 4A1). The velocity and timing of the via-point was 

selected by minimizing the mean squared error between simulated and observed 

velocity profile. In order to demonstrate that the observed behavior is not a global 

minimum-jerk strategy, we simulated a hypothetical alternative strategy where the 

simulated subject deviates from the straight path (first via-point in Figure 4B1) at 

around the time when subjects in the Moving condition adapted their velocity (first 

velocity peak in Figure 4A1). To pass behind the interferer, a via-point was required 

(Figure 4B2) that deviated from the straight line between start and end. This 

alternative strategy turned out to be smoother, i.e., the simulation shown in Fig. 4B 

had ~3.9 times lower jerk cost than the simulated movement modeled after the 

Figure 3: Average normalized tangential velocity profiles plotted over the x-coordinate for the 
conditions presented in Figure 2. The symbols in B correspond to those in Figure 2B with the 
cross denoting the subject reaching the intersection point in the center.
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subject’s behavior (Fig. 4A). Simulation of a static obstacle condition (cf. trajectory 

shown in [16]) where the subject had to walk around an obstacle located at the 

center (Figure 4C) also gave a smoother trajectory with ~3.3 times lower jerk cost.

Discussion

Human locomotion in the presence of static constraints such as doorways and via-

points has been shown to be stereotyped (e.g., [5,6,15]) and to follow a maximum-

smoothness  constraint  [7,8].  Our  data  confirm  the  stereotypy  of  previous 

locomotion  studies  for  a  moving  obstacle,  in  our  case  another  human  crossing 

perpendicularly. However, we show that the maximum-smoothness constraint holds 

Figure 4:  Simulations. A1: observed mean velocity (gray) compared with the simulated 
velocity profile. The via-point for the simulation was chosen such that it corresponded to the 
observed average velocity of the subjects with minimum mean squared error. The jerk cost 
for this case is  J=7.92 m2/s5. A2: simulated subject and interferer path with the 
corresponding via-point position of the subject and interferer (diamond) and interferer’s 
position when the subject crosses the intersection of the paths (cross, c.f. Fig. 2B). B1: 
simulation of the velocity, in x- and y-axes, of a hypothetical alternative strategy involving 
path deviation instead of velocity modulation to avoid the moving obstacle. B2: trajectories 
for the alternative strategy. As in A2, the cross corresponds to the interferer’s position when 
the subject is at the intersection of the paths. The jerk cost of this  strategy is J=2 m2/s5. C1: 
simulation of the velocity, in x- and y-axes, of a static obstacle scenario. Here the interferer is  
placed on a fixed position and the simulated subject is therefore forced to walk around him. 
C2: simulated trajectories for the static case. The jerk cost for this case is J=2.42 m2/s5.
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only locally, i.e., the chosen straight trajectory was maximally smooth given its path 

and a particular via-point constraint, but a smoother trajectory always existed that 

would have allowed to  pass  without  collision.  Nonetheless,  since,  with very few 

exceptions, subjects generated stereotyped trajectories in each tested scenario and 

showed no adaptation to or influence of catch trials, a subject-independent strategy 

underlying obstacle avoidance is likely to exist.

Stereotypy

In the absence of conflicting moving obstacles, trajectory formation closely followed 

the maximum smoothness constraint [7]. When this preferred motion would have 

led to a collision with an interferer, it was modified by a change in velocity profile  

that allowed subjects to pass behind the interferer at a safe distance. The strategy 

chosen was very effective: similar to previous results  with a 180° approach [9], 

there was only one single collision during the whole experiment. Nonetheless, there 

is  a  difference between our  results  for  a  90°  approach  and those for  the  180° 

approach [9,16]: while our subjects only changed the velocity profile, an obstacle 

approaching at 180° inevitably requires changing the path taken, since any straight 

line would lead to a collision. 

Our subjects initially accelerated as if there was no obstacle on their way to the 

target position (compare Fig. 2A and 2B), even though the interferer was clearly 

visible from the beginning and the subjects were informed about and could readily 

infer his walking direction. Again, this behavior was very stereotyped with only one 

exception: one subject accelerated much slower right from the beginning, but also 

stayed on the straight  path.  The strategy chosen by the subjects  was not  only 

stereotyped within and between subjects, but also over trials: no adaptation over 

the  four  trials  could  be  observed.  This  suggests  that  subjects  had  chosen  an 

‘optimal’ strategy right from the beginning, and that repeated observation of the 

interferer  did  not  bear  any  new information  that  could  be  exploited  for  further 
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optimization.  Surprisingly  however,  the  strategy  still  remained  identical  after 

experiencing the catch trial - again with one exception: one subject now walked on 

a curved path passing behind the interferer, a strategy which accommodates both 

the ‘moving’ and the ‘catch’ conditions.  Since the majority of subjects chose the 

same strategy before and after the catch trial,  this  particular  choice of  strategy 

seems to  be  very robust,  which again points  to  an underlying  general  principle 

governing trajectory formation.

Planning strategies

Assuming  a  certain  cost  function  such  as  maximum  smoothness  does  not 

completely specify the resulting trajectory. For example, planning strategies may 

differ regarding the use of feedback information: feedback may simply be used as 

servomechanism trying to follow a pre-planned trajectory, or may take into account 

the  inherent  uncertainty  about  the  sensory  information  [22].  One  possible 

feedforward planning strategy would be to predict the complete time course of the 

obstacle in advance and to choose an optimal trajectory accordingly. However, such 

a global planning strategy would result in a curved trajectory with lower cost, as 

shown in our simulation when the obstacle was placed statically at the intersection 

point (Fig. 4C). Moreover, as can be seen from the catch trials (Fig. 2C), feedback is 

available for re-planning of the trajecory [8].

Accordingly,  a  local  planning  strategy  might  be  implemented  that  treats  the 

interferer  as  static  obstacle in  every  planning  step  taking  into  account  sensory 

feedback about the position of the obstacle. In that case, the subject would start out 

in a straight line until the interferer would cross the currently planned path. At that 

point,  the  interferer  becomes  an  obstacle,  and  the  next  planning  step  would 

inevitably result in a deviation from the straight line. Thus, such a strategy, which 

closely  resembles  the  one  implemented  in  human-aware  robotic  path  planners 

[17,19], does also not match the data of the present study. 
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A third possible strategy uses local re-planning together with trajectory prediction to 

continuously  estimate  the  movement  of  the  interferer  taking  into  account  the 

uncertainty about its behavior  and to accordingly arrive at an optimal  trajectory 

[22]. We can estimate the uncertainty about the movement of the interferer from 

the experimental trajectory: our subjects assumed that they could pass behind the 

interferer more than 0.8 m before the intersection point,  as can be seen by the 

acceleration of the velocity profile (Fig. 2B and 3B). Thus, immediately before this 

instance, subjects could have chosen a via-point that lies slightly off the straight 

path behind the interferer, but would let them pass earlier avoiding braking and 

thus arrive at  a smoother trajectory.  This  scenario is  covered by the simulation 

shown in Fig. 4B and would also lead to a curved trajectory.

Since in each case, a lower cost was possible, we propose that the underlying cost 

to  be  minimized  is  not  just  global  maximum  smoothness  with  respect  to 

translational motion, but that rotational movement adds to the cost. However, more 

experimental  data  are  required  to  assess  how  whole-body  rotation  affects 

movement costs.

Towards a common principle

The  present  results  confirm  that  locomotor  control  contains  a  high  degree  of 

flexibility, but for a given situation tends to converge to a single solution. The latter 

clearly  points  towards  an  underlying  common  principle  of  trajectory  planning. 

However, as we have shown, maximization of global smoothness does not hold for 

complex  scenarios  of  trajectory  formation  such  as  collision  avoidance.  One 

possibility is that the cost associated with trajectory formation also involves whole-

body  rotations.  Other  factors,  such  as  the  uncertainty  of  estimating  the  future 

trajectory  of  a  moving  agent,  are  likely  to  affect  the  choice  of  the  obstacle 

avoidance strategy as well.  Previous work already has shown the importance of 

sensory feedback for  trajectory  formation (e.g.,  vestibular:  [23],  visual:  [24,25]), 

but, as also demonstrated by our catch trials, it is clear that visual on-line feedback 
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constitutes  the  main  modality  for  recognizing  a  moving  obstacle.  Thus  any 

formulation of a common principle governing locomotor trajectory formation has to 

take into account online feedback mechanisms.
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