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while the simulation results are improved and enriched during
each simulation run. It can be used with any kind of motion
planning algorithms and acts independently of the specific interpolation methods.
The remainder of the paper is structured as follows: First,
the state of art in the context of digital human simulation and
motion modeling is reviewed. Second, the novel concept is described enabling to reuse already computed motions. Furthermore, an exemplary implementation for human pick and place
motions is presented, outlining the practical applicability of the
concept. Consecutively, the technical performance of the proposed method is verified in an evaluation considering a pick up
motion in a collision afflicted environment. Finally, a conclusion and an outlook on further optimization potentials are given.

a generic overview of motion reuse techniques [16]. While the
work by Geng and Yu gives an overall overview of motion reuse
operations, within this paper a specific approach is presented.
Moreover, Kallman and Thalmann [17] introduced the concept
of smart objects, in which objects are annotated with additional
meta informations. However, the concept does not cover the
storage of motion paths. Thus the proposed work within this
paper can be seen as an extension of this concept to cover and
accelerate motion planning in virtual environments. To the best
of our knowledge, the proposed motion reuse concept by continuously storing and integrating motions, as proposed within
in this paper, is not in scope of research so far.

2. Related Work

The main objective of the proposed approach is to accelerate and support the simulation process and motion synthesis
by reusing existing motion data stored within so-called motion
databases which are directly attached to the subjects (e.g. digital human or scene object). Figure 2 depicts an overview of
the process flow introduced by the novel approach. Within the
framework, the available motion data is reused as often as possible by accessing the databases and storing every artificially
computed trajectories at a suitable motion storage. The proposed framework can be used independently of the respective
subject, thus allowing to store motion trajectories related to humans or scene-objects (e.g. assembly part) separately. Based
on this concept, the attached motions paths of the respective
objects can be utilized in subsequent simulation runs, as well as
within varying scenarios and environments. The following section will give an in-depth overview of the different components:

Digital human simulations in virtual environments are increasingly important for various industries. There are numerous
specialized solutions for ergonomic aspects, buildability [2–4]
as well as static and dynamic posture analysis [5]. Others, such
as Smartbody [6] focus on interaction or gaming. The available tools differ in terms of utilized motion synthesis methods,
ranging from fully analytical approaches, like Santos [7] to data
driven probabilistic approaches [8] and methods based on artificial intelligence [9]. Even though there is a wide variety of
different systems available, all of these approaches commonly
rely on static, precomputed motion capture data or compute the
paths on the fly without using the previously obtained knowledge. Trying to simulate a full assembly line with multiple
agents, the motions have to be recomputed for each agent, leading to expensive computations.
Realistic and collision free human motions can be either obtained by using pre-recorded motion capture data or can be artificially computed using motion planning algorithms like [10].
Moreover, if the recorded motion capture data is collision afflicted, or does not fulfill required constraints, the data is oftentimes further adjusted using path planning algorithms and
trajectory refinement approaches as described in [11,12]. Even
though the motions are adjusted within these approaches, the
data is not further stored for further calculations. Consequently,
subsequent simulation runs do not benefit from the previously
generated motions. Thus, similar and identical motions will be
always re-synthesized. Beside the motion generation based on
path planning, motion blending is a widely spread technique
which is used to generate fitting motions based on a reference
motion database. According to Feng et al. [13] the blending
techniques can be clustered into Barycentric interpolation, Radial basis functions (RBF), K-Nearest Neighbor (KNN) interpolation and Inverse Blending. Additionally, motions can be
also obtained using geostatistical interpolation approaches [14].
Within this paper, the KNN motion blending approach has been
used to enrich and interpolate the datasets.
Lim et al. [15] proposed a concept to store and reuse motion
capture data for gathering realistic motions. Whereas this approach only considers the offline storage of fine grained motion
capture data for so called motion primitives, the proposed approach within this work, makes no assumptions about the motion data and can be seen as a more generic method focusing
on reutilization and online learning. Geng and Yu presented

3. Approach

Motion Database. One of the key concepts of the proposed
framework is the modeling and storing of arbitrary motions
within so-called motion databases. These motion databases can
contain motions of different kinds, either being recorded with
motion capture techniques, or artificially generated by using
motion planning algorithms. Independent of the way the motion
is gathered, the individual databases should contain homogeneous motion (e.g. grasp motion within one database and walk
motions within another database). Furthermore, the databases
can be annotated according to the current environment or due
to various properties (e.g. size of human, velocities).

Fig. 2. Illustration of the proposed motion reuse framework. The motion data
is stored within so-called motion databases. These datasets can be further processed using interpolation approaches or methods of artificial intelligence. After having checked the data for validity, the motions are either directly utilized
or new motions have to be computed. In case a re-computation is necessary,
the generated motions are then further stored in the suitable database, being
utilizable within subsequent simulations.
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An essential aspect of the proposed concept is to directly
assign the motion databases to the respective scene objects or
to a digital human model (DHM). For instance, by attaching
all setup paths of a specific assembly part to the object itself,
the path information might be reused in different scenarios (e.g.
varying orientation/scene) or subsequent simulations. Consequently the scene objects and DHM act as smart objects containing various motions without relying on the specific environment and external information.
Motion Processing. Since the motion databases serve as a storage for arbitrary motions, the datasets have to be extracted and
further processed in order to be re-utilized. The motions can
be either directly fetched by performing a database search, be
further processed using interpolation approaches like [18,19] or
methods of artificial intelligence. Whereas a simple search only
returns the identical trajectories, the latter can generate novel
motions out of the existing database, which can cover certain
areas which have not been simulated in before. For instance,
utilizing a KNN blending approach, as described in [13], novel
motions laying in between existing datasets can be efficiently
generated. Therefore these methods serve as a promising approach to further increase the probability of being able to utilize
already present motions and avoid recomputations.
Motion Validity Check. After having obtained a motion from
the existing database, the motion might be checked respective
to specified constraints. These constraints can be related to
collision affliction, path shape, spatio-temporal parameters or
other properties. If the obtained motion fulfills the specified
constraints, the motion can be directly utilized and further applied. This step does not have to be necessarily in a separate
stage. For instance, the constraints could be directly considered by using inverse blending approaches like [20] within the
motion processing stage. These blending approaches set the interpolation weights in order to minimize the error considering
the respective constraints.
Furthermore, instead of utilizing a binary acceptance/rejection scheme, in case of unsatisfied constraints,
motion trajectories can also be partially reused. Since oftentimes Rapidly Exploring Random Tree (RRT) approaches are
utilized for path planning, which rely on sampling configurations within the search space, collision free states gathered
from existing motions could be directly inserted into the search
space. In this case the search can be even accelerated if no path
which satisfies all constraints is available in before.
Re-computation of novel Motions. In case the gathered motion does not fulfill the desired constraints (e.g. collision affliction), the database and motion processing is not able to produce
the desired paths given the existing datasets. Thus the motion
database must be further enriched with newly computed motions to produce motion trajectories being able of satisfying the
constraints. In this case, the motions are recomputed using an
arbitrary motion planning algorithm (e.g. RRT or Probabilistic
Roadmap). Since this part is the most time consuming aspect
of the simulation, it is tried to avoid the re-computation as often
as possible. As mentioned within the previous subsection, in
case the motions do not satisfy the constraints entirely, they can
be nevertheless utilized to initialize and accelerate the motion
planning process. After having computed a new trajectory, satisfying the desired constraints, the motion is further stored in

3

the suitable database, thus enriching the existing datasets. This
process is performed during the simulation execution and can
be principally integrated in arbitrary simulation environments
to continuously enrich the motion databases.
4. Accelerated Human Assembly Simulation: An Implementation
Whereas in the previous section, the generic principle of the
framework is introduced, within this section a specific implementation for accelerating human assembly simulations is presented. In general, human assembly simulation predominantly
consists of tasks in which a digital human interacts with virtual
objects. Mostly, an assembly trajectory is computed for a given
object first and the digital human tries to follow the gathered
trajectory in a second step, considering the intrinsic constraints
[21]. Since the proposed motion reuse concept is applicable
for different kind of objects, the implementation distinguishes
between motions of digital humans and assembly paths of the
objects. Therefore the motions of the digital human and assembly parts are represented using different motion databases.
Human Motion Representation. For representing the human
motions, a motion database has been utilized which contains
several reach motions of the left and right hands, recorded using
a motion capture system. For interpolating novel motions from
the motion capture data, the KNN interpolation approach [13]
is used. Since the accuracy of the KNN interpolation strongly
relies on the density of the reference datasets the method proposed by Kovar and Gleicher [22] is further applied.
Within the utilized blending space, six degree of freedom
motions of the human hands are stored, whereas the motions are
arranged in the local coordinate system of the agent. As DHM,
the in-build Mecanim animation system of the Unity 3D engine
has been used. By utilizing inverse kinematics functionalities,
the animation system can generate realistic full-body motions,
while only relying on the relevant end-effector trajectories and
transformations. Figure 1 (middle) visualizes the pre-recorded
motion capture data for a reach motion of the virtual human.
For determining a fitting motion, the end-position and orientation of the target hand poses are used to derive a suitable motion
from the blending space. The gathered motion is further evaluated concerning collision affliction and Euclidean distance error
to the target position. If the Euclidean distance is larger than
a specified threshold, or the trajectory is collision afflicted, a
new path has to be computed. This path is further annotated
and integrated into the motion database, being utilizable within
subsequent simulations.
Assembly Part Trajectory Representation. For representing
the motion database of the assembly part the identical KNN
blending approach is used. The motion database is directly attached to the respective scene-object, leading to a distributed
system of smart objects which can be reused in subsequent scenarios. For the computation of a novel motion, initially the existing motion database of the specific object is used to derive a
fitting motion. If the Euclidean Distance of the end-position of
the gathered motion and the target destination is larger than a
threshold value, or the trajectory is collision afflicted, a novel
trajectory is computed. The trajectories for describing the motions of the object are computed based on an RRT implemen-

4

Felix Gaisbauer et al. / Procedia CIRP 72 (2018) 398–403
Felix Gaisbauer et al. / Procedia CIRP 00 (2018) 000–000

401

tation. Figure 1 (left) visualizes motion trajectories which are
stored in the motion database of an exemplary scene object.
Realizing Pick & Place Motions. Since the previously explained motion databases only contain partial trajectories, they
must be linked together to accomplish specific assembly tasks.
The novel approach has been implemented for pick & place
scenarios, in which pick-up and put down motions with arbitrary objects are performed. To adapt the motions to the proposed framework, they are separated into two different phases:
namely reach and return. In case of a pick-up task, the reach
motion is determined by the DHM, whereas the return motion
is computed, utilizing the attached motion database of the object to be picked up. For modeling the put-down motion it is
done vice versa.
For modeling a pick-up task, first the target hand position for
grasping the object must be determined. Subsequently, this position is used to derive a reach motion from the agent’s motion
database. Having determined a suitable reach path, a return motion must be computed afterwards. Therefore, initially the target transformation of the scene object is determined. This target
transformation corresponds to the carry position and rotation in
which the scene object is located after the return motion is finished. Subsequently, a new path from the current position of the
object to the carry destination is obtained by using the motion
database of the scene object. A put-down task is performed in
an analogous way, whereas the reach destination corresponds to
the place position and the return destination describes the hand
position after the task is finished. In this case, the scene object
is responsible for determining the reach motion while the DHM
computes the return motion. Since the motion computations of
the DHM and scene object can be performed independently, the
performance can be further increased by a parallel computation
of multiple paths simultaneously. Having computed the corresponding reach and return paths, the trajectories are traversed
according to a fixed update timespan for each frame. Within
each update step the inverse kinematics of the human avatar is
recomputed according to the current pose of the obtained path.
5. Evaluation
To validate the proposed concept, the generation of
collision-free motions within a collision-afflicted environment
is analyzed. The performance is examined respective to the
computation times and path lengths for varying region sizes,
representing the tolerance of the start position. To analyze the
long term behavior (e.g. 24 hour assembly lines), each experiment is simulated for 5000 runs. Hereby, the novel approach
is compared to a default motion planning implementation in
which the motions are recomputed within every simulation run
using a RRT algorithm.
Experimental Design. During the experiment, a virtual human
avatar is placed in front of a target object which is occluded
by an obstacle. The center of mass position of the human is
randomly adjusted within a spherical region S (see Figure 3).
Moreover, the radius of the this spherical region S is adjusted
in order to analyze the performance of the novel approach. For
each sampled agent position within S , a collision-free path from
the specified target object to the hand of the virtual human has
to be computed. While the position of the scene-object is fixed,

Fig. 3. Overview of the experimental design within the evaluation. A collision
free path has to be computed from the red object to the left hand of the agent.
Moreover, the position of the agent is adjusted within a spherical region S .

the target position is varying since the agent’s position is randomly adjusted within S .
The experiment has been carried out with the implementation explained in section 4. The motion database has been
modeled with a KNN motion blending approach. In order to
improve the sampling-coverage of the blending space, five artificially generated motions are added for each inserted motion
path. To align the motion trajectories an Euclidean nearest
neighbor approach has been utilized. The translation accuracy
of the utilized RRT algorithm has been set to 0.01 m. For improving the greediness of the algorithm, the goal bias heuristic
[23] has been used (value 0.1). The bounds of the search region
of the RRT algorithm have been set to 2.00 x 2.00 x 2.00 m,
while the algorithm is stopped after the first valid solution has
been found.
The performance of the novel approach has been compared
to the above mentioned RRT algorithm in terms of path length
and computation time and has been carried out for different
sizes of the spherical region S (0.05 m, 0.10 m, 0.25 m, 0.50 m,
1.00 m) in which the starting position of the DHM is determined. The position is obtained by means of uniform sampling
within this spherical region. For each size of S , a separate simulation and motion database has been used, while 5000 simulation runs were computed. The motions have been computed
for the left hand of the agent only. For the path computation
the collision geometry of the target object (size 0.10 x 0.10 x
0.10 m) is explicitly considered. The target object is placed on
a plate with dimensions of 1.50 x 0.02 x 0.40 m, whereas it
is occluded by a vertically aligned obstacle with a respective
size of 1.50 x 0.20 x 0.02 m. Within the novel approach, the
motion trajectories are gathered from the motion database using the KNN approach. If the obtained motion offset is below
0.01 m Euclidean distance it is directly used. Otherwise a new
trajectory is computed using the RRT with the above-mentioned
parametrization. The default reference implementation recomputes the same path within each simulation run, utilizing the
identical RRT implementation and parameters.
Results. After having computed in total 250 000 motion trajectories (5000 per scenario), it can be seen, that the novel approach predominantly results in lower computation times compared to the default implementation, while fulfilling the accuracy requirements of 0.01 m. Figure 4 visualizes the computation times for the specific region sizes of S depending on the
number of calculated trajectories. The computation time is set
relative to the mean calculation time of the reference implementation. Note that the reference RRT-implementation always
results in a straight line slightly oscillating around 1.0.
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In general, it can be seen that the novel approach reduces
the computation times for all considered region sizes ranging
from 0.05 m to 1.00 m. The calculation times are decreasing
with a growing amount of calculated trajectories, however the
gradient of the individual curves varies strongly. For the region size 0.05 m, the computation time can be instantly reduced
and results in a stable plateau only requiring 2% of the time of
the naive reference implementation. Analogously for the region
size of 0.10 m, the curve is also instantly decreasing, however
it requires more calculated trajectories to achieve asymptotic
behavior, in which 2.5% of the computation time of the reference implementation is required. Considering a region size of
0.25m, the curve has a similar shape compared to the previous
scenarios. However, the gradient is flatter and a stable plateau
is reached later (10% of computation time). For the region sizes
of 0.50 m and 1.00 m the curve shape transforms to a more linear shaped curve. In both cases, a stable plateau is not reached
and the computation times are around 25% (0.50 m) and 80%
(1.00 m) after 5000 computations. Note that the trend-lines in
Figure 4 have been generated using a moving average computation to illustrate the overall trend. In particular, asymptotic
behavior is reached earlier for the smaller region sizes, whereas
in larger region sizes more oscillation can be registered.
Figure 5 (top) visualizes the computation times for all examined sizes S . The mean and median computation times of the
novel approach are always below the reference implementation.
Furthermore, the delta between the novel and default approach
is decreasing with growing region size. For S = 0.05 m the
mean calculation time can be reduced from 0.091 s ± 0.028 s
to 0.003 s ± 0.007 s which corresponds to an improvement of
97% regarding the mean value. At a size of 0.10 m, the times
can be improved from 0.099 s ± 0.027 s to 0.005 s ± 0.015 s
(mean value improvement ≈ 95%). For S = 0.25 m an improvement from 0.091 s ± 0.035 to 0.017 s ± 0.035 can be registered (≈ 81%), while for S = 0.50 m the mean times can be
more than bisected from 0.097 to 0.043 s (≈ 56%). For a large
region size of 1.00 m the mean calculation time can be reduced
from 0.123 s ± 0.097 s to 0.096 ± 0.096 (≈ 22%). While for the
region sizes 0.05 m, 0.10 m and 0.25m, all computations times
are below the reference implementation, for 0.50 and 1.00 m,
occasionally there are outliers requiring more calculation time.
After having analyzed the performance of the novel approach in terms of calculation time, the quality of the gathered paths has to be analyzed considering the obtained path
lengths. Figure 5 (bottom) shows the results respective to the

Fig. 4. Plots displaying the required computation time considering the amount
of calculated motions for the five examined region sizes 0.05 m, 0.10 m, 0.25 m,
0.50 m and 1.00 m. The computation time is set relative to the mean calculation
time of the respective RRT implementation for the specific region size S.
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Fig. 5. Top: Boxplots of the measured computation times for gathering a motion
depending on the region size S. Whereas the blue boxes represent the default
implementation in which a trajectory is recomputed in every simulation run, the
orange boxes represent the novel approach. The individual boxes contain the
median, 5-, 25-, 75- and 95-percentile. Bottom: Visualization of the obtained
path lengths for the varying region sizes of S.

path length of the obtained paths. In general, the novel approach
produces similar but slightly shorter trajectories compared to
the reference implementation. Whereas the difference within
the smaller region sizes is higher (reduction of mean length for
S = 0.05 m ≈ 10%; S = 0.10 m ≈ 9%; S = 0.25 m ≈ 8%),
it decreases for the larger region sizes (S = 0.50 m ≈ 5%;
S = 1.00 m ≈ 2%).
Discussion. As indicated by Figure 5, the novel approach predominantly requires less computation times, while generating
similar and collision-free paths. Whereas for smaller region
sizes the mean computation time can be accelerated by a factor
of 50, the improvement decreases for larger region sizes. One
reason therefore is, that within smaller sizes of S, less samples are required to cover the full space. Consequently, the
probability is higher that a fitting motion can be obtained, compared to larger region sizes in which drastically more samples
are required. Moreover, the outliers occurring at region sizes
of 0.50 m and 1.00 m can be interpreted as a direct result of
this decreased probability to interpolate a suitable path from
the available data. Since the blending spaces in these cases contain a lot of samples, the time consumption for performing the
KNN search and inserting new samples is additionally increasing. Thus, these outliers were generated in a later stage where
already various samples were contained in the blending-space
and no valid path could be extracted.
Evaluating the curvature of the examined region sizes (Figure 4), different curve-shapes can be determined. Again, the
reason for this behavior is the amount of required samples to
cover the respective spaces and the additional computational
effort in large spaces. Thus within a small space the approach
can directly accelerate the computation time, while in a large
region significantly more computations are required.
Additionally, the novel approach can reduce the mean trajectory lengths. Since the RRT algorithm might produce unrealistic and jittery paths, the linear interpolation within the blending
space can be denoted as a possible reason. However, the overall mean path length is increasing from region size 0.05 m to
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1.00 m. As reason for this behavior it can be denoted, that with
increasing region size, more paths have to be computed to cover
the full space. Consequently less interpolation is applied and
the original paths are inserted, whereas the ratio of generated
paths to interpolated paths is increasing.
Limitations and possible Extensions. In summary, it can be
seen that the novel approach can improve the overall performance regarding computation time and path length. The improvement differs depending on the region size. Whereas the
performance gain for smaller regions is high (up to factor 50),
it shrinks for larger sizes (factor 1.25). Consequently, the presented implementation can be best utilized with small region
sizes from 0.05 m to 0.25 m. Transferring these findings to
the use-case domains, the proposed approach is best suited for
use-cases in which the geometrical variance of the processes is
low (e.g. highly repetitive tasks within assembly). Note, that
within the evaluation the starting positions have been varied
within each simulation run. If performing the identical motions
multiple times, the proposed approach can instantly reuse the
already present motions.
In the experiment, the computation was stopped after the
first valid solution was found. In principle, the approach can
be also utilized to compute paths fulfilling specific constraints
and criteria such as optimality. By applying motion interpolation using a motion database, the generated results might loose
these properties. Nevertheless, these motions could be used to
initialize the path planning algorithm, which again accelerates
the overall planning. In this case, the overall computation time
increases for both, the naive reference implementation and the
novel approach. In general, it can be denoted that with growing
amount of constraints and criteria, the need for re-computation
increases, since the motion interpolation increasingly fails to
produce results satisfying all constraints. However, it is expected, that the novel approach can still provide vast computational benefits over a naive implementation, since the already
present informations can be considered by the path planner.
For the evaluation, a KNN interpolation approach has been
used and the trajectories have been rejected if not satisfying the
constraints. By applying inverse blending techniques, in which
constraints like collision affliction can be considered during the
motion interpolation stage, it is expected that the need for recomputation decreases. Moreover, the blending data could be
additionally enriched by using various sub-trajectories of the
existing motions, ultimately improving performance.
6. Conclusion and Outlook
In this paper a motion reuse framework has been proposed
which allows to speed up human motion generation in collision
afflicted environments. The evaluation indicates that the approach can improve the overall simulation performance in terms
of computational time and path length. Since the performance
improvements decrease with growing translational variance, the
proposed concept can be best utilized for highly repetitive tasks
(e.g. tasks within automotive assembly). Within this paper only
the computational performance was compared, however within
future work the accuracy and parametrization of the RRT and
the reuse of motion data will be further examined. Additionally, the performance regarding the computation of optimal and
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highly constrained motion paths will be analyzed in subsequent
studies.
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