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Abstract

Diffusion models in robotics have shown great potential with a wide range of applicability.
Especially their capability to model multi-modal data distribution has many benefits
when learning a task such as collision-free trajectory optimisation with dynamic moving
objects. Collision avoidance is a central problem in robotics where classical approaches
still suffer from non-optimal solutions or high computational costs.

In this work, we present four diffusion models, capable of predicting collision-free tra-
jectories in a pick and place setup of two moving robot arms. The best model achieves a
success rate of 88.1% in producing collision-free trajectories, while the worst one succeeds
in 76.2% of the episodes. Furthermore, we analyse the models in terms of their accuracy
in reaching the target pose, their capability of predicting smooth trajectories, and their
success rate in generating collision-free trajectories.
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Robotics is a strongly growing field with many opportunities to further improve the state
of the art with machine learning methods. Trajectory optimisation is a core element for
all sorts of robots. Solving the constrained version of collision-free trajectory planning is
still an open problem despite the many promising approaches. Classical methods tend to
suffer from finding only local optima, being computationally too complex to run in real
time, or failing to scale up to many robots. Learned trajectory planning has the benefit
of leveraging task-specific data to optimise the model for these requirements.

The goal of this work is to test the adaptability of diffusion models to generate
collision-free trajectories on a pick and place task that involves two robot arms. The
efficiency of diffusion models to learn from few expert samples is demonstrated in [1],
which is a promising path for sample-efficient learning. Furthermore we want to assess
the accuracy of diffusion models in reaching the target pose along with their capability
to generate low jerk trajectories like the underlying training data.

While many learning-based approaches have been applied to collision-free trajectory
planning, there is still room for improvements. Narrowing the gap and getting closer
to optimal collision-avoidant trajectory planning is a central aspect in current machine
learning research. The low availability of high quality data in the domain further hinders
progress in the field. However this also gives opportunities for innovative ways to sample
data and to train models with sparse data supply.

We introduce our collision avoidance diffusion policy, consisting of four models, two
operating in joint-space and two in Cartesian-space. The models are conditioned on their
trajectory history that includes among others the collision spheres of the two robots.
Furthermore we present our dataset that contains jerk- and acceleration-minimised tra-
jectories. Finally, we simulate the robot on a held-out evaluation dataset for the same
task. We assess its performance regarding the accuracy of reaching to the target pose,
the capability to produce jerk- and acceleration-minimised trajectories and on its ability
to avoid collisions.
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2.1 DMotion Planning and Trajectory Optimisation

In robotics the task of planning motion and generating trajectories is a well-studied topic
with broadly two categories where the approaches fall into: classical, non-parameterised
methods and machine learning-based, parameterised models [2].

Classical algorithms include for example sampling-based methods like RRT [3] and
PRM [4] along with their improved versions RRT* and PRM* [5]. Other approaches
include search-based algorithms that utilise a given graph to find the shortest paths like
A* [6] and Dijkstra’s algorithm [7]. However these methods only provide path planning
which still needs further refinement to get a smooth and executable trajectory.

The second category consists of learned methods that optimise a parameterised model
such as a deep neural network. Examples are among others imitation learning (IL) and
inverse reinforcement learning (IRL) [8]. Imitation learning covers approaches such as be-
havior cloning (BC) [9], that utilises supervised expert data to learn the underlying data
distribution. Other learning methods comprise of Reinforcement Learning algorithms
that learn policies through indirect feedback signals from reward functions [2].

In this paper we focus on a behavior cloning approach for trajectory optimisation
with collision avoidance based on a limited amount of expert data.

2.1.1 Learned Collision-Avoidant Trajectory Planning

The Motion Policy Network from [10] shows that it is possible to learn dynamic ob-
stacle avoidance given the current robot state and a point cloud of the environment.
Another work from [11] presents a decentralized multi-arm motion planner, trained in
a Multi-Agent Reinforcement Learning setup. It shows the capability of a learned mo-
tion planning system to predict collision-free trajectories for a setup with up to 10 robot
arms. However both of the two approaches need large quantities of data in order to learn
collision-free trajectory planning.

2.1.2 Diffusion Models in Robotics

With the introduction of Denoising Diffusion Probabilistic Models (DDPM) in [12], a
new class of latent variable models has been shown to produce high-quality images.



2. RELATED WORK 3

In [1] the strengths and adaptability of diffusion models for robotics tasks were shown.
Unlike in other machine learning domains, in robotics, data is generally not available in
large quantities, and efficient learning methods are required. The paper shows that
diffusion models are applicable to a wide range of tasks allowing for effective learning of
multi-modal data distributions.

The closest work to ours is [13], where the capability of diffusion models to generate
collision-free trajectories was shown and also compared against classical sampling-based
trajectory optimisation methods such as RRT-connect [14] and conditional Variational
AutoEncoders [15]. However this method only uses diffusion models for collision avoid-
ance in a static environment with one robot actuator.
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Our setup involves a 7 DoF robot arm that performs a pick and place task with the
additional constraint of dynamic collision avoidance. The dataset consists of jerk- and
acceleration-minimised trajectories computed with the cuRobo library [16] and is sam-
pled in two steps. First we collected the data for the obstacles and then we generated
trajectories for the actuated robot. The obstacles consist of collision sphere recordings
from the same type of robot arm. Along with our dataset we highlight the architecture
of the diffusion policy models and then briefly introduce the training setup for diffusion
models.

Our hypothesis follows the approach from Chi et al. [1] that utilises expert data to
train a diffusion policy. The goal is to learn to imitate the behavior of the data, similar to
the original behavior cloning paper from [9]. The difference is that we have a continuous
action space and our model has a probabilistic nature and refines the action in an iterative
way.

3.1 Dataset Sampling

Similar to [13] we created a synthetic dataset for our diffusion models. However we took
use of cuRobo [16] and Isaac Sim [17] to record the data as opposed to the sampling-based
approach with RRT-connect. CuRobo already provides jerk- and acceleration-minimised
trajectories, which removes the work needed to post process the data to get smooth
trajectories.

In [13] they focus on trajectory optimisation with static collision avoidance. Our
approach focuses on dynamic collision avoidance where the objects come from the collision
mesh from another robot arm.

The dataset consists of continuous position-control actions recorded from the Emika
Franka Panda robot arm [18|. Using position-control trajectories also follows the sugges-
tion from [1]|, which claims that diffusion policies based on position-control outperform
velocity-control action space models. As collision mesh for the Panda robot we utilised
the set of 61 collision spheres that came from cuRobo, which is visualised in figure 3.2
on the right.

The cuRobo library allows for dynamic and static collision checking. For our setup
the dynamic version is more interesting but the problem with it is that it only works in a
model predictive control fashion. This does not guarantee convergence in a fixed amount
of time steps and has the possibility of getting stuck in a local minima. This can lead to
non-optimal trajectories with slow progress toward the target.
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In order to avoid adding further convergence issues when leveraging the trajectory
optimisation to a neural network prediction, we decided to use the static collision checking
from cuRobo. This ensures convergence in a fixed amount of time steps but on the other
hand introduces the potential that the sampled trajectory is not collision-free. CuRobo
only avoids a collision with the initial positions of all the obstacles and therefore collisions
can happen when the obstacles move in the meantime. To solve this issue, we sampled
trajectories and only kept them if they were collision-free.

3.1.1 Pick and Place Dataset Generation

We first sampled the trajectories of one robot alone performing pick and place trajecto-
ries. The dataset is called Ghost Robot Dataset and it served as the dynamic collision
objects for the second dataset. We will also call the robot from this first dataset the
ghost robot, since it is just a recording of the collision spheres and its trajectories are not
directly used to train the policies. In a second step we sampled the final dataset called
Robot Collision Avoidance Dataset.
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Ghost Robot Dataset

The setup in the simulation is designed such that the Panda robot is located at the origin
(0,0,0) and oriented with the identity I € R? rotation matrix. In order to avoid learning
all possible trajectory mappings and to facilitate the learning, we focused on sampling
targets within a predefined area for the pick and place locations.

Figure 3.1: This is the setup from the recording of the ghost robot. A sphere and a bar
represent the obstacles that help in generating a more diverse set of trajectories. The
sphere position is drawn uniformly at random in the area above the bar for each new
episode.

To get a diverse set of trajectories that avoid moving always in the most direct way
to the target, we introduced two static objects for this setup. The first is a small bar
between the pick and place field and the second is a sphere that was randomly placed
in the area above the bar. This resulted in trajectories generated by cuRobo that were
more diverse regarding to which paths the robot took to get to the targets. Figure 3.1
shows the setup marking the pick and place area along with the two collision objects in
light grey.

Specifications The Ghost Robot Dataset consists of a total of 2000 different episodes.
Each episode has three different phases: a pick, a place and a retract phase. The robot
always starts from the same initial pose and first performs a pick task that consists of
moving the end-effector to the pick target location. Then the robot moves from the
pick target location to the place target location and finally moves back to the retract
end-effector pose. Each phase has 34 trajectory steps, computed by cuRobo. This makes
a total of 2'000 - 3 - 34 = 204’000 data points.

Each row represents one step and contains 282 entries. Table 3.1 shows which columns
correspond to which data entries. A pose is always represented with the three Cartesian
coordinates x,y, z and a quaternion as w, 1, j, k.
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Column Index | Data Type

0 episode € {0, ...,1999}

1 step € {0, ...,101}

2:9 target pose (z,y, z,w, 1, j, k)

9:16 end-effector pose (z,vy, z,w, 1, j, k)
16:25 Panda joint pose (radians)

25:269 Panda collision spheres (z,y, z, radius)
269:273 pick area ([Tmin, Tmaz)s [Ymins Ymaz))
273:277 place area ([Tmin, Tmaz], [Ymins Ymaz))
277 phase € {1,2,3}

278:282 collision sphere € {z,y, z, radius}

Table 3.1: Ghost robot dataset entry structure, index range: (incl:excl)

Robot Collision Avoidance Dataset

The next step was to sample trajectories in the same pick and place setup as before, but
now we replaced the two collision objects (the bar and the sphere) with the prerecorded
collision spheres of the Panda robot from the first dataset. We flipped the positions of
the recorded robot spheres along the x-axis and added an offset of one meter in the x
direction. This way we placed it opposite to the new robot for which we compute the
collision-free trajectories. Furthermore, we sampled some random offset in the time step
for the ghost robot to ensure that the two robots are not synced in their execution of the
trajectories.

Figure 3.2 shows the setup during an evaluation episode of the diffusion models.
Only the collision spheres of the ghost Panda are shown in this figure. For this setup we
reduced the pick and place areas in order to have more sample points per area and to
minimise the locations that are not reachable for the robot. This should help the neural
network to focus on just a small set of target locations.

As mentioned above, cuRobo only computes collision-free trajectories with static col-
lision checking at the beginning of the computation. This gives the risk that a collision
can happen when the obstacles move from their initial positions. To mitigate this prob-
lem, we first tried to resample the trajectory multiple times during the execution to avoid
a collision with the new state of the ghost robot. This however turned out to be infeasible
to sample any data point. The possibility that cuRobo fails to converge to a solution
in each resampling stage increases the more often a resampling is performed. Since we
already have three possible convergence failure one for each of the pick, place and retract
phase, this would only further increase the failure rate of sampling an episode. The
reason cuRobo can fail to converge is that an object might not be reachable in a given
state of the collision objects or due the sampling-based nature of the motion generation
algorithm that did not converge.
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Figure 3.2: On the left is the robot actuated by the neural network and on the right is
the recording of the collision spheres of the Panda robot. The blue/green dots indicate
the ground truth end-effector trajectory and the red/yellow ones represent the predicted
trajectory. The grey areas mark the pick and place fields.

However, by resampling the trajectory on the way, we would also loose the smoothness
property since cuRobo’s static collision avoidance optimisation does not take into account
past trajectory steps.

Therefore we only sampled a trajectory once at the beginning of a phase with static
collision avoidance and then tested if it contained a collision. This also ensured that the
full trajectory of a phase has low jerk and acceleration values.

3.1.2 Specifications

The final dataset consists of 501 episodes with a total of 51’102 rows and 522 columns.
Again each episode contains 102 steps, 34 steps for each of the three phases. Table 3.2
shows the data types of each of the 522 columns.

3.2 Multi-Arm Robot Systems

In this section we describe our training pipeline of the diffusion models, which includes
the input and output shape of the models, the used neural network architectures and
also a brief overview on diffusion models.
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Column Index | Data Type

0 episode € {0, ...,500}

1 step € {0, ..., 33}

2:9 target pose (z,y, z,w,1,j, k)

9:16 end-effector pose (z,y, z, w, i, j, k)
16:25 Panda joint pose (radians)

25:269 Panda collision spheres (z,y, z, radius)
269:273 pick area ([Zmin, Tmaz]s [Ymins Ymaz))
273:277 place area ([Tmin, Tmaz), [Ymins Ymaz])
277:521 ghost robot collision spheres (x,y, z, radius)
521 phase € {1,2,3}

Table 3.2: collision avoidance dataset entry structure, index range: (incl:excl)

Like in the Diffusion Policy paper from [1] and the Motion Planning Diffusion paper
[13] we train the neural networks as diffusion models. This way the model does not
predict the output directly but it predicts the noise gradient used to iteratively refine
the output, starting from Gaussian noise. The pipeline also follows closely the approach
from [1] with just some small adaptations for our use case. We used the code of the
neural network implementations and the training scripts from [1] as basis for our four
diffusion models. In the next section we briefly highlight the changes made to the setup.

3.2.1 Model Input and Output

The setup from [1] is designed in a model-predictive control (MPC) style, with two
sequences defining the input to the neural networks.

The first sequence is the observation horizon, which is the conditioning parameter
that contains all the observations the model gets from its environment. This consists of
a total of n observations from a past time step ¢ —n 4+ 1 up to the current time step ¢.
The second is the prediction horizon, which consists of m trajectory actions. These can
range from a past time step up to a number of time steps into the future. Furthermore,
an action sequence is defined, which specifies the number of executed action steps from
the predicted ones until a replanning is performed. Table 3.3 shows an example with
an observation horizon of four steps, a prediction horizon of eight steps and an action
horizon of two steps.

This setup is designed such that new observations are appended to the list of observa-
tions and the oldest observation gets discarded, like a moving window of n observations.

During the experimental phase, we found that the tested diffusion models suffered
from achieving sub-centimeter level accuracy in reaching to the target pose. An open
horizon from the MPC style models introduces the need to define a distance threshold
that indicates an end of the trajectory.
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Timestep |t—3|t—2|¢t—1|¢ |[t+1]t+2][t+3]t+4
Observation | o;_3 | 0j_o | 0;4_1 | o4

Action ag at+1
Prediction | pt—3 | pt—2 | pt—1 | bt P+l | Pt+2 | Pt43 | Pitd

Table 3.3: An example of a MPC style model input with an observation horizon consisting
of the last 4 steps and an action horizon of 2 steps. The prediction horizon is 8 steps,
with 3 of them consisting of past actions.

In order to avoid convergence issues coming from the low accuracy, we fixed the total
number of time steps the model can use to 34. This number is chosen to match the steps
provided by the cuRobo library. The model gets the full observation over the trajectory
history from the initial pose until the end pose.

At time step t observations from timstep 0, ..., consist of the executed joint poses
along with all world state vectors. All future observations with ¢; > ¢ are zero vectors,
except for the entries of the end-effector target pose which are known from the beginning.
Finally the model always predicts the whole trajectory towards its target, regardless of
the number of time steps left to execute.

In this setup we do not move the window but only increment the index of the action
step to take. This guarantees a finite amount of steps until the trajectory is executed.

The action horizon is chosen to be 8 steps, which follows [1].

Observation Dimension

Our observation serves as conditional input and consists of a sequence of 34 observations.
Each observation is a vector in o; € R?®. The 509 dimensions come from stacking
all observations of the state from time step ¢ together: joint pose (7 dimensions), end-
effector position and rotation (7 dimensions), target position and rotation (7 dimensions),
ghost robot collision spheres (244 dimensions), and panda robot collision spheres (244
dimensions). Observations larger than the current time step are all set to zero, except
for the entries that represent the target position and orientation.

Action Dimension

As action domain we used two different model types. The first model predicts the end-
effector pose in Cartesian coordinates, and the second model directly predicts joint po-
sitions for each degree of freedom of the robot.

Cartesian-Space Model This model predicts the Cartesian position and orientation
directly, but needs an inverse kinematics solver to compute the next joint state.
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Solving inverse kinematics with seven degrees freedom is not a uniquely determined
problem. This means that an infinite number of poses can satisfy a given end-effector
position and orientation. In order to get collision-free trajectories we need to know and
control the positions of all of the robot joints in order to avoid collisions coming from
any of the robot links.

Our assumption is that given a starting pose, the predicted update is only minimally
different such that the inverse kinematics solver finds a feasible solution that is close to
the first pose and therefore giving the model the ability to control the joint positions by
changing the end-effector pose in a way to avoid collisions with any of the robots links.

An end-effector pose is represented as a Cartesian coordinate in R? combined with
the end-effector orientation as a unit quaternion. This results in an action space of one
trajectory step a; € R7. Since the model produces a sequence of 34 trajectory steps the
output of the model is in R34*7

Joint-Space Model In order to avoid the problem with the Cartesian model, we
also tested directly predicting the joint angles. This way the model learns the inverse
kinematic mapping from joint angles to the end-effector and directly controls the state
of the robot.

This has the advantage that the neural network can control the robot state explicitly
in order to avoid joint poses that may lead to collisions. Another problem that can be
mitigated is when the inverse kinematics solver does not find a feasible solution or when
a kinematic singularity locks two or more joints. This can lead to problems in executing
the trajectories.

For this model type we also get an action space a; € R for each step. This comes
from the 7 degrees of freedom from the Panda robot, excluding the fingers. The whole
model output is therefore also in R34*7, consisting of 34 joint poses that represent the
full trajectory.

Quaternion Convention

A problem with learning quaternion rotations by gradient descent, presented in [19], is
double cover. This means that a given rotation in SO(3) can be represented by the two
quaternions ¢ and —¢q. This leads to discontinuities in the learned mapping from the
neural network. However we can not utilise the proposed R? + SVD solution due to the
indirect nature of learning diffusion models. We would need to have access to the final
predicted rotation in order to compute the loss on the SVD-projection of the rotation.

To avoid learning the double cover of quaternions, we restricted the space of orienta-
tions by manually mapping all quaternions to the half-space where the w component is
positive.
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3.2.2 Model Architecture

In the following, we will closely highlight the two different types of neural network ar-
chitectures that were used for training the diffusion models. The first is an adaptation
of the U-Net and the second is a transformer based model.

U-Net

Introduced in [20] the U-Net was first used for medical image segmentation. Over the
years the architecture got adapted to include many newer neural network features, among
others is a conditioned U-Net, presented in [21]. Here an added feature-wise linear mod-
ulation layer (FiLM) from [22] is used to condition the input of the neural network. The
idea behind the conditional U-Net was to guide the encoding process by introducing a
learnable affine transform that gets applied in each down-sampling layer. Finally a uni-
versal decoder is used to recreate the conditioned latent representation. The conditioning
consists of two learnable matrices v(z) and £(z) which are applied to our propagated in-
put variable x as

FiLM(z) =~(2) -z + B(2) (3.1)

where z is our conditioning variable.

In the Diffusion Policy paper [1] they used FiLM in the encoder and decoder step of
the U-Net to guide the whole denoising process. Our model takes a sequence as input
and generates a sequence of outputs, therefore we need to flatten the sequence into a
vector before passing it to the conditioning layers.

All together we used three down sampling layers which gives a total of 472 M param-
eters for the U-Net.

Transformer

In [23] the transformer architecture was presented that led to large improvements in
the natural language processing field. The second type of model that was used for the
diffusion models in [1], is a transformer-based decoder combined with a dense multi-layer
perceptron as an encoder. The basic building block of the transformer is the attention
mechanism that is computed by equation 3.2

Attention(Q, K, V') = softmax <QKT> V (3.2)
Y ) - \/@ .
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It uses to three different values extracted from the input sequence: the query matrix
Q, the key matrix K and the value matrix V. The softmax together with the cross-
correlation term QKT computes a distribution specifying which entries attend to each
other. The value matrix is then used to extract the values corresponding to the attended
entries.

The encoder from the diffusion transformer extracts information from the sequence
of observations. The decoder is then responsible for predicting the noise level in the
current diffusion step conditioned on the encoded observation sequence. This is done by
12 stacked modules of the decoder block. One decoder block first performs self-attention
on the noise level of the action sequence and then further propagates the input to 12
parallel cross-attention blocks. In the end the predicted noise sequence is fed through
two dense layers.

The resulting transformer architecture is with 119 M parameters much smaller com-
pared to the U-Net.

3.2.3 Training

In this section we first give an overview of how training a diffusion model works and then
we list our most important key parameters for the training of the models.

Denoising Diffusion Probabilistic Models (DDPM)

Diffusion models, introduced in [12], learn to remove noise from the input sequence in
an iterative way. First, we need to sample an input tensor from a Gaussian normal
distribution z7 ~ N(0,1) € R3*7 then use the neural network to predict the noise level
of the current step and remove it from the input. By doing this in an iterative way, we
get our diffusion Markov chain. In the denoising-process, the chain starts at the sampled
noise 7 and ends at xg. The process uses a fixed noise variance schedule 31, ..., 7. For
our task we used a cosine schedule proposed in [24], which also follows the approach from
the Diffusion Policy paper [1|. The reason for a cosine schedule is to avoid weak learning
signals coming from the first quarter of a linear diffusion schedule.

An important feature of the forward diffusion process is that it can be computed in
closed-form given by the formula in 3.3. During training we can now sample a time step
uniform at random as t ~ U (0,7 — 1) € N and add Gaussian noise € ~ N'(0,T) € R3**7
according to equation 3.3.

xp = Vagxg + V1 — age (3.3)

where z( is our data point and a; = szl as with ap = 1 — B¢ coming from the
predefined variance schedule (1, ..., B7.
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Finally we get a gradient update step as defined in equation 3.4 for training the
diffusion model

Ve H6—69 (\/ozjtxo—l—\/l —o?te,t)Hz (3.4)

where €y is our neural network that learns to predict the noise level in each diffusion
step. During inference we sample Gaussian noise and perform a full reverse diffusion
process by starting at time step T and iteratively remove noise until we reach xg.

Training

In total we trained four models, the U-Net once as a Cartesian-space model and once
as joint-space model and the same two types with the transformer architecture. In
order to improve training stability we normalised the data input to the range [—1, 1] and
denormalised the output again from [—1,1].

To measure the performance of the models on unseen data, we split the 501 episodes
from the dataset into 80% training data (400 episodes) and 20% evaluation data (101
episodes). The models were all trained for 1’500 epochs with the loss plots visualised in
figure 4.1. An evaluation step was performed every 20 epochs. In each evaluation phase
the same MSE loss as in the training loop was computed and in addition to that, we
also performed a full reverse diffusion process to evaluate the quality of the predicted
trajectories.

Inference

During training we used a (3 schedule of 100 steps, but in order to increase performance
at inference time, we reduced the steps to 10. This also follows the approach in [1]. We
found that the performance did not change when evaluating with 100 or 10 diffusion
steps.

All together the U-Net takes with 10 diffusion steps ~ 0.099s on an Nvidia RTX
A4000, while the transformer is more efficient with &~ 0.07s. This is the average value of
100 samples from a Pyhton script that uses PyTorch on the GPU. It includes normalisa-
tion of the data, the sampling of the noise, the 10 denoising steps and the denormalisation
of the predicted action.
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To simplify the setup for the evaluation process, we took use of PyBullet [25] due to
its plug-and-play nature and faster startup time compared to Isaac Sim. We will briefly
touch upon the graphs from the training and evaluation steps of our four models. Then
we will discuss and analyse the results of the simulated evaluations. Finally we highlight
a potential workaround for the problem with the smoothness during recomputation.

4.1 Evaluation on the Dataset

The first evaluation of the diffusion policies consists of measuring their performance on
unseen data. Figure 4.1 shows on the right the evaluation loss. Interpreting this on itself
could lead to the conclusion that the model does not perform well since the loss is more
or less constant for the joint-space models and it is increasing for the Cartesian-space
models. However, if we also consider the metrics of the generated trajectories from the
full reverse diffusion process shown in figure 4.3 and 4.2, we see that the models learn
and make progress over the train time. For the evaluation metrics of the full reverse
diffusion process, we only calculated the model’s accuracy in reaching the target position
and its capability to predict smooth trajectories.

On the left of figure 4.3 is the mean distance between the end-effector and the current
target visualised and on the right the same but with the mean angular distance. In order
to evaluate this metrics for the joint-space model, we performed forward kinematics on
the last predicted joint angles of the trajectories.

The smoothness plot in 4.2 shows that the models’ ability to predict smooth trajec-
tories increases over training time. This shows that the models learn to produce data
similar to the underlying training data that originates from cuRobo.
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Train and Eval MSE Loss
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Figure 4.1: On the left is the train mean squared error and on the right is the evaluation

mean squared error of all four models.
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end-effector trajectory and for the joint-space models the value is calculated on the joint

angles.



4. RESULTS 17
Evaluation Progress on End Effector Distance
0.175 A
0.150 = 061
o5
£ 0.125 E :
S 0.100 g 049
£ a
3 0.075 1 503
o 3
0.050 £02
0.025 1 © ol
0.0 -

20 40
Evaluation Iterations

60

Transformer Cartesian-Space (final: 0.011 m)
—— Transformer Joint-Space (final: 0.020 m)
Unet Cartesian-Space (final: 0.028 m)

20 40
Evaluation Iterations

60

Cartesian-Space Transformer (final: 0.017 rad)
—— Joint-Space Transformer (final: 0.065 rad)
Cartesian-Space Unet (final: 0.087 rad)

Unet Joint-Space (final: 0.033 m) Joint-Space Unet (final: 0.106 rad)

Figure 4.3: This plot shows the progress on the final end-effector distance (angular
distance) of all four models during train time.

We have to note that we can not apply normal metrics to the smoothness values in
figure 4.2. Normally the values would represent velocity, acceleration and jerk but we
do not have a time step duration and these values are averaged over the total predicted
trajectory. Another important point is that the smoothness of the Caretsian-space models
were not evaluated in the same way as the joint-space models since they predict different
types of trajectories. The smoothness metrics are calculated as the mean of the difference
of two consecutive trajectory points. This does not guarantee jerk-minimised trajectories
for the Cartesian models, however it is a good indicator.

The downsides of these evaluations is that they do not simulate the predicted actions.
The model gets the ground truth observation and predicts the trajectory based on clean
data. By simulating the predictions, inaccuracies accumulate, which in turn can lead
to reduced model performance. This effect is also known as covariate shift in imitation
learning [26], where the probability distribution changes from the train data points x ~
Pirain to the test data points x ~ Piegt.

The next evaluation therefore consists of a simulated pass through the evaluation
data.

4.2 Evaluation using Simulation

In order to simulate the predictions we used PyBullet [25]. The setup is visualised in 3.2,
where we have the actuated Panda robot at the origin and the ghost robot is presented
by its collision spheres.
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The final trajectories are in joint-space, either directly predicted from the joint-space
models or indirectly from the Cartesian-space models. Therefore, we need a position
controller to execute the trajectory. We also need a time step duration to specify how
long the robot can take to execute one step of the trajectory. We could theoretically
recompute the trajectory in every step of our trajectory and therefore the simulation
time in between two consecutive trajectory steps should be large enough to allow for a
recomputation. As stated above, we have ~ 0.099s prediction time for the U-Net and
~ 0.07s for the transformer. A trajectory step is further divided into multiple steps for
the motor controller to fully converge to the new position of the robot arm. Therefore,
we set the time step duration of PyBullet to 0.099/20 = 0.00495s for the U-Net and to
0.07/20 = 0.0035s for the transformer. This way we perform 20 simulation steps for each
trajectory step.

For this evaluation we have three important metrics that specify the performance of
the models: the accuracy in reaching the target positions and orientations, the smooth-
ness of the trajectories and the number of collisions occurred in the evaluation process.

4.2.1 Accuracy

Table 4.1 shows the accuracy of all four models. It is clearly visible that the transformer
models outperform the U-Net models in this evaluation with the best average accuracy
of 1.5cm and 2.22° on all three phases coming from the Cartesian-space transformer.
The log-distance plot of this model is shown in figure 4.4. It visualises the end-effector
distance and the angluar distance to the target over the progress of the episode on the
evaluation dataset.
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End-Effector Distance to Target
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Figure 4.4: This graph shows the log distance (linear and angular) between the end-
effector and its target for the Cartesian-space transformer model.

Furthermore, it is visible from table 4.1 that the retract phase has the highest accu-
racy, where all four models are in the sub-centimeter range and also have a low angular

€rror.

Model ‘ Pick ‘ Place ‘ Retract ‘ Avg.

Joint-Space U-Net 3.4cm (3.28°) | 6.4cm (9.31°) | 0.5cm (0.97°) | 3.4cm (4.52°)
Cartesian-Space U-Net 4.1cm (3.45°) | 6.3cm (9.86°) | 0.8cm (0.38°) | 3.7cm (4.56°)
Joint-Space Transformer 2.2cm (2.58°) | 3.9cm (10.18°) | 0.5cm (1.43°) | 2.2cm (4.73°)
Cartesian-Space Transformer | 1.8cm (2.19°) | 1.9cm (4.11°) | 0.8cm (0.37°) | 1.5cm (2.22°)

Table 4.1: This table shows the accuracy as distance (angular distance) to the target of
each model on the last step of the trajectory.

Figure 4.5 shows a visual version of the evaluation accuracy of all four models. The
yellow to red colored points indicate the position of the targets on the pick and place
areas. The closer the point is to the color yellow, the higher is the accuracy of the model
on this evaluation data point. The green ticks represent the final z-axis orientation of end-
effector and the blue ticks are the target z-axis orientation. The white dots represent the
400 training data points. It is visible that the transformer models have a more uniform
distribution of the accuracy on both pick and place areas compared to the U-Net models.
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Final End-Effector Distance per Target Position

07 N
pr 1 y o
— . N \ I D
[0} A ~ \
s \ - “o I Q \.¢ “e» 06
2 4 \ ‘{ N > /\ WO A I\
Q v\ - 7 .
o ’ s v N
g o5 \L A e J i 3 \\s
» 29, e s < w 3
£ \ 2. Q- - - 59
£ 7 ~ ) N -
4 - \ =} / 7
g 0. ‘<\\ /—_I/ , /, 3 \\ 'l o
R ENESS " @ v e 1)
03 \N7 7/ il 7 -,I < \ ,J - X <I
-06 -04 -02 0.0 02 04 06
07 N
- S ! Qq L )
g . ! v \ 1
\
S os N D =, W Do @
® \ )~ ~ /7 \ \
o 2> o ‘{ b ,\ > N~ I
© N 7 W\~ R 1O
o ’ - v ~
o 05 \L D v L /Ny \s
1 - - -
c 3% e 8 ! h
@ <~z -~ P
@ (‘ N > \ “ e = . /7@
o O 7 - Y] / | 4 & <
© ’<\\ =1 / \\’ v
© oo~ ~J D=\ @ .. /A <y %% DY
s ¥ 2 SACT, @Fpug Dela@ - o
-06 -04 -02 00 02 04 06
07 N
5 ~ | q L
S . ! X \ !
S o6 N N VN E -
LS o - Je e N ’
7] ! \ /\ B, \
S - \ \{ \ ol <z S A LAY
P
E s o B e e % DS N <
0] ' 1y @ - o
S IV, ¢S - ! = A o
H . B To0 pigp. 9 ERE.
= N - \ ] 4 7’
z N\, < 4 y N ‘/ v
£ -9 \
] 1 ~~&t O oty N ST Y
03 SO/ - Nty 77 \ @, E 9 9%
-06 -04 -02 0.0 02 04 06
.
o o7 N
£ S ! 3 L0
S \
o I \
= \ N 1
D g NN S s, W Ehd oSV
\ - h /
I < { Vi WA
= e 70 AN cuts < A s A=
8 s L v J /S0 -
@®© VRS = < = N
=3 - / / 72 -
2] - a -9 30 B - N
& os (_(\\ ‘= g ) ‘, 1 \,‘_ _LegN.-
0 b
3 ) =y / ' Y I (4
kS =T pe e T DS P T -7
8 03 ~ s\ 4 X \ = 1S
-0.6 -04 -02 0.0 02 04 06
C ——

| i i 0 g Final End-Effector Z Rotation
—— Target Z Rotation

Final End-Effector Distance jiainiDatajZoints

Figure 4.5: On the left is the pick area and on the right the place area. The colored
points indicate the position of the targets in the evaluation data. A more purple/black
point symbolises a larger distance error on that data point. The white points indicate
the positions of the training data.
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Trajectory Smoothness: Max Abs
Joint-Space Models, Pick Phase (pi: 100)
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Figure 4.6: This plot shows the maximum absolute value of the velocity, acceleration and
jerk from the 7 robot joints. The trajectories are from the two joint-space models during
the pick phase. The lines represent the mean value over all evaluation episodes and the
colored area represents all of the data points from the episodes (100 percentile).
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Trajectory Smoothness
Joint-Space Transformer, Pick Phase, Joint 4 (dt = 0.07 s)
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Figure 4.7: This plot shows the velocity, acceleration and jerk values of the Panda joint 4
during the pick phase from the joint-space transformer. The graph represents the mean
value over all evaluation episodes and the area shows the complete range of the evaluation
data (100 percentile). The red lines mark the limits of the joint.

4.2.2 Smoothness

The next metric to consider is the smoothness of the simulated trajectories. Here the
picture changes such that the U-Net is generally better capable of producing smooth
trajectories. This effect can be seen in the plot 4.6. The graphs show the per-step
maximum absolute values across all joints and evaluation episodes. The orange line
represents the U-Net trajectory, which is much closer to the blue cuRobo trajectory
compared to the green line representing the transformer trajectory. Here we only show
the pick phase of the joint-space models for better visibility. The plots for the other two
phases look similar and are therefore omitted here.

The values are in a good range since the mean is most of the time close to the blue
low-jerk trajectory line. For a more precise picture, we have visualised all smoothness
values for each joint with its specific limits. An example can be seen in figure 4.7, which
shows joint 4 of the Panda robot from the joint-space transformer. The mean value over
all episodes is always below the red limit marks and only a few times the values exceed
the limits. All figures for all joints, phases and models can be seen in the appendix in
chapter A.3.

However, figure 4.6 and 4.7 also show three noticeable spikes, equally distributed
around time steps 8, 16, and 24, which surpass the joint limits for some of the evaluation
episodes. This effect is caused by the recomputation of the trajectory, and the interval
also matches our chosen action horizon of 8 time steps until we predict the trajectory
again.
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Trajectory Smoothness: Joint-Space Transformer
Pick Phase, with and without Interpolation (pi: 100)
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Figure 4.8: This plot shows the maximum absolute value of the velocity, acceleration and
jerk for the joint-space transformer model with and without interpolation of the old and
new trajectories when a new prediction is performed.

One way to mitigate this problem is to specify a transition interval and interpolate
between the old and the new trajectory. Figure 4.8 shows that this effect reduces the
spikes, while still being able to recompute the trajectory every 8 steps. The interpolation
interval here is set to 2 time steps. In the first time step the action is defined as

1 2
Q; = 5 Qpew,i T 5 * Gold,i

3 3

and the second time step is chosen as

2 1

g “Apew,i+1 T 5 * Goldid1

Ai+1 = 3
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Collision Heatmap
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Figure 4.9: The figure shows the number of collisions occurred during the evaluation
simulation with the four models.

4.2.3 Collision Avoidance

The final metric on the simulated evaluation is to count how many collisions happened in
the 101 evaluation episodes. Figure 4.9 shows the heatmap of all collisions that occurred
for each of the models. We defined a phase as collision-free if none of the 61 spheres of
the two robots intersected and otherwise counted at most one collision per phase.

Here we have similar results as for the accuracy of the models, where the transformer
models perform much better with 14 collisions for the joint-space transformer and 19
collisions for the Cartesian-space transformer, compared to the 25 collisions for the joint-
space U-Net and the 29 collisions for the Cartesian-space U-Net. We also see that the
joint-space transformer is better capable of avoiding collisions compared to its Cartesian-
space counterpart. Table 4.2 show the success rate for a collision-free episode.

Model ‘ Success rate for a collision-free episode
Joint-Space U-Net 1.0 — (20/101) = 80.2%
Cartesian-Space U-Net 1.0 — (24/101) = 76.2%
Joint-Space Transformer 1.0 — (12/101) = 88.1%
Cartesian-Space Transformer | 1.0 — (18/101) = 82.2%

Table 4.2: This table shows probability of a collision-free episode.
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Next, we will draw conclusions for each of the metrics from the previous chapters, compare
the results to those in the Diffusion Policy paper [1], briefly highlight the shortcomings
and how to improve them, and finally sum up all the evaluations.

5.1 Metrics

5.1.1 Accuracy

There are two main conclusions from the presented metrics in table 4.1. The first is the
jump in accuracy from the U-Net to the transformer architecture. This hints to the fact
that a more capable and efficient architecture can get a higher accuracy. Currently, the
transformer is the state of the art deep learning architecture for sequence-to-sequence
predictions, but future improvements may change this.

The other conclusion is that the models are capable of learning high accuracy when
only considering the results for the retract phase. Here all models have sub-centimeter
accuracy.

The reason might be that the models need much more training data on each target
position. If % of the data consists of the same retract target pose, then the models train
more frequently on this target and are therefore biased toward it. This large imbalance
in the dataset explains why the models get higher accuracy in the retract phase.

5.1.2 Smoothness

The next conclusion focuses on the smoothness of the trajectories. Here we see that
the U-Nets are generally better capable of producing smooth trajectories. This is also
a finding in [1|, where they state that the U-Net has an over-smoothing effect on the
predictions. For the task of trajectory prediction, this is a desirable property that comes
from the convolutional nature of the U-Net. Overall, the acceleration and jerk values
from all four models were most of the time within the limits of the robot with only a few
exceptions.

From our empirical results we found that by training longer, the trajectories tended
to get smoother. But it is unclear whether training the transformer model for much
longer than 1’500 epochs helps in this case, since the evaluation plots in figure 4.2 show
that the smoothness values converged.

25
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One cause for non-smooth trajectories, discussed in the results chapter and visualised
in figure 4.8, is that the current models have higher jerk and acceleration values during
the replanning phase. This can be resolved with interpolation between the old and the
new trajectory but it would be desirable to have a model that does not need a manual

fix.

5.1.3 Collision Avoidance

Regrading the capability to avoid collisions, we observe an increase in the success rate
from the transformer architecture over the U-Net, as shown in table 4.2. The reason
is most likely the higher accuracy combined with the more powerful architecture of the
transformer.

The results also show that the Cartesian-space models suffer from the indirect way
they predict the trajectories compared to the joint-space models. For both architec-
tures the number collisions decrease when we switch to the joint-space equivalent of the
model. Even though the Cartesian-space transformer model has the highest accuracy,
this does not guarantee that the model also gets the lowest number of collisions. The
Cartesian-space models have no control over the exact pose that the inverse kinematic
solver produces. Therefore they are limited in steering the link positions solely from the
end-effector state. Furthermore, in this setup, kinematic singularities can occur more
easily due to the lack of direct control over the joints. By trading off accuracy versus
collision avoidance, it is clear that the joint-space transformer model has the most po-
tential. Also when considering that the accuracy issue can potentially be solved with a
larger, balanced dataset and an improved architecture. Overall, our best success rate in
predicting a collision-free trajectory is 88.1% and comes from the joint-space transformer.

5.2 Comparison to the Diffusion Policy Paper

We verified several assertions presented in the Diffusion Policy paper [1], including the
adaptability of diffusion models to new tasks, the performance increase coming from the
transformer compared to the U-Net architecture, the over-smoothing effect of the U-Net
predictions, the performance decline from too large models and the training stability of
diffusion models.

On the other hand we were not able to achieve the same accuracy on our own task.
This might be due to the change in the setup with the larger prediction horizon (34
compared to 16), too few training data points or the imbalance in our dataset. However,
the results from the accuracy in the retract phase shows that with enough data on a
particular target point, higher accuracy can be achieved with all four models.



5. DISCUSSION 27

5.3 Limitations

A disadvantage of the current setup is that it does not allow for scaling to many robots.
The collision objects are passed to the network as a fixed set of sphere coordinates and
do not allow for more robots in the scene. Utilising an approach like in [10] where the
collision objects are passed as a point cloud to an encoding network would certainly
improve the setup.

Furthermore, the models in their current form do not allow for a simulation with two
actuated robots controlled by the diffusion models. The problem lies in the setup of the
dataset, where the ghost robot is mirrored along the x-axis but not along the y-axis.
If mirrored along both axes, this would represent a 180°-rotation, allowing us to place
another Panda robot opposite to the first one during the evaluation. Then, the setup
would be the same as the one the model was trained on. The current models are not
capable of producing usable results when the ghost robot is replaced with a real Panda
robot. However, one conclusion from this setup was that the transformer models are
better capable of trying to avoid collisions, while the U-Nets produced smooth trajectories
that collided most of the time with the other robot arm.

Another problem of our dataset is that it only consists of collision-free trajectories and
that it has no negative samples, that contain collisions. This problem is also mentioned in
[1, 11] as an inherent problem of behavior cloning. Utilising negative samples to properly
learn the boundaries between collision-occurring and collision-free trajectories could be
an important step towards generating better collision-avoidant trajectories.

5.4 Future Work

First of all, it would be interesting to address the drawbacks from the previous section.
The first one would need an adaptation to the architecture but could generally be done
in a similar way with a PointNet++ [27] like in the Motion Policy Networks paper [10].
The second problem could simply be addressed by resampling the dataset and retraining
the models.

To address the last point from section 5.3 and to increase the models’ success rate in
handling collisions, one could utilise diffusion models within a reward-based Reinforce-
ment Learning setup. A summary of different approaches is shown in [28].

Another approach cloud include training on two datasets. The first contains collision-
free trajectories (the positive dataset) and the second only has negative samples that
contain collisions. When learning on the positive dataset, we perform gradient descent,
and when training on the negative dataset we use gradient ascent. This approach, pro-
posed in [29], is utilised to fine-tune a Language Model to unlearn undesired next-token
predictions.
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Furthermore, it would be interesting to test the models accuracy by using a weighted
sampling method during train time to reduce the imbalance of the dataset. This way
we could sample data points from the pick and place phases much more often compared
to the ones from the retract phase. Along with the rebalancing, utilising more training
data would probably also increase the accuracy and the generalisation capability of the
models.

To address the smoothness issues of the transformer architecture, a longer training
duration beyond 1’500 epochs can help solve the issue. Otherwise, adding several convo-
lution layers at the end of the transformer could lead to a learned smoothing effect on
the trajectories. This way, we could combine the strengths of both architectures, where
the attention mechanism contributes to higher accuracy and collision-free trajectories,
and the convolutional output layers refine the trajectory to be smoother.

5.5 Conclusion

To conclude, we presented four different models, two of them utilised a U-Net architecture
and the other two a transformer architecture. We have shown that it is possible to adapt
diffusion models, as presented in [1], to a dynamic collision avoidance environment.

This work also demonstrates the improvement achieved in collision avoidance by
directly predicting joint-space actions compared to the Cartesian-space models. The
latter still require an inverse kinematics solver and therefore lack the ability to fully
control the robot arm. The joint-space models need to learn the forward kinematics
of the robot but have therefore a more precise control. When utilised with the more
powerful transformer architecture, this model type achieves the best results regarding
collision avoidance and accuracy combined.

Overall, we still have the limitations of behavior cloning, as mentioned in [11]. We
would have to actively learn the boundaries between collision-free and collision-occurring
trajectories in order to truly get collision-avoidant trajectories. However, the potential of
diffusion models within the behavior cloning domain is large, especially when considering
the scalability that was shown from Large Language Models in the natural language
processing domain.

We hope that this work will contribute to further improvements on the combination
of diffusion models and collision-free trajectory optimisation. Furthermore, we are opti-
mistic that the current shortcomings can be solved and that transformer-based diffusion
models play a key role in the future of motion planning and trajectory optimisation for
robots.
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App endiX APPENDIX A

A.1 Generative Al

In this work, we used generative Al, such as ChatGPT [30] and Github Copilot [31],
for repetitive tasks like plotting and visualising data, finding bugs in the code and for
brainstorming.

The title image of this thesis was generate using Stable Diffusion [32], in combination
with ControlNet [33]. The diffusion process is guided by an image-to-image process,
along with a prompt. As input image we used a screenshot from our evaluation setup
with the two Panda robots in PyBullet. The prompt used to condition the diffusion
process was:

“A painting of two robot arms that perform collision
avoidance with a pick and place task,

Salvador Dali style, surreal, abstract,
warm cold contrast, sun is shining in the top right.“

A.2 Log Distance of End-Effector to Target

The plots A.3, A.4, A.1, and A.2 show the log distance between the end-effector and the
target for each model.

A-1
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End-Effector Distance to Target
Cartesian-Space Transformer
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A.3 Trajectory Smoothness Plots

The plot A.5 shows the comparison of the Cartesian-space models on trajectory smooth-
ness, figure A.7 shows the same for the joint-space models and figure A.9 visualises the
comparison with and without trajectory interpolation during recomputation of the tra-
jectory.
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Trajectory Smoothness: Max Abs
Cartesian-Space Models, (pi: 100)
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The plots A.6, A.8 and A.10 show the same smoothness values but for the middle 75
percentile of the data around the mean.
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Trajectory Smoothness: Max Abs
Joint-Space Models, (pi: 100)
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Trajectory Smoothness: Max Abs
Joint-Space Models, (pi: 75)
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Trajectory Smoothness: Joint-Space Transformer
with and without Interpolation (pi: 100)
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Trajectory Smoothness
Joint-Space Unet, Max Abs (dt = 0.099 s)
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The plots (A.11, A.12, A.13, A.14) show the maximum absolute value of the velocity,
acceleration and jerk for each model separately.
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Trajectory Smoothness

Cartesian-Space Unet, Joint 1 (dt = 0.099 s)
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The plots A.15, A.16, A.17, A.18, A.19, A.20 and, A.21 show the per joint values of the
velocity, acceleration and jerk for the Cartesian-space U-Net model.
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Trajectory Smoothness
Cartesian-Space Unet, Joint 2 (dt = 0.099 s)
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Trajectory Smoothness
Cartesian-Space Unet, Joint 3 (dt = 0.099 s)
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Trajectory Smoothness
Joint-Space Unet, Joint 1 (dt = 0.099 s)
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A.3.2 Joint-Space U-Net

The plots A.22, A.23, A.24, A.25, A.26, A.27, and A.28 show the per joint values of the
velocity, acceleration and jerk for the joint-space U-Net model.
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Trajectory Smoothness
Cartesian-Space Transformer, Joint 1 (dt = 0.07 s)
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Figure A.29

A.3.3 Cartesian-Space Transformer

The plots A.29, A.30, A.31, A.32, A.33, A.34, and A.35 show the per joint values of the
velocity, acceleration and jerk for the Cartesian-space transformer model.
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Trajectory Smoothness
Cartesian-Space Transformer, Joint 2 (dt = 0.07 s)
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Trajectory Smoothness
Cartesian-Space Transformer, Joint 5 (dt = 0.07 s)
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Trajectory Smoothness
Joint-Space Transformer, Joint 1 (dt = 0.07 s)
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Figure A.36

A.3.4 Joint-Space Transformer

The plots A.36, A.37, A.38, A.39, A.40, A.41, and A.42 show the per joint values of the
velocity, acceleration and jerk for the joint-space transformer model.
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Trajectory Smoothness

Joint-Space Transformer, Joint 4 (dt = 0.07 s)
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Trajectory Smoothness

Joint-Space Transformer, Joint 5 (dt = 0.07 s)
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