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low Models based on hyperbolic partial differential

equations (conservation laws) are a well-established
approach for the material flow simulation. Until now,
they have been exclusively used for the simulation of cy-
lindrical cargo. This paper investigates the application of
flow models on cubical cargo as a new simulation ap-
proach for parcel logistics. Selected flow model parame-
ters are adapted to cover this new situation. The simula-
tion results of this macroscopic model are compared with
the microscopic Discrete Element Method (DEM) where
the cargo is approximated by superquadrics. An experi-
mental setup especially designed for the validation of the
considered flow model for cubical cargo bulk flow is pre-
sented. Results of the flow model are analyzed and vali-
dated against the results of experiment and DEM for the
test setting.

[Keywords: discrete element method, DEM, parcel handling in
bulk mode, superquadrics, particle simulation, conservation
laws, numerical studies]

1 INTRODUCTION

The global courier, express and parcel (CEP) market
is continuing to grow by 15 to 20 percent every year, ac-
cording to the latest studies. Until 2022, an increase of 5.2
percent per year is expected in Germany. So the volume
will rise up to more than 4.3 billion parcels per year
[BIEK18]. A global shipping volume of over 100 billion
parcels is forecast worldwide by 2020 [PB18].

Suppliers of parcel handling machinery like Siemens
Logistics GmbH develop bulk handling technology like the
Rubus (fully-automatic) to unload parcels in bulk mode.
After the unloading process, the singulation of the parcels
takes place as next process step. The parcels are conveyed
on conveyor belts and often singulated by the support of
different types of diverter equipment.
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Regarding engineering issues, an usual approach
would be to simulate the parcel bulk handling process
based on the Discrete Element Method (DEM) to consider
the real physical interaction of parcels before a new system
is built up. Initially, the DEM was used for the simulation
of conveyor technology for the handling of bulk material
within transfer stations, bucket elevators and screw con-
veyors [KG07, RRK17, RTMS17]. Later the DEM was
also used for the simulation of general cargo [CRRK14,
DRN12, PK17, RKP18]. However, with the existing mod-
elling approaches, the calculation effort increases with the
number of parcels.

This paper covers the validation of a macroscopic
model for material flow prediction in comparison to con-
ventional parcel simulation approaches such as DEM. The
calculation results of macroscopic models are independent
from the number of items and are therefore suitable for the
computationally efficient simulation of parcels in bulk
mode, where the number of parcels is high.

2 EXPERIMENTAL SETUP

Figure 1. Siemens testing system for cargo bulk flow
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The experimental setup is needed for the validation of
the microscopic DEM model (see Section 3) and the mac-
roscopic flow model (see Section 4) for the bulk handling.

2.1 BULK FLOW TESTING SYSTEM

The experiments carried out by the R&D department
of the Siemens Logistics GmbH cover the transport of cu-
bical cargo on a conveyor belt (see Figure 1). Within the
testing system, the cargo is redirected by a diverter. For the
first analysis, two angles for the position of the diverter are
evaluated: o = 45deg and a = 60deg (see Figure 2). The
transport velocity of the conveyor belt is vr =~ 0.13m/s.
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Figure 2. Layout for the experimental setup

The end of the diverter marks a reference point which
is used as starting point for the pattern recognition (see Fig-
ure 2) as well as threshold (x = 0) for the mass flow meas-
urement of the microscopic and macroscopic simulation.

2.2 CARGO CHARACTERIZATION

For the first evaluation steps, the experiments are car-
ried out with ideal rigid bodies because the real parcel ri-
gidity is hard to describe. All the items consist of spruce
wood (see Figure 3). Each item has 1 = 0.07m length, w =
0.07m width, h = 0.02m height and a weight of m =
0.0491kg.

Figure 3.

Cargo for experiments with pattern recognition

The coefficient of static friction is determined for all
contact surfaces of the experimental setup by a simple in-
clined plane test (see Table 1).
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Table 1.  Coefficients of static friction
Angle of Coefficient of
Surface | static friction [°] | static friction [-]
Cargo 30.6 0.59
Diverter 23.5 0.43
Skirt boards 304 0.59
Conv. belt 34.6 0.69

2.3 CARGO RECOGNITION

A special pattern was designed to recognize the cargo
position and rotation during the transport (see Figure 4).

Figure 4. Cargo labelling for pattern recognition

The black frame helps to distinguish between two ad-
jacent items, while the black circle is used for tracking of
the item rotation. Pattern recognition is also used for the
determination of the conveyor speed in each experiment.

2.4 EXPERIMENTAL PROCEDURE

Each experiment involves N = 100 quadratic items.
Figure 5 shows the initial positioning of items exemplary
for the setup with a 45deg diverter.

Figure 5. Initial positioning of items with item recognition
frame (green color) and circle (red color)

The experiments are performed five times for each di-
verter angle. The initial cargo position and rotation of the
objects are different and random for each experiment. The
results have shown that the mass flow is nearly independent
of the cargo position and rotation, as long as the objects are
always arranged within the same range (see Figure 6).
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Figure 6. Data of five experiments per diverter angle

Therefore it is sufficient to select only one representa-
tive experiment per diverter angle for the comparison of
microscopic and macroscopic results with experimental
data:

e o =45deg — exp. no. 0764 (6 % variance),
e o =060deg — exp. no. 0772 (3 % variance).

The experiments are selected according to the lowest
mean variance from the mean throughput.

3 MATERIAL FLOW SIMULATION WITH DISCRETE
ELEMENT METHOD

All microscopic simulations are carried out with
LIGGGHTS® 3.8.0, an open source DEM tool.

3.1 SIMULATION MODEL

As the computation time of DEM software is increas-
ing with the number of particles, it is even more critical to
use the well-established multi-sphere approach because a
high number of particles is needed to approximate the real
parcel surface [SPPKP18]. In contrast, the superquadrics
approach uses one particle per item which is computation-
ally more efficient. As the superquadrics approach is avail-
able within LIGGGHTS® since 2017 [PPK17], it is ap-
plied for the cargo approximation within the DEM model.
The geometry of the experimental setup is reduced to the
surfaces being in contact with the cargo during the trans-
portation process (see Figure 7).
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Figure 7. DEM simulation of bulk flow with superquadrics,
blockiness value ni = n2 = 5 (see top right)

The simulation parameters of the DEM contact model
are shown in Table 2. Common guidelines say that a time
step below 20% of the Rayleigh time provides a sufficient
accuracy [CNC16, PMK15]. Therefore, the time step of At
= 5e-5s has been chosen as it equals ~12% of Rayleigh
time. The coefficient of restitution cor, the Poisson’s ratio
¢ and the Young’s modulus E are based on simulation ex-
perience and do not significantly influence the DEM re-
sults. The calibration of the coefficients of sliding friction
us shows that the ps value needs to be set 50% lower than
the coefficients of static friction (see Table 1) to match the
real mass flow (see Figure 8).
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Figure 8. DEM simulation vs. experiment 0764 (0. = 45deg) and
experiment 0772 (o. = 60deg)

However, the sliding friction value between the cargo
and the conveyor belt is not reduced because of the influ-
ence of the ground curvature of the superquadrics on the
cargo rotation during the transportation process.

There is no record that the rolling friction value . has
an influence on the bulk flow behavior. In general, compu-
ting time is increasing with the blockiness value. Here, the
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blockiness parameters n; and n, are low enough to keep
computing time low and high enough to display the accu-
rate cargo shape.

Table 2.  Parameters of the DEM contact model
Parameter | Symbol | Unit Value
Time step At S S5e-5

Coefficient of
L cor - 0.2
restitution
Poisson’s ratio € - 0.3
Young's E N/m? let+7
modulus
see Table 1
Sliding friction Us - (50%), 100%
for conv. belt
Rolling friction We - 0.5
Blockiness nj, ny - 5

3.2 SIMULATION RESULTS

The mass flow is used as quantitative criteria to vali-
date the DEM for bulk flow on conveyors with diverter
equipment. The flow recording stops when the last one of
the 100 items passes through the reference line (x = 0). In
this moment, the total mass is m = 4.91kg. The simulation
results match the experimental data for both diverter angles
(see Figure 8) when the friction values are reduced by 50%
— with one exception shown in Table 2.

During the data post processing, an uniform visualiza-
tion style has been introduced to compare the experimental
cargo behavior with microscopic data. The cargo position
is represented by a rectangle and the orientation is shown
by the circle inside the rectangle. Exemplary the compari-
son is shown for diverter angle o = 45deg (see Figure 12).

4 MACROSCOPIC ANALYSIS OF EXPERIMENTAL
DATA

Macroscopic models based on conservation laws de-
scribe the material flow and treat items as a continuum. The
macroscopic modelling approach therefore avoids the
tracking of individual parts and instead uses averaged
quantities to describe the flow of material. Typically, the
flow is composed of the density and velocity in space and
time. While trajectories of single parts are considered sep-
arately in the microscopic DEM, the macroscopic model
considers the entity of parts, which is treated as a homoge-
neous mass. In this application, we use a two-dimensional
hyperbolic partial differential equation to approximate the
flow of cargo on the conveyor belt. In general, macroscopic
models are derived from microscopic ones. Starting from a
microscopic model, the macroscopic model is formally de-
rived via a mean field equation assuming a very large num-
ber of parts. Additional macroscopic arguments are then
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used to derive the complete conservation law. A detailed
derivation of the hyperbolic conservation law used in this
work can be found in [GKT15]. A similar model describing
the movements of crowds can be found in [CGL12]. In con-
trast to microscopic models like the DEM used before, the
computing time of macroscopic models is independent of
the number of items and therefore well suited for the exper-
imental setups involving a huge number of items, i.e. in the
magnitude of thousands.

4.1 ADAPTION OF THE MACROSCOPIC MODEL TO THE
EXPERIMENTAL SETUP

We want to make use of the hyperbolic model for ma-
terial flow [GHSV14, RKGG19] based on conservation
laws to simulate the material flow of the experimental
setup. The part density is defined as a function depending
on space and time p: Q x R* — R*, where Q c R? is the
two-dimensional state space with boundary 5. We denote
p = p(x,0).

dep+ V- (p (v"(p) + v (x)) = 0,

vdyn(P) = H(P - pmax) ' I(p)a

V(n+p)

Ip) = —€ AR
p(x,0) = po(x).

Material flow is determined by the two components
vt and v&", The static velocity field v**{(x) is induced by
the geometry of the belt and its influence is determined ac-
cording to the position x of the cargo, i.e. vt (x) =
(vr,0) in regions where the cargo is transported in the
conveying direction with conveyor belt velocity v (see
Figure 2). The first component denotes the velocity in x-
direction and the second component corresponds to the y-
direction. The dynamic vector field v&¥"(p) includes the in-
teraction between items weighted by the factor € > 0 and
models the formation of congestion in front of an obstacle
using the collision operator I(p). The convolution (1 * p)
is an average of the density around x. The collision operator
I(p) states that the velocity of parts deviates from the local
static velocity vstat, when they approach regions with max-
imal density. Parts move at velocity different from the local
static velocity when entering regions with maximal density,
where the Heaviside function is active. Hence, changes in
the direction of movement and in the velocity take place
according to the local density conditions. In our applica-
tion, this means that additional items cannot enter regions
that are already closely packed. The mollifier | which is
used in the operator I(p) is set as follows

1 2
ez lIxI;)

N = -

The Heaviside function H which activates the collision
operator is approximated by
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H(u) = %arctan(h(u -1))+ %

where high values of h correspond to a better approx-
imation of the Heaviside function.

4.2 TRANSFER TO THE EXPERIMENTAL SETUP

To numerically solve the conservation law, a grid in
time and space with step sizes Ax and Ay for the state space
and A for the time space is introduced. The solution of the
macroscopic model is computed by the finite volume
scheme with dimensional splitting described in [GHSV14].
The convergence of the numerical solution constructed by
this scheme has been recently shown in [RKGG19]. A de-
tailed overview of the parameters used for the scheme is
given in Table 3. The conveyor belt velocity for each setup
is set to the experimentally measured velocity vr.

Table 3.  Parameters of the macroscopic model
Parameter | Symbol | Unit | Value
Step size | Ax, Ay m 0.01
Time step A S 0.002
Scaling factor c - 10,000
Scaling factor h - 50

The maximum density in the macroscopic model is
w

Pmax = l_z

and is normalized to one for numerical computations. In
the macroscopic simulation, each item is modeled as a
square in the (x,y)-plane.

45 degree / time = 0s

(]
05 | Q“- Q:‘ I 4

Figure 9.  Initial density — macroscopic simulation

The initial density corresponding to Figure 5 is de-
picted in Figure 9. The density takes its maximum in the
inner surface of each item and is zero in between the items.

4.3 NUMERICAL RESULTS

To simulate the considered test setting, the space and
time step sizes as well as the mollifier and the approxima-
tion of the Heaviside function are kept fixed for both di-
verter positions. Different parameters € are applied for each
scenario of the diverter and their results are contrasted be-
low. The computational cost for the macroscopic model are
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constant for each of the diverter angles and depend only on
the chosen discretization.

45 degree

Norm [-]

60 degree

Norm [-]

Figure 10. L?- and L®-norm of macroscopic simulation data

Figure 10 shows the error between the outflow com-
puted with the simulation for different parameters € and the
outflow given by the experimental data (at x = 0). The error
is measured in the discrete L?- and L*-norm. For both po-
sitions of the diverter, the error term decreases with in-
creasing values for € before reaching a minimum and in-
crease afterwards. The minimum is reached for € = 5.5-vt
and € = 7.5-vr for a = 45, 60deg respectively. Too low or
too high values of € lead to a reduction in the accuracy of
the macroscopic model. The simulation results show that
the parameter € should increase with increasing angles of
the diverter to allow for a more precise description of the
respective material flow.

Figure 13 (right column) shows the part density at dif-
ferent points in time during the simulation for o = 45deg
and € =5.5-vT. The figures show the distribution of the part
density on the conveyor belt. Each density value is repre-
sented by one color. The black areas represent regions with
maximum cargo density and the white areas represent re-
gions without any parts. At the beginning, the mass is trans-
ported on the conveyor belt with the belt velocity vT. Af-
terwards, the mass starts to accumulate in front of the
diverter (t = 5s). The region in front of the diverter gets
more and more crowded and a region of maximal density
evolves (t = 10s). Parts are then redirected in the direction
of the diverter and are able to leave the crowded region. At
t =25s most of the mass is able to leave the region in front
of the diverter and the congestion in front of the obstacle is
almost dissolved.
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Figure 11. Mass flow curve of the experiment, microscopic and
macroscopic approach

Figure 11 illustrates the outflow for a = 45deg, 60deg
of the macroscopic simulation and the outflow given by the
respective experiment. The parameter € is set to 5.5-vr and
7.5-vt for a =45, 60deg. The outflow at time t is measured
as the accumulated mass that has already passed the di-
verter at time t. Note that the mass flow of the simulation is
a smooth curve in contrast to the experimental data, where
mass flow is measured as the sum of the mass of all items
whose center has exceeded the reference point. It is appar-
ent from the figure that the mass flow curve fits the exper-
imental data for o = 45deg remarkably well. The conges-
tion at the diverter between t = 5s and t = 20s dissolves
faster in the macroscopic model than in the experiment.
However, we observe that the mass flow curve of the mac-
roscopic model is below the experimental curve at the end
of the time frame.

The simulation results for the diverter positioned at o
= 60deg also fit the experimental data quite well. In con-
trast, due to the steepened angle of the diverter, we observe
additional congestions and more crowded regions in front
of the diverter. The simulation result is similar to the setup
with the diverter positioned at 45deg. First, mass leaves the
region faster in the macroscopic simulation than in the ex-
periment, but after t = 25s mass leaves the region faster in
the experiment. Due to the steeper angle, simulation results
for the mass flow are not as close to the experimental data
anymore, because the cubical items get stuck in front of the
diverter, which is not included to the same extent in the
macroscopic model.

The numerical results provide evidence that the mac-
roscopic model can describe the experimental setup quite
well. We achieve the most accurate results for the diverter
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positioned at 45deg. The error term in all considered norms
is the lowest for this position of the diverter. The 60deg di-
verter still can be modeled well, while there are some losses
in the accuracy of the description of the experiment. A pos-
sible explanation is that the macroscopic model was origi-
nally designed for cylindrical instead of cubical items. This
is due to the fact that the model derivation bases in the mod-
elling of parts as a continuum like in fluid dynamics. Single
parts can therefore be associated with small (round shaped)
particles. These small particles can always be compressed
such that the maximal density is reached. In reality, the cu-
bical items of the experiment can get stuck and their geom-
etry can impede that they are compressed closer together
even if the maximal density is not yet reached. However,
the aim of this work is to evaluate the usefulness of the
macroscopic model in the experimental setup involving cu-
bical items. We see that the qualitative behavior of the out-
flow can be described also for the 60deg diverter, but the
model cannot exactly portray the situation where items get
stuck in front of the obstacle.

Note that we applied the numerical scheme described
in [GHS14] to construct the solution to the conservation
law. The numerical scheme uses a modified Roe flux, a
mollifier and an approximation to the Heaviside function.
Changes in the shape of the mollifier and the approxima-
tion of the Heaviside function do not significantly shift the
mass flow curve closer to the experimental data.

5 COMPARISON BETWEEN MICROSCOPIC AND
MACROSCOPIC RESULTS

Figure 12 and Figure 13 present the comparison of ex-
perimental data with the results of the microscopic DEM
simulation and of the macroscopic simulation for the di-
verter angle a = 45deg. In contrast to visualization per item
of the DEM simulation and the experimental data, the flow
model shows a density distribution. Congestions in front of
the diverter can already be observed at t = 5s. The black
area, which marks the region of maximum density in the
macroscopic model, mostly coincides with the region in the
experiment and in the DEM simulation where the cargo is
side by side. At t = 10s all of the images show additional
congestions of items/ mass in front of the obstacle.

The mass flow of the microscopic and the macroscopic
model matches shortly after t =20s (see also Figure 11). At
this point in time, the same cargo mass is left in front of the
reference point (x = 0) in the DEM simulation as well as in
the macroscopic simulation. Figure 14 shows that the cargo
distribution in front of the diverter differs from the micro-
scopic to the macroscopic simulation. One can see that the
cargo positioning calculated with the DEM is closer to the
experiment than the macroscopic simulation results. How-
ever, the two simulations predict the same mass flow at this
time.
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The last items pass the reference point at the end of the
diverter at t = 25s in the experiment and in the DEM simu-
lation. Compared to the same point in time in the macro-
scopic simulation, there is only a low density left in front
of the diverter.

The runtimes of the macroscopic and microscopic
simulation for the time horizon of 40 seconds and only 100
parts are compared on an Intel® Xeon® E5-2687W v3 CPU
with 3.10 GHz. The computing time for a single simulation
run is about 2 minutes in the microscopic model and about
37 minutes in the macroscopic model for the respective dis-
cretization given in Table 2 and Table 3. Our findings show
that the flow model with the fine resolution given in Table
3 is not a suitable alternative to improve the computational
efficiency of parcel bulk simulations when the item number
is too low. For the presented test scenario, the computation
time of the DEM model is only ~5% of the computation
time of the flow model. But the flow model is able to por-
tray the flow behavior of cubical cargo at material handling
equipment and to estimate its mass flow even after redirec-
tion. First projections show that the flow model gets com-
putationally more efficient when the item number exceeds
500.

Note that the resolution for the macroscopic model
given in Table 3 is a very fine resolution. We already
achieve convenient results for the mass flow for a coarser
resolution (Ax= Ay = 0.02m, A= 0.004s), where the mac-
roscopic simulation time is about 4 minutes. Furthermore,
the flow model becomes more competitive when smaller
time step sizes in the microscopic simulation have to be
considered. For a time step size of At = le-5s, the compu-
tation time of the DEM amounts to ~8 minutes and there-
fore already exceeds the macroscopic computation time.

The selection of appropriate step sizes in each of the
two models clearly depends on the level of accuracy and
the desired runtime. We conclude that for the considered
test setting, the macroscopic model is not a competitive al-
ternative regarding the runtime because the item number is
too low. However, the flow model is able to qualitatively
represent the mass flow for the test data setting. The mac-
roscopic model is a suitable alternative in test scenarios
where qualitative statements on the mass flow of a high
item number are of interest, because the runtime of the
macroscopic model is independent of the number of items.
Especially in the simulation of parcels in bulk mode, where
the number of items is extremely high, the macroscopic
model can serve as a substitute model to simulate the flow
of parcels on a conveyor belt.

6 CONCLUSION

The microscopic Discrete Element Method and the
macroscopic flow model were validated based on a real
data test setting. A parameter configuration for the contact
model of the DEM simulation was presented which leads
to a very good correlation between simulation results and
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experimental data for different diverter angles. A macro-
scopic model which makes use of a partial differential
equation to simulate the flow of items on a conveyor belt
was adapted to the test setting and was validated against the
experimental data and the results of the DEM. With the re-
sults of this study, we show that the flow model is suitable
for the simulation of cubical cargo and especially for the
simulation of a high item number in bulk mode. We will do
further research on the macroscopic model to determine the
most efficient combination of space and time step sizes. It
is also proposed that further research is undertaken on the
validation of flow models for the bulk flow of real parcels.
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Figure 12. Comparison of experimental data (left) with microscopic data (right) for diverter angle a. = 45deg
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Figure 13. Comparison of experimental data (left) and macroscopic data (right) for diverter angle a. = 45deg
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Figure 14. Comparison of macroscopic data (left) and microscopic data (right) for diverter angle o. = 45deg
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