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Abstract
The presented study proposes a novel method for optimising rotors’ position in a generic, non-overlapping
multi-rotor system. The approach uses global optimisation algorithms with an objective function based on a
recently developed low-order aerodynamic model for rotor-on-rotor interference “RORI”. Two classical
optimisation algorithms, Particle Swarm Optimisation and Genetic Algorithm, were used to ensure an
algorithm-independent solution. The analysis was conducted on Twin-rotor, Tri-rotor and Tetra-rotor systems
in a two-dimensional, unbounded optimisation space at a constant operating point. The results indicated that
the best available minimum of the power ratio existed when rotors were reassembled into an inverse V-shaped
formation pattern. The performance assessment of optimisation algorithms revealed that the Particle Swarm
Optimisation outperformed the Genetic Algorithm in terms of mean execution time and solution repetitiveness
for a given optimisation problem. The comparison against the Free-Vortex Wake model showed an agreement

within 5% across all verification cases, indicating the potential of the proposed approach.

1. INTRODUCTION

In recent years, Urban Air Mobility (UAM) has received
high attention levels. Numerous engineering startups and
industry giants are competing to create a novel, electrically
powered VTOL aircraft type suitable for intra-city
operations to address future UAM market demands. A wide
range of engineering problems must be addressed before
eVTOL becomes a realistic class of air vehicles [1]. One of
those concerns is associated with the propulsion system
configuration design. The multi-rotary nature of these
aircraft features a complex aerodynamic interference,
affecting the propulsion system performance. The
aerodynamic interaction between rotors could lead to
overall system performance benefit or penalty depending
on the relative rotor placement.

The number of potential rotor arrangements creates a vast
space of configuration designs. Recent studies on multi-
rotor interference mainly focused on pre-defined
configurations of twin- and tetra-rotor systems [2-11].
However, the design-space exploration of arbitrary multi-
rotor has received scarce attention in the literature.
Traditional aerodynamic analysis tools that capture mutual
interference effects between rotors (such as CFD and
FVW analysis) are computationally expensive. Therefore,
these traditional methods are impractical for solving
problems that involve large design domains.
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This work focuses on design-space reduction using a low-
order aerodynamic interference analysis model combined
with global optimisation algorithms. The methodology
presented in the study reduces the global domain to a local
domain of potential configurations of interest. It enables
higher-fidelity exploration toward the optimal performance
configuration of arbitrary multi-rotor systems. Due to the
non-deterministic nature of global optimisation algorithms,
two optimisation algorithms were used to verify that the
solution is independent of a selected algorithm. Further,
the study compared two optimisation approaches in terms
of repeatability of the best available solution and
computational time.

2. ANALYSIS

2.1. Aerodynamic Interference Model

The aerodynamic performance of the multi-rotor system
was estimated based on the Rotor-On-Rotor Interference
(RORI) model. The RORI model is a recently developed
aerodynamic analysis tool for preliminary design and
design space exploration purposes. A detailed explanation
of the theory behind the RORI model and verification of
performance predictions against free-vortex wake
simulations is provided in Ref. [12]. In brief, the RORI
model is based on a hybrid theory approach, where self-
induced velocities and influence-induced velocities are
estimated using generalised dynamic wake inflow and
prescribed wake, respectively. The total induced velocity is
obtained by superimposing self-induced and influence-
induced inflows. The process is repeated until all inflow
states reach convergence criteria. The model’s flowchart is
shown in Figure 1.

The RORI model's computational time was faster by two-
to-three orders of magnitude compared to the FVW
simulation (depending on the FVW code architecture),

Page 1 of 9

Presented at 48th European Rotorcraft Forum, Switzerland, 6-8th September, 2022
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2022 by author(s).


mailto:dmitrij.usov@manchester.ac.uk
mailto:timotheos-georgios.chronis@manchester.ac.uk
mailto:A.Filippone@manchester.ac.uk
mailto:nicholas.bojdo@manchester.ac.uk

while a relative difference in performance predictions was
around 5%, which was sufficiently accurate for the scope
of the current work. However, due to the limitations of the
Beddoes prescribed wake, the RORI model does not apply
to purely axial flight regimes nor low advancing (ue <
0.15) edgewise flights [13]. Moreover, the model's
performance predictions were not assessed for
overlapping rotor cases. Hence, overlapping rotor cases
will not be assessed in this work.

I
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Figure 1: RORI model flowchart, adapted from [12].

2.2. Multi-rotor System

All rotors in the multi-rotor system were assumed to be
identical, operating at the same angular speed and
collective pitch setting angle. The only difference was the
direction of the rotors’ rotation, &,,, where odd rotors were
rotating anti-clockwise, and even rotors were rotating
clockwise, e.g.,

~ _( 1, fornodd
@ @n = {—1, for n even
Rotor geometries comprised two rectangular shape blades
with a constant sectional blade chord ¢/R = 0.093 and a
constant NACA 0012 aerofoil profile along the radius of the
blade. The pre-cone angle was set to zero, the root cut-out

was placed at 0.1R, and the rotorspeed was constant at
589 rpm throughout all operating cases. The twist
distribution was based on an XV-15 rotor blade and fitted
by a fifth-order polynomial found in Ref. [14]. The
aerodynamic characteristics of the NACA 0012 airfoil at
Re = 2 x 10° were modelled using linear aerodynamics
theory with a lift-curve slope ¢;, =5.73rad™? and
maximum lift coefficient of ¢; 4, = 1.40 [15]. The viscous
losses were accounted for using a form of Bailey’s drag
polar for NACA 0012 airfoil, e.g.,

) g = 0.0084 — 0.0102a + 0.384a?

with a validity limit @« < 11.2° [15]. A Reynolds number
correction factor with an exponent of 0.20 was used based
on the expected operational range of the Reynolds number
[16].

The advance ratio was fixed to u, = 0.15, and the rotor
incidence angle was set to a; = 5° relative to the incoming
flow, as shown in Figure 2. All rotors were set to a fixed
collective pitch of 6. = 7° and rotors’ performance was
allowed to vary under the influence imposed by the mutual
aerodynamic interference effects in the rotor system.

Z'[]

!

Rotor 1

X []
Figure 2: Definition of the rotor-system geometry.

2.3. Global Optimisation

Typically, a global optimisation algorithm would evaluate
the objective function 102 — 10° times, depending on the
number of input variables and hyperparameter selection
(e.g., particle swarm size, maximum iteration, social
adjustment). The evaluation time of a single performance
point of a multi-rotor using the RORI model was sufficiently
small. It practically allowed to formulate the model as an
objective function and execute a global optimisation
algorithm to search for the domain of interest.

For this project’'s scope, the objective function took
coordinates of rotors’ hubs as input variables and output
the total power ratio of a multi-rotor system as an objective
parameter. The total power ratio is defined as

3 Pr = X Cp/(Cpiso Ng) = fval

and the total thrust ratio is
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(4) Tr = z Cr /(CT,iso Ng)

The optimisation problem was compiled in a MATLAB®
environment using  MathWorks®  native  Global
Optimization Toolbox.

Due to the non-deterministic nature of global optimisation
algorithms, it is vital to ensure that the solution is
repeatable and independent of a selected algorithm. Two
classical global optimisation methods were used for the
algorithm-independence study: Particle Swarm
Optimisation (PSO) and Genetic Algorithm (GA). A detailed
explanation of these global optimisation algorithms is
summarised in Ref. [17, 18]. Each algorithm was run
multiple times to check for the reproducibility of a solution.
Before each run, the random number generator was
reshuffled to ensure random initial conditions at the start of
the algorithm. The jobs were run on independent nodes
using High Throughput Computing (HTC) facility
HTCondor at the University of Manchester to split the
computational costs. Further, the computed data was
analysed, and algorithm performance was compared
against each other. Table 1 provides a summary of
optimisation cases considered in this work. A single tetra-
rotor GA optimisation output was lost during the data
transfer. Considering the mean execution time, it was
decided to omit an extra optimisation run, as it is
statistically insignificant.

Table 1: Optimisation cases.

Rotor-System | nvars PSO Runs | GA Runs
Twin 2 500 500
Tri 4 500 500
Tetra 6 499 499

The number of input variables was reduced by setting the
first rotor to an origin position and varying the coordinates
of the other rotors within the optimisation space. Due to the
RORI model's limitations, the minimum distance between
adjacent rotors’ hubs was limited to 2.25 radii. When this
condition was not satisfied, the penalty was applied to the
objective value without evaluating the fithess function.

3. RESULTS

3.1 Optimisation cases

3.1.1 Twin-rotor

Typically, the true minima in the optimisation domain are
unknown, and the optimisation solution cannot be
compared against it. Therefore, the initial analysis was
accomplished for a twin-rotor system in a two-dimensional,
unconstrained optimisation space. This simplification
allowed to evaluate the objective parameter in the entire
optimisation domain using brute computational force prior
to executing optimisation algorithms. Further, the
optimisation solution was mapped on the pre-computed
contour of the objective parameter. The difference between
an optimisation solution and true minima in the given
domain was examined, which would not be possible using
a “blind” optimiser run.

The contour plot was generated by evaluating the fitness
function throughout the entire sweep of coordinates
defined in the domain in 0.01 increments. Further, GA and
PSO were executed 500 times each, using independent
nodes on the HTCondor facility and reshuffling the random
number generator prior to each run. Finally, a set of
solutions was obtained and mapped on the pre-computed
contour plot and represented in Figure 3.
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Figure 3: Contour plot of pre-computed objective
parameter with mapped optimisation solutions.

In agreement with the pre-computed results, the
optimisation results suggested that the twin-rotor
configuration had global minima of an objective parameter,
fval = 0.9705 when the free rotor hub was placed at
[-1.51,1.67]. Two global minima were expected due to the
rotor system’s lateral symmetry (Y-axis). The second
global minimum was located at [1.51,1.67]. The obtained
solution of a twin-rotor configuration also agreed with the
findings in Ref. [6, 12, 19].
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Figure 4: Best available twin-rotor configuration.

The configuration corresponding to the best available fval
(minimum power ratio) is shown in Figure 4. In the optimal
configuration, the rotors were in proximity from the
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advancing sides. The advancing side of the downstream
rotor (fixed rotor) was exposed to a predominant upwash
created by the advancing side of the upstream rotor (rotor
1). The upstream rotor was also exposed to an upwash
from the downstream rotor, but this effect was minor. The
primary effect of an increased upwash is a decrease in
local inflow angle ¢, which leads to a forward tilt of a
sectional lift vector along the blade radius, decreasing the
torque and increasing the thrust [12], whereas the
downwash results in the opposite effect. In the shown
configuration, the aerodynamic interference between the
rotors resulted in a net benefit to the twin-rotor system
performance, reducing the power. If the downstream rotor
were placed behind the retreating side of the upstream
rotor, it would reduce the net performance benefit, as
shown in Figure 14 for 240° < § < 300°. Contrary to the
fixed wing, the trailed vortex circulation of a rotary wing is
periodic, reaching minima and maxima at blade azimuth
angles y, = 270° and i, = 90°, respectively. Therefore,
the downstream rotor would experience a stronger upwash
if positioned downstream to the advancing side of the
upstream rotor.
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Figure 5: Histogram plot of algorithms solutions from
independent nodes for twin-rotor system optimisation.
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Figure 6: Histogram plot of algorithms evaluation time from
independent nodes for twin-rotor system optimisation.

The performance of selected algorithms was evaluated in
terms of the reproducibility of a solution and the execution
time. Figure 5 shows a histogram comprising a complete
set of optimisation results from 500 runs. The horizontal
axis represents the value of the best optimisation solution
from an independent run, and the vertical axis represents
the count of repetitive solutions (the number of times a
specific solution was obtained). According to the results,
both GA and PSO converged to one of the two global
minima (fval = 0.9705) in the ~49% and ~89% of the
runs, respectively. However, the PSO algorithm
demonstrated a better reproducibility of global minima than
GA.

Figure 6 shows the computation time required to run an
algorithm on an independent node. The results suggested
that the mean execution time of a single run for the PSO
was around 1 hour 34 minutes, whereas on average, it took
5 hours 29 minutes to run a single GA case.

3.1.2  Tri-rotor

The optimisation results of a tri-rotor system suggested
that the best-known minima of a fitness function value,
fral = 0.9494, was reached when the free rotors’ hubs
were placed at [-1.53,1.65; —1.30, —1.83 ].

The best available tri-rotor configuration in terms of power
ratio is shown in Figure 7. Similarly to the twin-rotor case,
the optimisation algorithm led to the downstream rotor
being placed behind the advancing sides of both upstream
rotors, resulting in an inverse-V formation. It is worth noting
that this tri-rotor configuration is not symmetric about the x-
axis. This is likely due to the non-symmetric nature of rotor
loading and rotation effects but requires further
investigation.

The reproducibility performance of selected algorithms is
shown in Figure 8. According to the results, the PSO
solution converged to the best-known minimum (fval =
0.9494) in ~63% of runs. On the other hand, GA managed
to find the best-known minimum objective parameter only
in ~9%of all runs. The mean execution time results
suggested that it took 7 hours 56 minutes for a single PSO
run, while an average completion time for a single GA run
was 11 hours 28 minutes, as shown in Figure 9.
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Figure 7: Best available tri-rotor configuration.
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Figure 8: Histogram plot of algorithms solutions from
independent nodes for a tri-rotor system optimisation.
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Figure 9: Histogram plot of algorithms evaluation time from
independent nodes for a tri-rotor system optimisation.

3.1.3 Tetra-rotor

The optimisation solution of a tetra-rotor system indicated
that the fitness function took its best-known minimum,
fval = 0.9349 when the free rotors’ hubs were positioned
at [-1.53,1.65; —1.37, —1.79; —2.92,3.42] as shown in
Figure 10. In agreement with the twin-rotor and tri-rotor
cases, the optimisation procedure placed downstream
rotors behind the advancing sides of upstream rotors,
forming the pattern of an inverse-V formation. Moreover, it
can be noticed that the optimisation algorithm placed
clockwise and anti-clockwise rotating rotors on the right
and left branches of the inverse-V formation
correspondingly. The same pattern was also observed for
the tri-rotor case. If the inverse-V were viewed as a triangle
with its sides passing through the rotors’ hubs, the
advancing sides of the rotors would be on the inside of the
triangle. More work is required to determine if this pattern
can be generalised.

The reproducibility of optimisation algorithms is shown in
Figure 11. The GA and PSO solutions converged to the
best-known minimum (fval = 0.9349) in ~32% and ~6%

of all runs, respectively. Figure 12 shows that the mean
computational time of a single PSO run was 16 hours 53
minutes, and a single GA run took 67 hours 11 minutes.
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Figure 10: Best available tetra-rotor configuration.
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Figure 11: Histogram plot of algorithms solutions from
independent nodes for a tetra-rotor system optimisation.
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Figure 12: Histogram plot of algorithms evaluation time
from independent nodes for a tetra-rotor system
optimisation.
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3.2. Verification

To verify the behaviour of the optimisation search,
simulations were run using a free-vortex wake (FVW)
model. This took the form of an object-oriented MATLAB®
code developed at the University of Manchester as part of
the UK Vertical Lift Network MENtOR project [20]. Details
of the model’s implementation can be found in a previous
paper [12]. In brief, the model is derived from potential flow
theory and represents the rotor blades and their wake as a
lattice-like structure of vortex panels that are parsed into a
series of connected vortex filaments. The vortex panels
attached to the rotor blades are used to model the lifting
properties of the blades, while the spatial positions of the
wake nodes connecting the vortex filaments are free to
move in time and space according to the instantaneous
velocity field. In this work, first-order explicit integration of
the wake node positions was used, with a dimensionless
time step of fifteen degrees azimuth blade rotation. As the
FVW model is an inviscid aerodynamic model, the viscous
power component of the FVW results was taken from the
generalised dynamic wake model.

d
0 +
- Fixed rotor
x
S
-d
-2d
-d 0 d 2d
X/R []

Figure 13: Grid for the selection of the random rotor
configurations, d = 2.25. Tri-rotor configurations were
taken from the shaded 3x3 grid, while tetra-rotor
configurations were taken from the full 4x4 grid.

In the twin-rotor case, a sweep of relative hub-wind angles
with a fixed hub-to-hub distance of 2.25R was simulated to
directly verify the optima's location, as in Ref. [12]. In the
tri- and tetra-rotor cases, random arrangements of the
rotors were generated, the reasoning being that if the rotor
system’s performance predicted by both models matched
sufficiently well for these random configurations, then it
could be argued that an optimization search carried out
with the FVW model would likely lead to the same optimal
solution.

For the random configurations, uniform grids were used to
define the locations of possible rotor placements, with the
distance between grid-cell centres defined as 2.25 rotor
radii, as shown in Figure 13. The first rotor was fixed to the
same cell, while an algorithm was created to select random
unique combinations from the remaining cells for the other
rotors. The twelve configurations were sorted in
descending order based on the power ratio predicted by

the RORI model. The rotor coordinates for each one are
given in Table 2 and Table 3 of the appendix (coordinates
of rotor one are not given as they are always fixed at the
origin). The same convention of alternating rotation
directions was adopted for each configuration as in 2.2.
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1 < locus of the best
i optimisation solution
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Relative hub-wind angle, 3 [deq]

Figure 14: Power ratio of the twin-rotor system at different
hub-wind angles, taken at 10° increments.
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Figure 15: Thrust ratio of a twin-rotor system at different
hub-wind angles, taken at 10° increments.

3.2.1 Comparisons

For the twin-rotor case in Figure 14, two outliers are noted
in the power ratio predicted with the FVW model, at relative
hub-wind angles of g = 250° and 290°. Examination of the
instantaneous load history from these two cases revealed
large fluctuations in the induced power coefficient of the
downstream rotor, suggesting some instability in the
simulations (this behaviour was also observed for
configurations nine of both the tri- and tetra-rotor cases,
marking these as potentially spurious results). This could
be resolved by using a smaller timestep. With the
exception of the two aforementioned angles, the power
ratio of the two models is in good agreement, especially in
the region of the minima, with a maximum difference of
1.88% and a mean of 0.72%. The locations of the minima
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found by the optimisation are also confirmed as f§ = 50°
and 140°.

In Figure 15, it can be seen that, although the differences
in the thrust ratios are larger, the behaviour with respect to
B still matches well, with a mean difference of 1.89% and
a maximum of 4.37%.

The power and thrust ratios for the tri-rotor configurations
are compared in Figure 16 and Figure 17. The power
predictions match well in their general trend, with a mean
difference of 0.81% and a difference of 1.10% for the best
PSO configuration. Regarding the thrust predictions, it is
noted again that the differences overall are larger, with a
mean of 2.01%, but the shape is similar, with the FVYW
results showing a flatter trend.
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Figure 16: Power ratio of a set of tri-rotor systems.
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Figure 17: Thrust ratio of a set of tri-rotor systems.

For the tetra-rotor case, the power ratios show close
agreement in Figure 18, with a mean difference of 0.76%
between model predictions. Figure 19 shows that the thrust
ratio predictions agree more closely than in the other
cases, although the largest discrepancy of all cases is
noted here for configuration one.

In all cases, the changes in system performance for the
different configurations appear more pronounced in the

RORI model predictions than in the FVW model. This
behaviour was expected since the prescribed nature of the
wake used by the RORI model does not account for any
mutual interaction and therefore overpredicts the induced
velocities on the other rotors [12]. This could be considered
a beneficial feature from an optimisation standpoint as it
may lead to faster convergence.
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Figure 18: Power ratio of a set of tetra-rotor systems.
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Figure 19: Thrust ratio of a set of tetra-rotor systems.

It is significant that, for the most part, the FVW predictions
of the power ratio follow the same descending trend as the
RORI model since, in optimisation, it is the relative values
of the different design points that drive the search towards
the optimum. The fact that the FVW model predicts the
lowest power ratios for the best PSO configurations also
gives confidence that the identified rotor arrangements are
the best available and that the RORI model predicts the
rotor interactions suitably well for a first-order analysis.

Comparing the two models in terms of computational cost,
for a single rotor with two blades, the RORI model
completed the evaluation in under two seconds, whereas
the FVW model took on average 400 seconds, running on
a single core with no explicit parallelisation. The difference
would be greater were the FVW code not using MATLAB®
executable (MEX) files to speed up the solution.

Page 7 of 9

Presented at 48th European Rotorcraft Forum, Switzerland, 6-8th September, 2022
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2022 by author(s).



4. CONCLUSIONS

Two global optimisation algorithms, Genetic Algorithm and
Particle Swarm Optimisation, attempted to search for the
best power configuration of a hypothetical twin, tri, tetra-
rotor system in a two-dimensional optimisation space. The
performance of the algorithms was assessed based on the
reproducibility of the best-available solution and a mean
execution time. The objective function (fithess function)
was formulated using the RORI model. The function took
rotors hubs’ coordinates as inputs and output the total
power of the multi-rotor system at a given operating point.

In agreement with previous findings available in the
literature, the results obtained suggested that in the
minimum power configuration of a twin-rotor system, two
existed when the rotors were placed diagonally with the
advancing sides neighbouring each other. With the
addition of more rotors, the inverse-V formation emerged
as the optimal configuration. In all cases, the optimal
solutions had the downstream rotors placed as close to
each other as allowed behind the outboard of the
advancing side of upstream rotors, suggesting this offers
the maximum benefit from the mutual interactions. The
inverse-V formation pattern can potentially be generalised
as the minimum power configuration, but more evidence is
required to verify this hypothesis.

The analysis verified that the optimisation solution was
independent of the selected optimisation algorithm. The
comparison between algorithms revealed that PSO
outperformed GA in terms of the reproducibility of the best-
known solution and computational time, provided both
algorithms were run at MATLAB® default hyper-
parameters. However, it is unclear if a tuning of algorithm-
specific hyperparameters will affects the performance and,
hence, the choice of the global optimisation algorithm.

In comparing with the FVW model, it was found that the two
models agree within 2% in their prediction of the total
power ratio in all cases, with the RORI model slightly
overestimating the differences between configurations.
The thrust ratio predictions are less in agreement but still
within 5% for all configurations tested. Considering the
computational saving of 2-3 orders of magnitude
depending on the code architecture, the RORI model has
shown promise in evaluating the interactional effects
between two and more rotors.
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NOMENCLATURE
ABBREVIATIONS

CFD
eVTOL
FVW

computational fluid dynamics
electric vertical take-off and landing
free-vortex wake

GA
HTC
PSO
RORI
RPM
VTOL
UAM

genetic algorithm

high throughput computing

particle swarm optimisation
Rotor-on-Rotor Interference (model)
revolutions per minute

vertical take-off and landing

urban air mobility

GREEK SYMBOLS

a

as

B
HC
Hoo
p
¢
Y
w
0}

sectional angle of attack, [rad]

rotor incidence angle, positive tilted
forward, [deg]
hub-wind angle, [deg]

collective pitch setting angle, [deg]
free-stream advance ratio, V,, /2R [-]
air density, [kg m3]

inflow angle, [rad]

blade azimuth angle, [deg]

direction of rotor’s rotation
rotorspeed, [rad s]

ROMAN SYMBOLS

A = rotor disk area, mR? [m?]

c = sectional blade chord normalised on R

Cq = blade’s sectional profile drag coefficient

ClLa = blade’s sectional lift-curve slope, [rad]

Clmax maximum lift coefficient

Cp = time-averaged power coefficient,
P/pA(QR)?

Cr = time-averaged thrust coefficient,
T/pA(QR)?

d = hub-to-hub separation distance

fral = fitness function value

Ng = total number of rotors

nvars = number of input variables

p = rotor power, [W]

Py = total power ratio

R = rotor radius, [m]

Re = Reynolds number

T = rotor thrust, [N]

Tr = total thrust ratio

Voo = magnitude of free-stream velocity, [m s]

X,y = coordinates in the global reference
frame, [m]

SUBSCRIPTS

Lso
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isolated rotor
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APPENDIX

Table 2: Randomly generated tri-rotor configurations.

Configuration Hub x;/R Hub y;/R
1 -d, 0 d, -d
2 0, d d, -d
3 d, d d, -d
4 d O -d, d
5 0, -d d 0
6 d, -d -d, -d
7 d O -d, -d
8 d, O o0, d
9 0, d -d, -d
10 d, -d o0, d

[EEN
[EEN
'
o
'
o
'
A
o

[EnY
N
o
o
!
A
o

Table 3: Randomly generated tetra-rotor configurations.

Configuration Hub x;/R Hub y;/R
1 2d, 2d, d -d, -2d, d
2 2d, -d, d -2d, -d, d
3 d d 0 -d, d, d
4 2d, 2d, 0 0, -2d, -d
5 -d, 0, O d, d, -2d
6 -d, 2d, d -d, -d, -2d
7 -d, d, 2d -2d, d, O
8 2d, -d, d d, -2d, 0
9 2d, -d, d -d, d, O
10 2d, d, 2d 0, -d, -d
11 -d, d, d -2d, 0, -d
12 2d, d, d 0, O, -2d
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