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Abstract

Taking into account component interactions is required to quantify the impact of integrating new systems into
an aircraft during conceptual design. These interactions depend on the positions of aircraft components and
require physics-based modeling to assess their feasibility. Moreover, their incorporation into a design optimiza-
tion process necessitates a model to describe where components can be placed. A modified three-dimensional
bin packing model is proposed to achieve this, as well as to permit approximation of wire weight and safety
requirements.
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1. Introduction

The integration of new systems into existing aircraft introduces design couplings, increasing thus
design complexity and requirements. According to [1], all systems must be considered during the
three phases (conceptual, preliminary, and detailed) of aircraft design. While physics-based model-
ing is commonly used to assess aerodynamics, structures, and propulsive systems, it has not been
extended often to systems feasibility [2-5]. Tfaily and Kokkolaras showed that component-level in-
teractions can affect overall aircraft design and sizing [6]. Low-fidelity environmental, de-icing, and
pneumatic considerations can impact optimized maximum takeoff weight, airframe, and wingspan
when incorporated into multidisciplinary design analysis and optimization (MDAOQ) for conceptual de-
sign.

Sanchez et al. proposed the use of computer-aided design (CAD) to assess system feasibility [7].
Proposed requirements in the literature include thermal, maintainability, and safety models and can
be assessed with component placements. Sanchez et al. demonstrated the effects of thermal con-
siderations on a set of placements with computational fluid dynamics (CFD) [8]. A simplified method-
ology suitable for conceptual design methodology is tested in the aft equipment bay of an aircraft,
which is adjusted in a later paper [9]. Selim et al. created a simplified simulation model to define
a numerical metric to quantify maintenance considerations [10]. Zonal Safety Analysis (ZSA) and
Particular Risk Analysis (PRA) models have been created in unmanned aerial vehicles and aircraft
while introducing discrete and discontinuous constraints [11H13].

1.1 Component Placement

Despite the existence of physics-based models to assess component placement, the complexity of
optimizing existing models has resulted in minimal background literature on aircraft component place-
ment (ACP). Ng and Leng used genetic algorithms to propose sets of system placements for a drone
quadrotor with 11 components and 45 variables . These heuristics utilized an excess of 4 x 10°
iterations, a quantity that is likely too high for conceptual aircraft design models that would take longer
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to run. For the AGILE4.0 project, Fioriti et al. placed 17 systems within an electrical equipment bay
with two blackbox models using Super Efficient Global Optimization with Mixture of Experts (SEGO-
MOE) [15]. However, the intersection volume constraint was not feasible at termination and required
an additional gradient-based algorithm to resolve overlapping components.

In the ACP problem, large quantities of analytical constraints enforce the separation, isolation, and
non-intersection of components and are "complicated" by blackbox simulation-derived constraints.
Existing ACP blackbox models, while capable of modeling complex phenomena, can prevent opti-
mization as they take seconds to run with inferior mathematical properties [16,17].

To address the complicating constraints, Fioriti et al. used a multi-stage optimization to decompose
the problem which separated blackbox constraints in an automobile component placement prob-
lem [15]. Kim et al. utilized distributed MDAO to separate models that could be solved with more
efficient gradient-based solvers from those that required blackbox solvers [18]. Approaches such as
Talgorn et al. allow for the segregation of these constraints in a generalized manner without restric-
tions on problem structure [19].

1.2 Mixed-integer Linear Programming

To permit similar methodologies to be used on ACP, models with improved mathematical properties
are needed. One such methodology to design and implement these analytical constraints are cutting
and packing models [20]. A set of boxes is modeled as being placed inside a larger volume, referred
to as a bin or container. These problems rely upon mixed-integer linear programming (MILP) that can
be solved more efficiently and robustly than blackbox models.

While MILP models are limited in how they can describe engineering principles, they provide faster
convergence and stronger mathematical properties than blackbox models. Optimization algorithms
solving MILP models can provide estimates that are orders of magnitude faster than blackbox mod-
els. When given an objective to minimize or maximize, such as the weight of a design, mathematical
guarantees are provided on the minimum and maximum objective that will be found. Known as primal
and dual bounds, MILP can efficiently rule out designs and find globally optimal solutions [21].

To this end, it is proposed that aspects of the ACP problem can be modeled with a modified three-
dimensional bin packing (3DBP) problem, as defined in Chen et al. [22]. A model formulation to
satisfy engineering requirements at a low-fidelity level during conceptual design is demonstrated.
The proposed model can perform a simplified ACP analysis or be incorporated with higher-fidelity
physics-based models with MDAOQ. Finally, a case study with the placement of avionics components
in a series of equipment racks is shown.

2. Methodology

In this paper, aircraft components that can be placed on the shelves of an aircraft equipment bay
can be modeled as shown in Figure [1l These components, interchangeably referred to as boxes,
and the shelves are modeled as axis-aligned rectangular prisms in a Cartesian coordinate system.
Geometries of boxes, indexed by i € I, are placed within shelves of an equipment bay, indexed by
J € J, of predefined locations and sizes. Locations are defined using the front-left bottom corner of
boxes, x;,yi,zi, and equipment bay shelves, X;,Y;,Z;.

The Cartesian coordinate system in this paper uses x for the forward and aft directions, y for lateral
movement, and z for up and down. The base model, made of modified 3DBP constraints, g, are
defined in Section[2.7]to ensure designs are "geometrically feasible" or could fit within the equipment
bay. These constraints ensure there is no overlap between a box and the equipment bay or another
box. It can be used in conjunction with simulation or blackbox models to assess other engineering
requirements such as thermal risk or maintainability to define potentially feasible system layouts.
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Figure 1 — Nomenclature of aircraft bin packing problem.

However, modifications to this base model can be made to assess engineering considerations and
requirements at the conceptual design fidelity level. Additional constraints for modeling ZSA require-
ments, g, are described in Section A low-fidelity wire estimate, f,,, and wire routing model, g,,,
are described in Section[2.2] Problem (1) summarizes the overall problem demonstrated in this paper.

XinVihZi Ju
S.t. &hp <0, (1)
8s <0,
gw <0.

In this problem, minimization of wiring weight is achieved with changes to the placement of compo-
nents as described by their Cartesian coordinate. These box placements must meet user-defined
safety criteria and be geometrically feasible.

2.1 Packing Model

The utilized packing model is a simplification of Chen et al.; its equations for box rotation and objec-
tive are removed [22]. Table [1| defines and describes all parameters and variables for bin packing in
addition to the units utilized for the paper. In this paper, parameters describe the problem, are held
constant for a given optimization problem, and are denoted by capital letters. Variables are changed
by an optimization algorithm and denoted by lowercase letters.

Table 1 — Parameters and Variables for Bin Packing Model

Symbols Description Units
Parameters
P,Oi,R; Length, width, and height of boxes in
L;j,W; Hj; Length, width, and height of equipment racks in
M Arbitrarily large value -
Variables

xbyt 7 Local coordinate of box in equipment rack in
air, b If box i is forward or aft of box k -
Cik,d; If box i is left or right of box k -
ek, fik If box i is above or below of box k -
Sij If box i is in equipment rack j -

Similarly to 3DBP, the length, width, and height of components and equipment racks are defined with
P,,Q;,R; and L;,W;, H; respectively. Length is aligned along the x direction, width with the y direction,
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and height along the z direction. If box i is on equipment rack j, the indicator variable s;; is equal to
1. Each box can only be in one equipment rack at any given time as enforced by Equation

Zs,-jzl Viel (2)
JjeJ
The position of the box is then described in local Cartesian coordinates (x!,y!,z!) relative to the front-
left bottom corner of the container it is in. To avoid intersection with the equipment rack, Equation [3|
ensure the dimensions of the box do not exceed the equipment rack boundary it is in.

0<xt<Lj+(1—s;)-M—P, (3a)
0<y <Wi+(1—s;)-M—Q;, (3b)
0<zZ <Hj+(1—s;)-M—R; Viel,jel. (3c)

Box-to-box intersection is considered by identifying the relative position of every pair of boxes. Each
of the indicator variables a,b,c,d, e, f describe this relative positioning along a particular Cartesian
axis. For example, a considers if the maximum x-coordinate of box i is less than the minimum x-
coordinate of box k. Indicator constraints are equal to 1 if a box i is to the forward, aft, left, right,
below, or above of box k for a,b,c,d, e, f respectively, as illustrated in Equation

X P <xb4(1—ay)-M, (4a)
X+ P <xi+(1—by) M, (4b)
Vit Qi <Y+ (1—ci) - M, (4c)
yzlﬂer <Y+ (1—dy)-M, (4d)

AR <+ (1—ep)-M, (4e)
2R <zZi4+(1—fyx)-M Vikel suchthat i<k (4f)

For every pair of boxes, they must either: 1) not be in the same equipment rack, or 2) have at least
one indicator variable set to true, or equal to 1, as described in Equation 5

Qi + b+ cip +dig + e+ fiue = sij+sii— 1 Vikel,jeld such that i<k. (5)

2.2  Wiring Model

To approximate the wiring weight of a particular set of system placements, two types are wires are
modeled. Wires between two boxes, indexed with i,k € I, involve two components with variable lo-
cation in the equipment racks. Additionally, wires can be modeled between a box and a fixed point
in the aircraft, such as between a box and the cockpit. This fixed point is described with Cartesian
coordinates Xr,Yr,Z; indexed with (i, f) € F and can be outside of the defined equipment racks.

This wire weight approximation involves an estimation of wire length, as described in Section
| and a predefined wire thickness. This approximation defines potential wire weight increases or
decreases in an aircraft design problem when placements are moved. The thickness of each wire
is quantified by a line density, p, or the weight per unit length of each wire. If greater than zero, a
wire exists and provides a lower bound on the weight of the wire. The necessary parameters for the
proposed model are summarized in Table [2]

The weight of wires to fixed points, m;, and between boxes, m; are summed to define the total wiring
weight of the design as shown in Equation [6]
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Table 2 — Parameters and Variables for Wiring Estimation

Symbols Description Units
Parameters
F Set of box indices for fixed wires -
X7, Y, Zys Cartesian coordinates of fixed points in
Pif ;s Pik Line density for a wire Ib/in
E“ Equipment rack set in above-floor bays -
E*" Set of all under-floor equipment racks -
Z, Height of the aircraft floor in
Variables
dir,dix Distance of a wire in
mir, miy Weight of a wire Ib
Wik, Wif If wire routing constraint is active -
Xiy Vi, Zi Global coordinate of box in design in
fo= Y, mp+ Y, m (6)
ikel, i<k (i,f)eF

In addition to user-defined parameters in Table [2, wiring weight varies on the rectilinear distance be-
tween the endpoints, as described in Section Additionally, wire routing constraints, described
in Section define situations where a rectilinear distance between the endpoints of a wire is
insufficient for wire length estimation.

2.2.1 Estimation of wire length

The length of an aircraft equipment bay is assumed to be approximately the difference between the
two endpoints using the 1-norm rectilinear distance. This is calculated with the absolute differences
in the box positions in a global Cartesian coordinate system x;,y;,z; as shown in Equation The local
Cartesian coordinate is added to the front-left bottom point of the container X;,Y;,Z; if s;; = 1.

xi:xf—i—Zs,-ij Viel, (7a)
jer

yi=yi+ Y si¥; Viel, (7b)
i

a=a+Y si;Z; Viel (7¢)
jer

For two boxes, distance dy, is defined with a lower-bounded absolute difference as illustrated in Equa-
tion (8. This distance calculation is only suitable when an increase in distance is of opposing mono-
tonicity to the objective and constraints.

—d, <xi—x,+0.5P —0.5P < d, Vikel, (8a)
—dy <yi—y+0.50i =050 < dy Vikel, (8b)
—d% <zi—z+0.5R;—0.5R, <d% Vijkel suchthat i<k. (8c)

The overall distance, is then the summation of each of the Cartesian components summarized in
Equation [9]
dig =dj+dy,+d; Vikel suchthat i<k. (9)

A similar calculation can be repeated for wires to fixed points, which are defined in a set that identify
the box, (i, f) € F, and position, Xr,Yy,Z; where it is wired to as shown in Equation

5
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Ef = {1’ 2) 3’ 4}
Routed wire
wir =1
— E$ ={5,6,7,8}
I Regular wire
Wik = 0
Z, — Aircraft floor
Left Right
Figure 2 — Aircraft equipment bays and wire routing example.
—diy < xi— Xy < dj; V(i,f) € F, (10a)
—di < —2Zy <d, V(if)€EF. (10c)

An initial wiring weight estimate is the line density of a given wire multiplied by its distance along each
Cartesian axis as shown in Equation

my > Pidiy, mlyk > pidy,, my > pud;, Vikel suchthat i<k, (11a)
mip > pigdy, i > pigdiy, iy > pipdiy (i, f) €F. (11b)

Finally, the mass of each wire is the sum of all three of its Cartesian components as defined in
Equation[12]

my = m+my +my, Vikel suchthat i<k, (12a)
mig = my +m,+mi, (i, f) €F. (12b)

2.2.2 Wire routing

Wire routing constraints are used to define situations in which a wire between two boxes must be
elongated beyond the minimum distance. A wire between two boxes in two different above-floor
equipment bays must first pass below the floor of the aircraft, Z,, as wires cannot cross through the
aircraft cabin. "Crossover" wires are modeled with additional constraints to provide additional lower
bounds when the wire length cannot be adequately modeled by the distance between two boxes.
To achieve this, the racks belonging to each equipment bay are defined in a set E* C J as shown in

Figure 2]

All above floor equipment bays, E* € A, are summarized with a set of equipment trays E“. When two
boxes are placed in different above-floor equipment bays, Figure [3| shows that wire routing consider-
ations will apply. It is assumed that wire routing restrictions do not apply to racks below the aircraft
floor, which are stored in E* C J. The indicator variable, wi,w;r, is equal to 1 when this routing con-
straint has been applied.

For a wire connecting two boxes, the routing constraint does not apply, or w;, = 0, if both boxes are in
the same equipment bay or one of the boxes is in an under-floor equipment rack. Equations[13aland
provide two bounds necessary to calculate wi.
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Figure 3 — Aircraft equipment bays and wire routing example.

Y sij—sii— Y, s <wi Vike€lLE°€A suchthat i<k, (13a)
jEEa jEEu
Zskj—s,-j— ZS,']'SW,‘k Vi,kEI,EGGA suchthat i<k«k. (13b)
JEE JEE

If wy = 1, the length of the wire in the z-direction depends on the height of the two boxes relative to
the floor, as shown in Equation

di > (2 +2i—2Zy) —M - (1 —wy) Vi,kel suchthat i<k (14)

In contrast, for wires between a box and a fixed point, the wire routing constraint is applied if the box
is in an above-floor equipment bay. Equation [15 describes this calculation.

Y ) sij=wy Viel suchthat i<k (15)
E%cA jeE®
A minimum distance in the z direction is enforced for wires to fixed points for an active wire routing
constraint as shown in Equation [T6]

d,-ZfZ(Zi—i-Zf—ZZg)—M-(l_wif) V(i,f) € F. (16)

This constraint is only active when both w;; = 1 and the fixed point is above the aircraft floor. Other-
wise, the regular Cartesian distance constraints, as described in Equation [10] will be active instead.

2.3 Safety Restrictions

In contrast to the wiring objective and constraints, which aim to reduce distance between boxes,
safety restrictions enforce minimum separation between certain boxes. The list of parameters and
variables used to assess safety constraints are described in Table

Three approaches are shown in Figure |4/ and aim to either 1) ensure sufficient spacing between
boxes or 2) limit where boxes can be placed. Figure [4a describes an approach to provide separation,
or a minimum distance between a group of components. Restriction in Figure [dp prevents a box from
being placed in a particular equipment bay shelf. Finally, Figure {4c shows segregation which places
a limit upon a group of boxes and a set of equipment bay shelves. The maximum quantity of boxes
from this group which can be placed on the set of shelves is limited in number.

2.3.1 Minimum separation

The necessary space for tool and hand access during maintenance tasks can drive engineering re-
quirements to provide empty space between components [10]. In the proposed problem, a minimum
distance between components is modeled along each Cartesian axis, A, Ay, A;. Prior to optimization,

7
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Table 3 — Parameters and Variables for Safety Constraints

Symbols Description Units
Parameters
A, Ay A, Min. spacing between all boxes in
A\ Set of box and equipment rack restrictions -
St Box set with segregation restrictions -
1 Maximum number of boxes in segregation region -
Variables
dix Distance between box i and box k& -
Xiy Vi, Zi Global coordinate of box in design in
v v
«— >y «— > I:l Equipment Shelf/Bay
a) Separate Box

m D D D EAD m m —> Min. distance
X X L,

Assigned to
b) Restrict c) Segregate

Figure 4 — Types of modeled segregation requirements.

changes to the user-provided problem parameters are made to enforce these requirements. Box
sizes, equipment bay shelf sizes, and equipment bay shelf locations are modified as described in

Equation[17]

P, < P, + A, Q,’<—Qi—|—Ay, Ri —R;+A; Viel. (178.)
Lj(-LJ'—I—Ax, Wj<—Wj+A;, Hj<—HJ'+AZ \V/jGJ. (17b)
Xj+X;—05A,, Y;«<Y;—05A), Z;<Z;—0.J5A, Vjeld. (17¢c)

After solving the optimization problem with these changed problem parameters, adjustments to the
reported positions are required. The positions of the boxes can be adjusted by accounting for the
drift in the front-left bottom corner of each box as shown in Equation

X; = x; +05A,, ¥+ yi+0.5Ay, i< z;+05A, Viel (18)

These adjustments do not provide extra spacing between the components and the equipment bay
shelves. This can instead be achieved with a reduction in the equipment rack or bay definition for
component placement.

2.3.2 Restriction

Certain components may be limited in the equipment bay shelves or locations in which they can
be placed. This can be due to ZSA risk zones or placement in lower and cooler equipment racks to
ensure components temperature limits are satisfied [9,/13]. The list of components and corresponding
equipment racks that have restrictions, as defined in " are set to zero as seen in Equation

Sij = 0 V(l,]) es. (19)
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2.3.3 Segregation

Component segregation ensures that a set of boxes 7, can be isolated by limiting the total number 7,
which can be placed in a given area. This area is defined by a set of one or more predefined equip-
ment bay shelves J;,. This can be used to provide left/right segregation for redundant components or
to ensure redundant boxes are not placed on the same shelf. Equation [20|illustrates the proposed
constraint to enforce this requirement.

Z Z Sij <T V(lh,.]h) S Sh. (20)

i€l jejh

3. Results

The proposed MILP model is demonstrated with a test case of 31-line replaceable units (LRUs) to be
optimized with the SCIP Optimization Suite [23]. Eight groups of three avionics or control boxes are
assumed to provide redundant capability to the aircraft. Four boxes provide computational capability
and additionally act as data concentrators. Finally, all avionics boxes and data concentrators are
connected to one of three power distributors. All boxes are modeled with ARINC 600 geometries in
modular concept units (MCU) as summarized in Table |4{[24].

Table 4 — Modeled Box Geometries and Total

Category Description MCU inches Total
a Avionics or control 4 5.1 24
b Data concentrators 3 3.9 4
c Power distribution 5 7.8 3

The aircraft test case is summarized in Figure [5| Figure [Ba shows the location of the two above-floor
forward equipment bays (FEB) and the fixed-points that represent the tail, wing, and cockpit. Each
FEB has a total of four layers, starting at z = 70, 84,98, 112 in respectively as shown in Figure [Bp.

Above-floor forward
equipment bays

)gf__lf(?ir./ X; =250in p
\ )

2

1

Cockpit

N LeftY; = —30in o 19i
¥ = /,' . Right Y; = 18 K | Hj=12in
Wing/Antenna Aft T \ Zy= R /Wj =12in
Xy = 350.in, X; 2—600 in, 50in L;=20in
Zy=70in Z;=40in
a) Case study geometry and fixed points b) Above-floor forward equipment bay geometry

Figure 5 — Test case geometry and wiring locations.

In the test case model, 1,000 wires are connected between the LRUs, power distribution, and the
fixed points. The possible end-point combinations of two wires are shown in Figure [6|for box-to-box
and fixed wires.

Each box receives power from one of the three power distribution boxes with a line density of
p =2.5x10"3Ib/in. All other wires have a line density of p = 8 x 10~* Ib/in; this includes wires
between the avionics or control boxes, data computing and concentrators, and the three fixed points
in the aircraft. As both FEB are above the aircraft floor, both the wiring distance constraints in Section
[2.2.1]and the wire routing restrictions in Section [2.2.2] are applied.
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A A <—>» Fixed Wire
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Distribution | s :
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Cockpit @) «—> and P @ At

concentrator

Figure 6 — Test case model wire summary.

For ZSA considerations, four requirements, as summarized in Table |5, are created. A minimum
spacing of 1.5 inches between boxes is provided for tool access and maintenance tasks. Power dis-
tribution boxes are assumed to generate significant thermal loads and not be suitable for the highest
shelf in both FEB. Redundancy between boxes of the same group is ensured by segregation in both
the equipment bays and each individual shelf using the methodology in Section

Table 5 — Modeled Box Geometries and Total

Req. Boxes Section Reason
1 All 2.3.1 Boxes shall be separated by a minimum distance of 1.5 in.
2 Power 2.3.2]  No power distribution box is to be placed in the highest shelf.
3 All 2.3.3 No more than 2 boxes of the same group/type per FEB.
4 All 2.3.3 No more than 1 box of the same group/type per shelf.

3.1 Optimization and Findings

The SCIP optimizer is used with the concurrent solving mode with a total of 16 threads for a total
of 500 seconds of wall time. The placement of components of the design are illustrated in Figure
Boxes are shown as solid rectangles for avionics/control boxes (AV), cross hatched rectangles
for computing and data concentrator boxes (COMP/CONC), and single hatched rectangles for power
boxes (POWER DIST).

The safety requirements in Table [5|are satisfied in the proposed design from SCIP. The group number
corresponding to the function of avionics and control boxes is displayed on the second row. Minimum
spacing is present in the design and the group segregation per FEB and by shelf can be observed.
Power distribution boxes are placed exclusively in the lower two shelves and are not on the highest
shelf of either FEB.

SCIP provides the objective, or design weight, of the best design in addition to the dual objective.
The best feasible design had a weight of 164.5 Ib; the dual objective was 141.4 Ib for a duality gap of
16.37%. It is emphasized that the dual objective does not represent the weight of the optimal design,
but instead is the best possible design that can be theoretically obtained given the existing iterates.
The dual objective increases with optimization iterations as we gain information through iteration.

The optimizer likely needs to reduce the quantity or weight of crossover wires due to the increased
weight of routing wires below the aircraft floor. Notably, all computing and data concentrator boxes
are placed in the lower two shelves on both FEB likely due to the large quantity of wires they possess.
It is theorized that boxes with high line densities to other boxes and fixed points are likely to be placed
upon the lower shelves. This includes the computing and data concentrator boxes in addition to the
power distribution boxes.

10
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Figure 7 — Component placements of proposed model and SCIP optimizer.

4. Conclusion

The capability of using MILP models to place components in aircraft equipment bays is proposed. A
series of mathematical equations modified from Chen et al. are used to define aircraft component
geometries and the available space in aircraft equipment bays [22]. A list of constraints are used to
define geometrically feasible designs, or when components avoid intersection with other components
and the equipment bay shelves and bays.

Extensions of this baseline model are described to consider ZSA requirements and wiring weight at
conceptual design fidelity levels. This demonstrates existing optimization algorithms can be used to
propose component placements in an above-floor FEB test case.

To assess the capability of the proposed model to assist conceptual aircraft design, its incorporation
into MDAO frameworks is proposed. Building upon past research on the importance of incorporat-
ing parametric CAD models, the creation of MILP models suitable for optimization is necessary to
sufficiently explore the design space [7]. Future work to incorporate simulation based or blackbox
considerations may permit higher fidelity modeling of engineering requirements to provide realistic
and feasible wiring weight reductions at the conceptual design stage.
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