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Abstract

Given the considerable complexity of process plants, there has been a great deal of research focused on aiding
the design of plant layout through mathematical optimisation, i.e. optimising the positioning of the equipment
in the plant for space and cost efficiency. Recently, the use of modular approaches within the construction
industry, whereby work is performed off-site before being assembled on-site, has become a popular and powerful
way of reducing build schedules and costs. Modular approaches have many other real applications where items
must be packed to minimise the connections between them (e.g. piping, wiring, modular office and factory
layouts) and consider the modular layout of the system.

In this paper, we provide a formulation of the problem that, in addition to the standard layout problem,
considers a modular block layout to allow modular construction and transportation of the plant. The problem
is represented as a directed network, with the aim to pack the items into predefined containers and minimise
the rectilinear distance between the connected items. We propose mixed-integer linear programming (MILP)
models for the 2-dimensional and 3-dimensional problems and solve them using the state-of-the-art mathematical
programming solver, Gurobi. Because of the combinatorial nature of the problem, solutions involving a large
number of items may not converge and a suboptimal solution must be considered. However, our results suggest
that even in the case of optimising a large number of items, the suboptimal solutions found after a reasonable
number of iterations where deemed, by a domain expert, to be a good enough starting point to continue the
design process, especially in the early concept phase.

Keywords: Floor packing, Bin packing, Facility layout, mixed-integer linear programming, MILP, Process

plant design.

1. Introduction

In recent decades, owing to a decline in productivity in the construction industry (Bock [7]), the use of
modular construction, whereby work is performed off-site in more productive factories, has been shown to take
work off the critical path, reduce schedules and save costs (Hosseini et al. [15], Jin et al. [I8]). In industrial
process plants this can mean more certainty in construction, reducing risks and thereby investment costs. Large
modularisation, moving work to an onsite assembly area such as in shipbuilding (Jaquith et al. [16], Barry
[5]), has been applied to remote, weather adverse process plant locations in the oil and gas (Smith and Bowtell

[36]) and nuclear industries (Lapp and Golay [21], Sutharshan et al. [37]). Recent research has been focused
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on smaller, factory-built plants (Seifert et al. [35]) and has concentrated on earlier parts of the plant design
process (database creation, equipment selection, modular Process and Instrumentation Diagrams).

Plant layouts are normally complex and have traditionally been accomplished using the heuristic knowledge
of plant design engineers (Moran [27]). Heuristic methods were first developed in the 1970s, to help the plant
design engineers achieve the optimum layout, using a learning procedure to lay out a chemical process unit
such that the operational costs of the plant were minimised (Amorese et al. [2], Rosenblatt [34]). Kern [20],
developed techniques to implement and order different equipment in a plant.

Layout optimisation can assess a multitude of possible layouts in a fraction of the time, especially as designs
get more complex, providing the plant designers with an aid to designing the plant. The expert heuristic
knowledge of the plant designers must be captured and codified in some way. Throughout the design process,
layout optimisation can be utilised to reduce design time and achieve more cost-effective results.

Early mathematical layout optimisation research explored the layout of a chemical plant using a hill climb
and Nonlinear Programming (NLP) approach, considering piping and building costs (Gunn and Al-Asadi [12]).
Jayakumar and Reklaitis [I7] introduced graph partitioning to minimise connections between components.
Barbosa-Pévoa and Macchietto [4] developed a mixed-integer nonlinear programming (MINLP) formulation
for the optimal selection of both the equipment units and the network of connections to satisfy production
requirements in a multipurpose batch plant. The objective function was to minimise the capital costs and to
maximize the plant profit. Penteado and Ciric [33] introduced a mixed-integer nonlinear programming approach
for safe process plant layouts, minimising the cost of piping, land cost, financial risk, and device protection cost.

Georgiadis and Macchietto [9] applied a mixed-integer linear programming (MILP) approach to the chemical
process plant layout problem by considering the allocation of equipment to equal area locations and allocation
of equipment to non-equal areas [I0]. The objective function considers pipe, land and pumping costs. This
was developed further with continuous domain single floor (Papageorgiou and Rotstein [28]) and multi floor
(Patsiatzis and Papageorgiou [32]) and a decomposition and an iterative approach (Patsiatzis and Papageorgiou
[30]). They also suggested an mixed-integer nonlinear programming model by adopting rectangular shapes and
rectilinear distances (Patsiatzis and Papageorgiou [31]). Guirardello and Swaney [11] consider pipe routings
and Martinez-Gomez et al. [25] future expansions.

Metaheuristic approaches have been proposed to add functionality to mathematical programming or to
produce a near optimal solution to a problem which would be computationally too time-intensive to search fully.
Suzuki et al. [38] proposed an evolutionary algorithm approach for plant layouts as it is difficult to solve costs
and preferences simultaneously using mixed-integer linear programming. Piping and site costs are considered
in the objective function as weighted preferences. More recent methods include genetic algorithm approaches
(Balakrishnan et al. [3], Xu et al. [44], Lee [24], Wu et al. [42], Wang et al. [39]) and genetic algorithm
approaches assisted by a quadrilateral packing algorithm (Wang et al. [40]). Other methods were developed
such as coevolutionary, hyper-heuristic approaches (Furuholmen et al. [§]), particle swarm optimization, (Lee
[23], Park and Lee [29], Yang and Lee [45]), Monte Carlo simulation integrated with simulated annealing (Alves
et al. [I], He et al. [14]), bat-inspired metaheuristic algorithm (Latifi et al. [22]), Kruskal’s algorithm (Wu and
Wang [43]), simulated annealing, two stage optimisation process (Jung et al. [19]).

The authors are not aware of the use of a modular layout being previously considered in either plant design
or layout optimisation. This paper considers the problem of finding an optimal modular layout of a directed

network, with the aim of packing the vertices (items) into predefined containers (modules), whilst minimising



the rectilinear distance of the edges (connections between items). Viewed as a process plant layout optimisation
problem the aim is to pack the set of connected equipment into a set of containers (modules) such that the cost
is minimised, thus allowing off-site construction and simple assembly on-site.

The structure of the paper is as follows. In Section 2, a description of the problem and the assumptions made
in this paper are given. Section 3 provides four mixed-integer linear programming models (full models are given
in . Section 4 illustrates the results for a small process plant example, analyses the performance
of the models on a randomly generated dataset, using the state-of-the-art mathematical programming solver
Gurobi [13] [26] and gives preliminary results for a modular 3D layout of a process plant system. Finally, in

Section 5, we present our concluding remarks and areas of future work.

2. Problem Description

Let G = (V, E) be a directed network where V is the set of items (vertices) and E is a set of connections
(edges). The cost of a connection (¢, j) is denoted by c¢;;, representing the unit cost of the edge distance. The
dimensions and positions of an item are given by (wy, hy,dy) and (24, Yu, 2, ), respectively. For each connection
(4,7), item 7 is connected via a relative shift from the centre point of item ¢ by (zs;;,ys;j, 2si;) and similarly for
item j by (zs;i,ysji,2s5). Finally, we have a set K of n > 1 containers, and for each k € K the size, position
and cost mappings are given by (W, Hy, Dy), (mxg, myx, mzi) and gy, respectively.

Our primary objective is to obtain an optimal (or good) partitioning of the items of the directed network G

into the set of containers K that minimises the combined cost of the connections and the containers used.

2.1. Bastic assumptions

To model the problem as a mixed-integer linear programming problem, the following basic assumptions are

made:

AS1 Ttems are rectangular in shape.

AS2 Containers are rectangular in shape.

AS3 Ttems must belong to one and only one container.

AS4 Ttems within the same container cannot overlap each other.

AS5 Containers do not overlap.

AS6 The position of containers is fixed.

AST7 Connections between items follow a rectilinear (taxicab) geometry.

AS8 Distance between connected items is calculated from the centre points of the items.

AS9 Coordinates of items and containers are calculated from the origin (distances for items in different con-

tainers take into account the relative offset due to container positioning).
AS10 Items can be rotated 90°,180°,270° in the xy plane.

AS11 Ttems are fixed to the floor, i.e. a z-axis coordinate of 0.



AS12 Two items are connected (in the same direction) by only one connection. Note that we can introduce

multiple connections in the same direction by introducing dummy items (vertices) to the graph.
AS13 Ttems are separated by a fixed margin (to allow connections, or, for example, crawl space).
AS14 Ttems must fit into at least one container.

AS15 Every item has depth less than or equal to the smallest container depth.

2.1.1. Provided to the model

The following data is provided to the model:
e item size (width, height, depth)

e container size (width, height, depth)

e container positions (fixed)

e directed connections between items

e connection points on items

e costs of connections and containers

global margin between items.

2.1.2. Determined by the model

The following are to be determined by the model:
e positions of items
e rotations of items

e number of containers used.

2.2. FExtensions

In addition to the basic assumptions, we can replace the assumption that the fixed position of the items
z-axis (AS11]) and/or the assumption that connection distances are calculated from the centre point of an item
(IASS).

EX1 Items are not fixed to the floor, but are restricted to rotation in the xy plane;

EX2 Distance between connected items is calculated from the relative surface points of the items.

3. Models
Nomenclature
Binary Variables

mg Container k is used (has at least one item)



Myk Item v in container k

Nk Item u and item v share container k

Nyv Item u and item v share the same container

Tui Ttem v is rotated by [0°,90°,180°,270°]

Tovs Yuvs Zuv Set of binary variables used to prevent overlapping of items v and v

Constants

Cij Unit cost of connection (i,j) € E

Dz, Dy;j;, Dz;j Rectilinear distance in the x,y, 2z axes respectively, between connected items (i,5) € E
gk Cost of a container k € K

L Fixed margin between items

M A sufficiently large number

MT ), MYk, MZk Fixed position of container k for the x,y, z axes respectively

Wi, Hy, Dy, Dimensions of container k for the z,y, z axes, i.e. width, height, depth

Wy, Py, oy Dimensions of item v for the z,y, z axes, i.e. width, height, depth

T8ij,YSij, 25ij Relative shifts of the connection point on item 4 for connection (i,j) € E, measured from

the centre point of item i for the x,y, z axes, respectively

Continuous Variables

Rij, Bij, Fyj Absolute value of the rectilinear distance between connected items (i, j) € E for the x,y, z
axes respectively

Ty Yoy 2o Position of item v for the z,y, z axes

Sets

E Set of connections between items (directed edges)

K Set of containers

Vv Set of items (vertices)

Vv’ Set of ordered vertices V' = {(u,v) € VZ:u < v}



3.1. Model 1A

Given basic assumptions (AS11)) and (AS15) it is not necessary to consider the z-axis and a model can be

formulated as a 2-dimensional floor packing problem.

Consideration must be given to the following to determine a solution to the problem:

Items must occupy only one rotation.

Items must be in one and only one container.

Items within container bounds.

Items must not overlap.

Number of containers used.

Rectilinear distance between connected items.

All other assumptions are assumed to be feasible for the data supplied to the mixed-integer linear programming

model.

3.1.1. Items must occupy only one rotation
Let r,; € {0,1},7 € {1,2,3,4} represent the anti-clockwise rotation of item v by 90(i — 1)°, i.e. 7,0 = 1

represents a rotation of 90°. As items only take one rotational position, we have the constraint
4
eri =1, YoeV (1)
i=1

8.1.2. Items must be in one and only one container
Let myi denote whether item v is within container k, then the following constraint is sufficient to ensure

that items can occupy only one container
> mup=1, WweV. (2)
kEK

3.1.8. Items within container bounds

As all containers are positioned at the origin (ASY)), to ensure that the items remain within the bounds of

a container we introduce the inequalities for all v € V and k € K

Ty + (rvl + rvS)wv + (T.’UQ + T'U4)h”U S Wk + M(]- - mvk) (3&)

Yo + (Tvl + Tv3)hv + (TUQ + TU4)wU < Hp + M(l - mvk)- (3b)

Coupled with equation , inequalities force an item to be within the bounds of a container based on

either its width or height dependent on its current rotation.

3.1.4. Items must not overlap
To model the non-overlapping of items, we first consider the simpler case of one container. To ensure that

items v and v do not overlap, it is sufficient that at least one of these conditions hold:

1. Item w is to the left of item v.



2. Item wu is to the right of item wv.
3. Item wu is below item v.
4. Ttem u is above item v.

It is also only necessary to consider the placement of u relative to v and not vice versa. Define the set of ordered

| = Lavien
2

pairs V' = {(u,v) € V2 : u < v}, were the cardinality of the set |V’ . Let @yy, Yuo € {0,1}, then

for a sufficiently large M, and for all (u,v) € V' we have:

e + (rul + ru3)wu + (TuQ + Tu4)hu + L S Ty + M('ruv + yuv)
Ty + (Tvl + rUS)w’U + (Tv2 + TU4)hU + L S i + M(l — Tyw + yuv>

Yu + (Tu1 + 1uz) o + (Tuz + rua)wy + L < yp + M (14 Zuy — Yuw) (4c

Yo + (o1 +103)he + (T2 + o)Wy + L < yu + M(2 = Ty — Yuo)- (4d

The permutations of variables x,, and y,, ensure that only one of the set of inequalities defined by is
active, i.e, not satisfied by sufficiently large M.

To consider multiple containers we introduce a binary variable NN, to represent whether items u and v share

a container, i.e. N,, = 1 if and only if v and v share the same container. It is also necessary to introduce

an auxiliary binary variable n.,; to consider whether items u and v share container k. Then the following

inequalities model whether items u and v share a container for all (u,v) € V', and k € K:

Nypk = Myk + My — 1 (5)

Nywk < Mk (6)

Noywk < My (7)

Nyw = Z Nyvk- (8)
kEK

If (u,v) are in the same container, inequalities (5] - [7)) state that (nyer > 1) A (Ryer < 1) = Ny = 1. If
(u,v) are not in the same container, either inequality @, inequality or both will result in the inequality,
Nk < 0, Vb € K = Ny = 0. Note that the value of N,,, is determined by equation which is constrained
by equation as item w can only be in a single container and thus items u and v can only share a single
container, i.e. Y, - x Nuok < 1. Thus Ny, is bounded by 0 < N, < 1.

Inequalities can then be amended, for all (u,v) € V', to account for overlaps within a given container by

logically considering whether items share that container or not:

Ty + (Tut + Tuz) Wy + (ruz + Twa) by + L < 24 + M (240 + Yuo) + M (1 — Nyy) (9a)
Ty + (To1 + 1u3) Wy + (Twz + T0a)hy + L < 2y + M(1 = 2oy + Yuo) + M (1 — Nuyy) (9b)
Yu + (Tur + 7u3) o+ (Puz + 1ua) Wy + L < Yy + M1+ Zuy — Yun) + M (1 — Nyy) (9¢)
Yo + (ro1 +103) ey + (To2 + 1pa)wy + L < 4y + M(2 — Tyy — Yuw) + M (1 — Nyy). (9d)

In the case of (u,v) not sharing a container, inequalities @ are satisfied for sufficiently large M.



3.1.5. Number of containers used
Let my € {0,1} denote whether a container k has at least one item. If the container is empty, m; = 0, else

my = 1. Using a logical OR [41] we have:

My > Mok Yve V,Vke K (10)
me <> Mo Vk € K. (11)
veV

Thus by inequality (II)), (mwx = 0, Yv) = (my, <0, Vk) = (my = 0). Also by inequality (I0), if any
myr = 1, say p, then (myr, =1) = (my > 1) and by inequality , (Mmpr =1) = QX pey Mok > 1) =
my <1< )0 oy Moy, therefore my, = 1.

The total number of containers used is therefore

> my. (12)

kEK
3.1.6. Rectilinear distance between connected items
The rectilinear distance in the z-axis between a pair of connected items ¢ and j, (i,7) € E, can be calculated
by considering the distance between item i and item j and then applying the relative offset of the container
position. Define Dx;; by

Wy

x; + (rin +7i3) >

D.’L’ij =

h;
+ (riz + 7“@‘4)5 + Z mikmxk]
keK

w; h; o
r; + (le + T’jg)?J + (T’jg + ’I"j4)?j + Z mjkmxk] s V(l,j) ek (13)
keK

and note that depending on the positioning of items ¢ and j this can be positive or negative. Therefore we
consider the absolute distance |Dz;;].
The absolute distance of Dz;; is given by |Dx;;| = max{Dz;;, —Dz;;} and can be modelled by introducing

a minimax variable R;; and the following two inequalities for all (¢, j) € E we have:

Dzx;; < Ry (14a)

—Dzij < Rij. (14b)
Similarly, the rectilinear distance in the y-axis is modelled by

Dyij =

h; w;
yi + (rin + Tig)é + (rig + ri4)?l + ;mikmyk]

2

hj w; .
y; + (rj1 + Tjg)J + (rj2 + 7”]'4)7j + Zm]kmyk] , V(i,j) € E, (15)
k
and for all (z,5) € E:

Dyi; < Bij (16a)

—Dyij S Blj (16b)



3.1.7. Objective function

Given that the unit cost of a connection between ¢ and j is ¢;; and the cost of a container is given by g,

minimise the following objective function

T = Z cij (Rij + Bij) + Z G-

(i,9)€E keK
3.2. Model 2A

To model the extension it is necessary to introduce the z-axis.

3.2.1. Items within container bounds

In addition to inequalities add the inequality
Zo+dy <D+ M(1—my), YveV, VkeK,
which limits the position of an item v in the z-axis to be within the bounds of the container k.

3.2.2. Items must not overlap

Inequalities () are amended, for all (u,v) € V', as below

Ty + (Tul + TuB)wu + (Tu2 + Tu4)hu + L <y + M@y + Yuo + Zuv) + M(l - Nuv)

(
(

Ty + (To1 + 103) Wy + (To2 + Tpa)hy + L < 2y + M(1 = Zuy + Yuo + 2un) + M (1 — Nyy)
Yu + (Tu1 + 7u3) o + (Tuz + rua)we + L < Yy + M1+ Zuy — Yuo + 2uw) + M(1 = Nyy)
Yo + (o1 +703) o + (1o + 1oa)wy + L < Yo + M (2 = Tup — Yuw + 2uv) + M (1 — Nuy)
2yt dy + L <2y + M2~ Zuy + Yuw — 2uw) + M (1 — Nyy)
Zy+dy + L<zy+ M2+ Tyy — Yuv — 2uv) + M(1 — Nyy).

(17)

(18)

The introduction of the additional binary variable z,, results in 23 = 8 possible binary sums, which can be

restricted to a choice of 6 through the addition of the inequalities

Tyv + Yuv + Zun < 2

Tyw +yuv + M(l - Zuv) Z 1
Inequalities and ensure that (Zyuy, Yuw, 2uv) ¢ {(1,1,1),(0,0,1)}.

3.2.8. Rectilinear distance between connected items

As rotation is restricted to the zy plane, the rectilinear distance in the z-axis, Fj; is given by

2 + Z mikmzk] —

k

DZz'j =

zj + ijkmzkl , V(’L,j) ek
k

and for all (i,5) € E

Dzij S Fi i

—Dzij S Fij-

(23a)

(23b)



Objective Function
Therefore the updated objective function is

T= Z ¢ij (Rij + Bij + Fij) + Z GrME. (24)
(4,5)€EE keK

3.8. Model 1B and 2B

Model 1B and 2B are equivalent except for the addition of the z-axis, therefore we present only model 2B,

all models can be found in full in the appendices.

3.3.1. Relative shift of connection points
For modelling the extension for any connection (i,j) € E, the relative shifts of the connection point

measured from the centre point of item ¢ are given by (5,5, ys:j, 2s;;). The relative shift is achieved by amending

the equations (13), and written for all (i,j) € F as

/

Dwij = Dl’ij + (rilxsij — Ti2YSij — Ti3TSi + 7“1‘4y8ij) — (rjlxsji — T'j2YSji — T'j3TSj; + Tj4y8ji)7 (25)
’

Dy;; = Dyij + (riaysij + rioaxsij — risysij — ria®siz) — (rjysji + 12085 — 1j3YSj5 — 1jaT855), (26)
!

DZij = DZij + Z28ij — ZSji, (27)

and thus for all (4,j) € E the inequality pairs (14)), and become

8.4. Size of Models

Dal; < Ryj, V(i,j) € E (28a)
~Dz}; < Ry, V(i,j) € E (28b)
Dy;; < Byj, V(i,j) € E (29a)
—Dy;; < Bij, V(i,j) € E (29b)
Dz, < Fy, V(i,j) € E (30a)
~D2l; < Fy, V(i, ) € E. (30b)

The size of each of the models is given by table [l As the number of items |V| in the model increases the

number of constraints and variables will be of order O(|V’|), where |V'| = W
Model No. Variables No Constraints
Continuous Binary
1A &AB | 2([V+|E]) | AV]+3[V'| + [K|+ [VIIK[ + [V'[|[K] | 2[V|+4|E] + K|+ 5[V’ + 3|V[[K| + 3|V'| K|
2A & 2B | 3(|V|+ |E]) | 4|V +4|V'| + | K|+ |V||K| + |V'||K| | 2|[V]|+6|E| + | K|+ 9|V'| + 4|V||K| + 3|V'||K]|

Table 1: Number of constraints and variables for the models.
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4. Results and Discussion

Models 1B and 2B were implemented and solved using the commercial solver Gurobi [I3] on a Intel(R)
Core(TM) i5-7500, 8.00GB RAM PCE Models 1A and 2A are recoverable from models 1B and 2B respectively
by setting all relative shifts of the connections points to zero for all items.

First, we present a small example based on a chemical process plant system to showcase the visual solutions
and allow a visual inspection for both feasibility and optimality within the domain.

Second, given the combinatorial nature of the problem, we analyse the impact of increasing the number of
items, measuring the effect this has on the relative gap (i.e. the relative difference between the best upper and
lower bounds). It should be noted that a suboptimal solution in a specific domain requires the visual inspection
of a domain expert to determine whether it is “good”.

Finally, we present preliminary results for a modular 3D layout of a process plant system which is imported
into the plant design software Bentley Plantwise [6]. A detailed analysis would be required to understand the

impacts of this design and the additional requirements specific to the task.

4.1. Chemical process plant system example

The following example is typical for a chemical process plant system that forms part of a bigger process
plant. It comprises of heat exchangers, filters and ion exchange columns. Equipment items are connected by
nozzles in which fluid flows. This example consists of a single container of dimensions (Wy, Hy, Di) = (3,12,4)
and an objective to minimise the rectilinear distance of the connections between items.

The directed network G = (V, E) is comprised of items, V = {1,2,3,4,5,6,7} and connections,

E =1{(1,2),(2,3),(2,4),(3,4),(3,5), (4,5),(5,6), (5,7),(6,1),(7,1)}, which have a uniform cost represented by
cij = 1. This particular example is sufficiently small that the necessary information required by the model can
be easily displayed in Table[2] This was solved using model 2B which consisted of 355 constraints, 51 continuous
variables and 141 integer (binary) variables. The initial feasible solution had an objective value of 158.1 and an
optimal solution was obtained in 5.05 seconds with a objective value of 131.4. Figs. [Ta] [[D] and [Id} [Id] provide a
scaled 3-dimensional visualisation of the initial feasible solution and the optimal feasible solution, respectively.
It is noticeable from Figs. and that the optimal solution is extremely structured with the connections

inhabiting the xz plane, reflecting the single goal of minimising the rectilinear distance of the connections.

4.2. Analysis for an increased number of items

It is important to analyse how the problem performs as the number of items increase, to ascertain this a total
of 32 networks were randomly generated (4 per value of n = 4,6,8,...,18) via the Watts-Strogatz model for
random network generation with a probability of rewiring p = 0.7, the vertices (items) and edges (connections)
were then randomly allocated data within a given range. Each network was then passed to Model 1B and Model
2B and given a time limit of 600 seconds to obtain a solution using Gurobi; results were then averaged over
each value of n. Figs. and [3b|show the trend over time of the incumbent objective value (best known
objective value) and relative gap for each value of n for models 1B and 2B, minor discrepancies in the plot where

the incumbent objective value or relative gap appears to worsen and are a result of the difficulty averaging the

1Source code, data for test cases and results can be found at https://github.com/samtoneill /connected-bin-packing
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Initial solution (view 2, side)

)

b

(

(a) Initial solution (view 1)

(d) Optimal solution (view 2, side)

(c) Optimal solution (view 1)

Figure 1: Initial and optimal solutions of model 2B for the small chemical process plant system example.
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Connection (¢,7) | ®si; | Ysij | 2Sij | ©Sji | ySji | 2Sji
(1,2) 1 0 -0.75 | 0.2 0 0.75

Ttem (v) | wy | hy | dy
(2,3) 1 0 -0.75 0 0.5 0.6

1 4 |15 15
(2,4) 1| 0 [-075] 0 | 05 | 06

2 4 1.5 | 1.5
(3, 4) 0 | 05 ]-06] 0 05 06

3 1 1 1.2
(3,5) 0 | 05 |-06] 0 | 08| 06

4 1 1 1.2
(4,5) 0 | 05| 06| 0 | 08| 06

) 16 |16 | 1.2
(5,6) 0 0.8 -0.6 0 -0.35 | 0.3

6 07107 1
(5,7) 0 | 08 | 06| 0 |-035] 03

7 07107 1
(6,1) 0 -0.35 | -0.3 0.2 0 -0.75

a) Item data

(®) (7,1) 0 |-035]-03 |02 o |07

(b) Connection data

Table 2: Data required for a part of a typical chemical process plant system.

real-time data that was logged. The relative gap is a convergence measure and is the relative distance between

the upper and lower bound, given by the formula

Relative G Best upper bound - Best lower bound
elative Gap = .
P Best upper bound

5000

No Items 4500 No Items
4500 4 4
6 4000 6
4000 8 8
3500 10 3500 10
= 12 T 12
> > 3000
& 3000 14 = 14
o o
2500 16 2500 16
18 18
2000 2000
1500 1500
1000 1000
100 200 300 400 500 100 200 300 400 500
Runtime Runtime
(a) Model 1B (b) Model 2B

Figure 2: Incumbent objective value of models averaged over values of n.

4.8. Preliminary results and CAD output for a modular 3D layout of a process plant system

As aforementioned in the Introduction, productivity in the construction industry has declined in recent
decades and the use of modular construction has resulted in reduced schedules and costs.

Fig. [ displays the results for a process plant system consisting of 29 items to be packed into 8 modules,
stacked in a 2x4 configuration and solved to a relative gap tolerance of 60% using model 2B. The solution
was then imported into the computer-aided-design (CAD) package, Bentley plant design software, for display

purposes.
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Figure 3: Relative gap of models averaged over values of n.

Figure 4: CAD output given by Bentley Plantwise.

4.4. Discussion

Although the relative gap remains high for a large number of items and the prospect of finding an optimal
solution becomes increasingly unlikely, it is evident that both the relative gap and objective value settle down
within a reasonable amount of time. On visual inspection, the solutions given by Figs. and [4 appear to
be sufficiently good for a starting point for a domain expert; however, a number of additional constraints and
proper costing would be required for them to resemble reality. This raises two pertinent questions: how long
do the models require before the solution is “good enough”?; and what is a suitable measurement to determine
if a solution is “good enough”?

The solutions produced by the models exhibit a number of deficiencies due to either the underlying assump-

tions or shortcomings of the model. We list the following which is by no means exhaustive:
e Jtems in models 2A and 2B can float.
e Heavier items can be placed on lighter items in the models 2A and 2B.
e The layout of the connections is not given, only the position of the items.

e No thickness of connections considered; currently a fixed margin.
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e There are no fixed items or connection points. e.g. fixed gas supply connection. Note that both of these

can be modelled using dummy items whose position is restricted by additional bounds on their value.

e There is no rotation in the z-axis.

Each of the above affects the quality of the solution, which could become less accurate for a given domain.

5. Concluding Remarks and Future Work

In this paper we presented four mixed-integer linear programming models that solved the novel problem
of modularisation of a set of connected items, demonstrating the solution quality using Gurobi and providing
graphical illustrations through the Matplotlib Python library and Bentley Plantwise software.

In Section 4.2 we analysed the behaviour of the models and method by considering the relative gap and
objective value of a set of randomised problems. In most cases, the relative gap remained high, yet the objective
value appeared to settle and visual inspection confirmed the solution to be of reasonable quality. This raises
questions about the usefulness of the relative gap as a measure in determining the quality of a suboptimal
solution, i.e. is it “good enough”? For this particular set of models, one can postulate that the observed
behaviour of the relative gap and objective value is due to the objective making most gains early on, especially
if the container cost is high and of ample dimensions; subsequent gains become increasingly marginal as items
become close to aligned. By inspection of the graphical output obtained by the Bentley Plantwise software, we
were able to determine that a suboptimal solution may well be “good enough as a good starting point for a
domain expert to continue the design process, especially in the early concept phase.

A strength of our approach is that it is a mixed-integer linear programming model and therefore is readily
solved by free and commercial software, which continue year-on-year to increase in performance [26]. For
smaller problems mathematical programming solvers will return an optimal solution and therefore these results
can be used for tuning and benchmarking other methods. For the models to be of practical use, a degree of
domain-specific tailoring would be required, although they provide a strong foundation for such work to be
undertaken.

Future work will involve the creation of a holistic process which will allow a domain expert to input relevant
features of their problem and to tailor the optimisation model to provide a solution which can then be imported
into the domain specific software as a starting point for more detailed design. This requires automation of
the model building process using data specified by a domain expert and providing integration between the
optimisation software and the computer-aided design software.

To further assess the proposed approach, it is important to consider the computational efficiency of the LP
solvers and whether the quality and speed of the solution can be improved through parallel and distributed
optimisation and to determine at what point the proposed methods fail to provide a reasonable solution.
Additional methods for solving the models should be implemented, such as evolutionary algorithms, to compare

with the results in this paper.
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Appendix A. Models

The appendix presents the full versions of models 1A, 1B, 2A and 2B.

Appendiz A.1. Model 1A

Appendiz A.1.1. Rotational Constraints

4
dori=1, YweV. (A1)
i=1

Appendiz A.1.2. Container Constraints
d m=1, WweV. (A.2)

keK

For all (u,v) € V' and k € K:

Ty + (rvl + 711)3)wv + (TvZ + rv4)h'u S Wk + M(l - mvk) (A3)
Yo + (Tvl + Tv3)hv + (T’L)Q + Tv4)wv S Hk + M(l - mvk)~ (A4)

Appendiz A.1.3. Non-overlapping Constraints
For all (u,v) € V' and k € K:

Nywk = Myk + My — 1 (A.5)

Nyok < Myk (A.6)

Nk < Mok (A7)

Nuw = Z Nk, V(u,v) €V’ (A.8)

keK
For all (u,v) € V"

Ty + (Tu1 + Tuz)Wy + (Pug + rua) b + L < 2y + M(Typ + Yuw) + M (1 — Nyy) (A.9)

Ty + (1o1 +1u3)wy + (roz2 +70a)hy + L < 2y + M(1 = Zyp + Yuo) + M (1 — Nu) (A.10)

Yu + (Tur + 7u3) b + (Tuz + rua)wy + L < yy + M(1+ Tuy — Yuw) + M(1 = Nyy) (A.11)

Yo + (ror +103) o + (o2 + 1oa)we + L < yu + M(2 = Ty = Yuo) + M(1 = Ny). (A12)

Appendiz A.1.4. No of Containers Used Constraints

meg > Mok, YveV,Vke K (A.13)
mE <Y Mok, Vk € K. (A.14)
veV
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Appendiz A.1.5. Rectilinear Distance Constraints
For all (3,j) € E:
wi hi

5 + (rig +1ia) 7 + Z mikmmk]
kEK

Dxij = |x; + (ri + 143)

[\

w; h;
)+ (1 rjs) 5 (ra i) 5+ Y mjkmxk]
keK

Dz;j < R;;

—Duz;j < Ry

hi

Dy;; = 5

yi + (riv +1i3)

w;
+ (riz + 7“1'4)?1 +y mikmyk]
K

W
Y; + (le + ’l“j3)?J + (’I“jg + Tj4)7j + ijkmyk]
k

Dy,; < B

—Dyij < Bij.
Appendiz A.1.6. Objective Function

T = Z ¢ij (Rij + Bij) + Z grmg.

(4,§)€E keEK
Appendiz A.2. Model 1B

Appendiz A.2.1. Relative Shift of Connection Points

For all (i, ) € E, replace inequalities (|A.15(-[A.18]) in Model 1A with the following:

Dxij + (rilxsij — Ti2YSij — i3T855 + ’I“i4y8ij) - (lexsj‘i — Tj2YSji — T'j3XTSj4 + Tj4y8ji) < R;;
— [Dzyj + (rian®sij — rioysij — Tis®siy + riaysij) — (raxsgi — 12y — 1385 + 1j4y85:)]
Dyij + (rinysij + ri2®sij — 1i3ysij — Tia®8ij) — (Tj1Y8ji + 152285 — Tj3YSji — TjaTSji)

—[Dyij + (raysij + ri2wsij — risysi; — 1iaxsiz) — (1j1y8ji + 1522855 — 1j3YSji — 1j4785;)]

Appendiz A.3. Model 2A

Appendiz A.3.1. Container Constraints

For all v € V and k € K, replace inequalities (A.3[-|A.4) in Model 1A with the following:

Ty + (rvl + TUS)wv + (T'UZ + rv4)h'u S Wk + M(l - mvk)
Yo + (rvl + TUB)hv + (T’L)Q + Tu4)wv é Hk + M(]- - mvk)

2y + dy §Dk+M(1fmvk).
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Appendiz A.3.2. Non-overlapping Constraints
For all (u,v) € V', replace inequalities (A.9[-[A.12) in Model 1A with the following:

Ty + (Tu1 + Tuz)Wy + (rug + rug) by + L < 2y + M (Tup + Yuo + 2uw) + M (1 — Ny,
Ty + (To1 + 103)wy + (T2 +10a)he + L < 2y + M (1 — Zuy + Yuo + 2uv) + M (1 — Nyy)
Yu + (Pur + 7us)hu + (ruz + rud)wu + L < yo + M(1+ Tup = Yuo + 2uw) + M (1 = Nuw)
Yo + (ro1 + re3)he + (o2 + o) wo + L < gy + M(2 = Tuw — Yuo + 2uv) + M(1 = Now)
zu +dy + L < 2o + M(2 = Tuy + Yuv — 2uw) + M(1 = Nyy)
2o+ dy + L < 2y + M2+ Zuw — Yuw — Zuw) + M(1 = Nu)

Tuv + Yuv + Zun < 2

muv_’_yuv +M(1 _Zuv) Z 1

Appendiz A.3.3. Rectilinear Distance Constraints
For all (4,j) € E, replace inequalities (A.15]-[A.18]) in Model 1A with the following:

D.Iij =

@i+ (ri + T’i3)7 + (rig + 7ia) 5 + MikMT
kEK

w; hj
wj + (1 1js) 5+ (2 ) 5+ ) mjkmxk]

2
keK

Dz;j < Rij

—Duz;j < Rij

Dy;; =

h i
yi + (rin + 7“1‘3)5 + (rie + 7"i4)% + Zk: mikmyk]

yj + (1 +153)

h; W,
?J + (7"]'2 + Tj4)7j + gmjkmykl

Dy,; < Bij

—Dy;; < By

Dzij =

Zi + Z mikmzk] — |z + Z mjkmzk]
k

k

Dz;; < Fij

—DZZ']‘ S Fzg

Appendiz A.3.4. Objective Function

T= Z Cij (R” + Bij + sz) + Z M.
(i,j)GE keK
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Appendiz A.4. Model 2B

Appendiz A.4.1. Relative Shift of Connection Points
For all (i, ) € E, replace inequalities (|A.35[-[A.40]) in Model 1A with the following:

Dxij + (THZESZ']' — Ti2YSij — Ti3xS;; + ’I"7;4y5ij) — (le,iESji — Trj2YSj; — Ij3xSj; + T’j4y5ji) < Rij
— [Dzij + (rinxsij — rioySij — 1i3®Si; + Tiaysi;) — (11285 — Tj2ySji — T35S + 1jaySji)] < Rij
Dyij + (rinysij + Ti2®sij — Ti3Yysi; — riaxsi;) — (Tj1Y8ji + 12085 — 1i3YSji — rjax85i) < Bij
— [Dyij + (rinysij + ri2®Sij — risysi; — 15ax8ij) — (11YSji + 1j2x8j; — 1j3YSj — 1j4285:)] < Bij

D,Zij + zsij — ZSjZ' S Fij

— [DZZJ + ZSij — ZSji] S FZ]
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