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Abstract During the last decades, research in multi-objective optimisation (MO)
has seen considerable growth. However, this activity has been focused on lin-
ear, non-linear, and combinatorial optimisation with multiple objectives. Multi-
objective mixed integer (linear or non-linear) programming has received consid-
erably less attention. In this paper we propose an algorithm to compute a finite
set of non-dominated points/efficient solutions of a bi-objective mixed binary op-
timisation problems for which the sub-problems obtained when fixing the binary
variables are convex, and there is a finite set of feasible binary variable vectors.

Our method uses bound sets and exploits the convexity property of the sub-
problems to find a set of efficient solutions for the main problem. Our algorithm
creates and iteratively updates bounds for each vector in the set of feasible bi-
nary variable vectors, and uses these bounds to guarantee that a set of exact
non-dominated points is generated. For instances where the set of feasible binary
variable vectors is too large to generate such provably optimal solutions within
a reasonable time, our approach can be used as a matheuristic by heuristically
selecting a promising subset of binary variable vectors to explore.

This investigation is motivated by the problem of beam angle optimisation
arising in radiation therapy planning, which we solve heuristically to provide nu-
merical results.
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1 Introduction

The aim of multi-objective optimisation (MO) is to find efficient solutions of an
optimisation problem in the presence of multiple conflicting objectives. A solu-
tion is efficient if it cannot be improved in any criterion without degradation of
some other criteria (Ehrgott) 2005). Several strategies to find efficient solutions
have been proposed in the literature. While both continuous and combinatorial
optimisation with multiple objectives have been widely studied (Ehrgott, [2005;
Ehrgott et al.l 2016} [Miettinen, [1999; Wiecek et al., |2016)), multi-objective mixed
integer programming (MOMIP) problems have received considerably less atten-
tion. [Teghem and Kunsch| (1986) present a survey on interactive methods, which
aim to find most preferred solutions to MOMIP problems. Mavrotas and Diak-
oulaki (1998}, 12005) propose a branch and bound algorithm for bi-objective mixed
binary linear programming problems. [Vincent et al.| (2013) present a branch and
bound algorithm that corrects and improves the results obtained by the one in
(Mavrotas and Diakoulakil 1998 12005)). [Belotti et al.| (2013) also propose a branch
and bound algorithm for bi-objective mixed integer problems. They focus on fath-
oming rules that exclude sub-problems that are guaranteed not to contain efficient
solutions and solve sub-problems using a parametric simplex algorithm. |Stidsen
et al.| (2014) present an algorithm for the special class of problems where one of
the two objectives has only integer variables. [Boland et al.| (2014} [2015]) present an
exact method called the triangle splitting method for bi-objective mixed integer
programming problems. Their algorithm works in objective space and maintains
a diverse set of non-dominated points as an approximation of the non-dominated
set in case of early termination.

In [Fattahi and Turkay| (2018), a one direction search algorithm that is able
to solve biobjective mixed-binary linear problems exactly is introduced. |Soylu
(2018) published an algorithm which, in each iteration, identifies sub-problems that
contribute to the non-dominated set and excludes them from future consideration
using tabu constraints. The non-dominated set of the problem is computed by
applying an upper envelope finding algorithm to the identified sub-problems.

Some authors have modelled problems arising in logistics as MOMIPs (Ozcey-
lan and Paksoy, 2014} Rezaei and Davoodi, 2011 [Shirazi et al., |2014)). In these
works, the MOMIPs are addressed using general heuristic methods. |Cacchiani
and D’Ambrosio| (2017) presented a branch-and-bound based heuristic to approx-
imately solve convex multi-objective mixed integer non-linear programming prob-
lems and |de Santis et al.| (2019)) propose a branch-and-bound algorithm to solve a
convex MOMIP by using lower bounds generated in an adaptive way.

In this paper we consider a bi-objective version of a mixed integer non-linear
programming (MINLP) problem that has both binary and continuous decision
variables, and is convex in the continuous variables. We call this problem the
BOMINLP (bi-objective mixed integer non-linear programming) problem. Although
in this paper we only consider non-linear objective functions, we note that the
method we propose in this work can also be applied to BOMINLP problems with
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linear objective functions and constraints. The BOMINLP problem we consider in
this paper is of the form:

BOMINLP: min (f (@ y

~— —
N——

zy \ f2 (2,y
st.  gi(zy) <b; forj=1,...,m (1a)
gij(x) =b; forj=1,....,m" (1b)
9i(y) =bf forj=1,....m" (1c)
y  €{0,1}" (1d)
z €R", (1e)

where f(z,y) = (fi(z,y), f2(x,y))T is a vector-valued objective function with two
conflicting objectives, m is the number of inequality constraints on = and y, m®
is the number of inequality constraints on x, m? is the number of inequality con-
straints on y, p is the number of binary decision variables and n is the number of
continuous decision variables.

We assume that functions fi (x,y), f2 (2,9), gj(z,y) and gj(x) are continu-
ously differentiable convex functions in z. We also impose regularity conditions
to ensure Lagrangian dual values can be found, as discussed in Section Note
that although all our integer variables are binary valued, our approach extends
naturally to more general bounded integer variables.

BOMINLP may have an infinite number of non-dominated points due to the
continuous variables. To our knowledge, the only method to compute an explicit
description of the non-dominated set of continuous MOPs is a very recent one
presented in [Jayasekara et al.|(2019). In their approach, which they demonstrate
on problems with a small number of variables, the authors are able to solve convex
MOP problems where all the objectives are quadratic ones. (This is in contrast to
BOMILPs, where the continuous parts of the non-dominated set can be expressed
as line segments, which algorithms listed at the beginning of Section [1| exploit).
Therefore, we have to be content with finding only a finite subset of non-dominated
points. Furthermore, having binary variables means BOMINLP is not convex,
and so scalarisation methods (see e.g. [Wiecek et al.| (2016))) are a natural strategy
for generating the solution. In this paper, we choose to use the well-known e-
constraint method, which solves a number of single objective MINLPs to create
the non-dominated points.

Our work is motivated by the multi-objective beam angle optimisation (MO-
BAO) problem in intensity modulated radiation therapy (IMRT) planning, which
we describe in more detail in Section [5| and which we use as a case study for
the application of our algorithm. Unfortunately, as we show in Section it is
not practical to apply the e-constraint method to our IMRT BOMINLP problem
because the single objective MINLP sub-problems take too long to solve. Hence
we will instead pursue a decomposition strategy in which we create sub-problems,
each of which has y fixed to one of a finite set of known solutions for y. We solve
the e-constraint scalarisations of these sub-problems, and combine the solutions
to form a final non-dominated set. As we show in Section [5] our method is able
to exploit convexity and differentiability to significantly reduce the number of
problem instances that need to be solved. Our method is conceived as generic as
this speed up does not depend on any other problem-specific features.
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We mentioned that our approach assumes that a finite set of binary solutions
for y is known. If this set can be explored within the available computation time,
then the solutions found by our algorithm are efficient. For our IMRT problem,
however, the number of binary solutions is too large for our algorithm to consider
them all in a reasonable time. However, as is often the case for practical problems,
we can exploit problem-specific knowledge to exclude ‘bad’ values for y that are
unlikely to be part of an optimal solution. This approach of combining a heuristic
selection of promising y with a subsequent optimisation over this set gives us a new
matheuristic (Fischetti and Fischetti, 2016) approach for our problem. Although
this compromises the guarantee of optimality in the sense that our solutions are
no longer provably efficient, it gives us a practical approach that, as we see in
Section [5] gives the same solution quality as existing approaches but in about one
tenth of the time.

In the next section, we formally introduce our decomposition and define our
sub-problems. The concept of bound sets (as introduced by |[Ehrgott and Gandibleux
(2007) is then presented in Section 3] Our proposed algorithm is presented in Sec-
tion [4] We use a small bi-objective example to illustrate how our method proceeds.
Then, in Section [5] the MO-BAO problem and its mathematical formulation are
outlined. We use the MO-BAO problem as an application of our method and show
computational results for a real case. Finally in Section [6] some conclusions and
final remarks are presented.

2 Decomposition and Sub-Problem Definition

In this section, we formally introduce our decomposition and present the sub-
problems we will be solving.

In model and elsewhere we use the following notation for comparing vectors.
Given w',w? € R?, we write w' < w? if wy < wf for all k = 1,2; w' < w? if
wl < w? but w' # w? and w! < w? if w} < wi for all k = 1,2. We say that
w' € R? dominates w? € R? (or, equivalently, w? is dominated by w') if w' < w?.

Definition 1 We say a vector y € {0, 1}? is feasible if there exists some z € R™ for
which (z, y) is feasible for BOMINLP (T). We let ) = {yl, ¥2, ... ,y‘yl} C {0,1}7

be the set of all such feasible y. For each y € Y we let X(y) C R"™ denote
the set of = such that (z,y) satisfies and (le). We also let X C R™ de-
note the set of z that satisfy and (Le). Moreover, we denote by (X,Y) =
Uyey {(z,y) 1@ € XN X(y)}, the set of all feasible solutions of (IJ).

Formally, solving BOMINLP requires finding the set of non-dominated
points and a set of efficient solutions, the image of which is the non-dominated
set. A solution (z*,y™) € (X,)) is called an efficient solution if there is no (z,y) €
(X,Y) where f(z,y) dominates f(z*,y"). In this case f(x*,y") is called a non-
dominated point.
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Our decomposition strategy is motivated by the observation that BOMINLP
can be re-written as

BOMINLP: myin <mxln (ﬁg: Z?j;)) ¥
s.t. T € X, € X(y),
ye .

This formulation contains a sub-problem SP(y) in z for every feasible y € ) given
by

- min fl (a?,y)
s imin (f00) )
s.t. r€X,z € X(y).

Let XY be the set of efficient solutions of sub-problem SP(y). In the following
we assume that X% is non-empty.

Proposition 1 1. If (x,y) is an efficient solution of thenz € X3 C XNX(y).
2. ({f(zy): (zy) € Xy = {f(z,y) 1y €V, z € X))y, where (S)n de-

notes the non-dominated (sub)set of a set S.

Proof 1. This follows from the definition of all sets involved.
2. Both inclusions are easy to see by contradiction.

Propositionstates that if (x,y) is an efficient solution of BOMINLP , then
x is also an efficient solution of sub-problem SP(y). Thus, we can solve BOMINLP
by finding all efficient solutions to SP(y) for each y € ), and then performing a
dominance analysis over these sub-problem solutions to create a final set of efficient
solutions.

We observe that SP(y) is a bi-objective convex optimisation problem, and
so it is computationally practical to compute efficient solutions to SP(y); see,
e.g., the survey of (Wiecek et al., |2016). We also note that because, for any given
y, functions fi(z,y) and fo(z,y) in are differentiable with respect to x, we
can obtain Lagrangian (i.e. dual variable) values; we will use these to bound sub-
problem solutions (see Section .

Example 1 Let us consider an instance of BOMINLP as follows.

. 1 (, z
I;lgl <;2 Em,z;) - (3;1 + Y2 (0.2—0—61/”))
s.t. T <25
—x <-04
y1it+y2 =1
Y €{0,1}”
T eR.

In this example, Y = {y',y*} with y* = (1,0) and y* = (0,1). Figure
shows the non-dominated points of sub-problems SP(y') and SP(y*) where A =
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| 5Py il ~ 5Py |
........ SP(yQ) SP(yZ)
| o \ |
| 1} |
3 %05 | 52z 25 3
il
(a) Sets of non-dominated points of sub- (b) Resulting set of non-dominated points of
problems SP(y!) and SP(y?). the BOMINLP ().

Fig. 1: An illustration of the type of problem we address in this paper.

(1.4151,0.7071) and B = (0.5150,1.9172) are non-dominated points of both sub-
problems. For x € [0.4,0.5150] and z € [1.4151,2.5], non-dominated points of sub-
problem S’P(yl) are also non-dominated points of the BOMINLP problem, whereas
for x € [0.5150, 1.4151], non-dominated points of SP(y*) are also non-dominated
points of the BOMINLP problem. Figure shows the set of non-dominated
points of the BOMINLP problem. As we can see, although sub-problems SP(yl)
and SP(y*) are convex, the BOMINLP problem may not be. A conver multi-
objective optimisation problem, such as the subprobems here, has a Ré-convem

non-dominated set, where set S is R%—convex if S+ R% is convex. It follows that
convezity of SP(y) does in general not imply convezxity of .

By the assumption that sub-problem SP(y) is convex for each y € ), it follows
that the set of non-dominated points of SP(y) is Rzz—convex Ehrgott| (2005). Hence
a natural decomposition approach to solving is to determine the set of non-
dominated points of the union (over elements of )) of the non-dominated sets
of SP(y). Furthermore, we do not expect all y € Y to contribute to the non-
dominated set of . Hence, by definition, solving has three aspects.

(i) Finding those elements of ) for which the non-dominated points of sub-
problem SP(y) contribute to the non-dominated set of the BOMINLP problem.

(#) Finding the non-dominated set of sub-problem SP(y) for each y identified in

(#i) Finding the non-dominated set of BOMINLP from sets of non-dominated
points of SP(y).

Unfortunately, it is difficult to predict for which y the condition in (i) applies
without solving sub-problem SP(y) for all y € Y. If the computation times are
not limited, then we can explore all elements of ) to identify the non-dominated
points needed for steps (7) and (#ii). However, this may not be practical if )
is very large or the computation times are limited. In |[Cabrera G. et al. (2018)
and [Cabrera-Guerrero et al.| (2018]), we have proposed heuristics that create a set
YcCYof “promising” feasible binary vectors. In this paper we therefore address
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(i) and (i) for the case where ) is replaced by . We need to stress at this point
that if # ), then the set of points our method finds for the BOMINLP problem
is not necessarily equal to the set of non-dominated points of the method would
find if the entire set ) were considered. Thus, we describe the points obtained by
our method when using a subset of ) as approzimately non-dominated points. The
selection of a set of promising vectors Y C Y is out of the scope of this paper. For
the sake of simplicity, hereafter we assume that j} = Y and we shall refer to it
simply as Y.

As discussed above, the well-known e-constraint method is a suitable approach
for step (ii) above, i.e. for finding a non-dominated set for SP(y). This approach
requires forming the e-constraint scalarisation SP(e,y) of SP(y). This SP(g,y)
sub-problem is a single-objective convex optimisation problem of the form:

SP(e,y) : min fi(,)
st.x € X, x € X(y), (4a)
f2(z,y) Se. (4b)

We need to solve SP(e, y) for all € € £, where £ is a set, of € values that determines
which non-dominated points the user wishes to find for BOMINLP.

A naive approach to implementing steps (ii) and (iii) above would involve
solving each of the | V| sub-problems |€| times, i.e. solving | V| x |€| instances of ().
As mentioned earlier, we will demonstrate in Section [5| that our method is able
to exploit convexity and differentiability of fi1(x,y) and fa(x,y) to significantly
reduce the number of instances of that are solved.

For each sub-problem SP(y), it is useful to define an associated range of valid ¢
values, given by ¢ € [sgﬂn, ey ], where sg‘in is the smallest ¢ for which SP(EZlin, Y)
is feasible, i.e. ef'™ = min{fa(z,y) : * € X,z € X(y)}. We determine £}
by finding the largest f2-value of any non-dominated point using the standard
approach of calculating a lexicographically minimal solution x(l’Q), as detailed in
Section {4] The e-constraint method allows us to find any efficient solution to SP(y)
by solving sub-problem SP(e,y) for some e;ni“ <e < gy It is easy to see that
putting € < sg‘in cannot generate any efficient solutions, and so we never solve
SP(e,y) for such € values. Lemma [1] considers the case that constraint is not

binding.

Lemma 1 Let 2" be an optimal solution of SP(e,y) such that f2(z*,y) < e. Then
SP(e,y) has no efficient solution & such that f2(Z,y) > fo(z*,y).

Proof Assume that 2’ is an efficient solution to SP(e,y) such that fa(x',y) >
fo(xz*,y). Then fi1(z’',y) < fi(z*,y). By optimality of z* for SP(e,y) it follows
that f2(z’,y) > e. By continuity of f2 and by application of the Intermediate Value
Theorem, there exists some A € (0, 1) such that for # = Az’ +(1—X)z* it holds that
f2(2,y) = ¢, i.e. 2 is feasible for SP(e,y). Due to convexity fi(2,y) = fi(Az' +
(1—=Naz*,y) <A@, y)+ (1 =N fi(z*,y) < fi(z*,y). This is a contradiction to
z* being an optimal solution of SP(e,y).

constraint (4b) is binding and we obtain only efficient solutions; see Proposition

2

Lemma/l|confirms that we only need to consider e < eJ'®*. With e € [eJ"", '],
L
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Proposition 2 For any fized y, if 6;‘““ < e < ey'™ then any optimal solution =™
of SP(g,y) is an efficient solution of SP(y) and satisfies f2(z*,y) = e.

min _max

Proof Due to our choice of €,"",e*** we know that efficient solutions Z and &
exist with f2(Z,y) = Eglin and fa(Z,y) = €,**. For any e with E;ni" < e < g™
Lemma [1| implies that there exists an optimal solution z* of SP(e,y) such that
f2 (1’*, y) =¢&.

Assume that =™ is weakly efficient, but not efficient. Then there exists ' that
dominates z* with fi(z',y) = fi(z*,y) and fo(z',y) < f2(z*,y) = . We con-
sider a feasible solution & = Az’ + (1 — A\)# with A € (0,1). Due to convexity,
and noting that fi(#,y) < fi(z',y), parameter A € (0,1) can be chosen so that
fi(@,y) < fi(z*,y) and f2(Z,y) < fa(x™,y). It follows that z’ strictly dominates
z*, a contradiction to the weak efficiency of z*.

We show, in Section [4] how the values )" and €j®* can be found by solving
lexicographic optimisation problems. If either (or both) of these values is infinitely
large, then we assume that the value is replaced by a new finite value that defines
a range of interest to the user.

We assume that elements in € are indexed such that & = {e',..., "} where
el <e? < ... < el < &L Later, in Section 4, we explain how to compute the &
values in set £. To keep notation simple, we will only compute one set £ which we
use for all y € Y, and so SP(e,y), € € £,y € Y defines the full set of sub-problems
considered by our algorithm. However, we note that because of the way the values
are computed in the algorithm, the algorithm will only ever solve SP(e,y) for e
values satisfying s‘y“i“ < e < g™, Solving SP(e,y) for all € € £ means we compute
(at most) L non-dominated points of sub-problem SP(y). Hereafter, we will refer
to this subset of non-dominated points of sub-problem SP(y) obtained by means of
the e-constraint method simply as the set of non-dominated points of sub-problem

SP(y).

3 Bounds from Convexity

In this section, we demonstrate how the convexity of sub-problem SP(y) can be
used to give lower and upper bounds for SP(e,y) that we can use to efficiently
search for non-dominated points of (1). The work in this section draws upon
the ideas of lower bound sets and upper bound sets introduced in [Ehrgott and
Gandibleux| (2007).

3.1 Sub-problem Lower Bounds

We wish to form lower bound sets on the non-dominated points of a sub-problem
SP(y) defined by some particular y € Y. Assume we have solved SP(e,y) for

! 7 .

L' € values ¢ € {&,é%,...,é%}, where ¢! < &% < ... < &F and &' = ey and
! . . .

el = ey . Let the optimal solution of SP(€*,y) be x%;. Because """ < " < g

for all 4, constraint 1) is active at the optimal solution, and so fa (%, ) = ¢,
Then, our current set of non-dominated points of SP(y) can be denoted by

s ={(na.9).8), (n a0, (h ).} 6)
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We assume that each sub-problem SP(éi,y) satisfies some appropriate regu-
larity conditions, and so we can determine Az, the value of the Lagrangian dual
variable on the constraint at each optimal solution. We present an example
of regularity conditions in Section [p] for our radiation therapy planning problem.
The Lagrangian dual value Az gives the rate of change in the optimal objective
value of SP(£',y) (i.e. the fi(x,y) value of some non-dominated point) as we
increase é* (i.e. increase fo(x,y)). This means that the Lagrangian duals are inter-
preted as trade-offs between the two objectives of sub-problem SP(y). This issue
has been discussed in [Haimes and Chankong| (1979) and |[Chankong and Haimes
(1983, Chapter 4.9). They give sufficient conditions for SP(y) under which this
interpretation is correct.

Thus, because the non-dominated set is R;—convex, we can follow an approach

similar to that of Benders| (1962), and use S¥ to calculate a lower bound set £(SY))
on the non-dominated points of SP(y) as follows:

o
o) = | N{UH B eR Az p ety +2a (B-2)}] . (@)
i=1 N
where (f1, f3) € R? is a point in objective space.

We are interested in a lower bound on the objective function value of SP(e,y)
(i.e. on fi(z,y)) for a new e value, €)™ < e < e, (i.e. for a new fa(z,y) value)
for which SP(e, y) is as-yet unsolved. This bound, denoted by fiower (€, Sxr), is given
by fiower(g,8%) = fi where (fi, f2) € L£(S¥) is the unique element of £(S¥) for
which f4 = e. To compute this efficiently, we find ¢ such that & < e < &1L, if it
exists. We then have

fiower (g, S%) = max {fl (z2,y) + Aai (e — él) 1 (@i, y) + Asin (6 — é”l)} )

(7)
If ¢ < &' or ¢ < ¢ then solving SP(e,y) cannot generate any non-dominated
points for SP(y), which we indicate by putting fiower (g, Sk) = +o0.

Figure [2| shows, for some sub-problem SP(y), a set of non-dominated points
8% and (in dashed lines) the resulting lower bound set £(S%), i.e., the value of
fiower(€,8%) for any e value (i.e. for any value of f2). Each dashed line is the
tangent line to a non-dominated point (f1(z%:,y), éi) € 8% with a slope equal to
Agzi. This figure also shows upper bounds, which we discuss next.

i

3.2 Sub-problem Upper Bounds

We can compute upper bounds for a sub-problem SP(y) as follows. Assume, as
before, that we have S¥ as given by . By convexity, an upper bound set U(S¥%;)
for the non-dominated points of SP(y) is given by the non-dominated frontier of
the convex hull of S¥:
U(SY) = (conv(SK))n- (8)
As with the lower bound, we can efficiently compute elements in U(S%) for
some new g, 8§1in < e < )™ by finding 4 such that & < e < &' and then
calculating

fupper (&,8%) = (1 — @) f1 (2, y) + af1 (whiva, y) (9)
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- L(8Y)
——U(s})

\ ® 5%

f2

fi

Fig. 2: Lower and upper bound sets £(S%) and U(S¥;) for a set of non-dominated
points 8% of SP(y).

where o = (e—&%) /(6771 —&%). Tf e < €' or & < & then we put fupper (g, SY) = +o0.

Figureshows in solid lines the upper bound set U (S%;). Due to the convexity of
SP(y), non-dominated points of SP(y) are located in (£(S%)+R2)\(U(S¥)+R2),
the shaded area in Figure -

3.3 Joint Bounds

. 1] ..

In general, given some S}(;,S}{;, ...,8% , we can form joint lower and upper
bound sets that give us information on the non-dominated points of BOMINLP
as follows. A lower bound set for is given by

c(sy sy sk = | U (esh+r2) | (10)
yey N
Similarly, an upper bound set for (I} is given by
USY S-S = [ U (ush+r2) | (11)
yey N

The non-dominated points of must lie in the region between the lower and
upper bound sets. An example of such a region is given by the shaded area in
Figure [4d]

Our algorithm uses these bounds as follows. Given some particular e, we cal-
culate the following joint upper bound:

1 2 Y] .
fupper(57 SIZ<] 7SJZ<I DR SI%] ) = Hé%}l fupper(& SI%]) (12)
Yy
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Then, we know that solving SP(e,y) for any (e,y) pair with fiower(e,S%) >

v

fupper (€, S]?(,1 , 8%27 ..., 8% ) is not required as the point (f1(zf,y),e) we will com-
. * Yi .

pute will have fi(z%,y) > fupper(aS}(,l , S]y\;, ...,8%" ), and thus the point cannot

improve the current set of non-dominated points of .

4 Proposed Method

A naive method to address the BOMINLP problem is to use the e-constraint
method to compute a set of non-dominated points of sub-problem SP(y) for each
y € ), and to then perform a dominance analysis over the union of these sets to
obtain a set of pairwise non-dominated points of . We will use the following
example to illustrate the performance of this naive method and contrast it with
our more efficient approach.

Example 2 Let Y = {y*, 42,43}, Let £ = {&',..., L}, with L = 21. We wish to
find 21 non-dominated points of , one for each e € £. In fact, functions f1(x,y)
and fa(z,y) are taken from the numerical example in Section @ but their precise
form is not important at this stage. If we apply the naive method to this problem
then L = 21 non-dominated points for each y € Y must be computed. That is, we
solve optimisation problem SPi(g,y) L x|Y| = 63 times. Figure shows the set
of non-dominated points of SP(y) for each y € Y. Figure shows the resulting
set of non-dominated points after performing the dominance analysis over the sets
shown in Figure . As we can see, most of the points computed by the naive
method turn out to be dominated by at least one other point. For instance, all the
non-dominated points found for SP(y*) are dominated and, therefore, none of them
contributes to the final set of non-dominated points of in Figure . Thus,
if either obtaining a single non-dominated point of SP(y) requires a considerable
amount of time or the number of non-dominated points to be computed is large,
the naive method can be impractical.

We propose a method, outlined in Algorithm [1] that significantly reduces the
number of non-dominated points computed for each sub-problem. Our algorithm
finds all the non-dominated points of that would have been found by the naive
method but it uses bounding information to reduce the number of sub-problems
that need to be solved. The proposed method generates the bounds by exploiting
the convexity of sub-problem SP(y).

In order to determine the range [e)™, e3'®*] of & values to be used when eval-
uating SP(e,y) we first find lexicographically non-dominated points of SP(y) for
all y € Y (lines 2-5 in Algorithm [1)).

As demonstrated in [Ehrgott| (2005), a lexicographically optimal solution in
X N X(y) is also an efficient solution of SP(y). We denote our lexicographic opti-
misation problems SP*D (y), where (k,1) € {(1,2), (2,1)} indicates that objective
k is most important, followed by objective [, as follows:

SP% D (y) : min fila,y)

s.t. Jre(z,y) = fr(y),
reEX, xc X(y).



12 Cabrera-Guerrero et al.

e T 55 10 T
[me; 1 o 1
e bsy o osy
o 2 O v’
NS osy 5] os¥
50 5 s 50 5 H
[me} N [m]
o O
o a
o a
™ 45 |- - o 45 - -
o S [m]
= o > O
[K0) [m]
10} (]
a0 2 e aor B e
1] e}
(on] o
og (e}
5 o O | I [e] -
35 I o i I I 3 I o I I I
52 54 56 58 60 52 54 56 58 60
fi fi

(a) Sets of non-dominated points computed (b) Set of non-dominated points of with
by the naive method for SP(y), for all y € sub-problems SP(y'), SP(y?) and SP(y3).
Y ={y,y% 3} Only y', 32 lead to non-dominated points of

(-

Fig. 3: The naive method applied to Example [2| The final set of non-dominated
points of found by the naive method given £ is obtained by finding a set of L
non-dominated points of SP(y) for all y € Y. A dominance analysis is performed
over the union of these sets of points.

Here f (y) is obtained as the optimal objective value of an optimisation problem
that minimises the most important objective k, i.e. fi(y) = ming{fr(z,y) : €
X,z € X(y)}.

We solve SPY2)(y) and SPY(y) for each y € Y to obtain lexicographi-
cally optimal solutions z*'?)(y) and 2D (y) for 5P (y) and S’P(Q’l)(y), re-

spectively. These define the lower and upper limits ej'™ = f2(z®V(y),y) and

emax — fo(z(1?(y),y) on e for each sub-problem SP(e,y). This information is
recorded by using these solutions to initialise the set of non-dominated points S¥,
giving 8% = {f(z"? (y),y), f(>Y(y),y))}, for all y € Y (line 4 in Algorithm
. We also use these points to determine the first and last elements in &, ¢! and
el as follows (lines 6 and 7 in Algorithm [1} respectively):

e' = min f2(=®" (y),y), (13)
yeY

e¥ = max fo (2% (y), y), with f(2"?(y),y) non-dominated within U 8%
yey =t
(14)

If we want to focus on non-dominated points within a specific part of the
objective space, we can limit € values to be within a range [emi“, e™**], where both
™™ and £™* should be given by the decision maker and [¢™",e™] C [}, £F]. It
is important to note that Equation is restricted to lexicographic points that
are not dominated by other lexicographic points. This ensures that e© will not be
set to unnecessarily large values.

Once ¢! and e have been computed, values of e € £, with i =2,--- , (L —1),
are determined such that e’ < e? < --- < ef71 < ¥ (line 8 in Algorithm. These
values are arbitrary values that will be determined depending on the problem that
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is being solved. In this paper we choose them to be uniformly distributed over the
range [51, sLl.

We are now ready to perform the main iterative steps in Algorithm [I] The
iterations proceed by identifying some e € £ (line 10 in Algorithm and some y €
Y for which fiower(g,S%) < fupper(E,S}(,l,Sﬁ:, . ,S}(,Iyl) (line 12 in Algorithm .
We call the sub-problem SP(e,y) a candidate sub-problem in the sense that it may

produce a new non-dominated point in our final solution, and thus it needs to be

solved. (Sub-problems SP(e,y) With fiower(e,S%) > fupper(e, S, S% ..., 8%)

are bounded sub-problems and do not need solving as they cannot contribute to our
final solution.) There will often be many candidate problems that could be solved
next; we discuss shortly a strategy for choosing a good e. If there are multiple
candidate problems SP(e,y) for this e, then we choose SP(y) with the best lower
bound by putting y = arg mingey fiower (€, S% ). We then solve SP(e,y) to find a
new non-dominated point (line 13 in Algorithm , which is added to S¥; (line 14
in Algorithm. After this step, we have strictly increased fiower (e, Sxy) or strictly

decreased fupper(e, S¥ ,S]y\,z, o ,S}’{,yl) (or both). These iterations continue until

fiower (€, S%) > fuppe,(5,$%17813<,2, . ,Sjy\,w‘) forall e € £, y € ). At this point, we

merge the sets S to give Sy := (Uyey S}{,) (line 17 in Algorithm as the set
N

of non-dominated points of obtained by our method.

As noted above, each iteration decreases the gap between the best lower bound
and the upper bound for some £ € £. These bounds must become equal after
solving no more than |Y| instances of SP(e,y) for each e. Thus, our algorithm
must eventually terminate after no more than L|))| iterations. Our experience is
that the bounding process results in far fewer iterations being required in practice.

. Yl y? ylY
4.1 Selection of Next ¢ — getBeste (SN ySRr Sk )

We observed above that there is often a choice of ¢ € € for which to solve SP(e,y)
next. Therefore, we need to design a strategy to choose the next € so that points
obtained by solving SP(e,y) make changes in the lower and/or upper bounds
that lead to more sub-problems becoming bounded. Unfortunately, determining
the best strategy is difficult as it is dependent on problem-specific features. Initial
experimental results show that, for instance, choosing an € value close to previously
explored e values is a very inefficient strategy. We can see this in Figure |2} Let us
assume that £ values are for fs. Then, assume we chose an £ value that is very
close to an ¢ value used to compute one of the blue points. If we now solve SP(g,y)
with the chosen ¢ the new generated point is likely to be very close to the blue
point. Thus, the new point will only produce a small change in the lower and/or
upper bounds. Clearly, small changes in the bounds are not very helpful as they
are unlikely to lead to many candidate sub-problems becoming bounded. Thus, on

line 10 Algorithm [1| includes a function getBests(S}(;,Sf{, yen ,S]y\,m) that aims
to choose an ¢ value that leads to large changes in the bounds. In our experiments,
choosing the ¢ value as the midpoint between the current e value, €“""*™ and a
smaller £° value, where £° has already been explored and all the € values between
e® and %™ remain unexplored, has performed well. In case there is no £° that

. . 12 I
meets these conditions, then the function getBeste(SY ,S%,...,S% ) looks for
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an explored £ value starting from ¥, such that €*~! remains unexplored. Once
an €% is found, it is set as the new £°“""°"! value. Then, the €° is selected as
described above and the midpoint € value between €““"™*™ and €° is set as the
new ¢ value to be explored. If we cannot find an £, then it means that all £ values
have been explored and, therefore, our algorithm stops. When choosing the new ¢,
this function also ensures that there is at least one y for which 6?“ <e <y,
and so there is at least one candidate sub-problem SP(e,y) to solve.

In the example we present next, it is useful to visualise our candidate (and
bounded) sub-problems by viewing their bounds in objective space. To this end,
we define a set I which contains candidate points denoted by +*Y € I', where
7Y = (frower (€, 8%), €). We construct one candidate point for each y € Y, € € €

‘ ‘ !
for which fiower(e,S%) < fupper(6,S% ,SY ..., S84 ). We let I, = {+*¥ € I':
vy’ = y}, be the set of candidate points associated with each y € V.

Algorithm 1: An algorithm to find a set of efficient solutions of the
BOMINLP problem
Input: Y (Set of feasible vectors y)

Input: L (Number of € values to use in the e-constraint method)
Output: Sy (Set of non-dominated points of ()

1 begin

2 foreach y € Y do

3 {212 (y), 223 (y)} < computeLexicographicSols(y) ;
a SX — {F @D (y),y), f2D (y),9)} 5

5 end

8 el = minyey f2(z2V(y), y);

7 el =

maxyey f2(z2(H2) (y),y), with f(z(1?)(y),y) non-dominated within Uyey S¥s
8 & < computef (51,5L,L);

. y vt oy’ y!Y!
9 while 3 e € £,y €V flower(6,S{) < fupper(e, Sy SR »---,Sy;, ) do
1 2 (R4
10 € < getBeste(S% ,8%,...,S% )
11 repeat
12 Y < arg minyey flower(avsjyv);
13 (z*,X) < solve(SP(e,v)) ;
14 SY% +— S% U f(z*,y) 5
PR y vt oy? y!Y!

15 until mingey flower(€75}\7) > fllpper(‘SySN 7$j\7 s 7SN );
16 end
17 SN +— ( Sy> ;

N Uyey Sx N’
18 end

Example 3 Consider again the BOMINLP instance given in Ezample [J Fig-
ure shows the lexicographically non-dominated points and the corresponding
upper bound sets U(SY) for each y € Y. Because we have three sub-problems
SP(y'), SP(y?) and SP(y?), siz lexicographically non-dominated points are com-
puted; these are shown as filled markers. In this example, these have been con-
strained to a user-specified area of interest, and thus the lexicographic solutions
share common fo values. Figure shows lower and upper bound sets for each
yey. Fz'gure shows the area the non-dominated points of sub-problem SP(yl)
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\ — ‘ :
L —— +u<$1{1) L
o u(sY) ——y(sY)
usy) uesy)
£(sY)
& ~ s
= L(SY)
fi fi
(a) Lexicographically non-dominated points (b) Lower bound sets (dashed) of sub-
of sub-problem SP(y) for all y € V. problem SP(y) for all y € V.

T T T T
sy [] sy ||
+u(5Kf) +u(5Kf)

usy) usy)
sy sy
~ st o~ G
= £8%) = £8%)
f1 fi
(c) Area delimited by lower and upper (d) All non-dominated points of BOMINLP
bound sets of sub-problem SP(y'). problem must fall in the shaded area given

the lexicographically non-dominated points
computed for each y € ).

Fig. 4: The lexicographically non-dominated points of SP(y) in Example [2[ are
computed as well as corresponding bound sets £(S%) and U(S¥;) (dashed and
solid lines respectively).

must fall in, which is limited by the lower and upper bound sets of SP(y") in Equa-
tions @ and , respectively. Figure shows the area the non-dominated points
of BOMINLP problem in Example[2 must fall in, which is limited by the joint lower
and upper bound sets of BOMINLP in Equations and , respectively.

After the lexicographically non-dominated points are computed, £ is defined. In
Figure one line parallel to the fi1 axis is drawn for each of the 21 £ values
in £. Figure shows the set of candidate sub-problems (represented by their
candidate points, shown as unfilled markers). We note that three sub-problems
SP(e,y) defined by (g,y) € {(€2°,4%), (€*°,4%), (', 4*)} are bounded and thus are
not candidates that need solving.

We now choose some candidate sub-problem SP(e,y) to solve next. Based on
the procedure described above, we choose ¢ = '' as this is the element evenly
spaced between the two previously explored ¢ values, namely ¢! and €2'. Because

1 2 3
flower(sll,S}(,) < flower(sll,S}{,) < flower(ell,Sjy\,), we solve the sub-problem
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(a) Lines parallel to the f1 axis show the 21 (b) The candidate sub-problems, repre-

€ values in &£ used to solve the e-constraint sented by their associated candidate points.

problems SP(e,y). Three sub-problems are bounded (indicated
by “ ><77).

Fig. 5: The set £ is computed, and a set of candidate sub-problems is determined
(shown by the sets of associated candidate points I}). Three sub-problems are
bounded.

SP(e't, y"). The resulting non-dominated point is shown in Figure|6(a)l This non-

dominated point is added to Syl. This gives new bound sets U(SY ) and ﬁ(S}{,l)
(dashed lines in Fzgure-) new candidate points I'y1 (see Fzgure and, as a
result of bounding, a reduced set of candidate points for y? and y? (compare Fzgure
wzth Fzgure . We observe that fiower(€', S¥%) > fupper(e' S}(, ,S}{, b Syw‘)
for all y € Y, and so sub-problems SP(e',y?) and SP(e',y?) are now bounded
and do not need to be solved.

As indicated in Algorithm [1, we now choose the next ¢ to be explored. Since

el is our current € value, we need to find an explored €° value, with s < 11, such

that alle € {1, ... '} remain unea:plored In this case, we found that e® = e'.
Thus, the midpoint between 611 and €t is 8. The sub-problem with the smallest
lower bound is y and so SP(¢%,y?) is solved The non-dominated point obtained

15 added to S}{, resulting in updated bounds and updated candidate points for y?
(see Figure

Unlike in the previous iteration, solving S’P(Eﬁ,y2) did not result in the other
sub-problems (SP(e®,y") and SP(e®,vy?)) becoming bounded (see Figure . We
next solve SP(%,y') as it has the better lower bound. Solving this does not result
in SP(e%,y®) becoming bounded, and so SP(®,y>) is solved next (see Fz’gure.

The algorithm continues in this fashion by choosing a new € to explore (in this
case 516), solving the sub-problems, and so on, until all SP(e,y) sub-problems are
bounded.

Figure [8(a)| shows the set of non-dominated points computed by Algorithm
for Example [3] While the naive method needs to compute 63 points to find
a set of non-dominated points of , only 28 points were computed using our
method. Both algorithms end up with L = 21 non-dominated points in the final
set. Although we have not solved all possible sub-problems, the final set of non-
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(a) A new non-dominated point is computed (b) This results in a new set of candidate
by solving SP (e, y'), added to the set S}(,l points associated with y'.

and the new bound sets U(SY ) (solid line)

and L(S]?{]l) (dashed lines) are computed.

:
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I
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(c) The candidate point sets I'> and I3
have been reduced in size as a result of some
candidate sub-problems becoming bounded.

Fig. 6: A new non-dominated point is computed which results in new bound sets
and candidate points.

dominated points shown in Figure 8(b)]is identical to the set obtained by the naive
method as shown in Figure

The next section shows an application of the procedure in Algorithm [T} on a
practical problem arising in radiation therapy for cancer treatment.

5 Intensity Modulated Radiation Therapy: Application and
Computational Results

Intensity modulated radiation therapy (IMRT) is a common technique in exter-
nal radiation therapy. Its goal is to damage tumour cells by delivering ionising
radiation from an external source to the tumour or planning target volume (PTV)
without compromising surrounding normal tissue and organs at risk (OARs). Un-
fortunately, because of the physics of radiation delivery, there is a trade-off between
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(a) We have chosen to explore €% next. (b) Solving SP(e%,y') did not result
First, we solve SP (5, y?) and update bound in SP(e% 43) being bounded, and so
sets and candidate points for SP(y2). Then SP(e%,43) has now also been solved. We
SP(%,y1) is solved as is the candidate with note that no candidate points remain for
the better lower bound. Again bound sets sub-problem SP(y3) as these have now all
and candidate points for SP(y?) are up- been bounded.

dated.

Fig. 7: Three non-dominated points are computed for € (one for each y € V).

tumour control and protecting normal tissue and OARs. IMRT requires the gen-
eration of a fluence map which leads to a dose distribution that delivers radiation
to the tumour while sparing surrounding OARs.

Due to the complexity of designing a treatment plan, the IMRT planning
problem is usually divided into three sequential problems, namely, beam angle
optimisation (BAO), fluence map optimisation (FMO) and multi-leaf collimator
sequencing (Ehrgott et al. 2009). A solution of the BAO problem determines the
directions of radiation beam angles, i.e. a beam angle configuration (BAC) that
is selected from a discrete set of available beam angles. Then, the optimal fluence
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(a) The set of 28 non-dominated points for (b) Final set of non-dominated points ob-
sub-problems generated when using Algo- tained by Algorithm [I} This set is identical
rithm [T} to the set in Figure [3(b)

Fig. 8: Final set of generated points using the approach proposed in this study.
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of radiation for each beam angle needs to be computed (FMO problem) to give a
high quality dose distribution in the organs. The goal will be to find a fluence map
that maximises the dose delivered to the tumour and, at the same time, minimises
the dose deposited at each OAR.

In the context of Section [4 we are solving a multi-objective version of the
BAO problem (MO-BAO) aiming to identify an efficient set of BACs, hence MO-
BAO corresponds to BOMINLP problem with A € A representing a BAC and
A =Y the set of all BACs. Each BAC A is evaluated by solving a multi-objective
FMO problem (MO-FMO) to identify efficient fluence maps that achieve a required
dose to the PTV while minimising the radiation dose received by the OARs. In
the context of IMRT, problem (B) is MO-FMO(A) for BAC A, and its e-constraint
scalarisation (4] is denoted MO-FMO(A, ¢).

Section outlines the details of an IMRT model for the interested reader.
Otherwise, the reader can skip over Section and continue with our computa-
tional experiments in Section from page [23] instead.

5.1 Intensity Modulated Radiation Therapy Details

The single objective BAO problem is usunally stated as a mixed integer (or binary)
optimisation problem (Bangert et al.l 2012; [Ehrgott and Johnston| |2003} |Preciado-
Walters et al.| 2004, 2006), as the set of all possible angles K is discrete and only
a subset of them is considered in a BAC /. Similar formulations have been used
for its multi-objective counterpart (Breedveld et al., |2012; Schreibmann et al.|
2004). In general, the MO-BAO problem is non-convex with possibly many local
optima (Ehrgott and Johnstonl 2003} [Ehrgott et al.l 2008} Lim and Cao, 2012}
Pugachev et al. [2001)). Furthermore, when MO-BAO and MO-FMO are posed
together (i.e. when evaluating a BAC requires solving the MO-FMO problem),
the set of feasible solutions of the MO-FMO is highly enlarged (Bortfeld and
Schlegell, [1993; [Pugachev and Xing) [2001)). Thus, it is not possible to explore the
entire set of feasible solutions within a reasonable computation time. Hence, only
a subset of “promising” BACs is usually considered.

Cabrera G. et al.| (2018) and |Cabrera-Guerrero et al.[(2018) propose a strategy
to approximately solve the MO-BAQO problem that consists of two phases. In the
first phase a set of “promising” beam angle configurations is generated. In |Cabr-
era G. et al.| (2018) these promising BACs correspond to a set of locally optimal
BACs found by a steepest descent algorithm that resulted to be not only locally
optimal but also non-dominated. In |Cabrera-Guerrero et al.| (2018) the steepest
descent algorithm in |Cabrera G. et al.| (2018)) is extended to a Pareto local search
strategy that finds a set of locally non-dominated BACs. Other strategies can also
be used to find these promising BACs, though. Once the set of promising BACs
has been found,a large set of non-dominated points for each sub-problem is gener-
ated and a dominance analysis is performed over the entire set of generated points
to find the set of (approximately) non-dominated points of the main MO-BAO
problem (second phase). As we pointed out in Section [I} such a strategy is quite
inefficient as it computes a large number of points that will eventually be shown
to be dominated. The method presented in this article can be used to improve the
procedure used in the second phase in [Cabrera G. et al. (2018)) by reducing the
number of non-dominated points that need to be generated.
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In the context of the method proposed in this paper, the MO-BAO prob-
lem is the BOMINLP problem . In the MO-BAO problem we seek a set of
efficient BACs A C PV (K), where PV (K) is the set of all N-element subsets
of K and K is the set of all possible beam angles around the patient, with
K = {kr/180:k=0,1,2,...,359}. & € PN(K) is a BAC and N > 0 the a
priori determined number of angles. We denote the i-th angle of &/ by .« for
i=1,...,N. Moreover, for a given fixed BAC & € PV (K) we obtain the MO-
FMO problem for the given BAC as a sub-problem. The goal of the MO-FMO
problem is to find a set of efficient fluence maps X C X(</) for the given BAC
o € PN(K), where X(&7) is the set of feasible fluence maps for BAC & (being,
simply, those fluence maps which have zero fluence for all beamlets associated with
un-used angles). Efficient solutions # € X can be found using the e-constraint
method mentioned before.

In this paper we consider the generalised equivalent uniform dose (gFUD) as
the basis of our objective functions. The gEUD can be defined as the biologically
equivalent dose that, if delivered uniformly, would lead to the same response as
the actual non-uniform dose distribution (Niemierkol [1997).

Before we introduce the mathematical expression of the gEUD and the objec-
tive functions we are going to use in this work, we need to present some general
notation in IMRT.

Let x € R™ denote a vector of beamlet fluences, where n corresponds to the
total number of beamlets over all pre-determined beam angles and z; = 0 is the
fluence at beamlet 7. All mathematical optimisation models in IMRT are based on
the radiation dose deposited into each voxel j of PTV and OARs by fluence map
x. This dose distribution d is calculated using the expression

dj(z) =Y Ajw; forall j=1,2,..,m", (15)
i=1
where r € R = {O1,...,00,T} is an element in the index set of regions (we use

the term region to denote either the tumour, any organ at risk, or normal tissue),
with the tumour indexed by r = T and the organs at risk and normal tissue
indexed by r = Oq with ¢ = 1,...,Q. m" is the total number of voxels in region
r, j corresponds to a specific voxel in region r, d” € R™ is a dose vector and its
elements d; give the total dose delivered to voxel j in region r by the fluence map
x € X(&). Here, the dose deposition matrix A" € R™ *™ is a given matrix where
A%, 2 0 defines the rate at which radiation dose along beamlet ¢ is deposited into
voxel j in region r.
The mathematical expression for gEUD is

m"”

gBUD () = | =3 (@) | (16)

j=1

where a” is a region-dependent parameter and d(z) is as given in Equation (15).
For the tumour (r = T), we put a’ < 0, whereas for OARs (r = O,) we choose
Oq
a’*>1.
Using gEUD-based objective functions we have that the associated MO-FMO
problem is convex which allows us, on the one hand, to find efficient solutions to
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the MO-FMO problem and, on the other hand, to apply the strategy proposed in
Section [d] to reduce the number of non-dominated points computed to obtain a set
of (approximately) non-dominated points of the MO-BAO problem.

The objective gEUD" () has several desirable properties for optimisation (Choi
and Deasyl |2002; [Romeijn et al.l 2004). If " =2 1, gEUD" (z) is a norm and thus
is a convex function. If, on the other hand, a” < 0, then gEFUD" (x) is no longer a
norm, but is a concave function of = ({Choi and Deasy, 2002)). Moreover, gEUD" (x)
is positively homogeneous for all " (Cabrera G. et all [2014)). As demonstrated
in [Cabrera G. et al.| (2014)), a positively homogeneous multi-objective optimisa-
tion problem with p objective functions can be converted into a multi-objective
optimisation problem with p — 1 objectives. This can be done by transforming one
of the objectives into a constraint. Hence the MO-FMO problem can be solved
with p — 1 objectives and a constraint specifying that the p-th objective takes
some specified value. (To maintain convexity, we implement this as an inequality
constraint applied to the tumour’s gEUD, and observe that this constraint will
always be satisfied at equality in an optimal solution.) Having solved the problem
for one particular value of the p-th objective, all other efficient solutions can be
obtained by scaling (Cabrera G. et al., [2014)).

The MO-BAO we address in this paper is as follows:

01
MO-BAO: mp}n (m;n <gggg02 Eg)) (17)
s.t. gEUDT (z) > t
x € X ()
o € A,

the solution of which is a set containing all efficient BACs which use exactly N of
| K| available angles, where ¢ is equal to the prescribed gEUD of the tumour and
A =PN(K).

5.2 Comparison with e-constraint scalarization for the full MO-BAO problem

Solving the MO-BAO problem in , that is, finding all efficient BACs which
use exactly N angles, is extremely difficult. This is, on the one hand, because of
the large number of possible BACs that exist and, on the other hand, because of
the computation time needed to produce non-dominated points for each of those
BACs.

We demonstrate this by solving a single e-constraint scalarisation of with
a reduced number of available beam angles. In Table [I] we report the computation
time required to solve a single MINLP e-constraint scalarisation instance for the
‘CERR’ problem instance (see Section [5.3) as the number of available beam angles
|K| increases, i.e. each row gives the computation time for a single scalarised
instance of that selects the best N = 5 beam angles from | K| € {12, 15, 18,20}
available beam angles. To create this scalarisation, we set the value of € for the
gEUD of the bladder constraint to 37 and minimised the gEUD to the rectum.
The prescribed tumour gEUD was set to ¢ = 70 for this and all further numerical
tests. It is important to note that we use the same computer and solver to solve
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Table 1: Computation time needed to find a single efficient 5-angle BAC and
treatment plan with a small number |K| of available beam angles by solving a
single scalarisation instance of MO-BAO .

Available Angle CPU
Angles Step size  time (s)
K[ =12 30° 5,069
|K| =15 24° 19,715
|K| =18 20° 56,450
|K| =20 18° 105,131

these single e-constraint scalarisations and the experiments presented in Section
B3l

The last column of Table [I| shows that the computation time needed to solve a
single e-constraint scalarisation of increases quickly as the number of available
beam angles becomes larger. Clearly, the time needed for all |K| = 360 integer
beam angles would be enormous. Since the time listed in Table [1] is the time to
find a single non-dominated point, the time required to find a set of non-dominated
points would be many times the computation time reported in Table [I| It is clear
that this is not practical from a clinical point of view. In Section we consider
instances with |K| = 72 available beam angles and 80 different values of €. Solving
this MO-BAO problem exactly using its e-constraint scalarisation with currently
available mathematical programming solvers and computers is simply not possible,
and so efficient alternative approaches such as ours are required.

The MO-BAO problem is an instance of BOMINLP . The correspond-
ing sub-problem under our decomposition approach is the MO-FMO problem:

O, T
MO-FMO(«): min <Zg;) = (gggg%&;) (18)
s.t. gEUD" (z) > ¢
x e X ().

The solution to is a set Xg of efficient fluence maps for BAC «/. As
before, we find this set using the e-constraint method, which requires solving single
objective constrained optimisation problems of the following form:

MO-FMO(e, &) : min gEUD®" (z) (19)
st. gEUD" (z) >t
x € X ()
gEUD??(z) < e.

As we discussed above, we require Langrangian dual values to exist at optimal
solutions to this MO-FMO(e, &) sub-problem. For practical problem instances,
this sub-problem satisfies the well-known linear independence constraint qualifica-
tion (LICQ) (see[A]), and so these Lagrangian values can be found using standard
optimisation solvers such as the Ipopt solver (Wichter and Biegler} 2006) we use
to run all our experiments.

In the next section, we use Algorithm [1|to solve our MO-BAO problem ,
where we observe that the sub-problem is given by our MO-FMO sub-problem
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(18), and the sub-problem required for the e-constraint method is given by
(L9)-

5.3 Computational Experiments

In this section we apply Algorithm [I]to the MO-BAO problem for 5 prostate
cases obtained from Clinica Alemana de Santiago (Chile) for anonymous former pa-
tients (referred to as “TRT001’ to ‘TRT005’) and also for a prostate case extracted
from |Deasy et al.| (2003) (referred to as ‘CERR’). We perform all the experiments
presented in this paper on an Intel i7 processor with 32GB of memory running on
Ubuntu 18.

This case study considers three regions, namely, PTV, indexed by T, and the
rectum and the bladder as OARS Orectum and Opiadder- The total number of voxels
is about 56,000 and the number of beamlets n over the five beams is around 320
depending on the considered BAC.

The single objective problem MO-FMO(«, ) is solved exactly using the IPOPT
solver from COIN-OR (Wachter and Biegler, |2006). IPOPT implements a primal-
dual interior point method that uses first and second derivative information to
find locally optimal solutions. To find &, we first compute lexicographically opti-
mal solutions for all & € A. We bound the objective functions such that maximum
dose (gEUD) values for both the rectum and the bladder are not larger than 65.
The obtained range of objective values for Opjqdder 1S [51, EL] = [31.735,65]. After
computing al,eL, we compute set £, which consists of 80 equally spaced ¢ values
within the range [¢*, ).

As mentioned in Section the MO-BAO problem is too difficult to solve
exactly within a reasonable computation “time frame, and so we replace the set
of all BACs A in , corresponding to ) in , by a set of 15 promising BACs
consisting of N = 5 beam angles each. These promising BACs were obtained using
the two-phase approach presented in |Cabrera G. et al.| (2018).

Table [2] shows a summary of the results obtained for each instance. The num-
ber of generated points (column ‘Num Points Generated’) is significantly smaller
than the 50 x 80 = 1200 points the naive approach (see Section [2)) needs to obtain
the same set of non-dominated points for the problem. Column ‘Fraction of Naive
Approach’ shows, for each instance, the fraction of points we require when com-
pared with the naive approach, which is on average only 12.42%, i.e., our approach
is about ten times faster than the naive approach.

One measure of inefficiency in our algorithm is the number of points that are
generated but then discarded because they are dominated. Assuming no points are
discarded, then the minimum number of points any approach needs to compute
to produce the same set of non-dominated points is 109 (2 lexicographic points
for each of the 15 BACs plus one point for each of the 80 ¢ values, less one point
because the ¢ = 65 value coincides with a lexicographic point). The column ‘Num
Points Discarded’ shows the extra points that were generated beyond this mini-
mum and then discarded as a result of being dominated. We observe that we are
discarding, on average, about 26.6% of the points we generate. Finally, the com-
putation of each non-dominated point takes about 80 seconds on average. Thus, to
produce the entire finite set of non-dominated points for |K| = 72 available beam
angles our approach will take no more than 3.5 hours, which is much shorter than
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Table 2: Results obtained for all 6 instances tested in this study.

Instance Num Points Fraction of Num Points Fraction
Generated Naive Approach Discarded Discarded
CERR 146 12.2% 37 25.3%
TRT001 148 12.3% 39 26.4%
TRT002 134 11.2% 25 18.7%
TRT003 156 13.0% 47 30.1%
TRT004 148 12.3% 39 26.4%
TRT005 162 13.5% 53 32.7%
Average 149 12.4% 39 26.6%

the 29 hours the solver takes to obtain only one non-dominated point using the
e-constraint scalarisation when considering |K| = 20 available beam angles (see
Table .

Figure [J] shows the results obtained for the CERR instance. The final set of
non-dominated points consists of the 80 points shown in Figure Points in this
set belong to only 3 of the 15 BACs (&', @2, &% in Figure .

6 Conclusions

In this study a method to efficiently search for a finite set of non-dominated points
of bi-objective mixed binary non-linear optimisation problems (BOMINLP), where
sub-problems obtained when fixing integer variables are convex, is proposed. We
take advantage of the convexity property of the sub-problem to iteratively discard
points that will result in dominated points of the bi-objective mixed binary opti-
misation problem. Using our method, the vast majority of the dominated points
from the sub-problem are discarded without any quality impairment on the final
set of non-dominated points of the main problem.

Our experiments show that our matheuristic can generate 80 approximately
non-dominated points for our test problem in 3.5 hours, while the traditional
epsilon-constraint method applied to the largest problem we could model (with
just 20 of the 72 angles considered by the matheuristic) took 29 hours to find just
one approximately non-dominated point. It is also 10 times faster than a naive
enumeration implementation. Further improvements may be possible, for example

through better choices in our qetBests(S}”{,l,S}(;7 cee S}(,‘y‘) function.

We applied the proposed method to a problem arising in radiation therapy
optimisation, namely the multi-objective beam angle optimisation problem and
obtained very good results. To further strengthen the support for the quality of
our algorithm it will be worth trying our proposed approach on other BOMINLP
problems such as the bi-objective joint facility location and the network design
problem addressed in (Carrano et al|(2007)). Further, extending our algorithm to
MO problems with more than 2 objectives can also be explored.

To make further progress in algorithms for solving BOMINLP problems, it
will be important to develop methods that can identify start and end points of
sections of the non-dominated set of the BOMINLP generated by specific sub-
problems SP(y), i.e. by addressing point (i) on page 7. Such algorithms can then
benefit from progress in exact methods in bi-objective convex optimisation or use
the algorithm proposed here as a sub-routine.
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A Lagrangian Multiplier Existence

Assume we have some optimal solution z* to MO-FMO(e, &7) for some €, o/ . We wish to show
that optimal dual variables (i.e. Lagrangian multipliers) exist for MO-FMO(e, &) at z*. To
show this, we show that solution z* satisfies the well known linear independence constraint
qualification (LICQ), i.e. that the gradients of the active inequality constraints are linearly
independent at the optimal solution z* to MO-FMO(e, «). Note that the constraints z € X (&)
simply indicate that all fluence variables belonging to beam angles not in &/ are zero, and
therefore are not present in the problem; see Section Therefore effectively has only two
gEUD constraints.

If only one of the two constraints is active, then the result follows immediately. Therefore,
we focus on the case where both gFUD inequality constraints are satisfied at equality.

Consider some organ r € {T, Oz}, and some beamlet k with intensity zj. The kth compo-
nent in VgEUD"(x) is given by

1 m

T a”—1 r e
8 1 m ” n n
92y SEUD (@) = T > Ay (Z A?z‘”) > <Z A?z“”i) (20)
j=1 i=1 i

-
mti4

<

If VgrUDT(z*) and VgEUD®2(z*) are not linearly independent, then there exists some

h > 0 for which 52~ gEUDT (z*) = h+ 52— gEUDO?(z*) for all k = 1,2,...,n. Our experiments
k zp,

show that each optimal solution z* to MO-FMO(e, /) has many dozens of non-zero z} values,
giving many dozens of non-zero values in VgEUD"(z*) and VgEUD2(z*). Furthermore, recall
that A]r.i 2> 0is a real-valued constant describing the rate at which radiation dose along beamlet
4 is deposited into voxel j in region r, and thus each non-zero A;i value is typically unique.
Given that we also have a7 # a©2, we conclude that for any practical problem, no such h
will exist, and so VgEUDT(z) and VgEUD®2(z) will be independent, showing that the desired
result will hold in practice.
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