Realization of Intensity Modulated Radiation
Fields Using Multileaf Collimators

T. Kalinowski

Abstract. In the treatment of cancer using high energetic radiation
the problem arises how to irradiate the tumor without damaging the
healthy tissue in the immediate vicinity. In order to do this as efficiently
as possible intensity modulated radiation therapy (IMRT) is used. A
modern way to modulate the homogeneous radiation field delivered by
an external accelerator is to use a multileaf collimator in the static or in
the dynamic mode. In this paper several aspects of the construction of
optimal treatment plans are discussed and some algorithms for this task
are described.

1 Introduction

In cancer treatment high energetic radiation is used to destroy the tumor. To
achieve this goal the irradiation process must be planned in such a way that the
tumor (target volume) receives a sufficiently high dose while the organs close to
it (organs at risk) are not damaged. In clinical practice the radiation is delivered
by a linear accelerator which is part of a gantry that can be rotated about the
treatment couch (see Figure[I]).

Fig. 1. A linear accelerator with a treatment couch

The first step in the treatment planning after the target volume and the organs
at risk have been localized is to discretize the radiation beam head into bixels
and the irradiated volume into voxels. Then a set of gantry angles from which
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Fig. 2. The leaf pairs of a multileaf collimator

radiation is released has to be determined. In order to increase the efficiency
of the treatment it is often desirable to modulate the intensity profile of the
radiation beam. So for each gantry angle an intensity function is prescribed, i.e.
an amount of radiation released at each bixel. Finally, we have to find a way
to realize this modulation. Here we consider only the last step of this planning
process. That is as our starting point we take an intensity function for a fixed
irradiation angle. We assume that the radiation head is a rectangle and choose
a partition into equidistant cells as discretization. Then the intensity function
can be described as a nonnegative matrix whose entries are the desired doses at
the corresponding bixels. A modern approach to the modulation of homogeneous
fields is the usage of a multileaf collimator (MLC). A multileaf collimator consists
of one pair of metal leaves for each row of the intensity matrix (see Figure [2I).
These leaves can be inserted between the beam head and the patient in order to
protect parts of the irradiated area. So differently shaped homogeneous fields are
generated and by superimposing a number of these the given modulated intensity
can be realized. There are two essentially different ways to generate intensity
modulated fields with multileaf collimators: in the static mode (stop—and—shoot)
the beam is switched off when the leaves are moving while in the dynamic mode
the beam is switched on during the whole treatment and the modulation is
achieved by varying the speed of the leaf motion. Two important criteria for
the quality of a treatment plan are the total irradiation time and the total
treatment time. The total irradiation time should be small since there is always
a small amount of radiation transmitted through the leaves, and if the used model
ignores this leaf transmission the error increases with the total irradiation time.
A small total treatment time is desirable for efficiency reasons. In the dynamic
mode the two criteria coincide. So here the problem is to determine a velocity
function for each leaf such that the given intensity is realized in the shortest
possible time. In the static mode the whole treatment consists of the irradiation
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and the intervals in between when the leaves are moved. Thus we have two
parameters which influence the total treatment time: the irradiation time and
the number of homogeneous fields that are needed. How these parameters have
to be weighted depends on the used technology: the longer the time intervals
between the different fields are, the more important becomes the reduction of
the number of fields. The lengths of these time intervals is influenced by the leaf
velocity and by the so called verification and record overhead, which is the time
necessary to check the correct positions of the leaves. In a more realistic model
one should also take the shapes of the fields into account, because clearly the
necessary leaf travel time between two fields depends on the shapes of these fields
(see [I8I2]). The dynamic mode has the advantage of a smaller total treatment
time, but the static mode involves no leaf movement with radiation on and so
the verification of the correct realization of the treatment plan is easier which
makes the method less sensitive to malfunctions of the technology.

There are additional machine—dependent restrictions which have to be con-
sidered when determining the leaf positions:

Interleaf collision constraint (ICC): In some widely used MLC’s it is for-
bidden that opposite leaves of adjacent rows overlap, because otherwise these
leaves collide. So leaf positions as illustrated in Figure [3] are not allowed.

% 7 2
# 7 %

Fig. 3. Leaf position that is excluded by the ICC. The shading indicates the area that
is covered by the leaves

Tongue and groove constraint: In order to reduce leakage radiation between
adjacent leaves the commercially available MLC’s use a tongue—and—groove
(or similar) design (see FigureH]) with the effect that there is a small overlap
of the regions that are covered by adjacent leaves.

Consider two bixels z and y that are adjacent along a column and two
homogeneous fields, where in the first field z is irradiated and y is covered and
in the second field y is irradiated and « is covered. Then in the composition
of these fields along the border of x and y there is a narrow strip (the
overlap of the regions that are covered by the leaves in the rows of z and
y, respectively) that receives no radiation at all. Figure [l illustrates this for
the intensity map (% 3).

To avoid this effect one may require that two bixels that are adjacent
along a column are irradiated simultaneously for the time the lower of the
two doses is delivered. Then the border region receives this lower dose. If this
is the case for all the relevant pairs of adjacent bixels the treatment plan is
said to satisfy the tongue and groove constraint.

In this paper we collect some of the known algorithms for the intensity modula-
tion of radiation beams with multileaf collimators in a unified notation.
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l Radiation

leaf 1 leaf 2 leaf 3 leaf 4 leaf 5

Fig. 4. The principle of the tongue—and—groove design. The picture shows a cut through
the leaf bank perpendicular to the direction of leaf motion.

2 Static Methods

This chapter is organized as follows. In the first section some notation is intro-
duced and we describe a linear programming formulation of the total irradiation
time minimization (taken from [7]). In the second section we prove that the
minimization of the number of homogeneous fields that are needed is an NP—
complete problem. The remaining sections are devoted to the discussion of some
concrete algorithms.

#

3MU 2MU

1 MU S 1 MU ki

1 MU IMU A

(@) (b)

Fig. 5. Two realizations of the same intensity map. (a) The overlap of bixels (1,1) und
(2,1) receives no radiation because of the tongue and groove effect. (b) The overlaps of
bixels that are adjacent along a column receive the smaller one of the doses delivered
to the overlapping bixels.
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2.1 Notation and LP—Formulation

Throughout we use the notation [n] := {1,2,...,n} for positive integers n.
The given intensity function can be considered as a nonnegative integer matrix
A= (a;;) 1gigm . A segment is a matrix that corresponds to a leaf position of an

MLC. ThlS is made precise in the following definition.

Definition 1. A segment is an m x n—-matriz S = (s; ), such that there exist
integers l;, r; (i € [m]) with the following properties:

1<l;<rm+1<n+1 (i € [m]), (1)
1z li S ] S i . .
Sid = {0 (f;herwgse (@ € [m], j € [n]). (2)

So l; — 1 and r; + 1 have to be interpreted as the positions of the i—th left and
right leaf, respectively. A segmentation of A is a representation of A as a sum of
segments, i.e.

k
A= Z uiSZ
i=1

with segments S; and positive numbers u; (i = 1,2, ..., k). Every segmentation
corresponds in the obvious way to a treatment plan realizing the given intensity
matrix A. Our goal is to minimize the total number of monitor units (TNMU)
and the number of segments (NS), which in the segmentation correspond to
Zle u; and k, respectively. First of all, observe that in general it is not possi-
ble to minimize both of these parameters simultaneously. For the segmentation
problem with ICC this was shown by an example in [J]. Here we give an example
that is independent of the ICC, that means the simultaneous minimization is not
possible, no matter if the ICC is taken into account or not. The matrix (%8 2)
has a segmentation with 6 monitor units

(38 =3V 1D +1GID+1GID+1(F5D),

and this cannot be done with 3 segments. However, if we allow to use 7 monitor
units, 3 segments are sufficient:

(188)=4(21)+2(561)+1(8%4)-
But it will be an easy consequence of Lemma [I] below, that for a single row A,

i.e. in the case m = 1, both parameters can be minimized simultaneously. By F
we denote the subsets of V' := [m] x [n] that correspond to segments, that is

F ={T CV: There exists a segment S with ((¢,j) € T <= s;; =1)}.
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Now an LP-relaxation of the TNMU-minimization problem is given by:

> f(T') — min subject to
TEF
(P) f(T) =0 VT € F,
f(T)=a;; Vi, j)eV.
TeF:(i,§)€T

In order to show that a certain algorithm is optimal with respect to the TNMU
one can use the dual of this program:

> ai;9(i,j) — maxsubject to
(i,5)EV
(D)
> g(i,j) <1 VT € F.
(i,5)ET

Following [7] one can define the functions g5 (1 < s < m) by

l1if¢= S, Qi > Q5 5—1 and Qi 41 < Q45
9s(i,7) = ¢ —lifi=s, a;j <a;j—1 and a; 41 > a;;
0 otherwise,

where we put a; 0 = a;n+1 = 0 for all 4. It is easy to see that the g, are feasible
for (D) and that

Z a;;9s(i,7) Zmax{o Qsj — Qs j—1}-

(i,5)eV
Thus
max ZmaX{O @i — Gij—1}

1<i<m
is a lower bound for the TNMU of a segmentation, and in order to show the
optimality of a given algorithm it is sufficient to show that it realizes this bound.

In order to include the ICC into our model we have to add the following
conditions to the definition of a segment:

(ICC) l; < Tiv1 + 1, r; > li+1 —1 (’L S [m — 1}) (3)

2.2 NS—Minimization is NP—Complete

According to [I] R.E. Burkard showed that the NS—minimization is NP—complete
for m > 2. Here we describe a formulation of the (m = 1)—case which was
found independently by the author and the authors of [I], and yields the NP—
completeness in this case. The intensity map is an n—dimensional row vector
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a = (a1, as,...,a,) with nonnegative integer entries, and a segment is an n—
dimensional (0,1)—vector s = s(I,r) with

iy {Lifl<isr
7771 0 otherwise,

for some integers | and r. Now the decision version of the NS—minimization
problem is the following: given a row vector a = (a1,...,a,) and an integer
N, is there a segmentation of a with at most N segments? In order to prove
the NP—completeness of this problem we give a network flow formulation of the
segmentation problem. We define the digraph I" = (V, E), where

V=[n+1],
E={(,j) : 1<i<j<n+1}

Now a flow y; 41 > 0 on an arc (I, + 1) € E can be associated with the vector
yi,r+18(1, 7). Then a segmentation of a corresponds to a flow on I', such that

the net flow at vertex i is —d;, where d; := a; — a;— for ¢ = 1,2,...,n and
dpt1 = —ay, i.e.

i—1 n+1

Z%ﬂ' - Z Yij = —di (i € [n+1]).

j=1 j=i+1

In order to count the segments in the considered segmentation we introduce the
(0,1)—variables z; ; for 1 < i < j < n+1, where x; 41 = 1 iff the segment s(I, )
has nonzero coefficient. So we can write the problem of finding a segmentation
with minimal number of segments as the following fixed charge network flow
problem:

Z x;; — min subject to (4)
1<i<j<n+1
Yij < Ly (1<i<j<n+1) (5)
i-1 n+1
>oyi— Y viy=—di  (i€h+1]) (6)
i=1 =it
x5 €{0,1}, yij; € Ry 1<i<j<n+1), (7)

where L is an upper bound for the coefficients in the segmentation, e.g. the
maximum entry of A.

Lemma 1. There is an optimal solution to @) -(T) with y; ; = x;; = 0 for all
(4,5) with d; <0 or d; > 0.

Proof. Let (x,y) be an optimal solution and assume there is positive flow y; ;
on some arc (4,7) with d; <0 or d; > 0. Let

o(x,y) =|{(i,j) € E : y;; >0and d; <0ord; >0}
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We construct another optimal solution (x/,y’) with ¢(x’,y’) < ¢(x,y). Repeat-
ing this step if necessary, we finally obtain a solution (x”,y"”) with ¢(x”,y"”) = 0,
and thus (x”,y"”) is the required solution. Let (i1, %2, ...,4;) be a path with the
following properties:

1. Yipins, > 0and (d;, <Oord; , >0)for1<k<t—1.
2. For i <1, y;;, > 0 implies (d; > 0 and d;, < 0).
3. For i > i, y;, ; > 0 implies (d;, > 0 and d; < 0).

Such a path with ¢ > 2 exists by assumption.

Case 1: d;;, >0 and d;, <0.
Let o = min{y;, 4., : 1<k <t—1}, and put

y;k,ik+1 = yikvik«i»l -« (1 S k S t - 1)’

. !
x/ B {1 if Yirsing: > 0,
Tk, 0k - 3 / —
k1 0if Yipinsr = 0,
r
Liy iy = 1,

/ _— . .
Yir iy = Yir,ie T

and z} ; = ¥, y; ; = yi; for all the remaining (4, j). Obviously, the tran-
sition from (x,y) to (x’,y’) preserves the net flows at the vertices, hence
(x',y’) is a feasible solution. Now for at least one k € [t — 1], x4, 4., = 1
and x/ = 0 and since the only x—component which might change from

oslkt1 ;
0 to 1is z;, 4,, we obtain

YETEIED DI

1<i<j<n+1 1<i<j<n+1
hence (x,y’) is also optimal. Finally, for a k € [t — 1] with y;, 4,,, = o,
y;kvml = 0. And since (i1,%¢) is the only arc with increasing flow and does
not contribute to ¢,

o(x',y") < o(x,y).

Case 2: d;; > 0 and d;, > 0.
Since the net flow in 4; is nonpositive there is some 4;11 > i3 with y;, 4,,, >0
and by condition 3, d;,, < 0. Now we make the same construction as in Case
1 with the path (i17 . 7it7 it+1).

Case 3: d;, <0 and d;, <0.
Since the net flow on 7; is nonnegative there is some i < %1 with y;,4, > 0
and by condition 2, d;, > 0. Now we make the same construction as in Case
1 with the path (ig,i1,...,4).

Case 4: d;; <0and d;, > 0.
As in the Cases 2 and 3, there are iy < 41 and %441 > 4 with y;,, > 0,
Yigiepr > 0, diy > 0 and d;,, < 0, and we can make the same construction
with the path (io, i17 ey it+1).
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So we can restrict our search to the arc set
Eo={(i,§) : 1<i<j<n+1,d; >0, d;j <0}

and thus we have reduced the problem to a fixed charge transportation problem
with sources S = {i : d; >0} and sinks T'={j : d; < 0}.

Example 1. The segmentation

(241314)=2(110000)+(010000)+(011111)4+2(000100)
+3(0o00001) (8)

corresponds to the flow in Fig. [@.

1-2)

2(-2) 303)
4(2) 2 52)
6(-3) - 7@

Fig. 6. The flow corresponding to the segmentation (§). The numbers in parentheses
are the net flows at the vertices.

Remark 1. Observe that in an optimal flow satisfying the conditions of Lemma
[@ the sum of the flows over all arcs, i.e. the TNMU of the corresponding seg-
mentation, equals the sum of the net flows at the sinks. Clearly, this is a lower
bound for the TNMU, hence the corresponding segmentation is also optimal with
respect to the TNMU. So for m =1, in contrast to the general case, the TNMU
and the NS can be minimized simultaneously.

Using this transportation formulation we can now prove the NP—completeness.

Theorem 1. The NS—-minimization problem is NP—complete.

Proof. The problem is obviously in NP, and to show the NP-hardness we reduce

the 0 — 1—knapsack problem: given positive integers ci,...,c,—1, K, is there a
subset I C {1,...,n—1} with > ¢; = K 7 We put
i€l

ai:ch (i=1,2,....,n—1)and a, = K,
j=1
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and claim that the answer to the 0 — 1—knapsack problem (c1, ¢, ..., ¢p—1, K) is
yes iff the answer to the NS-minimization problem (a1, as, ..., a,,n — 1) is yes.
We distinguish 3 cases.

n—1
Case 1: K> > ¢;i=an_1-
i=1
The answer to the knapsack problem (ci,¢a,...,cq—1,K) is no, and in the
transportation problem corresponding to the segmentation we have n sources
and 1 sink, so we need n edges with nonzero flow and hence the answer to

the NS—minimization problem (a1, ..., a,,n — 1) is also no.
n—1
Case 2: K = > ¢; = ap_1.
i=1
The answer to the knapsack problem (¢, co, ..., ¢n—1, K) is yes, and in the
transportation problem corresponding to the segmentation we have n — 1

sources and 1 sink, so n — 1 edges with nonzero flow are sufficient and the

answer to the NS—minimization problem (aq,...,a,,n — 1) is also yes.
n—1
Case 3: K < Y ¢;=an_1.
i=1

In the transportation problem we have n — 1 sources with supplies ¢y, ca, . . .,
cp—1 and 2 sinks with demands K and a,_; — K. At every source there
must be at least one outgoing arc with nonzero flow. So altogether there are
at least n — 1 edges with nonzero flow and n — 1 arcs are sufficient iff at
every source there is exactly one outgoing arc with nonzero flow. But this is
equivalent to the existence of a subset I C {1,2,...,n— 1} with " ¢; = K.
i€l
Due to this result it is reasonable to look for a good approximative algorithm
for the NS—minimization.

2.3 The Algorithm of Galvin, Chen and Smith

In [8] the authors propose a heuristic algorithm which aims at finding a segmen-
tation with a small NS. As several of the algorithms below it works according
to the following general strategy: depending on the given matrix A a coeffi-
cient v > 0 and a number of segments S1,S55,...,5; are determined such that
A= A—wu(S1 + S2 + -+ St) is still nonnegative, and then the algorithm is
iterated with A’ instead of A. It is clear that this always yields a segmentation
of A. Since in a number of algorithms the maximal entry of A is a parameter,
it is convenient to give it a name. So let L denote the maximal entry of the
considered matrix A for the rest of this thesis. The algorithm from [§] works as
follows

1. In a preliminary step eliminate the background intensity, that is put A :=
A—wudJ, where u is the smallest entry of A and J is the m x n all-one matrix.

2. Let u be the smallest integer such that ju(u+1) > L.

3. Mark all the entries of A which are greater or equal to u, i.e. which can be
irradiated with « MU.
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4. Determine a sequence of segments whose sum is a (0, 1)—matrix S which has
a 1 at position (4, 7) iff the entry (i, j) is marked.
5. Put A:= A—uS, u:=wu—1 and continue with step 3.

If we do not consider interleaf collision constraints the rows can be treated
independently and step 4 can be realized as follows. In each row i, we find
the maximal intervals of entries which are greater than or equal to u. These
intervals can be described by their left and right boundaries, that is by numbers
Lty 5 ligy and 731, .., 7 4(5), such that

1<l rige <n,
l@k <7k (1 <k< t(i)),
Tik <lig+1 —1 (1 <k< t(l) — 1)7
N {> wif l; ) < j <r;y for some k,
“J | < u otherwise.

With the additional convention that ¢(i) = 0 for rows without entries greater
or equal to w and l;, = n+ 1, r;, = n for k > t(i), the whole procedure is
summarized in Algorithm [T

Algorithm 1. Galvin, Chen and Smith
w:=min{a;; : 1<i<m,1<j<n}
A=A—uJ
w:=min{k : Jk(k+1)>L}
while A # 0 do

for i =1 tom do
determine li,l, lz‘yz, .. 7li,t(i)7 Ti,15 74,2y oy Tt ()
t:= max t(7)
1<i<m
for 1 < k <tlet Sk be the segment determined by the l; i, 7k
t
S:= > Sk
k=1
A=A—-uS;u:=u—1

Example 2. We will illustrate some of the described algorithms by construction
of a segmentation for the benchmark matriz (from [J[T7]])

450145
241314
A= 232124
533253
110011 120112
For uw =3 we obtain S = <8%8(1)8%) with residual matriz <§é%?%%)
111011 200220
010001 100110
For u =2 we obtain S = (%8?8?8) with residual matriz (8(1)(1)(1)(1)%).
100110 000000
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So the total segmentation is

2.4 The Algorithm of Bortfeld et al.

The first segmentation algorithm which is optimal with respect to the TNMU
was introduced in [3]. Again we neglect additional constraints like ICC, and so
the rows can be treated independently. Let a = (a1, as,...,a,) be a row of A.
In addition we put ag = an4+1 = 0 and L = 1rélza<xn a;. Now, for 1 < k < L, we

determine the index sets
P.={ien] : ai-1<k<a}, Qp={i€[n] : a; >k >aiw1},

and put P = J, Pk, Q@ = |J, @« where the unions have to be understood in the
multiset sense. Observe that, for each k, |Py| = |Qx|, and that

n

L
C .= Z |Pk| = ZmaX{O,ai — ai_l}.
k=1

i=1

If P = (p1,p2,---,0c) and @ = (q1, 42, - -, q.) are ordered such that ¢; > p; for
all 7, then we can write a as a sum of ¢ segments b(*), ... b(®) defined by

@) — lif p; <j < q,
J 0 otherwise.

In [3] two variants of the segmentation algorithm are deduced from this. For the
sweep technique P and @) are ordered independently by magnitude, i.e.

P1E<p2<...<Pey, @1<q2=<...< (-

For the close—in technique the P and the @y are ordered by magnitude, each
element of a P is paired with the corresponding element of () and the resulting
pairs (p, q) are ordered by the magnitude of the first component.

Combining the segmentations of the single rows one can produce segmenta-
tions for general intensity matrices.
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450145
Example 3. For the second row of A = <§ 3131 3) we obtain
533253
P = {1}, P, ={1,4,6}, P, = {2,4,6), P, = {2,6},

Q1 ={6}, Q2=0Q3=1{2,4,6}, Q1 ={2,6}
and the sequence of pairs (p,q) using the sweep technique is
(1,2),(1,2),(2,2),(2,4), (4,4), (4,6), (6,6), (6,6), (6,6),
while the close—in technique yields

(1,6),(1,2),(2,2),(2,2),(4,4), (4,4), (6,6), (6,6), (6,6).

—+
—_
NRWH N N

000001 000000

000000 000000 and

000000 000000
450145 00 110000 110000
241314 i1 110000) 4 1(010000
232124 11 111000 010000
533253 11 111111 111000

— oooo
I
—_
N———— N — N———
=t e
i
-0

oROO

~__~ OooOo
+
[a—
N~ ~ o~ —— N~ o

2.5 The Algorithm of Engel

Engel proposes an algorithm which is optimal with respect to the TNMU and
almost optimal with respect to the NS. The theoretical result underlying that
algorithm is

Theorem 2 ([7]). The minimal TNMU of a segmentation of A equals

c(A) = max ¢i(A), where (9)
ci(A) = Zmax{O, @i j — Qi j—1} (10)
j=1

(Recall that a; 0 = a;pn+1 =0 for all i.)
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Using this terminology the reason for the optimality of the algorithm of Bortfeld
et al. can be summarized as follows: if A’ is the residual matrix after the first
step, then by construction

ci(A) =¢i(A) -1, (11)

for all ¢ with ¢;(A) > 0, in particular ¢(A") = ¢(A) — 1, and thus after ¢c(A) steps
A is reduced to the zero matrix. The drawback of this method is that a priori
all the segments have coefficient 1, and thus the NS is rather large. Obviously,
if the algorithm yields the same segment S in u different steps, these can be
combined to obtain one segment with coefficient u. In view of ([I]) this amounts
to the search for a pair (u,.S) of a positive integer v and a segment S such that
A — uS is still nonnegative and

ci(A—uS) =c¢(A) —u,
for all 4 with ¢;(4) > 0. But this condition is unnecessary strong: we only need
c(A—uS)=c(A) —u, (12)
ie.
ci(A—uS)<c(A) —u (13)

for all 4. For the choice of the coefficient u it is a suggestive strategy to take the
maximal u for which there exists a segment S such that A — uS is nonnegative
and ([2)) is true. Let t;,q, be this maximal possible value for u. According to
[7], wmaz can be determined as follows. We put

dij=aij—aij1 (1<i<m, 1<j<n+l)

and consider some segment S, given by l1,...,l, and r1,...,7,. One can prove
(see [7]) that it is no restriction to assume that, for all 4, either I; = r; + 1 or
(dig; > 0 and d;r,+1 < 0), and that under these assumptions ¢;(4 — uS) <
¢(A) — u is equivalent to u < v;(l;,7;), where

gZ(A) ifl:T'f-L
vi(l,r) = § gi(A) + min{d;;, —d; 41} if [ <7 and g;(A) < |diy + dirq1l,
(di,l — diﬂqu + gZ(A)) /2 if I <7 and gi(A) > ‘di,l + di,r+1|;

with g;(A) := ¢(A) — ¢;(A). For convenience we denote the set of pairs (I,r) to
which we restrict our search in row ¢ by Z;, that is we put

i ={({,r) : 1<i<r+1<n+1
and either | =r+1 or (d;; > 0 and d; ,+1 < 0)}.

Clearly the nonnegativity of A—uS is equivalent to u < w;(l;,r;) for all 4, where

00 ifl=r+1,
wi(l’T) = min ;. j ifl <.
I<j<r



1024 T. Kalinowski
Now we put, for 1 <47 <m and (I,r) € Z;
@; (1, r) = min{v; (I, ), w; (1, 7)},

and for 1 <i < m,

u; = max u;(l,7). 14
s (L,r) (14)
Then
Umar = Min u;. (15)
1<i<m

In order to construct a segment S such that, for u = uqq, A—uS is nonnegative
and (I2) is true, we just have to find, for every i € [m], a pair (I;,r;) € Z; with

az(lu Ti) Z Umax-

A trivial way of doing this is to take a pair (I;, ;) where the maximum in (I4) is
attained, i.e. with @;(l;, ;) = @;. These (I;,r;) can be computed simultaneously
with the calculation of u,q, and this method yields mn +n — 1 as an upper
bound for the NS of the segmentation (see [7]). But there are better constructions
for S after the determination of ;4. We describe a construction of S which,
on randomly generated test matrices, yields slightly better results than the one
given in [7]. We put

q(A) = [{(i,j) € [m] x [n] : dij # 0}, (16)

and choose a segment S so that (A — uS) is minimized. To make this precise,
for 1 <¢<mand (I,7) € Z;, we put

2 if di,l = _di,r+1 = Umaxzx,
pi(la"n) = 1 lf di,l = Umazx 3& _di,T’-l-l or d@l 7& Umar — —di,r—&-la
0if =7+ 1 or (dig # tUmaz and — di 11 7 Umaz)-

Now for (I;,7;) we choose among the pairs (I,7) € Z; with @;(l,7) > Umqee One
with maximal value of p;(l,r), and if there are several of these we choose one
with maximal value of r — [.

Example 4. For the benchmark matriz the algorithm yields

450145 110000 000011 000111
241314 ) _»4(000001 +2 000100 +1 111100
232124 ) — 000001 111000 000110
533253 100000 011110 111000
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2.6 The Algorithm of Kalinowski

In [TT] the approach of [7] is generalized to include the ICC. For this purpose we
—
reformulate Theorem 2] as follows: let Gy = (V, Ep) be a digraph with

V =[m] x [n+1]U{s,t},

Ey=FE{ UFEy; where

Ey={(s,(4,1)) : i € [m]}U{((i,n+1),t) : i€ [m]},
E2 = {((Z,j),(l,j—F 1)) SRS [m}vj € [n_ 1}}7

and define a weight function ¢ on CTO) (depending on A) by

6(s, (i,1)) = ain i € [m],
§((i,n+1),t)=0 i € [m],
6((i,7), (i, + 1)) = max{0, d; j 11} i €[m],j € [n].

An equivalent formulation of Theorem [2is

Theorem [Z] 1. The minimal TNMU of a segmentation of A (without ICC)
—
equals the mazimal weight of an (s,t)—path in Gy with respect to A.

The vertices (i,n+1) (i € [m]) are not necessary here, since the arcs ((é,n), (i, n+
1)) have weight 0 anyway. But we have added them to avoid case distinctions
below. In order to model the ICC in the graph we have to add some additional

arcs. We define the digraph G = (V, E) with £ = Ey U E3 U Ey4, where

By ={((1,5),(i+1,5)) : 1<i<m-—1,1<j<n-1},
Ey={((,5),(i—1,j5) : 2<i<m, 1<j<n—1},

and we extend § to E by

0((¢,7),t+1,4) = —a; ; 1<i<m—-1,1<53<n—-1,
(5((17])7(2—1,.])):—047] QSZS’I’R, ISJSn_l

In Figure [ the construction is illustrated for the matrix

450145

A=|(241314
—\232124 |-

533253

Theorem 3. The minimal TNMU of a segmentation of A with ICC equals the
-
mazximal weight of an (s,t)—path in G with respect to A.

The main result of [11] is

We denote this maximal weight by c(A):

¢(A) = max{d(P) : Pisan (s,t) — path in C_j}
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0000,
RSN
RO 00O,

Fig. 7. The weighted digraph corresponding to the benchmark matrix

The proof of the theorem consists of two parts. First with an (s, ¢)—path P in (—i
we associate a function gp : [m] x [n] — {0,1, —1} such that g is dually feasible
for the TNMU-minimization, and for some (s,t)-path P with 6(P) = ¢(A) we
have

Z ai,jg(ivj) :6(P)

(i,5)€[m]x[n]

From this by duality we conclude that the TNMU of a segmentation is greater
or equal to ¢(A). The function gp that does the job is

1 if{(lvj)7<7’ J +1) ('L,j+2)} C Pv di,j > 07 di,j+1 < 07
lif{(17])7<z.]+ )}CP7 (Z7J+2)¢Pa dm‘ZO,
—1if {<Z .])7<Z J+ 1)’(Z’j+2)} C P, di,j <0, di,j+1 >0,
gp(i,j)=q —Lif (,j) € P, (i,j +1) € P,
—1if {(i -1 J) (4,4), (i+1,5)} C P,
—1if (Zvj) ¢ Pv (%.7"‘ ]-) € Pv di,j+1 > 07
0 otherwise.

The second part of the proof is the construction of a segmentation of A with
TNMU c¢(A). For this we put Ag = A, and in the i—th step we construct a
segment S = S; such that ¢c(4;-1 —5) = ¢(A;—1) — 1, and put 4; = A;,_; — S.
So for k = c¢(A) after k steps we obtain ¢(Ax) = 0 and this implies Ay = 0. By
construction

is the required segmentation. In order to describe the construction of S for a
fixed A we put
N
a1(4,j) = max{o(P) : Pisan (s,(i,j)) —path in G},
as(i,j) = max{6(P) : Pisan ((i,5),t) — pathin G},
a(lvj) = al(ivj) + a2(i7j)7
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and define two subsets of [m] x [n],

Vo= {(i,) € Vi : ali.j) = c(A), ar(i,§) = ai}.

Now the segment S (described by the I;, r; (i € [m])) can be constructed ac-
cording to Algorithm[2l The proofs that the gp have the claimed properties, and
that the algorithm yields the required results are quite technical and we omit
them here (see [11] for the details).

In order to reduce the NS one can proceed analogous to the algorithm of Engel.
In [12] is described a backtracking algorithm, that determines a pair (u, S) of an
integer w and a segment S such that A—uS is nonnegative, c(A—uS) = c¢(A) —u
and u is maximal under the condition that a segment with these properties exists.

Vi = {(273) S [m] X [n] : di,j >0, di’j+1 < 0},

Example 5. For the benchmark matriz the algorithm from [17] yields

450145 000011 110000 000001
241314 =3 000001 +3 010000 +1 000111
232124 000001 000000 000010
533253 000011 100000 011110

Algorithm 2. Segment S(A, Vz)
for (i,5) € V2 do
li :=max{j’' <j : a;;y =0}+1
T ::j
fort=1to1 — 1 do
51 ll = lil;ri = lz—l
for : =1 + 1 to m do
li = lit; Ty = li -1
for k=1tot—1do
if jr > jik+1 then
10: 1= 1k
while ¢ < ix4+1 and I; > Tigey +1 do
ti=1+1
Ty = lz‘fl -1
liz=max{j <r; : a;; =0} +1

15: fori =i+1toir —1do
T = Ti g i i=ry+1
else
7= ik+1
while ¢ > ¢y and l; > r;, +1 do
20: i:=1—1

Ty = lz‘+1—1

li:=max{j <7 : a3 =0} +1
fori =i, +1toi—1do

Ty 1= Ty Ly =1y +1
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2.7 The Algorithm of Xia and Verhey

In [24] another heuristic method for the construction of a segmentation with
small NS is proposed. Here again the general principle is to determine a coeffi-
cient u and a segment S and to continue with A — wS. The coefficient is chosen
to be a power of 2 which is close to half of the maximal entry of A, precisely
u = 2ﬂogL]717

where the base of the logarithm is 2. The next step towards the algorithm is the
observation that in the two—column case every (0, 1)-matrix is a segment. So for
a two—column matrix A the segment corresponding to the coefficient © may be
defined by

P 1ifam-2u,
“J 71 0 otherwise.

In the whole segmentation process every power of 2 between 1 and 2[logL1-1
appears at most once as a coefficient, and thus the NS is at most [log L]. The
straightforward generalization of this method to an n—column matrix A is to
divide A into two—column submatrices, and apply the algorithm to these sub-
matrices. (If n is odd one has to add a dummy (n+ 1)-th column with all entries
equal to 0.) This yields [ % ][log L] as an upper bound for the NS. Actually, this
bound can be replaced by

31

> Mog L],

k=1

where Ly is the maximal entry of the submatrix which consists of the columns
2k — 1 and 2k. Obviously, it is not very efficient to treat the two—column sub-
matrices independently, because it may be possible to combine some segments
for different two—column submatrices to obtain a single segment for the whole
matrix. The authors of [24] propose two ways of doing this. The sliding window
technique determines the coefficient always according to the leftmost nonzero
two—column submatrix, say columns j and j + 1. Then the leaves are set to
obtain the largest possible extension of a leaf setting for columns j and j + 1.
The reducing level technique determines the coefficient according to the maximal
entry of the whole matrix A and sets the leaves such that the irradiated area,
i.e. the number of 1’s in the segment S, is maximal.

Example 6. The segmentation of the benchmark matriz using the sliding win-
dow technique is
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and with the reducing level technique we obtain

4
2
2
5
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In [I7] four variations of the Xia—Verhey—algorithm are compared to the algo-
rithm of Galvin, Chen and Smith and the algorithm of Bortfeld et al. The three
alternative versions of the Xia—Verhey—algorithm differ in the choice of the coef-
ficient u. In the first one it is uw = [ L], in the second one it is the nearest integer
to the average of the nonzero entries of A, and in the third one it is the median
of the nonzero entries of A. The essential result of the comparison is that none
of these variants is most efficient in all cases (neither for random test matrices
nor for clinical examples), but the original version of Xia and Verhey yields on
average the smallest NS. The NS can be reduced by a factor of 2 compared to
Bortfeld’s algorithm at the cost of an increase of the TNMU by about 50%.

2.8 The Algorithm of Siochi

In [1I8] a segmentation algorithm is described which is the basis of the Siemens
IMFAST algorithm, as implemented in the commercial IMRT planning system
CORVUS. This algorithm minimizes a more realistic measure for the total treat-
ment time which takes into account both the irradiation time and the leaf travel
time. For the segmentation A = Zle u Sy we put

k k
U
T = E Dt+ E max{TVR,(St}, (17)

t=1 t=2

where D is the dose rate (in MU /min), Ty g is the verification and record (V&R)
overhead and

0; = max max
v v

1 =gV =Y

1<i<m ’

is the leaf travel time between segments ¢ — 1 and t. Here v is the leaf speed,
and lgt_l)mgt_l) (i € [m]) and lgt)mgt) (i € [m]) are the parameters of the
segments t — 1 and t, respectively. The second sum starts at ¢t = 2 since it is
assumed that the leaves are set to the first position before the treatment starts.
The motivation for taking the maximum in the second sum in (I7) instead of
the sum of the two values is that we can already start the V&R~—cycle in rows
where the leaves have already stopped while in others they are still moving, and
according to [I8] the V&R of the last leaf pair is negligible compared to that of
all the others combined. Now the proposed algorithm is a combination of two
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parts called extraction and rod pushing. The extraction part is closely related
to the algorithm of Galvin, Chen and Smith, but formulated in a way that
allows to include ICC and tongue and groove constraints. The rod pushing part
is essentially a reformulation of the algorithm of Bortfeld et al. in a geometric
setting, but also adjustable to additional constraints. First we describe the basic
algorithm without additional constraints, and after that we show how the two
parts have to be modified to include the constraints.

The basic algorithm

Rod pushing: The matrix A is visualized as a rectangular m X n—array of
rods, where the rod at position (¢, j) consists of a; ; cubes. In the beginning
all the rods stand on a plane 7. Fig. Bl illustrates this for the matrix

142
321 .
122

Fig. 8. Visualization of an intensity matrix as an array of rods

Now we push some of the rods up in order to achieve a situation where, for
all h > 0, the positions of the cubes at height h (above 7) can be used to
describe a segment. The position of any rod (i, j) is uniquely determined by
the height of its lowest cube (the base of the rod), which we call b(i, j). That
is, the rod (¢, 7) occupies the cubes

(i,4,0(i, 7)), (1,4, 0(i,3) + 1), - .., (i, 4, 13, 1)),

where t(¢,7) := b(¢,j) + a;,; — 1 is the height of the highest cube (the top)
of the rod. Now the rod pushing procedure can be described as follows:
for i =1 tom do
b(i, 1) = 1, t(i, 1) = Q4,1
for j =2tondo
if Qi j > Q51 then
b, ) = blisj — 1); (i, 5) = b(i,§) + asy — 1
else
t(i,5) = t(3, j — 1); b(i, ) = t(i, §) — aij + 1
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 —

F

Fig. 9. The rod pushing process for one row

Fig. @ illustrates the rod pushing process corresponding to the segmentation

(1423412)=(1100000)+(0100000)+(0111100)

+(o111100)+ (0001100)+(0000111)+(0000001)

By construction, for every h, the cubes at height h describe a segment, the
sum of these segments is A and the maximal height of a cube in row i
is 37 max{0,a;; — a; j—1}. So by Theorem [2 the result is optimal with
respect to the TNMU, and one can check that the same segmentation is
obtained by the algorithm of Bortfeld et al. using the sweep technique.

Extraction: This step consists of the determination of a sequence of coeffi-
cients w1, ug, ..., ur, and corresponding segments S, ..., Sk, such that the
residual matrix

k
A=A=> " wsS,
i=1

is nonnegative. The optimization algorithm does an exhaustive search on a
certain set of pairs (ko,u) where kg is a positive integer and u is a kg—tuple

u = (u1,...,up,) of positive integers (to be defined below). For each of these
pairs, a sequence of segments (S, ..., Sk,) is determined as follows.
Ao =A

for i =1 to kg do

determine a segment S; with respect to the matrix A; 1 and the coeffi-

cient u; as in the algorithm of Galvin et al.

Aji= Ao —wilS;
Then the rod pushing procedure is applied to Ak, and the pairs (ko,u)
are evaluated according to the total treatment time 7 for the segmentation
that results from the combination of the two parts. Finally, the (u1,. .., ug,)
yielding the smallest 7 is chosen for the segmentation together with the
corresponding (Si,...,Sk,) and the subsequent rod pushing segments. The
search space is restricted by the following conditions, which have been found
to be strong enough to make the search computationally feasible but weak
enough to give good solutions ([18]).
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—_

UL Z UL Z 2 Uk,

2. uy < max{ LL /2], u} where 4 is the extract value yielding the best result
if we extract only one segment before applying the rod pushing, i.e. if
ko = 1.

1<z<m

ko
E u; < max E max{0, a; ; — a; j—1}.
i=1

Example 7. To illustrate the algom'thm we assume that the size of the cells in
our benchmark matriz is 1 cmx 1 ¢cm, the leaf speed v = 1 cm/ sec, the verification
and record overhead Ty r = 2 sec and the dose rate D = 60 MU/min. The best
solution if only one segment is extracted is obtained with & = 3 and so the
extraction sequences (ui,...,ug,) with 3 > u; > ug > ... > ux, > 0 and
Zk(’l u; < 10 have to be checked. The result is that the segmentation with only
one extraction is already the optimal one, namely

where we have

T=(10+2+34+44+3+2+2+2)sec= 28 sec.

Interleaf collision constraint: The ICC forbids the overlapping of opposite
leaves in adjacent rows, that is we must have

ligri+1+1and7"i21i+1—l (1§2§m—1)

Extraction: In the extraction step with coefficient u we have to find, in each
row i, an interval of entries greater or equal to u. If we fix two adjacent
columns j and j 4 1 and require that every nonempty of the intervals inter-
sects at least one of these columns, then the ICC is automatically satisfied,
since then I; < j 4+ 1 and r; > j for all ¢ with I; < r;, and for the zero—rows
of the segment it is obvious how to choose (I;,r;) with I; = r; + 1 in order to
satisfy the ICC. Now we can do this for all possible pairs of adjacent columns
7, j+ 1 and finally choose the segment with the largest irradiated area.

Rod pushing: A violation of the ICC can only occur, if for some (i,5) we
have b(i,7) > t(i+1,7) +1or ¢(i,5) < b(i+1,j) — 1 (see Fig. [0, where the
segment corresponding to height 3 is (§ ) and thus violates the ICC).

If this is the case we may push up the rod (i + 1,7) (resp. (4,5)) (see
Algorithm [B] for the details).
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Fig. 10. The segment corresponding to height 3 violates the ICC

Tongue and groove effect: We have to make sure that it does not occur that

in one segment the bixel (7, j) is exposed and the bixel (i1, j) is covered, while

in some later step (4, j) is covered and (i £ 1, 5) is exposed.

Extraction: A sufficient condition to avoid the tongue and groove effect be-
tween different extract matrices is that, for every extract matrix S® =

(SEtD with coefficient u;, we have

(t)

i = 1 and sgi)l)j =0 (18)

~0. (19)

Qg 5 — Ut Z Aj41,5 if s

Qi — U > a;—1,; if sgt]) =1 and 3914
This implies that if in some later step ¢’ the bixel (i & 1, 7) is exposed (i.e.
sgti)lj = 1) then it is also possible to expose bixel (i,7) and so the tongue
and groove underdosage is avoided. In order to achieve the validity of (IS)
and ([[3) one proceeds as follows

construct a segment S = (s; ;) as above

repeat
for (i,j) with s, ; =1 and ([I8) or (IJ)) is violated do
Si)j =0

change entries from 1 to 0 so that a segment satisfying the ICC results

until no entry has to be changed
Rod pushing: In the rod pushing process the tongue and groove effect can
be avoided using a modification of the basic method similar to Algorithm Bl
Instead of the corrections in lines 14 to 19 and 22 to 27 of this algorithm one

has to use
t(i =+ l,j) = t(i,j) if Qi 5 < Giy1,j
b(i+1,7):=t(i +1,7) — a1, +1 [ and t(i,5) > t(i +1,5),
b(Z,j) = b(’L + 1,j) if Q5 < Ajy1,5
t(i,j) = b(i,j) +a;; — 1 f and b(i,j) < b(i + 1,7),
t(i,j) ==t(i +1,5) if ajj > ai41,5
b(i,7) :=t(i,75) —a;;+1 and t(i,5) < t(i +1,7),
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Algorithm 3. Rod pushing with ICC
for i =1 to m do
b(i, 1) =1; t(i, 1) = a1
for j =2 ton do
for i =1 to m do

5: if A5 > Q4,5—1 then
b(i, j) = b(i,j — 1); t(i,7) = b(i,j) +ai; — 1
else

t(i,7) =t(i,7 — 1); b(4,5) = t(i,7) —aij +1
Choose i € [m] with t(io, j) > t(4, ) for all ¢
10:  for ¢ =19 — 1 downto 1 do
if t(i,7) <b(i+1,7) — 1 then
83, §) = b(i + 1,4) — 1; b(i, ) = t(i, ) — ai; + 1
if b(i,5) > t(i+1,7) + 1 then
ti+1,7) ==0(i,5) — L; b(i + 1,7) :=t(i + 1,5) — ait15 +1
15: for: =19+ 1tom do
if t(¢,j) < b(i—1,7) — 1 then
t(i,7) :=b(G — 1,7) — 1; b(¢, 5) :=t(3,5) —as; + 1
if b(i,5) >t(i —1,7) + 1 then
8i— 1,5) == b(i, §) — L; b(i — 1,5) = t(i — 1,5) — ass1, + 1

b(i +1,7) :=b(i, ) if a;j > aip1,
i+ 1,9) = bli + 1) + iy — 1 and b(i,5) > b(i +1,5).

These corrections make sure that, for two rods that are adjacent along a
column, the shorter one has its base above or at the same level as the longer
one and has its top below or at the same level as the longer one. Thus the
resulting segments also satisfy the ICC.

2.9 The Algorithm of Kamath et al.

Another segmentation algorithm is described in [I3]. Here the authors consider
more general constraints which are motivated by the design of some MLCs:

Minimum separation constraint (MSC): The distance between the left and
the right leaf in every row can not be smaller than a minimum distance g > 0.
In our terminology this means

ri—1l; >00—1 (i € [m]).

Leaf interdigitation constraint (LIC): The distance between opposite
leaves in adjacent rows is at least d; for some d; > 0, i.e.

Ti+1—li2(51—1, Ti—li+12(51—]. (ZE[m—lD

For ¢; = 0 this is just the ICC.
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The proposed algorithm constructs segmentations in which the leaves always
move from left to right. So the segmentation can be described by

I <1P@2) <. .<1Pm), 1P <1P@ <...<1Pm)  (iem]),

where I} (@ (j) and I ( /) denote the numbers of monitor units that have been
dehvered when the left and the right leaf, respectively, in row ¢ passes column
j. These numbers can be translated into segments as follows. Let

0= ()

denote the segment corresponding to the leaf position when the ¢—th monitor
unit is delivered. Then

0 _ [t 1) <t <17 ()
B 0 otherwise.

The condition that must be satisfied in order to generate the matrix A is

IPG) - 19G) = aiy (i €[ml, j € n)).

First neglecting the leaf interdigitation constraint a segmentation is build up
from segmentations of the single rows as described in Algorithm [l Observe that

Algorithm 4. Basic segmentation
for i =1 tom do
I =ain; 1§ =0
for(y =2tondo
() =1V = 1) + max{0, ai ; — ai; 1}
Ié)(‘]) = Ig)(j — 1) + max{O,ai,j_1 — ai,j}

this is another formulation of the rod pushing part of Siochi’s algorithm: Ig)( J)
and Ig) (j) + 1 correspond to t(i, j) and b(s, ), respectively. The essential result
on Algorithm [] is

Theorem 4.

1. Algorithm [4] is optimal with respect to the TNMU even when bidirectional
leaf movement is permitted. (Theorem 8 in [13])

2. If there exists a segmentation of A satisfying the MSC then the segmentation
constructed using Algorithm [ satisfies the MSC. (Theorem 5 in [13])

In order to construct a segmentation satisfying the LIC it is proposed to modify
the I( )( i), 1l )( j) obtained by Algorithm@luntil the LIC is satisfied. If, as a result
of Algorithm [ I(Z (4) > 0 for some i € [m], j < 7 there is no segmentation



1036 T. Kalinowski

satisfying the LIC. So w.l.o.g. we may assume IS) (j)=0forallie[m],1<j<
Om. An LIC—violation occurs iff Iék) (j—0) < II(;) (j) for some i € [m], j € [n],
ke {i+ 1,5 — 1}. Among all violations we determine one with minimal j and
eliminate it by putting
k). i)
119 = 01) = I (),

and modifying the Iék) () (' > j — &1) appropriately (see Algorithm [{ for the
details). The main result on Algorithm [l is

Theorem 5 (Theorem 6 in [13]).

1. Algorithm [ terminates.

2. If Algorithm [ terminates with a violation of the MSC, then there is no
segmentation satisfying MSC and LIC.

3. Otherwise the algorithm yields a segmentation satisfying MSC and LIC and
having minimal TNMU under these conditions.

Algorithm 5. : Elimination of LIC violations
while The MSC is satisfied and the LIC is violated do
jo :=min{j € [n] : 3¢ € [m] with I£k>(j—51) < I}(_-Z)(j) for some k € {i+1,i—1}}
choose i and k € {i + 1,i — 1} with I(Lk)(jo —5) < Ig)(jo)
1 (o = 81) = 13 (jo)
5: ]I(%k)(jo —6):= I(Lk)(jo —81) — Ak jo—s,
for j =jo—01+1tondo
19 (5) = max {Ig’“)(j), I = 1) + max{0,a; ; — ai,j_l}}

k . k .
I (j) = 1P (5) — an,;

If 61 = 0 lines 4-9 of Algorithm [Bl can be replaced by
A= Ig)(jo) - Iék) (Jo)
for j = jo ton do
k). k), -
1) = 17 () + A
1)) = I (5) + A
In this case the algorithm coincides with the ICC—version of Siochi’s rod push-

ing method, no MSC—violation can occur and thus always a TNMU-optimal
segmentation is obtained.

2.10 The Algorithm of Boland, Hamacher and Lenzen

In [2] is given a network flow formulation of the TNMU-minimization which also
includes the ICC. The set of segments is identified with the set of paths from
D to D’ in the layered digraph G = (V, E), constructed as follows. The vertices
in the i—th layer correspond to the possible pairs (I;,7;) (1 < i < m), and two
additional vertices D and D’ are added:

V={Glr):i=1,....m;l=1,....n+1; r=101—1,...,n+1}U{D,D'}.
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Between two vertices (i,1,7) and (i 4+ 1,1’,7') there is an arc if the corresponding
leaf positions are consistent with the ICC, ie. if I’ <r+1land s >1—1.In

addition E contains all arcs from D to the first layer, all arcs from the last layer
m to D’ and the arc (D', D), so

E=E.(D)U U i) U{(D',D)}, where

Ey(D)={(D,(1,L,r) « (L,1,r) eV},
E_(D')={((m,l,r),D") : (m,l,r) € V},
E@) ={(GLr),G+1,U0"): ' <r+1, 7 >1-1}.
There is a bijection between the possible leaf positions and the cycles in G.

This is illustrated in Fig. [[1l which shows two cycles in G for m = 4, n = 2,
corresponding to the segments

Fig. 11. The vertices of G for m = 4, n = 2 and two cycles

With a segment S, given by (I1,71), (l2,72),..., (lm,Tm), We associate a unit
flow on the cycle

D7 (17l17r1)7 (27l2,7"2)7 L) (mvlmurm)levD'

Then any positive combination of segments defines a circulation ¢ : E — R4 on
G. For instance,
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corresponds to 3 units of flow on (D, (1,1,1),(2,2,2),(3,1,2),(4,1,1),D’), 2
units of flow on (D, (1,2,2),(2,1,2),(3,1,1),(4,2,2), D’) and 5 units of flow on
(D', D). The amount of radiation that is released at bixel (7, j) equals the sum of
the flows going through the vertices (i,1,7) with < j <r, hence the conditions
that must be satisfied by the circulation in order to correspond to a segmentation

of A are
n r+1 n

SN > el L), i+ 1,00) = aiy, (20)

=1 r=j I!=1r'=max{l,l'}—1
for1<i<m-—1, 1<j<n,and

i n

>3 d((m,1,7), D) = am,;, (21)

l=1r=j

for 1 < j < n. Since all the flow must go through the arc (D’, D), the TN-
MU of the segmentation corresponding to ¢ equals ¢(D’, D). Thus the TNMU-
minimization problem can be solved by finding a circulation satisfying condi-

tions (20) and (ZI) and having minimal cost with respect to the cost function
a:EFE— R4,

_[1life=(D,D),
ale) = {O otherwise.

The graph G can be expanded to a graph G = (V, E) so that, instead of the
constraints (20) and (ZI)), the structure of G together with a capacity function
on E forces the circulation to represent a segmentation of A.

V=A{G1Lm"G0Lr)?  1<i<m, 1<I<r+1<n+1}
U{(i,j) : 1<i<m, 0<j<n}u{D,D'}.
The arcs set of G is F = E°M U E' U E2, where
B = {((i,1,7)2, G+ 1,1, 7)Y« (G, Lr), (i +1,0',r") € E}
u{(D,,.,n)Y) : 1,1,r) eV}
u{((m,1,7)*,D") = (m,l,r)* € ‘7}
u{(D', D)},
E' = {((i,1,m)', (G, 1 = 1)) : (G,1,r)t eV}
u{((@i,r), (G,1,m)%) = (i,1,7)* € V},
E* = {((,j = 1),(i,) : i€ [m],j€n]}
Now a segment with parameters l;,7; (i € [m]) corresponds to the cycle
D,(1,1y,m)Y (1,1 — 1), (1,10), ..., (1,r1), (1,11,71)2,
(2,12,7m2)%, (2,12 — 1), (2,12), ..., (2,79), (2,12,72)?,

My Loy Ton )y (M0, Ly — 1), (M, L)+« (M, ), (M0, Ly 7 )2, D', D
( ) ) ) b b ) ) )
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Figure [[2 shows the cycles in G corresponding to the cycles in Figure [[1l

Now the flow on the arc ((¢,7 — 1), (4,5)) equals the amount of radiation
released at bixel (4, 7) in the corresponding segmentation, and introducing lower
and upper capacities u and u on the arcs of G by

0 ifee EoMUFR!
_ . 29
ule) { if ¢ = (1,5 — 1), (i, ) € B (22)
0o if e € By 1L
f— A 2
u(e) {ai,j if e = ((i,§ — 1), (i, 4)) € B2 (23)

Now in order to obtain another reformulation of the TNMU-minimization prob-
lem one just has to make sure that the flow on the edge ((,1,7)!,(i,l — 1))
equals the flow on the edge ((i,7), (4,1,7)?), since both of these correspond to
the amount of radiation that is released while [; =1 and r; = r.

Theorem 6 ([2]). The TNMU-minimization problem is equivalent to the net-
work flow problem
¢(D',D) — min

subject to ¢ a circulation in G = (‘7, E) with lower and upper capacities v and
u, defined by @2) and @3), and satisfying, for all (i,1,7)1? €V,

d)((Z? l,’l")l, (Z7l - 1)) = QS((Z’ T)’ (i’ L T)z)' (24)

This formulation is quite close to a pure Min—Cost—Network—Flow problem. But
the standard algorithms for this problem type have to be adjusted in order
to include the side constraint (24)). Doing this one obtains a polynomial time
algorithm for the TNMU-minimization with ICC (see [2] and [I5]).

Example 8. A segmentation of the benchmark matriz with ICC that is opti-
mal with respect to the TNMU, and thus corresponds to an optimal flow on the
appropriate G is the one given in Example[3

2.11 The Algorithm of Baatar and Hamacher

Another TNMU-optimal segmentation algorithm was proposed in [I]. For this
a digraph G = (V, E) is constructed as follows: The vertex set consists of 2m
layers L1, Ry, Lo, Ro, ..., Ly, R, and two additional vertices D and D’. Here,
fori=1,2,...m,

L,={11),0,1,2),...,0,1,n+ 1)}, R, ={(4,2,0),(4,2,1),...,(,2,n)}

Now arcs between L; and R; correspond to possible leaf positions in row 4, that
is
Ey={((i,1,1),(4,2,7)) : 1<i<m, 1<I<r+1<n+1},

and arcs between R; and L;y; correspond to leaf positions satisfying the ICC,
that is

By ={((i,2,7),(i+1,1,0)) : 1<i<m—-1,1<I<r+1<n+1},
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Fig. 12. The vertices of G for m = 4, n = 2 and two cycles

and finally all the arcs between D and L; and between R, and D’ are added,
that is

E=FE UEUE;UE,U{((m,2,7),D") : 0<r<n}u{(D, D)},
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where
E;={(D,(1,1,1)), : 1<l<n+1}and Es = {((m,2,r),D’) : 0<r <n}.

Figure [[3 shows G for m = 3 and n = 4.

/

W
N

N
N

7
]
]

\/

\

Fig. 13. The digraph G for m =3 and n = 4

As in the description of Hamacher’s algorithm we associate to a segment with
parameters l1,71,l2,72,. .., ln, "m a unit flow on the cycle

D, (1,1,11),(1,2,7r1),(2,1,12),(2,2,72), ..., (m, 1, L, 1), (m, 2,7,,), D', D.

So every segmentation corresponds to a circulation on G (but not conversely,
since the ICC between the left leaf of row ¢ and the right leaf of row i + 1 is not
reflected in the structure of the digraph). In the circulation corresponding to a
segmentation the total flow going through vertex (i,1,1) equals the number of
monitor units for which the left leaf is positioned at j — 1, i.e. for which I; = 7,
and similarly, the total flow going through (i, 2, ) equals the number of monitor
units for which r; = j. Let ¢ be a circulation on G, and denote by ¢(v) the total
flow going through v € V. In [I] it is shown that in order to find a circulation
corresponding to a segmentation with minimal TNMU, we may assume that, for
all i € [m],

(b(za 1, ]-) = Q4,1, ¢(7’7 27 n) = Qjn and ¢(7’7 27 0) = ¢(7’7 ]-7 n+ 1) =0.
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Fixing these values, necessary and sufficient conditions for the ¢(v) to correspond
to a segmentation of A are (see [1])

¢(Z71’j)_l::] :d)(iv?’j)_ﬁ:j >0 (Z € [m]’j € [n])’ (25)

k k—1
Z¢<i,1,j>22¢<z‘+1,2,j) (I<i<m-1,1<k<n), (26)

Z¢zlj <Z¢ —1,2,%) (2<i<m,1<k<n), (27)
o(i,1 J)eZ (1<i<m, 2<1<n), (28)
¢(i,2,r) € Z (I1<i<m,1<r<n-1). (29)
where
l:»"j =max{0,a;; —a;;j—1} and rf’j = max{0,a;; — aj i1}

So the task to determine ¢(v) corresponding to a segmentation with minimal
TNMU leads to the mixed integer program

T — min subject to

T =a;1 + zij 6(i,1,7) and @) — ©9). (30)

The constraint matrix of this problem is totally unimodular, as is shown in [1]
using the theorem of Ghouila—Houri, and so in order to determine the ¢(v) it is
sufficient to solve the LP-relaxation of ([B0). When the ¢(v) are determined a
segmentation with minimal TNMU can be constructed by iteratively extracting
unit flows along cycles in G taking in each layer the leftmost vertex with positive
throughput. In [I] it is also proposed to reduce the NS by a greedy strategy: an
integer program is solved to determine the maximal u such that there is a cycle
in G along which flow u can be extracted and the residual network still satisfies

3)-@3).

2.12 The Algorithm of Langer, Thai and Papiez

In [T4] the authors give a mixed integer linear program formulation of the seg-
mentation problem which can be used to find a segmentation with minimal NS

among those with minimal TNMU. The model also allows to include additional

constraints. In order to describe segmentations binary variables [; (¢ ? and r( ]) are
introduced for i € [m], j € [n] and ¢ € [T], where T is an upper "Bound for the

TNMU, for instance
T = Z A j-

(4,5)€[m]x[n]
lz(t]) takes value 1 if bixel (4, 7) is covered by the left leaf while the t—th MU is

delivered, but takes value 0 otherwise. Similarly, l( ]) takes value 1 if bixel (¢, j)

is covered by the right leaf. Then the segment delivering the t—th MU is given by
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S0 110 0, (31)

i,j i,j
Observe that this equation, together with s( ]) , ll(t]) TP ) ¢ {0,1}, also implies that
the opposite leaves in row 7 do not overlap, i.e. that for no (7, j,¢) both l( ? nd

( ) ; equal 1. The geometric properties of the leaves are modelled by the followmg
constralnts

M, <1 (i €m), jeln—1], tel[l), (32)
ri} <l 3+1 (i €fml, jeln—1] teT)). (33)

Furthermore, for a segmentation of A we obtain the constraints

T

Sos=ai; (i€ mljen). (34)

t=1

The MUs can be counted by introducing new binary variables ) (¢t € [T]),

where z®) takes value 1 iff sz(t])

=1 for at least one pair (i, j), formally
Z sgt]) < mnz® (t € [T)). (35)
(4,5)€[m] x[n]

Now the TNMU-minimization problem can be formulated as

T
Zz(t) — min subject to BI)-(35). (36)

t=1

Let Ty denote the optimal value of the objective function, i.e. the minimal TN-
MU. Observe that the determination of Tp as the solution of (B8] can be replaced
by the calculation of the minimal TNMU according to Theorem 21 The next step
is to find, among all the segmentations with Ty MU, one with minimal NS. For

this new binary variables g(*) (¢ € [Ty — 1]) are introduced, where g takes value
1if sZ ¥ ) £ sgt;' ) for some (i,7) € [m] x [n]. The global variable g is described
by local binary variables

ol = ol + 8", (37)
where agt]) and ﬂl(t]) are binary variables satisfying
1
—afy < sV - sl <807, (38)

(®)

g can take the value 0 only if all the o, ; are zero, and this yields

S oW <mng® (e (T)). (39)
(1,5)€E[m] X [n]
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So the NS—minimization (with minimal TNMU) is

To

3 ¢ — min subject to B1)- @), @) @9 (40)

t=1

The authors of [14] suggest to solve this program by standard branch and bound
techniques as implemented in commercial packages as CPLEX. Special restric-
tions can be included by adding constraints to the program. So the ICC corre-
sponds to

4, <1 (ielm—1], jen), telT]) (41)
Pl <1 (iefm—1), jem], tell)]). (42)

The method for the segmentation problem with ICC described in [I4] is to
increase the number 7" of monitor units step by step, starting with 77 = T}, and
in each step try to find a feasible solution with 7" monitor units. This procedure
can be shortened by determining the minimal TNMU for a segmentation with
ICC according to Theorem [l and fixing 7" at this value.

The tongue and groove condition is described by

—1< sl sl sl -l <0

(i€m—1],ien], 1<t<t <T). (43)

The drawback of this method is that it requires to solve integer programs with
a huge number of variables, and so it seems to be applicable only to very small
problems.

Example 9. For the benchmark matriz the algorithm yields the same result as
Engel’s algorithm.

2.13 The Algorithm of Dai and Zhu

The algorithm proposed in [6] searches for a segmentation with a small NS. Again
this is done by choosing a segment S and a coefficient u such that A’ = A — uS
is nonnegative and continuing with A’. The criterion for the choice of u and S
is the complexity of the residual matrix A’, where the complexity of a matrix A
is the number of segments necessary for a segmentation of A using some other
algorithm. Obviously, the result of this method depends on the algorithm that
is used to measure the complexity.

Recall that L denotes the maximum entry of A. For u € [L] we determine
in each row ¢ maximal intervals of entries greater than or equal to u. As in the
section on the algorithm of Galvin et al. these can be described by numbers
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li,l,m ey li,t(i,u),u and Ti s - - Vit(i,u),us such that

V< litu Titiwyu <N
Likw < Tiku (1 <k<t(i,u))
Tidou < lik+iu —1 (1 <k<t(i,u)—1)

Jzwuitligu <5 <7y for some k,
»J 1 < u otherwise.

Now for all u € [L] the complexities of A—uS are computed for all the [T}, ¢(i, u)
possible segments, and among all the tested pairs (u,.S) one with minimal com-
plexity of A — uS is chosen. If there are several pairs with minimal complexity
of the residual matrix, we choose one with maximal irradiated area, i.e. with
maximal number of 1’s in S. The ICC can easily be included into the algorithm
by excluding segments that violate the ICC from the complexity checking. The
obvious drawback of this algorithm is the time complexity. The number of seg-
ments that have to be checked grows exponentially with the size of the matrix,
and so the method becomes infeasible for moderate problem sizes.

Example 10. We consider segmentation without ICC and use the algorithm of
Bortfeld et al. with the sweep technique for the calculation of the complexity.
Then our benchmark matriz has complexity 9, and the first extracted matriz is

w
7~ N\
oo~

—OOO
[=]e]elwe)
[=]e]elwe)

oroo
\/

O

120145
where the residual matriz (% 1333 ‘1*) has complexity 6. Continuing we obtain
200253

the segmentation

100000 000900 000900
+1(17%000)t1({0%0000)TLlo00010])-
000110 100000 100000

As indicated by the example, the algorithm yields quite good results compared
to other algorithms, in particular it is essentially more NS-—efficient than the
algorithm used for the calculation of the complexity. This is confirmed in [6] by
a number of numerical experiments.

2.14 Reduction of Leaf Motion

After the segments and their coefficients have been determined by some algo-
rithm we still have the freedom to choose the order in which the corresponding
homogeneous fields are delivered. In order to reduce the total treatment time it
is suggestive to choose an order which minimizes the leaf travel time between
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consecutive segments. The minimization of the overall leaf travel time is equiv-
alent to the search for a Hamiltonian path of minimal weight on the complete
graph which has the segments as vertices and a weight function p on the edges,
defined as follows: for two segments S and S’, given by l;,r; (i € [m]) and I},

(i € [m]), respectively, we put
N = P— P
:U’(S? S ) - 1g%}fnmax{|ll lz‘V ‘TZ Tz|}’
Clearly, u(S,8") = u(S’,S), u(S,S") > 0 with equality iff I; = and r; = r} for
all i € [m] and
"\ L /./ L {/
(5,5") = o mac{ls — 17, I — )
< max max{|l; — ] + |I; = I]|, |ri —ri| + |r; — [}
1<i<m

< (S, 8) + (s, 8").

Thus p is a metric and there are good approximations for a minimal Hamiltonian
path ([10]). When the number NS is not relatively small, as is the case for
practical problems, it is even possible to solve the Hamiltonian path problem
exactly.

Example 11. Using the version of Kalinowski’s algorithm that heuristically re-
duces the NS we obtain the segmentation

1610 0 5 4 12 000001 110000 100000
11316 6 2 14 000001 011000 011100
6633152 | _g[oo0010| g[000000) 4y[110000
8 153 0 13 i1 000011 110000 010000
316136 9 3 000010 011000 011100
7 16 10 11 14 6 011110 010000 100000
000111 110000 000100 000111
SEILY L (RRIREEY | (RRRAREY | (hbbes

+3 |1 000011 | T2{011000 |t | 000010+ 000010
000001 110000 000100 011110
000011 001111 000111 100000
100000 100000

T11111 000000

~[o00000 ) 000000

000000 011000

110000 000000

100000 100000

If we deliver the segments in this order the length of the corresponding Hamil-
tonian path is 54+ 1+4+54+4+3+5+4+1 = 28. Using a minimum span-
ning tree approximation for the Hamiltonian path we obtain the delivery order
1,4,6,7,5,2,3,8,9 with a length of 3+3+3+3+1+1+1+1=16.

First numerical results for the reduction of leaf motion when the algorithms of
Engel and Kalinowski are used are shown in [Tl

For algorithms using a sweep technique, such that the leaves move always
in one direction there is nothing to do, since the leaf motion is automatically
minimized.

Lemma 2. Let A = Zle u: S be a segmentation obtained by some algorithm
using a sweep—technique, that is iflgt) and rgt) are the parameters of S®) (t € [k])
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Table 1. Reduction of leaf motion by a minimum spanning tree approximation of
the minimal Hamiltonian path for the algorithms of Kalinowski ([12]) and Engel ([7]).
Poia is the Hamiltonian path corresponding to the order in which the segments are
constructed by the algorithm and Phew is the approximation of a minimal Hamiltonian
path. The results are averaged over 1000 15 x 15—matrices with random entries from
{0,1,...,16}.

Engel Kalinowski
W(Pota) p(Paew) #(Pola) pt(Paew)
112.5 106.5 64.7  49.3
126.1 119.1 81.5 59.9
136.7 128.2 128.3 85.7
145.9 136.4 141.5 93.3
152.0 141.9 152.1 99.4
157.4 146.7 163.4 105.4
163.2 151.2 172.7 111.7
10 166.6 154.3 179.7 116.5
11 170.5 158.3 187.5 121.2
12 174.2 161.0 193.4 1244
13 178.1 165.1 199.8 128.4
14 180.6 167.0 206.5 131.6
15 183.1 169.5 211.0 134.8
16 185.4 171.9 2174 1385

© 00~ O T W~

then we have, for all i € [m],

Then (SM, S ... S®) is o Hamiltonian path of minimal weight in the com-
plete graph with vertex set {S(l), S@ S(k)} and weight function p.

Proof. Let 7 be an arbitrary permutation of [k]. We have to show that

kz_:lu (S(Tr(t))7 S(w(t+1))) > kz_:lu (S(t), S(t+1)) .
t=1 t=1

The crucial observation is that, for 1 <t < ¢’ <t < k, we have
i (S<t>75<t'>) > 1 (S(t)’S(t”)> ’

which follows directly from the definition of p. If 7(¢) < 7w(t+1) for all t € [k—1]
there is nothing to do. Otherwise put

to =min{t : w(t) > w(t+ 1)},

b = k if W(to) = k,
V7 \min{t : w(t+1) > w(to)} otherwise,

to = min{t : w(t) > n(t1)}.
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Table 2. Test results without ICC. The columns labeled Gal, Bor, X-V and Eng
correspond to the algorithm of Galvin et al. [§], the algorithm of Bortfeld et al. [3], the
algorithm of Xia and Verhey [24] and the algorithm of Engel [7], respectively.

TNMU NS
Gal Bor X-V Eng Gal Bor X-V Eng
17.0 14.0 16.6 14.0 11.3 14.0 11.1 9.7
31.3 179224 179 154179 14.1 109
32.7 21.825.0 21.8 16.2 21.8 15.1 11.7
39.5 25.6 37.7 25.6 17.7 25.6 17.9 12.5
50.9 29.5 38.8 29.5 20.1 29.5 16.2 13.1
60.5 33.3 46.3 33.3 21.3 33.3 20.2 13.7
60.3 37.151.0 37.1 22.1 37.1 20.2 14.2
10 71.0 40.9 53.9 40.9 23.1 40.9 20.5 14.7
11 83.5 44.8 55.7 44.8 25.1 44.8 21.6 15.1
12 84.5 48.6 81.1 48.6 25.7 48.6 21.8 15.5
13 98.2 52.4 83.3 52.4 26.5 52.4 22.4 15.8
14 108.7 56.2 83.5 56.2 27.2 56.2 22.8 16.2
15 128.2 60.1 83.5 60.1 27.9 60.1 23.5 16.5
16 93.6 63.8 93.6 63.8 29.4 63.8 23.9 16.8

© 00~ O Ul W

Now we may replace m by the permutation ©’ given by
7T(1), ey 7T(t2 — 1), 7T(t1)77r(t1 — 1)7 ey 7T(t2)77r(t1 + 1), . 77T(k‘).

To see this, assume first ¢t > 1 and ¢t; < k. Then w(te — 1) < 7(t1) < w(t2)
and m(t1) < w(t2) < w(t1 + 1), hence

k—1

S u (Sw'(t) ' (t+1) ) ZM( w<t>>75<w<t+1)>) —u (S(F(h*l))75(ﬂ(tz))>

t=1
—u (S(Tr(tl ), g t1+1>>) tu (S(Tr(trl))’ S(Tr(tl))) nyy (5(w<t2>>7 S(w(nm))
< kf " (Swt)), 5(w<t+1>>) .
t=1
Similarly,
k—1 k-1
M (S(”'(t) <t+1>>) i ( (o) S(w<t+1>>)

~+

=1

-
Il

1

if t2 = 1 or t; = k. Repeating this replacement if necessary, we obtain the
permutation 1,2, ..., k, and the lemma is proved.

2.15 Numerical Results

In this subsection the performance of some of the algorithms is compared based
on the segmentation of 15 x 15—matrices. As in [24] for every algorithm we
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construct segmentations of 1000 matrices with random entries from {0,1,..., L}
(L = 3,4,...,16) and determine the average TNMU and the average NS. We
used the results from [24] for the algorithm of Galvin et al., the algorithm of
Bortfeld et al. and the algorithm of Xia and Verhey, and we implemented the
algorithm of Engel, the algorithm of Kamath and the algorithm of Kalinowski
in C++. The results are shown in Tables 2] and Bl

Table 3. Test results with ICC. The columns labeled Gal, Bor, X—V, Kam and Kal
correspond to the algorithm Galvin et al. [§], the algorithm of Bortfeld et al. [3], the
algorithm of Xia and Verhey [24], the algorithm of Kamath [I3] and the algorithm of
Kalinowski [I2], respectively.

TNMU NS
Gal Bor X-V Kam Kal Gal Bor X-V Kam Kal
19.7 17.719.5 154 154 13.417.713.3 15.4 12.6
40.5 22.829.6 19.5 19.5 20.4 22.8 18.6 19.5 14.5
40.1 27.9 30.9 23.6 23.6 20.4 27.9 19.0 23.6 16.0
44.2 32.8 46.8 27.6 27.6 21.532.8 20.3 27.6 17.2
67.1 379 45.6 31.7 31.7 27.1 37.9 20.0 31.7 18.2
72.3 42.8 63.4 35.7 35.7 28.2 42.8 24.3 35.7 19.1
72.3 47.8 67.1 39.8 39.8 28.3 47.8 24.3 39.8 19.9
10 76.5 52.6 68.6 43.8 43.8 28.9 52.6 25.7 43.8 20.7
11 81.4 57.6 68.6 47.7 47.7 30.9 57.6 25.7 47.7 21.3
12 106.8 62.4 101.1 51.8 51.8 34.8 62.4 27.0 51.8 21.9
13 101.1 67.3 100.6 55.7 55.7 35.5 67.3 26.9 55.7 22.5
14 112.7 72.2 100.0 59.8 59.8 35.6 72.2 26.9 59.8 23.0
15 116.0 77.1 98.0 63.8 63.8 35.9 77.1 26.7 63.8 23.5
16 154.5 82.0 124.9 67.7 67.7 41.7 82.0 30.0 67.7 24.0

© 0O U W

With respect to the computation time all of the considered algorithms are
acceptable: On an 1.3GHz PC the computation of the whole column for the
algorithm of Kalinowski took 40 minutes, and for all the other algorithms the
whole column can be computed in a few minutes.

3 Dynamic Methods

Another approach to the generation of intensity modulated irradiation fields is
to use an MLC in the dynamic mode. That means the beam is always switched
on and the modulation is realized by varying the speed of the leaves. In the
literature two different variants can be found according to the starting positions
of the leaves. For the sweep technique both leaves start at the left end of the
field and move always to the right, while for the close-in technique the leaves
start at opposite ends of the field and move towards each other. Obviously, with
a single run of the close—in technique only profiles with a single maximum can be
generated, and profiles where the gradient is too small are also excluded due to
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the finiteness of the maximal leaf velocity. In contrast, the sweep technique can
be used to generate arbitrary profiles, and several authors have derived equations
for the leaf velocities realizing a given profile and minimizing the total irradiation
time ([BUT6/2002TI4T9]). In the first section we sketch the basic principle that is
common to all of these approaches and in the second section we describe how
the tongue and groove effect can be avoided using a method introduced in [22].

3.1 The Basic Principle

The leaf trajectories are determined independently for each row, and thus we
only describe the realization of a single row profile. Let ag, a1, ...,a, be the
required doses at the equidistant points g, x1, ..., x,, where xg and x,, are the
coordinates of the left and the right end of the field, respectively. Denote by tr,(x)
(tr(z)) the time when the left (right) leaf passes the point with coordinate x.
Then the dose delivered at x is proportional to ¢ (z) — tg(x) and by scaling the
time appropriately we may assume

a; = tL(l‘j) — tR(an).

Denote the maximal leaf velocity by © and the velocities of the left and the right
leaf by vr(x) and vgr(x), respectively. Suppose tr(x;) and tg(z;) are already
known. Then in order to minimize the time that is needed to generate the profile
over the interval [z}, z;41] we put, for z; <z < zj11,

vr(z) =0 if aj41 > a; and wvr(z) =0 if aj41 < qj. (44)

First assume a;41 > a;. Then

Ax
aj1 =tr(@jp1) — tr(zj41) = to(zj41) — (tR(%‘) + ) ;

where Az = x;41 — ;. We interpolate the profile between z; and z;,1 linearly,
so vr(x) is constant for x; < & < x;41, and we obtain

Ax v
_ _ o 45
UL(x) tL(.TjJrl) - tL(‘Tj) 1+ (aj-‘rl - aj)Al)z ( )

and analogously, if a;4+1 < aj,

Az 0

tr(zji) —tr(z;) 1 (ajs1 — ai) Ay (40)

vr(z) =
The generation of the whole profile is complete when the left leaf reaches x,.
The time it takes for the left leaf to cross the interval [z}, z;11] is

. Ax .
ifajy1 <a; and ; + (aj41 —aj) if aj41 > a;.
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Thus the total irradiation time is

n—1

—x
; o4 Z max{a;+1 — aj,0}.
=0

Tn
tr(x,) =

To see that this is optimal under the condition that both leaves start at xg,
observe that, for 0 < j <n—1,

aj+1 = to(zj41) — tr(zj1) and a; = to(x;) — tr(z;),
thus, if aj41 > ay,
Ax

tr(jy1) —to(w)) = tr(zj1) — tr(z)) + ajy1 —a; > 5 a1~ a

Clearly the total irradiation time for a multiple row intensity map is just the
maximum of the irradiation time over the rows.

This method can be refined in several ways. So [19] and [20] include a com-
pensation for the transmission through the leaves, and [2I] takes into account
the finite acceleration of the leaves.

3.2 The Tongue and Groove Effect

As in the static mode the tongue and groove design of the MLCs causes under-
dosage in the border region between adjacent rows, as illustrated in Figure [T4l

% AA 4%

Fig. 14. Suppose the method from the previous section yields the same constant ve-
locity for all the depicted leaves. Then the strip between the dotted lines receives only
half of the dose that is required in both rows.

In [22] there is proposed a method to avoid this effect in the sense that after
the correction the border region always receives the lower of the two relevant
doses. The procedure is very similar to the tongue and groove correction of
Siochi’s rod pushing algorithm.

Synchronization of two rows: Consider two adjacent rows (a; 0, .., a; ) and
(@i+1,0,---,Gi+1,n) and denote by t(Lk) (x), tg) (x) (k € {i,i + 1}) the times
when the left (resp. right) leaf of row k passes x. We determine inductively leaf
velocities U(Lk) and vg%k) on the intervals [z}, z;11] such that the given profile is
generated without tongue and groove underdosage. Suppose the leaf motion
up to the point z; is already determined. First we compute the velocities and
the corresponding t(Lk) (Tj+1), tf) (xj41) according to ([@4)—-(H). Tongue and
groove underdosage occurs iff

7 1+1 7 1+1
19D (@) > 5 (@) and 7 (@j00) > T (@), (47)
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or the same with the roles of ¢ and i + 1 interchanged. We call the pair of
rows synchronized if

1 +1 1 +1
19D @) = 5 (@j0) or 1 (wjp0) = 19 (@j40).

Then in order to avoid the tongue and groove effect it is sufficient to change
the velocities in such a way that the rows are synchronized. By symmetry
we may assume that (7)) holds. Then we just have to slow down both leaves
in row ¢ + 1. Precisely, if a; j+1 < @iy1,j41, we put

+1 7
t(L )(%‘H) = t(L)(l’Hl)a
1+1 1+1
5 (2501) = 67 (@j01) — @i,

and if Qi j+1 > Qit1,54+1 We put

(@

(i+1) —
tr(@j41) =t (x5401),
(i+1) 4+
ty (@) =g (@) + @i g
This is illustrated in Figure
before synchronization after synchronization
time time
P N
i i+1 i i+1
time time
i i+l i i+l

Fig. 15. The synchronization for two rows. The straight lines stand for t(Li) (zj41) and
t%) (z;+1), the dotted lines stand for t(;+1)(fl'fj+1) and tgﬂ)(xj“).
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Finally the new velocities for z; < x < ;41 are computed:

(i+1) Az
UL (x) = i i 9
9 (@j40) — 8T ()
i A
vt (@) = !

- 1+1 1+1 :
9 (@j40) — 8T ()

Synchronization of more than two rows: For general treatment plans the
synchronization of leaf trajectories is based on the iterated synchronization of
two rows. To correct the leaf trajectories between the points x; and x4 first
a row ig with slowest left leaf is determined, i.e. with t(LZO)(xjH) > t(LZ) (Tj1)
for all ¢ € [m]. Now the whole synchronization is described in Algorithm [6
The algorithm terminates since in every step some leaves are slowed down,

but never a left leaf arrives later at z;41 than the one in row 7y, and so in

the worst case finally t(Li) (Tj41) = t(LiO)(xjH) for all 4.

Algorithm 6. : Synchronization of leaf motion
repeat
finished:=true
for i = i9g — 1 downto 1 do
if rows i and i + 1 are not synchronized then
finished:=false
synchronize rows ¢ and ¢ + 1
for : =1 tom—1do
if rows ¢ and ¢ 4+ 1 are not synchronized then
finished:=false
synchronize rows ¢ and ¢ + 1
until finished

In [23] the authors argue that it might not be necessary to fully synchronize
the leaf motion. This is because in the overlap region that is covered by both
leaves the depth of each leaf is only half of the full leaf-depth and taking account
of the difference between the transmission through the full depth and the half
depth they derive a criterion for ’partial synchronization’ which assures that the
overlap region receives at least the lower of the two relevant doses.

4 Summary and Discussion

To realize intensity modulated radiation fields using a multileaf collimator in
the static mode it is necessary to determine a sequence of leaf positions and
corresponding irradiation times such that the superposition of the homogeneous
fields yields the required modulated intensity. This amounts to the problem of
representing a nonnegative integer matrix as a positive integer combination of
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certain (0, 1)-matrices, so called segments. In order to optimize the treatment
this segmentation has to be chosen in such a way that the total number of mon-
itor units and the number of segments are small. Ignoring machine-dependent
constraints the construction of a segmentation with minimal number of monitor
units can be done in polynomial time, for instance by the algorithm of Bortfeld et
al. [3] or the algorithm of Engel [7]. In contrast, the minimization of the number
of segments is NP—complete already for a single row, and thus probably one has
to be satisfied with an approximative algorithm for this problem. Our variant of
Engel’s algorithm seems to be very good in this respect, but there remains the
problem to find a theoretical bound for the quality of the approximation. Other
algorithms use heuristic principles to reduce the number of segments, but are no
longer optimal with respect to the monitor units.

For the segmentation problem with interleaf collision constraint the algorithm
of Kamath et al. [13], the algorithm of Baatar and Hamacher [I] and the algo-
rithm of Kalinowski [I2] minimize the number of monitor units in polynomial
time. In addition, [I] and [12] propose greedy heuristics for the reduction of the
number of segments, but these algorithms have the drawback that the compu-
tation time grows rapidly with the problem size.

The algorithm of Langer et al. formulates the segmentation problem as a
mixed integer program and finds solutions that are optimal in first instance
with respect to the monitor units and in second instance with respect to the
segments. Also machine—dependent constraints are easily included. However, as
for the algorithm of Dai and Zhu, due to computational complexity the method
is not applicable for problem sizes that arise in practice.

One difficulty that comes up when the tongue and groove constraint is taken
into account is that the local strategy of most of the published algorithms is no
longer applicable since the different segments are not independent of each other.
The first question which has to be addressed in this context is if it is necessary
to avoid the tongue and groove effect totally, or if it is sufficient to reduce it to
some extend. In the second case some quantitative measure for this acceptable
underdosage has to be developed, and a corresponding objective function for the
minimization has to be constructed.

When the multileaf collimator is used in the dynamic mode the leaf velocities
have to be chosen so that the required intensity is generated. It is possible to
determine optimal leaf velocities for an unidirectional sweep of the leaves across
the field. Also the tongue and groove underdosage can be totally avoided by
synchronization of the leaf motion.
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