Improved leaf sequencing reduces segments or monitor units needed
to deliver IMRT using multileaf collimators

Mark Langer,? Van Thai, and Lech Papiez
Department of Radiation Oncology, Indiana University Medical School, Indianapolis, Indiana 46202

(Received 21 February 2001; accepted for publication 1 October)2001

Leaf sequencing algorithms may use an unnecessary number of monitor units or segments to
generate intensity maps for delivery of intensity modulated radiothe@@RT) using multiple

static fields. An integer algorithm was devised to generate a sequence with the fewest possible
segments when the minimum number of monitor units are used. Special hardware related restric-
tions on leaf motion can be incorporated. The algorithm was tested using a benchmark map from
the literature and clinical examples. Results were compared to sequences given by the routine of
Bortfeld that minimizes monitor units by treating each row independently, and the areal or reducing
routines that use fewer segments at the price of more monitor units. The Bortfeld algorithm used on
average 58% more segments than provided by the integer algorithm with bidirectional motion and
32% more segments than did an integer algorithm admitting only unidirectional sequences. The
areal algorithm used 48% more monitor units and the reducing algorithm used 23% more monitor
units than did the bidirectional integer algorithm, while the areal and reducing algorithms used 23%
more segments than did the integer algorithm. Improved leaf sequencing algorithms can allow more
efficient delivery of static field IMRT. The integer algorithm demonstrates the efficiencies possible
with an improved routine and opens a new avenue for developmen20@ American Associa-

tion of Physicists in Medicine[DOI: 10.1118/1.1420392
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[. INTRODUCTION by either keeping the number of monitor units constant and
. . i L . reducing the number of segments, or else keeping constant
Th.e mtensny profile .Of a radiation be?‘m can be mod|f|ed bythe number of segments and reducing the number of monitor
using a multileaf collimator to block different portions of the =~ T .

units. An extensive literature records the substantial number

beam for different lengths of time. Different leaf sequences . sequencing algorithms that have been developed in

may be used to satisfy the rules for generating an intensit ~ 7 : .
map?! The sequences describe the setup of leaf positions asY dustry and academia.” The number of monitor units and

function of the beam monitor units. When the leaves aréwmber of segments required by the algorithms have been

moved in discrete steps with the beam off from one setup 0seompared against each o-ther using random maps and clinical
positions to the next, two important measures of sequencg*@mPples. However, their performance measures have not
efficiency have been identified. One is the total number oP€€N gauged against an absolute standard. The minimum
monitor units needed to generate the map and the other is tffit/MPer of segments needed to generate a sequence using the
number of segments, or setups of the leaves. It is desirable f§iNiMum number of monitor units has not been found. If this
produce a leaf sequence in which both the monitor units angumber were available, it could serve as a test of proposed
number of segments are low. More monitor units unfavor-2lgorithms and motivate the construction of improved tech-
ably affect treatment delivery by increasing the componenf‘iques- Substantial excesses in number of monitor units or
of machine leakage and lengthening each treatment sessidiimber of segments would argue for further research in al-
A lengthened treatment session worsens machine throughp8@rithm design and the replacement of current techniques
and leads to inaccuracies in patient positioning, while maWith improved methods.
chine leakage is a source of discrepancy between the planned This report finds the minimum number of segments
and delivered dose distribution. More segments also lengthefeeded to generate a leaf sequence when the minimum num-
the treatment session because of the time needed to switélgr of monitor units are expended. The sequences corre-
the beam on and off and to move the leaves. One repoﬁponding to the minimum are shown and the solutions were
stated that the number of segments is a more important factserified by hand for smaller problems and by automated rou-
for lengthening session time than the cumulative number ofine for larger ones. The results were obtained by construct-
monitor units® ing an integer program to give a provably optimal solution.
An efficient sequence of leaf movements should take thdhe solutions are compared to those given by algorithms that
fewest possible segments to generate a map with the numbegpresent two well-described approaches to leaf sequencing
of monitor units that it uses. It should also use the minimumsolutions. One algorithm, credited to Bortfeld, uses the few-
number of monitor units for the number of segments it takesest possible monitor units but may use more segments than
If either condition is violated, the sequence can be improvedhis condition require.The other approach, represented by
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the areal and reducing algorithms, aims to reduce the numbéine number of monitor units over all beam positions were
of segments at the price of an increased number of monitgorepared for each individual case, and summed over the sev-
units® This study asks whether it is possible to reduce theeral cases studied.

number of segments without increasing the number of moni- . . .
; - . A. Generation of a sequence using the minimum
tor units beyond the minimum required.

- - number of segments under the condition that the
Comparisons were made using the general form of the ,ber of monitor units be at its minimum

published algorithms. Machine specific restrictions on leaf

position were not introduced to avoid the uncertainties or The intensity map for the beam is decomposed into an
biases that can arise in adding new conditions onto a basi@t€ger matrix whose values assign intensities to the corre-
algorithm description. The tests compare the algorithms unSPonding elements of the beam. The beam is divided into
der the most general conditions, but relative performance&ectangular elements by the rows along which each leaf pair
may differ when conditions specific to a particular manufac-moves, and by the columns that mark out, at constant inter-
turer's systems are considered. Nevertheless, one Shees V@IS, the possible leaf positions along a row. Two binary

been interpreted as showing that the addition of a constrairfP/1) variables index the state of every beam element at each
on leaf overtravel had little effect upon the relative perfor-monitor unit. One binary variable indicates whether the beam

mance of different algorithms as measured by number oflement is covered by the right leaf during delivery of the
segments or fluence. labeled monitor unit, and the other variable indicates whether
The consequences of introducing additional constrainté€ element is covered by the left leaf. Specifically, the bi-
were examined using the integer algorithm. Using the integeP@ry variablep;; takes the value 1 if the beam element fall-
algorithm, the effects of two leaf constraints on the minimuming in rowi, columnj is covered by a right leaf when theh
number of segments needed to complete a sequence with tAeoNitor unit is delivered but takes the value zero otherwise.
minimum number of monitor units were individually found. Similarly, the binary variabléj; takes the value 1 if the left
One constraint forbade overtravel of leaf ends along adjacehgaf covers the element. These two variables determine the
rows (sometimes called a collision constraink second con-  value of a third binary variabled}; , that takes the value 1
straint eliminated reversal between segments in the states ¥hen a monitor unit is delivered through the element at pe-
any two bixels, one opened and one closed, that lie adjacefiod t because it is covered by neither leaf. The three vari-
along a columr.This condition, referred to as a tongue and ables are related by the condition that the leaves in any row
groove constraint, aims to combine segment elements whefnnot override each other, meaning that a beam element
possible so as to avoid underdosing along the common bofannot be covered at the same time by both a left leaf and a
der of two bixels, each found open at least once during &ight leaf. The relation among the three variables is given by
segment in which the adjacent bixel is closed by a leaf side. .
The tongue and groove construction of a leaf side disturbs P Flij=1-dy 1)
the fluence pattern a_md the planned and d(_elive_red doses b%herep} 1t dt e 0,1,
ter match when the interference of a leaf side is not present. b _
The studies measure the costs, in the number of segments 1h€ equation in binary variables can hold onlypff and

and the number of monitor units, of introducing the leaf!ij &€ not both equal to 1, meaning that the two leaves can-
movement constraints. not simultaneously cover beam eleméjntif one variable

takes the value 1, thed}j must take the value 0, meaning
that an element is covered by some leaf so no radiation can
pass through. pri‘j and I}j are both zero, the element is
uncovered an«ﬂi‘j is set to 1, indicating transmittal of a unit

Evaluations were made using intensity maps derived fronint€nsity during time period. _ _
clinical examples and an arbitrary map found in the pub- The most general description of a leaf is that it has no
lished literature to serve as a benchmrktensity maps heles. If & leaf covers a beam element, then every element
were related to the beam times assigned to each leaf positidiftWeen it and the side of the collimator to which the leaf is

according to established rules for the construction of leafOnnected is also covered. This rule is established by the
sequencing algorithnfsi®&19The rules take the fluence of following two inequalities, with the columns numbered from

a beam element to be proportional to its cumulative exposurtft t© right:

measured in monitor units. The minimum number of seg- t
: o Pij = Pij )

ments needed to generate a leaf sequence with the minimum "1 ~Fii+1»
S @3

. METHODS

number of monitor units was found using an integer pro- ¢
gram. The results were compared to the number of monitor 1171
units and the number of segments expended by other solution
approaches. The accumulated number of monitor units an@hich must hold for all pairs of adjacent columns.
number of segments for all the leaf sequences were cross- Finally, the sumdj; must equal the desired intensity, or
checked by a single computer program. Leaf sequences were ¢

explicitly exhibited for the smaller problems to allow manual t_y

. h . ij ||] ’ (4)
inspection. Cumulative totals of the number of segments and =1
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wherel;; is the intensity assigned to beam elemigaindTis  or uncovered position, the global varialgemust assume the
an upper bound on the number of monitor units that can bealue 1 according to
required. The upper bound is formed as fgly , found by
summing the elements of the intensity map in each row, and 2 2 s}jsljgt (9)
choosing the largest of the sums. bl

The total number of monitor units expended is tallied by .
introducing a new binary variabt that takes the value 1 if Whereg'€{0,1}.

at least one beam element remains exposed when-the The objective of the sequencing problem given the con-
monitor unit in the sequence is delivered. The rolezbfs  straint of not exceeding the minimum required number of
established by the following inequality: monitor units is to complete the intensity map with the few-
L est possible segments:
> X dij=Z1J (5) z
b min >, g'=g. (10)
t

wherel andJ are the number of rows and columns, respec-
tively, in the matrix of beam elements. The objective of the ¢ problem of minimizing objectivél0) subject to con-

integer program is to minimize the total number of monitor yitions (1)=(5), (6"), and (7)=(9) describes an expanded
units needed to complete the intensity map, as expressed Byiyaq integer program which can again be solved using
T regular methods such as branch and bound. Solutions in this
minE =7 (6) study are obtained using a commercial packa@eLEX 6.5
t Users Manual, Incline Village, NY1999] that implements
the technique of branch and bound with reference to a stan-
diard text'! Inequalities are preprocessed to reduce the num-

methods to give the minimum number of monitor units re.Per of constraints or variables in the problem set. The branch

quired to generate the intensity map when no restrictions ofind Pound method solves a succession of linear programs in

the number of segments is placed. Once the value for th¥Nich values are fixed on some of the integer variabiles
- . LS branch and the remaining integer variables are free to take
minimum number of monitor unit<, is found the program

can be expanded to find the minimum number of se menton fractional value$? The number of free variables is suc-
P : - 9 %essively reduced until a solution is found that is worse than
needed to complete the map using the minimum number o

monitor units. First, the objectivés) is replaced by the con- one in which none of the integer variables have fractional
' ' J P y values(the boundg. All ways of completing the assignment

Relations(1)—(5) together with objectivé6) describe an
integer program, which can be solved using well-describe

straint(6'): of integer values that contain the previously fixed values on
T 5 the subset of integer variables can then be discarded. A dif-
2 7'<7Z. (6')  ferent sequence of fixed values on integer variables is formed

! and the process continued until all possible combinations of

. ) . integer variables are implicitly enumerated. Although the
Next, a binary variableg’, is used to tally the number of ymper of possible combinations of values for the integer

segments. It takes the value 1 if any element switches fronjariaples can be very large, implicit enumeration allows
covered to uncovered or from uncovered to covered betweegge scale problems to be solvEd.

the delivery of one monitor unit and the next. Its role is _ _

established by creating a pair of binary variabthsandul; ~ B- Special constraints

to track whether elemeiitswitches to the covered or uncov-  Special conditions can be added to describe additional
ered position, respectively, between monitor uniandt  restrictions on leaf movement. One condition of practical
+1. The variables take the value 1 if a change is madeinterest is that the leaves move in a single direction. Without
according to the following relation: loss of generality, the allowed direction can be specified as

Cotegttlo gt <yt ) toward the right. The right leaf cannot cover an element that
i i it had not covered before and the left leaf cannot uncover an
- element that it previously exposed. The following two con-
whereuj; ,¢j; €{0,1. ditions enforce these rules:
A summary variables}j , indicates whether a switch to t t+1
i iti : ij —Pij =0, 11
either the covered or uncovered position occurs in beam el- ™ ]
ementij. It bears the value 0 only if the state of the element |i‘j+1— Ii‘j =0. (12

does not change, according to

Other conditions that describe manufacturer or user spe-
cific constraints can be included within the integer algorithm.
‘ Two were considered in this study. One, sometimes called a
wheres;; €{0,1}. collision constraint, forbids overtravel of leaves along adja-

If any of the beam elements changes to either the covereckent rows. Specifically, a right leaf cannot travel further to

uj; + ¢, =sj; (8)
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1 2 3 4 5 solution was reached. The development of a lower bound
reduces the number of integer programs which must be
handled. At each step, all possible combinations of values for
the binary variablegg'} whose sum equaled the current
fixed bound was examined. If no feasible solution was found
for these combinations, the total number of segments was
increased one at a time until feasibility was reached. The
Right method of creating more programs each with fewer con-
Leaves . L
straints was used to sequence the maps for one of the clinical
cases under the special condition of a leaf collision condi-

Left n
Leaves n+1|

Right
Leaves

(@)

Left n |
Leaves n+7|

(b)

Collision occurs at

Column 3 tion. . . .
The process of sequencing the integer program into pro-
Fic. 1. lllustration of collision constraintta) constraint satisfiedib) con- ressively smaller subprograms was extended to implement

stralr_1t V|o|ated.Arrow§ show the exten5|on of the Ieft_leaqc beyond _thg end o he tongue and groove condition. The minimum number of
the right leaf on an adjacent row. In this case, condif®) is not satisfied,

fori=n, j=3 monitor units required to sequence a map without imposition

of the tongue and groove constraidt, was found as before.
This number was then partitioned into all possible sets of
integer values that will sum to its total. Each set of integer
values, known as a partition, corresponds to one possible
way of assigning monitor units to individual leaf segments

Iit+1j + pi‘j =<1, (13 without exceeding the allowed tota, The number of moni-
tor units assigned to each segment corresponds to the differ-
ence between values of the monitor unit indidést”, over
. successive instances when a new segment is formed, which
The second condition has bc_—zen proposed to reduce tI] denoted by the conditiog'=1 in (9). The feasibility of
tongue and groove effect, and is called here a tongue angd, ., of these possible assignments of monitor units to seg-
groove constraint.The condition forbids .two b!xels that lie - ants was then examined, beginning with partitions contain-
in the open and closed states, respec'glvgly, In-one segme(glltg the smallest number of segments and proceeding itera-
and are adjacent along a c_olumn to lie in the closed an vely to sets with the next highest number. Sets tied for the
Ope'ﬁed states, respeptlve_ly, in some other segment. The Stffmber of elements could be examined in any order. The
of bixel ij at time periodt is d_e_scnped by '.[he variable; . feasibility of each tentative assignment of monitor units to
.The' tongug and .g'roove condition is described by the fOIIOW'segments was found by determining through a method analo-
ing inequality pair: gous to branch and bound whether a set of binary values
_1sdit+1j+ditj,_d}[j_d};—ljsl (t#t"). (15) {d}j} existed that would satisfy the conditions described by
inequalities(1)—(3) and(15) that define the allowed structure
Implementation of the special conditions was facilitatedOf the leaf positions, and which will deliver the intensity map
by expressing each integer problem as a feasibility progranflefined by Eq.(4) when the segments are given their as-
The minimum number of monitor units required once theSigned number of monitor units. The limited number of leaf
collision constraint is added was found by fixing the monitorPositions allowed by the tongue and groove condition makes
unit sumEtht in condition(6’) at the lowest level consistent it possible to examine all feasible constructions of leaf setups
with a feasible solution. The starting level was the number otiSing the method of branch and bound. If no feasible solu-
monitor units obtained when no collision constraint wastion is found, partitions of the allowed number of monitor
added. This level was increased one unit at a time until &nits into sets containing the next highest number of ele-
feasible solution consistent with the constraints was reachedients that can be assigned to individual segments are exam-
The minimum number of segments was obtained once th#ed. The process continues until the smallest number of seg-
number of monitors units was fixed at its minimum. A seriesments that can satisfy the leaf sequencing requirements
of integer programs were constructed by breaking down thaithout using more than the allowed number of monitor
intensity map into individual rows and solving the single row units is found. If all partitions o are exhausted without
problems under the condition that the total number of monifinding a feasible solution, then the allowed number of moni-
tor units not exceed the minimum possible for the entiretor units is incremented by one and the process continued.
map. The largest number of segments among the solutions the described method will terminate in a finite number of
all these single row problems becomes a lower bound on thsteps because the values assigned to the intensity map limit
original problem containing all the rows together. Using thisthe total number of monitor units that can be assigned to
lower bound, the original problem containing the entire in-segments that expose at least one bixel.
tensity map was solved. The total number of segments given The leaf sequencing algorithms were applied to an arbi-
by 27g' in Eq. (10) was first set equal to this lower bound, trary intensity map in the literature that served as a
and then increased one segment at a time until a feasibleenchmark, and to clinical examples of intensity modulated

the left than the end of a left leaf along an adjacent (Big.
1). The collision constraint is enforced by adding the follow-
ing two inequalities to the integer program:

|},1j+p}js1. (14)
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treatments of prostate cancer. The arbitrary exanmiplg.  tional integer algorithm are shown in Figs(b2-2(d). The
2(a)] consisted of four rows and six columns, with between Oareal algorithm(not shown returned more monitor units and
and 5 monitor units assigned to each element. The clinicalegments than did the reducing algorithm for this example,
cases consisted of treatment volumes divided into transverses seen in Table I. A manual check reveals that the segments
planes with 1.0 cm interslice intervals, treated using up toveighted by their monitor units sum to the desired intensity
nine beam directions selected from a set of eighteen or thirtymaps. Inspection of Fig. 2 shows that the integer algorithm
six beams spaced at equal angular intervals. Archieved caspsoduces the desired intensity maps using fewer segments
or published contours were us&dThe simulated examples than Bortfeld, and using fewer monitor units than the reduc-
employed 1.0 cm leaf widths and 1.0 cm increments of leafng algorithm.
movement, with intensity values discretized into fifteen The number of monitor units and the number of segments
units. A total of 19 intensity maps were generated, includingrequired by the sequencing algorithms were tabulated for all
18 derived from prostate patient contouevailable as ar- the intensity maps generated from the examples studied.
chieved material or taken from the literatur€he remaining  Table Il, columns 2—6 display the monitor units required by
arbitrary map was taken from the literature and used as sach of the algorithms for the intensity maps of one of the
benchmark. prostate case examples. Table Ill, columns 2—-6 show the
Leaf sequences for the intensity maps were generated uaumber of segments required by the algorithms for the same
ing three algorithms for comparison to the integer progranctase. A summary of the segment and monitor unit numbers
results. The first was the algorithm of Bortfeld that treatstotaled over the entire treatment for the examples studied is
each row independenthit provides a solution which moves shown in Table I. The minimum number of monitor units is
the leaves in a single direction and consistently yields thexchieved by the Bortfeld method, as verified by the minimiz-
fewest monitor units in empirical tests. The second is aring integer algorithm. However, Table | shows that on aver-
areal algorithm based on the work of Xia and Vetheg  age the Bortfeld algorithm used 32% more segments than
described in Boyer and YUThe third was a formulation of needed if the least number of monitor units are to be used
the areal algorithm identified as the reducing algorithm inand the leaves restricted to unidirectional movement, and
Xia and Verhey. The areal and reducing algorithms do not used 58% more segments than needed if bidirectional move-
treat each row independently. They permit the leaves tenent were allowed. The areal algorithm which gives bidirec-
move in either direction at every step and reduce the numbaefonal treatment reduced the number of segments from that
of segments at the cost of more monitor units. The areagiven by Bortfeld but used approximately 48% more monitor
algorithm uses monitor units at each step in the sequenagnits. The reducing algorithm also used fewer segments than
equal to the largest power of two that can be accommodatedid Bortfeld but required about 23% more monitor units than
in the residual intensity mapTies among elements to be the minimum. The data aggregated in Table | show that this
grouped into a segment were resolved for these tests, as sugerease in monitor units was not necessary. The integer al-
gested by the illustrations of Boyer and Yy choosing  gorithm reduced the number of segments even further than
elements located most closely to the upper left-hand cornetid the areal and reducing algorithms, while using no more
of the collimator. The reducing algorithm rounds off, ratherthan the minimum number of monitor units. The additional
than truncates, the largest power to which two can be raiseghonitor units used by the areal algorithm and reducing algo-
without exceeding the maximum intensity left in the map,rithms to lower the number of segments is consequently
and then delivers one power of two less than this vAlllee  shown to be excessive.
stated rationale for using rounded off powers of two is to  The number of segments used by the areal or reducing
drive the algorithm to deliver about half the maximum inten-algorithm was 23% higher than required by the integer algo-
sity level in the mag. The performance of the areal and rithm (Table |). The results show excess use of both monitor
reducing algorithms was improved by combining segmentsinits and segments by the areal and reducing algorithms.
that appeared in the generated sequence with identical le@ombining the results, the areal algorithm expended 48%
patterns. By combining the segments, the total number ofnore monitor units and the reducing algorithm expended
monitor units was not changed but the total number of seg23% more monitor units than did the integer algorithm,
ments was made smaller. The results of these three algevhile the number of segments used by the areal or reducing
rithms were compared to that given by the integer algorithmalgorithms was 23% higher than given by the integer algo-
which minimizes the number of segments under the condifithm.
tion that the minimum number of monitor units are used. The The effect on the integer algorithm of adding a leaf colli-
integer algorithm was run in two modes, either one that ission or tongue and groove constraint is illustrated for the
restricted to unidirectional movemeptising relations(11) arbitrary map in Figs. @) and 2f). The effect of adding
and (12)] or one that allows bidirectional leaf motion. The these constraints for all the maps in an entire clinical case is
consequence of adding to the integer algorithm a leaf collishown, respectively, in Tables Il and {tolumns 7 and B
sion or a tongue and groove condition was also determinedor the number of monitor units and number of segments.
The addition of the tongue and groove conditions had little
Il RESULTS effect on the total number of segments or number of monitor
The sequences generated for the arbitrary map by thenits used, although different segments might appear in the
Bortfeld algorithm, the reducing algorithm, and the bidirec-sequence. The total number of segments increased by less
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Fic. 2. Generation of an arbitrary intensity map by different leaf sequencing algoritamatbitrary intensity map, with entries corresponding to Ref. 9.
Leaves move along rows. Columns separate the positions at which the leaves cé)stdpLeaf sequences provided by three algorithms that generate the
map. (b) Bortfeld, (c) Reducing.(d) Integer(bidirectional modg (e) Integer(bidirectiona) with leaf collision constraint(f) Integer with tongue and groove
constraint. Individual segments are numbered sequentially at the bottom. The number of monitor units for each segment is shown above its ftglre. The to
number of monitor units appears in parentheses below each identified sequence of segments.
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TaBLE |. The number of monitor units and segments for different leaf se-TasLE |ll. Comparison of number of segments under different algorithms,

quencing algorithms—aggregate results. Results are summed for the arbitrapyostate case |. Number of segments required by different leaf sequencing
map and two clinical examples. Treatment delivery maps generated for coralgorithms to generate intensity maps for a sample prostate case, listed by
tours of prostate case | are from Ref. 14 and prostate caddWU.are units beam angle. Columns 2—-6 compare the number of segments required by the

proportional to monitor units Seg are Segments. integer algorithm, run in unidirection&U) or bidirectional(B) mode, with
the number of segments required by the Bortfeld, areal, and reducing algo-
Unidirectional Bidirectional rithms when no tongue and groove or leaf collision constraint is present. The

effect of imposing a leaf collision or tongue and groove constraint on the
number of segments returned by the integer algorithm is shown in columns
7 and 8. Prostate case contours are from Ref. 14.

Bortfeld  Integer(U) Areal Reducing Intege(B)

MU Seg Mu Seg Mu Seg MU Seg MU Seg

Cases Unidirectional Bidirectional
Arbitary 10 9 10 7 15 7 11 7 10 6
m apry () (2 (©) (4) 5 (6) (7) (8)
Prostate 83 51 83 40 113 44 88 43 83 38 Special
| Constraints
Prostate 128 98 128 73 201 73 172 73 128 56 . . Tongue
Beam integer integer and

I angles Bortfeld (U) Areal reducing (B) collision Groove

60
160
than 10% when the tongue and groove condition was added180
Calculation times when the tongue and groove constraint220
was added amounted to 30 s for 90% of maps, with a range26
of up to about one half hour. The addition of a constraint on 349
leaf collision across adjacent rows increased the total numbers2o
of monitor units expended by 26%, and raised the number of340
segments used by 23%.
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IV. DISCUSSION

Neither of the two well-described approaches for leaf sebracket the range of goals adopted in the literature for leaf
guencing produces a solution that makes efficient use of theequencing routines. The Bortfeld algorithm expends the
numbers of segments or monitor units. The two approachesinimum number of monitor units but used on average about
a third more segments than needed for unidirectional move-
ment, and about 50% more segments than required if bidi-

Tagie l. Comparison of number of monitor units under different algo- o innal movement is allowed. The areal and reducing algo-
rithms, prostate case I. Number of monitor units required by different leaf .

. ; ) ; i 0 0 i
sequencing algorithms to generate intensity maps for a sample prostate Cagghms, respeCtlve_IY* expendec_i 48% and_ 23% more monitor
listed by beam angle. Columns 2—6 compare the number of monitor unitsiNits than the minimum required to deliver treatment, and

required by the integer algorithm, run in unidirectionid) or bidirectional ~ yet used 23% more segments than needed if only the mini-

(B) mode, ‘With the number of monitor units required by the Bortfe_ld_, areaLmum number of monitor units had been used. It is, of course,
and reducing algorithms when no tongue and groove or leaf collision con-

. L ; o
straint is present. The effect of imposing a leaf collision or tongue andeSS|b|e to replace th_e reStr_'Ct'on in E@) Fhat the mm'.'.
groove constraint on the number of monitor units returned by the integeMUM number of monitor units be used with the condition
algorithm is shown in columns 7 and 8. Prostate case contours are from Refhat the employed number of monitor units not exceed some
14. absolute or proportional increase above the minimum. The
Unidirectional Bidirectional possible tradeoff between the number of segments and moni-
tor units when the number of segments is minimized for a
fixed number of monitor units is the subject of ongoing in-

@ @ ® @ ® (C) U] ®

Special . . R . . .
Constraints vgst|gat|on. The minimizing integer algorithm makes it pos-
Tongue  Sible to generate sequences that respect general rules for leaf
Beam integer integer and movement while reaching an efficient frontier of monitor
angles Bortfeld (U) Areal reducing (B) collision Groove unit and segment usage.
60 10 10 15 1 10 10 10 The Bortfeld, areal, and reducing algorithms are well-
160 13 13 14 13 13 16 13 described routines designed to apply to a general class of leaf
180 9 9 18 10 9 10 9 sequencing problems. Other algorithms have been developed
220 2 2 2 2 2 8 3 to take account of manufacturer specific restrictions on col-
260 15 15 17 15 15 16 15 . - ) S
280 3 3 4 4 3 4 3 limator movement. Two conditions were considered in this
300 5 5 8 5 5 7 5 paper, leaf collision and tongue and groove constraints. Tests
320 17 17 19 19 17 24 17 with the integer algorithm showed that inclusion of the col-
340 9 9 16 9 9 15 9 lision constraint raised the required number of segments and
Total 8 83 113 88 83 105 ga  humber of monitor units by more than 20%. In contrast,

incorporating the tongue and groove constraint into the algo-
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rithm had little effect on the monitor units or segments usedsion of delivery time, the sum across all segments of the
The integer algorithm can also be adjusted to reflect dif{arger of either the maximum time needed to move any leaf
ferent goals for the sequence that might arise as the techndbetween segments or some basic setup time. The perfor-
ogy for delivering intensity modulated radiotherayIRT)  mance of two well-described approaches to the design of leaf
changes. Dramatic improvements in the speed of leaf setuRquencing algorithms was studied without imposing any
can diminish the relative importance of keeping the numbegpecia| conditions on the leaf movement. The Bortfeld algo-
of segments low. On the other hand, the control of monitokithm matched the minimum number of monitor units given
units may assume greater significance as IMRT with eveby the integer algorithm, but used on average 30% more

finer leaf widths is applied to sites such as breast for Wh'C@egments than the integer algorithm required. The alternative

issues of scatter radiation to uninvolved tissues are 'mporépproach of the areal and reducing algorithms is to accept

tant. It is possible to substitute as a goal a weighted combi: : . .
. . . fewer segments in exchange for more monitor units. The

nation of number of monitor units and number of segments,[ sts showed that the areal or reducing algorithms used on

by incorporating the variables that represent these quantitieg W educing aigon s

(viz. Z,) into the objective function average at least 23% more monitor units than the minimum,

The shortfalls in the solution quality of available algo- and yet required 23% more segments than needed if a solu-

rithms demonstrates a need for improved routines, andon using only the minimum number of monitor units had

should encourage further work in this area. The precision ang€en used. The improved solution was obtained using the
f|ex|b|||ty of the integer programming approach itself offers integer algorithm. The shortfalls of the other algorithms were

one avenue for finding improved solutions. A drawback isfound without imposing machine specific constraints, such as
that solution speed is sensitive to the structure and scale éngue and groove or collision conditions. Other studies have
the problem to be solved. The integer algorithm solved thébeen interpreted as showing no change in the relative perfor-
examples shown in this report. Other problems may not benance of sequencing algorithms in the presence of a colli-
amenable to solution. With problems of denser scale thagion constraint. Because the integer algorithm has been
would arise from finer leaf widths, smaller increments of leafimplemented to accept a collision or tongue and groove con-
movement, or more gradations in the monitor units, it isstraint, it is possible to use it to evaluate a wide variety of

possible that solution speed would deteriorate to make regigorithms that accept these special conditions or which
sults unattainable in a practical time. As is true of most reahdopt other goals, such as minimization of leaf setup time.
world problems to which integer programs are applied, Spethe integer program method introduced here offers an ap-

cial tlailoring of the algorithrrl to e>'<plc.)fi_t characteristics of the 5 50h 1o better algorithm design, and is a practical tool for
problem structure may allow significant improvement in measuring solution quality.

speed and render the approach practical for future needs In
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