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Abstract— We proposea new string seaiching procedure inspired
by the Boyer—Moore algorithm. The two key ideasof our impr ove-
ment are to keeptrack of all the previously matched characters
within the current alignment and not to move the reading position
unconditionally to the end of the pattern when a mismatch occurs.
The resultis an algorithm with increasedaverageshift amountsand
a guaranteethat any character of the text is readat mostonce.The
algorithm performs especiallywell when the alphabet sizeis small.
We alsodiscussand testvariants of the original idea aimed at prac-
tical implementations.

Index Terms— string searching, Boyer-Moore algorithm, pattern
matching, finite automaton

1. INTRODUCTION

The task of finding the first, or all of the occurrencef a
patternin a text—string seaching—arisesin mary computing
applicationsA string searchingalgorithmalignsthe patternwith
the beginning of the text and keepsshifting the patternforward
until amatchor theendof thetext is reached.

The Boyer-Moore algorithm [4] andits variants[1], [2], [5],
[8], [11], [12] performbestwhenpreprocessingf thetext is not
possibleor not desired.The searchis linear in the size of the
text, andin factit hasbeenshavn [9] that no charactemeeds
to be read (and compared)more than three times. Subsequent
variantsguaranteet most2n comparisongor a text consisting
of n character$7], [8]. In atypical casefewerthann character
readsare neededbecausehe averageshift amountis linear in
the alphabetsize [3], [13]. One of the first implementationsf
the algorithm,searchingenglishtext, carriedout fewer machine
instructionsthanthe numberof charactersn the input. We find
it naturalto describethesetypesof algorithmswith an automa-
ton[2], [10] andhencewill take advantageof this representation
to describeour contribution.

In this paper we proposea new variantof the Boyer-Moore
algorithm,which performswell for small alphabetdbecausehe
shift amountsincreasewith the patternlength. An example of
anapplicationwheresmallalphabetsriseis searchingDNA se-
qguences.

Thenew algorithmreadshecharactersf thetext atmostonce,
andthe preprocessingtepthatbuilds the correspondingutoma-
tonis polynomialin the sizeof the pattern.We alsodevelopand
testvariantsaimedat practicalimplementations.

Recentresearchon string searchingproposedusing proba-
bilities [12] and orderedbinary decision diagrams[6]. Two—
dimensionaktringsearchinghasalsobeenconsidered14].

2. ALGORITHM
A. BoyerMoore algorithm

We presenta slightly modified versionof the original Boyer-
Moore string searchingalgorithmof [4] asAlgorithm 1. A single
lookuptablereplaceghe two tablesof the original version,pro-
viding equalor largershift amountgor animprovedaveragecase
behaior. Note hawever, thatfor somewell craftedpatternsand
texts Algorithm 1 may carry out morecomparisons.

A preprocessingtepcalculatedookuptableS from patternp;
thetext is not usedin this step.In the mainloop, we attemptto
matchthe rightmoststill unmatchedcharacteraccordingto the
currentalignmentof thepattern A mismatchrulesoutthecurrent
alignmentandthe patternshifts to the right by an amountdeter
minedfrom tableS. We constructable.S to yield thelargestpos-

Algorithm 1 The Boyer-Moore string searchalgorithm imple-
mentedwith asinglelookuptable.
Input: m charactetong patternP, n charactetongtext 1'.
Output: Thefirst matchingalignmentf any.

1: Calculatethe shift lookuptable S from the patternP.

2: Setalign = 0 andreadPos = m — 1.

3: while align < n —m do

4:  Readcharactefl(align + readPos) into c.
5. shift = S[m —1—readPos,c].
6: if shift =0then
7 if readPos = 1 then
8 return align.
9 endif
10: readPos = readPos — 1.
11: else
12: align = align + shift.
13: readPos = m.
14;  endif
15: endwhile

16: return NIL.

sible shift amountthe patternmay move forwardwithout missing
a subsequenfull match.At the beginning of every iteration,the
lastm — 1 — read Pos charactersf the patternareknown to have
beenpreviously successfullynatchedIn therestof thepaperwe
will continueto usethenotationsntroducedby Algorithm 1.
Table I shavs the shift amountsfor the example pattern
“CABAB” over the alphabetconsistingof charactersA, B and



TABLE |.  Shift table on the left and the previously matchedand the current
readingpositionsfor the pattern“CABAB” on the right. A “*" indicatesthe
currentreadingposition;“X” marksthealreadymatchedcharacters.

A B C C A B A B
01 0 4 *
1 0 5 5 * X
2 5 0 2 * X X
3 0 5 5 *» X X X
4 5 5 5 * X X X X

C. To theright of the shift table we alsoindicatethe previously
matchedcharactempositionsandthe currentreadingpositionas
anaidto thereaderWe usem — 1 — readPos asanindex when
performingthe lookup; clearly readPos could have also been
usedby reversingthe row ordetr We chosethis representation
becausef its closervisualresemblancto thecorrespondingtate
transitiontableof ourimprovedalgorithm.

Here, we are not primarily concernedaboutthe cost of the
preprocessingf the pattern.Note however, that the tablesused
in theoriginal versionof the Boyer—Moorealgorithmarelinearin
m andcanbe computedn O(m) time!. The shift tableof Algo-
rithm 1 hasmt entrieswheret denoteghealphabesize.A naive
implementatiorcancomputethetablein O(m3t) complexity, but
onemay hopefor anO(m¢t) solution.

B. Statetransitiontable

In this section,we modify Algorithm 1 to usethe lookuptable
S to do more of the bookkeepingneededinside the loop. The
adwantageof thenew formulationwill becomeapparentvhenwe
introduceour improved algorithm.One may also expectthe ad-
ditional setupcoststo bewell compensatetly the morecompact
loop body:.

In effect, we realize a finite automatonwith the lookup ta-
ble. The Knuth—Morris—Pratialgorithm[10] andvariantsof the
Boyer—Moore algorithmare naturallyimplementedwith a finite
automatorj2]. We emphasizé¢hatin thelattercasethe characters
of theinputtext arenotreadin sequentiabrder

Algorithm 2 The Boyer-Moore string searchalgorithm imple-
mentedwith a statetransitiontable.
Input: m charactetong patternP, n charactetongtext 7.
Output: Thefirst matchingpositionif ary.
. Calculatethe statetransitiontable S from the patternP.
. Setalign = 0, state = 0 andreadPos = m — 1.
: while align < n —m do
Readcharactefl'(align + readPos) into c.
(shift, state,readPos, match) = S|state, c|.
if match = true then
return align.
end if
align = align + shift.
10: endwhile
11: return NIL.

1
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3
4
5:
6
7
8
9

1if the numberof bits neededo representhe entriesarealsoconsideredthe
compleity becomesD (m logm).
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TABLE Il. Statetransitiontablefor the pattern“CABAB”. Thetripletscontain
the shift amount the next stateindex, andthe new readingposition,in thatorder
Bold typesetindicatesa full match.

A B c C A B A B
0 (1,0,4) (0,1,3) (4,0,4) *
1 (0,2,2) (5,0,4) (5,0,4) ¢
2 (5,0,4) (0,3,1) (2,0,4) « X X
3 (0,4,0) (5,0,4) (5,0,4) « X X X
4 (5,0,4) (5,0,4) (5,0,4)| * X X X X

Thenew table S of Algorithm 2 determinesiot only the shi ft
amount, but also the next state,the new readingposition and
whetheror not a full matchhasbeenfound. Using the pattern
CABAB, the statetransitiontable appearsn Tablell. Notice,
that the transitionfrom every stateis always madeto eitherto
the next state(accordingto the indexing), or to the startingstate
which hasindex zero.

Algorithm 2 can be easily adaptedo find all matchesof the
patternin the text; the statetransitiontable doesnot needto be
modified.

During the execution of the Boyer-Moore algorithm a mis-
matchmovestherelative readingpositionto the lastcharacteiof
the pattern No informationis keptaboutthe previouslyread(and
matchedfharactersynlesghey arein asingleblock attheendof
the pattern.This suggestshat for randomtexts andpatternsthe
shiftamounts linearin thealphabesize[3], [13] (andlimited by
the patternlength).

Onenaturalattemptfor improvements to allow the algorithm
to rememberthe previously matchedblocks, facilitating longer
shifts. A morecomplicatedpreprocessingf the pattern(produc-
ing anautomatapr building a datastructureon thefly is needed
in this case.Our experimentsndicateanimprovementof a con-
stantfactor in the expectedshift amountsfor every additional
rememberedblock. Therefore for longerpatternsve needmore
andmorecomplicatedbookkeepingand/ormemorymanagement
in orderto have the shift amountincreasewith the patternsize.

Oneof thereasongor thesuccessf theclassicaBoyer-Moore
algorithmis thatit allows very fastimplementationsisinga tight
loop with a small memoryfootprint. The memoryrequirements
andthe additionalprocessingieededy thelargerdatastructures
mentionedabove (seethe related[6]), can diminish the gains
providedby thelargershift amounts.

C. New algorithm

Our proposedalgorithm managego achieve larger shifts, re-
memberingonly two blocksof thepreviouslymatchectharacters,
hencelimiting the bookkeepingrequirementandmemoryuse.

In caseof a mismatchand subsequenshift, we do not move
the relative readingposition to the end of the pattern.Instead,
we attemptto reada characterat one end of a block of already
matchedcharactersthereby extending the block. We pick the
right end,if possible.

The shift may causea matchingblock to reachor passthe



Fig.1. Block configurationdor the new algorithm.

beginningof the pattern.Considerthefollowing situation:

0o 1 2 3 4 5 6 7 8 9

. . . . . % B C

B C B C C A B C
The patternin this exampleis “BCBCCABC” andthe first row
depictsthe text with “.”-s indicatingthe unreadcharactersThe
“** marksthe characterthatwill bereadnext. If a“B” is read,
thenwe shift the patternto the positionindicatedbelow andpre-
pareto readthe characteat position13:

4 5 6 7 &8 9 10 11 12 13

B B C . . . . . *

B C B C C A B C
The “B” we have just read,hasmoved out of scopedueto the
shift, leaving the two charactersit positions6 and7 to matchthe
pattern.Another“B” at position13 would prompta shift by one
in the classicaBoyer-Moore algorithm,however positions6 and

7 rule out thatalignmentanda shift by 5 becomegossible.

In general,our algorithmremembergwo matchingblocks of
charactersthe left block always startsat the beginning of the
patternandwe attemptto extendtheright block with every read.
If possiblewe extendthe right block to theright. In caseof an
empty right block, we readthe characteralignedwith the last
characterof the pattern.Both blocks may degenerateinto the
emptystringleaving thepossibilitiesillustratedon Figurel. Solid
barsindicate the alreadymatchedcharacterswhile the current
readingpositionis marked by a downwardpointingarrow.

Thefirst row shavs the startingstate which alsoariseswhen-

ever all previously matchedpositionsare shifted out of scope.

Thesecondow shownstheresultof threesuccessfuinatchesThe
third row indicateghatwe readontheright endof theright block,
if possible.The examplesin rows 4, 5, 6 and 7 shav the possi-
bilities with a nonemptyleft block, in particularrow 7 depictsa
statewhena successfumatchimplies a full matchof the whole
pattern.

Next, we formally describethe information maintainedabout
thepreviouslyreadandmatchedtharacter¢recall T, P andalign
from Algorithm2):

« The numberof charactersn the left block is indicatedby
left. Thatis T'(align + i) = P(i) for 0 < ¢ < left. If
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TABLE lll.  Statetransitiontable for patternC ABAB basedon the implicit
trackingof two blocks.Thetripletscontainthe shift amountthe next stateindex,
andthe new readingpositionin that order The full matchis indicatedby bold
typesettingOntheright we shav the previously matchedccharactersnarked with
an“X", whilea"*" indicateshe currentreadingposition.

A B C |C A B A B
0 (1,1,4) (0,2,3) (4,3,4) *
1 (5,0,4) (0,4,2) (4,3,4) X o«
2 (0,4,2)  (5.0,4) (5,0,4) « X
3 (1,1,4) (0,5,3) (4,3,4) | X %
4 (5,0,4) (0,6,1) (2,7,4) « X X
5 (0,8,2) (5,0,4) (5,0,4) | X X
6 (0,900 (5.0,4) (5,0,4) « X X X
7 (3,10,2) (0,11,3) (4,3,4) | X X X *
8 (5,0,4) (0,12,1) (2,7,4) | X « X X
9 (5,0,4) (5,0,4) (5,04 | X X X X
10 (3,0,4) (0,13,3) (2,3,4) X o«
11 (5,0,4) (5,0,4) (504) | X X X = X
12 (5,0,4) (5,0,4) (5,0,4) | X * X X X
13 (0,14,4) (4,0,4) (3.3,4) X X =
14 (5,0,4) (0,9,0) (4.3,4) X X X «

left = 0, thentheleft block is empty;thisis alsotheinitial
state.

« Theright block is describedby its endpoints:rightStart
and rightEnd, and we have T'(align + i) = P(i) if
rightStart < i < rightEnd. Note, that rightStart =
right End indicatesanemptyblock.

The currentreading position (relative to the alignment),as
indicatedby readPos, is calculatedfrom le ft, rightStart and
right End.

Whenthetext charactespecifiedby the currentalignmentand
the relative readingpositiondoesnot agreewith the pattern,we
shift with the smallestpossiblevalue,suchthatin the new align-
mentthe patternagreeswith all the previously readcharacters.
A shift by the length of the patternguaranteesio overlap with
previously readcharacterstherebyproving the existenceof the
minimum.In caseof acharactematch,we extendtheright block
accordingly

We handlethe transitionsbetweerthe possibleblock configu-
rationswith particularattentionto the casesvhenwe reachthe
endof the patternor theleft block.

For an efficient implementation,we build a statetransition
table,asdiscussedn Section2-B, that only implicitly contains
theinformationon the two blocksof alreadymatchedcharacters.
In caseof the previously examinedpatternCABAB, Figurelll
shaws thetable.On theright, we alsoshaw the blocksof match-
ing characteraindthe currentreadingpositionfor reference.

We will referto Algorithm 2 usingthe abore—describedtate
transitiontableas2BLOCK.

The statetransitiontable S for 2BLOCK haslessthen tm?
entriesandcanbe computedn polynomialtime. We proposdém-
provementsn Section2-E to reducethetablesizein orderto help
practicalimplementationsFirst, we will discussthe theoretical
propertienf 2BLOCK.



D. Correctnessand Compleity

The behaior of Algorithm 2 almost solely dependson the
propertiesof the correspondingable S. For 2BLOCK The fol-
lowing propertiesarecrucial:

A) Thereadsdo not fragmentthe blocks, meaningthat after
theshift? two blockswill still beableto representhesetof
still matchingcharacters.

The shift amountsstoredin thetablearethe minimal pos-
sible,consideringhe previously matchedcharacters.

The setof characterghe algorithmimplicitly keepstrack
of (thetwo blocksin caseof 2BLOCK), areexactly those
charactersf thetext whichwerereadandmatchthepattern
assuminghe currentalignment.

PropertyA ensureghatthe statetransitiontablefor 2BLOCK
is well defined;its validity follows from the descriptionin Sec-
tion 2-C. PropertyB is alsotrue by definition;it ensureghatthe
first match(if exists)is indeedfoundby the algorithm.

Caseaanalysidasednthearrangementf theblockscanverify
that PropertyC is presered during the executionof the loop of
Algorithm2 andthatit trivially holdsatthestartof thealgorithm.

Notice,thattheclassicaBoyer-Moorealgorithmdoesnothave
PropertyC, becausd “for gets”previousmatchesvhichmaystill
bein scope.

We alsoclaim that 2BLOCK is linearin n. In fact, we know
more:nocharacteof thetext is readtwice. Note, thatfor theclas-
sical Boyer-Moore algorithm, the besttheoreticalresult claims
no morethanthreereadsfor ary characteiof the text [9]. Some
variantsreducedhe numberof readsof ary characteof the text
to atmosttwo [7], [8].

PropertyC above is instrumentalto establishour claim. Ac-
cordingto this property the setof previously readcharacter®f
the text which overlapthe currentpatternalignmentarein the
two blocksthealgorithmimplicitly keepstrackof. Sinceweread
acharactemat oneendof theright block, it follows thatno previ-
ouslyreadcharactecanbeeverreadagain.

The above algumentappliesto ary variantof Algorithm 2 sat-
isfying PropertyC. In orderto establistthis propertyfor a partic-
ular statetransitiontable,one may producea witnessconsisting
of thesetof matchingcharacter$or every state For 2BLOCK we
approachedhe problemfrom the oppositedirection: we derived
the statetransitiontable from the witnessingblocks of matching
characters.

B)

C)

E. Preprocessingand Further Improvements

We generatéhestatetransitiontable.S of 2BLOCK by starting
with the initial statecorrespondingo both blocks being empty
andthenwe addthe new states(correspondingo rows in Ta-
ble Ill) one at a time as needed.The processof creatingthe
new block configurationdor ary possiblecharactereadandthen
calculatingthe shift amountis quite straightforward. If the con-
figuration has beencreatedbefore,thenit mustbe referenced,
otherwiseit is added.Finitenessguaranteeserminationof the
processThe discussiorof a detailedimplementations beyond
the scopeof this paper

27eroshift amounts alsoallowed.
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Our testsconfirmedthat a large statetransitiontable hurtsthe
performance gspeciallywhen the cachememoryis exhausted.
Thetablegeneratioritself mayalsobe of significantcost.

Considerstate4 of the statetransitiontable createdfor the
pattern‘CABAB” asshavnin Tablelll. Theleft blockconsistof
a singlematchedcharacterary shift movesthis characteiout of
scope Keepingtrack of this left block only marginally increase
the averageshift amount.Of course,if we eliminatethis state,
thenwe alsoremove the assurancéhatevery characteis readat
mostonce.

While inspectindargertablesijt is apparenthattherearestates
with thereadingpositioncloseto the beginning of the stringwith
no charactersnatchedaheadof that position. Considerthe read
of an"A” in thefollowing example:

B C A C C . . x
B C A C C A C C

We shift by 5 andarrive to:

oA .

B C A CC A CC
Assumingthatthetext is randomwe expectthenext shift to be4,
3 or 0 with 1/3 probabilityeach.In comparisonareadattheend
of the pattern,without assumingary other matchingcharacters,
yieldsshiftamountf 2, 7 and0. Remoing statedik e thesemay
not only reducethetablesize,but mayalsoincreasehe expected
shiftamountNote,thateliminationof certainstatesaswe suggest
may alsoyield a statetransitiontablewhich implicitly tracksthe
singleright block only.

Finally, we notice that mary stateshave the propertythat a
large shift occursin caseof any subsequentnismatchTypically,
the remainingcharacteipositionseachtrigger the addition of a
new statewith one more matchingpositionin the blocks. This
scenariacanberepresenteth a morecompactmannetby allow-
ing the statedo indicatethatary furthermismatchallows alarge
shift. Themainloop of Algorithm 3 shovs how we accommodate
thesesmartstatetables We acknavledgethatthe shift amountof

Algorithm 3 The Boyer-Moore string searchingvariantimple-
mentedwith asmartstatetransitiontable.

Input: m charactetong patternP, n charactetongtext T'.
Output: Thefirst matchingpositionif ary.
1: Calculatethe statetransitiontable.S from the patternp.
2. Setalign = 0, state = 1 andreadPos = m — 1.
3: while align < n —m do

4. Readcharactefl’(align + readPos) into c.
5. (shift, state, readPos, match, smart) = S|state, c].
6. if match = true then
7. return align.
8: endif
9:  if smart = true AND remainingcharactersnatchthen
10: return align.
11:  endif
12 align = align + shi ft.
13: endwhile

14: return NIL.




TABLE V. Theshiftamountachieed by thevariousalgorithmsaveragedrom TABLE VI.

randomexecutions.

BM 2BLOCK CUT SMART SCUT
10 3.86 4.35 4.48 3.47 3.80
20 5.26 6.98 7.27 5.73 6.18
30 5.37 9.51 9.80 7.69 8.08
40 6.73 11.64 1214 9.67 10.46
50 6.74 14.01 1425 1189 12.39
100 | 9.22 24.08 2434 20.73 21.47
150 | 10.49 3352 3382 2943 30.52
200 | 11.51 4242 4238 37.01 37.97

TABLE V. Thenumberof statesusedby the variousalgorithmsaveragedrom
randomexecutions.

BM 2BLOCK CUT SMART SCUT

10 10 55 25 19 9
20 20 186 69 34 19
30 30 398 122 49 25
40 40 697 198 64 33
50 50 1096 275 88 38
100 | 100 4263 1126 159 80
150 | 150 9477 2370 233 121
200 | 200 16443 4145 305 160

a smartstateis not optimal; it cannotbe largerthanthe smallest
possibleshift consideringall the characters.

3. EXPERIMENTS

We implementedvariousversionsof our algorithm usingthe
ideasdescribedn Section®2-C and2-E.2BLOCK andCUT are
basedon Algorithm 2 usinga statetransitiontablethatimplicitly
trackstwo blocks.SMART andSCUT arebasedon Algorithm 3
employing smartstateswheneer ary subsequenmismatchre-
sultsin a shift not lessthan half the patternlength. CUT and
SCUT avoidscreatingstateswith therightmostmatchingcharac-
ter positionin theleft half of the pattern;thetransitionis madeto
theinitial stateinstead We have alsoincludedAlgorithm1 (BM)
in theexperiments.

We run our experimentsusing randomly generatecbatterns
andtext over afour charactemlphabetWe slightly modifiedthe
algorithmsto find all matchesf the pattern.

TableslV, V andVI summarizehe resultsaveragedrom ten
executions.We obsene that the averageshift amountachieved
by the Boyer—Moore algorithm falls behindwhen comparedto
the new algorithms.Note, that CUT hasimproved both the shift
amountsandthetablesizewhencomparedo 2BLOCK. SMART
and SCUT tradesthe shift amountsin exchangefor the use of
fewer states.

In practicalimplementationgheincreaseadnemoryusecaused
by a large statetable can substantiallyeffect performanceTa-
ble VI shavs executiontimes of the algorithmsperformingten

string searchesconsecutiely. Note, that our implementations [12]

have not beenaggressiely optimized:the statetable generation
usesa haive algorithmandthe tableitself could be implemented
using lessmemory We did not fine tune the heuristicsdecid-
ing the cutoff pointsfor eliminatingstatesn CUT, SMART and
SCUT. However, the trend for eachalgorithmis indicative: the
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Runningtimesof the variousalgorithms(in secondspn a text with
108 charactergxecutingtendifferentsearches.

BM 2BLOCK CUT SMART SCUT
10 | 3.62 3.18 3.32 412 3.90
20 | 3.04 2.58 2.66 3.00 2.93
30 | 3.18 2.56 2.58 2.81 2.78
40 | 2.74 2.38 2.28 2.46 2.38
50 | 2.71 2.46 2.21 2.30 2.27
100 | 2.50 8.57 2.64 2.13 2.04
150 | 2.38 52.14 9.05 1.59 1.60
200 | 2.33 17253 30.28 1.28 1.29

performanceof 2BLOCK andCUT will suffer for long patterns.
The exact point when SMART and SCUT overtales them de-
pendson implementatiordetails,the exactheuristicschoserand
machinespecifics.

4. FUTURE WORK

The new algorithmsincreasehe averageshift amountsasthe
patternsizeincreasesA stateof the art, highly optimizedimple-
mentationof thealgorithmsis the next logical stepto pursue.

Theimprovementdiscussedn Section2-E do not exhaustall
the possibilities.Futureresearchmay considerthe use of prob-
ability calculationswhen creatingthe statetransitiontable with
attentionto the characteristribution aswell. The fact, that we
track two blocksof previously matchedcharactersnay be revis-
ited, aswell aswhetherthe left block hasto be anchoredo the
beginningof thestring.

Opentheoreticaluestionsncludethe compleity of the CUT,
SMART, andthe SCUT algorithms.
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