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1 Introduction

ClassicalB—treesoffer both fastdirectaddressingandeasysequentiaprocessing.The mini-
mumstoragautilization of a B-treeis 50%. Moreoverit is alwayspossibleo shrinka B—treeto
aminimumsizeasfollows: scantheleavesin key increasingorder;whenreachingaleaf, trans-
ferto it thekeys of thenext leaf with respecto thekey order until theleaf storageutilizationis
maximum,anddeletethe next leafif it become®mpty;aftersucha shrinking,the B—treehas
almosta 100% storageutilization. The segmentedstructureof B—treesmakesthemsuitable
for amulti-userervironment.Their only drawvbackis their relative lack of compactnessA later
versionof the B—tree, the Prefix B—tree[1], improvesuponthis by substantialabout50%)
saving of storageutilization.

Other methodshave beenproposedn the last decade;they do not offer all the B—tree
properties.

The BoundingDisorder Method[11] usesa mixing of hashingandtreeindexing. The up-
per part of the index is tree ordered,while the lower part is hashedin multi-bucket nodes;
this methodprovides goodresultsfor equi-join queriesandfor large rangequeries;however,
sequentiaprocessingnayresultin weakperformanceinddelicateoverflov handlingis neces-
sary Averagestorageautilizationis about80%.

Trie Hashing[10] usesan in-coretrie directory It allows sequentiabrocessingandthe
storageutilization is about80%. However, the directory sizeis O <n1+1/5> [4] (n beingthe
numberof recordsinsertedand s the bucket size),which is superlineain n, andthe directory
is not segmentablethis implieslow parallelismfor directoryupdatingandlimits the maximal
datasize. Moreover, unfavourablekey distributionsresultin a large increaseof the directory
size.

The CompactO-completelree[12] (section2), alsoa B—tree descendantproducesvery
compacistorage(4 bytesperkey structurewith 60% storageutilization), but no longerhasthe
flexibility propertiesof theoriginal B—tree.

The CompactTrie [8], [3] (section3), basedon a bit-maprepresentationf the tries, is a
simple,powerful, but not sgmentedstructure.
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We shaw (section4) how it is possibleto split CompactTriesin a segmentedandflexible
structureof B—treetype, keepingthecompactnesadvantage®f the CompactTriesandrecor-
eringall theimportantpropertiesof B—trees.We call this new structurea CompactBalanced
Trie. At the block-nodelevel of the structure binary searchis not possibleandonly sequen-
tial processings permitted;this is the price we mustpay for the compressiorandthis is not
muchof a dravbackwhenconsideringhat sequential-processing only local andperformed
asin-coreprocessing.

Experimentatesultsaregivenin section5.

2 Compact 0-complete Trees (Cy—Trees)

The Compacit-completelrees excepttheworstcasesplitting problemdiscussedn this chap-
ter, have the bestcharacteristicof an orderedindex, andtheir architecturels similar to the
architectureof aclassicalB—tree.

For randomkeys, they canrepresenB2 byteslong keys with only onebyte; this resultwill
bethe point of comparisorfor the Compact-Balancediries.

2.1 Brief survey of the Cy—Trees
21.1 O-completetrie

A O-completetrie is a trie whereeachnode hasat-leasta 0-nodeson; (a 0-nodeis a node
accessetly a0 bit in thetrie).

@ pointer to data X

@ Nil pointer

Figurel: O-completetrie



2.1.2 Bounding nodes

Thefollowing propertyholdsfor a 0-completerie: eachleaf nodehasa 1-nodeasa successor
in the preordertraversalof the trie, which is called its boundingnode; boundingnodesare
representedvith doublecirclesin Figure?2.

()

Figure2: Boundingnodes

The depthsof the boundingnodesarein parenthesem Figure?2; a specialboundingnode
with depthO is addedto boundthe last leaf. With thesepreliminaries,Orlandic and Pfaltz
produceanalgorithmwhich providesthekey of aleaf asafunctionof thedepthof its bounding
nodeandof thedepth=of all the precedingooundingnodes.Thisalgorithmmaybesummarized
asfollows: scanningof the depthsof the boundingnodess sequentiallyprocessedhe starting
key is null; setto 1 the bit with positionequalto the currentdepth;setto 0 all the bits to the
right of this bit.

Hence we getthefollowing table,correspondingo thetrie of Figure2:

depth| depthssequence key | leaf
3 |3 001| H
1 |31 100 |
2 3,12 110 —
3 13,123 111| L
0 |3123,0 oo | M
Figure3: Key construction

2.1.3 Cy—noderepresentation and Cy—node splitting

A Cy—nodeis alist of entries,eachentry consistingof a boundingnodedepthanda data(or
NIL) pointer;anodeis asimpletrie-node.
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Figure4: Cy,—compacthode

The splitting rule for an overfloving Cy—nodeis asfollows: ary entry may be choserfor
the splitting, with the conditionthanno precedingentryin the Cy—nodehasa depthinferior to
the depthof this entry.

In caseof Figure4, thetwo possiblesplitting entriesareentry 1 (depth3), andentry 2 (depth
1). Thisrule, calledminimal depthsplitting rule, allows the handlingof the upperpartsof the
Cy—treewith the samealgorithmasusedfor the leaves,but it doesnotinsure,in worstcases,
agoodfilling rateof the Cy—nodes;itheworstcaseis a kind of 1-combwhich degenerates a
successiof 1-entryCy—nodegFigure5).

Moreover, the minimal depthsplitting rule doesnot allow the transferof entriesat will
betweeradjacenbrothernodeswhenthis B—treescapabilityallows by a progressie scanning
of theleavesto reachary desiredfilling rate.

For thesereasonswe considetthatthe Cy—compactreesdo not offer thecompletesecurity
requiredfor standardndexesof B—treetype.

one

entry

-
9 / Co—nodes

Figure5: worstsplitting casefor the Cy—Trees



3 Compact Trie

JeanKouacou-Kuadioproposesa compacttrie representatioroy bit-map, basedon a scan
alongthe nodesof thetrie in respeciwith the preordeitraversal[8].

W. deJonge A. S. TanenbaunandR. P. van de Riet [3] proposea very similar represen-
tation; they call it linear representation.The CompactBalancedTrie we presentin the next
sectionis an extensionof the CompactTrie, in termsof its ability to split the trie into subtries
andto represeneachof thesein acompactwvay.

We presenin this sectionthe Compacilries,anda datastructureto handlethem.

3.1 Compact-Trie Representation

0 0 1 1 1 0 1 bit-map
H|{I1|—|J]|L pointers list

Figure6: Compact-Tie Representation

The CompacftTrie representatiors composeaf a bit-mapandof apointerlist. TheO or 1
bit valueof thetrie correspondso thedigital valuesof thekeys, datal beginningby 001 (Figure
6).

The bit-mapis the sequencef 0 and1 obtainedby preordertraversalof thetrie (Figure6).
Thepointerlist associatea pointerto eachleaf of thetrie.

A basicpropertyof this representatiors that any bit of the bit-map followed by a 1-bit
represents leaf node.

This propertyis true for a trie with a root andtwo leaves; note thatreplacinga leaf by a
subtriewith aninterior nodeandtwo leavescorrespondso theinsertionof a“01” bit sequence
in the bit-map just after the bit representinghe replacedleaf (Figure 7), and supposingthe
propertytruefor ary trie of 2n leaves,it is alsotrue,by induction,for ary trie of 2n + 2 leaves.

3.2 Insertion

We supposehekey J hasthevalue1000100landwe wantto insertakey K of value10101111
in thetrie of Figure6; thiswill leadto thetrie andtherepresentationf Figure7.

Theinsertionof anotherkey X of value10001000will leadto Figure8; in this figure,the
presence®f 4 new NIL-pointersis noticeable.
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Figure7: Insertionof key K (10101111)

| 0001110000100011111/1

(HI ==X [I] = [=[=[K][L]

Figure8: Insertionof key X (10001000)

3.3 Dedetion

A key canbeimmediatelydeletedby settingto NIL the pointerto the suppresse#ey.

However it is usefulto eliminatethe unnecessariIL-pointers;this is doneby iteratively
replacingthe subtriescomposedf aninternalnode,a data-leafanda NIL-leaf, by a data-leaf,
andby updatingconsequentlyhe bit-mapandthe pointerlist.

Deletionof key X in Figure8 leadsbackto Figure7.

3.4 Retrieval

Theretrieval algorithmis basedon a joint processingf the bit-mapandof the pointers-list.
Eachbit of theretrieval key is checled from left to right; for eachl-bit found, the corre-
spondingd-subtrieis skippedover.



Skippingover asubtrieis straightforvardsincein ary subtriethe numberof leavesexceeds
by 1 thenumberof interior nodes.
Thereforethefollowing retrieval algorithmstands:

i nt bx; /* index in the bit-mp
i nt bk; /* bit being checked in the retrieved key
i nt pX; /* index in the pointers-|ist
i nt nbbi t; /* nunber of bits in the bit-mp
retrieve()
{
for ( bk=1, bx=1, px=1; bx <= nbbit; bk++, bx++ ) {
if ( bitkey(bk) == 0) skipstrie();
if ( bitmap(bx+1l) == 1) br eak;
}
}
skipstrie()
{
I nt interior = 0O;
I nt | eaf = 0;
do {
if ( bitmap(bx+l) == 1) { leaf++; px++; }
el se I nterior++;
bx++;
}
while( leaf <interior + 1 );
}

3.5 Data Structure for Compact-Tries

We proposethe structureof Figure 9 to handlea significantpresenceof NIL-pointers (other
structuresould be chosenpasedupona predictedamountof NIL-pointers).

The first byte of eachpointeris only devotedto NIL-pointers; its valueis the numberof
consecutre NIL-pointersatthis point.

*/
*/
*/
*/



nbbit nbpointers

bitmap

-<«—— pointers-list

I data-pointer (3 bytes)
nils-pointer (1 byte)
Figure9: datastructurefor Compact-Ties

20 | 6

00011100001000111111
0] H [0] T [2] X
0] J [3] K [0 L

Figure10: CompactRepresentationorrespondingdo thetrie of figure8

The drawvback of this structureis that sequentiaprocessingll alongthe bit-mapandthe
pointeklist is neededwhich hastwo disadwantages:first, the processingime becomevery
importantasthe numberof keysincreasesmoreoer, updatingthe structuremplieslocking the
wholestructure whichis a seriousdravbackfor parallelprocessing.

Thesedefaultswill becorrectedn the Compact-Balanced@rieswe now present.

4 Compact-Balanced Tries (CB-Tries)

The Compact-Balancedries is a naturaldescendantf the CompactTrie of JeanKouacou-
Kouadio.

A trie is split into piecesandeachpieceis representeth a compactwvay by anodecompa-
rableto a B—treenode.

An edgekey is generatedt eachtrie or subtriesplitting anda correspondingtartingdepth
is calculated.The edgekey is the key valueof the splitting point. The edgedepthindicatesthe
numberof bits of the binary representationf the edgekey to take in accountbeforecoming
backto the ordinaryprocessingf the bit-map. The edgehandlingmodifiesa partof theinser
tion, deletionandretrieval algorithm,but the globalaspecbf thesealgorithmsis maintained.

The datastructureexhibited to handlethe Compact-Balancedries closelyfollows the one
presentedor handlingthe CompacfTries.

We will differentiatethe trie-nodesor nodesfrom the Compact-Balance@€B-nodescon-
tainingtrie-nodes.

4.1 Trie Splitting
We will splitthetrie T of Figure6, assuminga 10001001valuefor data.J (Figurell).



Thiskey J istheedgekey of thesubtrieT2; theassociate@édge-deptls 2; thesubtrieT'1 is
the beginning part (usingpreordertraversal)of thetrie T'; henceit hasno edge-depththe only
differencebetweersuchabeginningtrie andanordinarytrie is thatits lastleaf maybemissing.

Thebiggestpartof Compact-Tie representatiors the pointetlist; for thisreasonthe split-
ting point will be chosenat middle of the pointerlist, andthe first leaf of a subtriemay be a
1-leaf,just asthelastonemaybe a 0-leaf; thereforethe subtriesgenerateanay remainincom-
plete,atthe beginning,or atthe end,or atboth extremities.

Insertionof two more keys Y (10100000)and Z (10110000)would producea splitting

of subtrie 72 and of the correspondingCB-node N2 (Figure 12); subtrie7’3 is beginning-
incomplete.



Splitting

8 4

00011101

of H 0 I 11 J |0 L

CB-Node N1

Subtrie T 1

7 3
0001110
0f H 0 I 2 — —

™~ - no edge depth (beginning of trie)

Subtrie T 2 CB-Node N2

N 01
\10 ol 7 lo| L

edge depth = 2

< J node N1 Root
< o0 node N2

Figurell: Trie Splitting andcorrespondingCB-nodes



Subtrie T 1

\ O
\1 - Splitting
\\1@
4 3
0101
0] J 0] Y 1| — —
3 CB-node N2

subtrie T' 3

1 1 11
1 1 ol z o]l L

4 CB-Node N3

edge depth

< J node N1

< 7 node N2 Root
< 0 node N3

Figurel2: SubtrieSplitting

Betweenthe Figure 11 andthe Figure 12, the edge-deptlof the CB-node N2 (subtrieT'2)
hasbeenmodifiedby insertionof the key Y'; this depthmodificationhasto be handledby the
insertionprocess.

4.2 Root

For the sale of simplicity, the root hasbeenhandledin experimentalrealizationsof the algo-
rithm asasingle B—treenodeandthe heightof theresultingtreehasbeenlimited to two levels;
thereareno theoreticahecessitiegmplying suchlimitations.



4.3 Insertions

Whenthe edge-depthiemainsunchangedthe insertionalgorithmis the sameasthe oneused
for acompact-trie.

When the edge-depths modified, the new edge-depths the positionof the first bit that
differsin thebinaryrepresentationf theedgekey andof theinsertedkey; 1-NIL-leavescreated
by theinsertionhave to be handledn the bit-mapandin the pointers-list;0-NIL-leavescreated

by theinsertionbeforethe edgekey have to be handledonly if theinsertedkey is smallerthan
theedgekey.



ed : edge depth

0 ——
S~ - S~
1 1
T~ T

SubtrieT 3: Z = 10110000L = 11000000(ed= 4)

insertk = 10100000 ed= 4)

Figure13: edge-deptimodificationscorrespondingo key insertionsandsuppressions



4.4 Deletions

Whentheedgekey is notdeletedthealgorithmis the sameasin the caseof compactrie.

Whenthe edgekey is deleted,computethe depthandthe positioninsidethe bit-list of the
next dataleaf (pointer2 of the pointers-list). Theniterateupwardsby checkingthe key bits
of this datawith decreasinglepth; stopiteratingwhena 1-brotheris either an interior node
(detectedn bit-map) or a data-leaf(detectedn pointers-list). Concludeby updatingthe bit-
map,the edge-deptlandthe pointers-list.

45 Retrieval

The descriptionof the retrieval algorithmimplies subtrie skipping; thereforeshadev interior
nodesandshadav O-leavesmustbe handledalongthe edge.

e /0<.
0
/
& — © @ shadow

1 node
1 1

edge-depth = 6

Figurel4: Edge-subtrieskipping(retrieve key F)

Retrieval of key F' is proceededby skippingthe subtriecontainingthekeys A, C, D, E, and
four shadev nodesithis subtriecontains4 interior nodes(3 shadav), and5 leaves(1 shadav);
thereis no subtrieto skipif theretrieval key is smallerthanthe key-edge;thereis oneandonly
oneedge-subtrigo skip if theretrieval key is greaterthanthe edge-ley, andif the positionof
thefirst bit which differsin the binaryrepresentatioof theretrieval key andof theedge-ky is
inferior or equalto theedge-depth.

Theremaybe severalordinarysubtriesskippedduringtheretrieval processing.

The edge-subtrie-skippinglgorithmis givenin AppendixA.

4.6 Depth edgecalculus

Thesplitting processequireshe computatiorof thedepthof the new edgekey (first key of the
rightmostof thetwo brotherCB-nodesexchangingentries).

This computatiommakesuseof a stackalgorithm,asshavn in Figure15.

The pile is built from the positionsof the 0-bits of thelastnodebeingaccesseth preorder
traversalof thetrie, alongthe bit-map.

For each0O-node(0-bit in the bit-map),the depthis increasedy oneandempiled.

For a 1-node,if the precedingbit is a zero, the depthremainsunchangedelsavherethe
depthis equalto thetop of the pile; thenunpiling is performed.



Whenproceedingvith an edgekey, the startingdepthis the edge-depttandthe pile hasto
be loadedwith the 0-bit positionsof the edge-ley (limited to the edge-depth)thenthe node
depthmaybe computedaspreviously.

0010110011

bit-map

bit-mapindex | bit value | nodedepth| pile of 0-bit positions
1 0 1 1
2 0 2 1,2
3 1 2 1
4 0 3 1,3
5 1 3 1
6 1 1 -
7 0 2 2
8 0 3 2,3
9 1 3 2
10 1 2 -

Figure15: nodedepthcomputing

4.7 Merging and Balancing

The balancingprocessbetweentwo CB-nodesmay be doneby meging the 2 CB-nodesin a
double-sizeone, and thenby splitting this nodein two CB-nodes;thereforewe only have to
considerthemeiging process.

We will call the CB-nodecontainingthe keys of inferior (resp. superior)valueasinferior
(resp.superior)CB-node;the merging processwill be performedby a specialkind of insertion
of thefirst key of the superiorCB-nodeinto the inferior CB-node thenby a concatenatiorof
thetwo bit-maps,andby a concatenationf thetwo pointers-listwith exclusionof thefirst bit
andof thefirst pointerof the superiorCB-node).

Figurel6 andFigurel7 shav thetwo differentcase®f memginginsertion;in caseA (inser
tion depth< edgedepth),anordinaryinsertionwould give a two bits 01 bit-map;this bit-map
(andthe pointekrlist) is extendedwith interior nodesandNIL- ) —leavesuntil the edgedepthof
the superiomodeis reachedno 1-leaveshave to be handled.



In caseB (insertiondepth> edgedepth),neitherinterior nodesnor NIL-)—leaveshave to
be handledput NIL-1-leaveshave to be handledn the bit-mapandin the pointeklist, between
the edgedepthandtheinsertiondepth.

During pointetlist concatenationif thelastpointerof the CB-inferiornodeis a NIL-pointer
(novalid data),this NIL-pointer (numberof NIL-leaves)hasto be addedto the NIL-part of the
secondNIL-pointer of the CB-superiomode.

0
SubtrieT 1 /O® of A

t
edge-depth

1 1 0111
SubtrieT 2 \&1@)\&1@ T 9 O C|Oof D1 E
6

010010010
0f A |2 C
/ edgedepth=6

@ insertiondepth=1

CaseA : insertiondepth< edgedepth
Figurel6: Merging Insertionof dataC' in subtrieT’1 for subtries-meging of 7'1 and7'2
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Subtrie T1 1 e B = 10101000 —
~ 0 @ C = 10101010 01
Subtrie T2 ol ¢ o[ D
ubtrie

™) 2

0100100100111

0| A |2| B

o] ¢ |2| -

@ edge depth = 2 . .
insertion depth = 7

Case B : insertion depth > edge depth
Figure 17: Merging Insertion of data C in subtrie 7'1 for subtries-merging of 71 and 72

5 Experimental results

5.1 Experimental resultson the Unix Dictionary

Experimentatesultshave beenobtainedon the Unix “words” dictionary

The CB-nodestructures givenin AppendixA.

The experimentakesults(AppendixB) shav thatthe numberof NIL-leavesis about400%
of the numberof data-leaes; this givesan averageof 10 bits per key in the bit-map,andan
averageof 18 bits per key when countingthe 8 bits of the NIL-pointers. Theseresultsare
stronglydependenon the structureof alphanumeriaata.

It is noticeablethat purely sequentiakeys would produceno NIL-leaves, and therefore
would request2 bits perkey in the bit-map, or 10 bits per key whenincluding the bits of the
NIL-pointers.

Randomlydistributedkeys requestlL1 bits perkey.

The distribution of the NIL-pointersvaluesprovidesideasfor furtherimproving the struc-
ture;for instancehandlingthe NIL-pointer-list independentlyf the datapointerlist, it is sim-
ple to adda secondanpit-list whereeachl-bit correspondso the presencef a NIL-pointer;
the NIL-pointer list is reducedto the non-zeroNIL pointers;in this case,the numberof bits
usedto representhe Unix dictionaryis reducedo 16 bits. Improvementis still possible:NIL-
pointersmayberepresentedshalf abyte,onebyteor two byteslongfields, (of theform Oxxx,
LOXXXXXX, LIXXXXXXXXXXXXXX); this representatiomould requireonly 14 bits perkey for the
Unix dictionary 3 bits perkey for sequentiatiataand4 bits perkey for randomdata.



Performancesf bit-stringhandlingarenot optimalandexperimentaresultsprovide better
performancesvith 50-entriesCB-nodeghanwith 100-entrieCB-nodeqthis couldalsobean
effectof thelocally sequentiahlgorithm);this suggestshatthenumberof entriesin aCB-node
is aparameteto bechosercarefully;programminghebit-stringhandlingin assemblyanguage
would certainlyimprove the performancessuggestionarealsomadein [3] for improving the
bit-handling.

5.2 Comparison of the Compact-Balanced Trie and of the Compact O-
complete Trees

The CompactO-completelTree[12] usesa 4-bytestructureper key, onebyte beingthe current
boundingnodedepthandthe 3 next bytesbeingdataor NIL-pointer.

Orlandicand Pfaltz have doneasymptoticanalysisof the CompactO-completeTree[13];
the averagestorageutilization is 57%; aswe pointedoutin chapter2, thereis no possibility of
improving this storageutilization by progressie meiging of nodes.

In contrast,our experimentalresultsexhibit an averageof 5 bytesperkey (bit-map, NIL-
pointer data-pointer)but B—treelik e flexibility allows by a progressie scanningof theindex
to forcea100% filling rate,for ary key-distribution.

Therefore,a 1000 byte Node would containan averageof 150 entriesin the caseof the
Compact0-completeTreesandabout200 entriesin caseof the Compact-Balancedries (after
forcinga 100% filling rate).

Thedifferencewould be biggerwith heavier structures.

Moreover, like in B—treecase,a 50% storageutilization is guaranteedor ary Nodeof a
Compact-Balancedirie.

The CompactO-completeTree hasthe advantagein termsof algorithm simplicity and of
implementatiorease while the Compact-Balancedrie hasthe advantagein termsof storage
utilization andof worstcasesandling.

6 Conclusions

The Compact-Balancedriesrequirebetweeroneandtwo bytesto represenakey; in contrast
to this excellentcompactiorresult,the relatve moderatgerformanceof the bit-maphandling
andtherelatve compleity of thealgorithmareslight dravbacks.

The B—treetypestructureof the Compact-Balancedrie allows partiallocking of the struc-
ture and multi-userparallel processingfor this reason,Compact-Balancedries could be of
efficientusagean aparallelmachindik e Bubba[2].

BalancedCompacfTriesoffer compactnesandall the B—treepropertiesthey aretherefore
asecurechoicefor implementatiorof memorydatabases.

BalancedCompactTries can also manageclusteringorderedindexes without arny special
difficulty.

Theworstcaseof insertioncorrespondso pairsof keys having their N first bitsin common;
in this case,the numberof NIL-leavesis about NV, andthe numberof bits usedto represent
thesekeysis about2 NV (in the bit-maprepresentationthereforejf N is large,andif thereis a



large numberof suchpairsof key, a Patricia-tredik e method[7] would locally be morespace-
saving thanthe bit-maprepresentationThis worst casewould requireaboutthe sameamount
of memoryin a Compact-Balancedirie asin aclassicalB—tree.

Whencopingwith randomkey distributions,andremarkingthatthe bit-maprepresentation
is a minimal representatioffor atrie, it is not unreasonabléo think thatthe indexing method
we proposeapproachea theoreticalbptimumin termsof compactness.

We provedthatthelinearrepresentatioof tries canbe segmentedandhandledwith acom-
plete flexibility; this importantnovelty allows us to stepdown from global linearity of the
algorithmsto local linearity andinsuresthatworst casef insertionsare handledaswell asa
B-treecoulddo; theseflexibility andcompactneseesultsimprove the bestresultsobtainedat
themomentfor suchindexes.

The researctpresentedn this papercould be extendedin differentways: it is not easyto
conjecturaf acompactrepresentatiomay be foundfor multidimensionadata;however, asit
hasbe donewith B—trees,a CompactBalancedTrie may be usedfor eachdimensionof such
data;it would beinterestingo seeif anextensionof B—treesto multidimensionataseasdone
with KB-Trees[6] couldbeappliedto CompactBalancedTries;the comparisorwith grid files,
asdoneby Kriegel[9], or with BANGfiles[5], would thenbe aninterestingsubject.

Anotherfield of researchwould be the probabilisticanalysisof the NIL-pointers,in both
case®f randomkeys andof alphanumerideys; resultsin this directionwould allow a further
tuningof the structure.
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A Skip-edge-subtriealgorithm

struct node {

int ed; /* edge-depth
i nt nbbit /* current nunber of bit of the bit-map
i nt nbpoi nter; /* current nunber of pointers of the poin-

/* ters-1list

i nt bit-map [ BMAPSI ZE] ;
i nt poi nter [PTRSSI ZE]; /* first character is N L-pointers
/* next 3 characters are DATA-point
1
i nt bx; /[* bit-map index

I nt px; /* pointer index



skipestrie (differ) /* JUMP EDGE SUBTRI E

int differ; /* position of the first bit differing
/* between the retrieval -key and t he edge-k
{
struct node *n = &currentnode;
char *edgekey = n->pointer[0];
int interior; /* number of interior nodes (shadows include
int |eaf; [ * nunber of | eaf nodes (shadows i ncl ude
int eb = differ; /* (key) edge bit position-nunber
bx = px = 0;
/* HANDLI NG OF THE SHADOW NCDES */
for ( interior=0, leaf=0; eb < n->ed; eb++, interior++)
if ( bit( edgekey, eb ) == 1) |eaf++
if ( bit( edgekey, n->ed ) == 1) |eaf ++
/* HANDLI NG OF NODES ALONG THE BI T- MAP CONTENT */
do {
if ( bx == n->nbbit-1 || bit( n->bitmap, bx+l) == 1)
{ leaf++; px++; }
el se interior++;
}
while( leaf <interior + 1 );
}
bit( adr, posi ) /* BI T VALUE */

/* return the value of the bit at position */
/* "posi", first bit being highest bit of */
/* address "adr" */

B Experimental results

Experinentals Results on the Unix Wrds Dictionary



Number of words inserted = 24259

Aver age size of the words = 7 bytes = 56 bits
Bit-map size = 249719 bits
Nunber of non-zero N L-pointers = 14796

Aver age nunber of bits used for a word 10 + 8 (NI L-pointer-size) = 18

Nunber maxi mum of entries per node = 100
Nunber of NI L-I|eaves = 101125
Di stribution of N L-sequence :
(a NI L-sequence is a nunber of consecutive -- in sense of pre-
order traversal -- N L-Ieaves, represented in the N L-pointers;
NI L- sequence[ 11] stands for a sequence of 11 consecutive NI L-
poi nt ers)
NI L- sequence[ 1] = 2303 NI L- sequence[ 25] = 64
NI L- sequence[ 2] = 1779 NI L- sequence[ 26] = 53
NI L- sequence[ 3] = 1557 NI L- sequence[ 27] = 39
NI L- sequence[ 4] = 1206 NI L- sequence[ 28] = 45
NI L- sequence[ 5] = 1045 NI L- sequence[ 29] = 26
NI L- sequence[ 6] = 963 NI L- sequence[ 30] = 17
NI L- sequence[ 7] = 761 NI L- sequence[ 31] = 22
NI L- sequence[ 8] = 692 NI L- sequence[ 32] = 17
NI L- sequence[ 9] = 551 NI L- sequence[ 33] = 19
NI L- sequence[ 10] = 535 NI L- sequence[ 34] = 8
NI L- sequence[ 11] = 454 NI L- sequence[35] = 9
NI L- sequence[ 12] = 371 NI L- sequence[ 36] = 4
NI L- sequence[ 13] = 342 NI L- sequence[ 37] = 7
NI L- sequence[ 14] = 318 NI L- sequence[ 38] = 3
NI L- sequence[ 15] = 277 NI L- sequence[39] = 4
NI L- sequence[ 16] = 190 NI L- sequence[40] = 2
NI L- sequence[ 17] = 178 NI L- sequence[41] =1
NI L- sequence[ 18] = 151 NI L- sequence[42] = 2
NI L- sequence[ 19] = 138 NI L- sequence[44] = 2
NI L- sequence[ 20] = 127 NI L- sequence[ 46] = 2
NI L- sequence[ 21] = 106 NI L- sequence[47] = 2
NI L- sequence[ 22] = 87 NI L- sequence[48] =1
NI L- sequence[ 23] = 63 NI L- sequence[52] =1



NI L- sequence[ 24] = 52 NI L- sequence[65] =1



