sc0Copyright ' 1997 Hanan SametThese notes may not be reproduced by any means (mechanical or elec-tronic or any other) without the express written permission of Hanan SametSEARCHING TECHNIQUESHanan SametComputer Science Department andCenter for Automation Research andInstitute for Advanced Computer StudiesUniversity of MarylandCollege Park, Maryland 20742e-mail: hjs@umiacs.umd.edu sc1SEARCHING¥Simplest technique is to look at every record until findingthe one we are looking for (known as sequential search)¥Speeding up sequential search:1.table-lookup¥assumes existence of 1-1 mapping from dataset(i.e., one of the key values) to a memory address¥frequently 1-1 mapping does not exist and usehashing to calculate a good starting point for thesearch2.preprocess data by sorting it¥search is implemented by the repeated applicationof a partitioning process to the set of key values untillocating the desired recorda.tree-based¥partitions the set of key values¥e.g., binary search trees, AVL trees, B-trees, �b.trie-based¥partitions based on the digits or characters thatcomprise the domain of the key values¥e.g., digital searching, radix-trees, mostquadtree methods sc2SEQUENTIAL SEARCHING¥Simplest way to search¥Two tests:1.has every record in the file been examined?2.is the current record the one we want?¥Expected cost of success is 2Æn/2 = n tests¥Expected cost of failure is 2n tests¥Speed up sequential search by inserting the record withthe desired key value k at the end of the file¥eliminates need to test if all records have beenexamined¥n/2 tests for success and n+1 tests for failure¥halve the execution time at the cost of one additionallocation¥assumes we know location of the end of the file forinsertion¥For greater speedups, records need to be sorted1.sort enables us to know when to stop the search2.average n/2 comparisons for success and failure

sc3

¥ Sort by frequency of access rather than by value¥ Two variants:1. all records of equal length¥ each time a record is accessed, it is moved to the start of the file¥ Ex:¥ drawback is that it rewards rare accesses¥ overcome by interchanging the accessed element with the immediately preceding element¥ Ex:¥ problem:2. all records of varying length¥ retrieval time may depend on length (e.g., system tape)¥ goal: minimize average retrieval time¥ assume record i has length Li and probability pi of being retrieveda. average retrieval time = p1 Æ L1 + p2 Æ (L1 + L2 ) + � + pn Æ (L1 + L2 + � + Ln )b. minimized when p1 /L1 ‡ p2 /L2 ‡ � ‡ pn /Ln¥ as pi increases, the record moves to the front¥ as Li increases, the record moves to the rear¥ Ex: ¥ results in sorting on the basis of probability per unit length of a record1bSELF-ORGANIZED FILES

0.5.25.09.12.04

44 55 12 42 94 06 67 18

2r if always access the same two elements in alternating order sc4BINARY SEARCHING¥Analogous to searching through the phone book¥Repeatedly halve the data set while determining whichpartition to search next¥Reduces search time from O˚(n) to O˚(log2n)¥Ex:searching through 210 = 1024 elements requires just10 comparisons1024

512512

256256

128128

6464

3232

1616

88442211¥Requires being able to identify the proper half of the listwhere the search is to be continued1.easy with sequential allocation2.linked allocation requires an intermediate array ofpointers to the linked list sc5BINARY SEARCH ALGORITHM¥Search for k through table which is sorted¥Flag found (initially 0) returns the index to the entry intable containing kinteger procedure BINARY_SEARCH_TABLE(k,table,n);begin value integer k,n; value record array table[1:n]; integer low,high,m; low‹1; high‹n; while high‡low do begin m‹(low+high)‚2; if k<KEY(table[m]) then high‹m-1 else if k=KEY(table[m]) then return(m) else low‹m+1; end; return(0);end;¥Ex: search for 44 in [06 12 18 42 44 55 67 94]1.low=1 high=8 m=4[44 55 67 94]2.low=5 high=8 m=6[44 55]3.low=5 high=5 m=5[44]¥Advantage: search time is reduced from O˚(n) to O˚(log2n)¥Disadvantages:1.records must always be kept sorted2.insertion and deletion may be expensive as may needto move records around sc6BINARY SEARCH TREES¥Drawbacks of binary searching (e.g., insertion anddeletion) are a property of the implementation of binarysearch using sequential allocation¥Insertion and deletion are cheap when using a treeinstead of a list¥Price is the extra space needed for the links¥O˚(log2n) search time assumes a balanced binary searchtree¥Binary search trees are inefficient when the data isinserted in sorted orderEx: 5 10 15 20 25

510152025¥Can overcome by applying a balancing operation

510152025 sc7BALANCED BINARY SEARCH TREES1.Global balance: all leaf nodes are at the maximumdepth or at a depth one less than the maximum

2.Local balance: difference between the maximumdepth of the left and right subtrees of nonleaf node t isat most 1

¥e.g., AVL trees¥use balance factor L, E, R to indicate the left subtreebeing one level deeper, equal, or less, respectivelythan the right subtree

LRLR¥maximum depth is » 1.44 log2n implying O˚(log2n)search, insertion, and deletion times3.A Fibonacci tree Td is an AVL tree of depth d having aminimum number of nodes¥the subtrees of a Fibonacci treeTd are Fibonaccitrees of depth d˚—1 and d˚—2 sc8INSERTION INTO AVL TREES¥Analogous to binary search tree insertion¥Need to update balance factors1.a node with balance factor L whose left subtreebecame deeper2.a node with balance factor R whose right subtreebecame deeper¥Two cases are handled in an analogous manner by use ofrotations¥Rotations involve changing links and no search � i.e.,O˚(1) time sc9EXAMPLE ROTATIONS IN AVL TREES¥Node a with balance factor L whose left subtree becamedeeper1.balance factor of left son b is L¥single rotation to the right (involves one level)

LCdAd+1

Bdba

BdECdAd+1a

EbL’2.balance factor of left son b is R¥double rotation to the right (involves two levels)

RLDdAdbaCdRBd-1c

LEDdAdbcCdEBd-1a

’3.balance factor of left son b is E¥impossible as the insertion caused the left subtree ofa to be two deeper than the right subtree of a¥thus the new record had to go into either the left orright subtrees of b whose depth must haveincreased thereby contradicting the fact that they areequal after the insertion

sc10

¥ Analogous to insertion¥ Difference is that the number of rotations needed may be as high as the depth of the node being deleted¥ Ex:1bDELETION FROM AVL TREES

LRLRgdcbayijxhef2r delete x

LRLRgdcbayijhef’3z1. depth of right subtree of y exceeds that of the left subtree by more than 1 so need to rotate y and i to the left

LERgdcbaijyhef

’4g2. depth of left subtree of root exceeds that of right subtree by more than 1 so need a double rotation of e, b, and a to the right yELERgdcbeaijhf sc11AMORTIZED ANALYSIS1.An amortized analysis is the cost of performing asequence of operations (e.g., on a data structure)averaged over the number of operations performed¥e.g., if n operations can be performed in total ofO(n log n) time, then the amortized cost of eachoperation is O(log n)¥of course, any single operation could take more time2.Similar to average-case analysis as both involve averaging¥average casea.expected cost of each operation is derived underthe assumption that the operations are sampledfrom some known distributionb.because it is an expectation, in rare circum-stances it may be possible to perform the sameexcessively costly operation over and over againc.however, this cannot happen in a data structurewith good amortized performance¥amortizeda.bounds on the cost are derived by averaging overany sequence of operationsb.even though a single operation in a sequence maybe costly, the entire sequence cannot consistpredominantly of excessively costly operations.3.Several methods of obtaining an amortization analysis¥Ex: aggregate method: establish an upper bound ontotal cost of sequence of n operations T(n)¥properties:a.amortized cost of an operation is T(n)�nb.same amortized cost for each type of operationc.amortized cost may be different for other methods

sc12

¥ Simple binary search trees¥ No need for balance factors as in AVL trees¥ Search, insertion, and deletion algorithms have an amortized cost of log2n¥ Like a self-organizing file in that whenever a record is accessed it is moved to the root of the tree, if it is not already there¥ Termed a splay operation and occurs on all updates (i.e., insertion, deletion, search)¥ If tree T does not contain key k, then splay operation moves k�s immediate predecessor or successor to the root¥ Ex: splay˚(8,T )1bSELF-ADJUSTING BINARY SEARCH TREES (SPLAY TREES)

2462841026308187T =2r

248286102630187

4double left rotation

3z6824471028182630single right rotation sc13IMPLEMENTATION OF SPLAY OPERATIONS¥Use rotations to bring splay value to the root1.single rotations (2) raise the splay value one level at atime

CABbaB

CAab2.double rotations (4) raise the splay value two levels ata time3.triple rotations (8) raise the splay value three levels ata time¥Use as many double routations as possible1.at most one single rotation2.enables proof that the splay operation has anamortized cost of O˚(log2n˚) sc14DOUBLE ROTATIONS¥First two symmetric cases:

DACBabcADBCcba¥Third case:

DAbaCBcDAbcCBa¥Fourth case:

AaBDCbcDCcbBAa

sc15

¥ Assume that splay˚(k,T) yields the immediate predecessor of k¥ Ex: insert 201bINSERTION INTO A SPLAY TREE

2462841026308187

2r2418281064

872630 double left rotation of 18

3z18102462842630

87single right rotation of 18

2018241028642630

87insert 20 between 18 and 244g

sc16

1. Execute splay˚(k,T) yielding T’ with L and R as the left and right subtrees, respectively2. Apply splay˚(¥,L) yielding T’’ (equivalent to splay˚(k,L) as k > everything in the left subtree)3. Make R the right subtree of T’’Ex: delete 101bDELETION FROM A SPLAY TREE

628244103026

81872r¥ splay around 10 via a double right rotation of 10

62410482818

2630

73z¥ splay left subtree around ¥ via a single left rotation of 8

6847

4g¥ make the right subtree resulting from the first splay a right subtree of 8

242818 sc17COMPARISON¥Shortcoming of binary search is that we must know sizeof the dataset and where the partitions start so that wecan repeatedly perform the partitions (i.e., know wherethey start)1.can avoid problem by storing dataset in sequentiallocations2.problem is that updates require moving data¥can avoid by using a linked list, but now can�t accessdataset at random as is needed to perform the partitions¥Solutions:1.binary search tree¥good expected behavior but bad for certainpermutations of the data (e.g., sorted)2.AVL trees¥worst-case logarithmic behavior but need extrastorage for balance factors, and rotations are complex3.self-adjusting binary search tree¥amortized logarithmic behavior but high constantfactors for primitive operations (splay via rotations)¥no need for space for balance factors as in AVL trees4.hierarchy of linked lists called a skip list serves as acompromise between:¥conventional list (sequential or list implementation)¥binary search tree (including self-adjusting ones)¥balanced binary search trees sc18LIST ARRAY¥Hierarchy of linked lists1.level 0 contains the elements of the dataset2.level 1 contains pointers to every other element atlevel 03.level 2 contains pointers to every fourth element atlevel 04.continue until a list of just one element¥List header is an array with pointers to the start of eachlevel�s linked list 3 2 1 0LEVELHEADER

AMY BOB DON FAY LOU KAY TOM SUENIL12345678¥Close resemblance to a complete binary tree¥Similar to a range tree but some differences:1.in the list array, the value of a node at every levelcorresponds to one of the elements of the dataset, andnodes are linked to each other at every level2.in the range tree, values of the elements of the datasetare only stored in the leaf nodes, and only the leafnodes are linked to each other

sc19

1. Start at highest level2. At each level scan the nodes in sequence until encountering a value ‡ k3. If value equals k, then halt4. Else descend a level and repeat steps 2-4 unless at the lowest level in which case the search is unsuccessful¥ Ex: search for RAY1bSEARCHING FOR k IN A LIST ARRAY AMY BOB DON FAY LOU KAY TOM SUE NIL12345678

3210LVLHDR

2rlevel 3: starting at the list header, TOM at position 8 is greater than RAY, so backup to the list header and descend to level 2

3zlevel 2: starting at the list header, FAY at position 4 is less than RAY, but TOM at position 8 is greater than RAY, so backup to position 4 and descend to level 1

4glevel 1: starting at position 4, LOU at position 6 is less than RAY, but TOM at position 8 is greater than RAY, so backup to position 6 and descend to level 0 level 0: starting at position 6, SUE at position 7 is greater than RAY, which means that RAY is not in the list, and we exit with failure 5v

sc20SKIP LIST¥List array1.good for searching2.insertion and deletion may force its reorganization¥e.g., if insert before the first element, then mustrebuild list structure at level 1 and above¥Skip list1.based on idea that there is no need to restrict nodes atsuccessive levels of the list array to skip exactly onenode in the list at the immediately lower level2.expected performance is the same as long as canguarantee that the expected number of nodes skippedat the immediately lower level is one3.data structure¥a list array where the skip increment for theimmediately lower level is generated at random¥expected behavior is made the same as that of thelist array by ensuring that the insertion routine will be

1p

times as likely to generate a skip at level i (ordepth j) as it is at level i+1 (or depth j˚—1) 3 2 1 0LEVELHEADER

AMY BOB DON FAYLOU

KAYTOM

SUENIL12345678¥not unique as the skips are generated at random sc211. Search for

k as in the list array, and remember the˚˚ search path so that the link fields can be properly set˚ upon the insertion2. If search is unsuccessful, then found the position at level˚ 0 where k is to be inserted3. Make the insertion4. Generate a random number a in [0,1)5. If a < 0.5, then exit6. Else if a ‡ 0.5, then ascend a level, say to i+1, and insert k7. Repeat steps 4—6 as is appropriate¥ Ex: insert LEN assuming a probability of 0.5 of ascending a level upon an insertion1bINSERTING k INTO A SKIP LIST3210LVLHDR

NILAMY1BOB2DON3FAY4LOU6KAY5TOM8SUE7

2r1. search for LEN and insert it between KAY and LOU¥ set the level 0 link field of KAY to LEN¥ set the level 0 link field of LEN to LOU¥ remember the level 1 and 2 link fields of DON and the level 3 link field of BOB which are on the path to LEN

LEN6

7893z2. generate a random number, say 0.7, which is >0.5 and thus insert LEN at level 1¥ update level 1 link of DON to point at LEN¥ update level 1 link of LEN to point at LOU

4g3. generate a random number, say 0.4, which is <0.5 and stop the insertion

sc22SKIP LIST ANALYSIS BASICS¥Assumptions:1.n records2.probability p of ascending a level upon insertion3.set a bound b on the number of levels4.b is the level where the expected number of nodes is 1¥b is log1/pn¥obtained by observing that probability of having anode at level i is

pi

and solving

n ⋅pi

= 1 for i¥Expected cost, in terms of number of nodes examined, ofsearch, insertion, and deletion is proportional to log1/pn

sc23SKIP LIST ANALYSIS MECHANICS1.Show expected length of path from the root to reach a nodeat level 0 is proportional to log1/pn + c,wherecisaconstant2.Tracesearchpathbackwardsfromanodeatleveli andcompute its expected length C˚(j) as climb j levels in aninfinite list¥C˚(j) is the expected number of transitions that are made¥two possibilities:a.proceed backwards to a node at level i, fromwhere j levels must still be climbedb.climb up one level to level i+1 from where j—1levels must still be climbed¥solve recurrence relationC˚(˚j) = (1—p) Æ (1+C˚(j)) + p Æ (1+C˚(˚j˚—1)) with C˚(0)=0yieldingC̊ (˚j) = j/p3.Infinite list assumption is a worst-case assumption¥if list is not infinite, then as soon as encounter list header,continue climbing up without any leftward moves¥cost to go from level 0 to log1/pn is (log1/pn)/p¥expected number of left moves remaining at levellog1/pn is bounded by 1¥move up from level log1/pn to expected maximum levela.probability of climbing exactly one more level: (1—p)Æp¥probability p of climbing one level¥probability (1—p) of climbing no more levelsb.expected number of levels to be climbed is

i ⋅(1− p)⋅pi

i=1∞∑ = p (1− p)

4.Total cost:

(log1/p n) p +1+ p (1− p) = (log1/p n) p +1(1− p)

sc24CHOOSING P IN A SKIP LIST IMPLEMENTATION¥Expected number of pointers per node is 1/(1—p)1.probability of exactly one pointer is 1—p2.probability of exactly two pointers is (1—p) Æ p3.probability of exactly j pointers is

(1− p)⋅p j− 1

4.expected number of pointers per node is

i⋅(1− p)⋅pi− 1 i=1∞∑ = 1− pp ⋅ i⋅pii=1∞∑ = 11− p

¥Let s=1/p denoting how many nodes are skipped on theaverage at each level in the skip list¥Cost of searching a skip list of n records is

s logs n +1

assuming that search is started at level where theexpected number of nodes is 1¥Cost is minimized for s = e and is the same for s=2 ands=4 corresponding to probabilities of 1/2 and 1/4,respectively¥Usually use s=2 and s=4 as they make it easy to generatethe random number for the insertion process1.can just pick log2sbitsatatimefromarandomlygenerated stream of bits2.as increases, less space is needed as averagenumber of pointers is s/(s—1), and thus s=4isagoodchoice

sc25SUMMARY OF SKIP LISTS1.Advantage over binary search trees is that worst-casecost is independent of the data2.Worst-case cost of binary search tree arises when thedata is sorted3.Worst-case cost of skip list depends on the treegeneration process¥arises when all skip lists with exception of the one atthe lowest level are empty¥search will take n steps¥assuming p=1/2, probability of all insertions at thelowest level is

1/ 2n

� a rare event¥bad case does not depend on the values of the keys¥there are no bad datasets � just bad random numbergenerator sequences¥no guarantee against worst-case performance usingskip lists4.Worst-case of skip list is unknown (based on result of arandom number generator) and unlikely to occur, insteadof being known, undesirable, and far more likely to occurthan its probability of occurring were it generated atrandom (as is the case with binary search trees)

sc261. When data volume is high, tree is too large to fit in memory2. Binary search tree is stored on disk pages3. Branches in a binary search tree contain disk addresses instead of links to other nodes4. Each branch corresponds to a disk seek operation¥

n records imply log2n disk accesses¥ n =2 million implies 21 disk accesses5. Solution: aggregate results of the comparisons by delaying the branch to the missing page¥ Ex: form groups of 7 key values at every 3 levels of the tree1bEXTERNAL SEARCHING¥ search is three times as fast as only need 1/3 as many disk accesses¥ basis of indexed-sequential file organization (ISAM) — 3 level tree

pagepage2ra. level 1 = cylinder

3zb. level 2 = track

4gc. level 3 = pointer to record

sc27B-TREES¥A B-tree of order m has the following properties:1.every node has £m sons2.every node except for the root and leaves has ‡Øm / 2øsons3.the root has at least 2 sons (unless it is a leaf)4.all leaves appear at the same level and carry no keys¥usually omitted from the drawings5.a non-leaf node with k sons contains k —1 keys¥Guarantee that each node of size m is at least 50% fullEx:m =5 with 3 levelsall nodes with the exception of the root contain 2, 3,or 4 keys25

2 5 7 813 14 15 1822 2426 27 2832 35 3641 42 45 4610 2030 40ABCD

A non-terminal node contains j keys and j+1 pointers:P0K1P1P2K2KjPjK3KPj-1

K1<K2<K3<K<Kj¥m is usually the size of a page and a 1—1 correspondencebetween nodes and pages¥Search in a B-tree is similar to that in a binary search tree

sc28

13 14 15 181bB-TREE INSERTIONEx: order 5A10 20D22 24CB2 5 7 8

2rInsert 16163zNode C becomes too full (overflow)Therefore, split node C and promote 15A10 15 20D22 2416 18C2C113 14B2 5 7 8

4gA10 18D20 22 24C13 14 15 16B2 5 7 8

Alternatively, we can apply rotation (i.e., promote 18 to replace 20 in node A and demote 20 to node D)Note that we cannot promote 13 and rotate 10 to the left (to node B) because node B is full

sc29

1bHOW DO B-TREES GROW?Ex: order 511 12 13 14C31 32 33 34ED21 22 23 25B1 2 3 441 42 43 44FA10 20 30 40

2r24Insert 243zNode D becomes too full (overflow)Therefore, split node D and promote 23 to node AA10 20 23 30 40E24 25D2D121 22B

CF4gNow, node A is too fullSplit node A and promote 23 creating a new node and the tree has grown by one level

30 40E24 25D2D121 22B

CF2310 20

sc30

1bB-TREE DELETION1. To delete a record R with key K start at the root node and search for K2. Once found, locate the next record S with smaller or larger key (in terminal node N )3. Replace R with S and delete S from N4. If N contains < Øm/2ø records, then underflowEx: order 525 28CB1 5 8 10A20 30D

deletion of 25 causes underflow in node C2r20 28CB1 5 8A10 30D

Promote 10 from B to A and demote 20 to C

3z25 28CB1 5A20 30D

Problem: Suppose there is underflow in adjacent nodes?20 28CB1A 5 30D

delete 25 and rotate 5 and 20 �4gBC1 5 20 28DA30

Solution: Merge nodes B and CThe same algorithm is recursively applied to node A which may underflow if it is not a root node

sc31sc311bCOMPLEX B-TREE DELETIONEx:order 5Delete 120110 120DC60 70 80B10 30A50 100102 104L112 115M125 130NEFGHJKI2rReplacing 120 with 115 causes node M to underflow

3zMerging nodes M and N and demoting 115 leads to underflow in D110DC60 70 80

B10 30

A50 100

102 104

L112 115 125 130

MNEFGHJKI4gCD60 70 80 100 110

A50LMNHJKMerging nodes C and D and demoting 100 leads tooverflow in CDEFGI5rSplitting CD and promoting 80 leads to the desired result100 110

DC60 70

A50 80

MNEFGHJKI6vNote: rotation could also have been applied (promote 80 anddemote 100)

sc32SUMMARY OF B-TREESAdvantages of B-trees¥Storage utilization is at least 50% and often much better¥Storage is allocated and released as the file grows andshrinks¥No congestion problem as is common with hashing¥The natural order among the keys is maintained andprocessing along that order is possible (unlike hashing)¥If requests are batched, then can use a prepagingscheme after sorting the transactions on their keysVariations¥Eliminate wasted space in terminal nodes¥Increase the utilization of non-terminal nodes by onlystoring the key there instead of the entire record (e.g., B+-tree)¥Use different values of m for each level¥Improve storage utilization to

n (n +1)⋅100%

bystipulating that when node splitting occurs, n adjacentnodes are split to create n +1 nodes.¥Currently, one node is split to create 2 nodes.

sc33B+-TREES

253 5 7 810 13 14 1522 2526 27 28 3032 35 36 4041 42 45 469 16 2131 40ACBD

1.Limit information stored in nodes to be just a key valueand a pointer to a node that contains the rest of therecord�s data2.No need for empty leaf nodes3.Only nodes at the deepest level (called leaf nodes)contain key values¥contain between Øm/2ø —1 and m—1 key values¥space for pointers to leaf nodes can now be used forpointers to nodes containing the rest of the dataassociated with the key4.Nonleaf nodes are used just to provide an index to enablelocating the leaf node containing the desired record¥at times, nonleaf nodes may contain some of thesame key values that are stored in the leaf nodes, butthis need not be so¥Ex:25 appears in nonleaf node A and leaf node C,while 40 appears in nonleaf node B and leafnode D5.Can link up all leaf nodes in the tree to enable traversalwithout ever accessing the nonleaf nodes¥efficient support of both random and sequentialaccess

sc34PREFIX B+-TREE¥When keys are long strings, nonleaf nodes only need tostore enough characters to enable differentiatingbetween the key values in the subtrees¥To differentiate between �jefferson� and �jones�, �je� isenough rather than �jefferson� which is longer sc35¥ B-tree is a generalization of a 2-3 tree where each node has 2 or 3 sons � that is, an order 3 B-tree¥ 2-3-4 tree: each node contains between 1 and 3 key values (i.e., 2 to 4 sons)¥ Red-black trees enable the implementation of 2-3 and 2-3-4 trees as binary trees in a manner analogous to the natural correspondence between a forest and a binary tree

1bRED-BLACK TREES1. black edges connect nodes of the 2-3 and 2-3-4 trees2. nodes of the 2-3 and 2-3-4 tree are represented as one level binary trees consisting of red edges3. implementation needs an additional bit to indicate if the incoming edge from the father is red or black¥ Observations1. 2-3 tree: one-level binary tree has at most 1 red edge2. 2-3-4 tree: one-level binary tree has at most 2 red edges3. impossible to have 2 successive red edges in a 2-3 or 2-3-4 tree

10 2051324 28 321 261114 152326 2730201028513rbbb

11115214bbbrr

6b332432rr

23303327bbbr

26b2r

sc36BBEBER

BLANCO

BARIOAUELBUENO

BUSCAR

ESTRIE-BASED OR DIGITAL SEARCHING¥Uses a trie structure1.digits or characters that comprise the domain of thekey values control the branching process2.each character has M possible values3.a node at depth i in the trie represents an M-waybranch depending on the i˚thcharacterordigit¥Analogoustoa�thumb-index�inadictionary¥Ex:¥Organizestheembeddingspacefromwhichthedataisdrawnratherthanthedataitselfasisthecaseintree-basedsearching¥Forn records and M-valued digits, logMn digit positionsmust be examined during a random search¥Used in command decoders and file systems torecognize incompletely specified commands and filenames¥Ex: LO$ yields LOGINDI$ yields DIRECTORY

sc37¥ Practical Algorithm to reTRieve Information Coded In Alphanumeric¥ Digital searching can be made more efficient when 1-way branches are avoided¥ Instead of an

M-way branch on the digits, use a 2-way branch on the bits comprising the digits¥ Use a SKIP field with each branch node to indicate which bit is to be tested next (i.e., how many bits are to be skipped)¥ Ex: use ASCII codes1bPATRICIAN TRIESWordLetter 1Letter 2Letter 3Letter 4Letter 5Letter 6BARIO10000101000001101001010010011001111BEBER10000101000101100001010001011010010BLANCO100001010011001000001100111010000111001111BUENO10000101010101100010110011101001111BUSCAR100001010101011010011100001110000011010010COURSENT

2r1. skip to bit position 10 and test

10013z2. skip to bit position 10+1 on the left and 10+7 on the rightBUENO

BUSCAR

701BLANCO

1014g3. skip to bit position 10+1+1 on the left of the leftBEBERBARIO 101

sc38ADVANTAGES OF PATRICIAN TRIES1.Standard node size2.Only examine differences between nodes (no 1-waybranches)3.Good for long keys � e.g., book titles, etc.4.Data structure is analogous to a program with aninterpreter sc39LITERARY APPLICATION OF DIGITAL SEARCHING¥Ex: English dictionary1.100,000 words2.only 309 of the possible 262=676initial2-lettercombinationsareused3.onlystorestems,prefixes,andsuffixesofwords¥Lookup algorithm:1.searchfortheword2.ifnotfound,thenidentifyaprefixorsuffix3.removeprefixand/orsuffixandlookuptheword¥Cautionmustbeusednottomisidentifythesuffixesandprefixesasthismaychangethemeaningoftheword