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Tree Structured Dictionary Machines for VLSI

M. B. Meybodi
Computer Science Department

Chio University

Abstract
Recent advances of YLSI has led to the development of high performance, special parpose hard-
ware to meet gpecific application requirements. In this report, we review » number of tree structure
multiprocessor designs called Dictionary Machines. These designs have been proposed for performing
a group of operations including SEARCH, INSERT,DELETE, X\c{f'\WE:uutmm] XMAX (Extract-
min}, and NEAR on a set of keys. A modification to one of the these designs is presenpted. This
modification enables the machine to handle redundant operations.

Keywords and Phrases: Dictionary Machine, VL], Parallel Algorithm, Parallel Processing,
Special Porpose Machine

1 Introduction

Special classes of computational tasks have led to the development and realisation of special
purpose computer systems that most efficiently perform the given tasks. One class of these special
purpose architectures is characterized by a strong, inherent parallelism [umctioning in & systolic
man@er.

A systolic system is a network of processors which rhythmically computes and passes data through
the system [11]. In systolic syste ..., processors (cells] are typically interconnected to form a systolic
array or systolic tres which resulis in a simple, regular communication and control structure. Data
ficws between cells in & pipelined fashion and communicate with the cutside world only at the bound-
ATy Processors. Systolic architecture is used to implement variety of cnmput.a.tmna] tasks such as :
s:lg-la.] and 1 image processing, | matrix arithmetic, graph l]gnrll]'mu geometric algorithmas, relational
Ja.[ahuc operations [4,8,9, 10]. This architecture was ariginally propesed for VLSI implementation

{ some makrix ¢D!rﬂt]ﬂl‘l5 I“

In this report we study a number of systolic tree designs which have been propossd for performing
s group of dictionary operations on a set of keys . These machines known as Dictionary Machines
perform some sabeet of the following operations: [NSERT, DELETE, SEARCH, XMIN, XMAX,
and NEAR. Before we describe these tree structured Dictionary Machines, we define the effect of
the varions operations. Cur notations follow [3]. Let F denote the set of all key-record pairs stored
in the machine and [k, r] denote a pair with key k and record r. For & key & and set F, we say k is

ored in the machine if there exists an r such that (k, r] is in F. Define

Fik) = {{k, r)](k,r) € F):

sa Flk) is a singleton set if k is in F and empty if & is not in F. The effect of dictionary operations
are as follows:

INSERT (k,r):
F—|F- F[*l'fr'J

Response is null

DELETE (k):




F F— Flk)
Responee ia null,
SEANCH{K):

o nob chanped.

Reaponze iz #{k] if & is in F and “not in® i k i oot in P
AMIN:

F oo P~ Flky)

[esponze is F[kuin] where kg, is the smallest key in &,
XMAX:

Fo F o Fllpae)

[tesponse is Flk,,..] where
ﬁ'.r:,'dlflk] t

F e nol changed

Response is F(E,

=

wene 18 the largest key in F.

J where ko i the stopod key closest do &

An inzertion operalion s rederdent when the pair requested to be inserted already exists in set
F. A deletion operation is redundant when the pair requested to be deleted does not exist in zet F
W use % bo denote the nomber of pairs stored in the machine [set F) at a given time, and N to
denote the capacity (maximum nuwmber of pairs that may be stored in the |I|:u'|Li.|IELllf the machine,

In section two of this report we pregent a teview of the designs proposed in the literature. In
section three we modify ane of the existing designs. This modification enables the machine to handle
redundant, operations, [n section four we compare the design proposed in this report. with the ane
proposed by Bentley and Kung.

2 Previous Designs

AL loast five papers propese tree-structuced design for the implementation of dictionary opera-
Lions, Exventhough they differ in details they share some basic principles, A machine is a collection of
processars connecbed together 2o as to form a binary tree, That is, all processors [except the leaves)
have two saceessors and all processors (except the root) have one predecessor. Fach processor nay
held zern or mere pairs, and can communicate with its father, two children and sometines with sene
additional procesors, The root processor, in addition to storing data is aléo wsed as input foulput
poert of the machine, Operations are broadeast from the root and are pipelined along the depth of
the tree. Soch a tree machine i @ completely general parpose parallel processing engine and can be
used for problem decompesed in a hierarchical way, Tres machine can solve any problem that can be
stated as computing some function over every element in the st (guch as equality or abselute valoe
of difference] and then combining the values of Lhose Tunetions by some assotinlive, commntative
Binary operator [1]. Tree structured systolic arraya, have been exploited to salve a wide range of
problems [8,2]

We consider two measurements to compare different designa: respunee time, the time elapeed
between the initiation and completion of an operation, and pipeline ingerval, the minimum tine
neecded betwesn the initiation of two separate sperations.

2.1 Dentley and Kung's Machine &

The hasic stracture of thiz machine [1] is ilstcated in figure 1. This ma hine is o mirrored binary
tree, containing three hinds of processors: circles, squares, and ovals. The circle processors are gl
to broadeast data and alzo to decide where 3 pew pair is bo be inserted The ovale are naed bo
combine their inputs, These processors perform operations sich as min, max, and, or, and plus.
The operations by this machine supported are INSERT, SEARCH, and DELETE Ta illustrate the
operation of this machine we consider the problem of perfarming the member search Lo answer the
query “iz (k. r] an element of the set F*. Lot us supposs that each of N square processors hobds
an element of get M. To determine if (&, r) iz 2 member of F, pair (K, 7} iz inserted into the root of
the Lree, and fogN stepe later it will armeee at all of the square processors. Then N compariscng are

rformed in parallel, and a bit is set Lo one if the pair atored in that sgquare processor is equal to
F~ r] and gero otherwise. This is shown in Figure 2. These bits are then combined in log N steps
by letting the owals compute the logical or of their two inputs. So after a total of 2log N steps have
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saased since the query was posed , a single bit emerges from {he ontput processar telling whetler
:_-,..-| [k, ) = an f‘l'."lllfﬂl'- of sed f : B : T
A new pair can be inserted into the 1qa.c|m|¢ 1:ry_|n1t-.-m1z it in amy unused square proces ; ¢ Budh
1 goUiAre PROCERBOT i be found by having each circle keep track of the oumber of ‘m“: BjUAL
pocespors descendants of ench of lis two children. When a requeat comes to Lhe root for a new
E'““'"‘“l'] pogition, it pases the requeat to one of its children with unused square p[n:vmﬁrﬁ.hund an
rh. This iz done by masking all of the square processors except the one which will I;: d the pf."
This square processor then Inaded with the duir:_r] data. Note that a single par can ngerted in
log M steps,and a set of M pairs can b inserted in M—14 bog N ateps. e e ik
T delete a pair 2 Bag in its square procésaor 12 aet to indicate that it is unu]_ an ” Lenm
connts in all of the circles above it ace pdjusted . This can be dome vither by pushiog ‘:5.”‘"!““ h"
bockward to the top of the tree or by doing & dummy reinserkion of that pair, and mo |I'3.Rr1|z'; o
counters on the way down. The time for either of these operations 18 prppurnnnrﬂ Lax Ihg:) : !Et
pipeline interval for DELETE operation becanse of modifying the counters in the w.'_luureahla [bog ]
in conbraat with the {1} interval for the INSERT and SEARCH operations. Hince :_-.-r?al::: :rn.
stored in the sguare processors, Uhe response time for all the above mentioned operations i2 (log N].

jserson's Machine )

1?;['1{:.:“:.%1:11& |2} supports Lhe operations INSERT and AMIN which simultanesusly rl‘.t.(u)rll.u a;rd
deletes the pair with the smallest key in the machine. The machine operates within un]n_e “'Wf-u V]
aned pipeline interval 3(1). In this machine square processors ase connected to form a Linear :.g_am
as i is shown in Ggure 3. The data elements are stored only ab the square procesors in ancreiding
order over the linear chain with the pair having the smallest 1};1- stored in the !Ie_l‘upmt |:-r]<>_-:t-laslnft.
This machine was designed to implement nen-redundant INSEH and XMIN operations only bul 1
can be madified to handle SEARCH, NEAR, and DELETE operations. : ey

Like the Dentley and Kung Machine sperationg are broadeast feom Lhe poot -m_-J pipe |1|:".|;;1 al -:.Tg
the depth of the tree, Tt hh.:;%‘?%?riﬂmr r]ur an .“Pﬁat’]:"".“ to n.*;:.:lll .-LI.Ll ::: ]|I1‘:-f|for|"”]-m"i‘1.| r.h.;i.?m-,;;

f mors receive an [ k,r), the pair (k, r} is ineerted al : the li
1ﬁ?ui|fr-rlf:d all pairs with keys grealer than k are shifted right Lo maks Foom. Whl:t :T!;Lhﬁl.'?{li:l]:
operation s received, a.'li]rrnirs with keys greater than & are ahifted left to I':.!l up the hole m-..LLh
by DELETE operation, We now describe more pmcuclf _L:'?w an sguare processer S pr.:;-ﬂﬂ_":; erl:.
various nperations. Let (kg r;) be the content of Sy [1*" processor fr\qu.h ]t.l:_:-_lml[t,].. o ﬁ- a ak
by = —oo, Ky = 0, and fo = N4l = f. B iz used to denote & null pair. 'Iulm.li y, all the s-.'|_||..|.l-<.
processors conbain [o0,#). When an square processor S, ceceives an operalion, epending on the
operation it executes ene the following algorithms :

SEARCH(K): i
iF{j;,J = k then answer (k;, v;); else answer “nod in”.

INSERT|k, 7):
; J:.-.:I| < k< ki then Hk..l‘.e — (7},
ik kg then [k re) — (R 1 -1 )

DELETEE):
5[.’:]*'- k; then (ko) = [k redds

UPDATE[K, r):
illi;,r.:I k then (k) — (k7)

AN . 2
e 4= 1 and r # @ then answer [ky,7a); elee answer “not in®,

[} [ S

i [ . i a pair which is already preseol or
achine does not aperate correctly when asked 1o inzert a pair w
dulft..lwampair which ia not l:!rnuelil‘.. I a delete iz rm]undnnt.,ll _wﬂ:ng pair n]'n:_xy b ?-:::E:ia;&ii:
i dat ture is crented which wastes a processor. Loiserson machins =

:t:. t]r::l. 1.1:::55:;5:1 can operate correctly for redundant operations ||"I-| The _pl*ohlr:rn of m::iulﬂia:ét
deletion is avoided by having the square processers with key & simply mark its contént as e ted,
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."l-'n\\

while the other aquare processors do not shift their conte i i i |

redundant insertion da, The holes are Femoved by an npn?ral.I::: 1l-:l:l|-|:-|:lI:?:‘:';.::'}:‘;E'I;'I'Iu'ni':.-:::rte"dﬂ:l: 43
modifications the machine weeda (9 log N) times to respond. The COMPRESS -”.FI!;“L“U“L ;_‘ ITIE
gemerated by the root t:rr-r-.'-:nur just like any other operation, [k, «) denotes o hale w'rll:h key k I"|"M
a given k, there could be aeveral square processors with content (i, +). 11 k ia in the J|.1'|.rI|i]|‘;|- l..I ki
will b exactly one square processor with content (i, r] with r & «, and this square prlun-m.r ::.r;]

b tar the left of any squar i : i '
an Fallowrn: ¥ suare processor wilth content [E, #]. Square processor N, processes operabions

AKA J'ﬁ"H}.tﬂ:
ik =k and r, # s then answer [kiovi]; elee anawer ®nol in™,
INSERTk, v):
il' ki-i < k< k; then (Ko v} o= [k, 1)
il By = & then H‘,,r,{~ k)

if kg = & then (ke ] o (ki n W)
”J'-.'}.E'Tl".}k] ]

ik =k then (&, ) [k, +).
EPRATE K, r):

il by = k and ry o o then [ A [k, r].
XMIN:

ife=1and r, # # then amswer [
L AR [Jl||l.1'.1|'|- o

MR ESS:
iFrg = and v # o then kiim) = [y miaal.
ke k

¢ niEwer *nob j"

if e of o and rey = % Lhen AR "

?'ir|||..n|1- processor 8 proceases COMPRESS by asking 5, te see i it contains a hasle if 8o, 8, ahilis
:Is. !lmlrll.r o 5, _ .'I:Iur_ L||I|_- Ic-:rnh-r:l of 5, becomes a hole. A hole created by a redandant L"L'.(‘k,r;'r,,r
Wy a nonredundant DELETE could he pushed completely to the right by at most ¥ — | OOMPRESS
-||:4:| ';Ellr:):;j:.;(}ﬁﬂ“l“" Resenberg, and Stockmeyer shown Lhat if the diclionary machine executos
n!llfI e MESS operation after encl JNSERT or XMAX and two COMPREZS operations afles
vach DELETE, I'.|lr|l: aller thess OOMPRESS operalions amy initial segment of the dictionary of
length ¢ never containg more than [e/2] holes, 4
This machine can be further im i i
i proved by combmning operations SEARCH ; CIPRESS

2 new speration called COSEARCH, defined as lollows: 2 S f M. DOMFRER Ima
COSEARCH (k)

!!‘k, =k and r, # o then answer ki)

iy # o and ry_j = » then !k,_ A }‘:.. ]

kjr) e

iFr=sand rpp # 8 then r: L I

Ery SEARCH is roplaced by & COSEARCH, an additional COMPRESS s onl wpded if
'f'ﬂf BT or an XMIN is not Tollowed by a SEARCH or if a DELETE is not [q-.lluw::i l::,-}l:-l.‘.l."';-,‘_q |:|'|I'|::l
o city of the machine whenever retrieval occug

perations. This wew operation will increase Lhe ey
significantly more frequently than INSERT, DELETE, or XMIN [12]

2.3 Ottmann et al. Machine

Thiz machine [3] uses all the processors for storing data, and therefore the response time s
-_'"‘-I'-:‘l‘:'-'"| ta Oflog s where n is the total nunber of pairs present in the machine, The major change
-r+| the structure of the machine is that the square procesors are now snaked through the tree as
spown in ﬁ:g_un: 4. As a result :|||_|1.|.||.: are stored im square processors whose depth in the tree i
Clog n) which leads to response tine of Oflogn). The operations are exccuted in the same way as
in !.._m:nrmn's machine. The pipeline interval for this machine is o1y B o

Chere are two kinds of links connecting the square processors: tree links used Lo broade ast
operations, and array links for commumication betwesn an sruare processor and sta peighborm, Thi
miachine has number of disadvantages: 5 "
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. Ume cormer processor al each level is needed o slore its old contents as the reference data lw
the succesaflul execution of an operation at the next level

2. D¥ifferent numbera of an additional operation, called COMPRESS, are sent from the root
processor alber every regular operation to remove the hobes |processor without an element)
created by a nonredundant DELETE or a redandant INSERT operation which results in a
naai- uniform output pipeline interval,

5. The last level in dhin machine s divided on two physical levels, Therefore, Lhe responas
from bwo sons of & node i generated at dilferent Limes and a processor i required Lo wait
for response from both of its sone before generating the reaponse for it own father. This
requires additional delay bulfers at each processor which complicates the comtrol algorithn,
amed increases the pipeline interval by one cycle.

2.4 Atallah and Kosaraju's Machine

This machine |7| performs all the dicticnary operations in (flag n) time, and al pipeline interval
(1), Each processor (except the last active processor] holds three pairs . They are stored in the
machine in such a way that a precrder traversal of the tree is isomorphic Lo the sorted sequence of
the pairs, as shown in fgure 5.

Il o pedundant operation is allowed, the pairs with minimam and maximum key are available at
the rool processor, I redundant operations are allowed, holes may be ereated in the machine and
the pair with maximmem key may not be available at the root proceasor, Like the Ottmann et al,
Machine different compress and cleartail operations are lroadeast after every regular operation io
remiove holes, This results in 8 nop-uniform outpet inberval.

2.6 Somani and Agarwal’s Machine

This machine |56 has a pure binary tree structure. Each processor communicates with its father
and two children only, The pairs are stored in an unsorted manner which simplilies the algorithms
in snme respect. This machine supports INSERT, DELETE, SEARCH, XMIN, XMAX, and NEAR
operationg in time Oflog n). In addition to the above mentioned operations this machine executes
one COMPRESS operation after every regular operation in order to balance the tree at cach nade
with respect to the number of pairs stored in the left and right subtrees of the node [processor)
and to fill the holes eroated by the execution of either a redundant INSERT or DELETE operation.
The pipeline interval of this machine ks just two steps including the additional eperation reguired ko
mainlain the stracture which i moch hetter than design of |7] and [3] whers the pipeline interval has
L be at least 3 steps excluding additional operations. This results in three to four times improvement
in throughput when the additional operations are considered. The operations For this machine is
rather complicated and will not be explained here. This machine requires the smallest amoant of
internode 1/0 among the designs and wastes the fewest processors among the machine performing
redundant aperations |13].

3 Proposed Machine

The proposed machine is a modified version of Bentley and Kung machine. In Bentley and
Kung machine the SEARCH and INSERT sperations can be pipelined with constant interval, but
a DELETE aperation will in general require an interval of Oflog N} before the next operation can
be entered inte the machine. With the proposed machine sequences of DELETE operations can
be pipelined with constant period, but INSERT operation needs an interval of Oflog ¥). For the
imsertion operation to operabe correctly when asked to insert a pair which is already present, a search
for that pair initiated before inserting it, The result of search operation will determine whether the
pair st be inserted or not. This will increase the pipeline interval for INSERT ta O{log &), With
this machine redundant operations will not create any problem.

The basic structure of Modified Bentley and Kong machine{ MBEK) is the same a2 Bentley amd
Kung machine with the exception that MBE machine has a full k-ary tree strociure rather than
a full binary tree structure, The machine containg three I.a‘lpﬁﬁ of nodes: circle which broadeast
data, squares which =stores data and compute, and ovals which combine the inputs. The squares
are the most complicated nodes. Each may be a processor with a small amount of main memary,
The top tree is called forward tree and bottom tree is called image troe. The purpose of forward
tree is to hroadcast a given operation to all the square proceasors and the purpose of image tree
iz Lo trapsmit answers from the square processors to the roob of the image tree, In other words,
the MBK machine like Bentley and Kung machine has a two part structure, one part handles the
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dietionary operations and the ather does i e
A anr
lerward tree

o execalion after some prepocessing at the oot processor. Aller the execation log
an aperation is complate the reaponse for thiz operation i= directed toward the root of the image tree,

31 SEARCH Operation

The SEARCH operation determines whether or not o pair (&, r) s stored in the machine. Tlhe
aperation is entered into the root of the forward tree. log, N ateps later it reaches all Lhe sqiare
nodes, and then N comgparisons pedormed in parallel, Wlhen a S| UARE OFOCEEOT BIVeE an anzwer
that answer is padaed to the root of the image tree, OF course Lhe oval processors of Lhe
must combine the amswers in the carrect way=. For example if a triangle peceive a pair from ope

and “not in® from the other children, it ghould trangmit that pair toits father. The rool of

the iniage tree receives the answer to tle query 2 logy, 8 stepe after it was posed,

image tree

3.2 DELETE Operation

Thiz operation travels dewn the forward teea. After loge N osteps it will arrive at all che square
procedsurs holding the pairs, The response of 1he arjuire proseasar is either “not in® or [deleted i)
depending on whether or not the Bquare processor contain the pair. 2 is the sequarce processar num ber
of the deleted | Owal processars then combine the reaponee received as follows: i1 the input of
an aval processor are all "not in®, the aibput produced by that processor is “not in® and i ane of
the input s [deleted,e), the ontpat produced ia (deleted 5], Upon pee ving [debeted 1] by the po
of the image trew, it in sent Lo the raot of the forward tege. The oot of the forward tree saves §
[the square processor namber at which the deleled pair used 1o reside) inoa list L. This st at any
e containg Lhe numbers of all the aquare processors which are vmiply and are to the lell of (e
right ot procesear whoss content has not been deleted sinee it was inserted. We o all this processm
bemndary square processar. The size of the list must be equal ta the capacity of the maching

3.3 INSERT Operation
Before describing Lhe INSERT aper

ation | let e mention an operation that we can perfarn on
free machines . Given a pair and int

vowe wanl Lo aloge that pair s Lhe % BA e praresss Lt

the lefe, The leftmoet pracessor is numb
cXpress 1 as k bit binary ayagas..,... , als

Izern, Lot N, the mamler of square processors, be 2% and

vaggume that Lhe number aof children of each Processor is
2 for same b, The binary representation of § will be used to lead the pair te the ith square processor
when traveling down the forward tree. The raot of the forward tree waes the bie patlern aja;.. aqy
to select & processor al the next level which will receive the pair. In genersl, a processor at level N
which has received a pair from its father nses the [p 4 1]™ bits of binary representation of § o choos
the poceiving processor at Lhe next level, Figure & illustrates the azsociation of bi patternz b the
chikirem of a node when b = 2. If the machine has a full binary 1 structire, routing procedure can
b described as follows: [f Ay = 0, paes the pair and az...ay to the lelt child of the rook; il ay I,
pas the pair and wy. a0y o the right child, ftepeat the eame process al each level ontil anp s wAre
processor ks reached.

When an I¥SERT operation is entered the rost of Lhe forward tree, it is wsigned a square proces
air. The binary reprasentation of the nnmber indicating that processor will be wsed by processors
m different bovel of the maching to lead the pair to the assigned processor when Lraveling dewn Lhe
forward tree. Routing procedure describied in the [t aragraph may be used for direc ing the
pair theough the wackine to the assigned square processor, One possible algorithm for 2 Sgning
sEre processor o aopair is given below,

Hquare Proeeasor Assignment Algorithm:
I list L ogs erply then
assign the square processor which mmaediately follows

the boundary square processor
else

assigh an arbitrary square processor from lisl

SIEJ-' Lof above algorithm can be i plepnented by maintaining a counter a8 Lhe oot of the farward
tree. This counter is increased each time a syuare processor following the boundary BiJHATE JHOC ST
is assigned to a pair. [nitially, the boundary square provessor is mumbored zero,

outcome of the dictienary aperations.
m ool |||pl"'i.|.[|-::lllsi coter the raot of the forward tree in a pipeline fashion, and travels down the

4

| Kupg Machine {MERY. Thiz comparisen fo
e

S o R — N o R N W ol

Clonclusion

r 1h ine with the Modified Be Y
) clude this repot by com pal ing Lhe Hl’!:lll'h':gI aid Kllng machine with mkle
We cond! 5

£k 2 is given in the ollowing table.

| Bently-Kung TMBE
Search Search
i . Insert
Operation :;I:]::t el
. 5
e Insert (1) Insert Olog
rnl.i‘.:.?:.r:‘l- Delete Oflog N} | Delete ) lg
Search (1) Search 01
Redundant | No Yea
Dperations

d l}EEeﬂl:aﬁﬁeﬁen:d H.T. Kung, * A tree Machine for Searching Problems,
i ) L :

Imtarnational Conl. on Paralkl Procesing, August 1074,

" Dept. of Comgaber Sejenen, Carnegic Melon

® Procecding of the

a1 K. Lei i, " Systolic Pricrity Que_ue:d_.,
B E!-ni]:;.‘:rt::fr;ﬁlshugh, PA, Report CMU-C5-115,197% .
. ockmeyer, ¥ A Dctionary Machme for VLI,

3. T. A. Ottmann, A, L. Rosenherg, and L.1. Sln. 0, Sept. 10K, pp. AE-H0T.

IEEE Transaction on Computers, val. e-31, N - o
T. K and ., B. Leiserson, © Systqlic Arrays [[or UJ-::]_, ;Pirnr.. Symp, Sparse ;
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