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-ABSTRACT o

As part of the contlnulng development of the LADDER system [1] [2]--

: 'f_-we have substantlally expanded the capabllltles of the data base access'ef."

: component that serves' as the 1nterface between -the: natural—language-'
"front end of LADDER and the data base management .systems on which'the
data is actually stored. SODA, the new data base access componeni, goes
'Eeyond its predecessor - IDA [3}, in that it accepts a wider range of
" queries and accesses multiple DBMSs.  This paper 1is concerned with the
':first of these .areas, and discusaes how the expresaiVe power of the

':query language was increased, how these changes affected query

':_ :pr0cessing-.in_a distributed data base, : as ﬁell as -what are . some

linitations of and planned extensions t6 the current system. -
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K fI':fINTRQDUchbN"'

As part of the contlnulng development of the LADDER eystem [1] e

';:[2] : We have eubstantlally expanded ‘the capabllltles of the data base

‘access component that 3serves as._the 1nterface ‘between. the natural-’
- language front end of LADDER and the data base management syatems on
which the data is actually stored. S0DA, the new data ‘basé -access
‘component, goes beyond its predecessor IDA [3], in that it accepts a
" wider range of queries and accesses multiple DBMSs. This paper ‘is
concerned with +the firgt of these areas, and discusses how the

'_expressive power of the .query 1anguage was increased, how these changes

U affected query pr009531ng in a: dlstrlbuted data base as' well as what'

.d_are some llmltatlons of and planned extenelons to- the current system.;.;--'f

'.Nf:To.-explaln the new features” of SODA Stwill be useful to review .
dbfiefly3the"capabi1itiee.ef IDA. IDA is designed to access a relational
data base. " That is, it expects ‘the data base to - be organized as z set
of reiatione' (fiies);'éaeh~0f'whichicentainS'a. eef of tuples'(recorde)
~that are in turn eompoeed.of - various fields. The IDA query language

permits ‘the user to view the entire data  base as if it 5weré a ‘single

‘relation,.wifh'IDA being respenSible for piamning=which'aetua1-data'baSe'. .

.relations - have to - be accessed. to answer the :query.:-An : IDA query is:

:,Vlnterpreted as' a request t0°"':”'”

(1) Generate the set of all tuples satisfying a given -
-~fdeser1pt10n expreesed as a’ Boolean comblnatlon of 31mp1e:

.3fd_'(2).a(Poeelbly) select the member of the set for Which somef. '
'5-'1“‘"attr1bute is’ largest or smalleet, or count the members of{ T
S theset. oo T T
 d:e(3);ﬂReturn the values of certaln attrlbutes for eaeh member'f'
o j(or for the selected member) of the set



_ For _1nstance, 1n the Blue Flle command and control data base [4]'
- which we | have : been u51ng, “the Engllsh query,' "What 1s' the _10ngest- 

’s::Amerlcan sh1p9"' could be expressed us1ng IDA as.:-

((* MAX LGHN)(NAT EQ US )(9 NAM))

‘ The term (NAT EQ 'US ) tells: IDA that the tuples we - are 1nteresteds-'jl
'1n are ‘those for Whlch ‘the NAT fleld has the value 'US', 1 e the tuples- ,,?,1
pertalnlng to Amerlcan shlps. “The term (* MAX LGHN) tells IDA ‘that we'f-"

want to select from -this set of tuples _the tuple.for which the field -

LGHN has the highest value, i.e. _the tuple for the longest American
'ship. ‘Finally, the (? NAM) field tells IDA that we want to return the
value of the field NAM from this fuple,'i.e.-athe' name of the longest

American ship.

- . IDA would 1nterpret thls query - by flndlng the smallest set _cf
”asrelatlons in the data base that contalns all the flelds mentloned 1n the

;'query ‘and’ spe01fy1ng to the DBMS what 1t belleves to be the semantlcallyl

."t:meanlngful llnks among those relatlons. IDA- then,generates & program’ 1n

the DBNS access language that 1nterprets the query w1th respect to ‘these

_ selected relatlonsr

This’ approach 11m1ts the -expressiue pcwefTOf the quefy laaguaée'iu

ainumber of ways. Flrst, only one - set of obJects can be talked about in 5.'

each query. The only way 1n Whlch two sets of ohgects can he referenced"

" is if the set that the query.ls.;about 'is their intersection or unionm. .

Thus - we .can . express the query--"Which ships - are American submarines?" -

s(lntersectlon),- or "Whlch shlps dre Amer1can Jor are submar1nes9" L

(unlon),_but there is no way to exprESS'f Whlch Amerlcan shlps are lessf;-fbf.

,than 1OO mlles from whlch submarlneSQ"-

Another restrlctlon 1s that only one max1mlzat10n, mlnlmlzatlon, orfﬁﬂf

"flCOunt operator is. alloweﬁ in each query,_and 1t must be applled afterflﬁs' S

:flall other operatlons._ For example,_ We cannot express as a s1ng1e query*ff

e How many shlps are in- each shlp class9": 31nce thls requlres formlng a[--'

et of counts, rather _than 31mply countlng a;_set.- Also,_ we .cannot:

:express Whlch shlp class “has” the most shlps incitet 51nce thls';';ﬂ'fcc

-'-“requlres a count operator and & max1m1zat10n cperator 1n the same query '

Uy



. Flnally, only Boolean restrlctlons .are allowed 1n spe01fy1ng ‘a set

.of obgects.. That all restrlctlons must be slmple 'comparlsons e

s i::between flelds or_ predeflned functlons .of flelds (such as: dlstance- .ls“

':functlons computed on p081t10n flelds),_ or’ comblnatlonS' of 81mp1e's' R

 compar1sons u51ng AND and OR : Thus IDA glves us no Way to express a

o restrlctlon 1nvolv1ng ar quantlfler as 1n Whlch Amerlcan shlps are more_”7 '

;than 500 mlles from every Amerlcan POrtqn “r:-._..



IT EXPRESSING COMPLEX'QUERiES'iﬁ SODA o

o The SODA query language has features that enable 1t to overcome allf

f of the llmltatlons of IDA dlscussed 1n the” prev1ous sectlon.. It allows"”
'_querles that refer to more than one set ‘of obgects, it permits querles
to specify the logical scbping of operatlons, and it allows quantifiers
-to be used in specifying restrictions on sets of objects. This section
informally discusses a number of examples which illustrate these points.
The details of the syntax of the SODA query language may be found in
Appendix A.

_V In the. examples, we will assume that we have the follow1ng ‘subset
'e'_of a 31mp11f1ed Navy commanﬁ and control data base:

"SHIP: .__V_(NAM; CLASS TYPE 'NAT,"LGHN,.-PQS);
. SHIPCLASS: (CTASS, TYPE LGHN, gDRAFT,L’BEAH)

-fPoRTE.-..- (PNAM | PNAT,- PéOS)
o In the ‘SHIP relatlon, NAM 1s the name of the ship, CLASS is'hef
class, TYPE is her type (e g-- 88 forIESﬁbmarine), NAT is - her

" nationality, LGHY s her length and POS is ‘her current position.: The '~ =

- SHIPCLASS relation glves 1nformat10n that is common to all ships of the o
.'fsame class. - CLASS “TYPE, and LGHN are as - in the SHIP relation, andfr-*f

L DRAFT and BEAM are the :correspondlng élmen81ons' of the shlps 1n the '

"eieclass. In the port relatlon PNAM 1s the name of the port _PNAT is the':-'

"country in -whlch the port 1s 10cated,.and PPOS is the geographlca1.5d”

_)posztlon of the port We w111 also assume’ that the DBMS has the abllltyjff;f.f SR

”TIto .compute the functlon GCDIST Wthh glves the great c1rcle dlstance_efui;iﬂ'f7v'

"'-fbetWeen two geographlcal locatlons.ej_ﬁ-- S

SODA av01ds the flrst llmltatlon 'of IDA the 1nab111ty to refer toe 3

ﬁ'f-more than one set -of obgects per query, by u51ng an IN expressmon to-~}_::*”



" agsociate 'a vafiable wiﬁh each of:the eefsﬂ:weIWant to - mention in fhe.

; Qﬁef? o The query Whlch Amerlcan shlps are less than 100 mlles from

.:_:_Whlch submar1nes9" (whlch 'could not be expressed in. IDA) can . be f_ R

'}-expressed 1n SODA as

((IN 81 SHIP ((s1 NAT) EQ 'US ))

(IN s2 SHIP (((s2 TYPE) EQ.'S5')) ! S

" ((ecDIST ( (81 POS) (sz Pos))) LT 100)

(2 (81 NAM)) -

(° (52 W) )) R o
_ _ In this SODA query the expression (IN S1 SHIP ((51 NAT) EQ 'US"))
sets the variable S1 to range over tuples in the SHIP relation for which
* the NAT field has the value 'US', i.e tuples for American ships.
Similarly, the expression (IN S2 SHIP ({(S2 TYPE) EQ 'SS')) causes S2 to
range over tuples for submarines. Then for each pair of ships in the

Cartesian product of  these two sets, the ~additional ‘restriction

 ((cop1sT ((S1 PTP) (sz PTP))) LT 100) is aﬁpliea'--'ThatVis,. we - check o

whether the greet c1rcle distance between the two Shlps is 1ess than 100'-5fﬂ

'_;mlles For each palr of shlps that satlsfles all these restrlctlons, we

" return the ‘names of the ShlpS “This is- 1ndlcateﬂ by the selectors

(2 (s1 NAM)) and - (9 (sz NAM))

We can 111ustrate SODA =) ablllty to express the relatlve scoplng of
operations with the -query, "How many ships are in each ship class?"
This could be expressed'ih SODA ‘as:

((IN C SHIPCLASS)

(COUNT CNT1 . - : L '
: (IN S SHIP ((s CLASS) EQ (c CLASS))))

(? (c CLASS))
(9 CNT1))

The form of a countlng operatlon is & llst where the flret elemenfﬁ

'f;is' the . symbol COUNT the second element 1s a count varlable, and the_-ﬁian'

' }rest of the llst 1s La subquery whlch deflnes the set of tuples to be f ';”':.:L:.

 '3'_counted The effect of a count operatlon is. to set the- value of the:e;';”

7:fcount_ varlable to the number ef_tuples.;n;the indicated set.  In this -

3 examp1e, sznce.ethe_set;to be'ECOuﬂfedfie Hefinedc;n terms- of_the.fleld.



(c CLASS), and ‘since thls occurrence of C is bound outside of the COUNT

_expres51on -and ranges over all- tuples in the SHIPCLASS relatlon “the ’

".query is 1nterpreted to mean that the count operatlon is to be performed:“"'

. Zionce for : every tuple -fin: the- SHIPCLASS relatlcn. 5 Thus, f'tﬁe'

'silnterpretatlon of . the entlre query for .each tuple 1n the SHIPCLASS: .

Urelatlcn, count the number of tuples 1n,the SHIP relatlcn whlch have theff
f_corresPondzng value for the CLASS fleld and return the name’ of the class-'

-and the count.

An example of of a COUNT and a MAX in the same query is prov1ded by |
the SODA representation of the query, "What ship classes have the most

ships in them?":

((MAX CNT1
: (IN ¢ SHIPCLASS)
~ (COUNT CNT1
- {IN S SHIP ((s CLASS) §on) (c CLASS)))))
(9 (c CLASS))
(9 CNT!))

ThlS query s1mp1y embeds the - body of the precedlng query 1n31de a::_-':

maslmlzlng operatlon over the count variable. ‘The bas1c form  of a
maximizing operatlcn is a- llst ‘where the fmrst'element is the sjmbol
MAX, the second element is the term to be max1m1zed and the reést of the
‘1list is a subquery that defines .the set of tuples to be maximized over.
In this case ‘the term'tO'be maximized is CNT1 in the set ‘consisting of
.'_the tuples in the SHIPCLASS relation augmented by the corresponding

values of CNT1, - the number of ships in each . ship class. The effect of

E the MAX operatlcn is to set the occurrences of the varlables bound by

. thé MAX (in th1s case C and CNTi)) to range over:.the values Tor whlch:'.
-~ the’ maxlmlzed quantlty has the greatest value. So 1n thls example, thezl

. :MAX operatlon sets the- varlable- C to range over the tuples'-inl the

-:'iSHIPCLASS relatlon for the Shlp classes Wlth the most shlps 1n them andi r

'sets CNT1 to the correspondlng number of shlps., The rest of the queryu.

.’7fs1mp1y returns the name of those Shlp classes and the number of Shlps_f;; jf-:

raefthey contaln..ii,



Fineiij;. SODA 1ncludes severél'fjpes"of'quentifiers ‘that can’ be
used to' express complex restrictions on the' sets of obJects referenced
-by querles As an 111ustrat10n:'of the use of a quantlfled restrlctlon,-
recall that there Was no Way in IDA to express the query Whlch Amerlcanf_
ships” are’ more then 500 mlles from every Amerlcan port”" In SODA:thlsl

: eou1d be expressed by

((IN S SHIP ((S NAT) EQ ‘s’ ))
(ALL (IN P PORT ((P PNAT) EQ 'US" )) :
((cCDIST ((S POS) (P PPOS))) GT 500))
(2 (5 §AM)))
The first line of this query restricts the system's attention to
" American ships via a simple restriction on the SHIP relation. The
second expression in the query further restricts this set but involves a

universal quantifier. The simplest form of a universally quantified

‘restriction is a list-consisting -of ‘the symbol AZL v an IN expression,

'._and any’ number of restrlctlons An ALL restrlctlon 1s satlsfled 4if all

fithe tuples in the .set sp601f1ed by the T8 expre831on satlsfy all the

-restrlctlons in  the 1lst If there is more. than one binder expre551on':-
in the list, then the_301n of the sets they specify must satisfy all the

restrictions in ‘the list.
In the current ekample,'all'the values of P that satisfy
' (INF P PORT ((P PNAT) EQ 'US'))
‘must also satisfy

'_-frtdcnzsé.i(s'f05>j(p'rrasjyj‘gm;ggaj-__fj'

'-"ffor_ the ALL restrlctlon %o be'éatisfiéd.;ﬁiﬁformally; this means nat

-_.'all Amerlcan ports must be more than 500 mlles from the shlp -in: f' '

2 questlon for that shlp to meet thls restrlctlon : Flnally, the NAM e:ee”

' Hﬂ:f1e1d from every tuple that- meets these reetrlctlons is returned to the‘xfef}.

3;_“user.g§.~*'“

A SOME _restrlctlon has ;the same syntactlc form ‘&8 an _ALL o

restrlctlon, the dlfference in- 1nterpretat10n belng that the restrlctlon._-f-



is satisfied if some ~tuple in the sét specified by the binder

expressions satisfies the other restrictions within the SONE expreseioh"

' .;Thus; to change'the prev1ous query to Whlch Amerlcan shlps are more' o

than 500 mlles from sone Amerlcan port° _ we only ‘have to replace.the.
ALL by = SOME: | | e e

((IN 5 SHIP ((S NAT) EQ US )) I
" (SOME (IN P PORT ((P PNAT) EQ 'US')) =~ °
({ccpIsT ((S P0OS) (P PPOS))) GT 500))
(2 (s ¥AM)))

Notice that in these examples, there are seme restrictions placed
inside the IN expression itself and some restrictions placed after the
IN expression. In a2 SOME restriction this distinction is of 1little
consequence, since placing a restriction one place or the other does not
.. change the interpretation of the query. If we place a restriction
~inside an IN expression, we are u51ng it to deflne the set that 1s being
. quantlfled over. ThlS ;s equlvalent,.zhowever,-to_,quantlfylng_over a

less restrlcted set but'beihg more'lresfficfiﬁeeae :ﬁd fﬁe_additiohal'e
" conditions that one of £he:memBérs-bf'fhé“set' has to satisfy, which is
~ the interpretation ef placing a restriction ‘outside the IN expression.
Thus, we could have expreseed the previous query by either of the

- following expressions:

((I¥ s SHTP ((s NAT) EQ s ))
(SOME (IN P PORT)
((p PNAT) EQ 'US')
- ((GCDIST ((s POS) (p PPOS))) g 500))
(9 (S NAM)))

o.or

((IN S SHIP ((s NAT) EQ US )) :
(SOME (IN P PORT (P PNAT) EQ US )

((GCDIST ((s POS) (P PPOS))) GT 500)))
(9 (s NAM)))

In .an- ALL restrlctlon however,_thls dlstlnctlon 13 cru01a1 If we'e_ffefe,f"""{

'move a 'restrlctlon from inside an IN expre531on. to out31de,”'the"

.::1nterpretat10n is changed completely, 31nce- 1nstead of the restrlctien o

'.ipartlally deflnlng what set'is belng quantlfled over,” it.tpaffieliy-::.



defines the condition that all the members of the set mnust meet. In-.

thls respect the syntax of the SODA - query language 1s de31gned to mlrrore,f

the syntax of Engllsh, so that the process -of translatlng from Engllsh' 

o SODA w111 be smmpllfled._ The 1dea 1s that the restrlctlons derlved'e' |

from noun phrase modlflers 11ke Amerlcan 1n all Amerlcan shlps would o

be placed 1n81de an’ IN expre531on but _restrlctlons that come from'v;

predlcate modlflers would be placed out81de the IN expre831on._ If thlS".

rule is followed, then the resulting SODA - ‘queries will exactly capture'fx

the difference between "Are ‘all American ships submarines?" and "Are

'all ships American submarines?" Conversely, the SODA queries for "Are

some  American ships submarines?" and "Are some ships American
submarines?" will be logically eguivalent, as are the English
questions.

~ As a final point on this topic, it should-be noted that, although
the’ two guestions’ W1th SOme must have the same answer, they do differ
-esllghtly 1n,what they suggest about the - assumptlons of the pereon asklng
"the questlon. " “"Are some American ships submarlneSQ“:_suggests that he
believes that there are ‘American ships, whereas "Are some ships'Amefieah"
submarines?" suggests only that he believes that +there are ships. As
“Kaplan [5] has pointed bﬁt; it can be very importanf to inform the user

of a data base sjetem when the assumptions behind his queries are wroﬁg;.

S0 that he can properiy'iﬁfefpret'the'enswers he gets from the system.

The distinction in SODA between restrictions inside an IN expression and =

those outside could be wused to differentiate the restrictions whose .
. satisfiability the ‘user ‘is assuming, from -those whose satisfiablity he .

is questlonlng.



CIIT 'EXPANDING'vIRTUAL-RELATiONs AND'ORDERiNG“ACCESSES'To'RELATiOst'_

In the prevmous subsectlon,_ we assumed that SODA always used thefeﬂ-"'

e relatlons spe01fled by IN-express1ons to retrleve the requested flelds.;
.”For'.lnstance,- if  the variable S is 1ntroduced in the ' expression
(IN S SHIP), then any subsequent reference such as (S NAM) would be
interpreted as indicating the NAM field in the SHIP relation.

In fact SODA is more flexible than this. The relations specified

in the initial SODA query are interpreted as virtual relations that may

refer to fields stored on several actual data base relaticns. In SODA,
there is one virtual relation for .each type of object  that we want to

talk about {di.e... allow as the value of a variable), - and for each ‘type

of obgect there is-a schems that . indicates the semantlcally meanlngful o

'Ways of - llnklng-=f1e1ds _1n -dlfferent :relatlons.- ;(I ,the _current:
implementation, the same schema is used for all virtual relations.'_This
is an artifact of the particular data base being used, and would not be
possible in general.) For instance, the schema for the virtual SHIP
_ ;relaﬁion would specify that when talking about a ship, if we mention a
 field in the data base SHIP relation (e.g. NAM) and another field in
the SHIPCLASS relation (e.g. - DRAFT), -then the way to 1ink them is to
join the two relations via the CIASS field.

SODA uses’ thls 1nformat10n to transform the references to v1rtual”'

.'relatlons in - the 1n1t1a1 query 1nto references' to actual data' base L

:f re1at1ons., It does thls by scannlng the query for all the' flelds SR

._ﬁmentloned connectlon 'w1th each varlable 1ntroduced by an INﬂfe' }.fej] 5

ﬁ'expres31on._ It then uses the schema for the v1rtua1 relatlon that thefjf

_*;:varlable ranges over to flnd the .smallest set of data base relatlons};"
 e_that 1nclude all the flelds and to spec1ﬁy the 11nks between these ]

'relatlons. soDA then replaces the orlglnal IN expre551on that ment10ns7

~ithe | vlrtual ‘relation w1th a -serles of IN express1ons that mentlon the  fj



ﬂfselected data base relatlons and specify the joins between them. ;Thé

”_'references to the flelds' in the virtusl relation are replaced by the

.correspondlng references to flelds in the data base relatlons. For'fe-'

;example, 1f we wanted to retrleve the name and draft of all the Shlps in _:."

: 'the data base, the 1n1t1a1 query would be._}

((IN S SHIP)

(2 (s NAM)) L

(2 (8 DRAFT)))
 Since the NAM field occurs only in the data base SHIP relation and
'since the DRAFT field occurs only in the SHIPCLASS relation, both

relations must be accessed. SODA therefore transforms this query into:

((IN S SHIP)
(IN ¢ SHIPCIASS ((C CLASS) EQ (S CLASS)))
{7 (s nAM))
(2 (c DRAFT)))

" In thls expanded query, SHIP and SHIPCLASS are 1nterpreted as’ belng

actual data base relatlons,:_whereas in - the ~initial query - SHIP was =~

_1nterpreted as a virtual relation.
In expanding. references to virtual relations, SODA must choose
~which relation to use to retrieve a particular field if that field is

'available-from more -than one relation. In our sample data base the type

and lergth of a ship can be retrieved either from the SHIP relation or

the SHIPCLASS relation. To solve this problem, SODA uses - heuristic .
‘techniques developed for . IDA +to attempt to minimize the number of .-

_Trelations-acceSSed For more 1nformat10n on how this is done, ‘see [3]

Another problem for SODA is to choose the order ‘in Wthh to accesst:

: the relatlons mentloned 1n a query.. Ve could 1nterpret a SODA query as'ﬁ

”:3ﬂspec1fy1ng a partlcular procedure by maklng a flxed prccess1ng strategyf; Vt-r'.'....
'Etf(such as strlctly sequent1al process1ng) part of the deflnltlon of the

t_c“language., The user would then be respon51ble for determlnlng the orderff’:ffﬁ'f“”

.-E,:ln Wthh relatlons are accessed by ch0051ng the ‘order ‘in which they are]’

‘mentioned. Slnce SODA s main purpose 1s to’ be the target language for ar '

tnatural 1anguage processor that makes no attempt to order ‘the’ querles a7

TR



Egéheraféé for efficienéy,'wé ﬁée' a feu éimpié heuristics to reorder the
'.initial.qﬁéry..Z_Firét;'res%rictiohs:_&ré'_appiiéﬁ"as-_éooh.as'_all the
':reiaﬁioﬂsjthat théy'mentiohfﬁAVé béen:aééESééd;ISinbé ﬁhis.cﬁfs'éGWn’tﬁe.
ambﬁﬁtibf_daté jfﬁét;mﬁSfﬁbéfﬁfﬁéééséd ih”thé"réstnéf'fHéIQﬁéry; fNei£,:'
any maximizatidn;gﬂmihimizafidh;ffbr-cduﬁfing éxpressions that'=can17bé
. pfobééSéﬁ éré'1faﬁéﬁ;  éih6é?ffhéééﬁekﬁéna::fhév3am6ﬁnfmﬁdf-idéta:-ﬁﬁiyﬁ: }“
slightly. After these éxpressions, IN expressions which can immediately
‘be restricted are preferred over IN expressions which cannot. ' These
.heuristics are all intended to ‘help choose the most restricted parts of

. the query first in hopes of minimizing the size of intermediate results.
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IV PROBLEMS IN DISTRIBUTED PROCESSING OF coMPLEX'QUEhIES

If'allfthe'reiations. mentloned in an expanded resrdered SODA query S

are stored at one data base slte, then all that remalns to be done is to
%translate the query into the query language of the DBMS at that site and
execute the query. If, however, the data is distributed over two or
; nore sites, some strategy must he devised for combining information from

several locations.

What type of strategy is used will depend on assumptions about the
relative efficiency of various operations. Since our data base is
distributed over several sites on the ARPANET, .a relatively low-speed
| communications channel, we have assumed that'query processing will be
" most efficient’ 1f as ‘much work as pOSSlble is dorie at a s1ng1e 31te, and
thé amount of data transmitted = betiween sites is kept to a minimum. (If'
transferring data  between sites were fast compared to query processing
':at one site; the best strategy might be to spread the data over as many

‘sites as possible to ‘take advantage of concurrent processing.)

- Given these assumptions, there seem to be two simple approaches;
hihat'night _he’folldwed. One approach is fo move all the relevant data
to a-single data base site and execute the Query in one access to that

site. We will call this . the centralized approach - An efficient -

,'1mplementat10n of thls approach Would 1nvolve d01ng any 1ocal process1ng'r -

‘that - would reduce the- amount of data transmltted : such _as ‘taking

"'f_progectlons, restrlctlons,..or 301ns of relatlons,_ beforefsehding. the:7'

.,:p_data to the prlmary Slte.i:iffe npﬂpk_p,,

The other approach Whlch we Wlll call the 1ncrementa1 approach, i85

*:to decompose the query 1nto a serles of 51mpler querles, each of whlchh_ :.h

can be executed at a slngle data base s1te. Then each query is executed”

.'.lln turn ‘at the correspondlng slte and the results _are transferred to

ithe s1te where the next query is 6 be processed and comblned with ther'ff



 information there. An efficient implementation of this approach would
'attempt to order the executlon of the querlee so 48  to minimize the

”e'total amount of data transmltted.-

These two approaches do not exhauet the range of p0531b111t1es, of

' course. :iﬁ fact, from a sllghtly more general p01nt of v1ew, they can

' be seen to be the two extremes of & spectrum.- Slnce the flnal answer to

query w111 be generated at only one of the data base" sltee, we cen'f'”'

:v1ew the problem of distributed query proce331ng as how to organize the
data Ttbase sites as a "data-flow tree," with information being
‘transmitted up the branches towards +the root, where the final answer is
generated. From this point of view, the centralized approach limits its
attention to the maximally branching, minimaliy deep trees, and the

incremental approach limits 1its attention to the minimally branching,

-+ maximally deep trees. The most efficient organization may well be found

‘in one of the intermediate possibilities, but we only con51der these two

”_approaches,-as they are the easiest to- 1mp1ement

_ . If used 1nte111gently, ‘the - 1ncremental approach is often much more
efflclent than the centralized approach. The reason for this is not
hard to see. Using the incremental approach, if we begin processing
© with a ‘partial query that is highly restricted, that restriction will be
. "inherited" by all the  subsequent partial queries - that are processed,
since at every stage we - combine everything we have done so far before
transferring  the data to %the next site. In the centralized approaeh;.
~however, .any processing that is done before transferring data-ie done
'-Z_lndependently of process1ng at other sites, so there 18 no way to take

”'adventage of restrlctlons that may have been computed elsewhere.

L For 1netance,f 1n our eample deta baee,. euppose that the PORT - B
"_relatlon and the SHIPCLASS relatlon ‘are stored at 31te 1 and ‘the, SHIP .[;- o

’:relatlon is stored at 31te 2 If we Wanted to know the name and draft:j_5*fr.Ta;t"

'of all the ShlpS currently in Amerlcan ports, we Would have to access

all three relatlons and , therefore, both' &ata bese 31tee._ The expanded{53”"::"'

'SODA query for thls request ‘would be'zﬁ.-T
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(¢IN P PORT ((P PNAT) EQ 'US')) .
(IN S SHIP ((S P0S) EQ (P ‘PPOS)))
(v ¢ SHIPCLASS ((c CLASS) EQ (s CLASS)))
(7 (s NAM))
(9 (c DRAFT)))

_ The most natural way of proce351ng thls query u81ng the 1ncrementa1
aPproach woulﬁ be to’ 'retrleve the locatlons.Vof Amerlcan' Ports from B
es1te 1y transfer thls 1nformat10n to s1te 2 to find the . names - and
classes of the .Shlps at these locatlons,-_and ther transfer that
information back to site 1 %o flnd the drafts of the ships and return
the answers. Presumably, the amount of data transferred during this
"process  would be significantly smaller than the amount +that would be
transferred either by moving the required fields of the SHIP relation to
site 1 or by moving the required fields of the SHIPCLASS and PORT

relations to site 2, as would be required by the centralized approach.

Examples such as“this suggest that the incremental approach is to
e_be generally preferred to 5{he centrallzed ‘approach.  However, in
'.oomplex, quantlfled querles, which are -the major concern of our work on -
SODA,' the incremental approach may be 1mfoSSible to apply. This- fact
seems not'ﬁo have been _geﬁerally fecognized in _the' literature on
.distributed'query _proCEssing (e.g., [6]), where Jjolning is +typiczlly
the only metho& considered for combining datae from %wo or more
relations. : R

‘Phe  problem of  distributed'.quefy"prooessisg is considerably

-simplified by considering only 301ns for +two reasons: -First, joins

'-_spe01f1ed over ‘more than two relatlons can always ‘be decomposed into" a

o series of blnary 301ns. Thus, 1f some of the relatlons to be JOIHEd are

V__at one szte and some are at another 51te, the relatlons at the -same . 31tej

.can .be processed farst and the 1ntermed1ate results can be comblned'

".-_later.__ In the prev1ous example, the query Sp&leled a JOln over the;{f'"

: PORT SHIP and SHIPCLASS relatlons.: In process1ng, thls was decomposedis

 :j1nto .a JOln over the PORT and SHIP relatlons, and a 301n between thet:
Jresult of thls operatlon and the SHIPCLASS relatlon. ' S S



: Tﬁe second.-simplification that jbining permits - is théf,.Sincé the
:'joio:operatioh ‘is associatiVe,.it doesn't matter iogioaiiy' ‘how the
'.decomp031t10n_ is done. .Théréfore;. the decomp051tlon can - be ‘chosen to
.;sult the way the data is dlstrlbuted.. In our .example we flrst joined
o.th - PORT relatlon to” " the SHIP relatlon 'and'theﬁ-joined' thé'result'Of
‘that .operatlon to the . SHIPCLASS relatlon.- If the dlstrlbutlon of the
data or the expected ‘sizes of 1ntermed1ate results had been dlfferent
:hOWévér,' it mlght have ‘been ' more efflclent to join the “SHIP and
SHIPCLASS relations flrst,'and then add in the PORT relation.

In complex, guantified queries, on the other hand, the possible
ways of decomposing gueries are much more restricted. It dig often
impossible to break up gqueries to match the distribution of the
relations, and in some cases, queries over several relations cannot be

decomposed at all.

© This point ‘can be -illuStra%ed by _changing-our ‘previous example
' élighfly;'y Consider the same query, finding the name and draft of all
- shipg in American: ports, but with - the DORT and_SHIP relations at site 1
Iand the SHIPCLASS relation at site 2. In this czse, it is probably most
“efficient +to find the ships that are in American ports by joining the
- PORT relation_and SHIP relation at site t and transfer the result to
site 2 to Join it with the SHIPCLASS relation to form the final answer.

Yow 1let us alter ‘the gquery o that it includes & univefséi.
quantifier, but still refers to the same relations in  the same order,

e.g., "Which American poris contaln only ShlpS which have draft greater"'

':fothan 50 feet9" :

((IN i PORT ((P PNAT) EQ s’ )) -

(ALL (IN 'S SHIP{(5 POS) EQ (P PPOS))) e

-+ (IN:C SHIPCLASS' {{c CLASS) EQ (s CLASS)))
(e DRAFT) GT 50)) .

(‘? (P PDEP))) :

*gThé 1og10a1 structure of thls SODA query oah:-bé'oindioéﬁedo;bj

o.-paraphr351ng 1t ‘back 1nto Engllsh as - follows.
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‘Tor each tuple P in the PORET relation
. with (P PNAT) equal %o 'US’ '
' such that for all tuples S. in the SHIP relatlon
L . with (S POS) equal to (P PPOS) .
-] and all tuples C./in the SHIPCLASS" relatlon o
. with. (C ‘CLASS): equal to (S CLASS),-
o (C DRAFT) is greater than 50 o

-return (P PDEP) .

.'Slnce- the PORT and SHIP relatlons are both stored at 51te 1,'and
‘since there is a 1link sp901f1ed between them, ((S POS) EQ (P PPOS)), we
would like +to decompose the query by first operating on these two
relations and +iransferring the intermediate result +to site 2 for
processing with the SHIPCLASS relation. Unfortunately, the universal
quantifier ALL does not permit any such decomposition. There is no way
to combine the data referred to outside of the ALL expression with only

~part of the data referred to inside. We would need a distribution

principle analogous to A*¥(B+C) = (4*B)+(A*C) to distribuie the universal

_‘quantifier over the relations - mentioned 1n31de of the ALL expr9581on,
but no such principle exists. o ' ' '

Any query decomp031t10n that is performed'mﬁst resﬁect'fhe'eeope of
guantifiers. We can independently process a portion of a dquery that
~ lies entirely within the scope of a quantifier or entirely outside the
scope of a quantifier, but we camnot independently process a portion of
a query that splits the scope of a quantifier. '

By nesting quantifiers more deeply, it is possible to construct

'queries over several relations that cannot be decomposed at all.

3

'}Suppose we wanted to know the shlp classes for which every Amerlcan port'-_ L

_ contalns' some Shlp 1n that shlp class ThlS could be represented 1ne :
-'soDA~as: | ' | e '
((IN C SHIPCLASS)
(ALL (IN P PORT ((P PNAT) EQ 'US )) ' '
(SOME (IN s SHIP ((SPOS) EQ (P PPOS))

((s CLASS) Q. (c CLASS)))j) .
(*P (c CLASS)))

" he Eng1i3h3paraphrase-of thié-SODA'@uery would be: .. .
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' For each tuple C in the SHIPCLASS relatlon
' such that, for all tuples P in the PORY relatlon
C . - with (P PNAT) equal to 'US’, :
. there is some tuple S in the SHIP relatlon .
: . with (S POS) equal to (P PPOS) -
L 'j ‘o “and (8 CLASS) ‘equal ‘to (C CLASS),_-
. return (C CLASS)- U : xp

I '.Thiszquefy cannot be decomposed.. Wé'éahnot comblne the data from'
: the SHIPCLASS relatlon w1th the data from elther the SHIP relation alone

" “or the PORT relation alone; because this would cut across the scope of a

' guantifier. For the same reason, the SHIP relation and PORT relation
cannot be combined without processing the whole SOME restriction. 3But
-this cannot be done independently of the SHIPCLASS relation, because the
 SOME restriction refers to the data from the SHIPCLASS relation via the
term (C CLASS). Answering this query, therefore, requires simultaneous

access to three relations.

- ‘Even though - in Queries ‘such  as these we cammot always combine
relations locally before transferring data, we still can use projections
“dnd restrictions to cut down:  the amouﬁﬁ of data . that must be
transferféd. It turns out ‘that in some cases we can add 1ogicaliy
_ redundant restrictions that have this effect, although this is not done

in +the current dimplementation. Recall +the previous .query, "Which
" American ports contain only ships which have draft greater than 50
feet?" We could add a redundant restriction without changing the answer
to the guery and get "Which American ports contain only ships which are
~in some American port and have draft greater than 50 feet?" The SODA

-repfésenfatioh of the modified query wOuld bet

((IN P’ PORT ((P PNAT) EQ US ))
(ALL (IN s SHIP ((S POS) EQ (P PPOS))
R (SOFE (IN P1 PORT)" :
- ({P1.'PNAT) 'EQ ' US )
o ((P1 PPOS) EQ (8 ?os))))
(IN c SHIPCLASS ((c CLASS) EQ (s CLASS)))
(¢’ DRAFT) el 50)) i .
(° (P PDEP)))

' ~'5we'-st111 cannot 1ndependently comblne tﬁe'déta.dehefafed by'fhe"'

‘expression (IN P PORT... )- with the data generated by (IN § SHIP...), .
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.. but if the PORT and SHIP relations are at the same site, we can 'con.l'pu.te
'_thé : :restriétions on (IN S SHIP...), including _-‘l:he"'r'es;tri'c.fib.n "t:d ‘ships
‘in American ports using (IN P1 PORT...). 'So, although this restriction .
: is logically unnecessary, it permits us to transfer muc':'h'-'les"s' ‘data than

‘would be required without it.
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*'zv'_‘DisTRIBﬁTED'QUERY-PROCESSING IN SODA

B As the prev1ous sectlon 1nd10ated, complex querles ‘do not alwajs
- permlt decomp031t10n into sequences of simpler querles tﬁat”mafch the
‘distribution pattern of the data base. As a reeult,-we have chosen to
"base the initial implementation of SODA on the centralized approach to
distributed query processing. In doing so, we have 1itraded the
efficiency of the incremental approach in handling simpler queries for
the generality of an approach that handles the more complicated queries
which are our primary interest. A more sophisticated implementation
could employ a mixed sirategy, using the incremental approach when it is

Iapplicable and falling back on the centralized approsch when it is not.

. rfAlso,fweehave not implemented the type of query transformation ‘discussed

in" the preceding  subsection, since further research is needéd to
determine what the scope and limits of such te¢hniques are.

In proeessing a query, SODA nust first decide which dats base site
- to use as the primary site for executing the gquery. A set of reasonable
candidates 1is selected by starting with a 1list of all +the sites that
ccontain at least one of +the relations mentioned in the query. - Then
.rédundant gites .are eliminated uptil no site remaining in the list has

_-the property that some other site in the list contains all the relations

mentioned in’ the .query that ‘are contalned by that 51te.-'PrOCESSing'of _a

~the query is then 31mulated trylng each of - the remalnlng s1tes as the j;f~ e

fprimary'91te. The choice of prlmary 31te that appears to result in the

'-'fflleast amount of data _belng transferred 1s selected to be the prlmary:f

site: for actually proceesxng the query. _ Thle measure *is currentlyffﬁ.f

facrudely estlmated by choosmng the 31te that results 1n the feWest"' _

-funrestrlcted quer1es requeetlng data from 'a secondary elte. If thlsrf;-'e

"leaves more than one posszblllty,_ then one of those that results in the-

'.fewest restricted’ fquerlee"isa chosen. 'y -query -is considered to_~be.
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restricted if there is a restriction on any -of the relations mentioned
in the query. '

e Onoe'fhe primery date_ base 31te has been chosen SODA reformulates':
.the query for ‘execution at ‘that 51te.__5The query is examlned oné :
'expre551on at a tlme Expre351ons which refer .only to .'data that is.
' falready at the prlmary site are ‘left unchanged “If an expreeSion.refefe-
%o data_ that is -not-stored at’ the prlmary elte;.:then this data is
traneferfed'to'-a-femporafy relation at the primary ISite, and the query
is reformulated te refer to this relation. To take an example from
Section IV, recall that the SODA query for retrieving the name and draft

of all ships in American ports is:

((IN P PORT ({P PNAT) EQ 'US'))
(IN s SHIP ((S P0OS) EQ (P PPOS)))

(IN C SHIPCLASS ((C CLASS) EQ (S CLASS)))

(2 (5 NAM))

: (9'(0 DRAFT)))

If the PORT relatlon is stored at 51te 1 and the SHIP and SHIPCLASS =
relatlons ‘are stored at _51te 2, site 2 will be chosen = as the-prlmary
site for execution of +the query, as this results in only a single
~restricted query being executed at a secondary site. Since the PORT
relation is not stored at site 2, SODA first obtains the information

‘needed from the PORT relation by dispatching the query:

({IX P PORT ({(P PNAT) EQ 'US'))
(2 (P PPOS)))

-“to'site'1 and stores the result in a temporary relatlon at 51te 2, say-
4n field FIELD1 of " relation TEMP1 The transferred data-is constralned
. as much’ .as p0551b1e by applylng the _féstriction_ ((r PNAT) EQ 'US NE

: before the transfer and only the flelds requlred by thei rest of the'_-hgi'ff"iﬂ'

ifquery are moved 1n thls case, Just the PPOS fleld.- The maln query is 3[ };§"ﬁf7'

o *now reformulated as

((IN T TBNP1) - ' ' :
(INS SHIP ((S POS) Q (T FIELD1)))

(IN C SHIPCLASS" ((c CLASS) EQ (s CLASS)))
(? (5 nAM))

(2 (C DRAFT)))
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‘Since the query now refers only to relations stored at site 2, it can be
executed in a Single access to that'site.

' The process Just descrlbed s compllcated somewhat by ‘a’ set of -

issues 1nvolv1ng redundantly stored data and error recovery.- One of the"'

-’pr1nc1pal advantages_'of a - dlstrlbuted data base is- that the system can

be made more rellable by storlng data redundantly “at” several data baseﬂ'

'51tes. If ‘this is done, then -the system can tolerate fallure of one or
more data base sites and still bé able to answer all the queries covered

by the data base (although not always with the most recent information).

In SODA, therefore, we take into account the possibility that a
‘given relation may be stored at more than one data base site, and we use
this fact to try to recover from data base failures. Becauszse of our
centralized approach to guery processing, we distinguish between failure
of +the primary site and failure of one of the secondary sites. Since
all intermediate“resUits'are stored at the primary site, a failure there
. requires completégreplanning: and ~Te-execution of the ‘query. ~If a
secondary site fails, however, SODA backs up only as ‘far as the

‘beginning of the portion of the query involved in the current access to
‘that site and begins replanning from that point. This preserves any
" intermediate results that have actually been extracted from secondary

“sites and thus aveids unnecessary recomputation.

A moré difficult question for SODA is at what site to access a
particular relation, when more than one- possibility' is available.
Solutions to this .problem are also constrained by our -use . of a

I'centrallzed approach for quetry process1ng,'31nce, 1n general weJWant'to

':T_access relations at ‘the prlmary ‘site if posszble.- There are exceptlons;af3-t

{6 this rule, however.= In partlcular, 1f we must transfer 1nformat10n .

.-sfrom ‘a secondary 31te, 1t may be more efflclent to go’ ahead and comblnet

tthat 1nformat10n w1th data from another relatlon at the secondary s1te,nj*'

B _even though the other relatlon may also be stored at the prlmary s1te."

SODA uses ‘a number of smmple heurlstlos to dec1de whether to ‘acess
a relatlon at the prlmary 81te or a secondary site. Roughly, SODA w111-:

";prefer. a’ secondary site 1f the relatlon 1s 301ned to another relatlon-”.
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_which must be accessed at the secondary site, and if performing the join
.appears likely to cut down #he amount of data retrieved  from that
'lfelafion.- A 301n is assumed to cut down the amount’ of data retrleved if -

it puts more restrlctlons on the data.-

 For 1nstance, 1f we wanted to know ahout Amerlcan Shlps w1th a
.draft of more than 50 feet ‘we would have to access the NAT field in the
. SHIP relatlon and the DRAFT-fleld 1n-the SHIPCLASS relation. Suppose
'_the SHIP relation is stored onlj at a'_secoﬁdary site and the SHIPCLASS
relation 1is stored both at +that site and the primary site. In this
‘case, we would access +the SHIPCLASS relation at the secondary site
because it would further restrict the set of ships for which data must
be transferred to the primary site. If, on the other hand, we simply
wanted to retrieve the drafts of American ships, we would access the
SHIPCLASS relation at the primary site, since this would not further
‘restrict the data beirng transferred.

These heuristi¢s sare rather crade, since they do . not take into
" account the relative sizes7cf'relafions;':hbﬁ Coastrainihg'axparticular'
‘restriction is, or the'functionality-of joinS'between relations (e.g.,
many-to-one, one-to-many). There is clearly a trade-off, however,
between time spent in access planning and time spent in query execution,
and it dis not clear how much more effort could be put into access

pianning that would Jjustify itself in more efficient query execution.

Compared to ~the SDD1 distributed DBMS [6] [7] [&], the
'.techniques used in SODA have both advantages ' and disadvantages. . -SDD1

takes ‘what is essentlally -a centrallzed approach to query proce351ng,; '

'_:but not as completely as SODA. The main: dlfference is that for purposesf_'”

o assembllng all the relevant ‘data'at a s1ng1e 31te, SDD1 treats the .

"afquery as -1f 1t contalned only JOlnS and restrlctlons._ If a. queryﬁ-n

}'spe01f1es a more complex Way of comblnlng relatlons than JOlnlng, 'SDDY

' ff_w1ll flnd a’ 301n that covers that portlon of ‘the” query,'ln the sensea:

' that the data 1t retrelves 1ncludes as; a snbset all data requlred 40
l'answer the query. However, it does not perform a . prec1se loglcal'

'=aﬁa1ysis,7aS'SODA'does, to retrleve exactly the requ1red data. Because




SDD1 takes +this simpler view, it is able to use more sophisticated
" ‘heuristics 'fdr combining partial results from several sééOndary:sités'
 ‘before - transferrlng them to the' pfimaryZSite;”'-HOwevér;_'siﬁbe the

'partial results” are only approx1mate, the entire : query must be - '_ e-

'__executed at the prlmary 51te.'

One clear advantage that SPDY ‘has over SODA is that SDD1 maintains

.: statlstlcal 1nformat10n about the 51ze of relatlons and the dlstrlbutlon'

of values of fields: This ‘enables SDDI to predlct more accurately than
S0DA the size of intermediate results, and hence do a better job of
" query optimization. It should be noted, however, that S0DA is designed
to permit use of such information without any changes to the Dbasic

structure of the system.

_ One final difference between SDD1 and S0DA is that, although SDDY
- permits arbitrarily redundant data bases, a particular query is answered
only with respect to aISingle - monredundant mapping of the data base.
._{Because SODA can de01de at pr009551ng tlme where to access a redundantly
'.stored relatlon, it is _p0531b1e to answer some.querles more eff1c1ent1y
'_and to recover from the féiiure.of & secondary ~data base site without

completely reprocessing a guery.
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VI - LIMITATIONS AND POSSIBLE EXTENSIONS OF SODA

lee any ‘real system Whlch addresses a complex problem, SODA offers

-j_only partial solutions to the issues it raises.’ There are several areas

where significant 1mproVements or extensions could be made. One of
these areas is the expressive power of the query language. Although
S0DA is & richer 1language +than IDA and many other data base query

languages, there are still useful queries that it cannot express.

One of +the constructs that S0DA lacks is some kind of conditional
‘expression. TFor example, it might be desirable not to store the current
~position of ships that belong 1o task forces individually in the SHIP

~relation, but rather to have this information derived by looking up the

~ location of .the task - ‘force to which ‘'a ship . beélongs in ' a TASKFORCE

relation. = This would make it possible ~to update the location of the
_entire task force at once, rather than ship by ship. If we do this,
-however, retrieving +the position of a ship' becomes a conditional
.procedure, depending on whether the ship bhelongs to a task force.. To
retrieve the position of a particular ship, such as the Fox, we would
have to be able to express in SODA the following query, which we

‘currently cannot handle:

For the tuple S in the SHIP relatlon
. with (S NAM) equal to 'FOX', _
1f (S TFNAM) has the undefined value '
0 . then retura (S .P0S),. s o o
otherw1se, for’ the tuple T in the TASKFORCE relatlon_p
e o with () TFNAM) equal to (S TFNAM),.
'"'return (T TFPOS)

Another class of querles_ that cannot be expressed 1n SODA 15*;

querles that 1nvolve follow1ng chalns of 1ndef1n1te 1ength through thes SR

"data base._ For 1nstance, 1n the personnel data bases that arve commonly

used to 111ustrate coneepts of data base access, a Cl&SSlC problem- lS to
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. answer the gquery, "Which employees earn more than their managers?” Many

" of the 'simpler query languages :that have beeﬁ-proPoSe&,'iﬁcluding 1D4,

”-'jééhndt represent such -] questlon, although for SODA thls would be no

’ problem.
However; if we want to _defiﬁeIrhe.relaﬁiohehip feﬁ§eribr'dff_fc be
ff. tran31t1ve closure'_of_.JﬁEﬁeger'eof"ef(iQe.;:the':meﬁeger"df. the’
manager,-etc.),-we “are in troubie.-'There.deeéﬁnetViseemﬁfb'be'any'non;
procedural query 1anguage,'.inciudiné7SODA, that couid-exﬁress queries
such as, "Which employees earn more than all/some of their superiors?"
‘The problem is that expressing this type of query asks a guestion adbout
all chains through the data base of @ certain kind, whereas existing

query languages only allow asking about all tuples of a certain kind.

Another general area where S0DA could be improved i1s query
optimization and access planning. The heuristics used to pick the order
4n - which relations are accessed are ~quite crude, teking into account
only which references to relations are restricted. As we pointed out -in
discussing the heuristics for distributed query processing, it would
also be useful to consider the relative sizes of relations, how
constraining a restriction is, and the functionality of joins between

relations.

It will never be possible to guarantee that a query will be
processed in the opitimum way, however. First of all, to do so would
require kaning-the size of all of the possible intermediate resulis
that might be generated in processing the query, and in general the only

way to get this information is to execute the'query.-rSernd;-even’if e

‘had good ‘énough estlmates for all ‘of the rélevant-faetoré; choosing the ;rf'3f

" most :efflclent way to process al query would sti1l “be a comblnatorlal:

' jsearch whlch mlght take 1onger to perform than executlng +the’ query w1thﬁ.”*

'ethe few 51mp1e heurlstlcs we currently have.' So any technlque for quenyf"

'foptlmlzatlon must be emplrlcally tested to see whether the savmngs 1t-'.e--f

_produces are worth the cost of applylng 1t..-

Flnally, ‘some  of' 3£he 1mprovements planned for SODA _concern i

: ]pragmatlc problems ‘in deallng with interactive users. One of -these-3
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_ preblems'is that if there is no'information in the data base satiefying
a complex query, the system simply returns a null result with no further
explenetion._ Often 1t would ‘be much more helpful to the' user 1f the ..
'system would prov1de some indication’ of why it failed to f1nd an ‘answer.

'For instance, if we ask the- system to ‘compute the distance between ‘the
 Fok and the Kennedy and get no answer, it might 1nd1cate that the Fox is
'not listed in the data base, or ‘the p031t10n of the Fox is not glven in
the data base, or the: Kennedy-ls 1ot _llsted in the data base, or the
position of +the Kennedy is not given in +the data base, or any
combination of +the above. We are currently investigating how this
information might be obtained from the data base and supplied to the
-user 1in a form he can understand. For more discussion of problems of

this kind, see Kaplan [5].

The other pragmatic problem we are looking st is how to save and

-make use of previously retrieved information to avoid recomputing it:
For examplé, if we ask the LADDER system in English, "Which American
ships are in the Atlantic?"  followed by ‘the question "What are their
._fuel states?" the pronoun "their" will be correctly resolved to the
- phrase "American ships in the Atlantic" by the naturai-language front
end, but +this set of ships will be recomputed by +he data base access
component. Although the natural-language processor realizes that the
two gueries are related, SODA does not. We are examining various issues
. fhat arise in dealing with this problem, including what information to

save, how long to save it, and where it should be stored.
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:jAppendix'A' .

FORMAL DEFINITION'OF THE SODA-QUERY'LANGUAGE

‘The - syntax of the SODA query language is most eas1ly descrlbeﬂ by a
'context free grammar, plus some constraints on the occuirrence of
variables. The grammar for SODA is extremely simple, having only the

following five rules:

query -> {[binder | restriction | (? term)]+)

subquery -> [binder ! restriction]* binder [binder | restriction]*

binder -> (IN tuplevar relation [restriction]* )
(MAX term subquery) |
(MIN term subguery) !
(MAX1 term subquery) |
(MIN1 term subquery) |
{COUNT countvar subguery)

restriction -> (ALL subquery) |
(SOME subquery)
(NONE subguery) |
(AND [restrlctlon]+)
(OR [restrlctlon]+)
(NOT restriction) |
(term comparison term)

term -> (function ([terml+)) |
' (tuplevar field)
~.countvar |
constant B

e In thls grammar, nontermlnal symbols are written 1n 1ower case, and”

'termlnal symbols are wrltten 1n upper case._ To make the’ grammar more"

'_3con01se,_ we have allowed the rlght 31de of a rule to be -wrltten as e

N

s regular express1on.' The notatlon ...}..._- 1ndlcates an alternatlve,hs::-e:}f:-:f

 the notatlon_”[...]*" 1ndlcates a sequence of any’ length greater than. or'sﬁ S

3equa1 to zero, and the potation _"[...]+" indlcates a' sequence of any

'length ~greater than_zero.' Note that the parentheses appearlng_;n the -
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' gfammar-éré-part'0f the SODA language which is being defined, while the .

- square brackets are parf of the .notation in which the grammar .is

' fwritt'en-.“-

| SODA querles are composed of three pr1n01pal types of expr8551ons-
binders, which - bind varlables to’ refer to data “extracted from the data
* base, - restrlctlons, ‘which . restrlct the data, and  -question=mark
expresélons (selectors),-:Which.request-retrleval-of parts of the data.
A SODA ~ query ‘is any ﬁonempty, parenthesized sequence of these
expressions that satisfies the constraints on the occurrence of
“variables which will be discussed shortly. If the sequence of
expressions includes one or more binders, then the query dimplicitly
defines a set of +tuples, and the selectors in the sequence specify a
projection of-that set which is +to be returned as the answer to the
query. If there are no selectors in the query, then it is interpreted
és a yes/no question, asking whether the set defined by the query is
- nonempty. - If the query is simply a sequence of restrictions, then it is

}'ihterpretéd as ~a'yes/no-§uéstion asking whether all of the expressions

- in the seguence are true.

~The - structure of the language is recursiﬁe, with - MAX, MIN, MAX1,
MINﬁ,ﬂCOUNT, ALL, SOME, and NONE bheing operations on certain sequences
_ of exﬁressions which would themselves be well-formed queries. We will
'-éall such sequences subgueries, and they mnust meet the foliowing
conditions: first, since it only makes sense to return information from

the top level, no selectors are allowed in the sequence. Furthermore,

'rwe 1n31st that there be at least one ‘binder 1n the sequence, since there

 must “be some data from_ the data base to max1mlze, mlnlmlze, count, or _

B quantlfy over.'.

‘The blnders _iﬁéiudé;iN expre551ons, COUNT expre551ons,_and MAX

'5_QMAX1 MIN and MIN1 expre851ons.. An I expre551on sets ‘a varlable to

L range over the set of tuples 1n a relatlon (or 2 restrlcted subset 1f.g

-  any restrlctlons are spe01f1ed) A COUNT expre351on sets a varlable toi

the humber of tuples in the set deflned by & subquery.- MAX and MIN

'.expr98310ns plck out all the tuples in a’ set for which some’ term has the_u':: o



largest or smallest value.  MAX! and MIN{ 5ex§res$ions do the same, .

except that they . pick out a singleftuple'from“'this set. MAX1 and ‘MIN1

CgEn be executed more efflclently than MAX and MIN 80 they are to be

.:,preferred when appllcable, such as _when it is known on ‘semantic grounds'

‘that ' there ean be only -one tuple in the set of intereast .that has the-':

maximum or minimum value (e.g., there can  be . only oné most recent

" position report for a ship).

‘Restrictions include simple 'Boolean restrictions with AND, OR, and
NOT, plus universally quantified restrictions using ALL and
existentially quantified restrictions using SOME. [(NONE...) is an
abbreviation for (NOT (SOME...))]. The details of how these constructs
are interpreted are explained in +the discussion of the examples in
Section IV.B.

_ Ehe grammar does not specify what the relations, fields, functions,
.cemperisons, constants or wvariables are. Constants include numbers and
'anydcharacter:.efrings enclosed in single quotes, such as 'US'. Any
other alphanumeric character string can be used as' a variable. . There
are two types of variables: tuplevars; vwhich range over the tuples of a
given relation, and countvars, which are used to refer o the result of
-a counting operation. There need not be any difference in form between
tuplevars and counitvars, but no symbol can be used as both within the

same query.

' The other categories mnot specified by the grammar are all

' ‘implementation-dependent. Fields and relations obviously depend on the’

~ particular data base being accessed. - The functions ‘and ‘comparisons

depend on the capabllltles of . the underlylng DBMSs in Wthh the quer1es'

are actually executed : In the current 1mplementatlon of SODA “there" are_d

' _four nev1gat10n functlons (e.g., GCDIST for computlng_the_great 01rcle S

"ffdlstance between two : geograph1cal 1ocat10ns),_ &ﬁd 'fﬁe comparlson

'Veoperators ‘dre’ EQ, NE LE GE LT and GT : representlng equal

'V:equal

L1} ar !'I n

less than or equal greater than or equal less than, aﬁd e

greater than or- equal respectlvely
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“To explain the constraints on the occurrence of variables, we need
to define several notions. A variable which is the'secbnd element of an

"IN .or & COUNT sxpression is'séid to be' ‘introduced by that expres51on._f

The smallest COUNT, SOME, 'NONE, or ALL expression that includes the -

-eipressieﬁ that- 1ntroduces the varlable is sald to * be the scope. of the

fVariable}. If the ‘expression . “that 1ntroduces ‘the’ varlable is not 1ns1de .

any ‘COUNT, SOME NONE, or ALL’ expre3510n then the scope of the variable =

is the entlre-query. ~An occurrence of =a variable is Egggg_jby the
‘expression which introduces it if the occurrence - is contained by every
MAX, MAXt1, MIN, or MIN1 expression that contains the expression which
introduces the variable; otherwise, +the occurence is bound by the
largest MAX, MAX1, MIN, or MIN1 expression which does not contain the
occurrence but does contain the expression which introduces the
“variable. We can now state the contraints on +the occurrence of
variables as follows:
(1)  No. variable Imey 'oecﬁr' :in the: query’ unless.jit s
T “introduced by some expression in the query. : '

(2)ILN0 varlable may be ‘introduced _by more -than lohé
: expression.

(3) To variable may occur outside its scope:
" (4) The relation "X contains an occurrence of -a variable
bound by Y" must not form any circular chains of MAX,
MAX1, MIN, or MIN{ expressions.
- The first rule ensures that the range and ' scope of evefy variable
is defined. The second rule'simply means that the same variable can’t

. be used in two - different ways in the . same query. - This is actually

'_sllghtly stronger than it needs' to be,-31nce two varlables which have

' 5:non1ntersect1ng scopes ;eould be the _same w1thout creatlng 1og1ca1 

-confu81on but querles are smmpler to process an&_e381er tozunderstandiﬂ"'

'?slf thls is not done._ﬂ;-”“

_ ”'Th thlrd rule prevents u51ng ‘a8’ varlable in a' context Where theﬁ
'reference doesn t make sense semant1ca11y. IR 1s easmest o thlnk of a

ivarlable as referrlng to a partlcular tuple 1n a set of tuples. -Ins1de-

COUNT, SOME, NONE or_ ALL express1on, the variable :refers to'eaeh._-
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tuple in the set in ‘turn, as in "for all tuples in the SHIP relation
such that the tuple...' Outside the expression, however, there is no
* way to determlne Whlch tuple"iS”beihg referred to. This contrasts with.

' -MAX (and MIN) expr9331ons, where, although the ‘variable refers to each-

- tuple in turn inside  the expre351on, ‘there is a ~definite referent for

'the varlable out31de the expr9581on namely, the tuples for which the

_term belng maxlmlzed has ‘the greatest value.

. The f1na1 rule forces the deflnltlons of sets that are being
maklmlzed or minimized over to be noncircular. One MAX or MIN operation
. can refer to +the result of another, but only if the second is well

defined without referring to the first.

To put the S0DA query language in perspective, we can compare it to
Codd's original language based on the relational ealculus, DSL ALPHA
.-{9] [10]. One major difference between the two languages is that SODA
is only a data retrieval language, whereas ALPHA also permits updating

" the data'base.:'Initheif power to .express queries, the two languages are
E faifiy close. - AZPHA.haS the ability to'request retrievél'in a specified
order or to set'a limit on the number of tuples to be used in computing
:the answer. These features.were left out of SODA Dbecause they de¢ not
'ﬁave a natural interpretation in purely set-theoretic terms. On the
. other hand, SODA has more powerful counting, maximizing, and minimizing
operators. In S0DA, these can operate on sets of +tuples defined by

arbitrary subqueries; in ALPHA, they are much more restricted.

. There are 1mportant differences in the syntax of the 1anguages as
well. SODA ig, in’ fact,'a data sublanguage of LISP, and thus it ‘shares
‘LISP's hlghly parenthesmzed syntax.. Whlle in some Ways ‘this makes SODA-.

: ” . quer1es ‘more dlfflCUlt for People o read, 1t greatly facilitates theﬁg -

"'7_;generat10n of SODA querles by other programs, a prlmany requlrement for_ 

:.fuse 1n the LADDER system._f.f:_':'

Pinally, fhé* syntax of SODA has_ been de31gned to  facilitate

" 5trans1at1on of natural 1anguage questlons 1nto formal querles. Thls has '.

~resulted .in'_ departures; from typlcal relatlonal-calculus 'syntax,

‘particularly in quantifier expressions. In moat Engllsh “1ike" formal
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languages, English words are Simﬁly “tacked onto a semantic structure
that bears -little relation to English. In SODA, _the'é_ofrespbridenc:e of -
the symbols of the language  to English words is .of minor importance and’
is baéicélly.jﬁst' a mﬁemonid'qdeVice;='Whaf'fgg:importéﬁf 'is-ﬁhéﬁ'fhe |
‘semantics ~ of several of the coristrugts of ‘the ' language Hévefﬂbeén
designed to - _coi#féspbnd to - the semantics of certain ' types of English
: Phrases.'-For'*én'filluStrafion of this ‘point -see the discussion - of

quantifier expressions at the end of Section II.
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