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The de&n and lmplementatlon of IV. an experimental proto- 
typ of a dlstrlbuted system for ths management of interrelated, 
vohmtarlly coopemtlng, but aIao autonomous databases ls based 
on seversl major objsctlves: slte antonomy, transparency, ease of 
lJaeandperformance. Thlll paper discwsw the way data &fink 
tlon and control statements are execnted ln a dlstrlbuted envlron- 
mat and dlowa how the gmlemi objeotiv#l Me fldfubd. speddiz- 
ed dlatrlihed execntlon facllltles have been developed to fadlltate 
the lmplementatlon of complex mnltl-dte functlotts. This paper 
describes the facllltles and methodology used to implement the 
diatdbnted pmcedng needed to perform multi-dte data deflnltlon 
operatlons In It*. 

1. rntradnction 

R*, an experimental prototype of a dlstrlbuted database 
management system (DDBMS) [IIAA82], differs consldembly 
from moat of the cnrrently exlstlng database mana8ement systems 
in the aortae that data manipuiation atatementa (like SELECT, 
INSERT, UPDATR, Dl3Ll?Tl3) are complied rather than lnter- 
pmted. Thla comphtion approach [CHASl] has bsen chosen to 
incmaao pwformance dnce datsmsnlpu&tlon statements (DML) 
will often bs run repeatedly. Indeed, complied statements wlll 
awe a great part of the m (0.8. qnery optlmlzatlon) which 
wo~d~votoberepepted~timeaDML~~wsrruniI 
the complier was replaced by an,lnterpreter. Although compllatlon 
i(alittlemorao~~vo,there~rrhoatdLaepInmind~ta 
real appkation accemesdatavlaprogramswhlcharemorellkoly 
to bo executed many times. so the time spent ln .com@latlon can 
be redly conddered as negl&lble ln a long run. 

On the other hand, data deflnltion statements and access 
authorization statements am typkally not intended to run regeat- 
edIy. Consequently, the tlmo spent to compllo these statements 
Wo~dbsab~nond~itmoLecl~~tointerpret~stlrte- 
ments. Furthermore, those statemonts frequently do not do very 
much that could bs offloaded to compile time. 
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In It*. howovor, a new dlmenslon ls added: dats definition 
and access authorlzatlon statements may operate on objects locat- 
ed at rem003 dtes. The interpmt8tion of these statements must 
locate the operands and.perform tho rumwary opsrptionr at tho 
site(s) of the operaiuls. If an operand ls itself dlstrlbuted accroes 
multlple dtes. the lnterpretatlon must lead to coordmated actions 
at wveml d&s. The algorithma used ahodd, of course, seek to 
mlnWze the nnmber of lntemite lnteractlons and should only 
rcqtdte tho partldpatlon of dtes storing (part of) the object of tho 
operation. 

Thomalnproblemaddremedlnthlspapercanbesummaked 
aa follows: ln bulldlng software for dlstrlbuted systems whore 
objects can movo, how can procedures implementing data deflnl- 
tion functions be w&en so that they kork for both local and 
mmoto objects with a minimum of extra mechanism, good per- 
formance. and a high degree of autonomy. This paper presents the 
major protocols used by the data deflnltlon and control routlnw ln 
R*, gives tho mecbanlsm used for formally descrlblng the dlstrlb- 
uted execution patterns, and d&cusses the advantages as compared 
to other posslblo approaches. 

2. Naming va location 

An important feature of many ontitios ln nature ls their 
ablllty to movo or to be moved: This process of location swltchlng 
doesn’t affect howovor the identlty of tho ontlty to bs moved; 
only the accosa path used to reach the entity ls modlfled. A 
DDBMS should be able to handle, ln addltlon to static entities, 
ontltles subject to such location changes without chansing any 
namo references to these objects after thoy move. 

Two kinds of ontlties can be dlst&@hed ln R*: static onti- 
ties and dynamic ontltles. Static entitles include users, programs. 
ord~atwhicheomeactionhasto~oplace.Inthis~,tho 
location at which the ontlty resides ls either o@lclt (contained in 
the query issued by the user), or implicit (the ontlty location 
assigned to be the site of tho user ktllIlg th0 request, by default). 
Tables in R*, on the other hand, are dynamic ontitios. They are 
tho only ontitios whose naming doesn’t constitute a sufficient clue 
to the system for deducing their location. 

The naming convontlon dosigned for R+ meets the require- 
mont to access movable ontitios through the specification of a 
constant name. Its mocha&m can be summarized as follows: 

- Mnt Nears: this is a character string ombeddod in a 
program or su ad-hoc query to roforence sn object. Its 
specification remains constant throughout the lifetime of 
the object, regardless of whatever location stores the 
object, and whatever modification such ss replication or 
partitioning it might undergo. 
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S’ FPi& m a name resolution facility [LINE01 
converts the ads print name (PN) into a system wide 
name (SWN). This proc8ss invohe8 soarchhlg for possi- 
ble synonyms defied by the user to map selected 
names. ,If no synonym matches the PN, name completion 
rules extend the unmapped PN into a correct object 
reference. This process is strictly local and loads to the 
wtomatic ol8horation of 8 SWN composed of the local 
object name, ita birth site, the identity of the object 
cmator, and the creator site. 

Upon completion of a name. the DDBMS is in charge of 
finding the actual sl& at which the object is sttdred (the store 
rite), and routing the request to that particular site. The asaociat- 
od protocol will be described in the next sections. The system 
catalogs [LINltO] record information about the objects of the 
-bated database in the following general matter: 

- the birfh sire (BS) of a table contains in its system cata- 
log the location identification of the site which actaally 
stores the objeot; 

- the catalogs at the table srore sire (SS) contain a full 
description of that table (the wlamns of the table, the 
indexer cmatod on that table. the users having access 
rights on the table,...); 

- the otti s&a may contain cached information about 
thottnblb:thelocrtionof~rtondte~berecorded 
in the catalog at such a site after the table has been 
acces&forthefimtthnefromthatdte;thisinforma- 
don can. of course become obsolete if the table is trans- 
ferred to another dte. 

Complete replication of a central catalog is an alternative 
which makes it easy to find the identity of the current store dte. 
However, the maintenance of a complete catalog at each dte is 
coatlyintermsofstorage.andthereisaprobleminkeopiugall 
those catalogs up to date. Whenever any user at any site wants to 
create tables, migrate or drop those tables, either all sited must be 
available and able to make the change, or a complex catalog 
replica update scheme must be invented which can deal with site 
anavailability and recovery. Such a scheme would behave like an 
oxpendve replacement for the catalog caching concept in R* with 
every rite stardng with caches for every object. 

‘fkis concefit of complete independence between object 
naming and object location is required in a DDBMS to avoid 
~tholocPtionputofthsobisctn;Meino~gpro- 
grams after each object migration. A side effect of this mecha- 
nism is the data location tfmpam19 pre4ented to the user. It 
m~~be~~that~~orencyLnotrimedat 
h&hg from the user the identity of the real object store site, and 
is therefom not intended as a protection mechanism. Such pro- 
tection could however be provided, if necessary, by revoking from 
the user the right to consalt the system catalog containing the 
appropriate information. 

3. tJladfic8tion of protocols 

From the classification of entities given in the previous scc- 
don, a d&tin&on between data defiition statements is suggest& 

- SOp9: Statically oriented Prowsdng Statements. Those 
statements lnvolvo only static entities. The principal 
location of oxeoution is contaioed in the statement itself. 

- MIPS: Dynamically Griented Pmcesdng Statements. 
Those stat8monts contain at leasi one dynamic entity. As 
a consequence, the principal location of execution can 
no longer always be deduced from roadiig the stato- 
mont. 

Two protocols are needed to execute those statements. one 
for SGPS and one for DGPS. The protocol which oxecate~ SOPS 

is simple: R* determines from the statement itself whore the 
statement should execute. and then mawsts that dte to wrform 
the nm operation locally. The pLoco1 for DGPS -has the 
following basic form: locate the sites in charge of acceashtg the 
mqalmd entities, and thod issue requesta to those dtes to perform 
the necessary operations locally. The next se&on will describe the 
protocols in more detail. 

4. Exe&ion strategy of interpreted roatiner 

Wowillnowoxambtothetechuiqwsusedbythotwoproto- 
cols >montioned above to locate the entities referenced in the 
statements and to execute the distributed statements. We will 
concentrate our attention on data definition statements (DDS), 
data confiition statemeots (DCS), and aatho&atlon manafm- 
mont statements (AMS). dnce other papers [DAN821 adequa&y 
cover the protocols for the subset of DGPS which constitutes the 
data manipulation language (DML). 

The number of dtos involved in the search for the right 
execution site varies depending on the class to which the state- 
ment belongs. In R*. SGPS may involve at most one remote site. 
Up to three remote sites may be involved in ratming statements in 
the DOPS class. The protocol for SOPS is called ClRS, and the 
CJRS protocol handles the DGPS class. 

Before we de#cribe the actual protocols, let us oxamlne the 
mechanisms they might use for gw work done at other dtes. 
The execution of a possibly diatribated statement may essentially 
be docomposod into four steps: 

(1) the transaction initiation at aome site called the origin 
site. or query site. 

(2) the migration of the transaction to some remote dtes, 
(3) the pcosdng at those remote sites, 
(4) and eventually the termination of the transaction 

which results in either the success or the failure of 
the transaction considered as an atomic action re- 
gardless of the number of dtes involved in the proc- 
osdng. 

The processhtg indicated by (3) at the remote sites partici- 
pating in the execution of a transa&on could we either (or both) 
of the following two mechanismK 

- calls to spocifii special routis at remote sites, 
- distributed recurslvo calls. 

The migration of execution from one site to another can be 
accomplished by using a Remote Procedure Call (RPC) like mech- 
aaism. Given an RPC faciliq, one can then consider how to 
organixe thi dlstribated computation. One straiahtforward au- 
prorchistoidentifynhichDctionrmiehtocclrraterich~~io 
write procedures hnplementing each am of local pmcemb& At 
execution, an umbrella procadum at the origin dte activates the 
appropriate procedures after analydag the diibated execution 
reqaim.monts of the statement ia question. This approach leads to 
a fragmentation of the logic hplemont@t each statement type 
and leads to unique procedures repmsenthtg each combhmtion of 
ori& and execution sites (typically there are 5 wt site com- 
biitions for operations oo tables). 

The alternative approach take&in R* is to implement each 
statement level fuoctiqn as a siaglo procedure (package) which 
oxocutos the actions appropriate to ita site of execution along with 
a facility which allows the execution of the statement, to be Mtiat- 
edatanotherdte. Thisapproach,calledcllbkBryrrarhralb, 
lnitiatos exo+ion of the current statement at a remote site, paas- 
ing only the statement and user identification (for aathorixation 
purposes) to the remote site. The procedures implementing 8 
statement level function check to see if they should execute at 
another site to perform part or all of the requested function. If 
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remote execution is needed to complete the current function, 
special interfaces arc available to initiate the function at another 
site and to return the results obtained at that site. The distributed 
recursive call allows the implomontation of a function to examine 
the situation and conclude that “I wish I wore oxocating this at 
site XYZ”. The wish is fulfiiod simply by requesting the remote 
execution of the current function. 

The use of distributed recursive calls has several advantages 
for R*. The logic of an interpreted function is concentrated in a 
single procedure (package) which is structured acccrding to the 
function in question, and not according to the possible distriba- 
tion patterns of tho function. More importantly, for R*, the map- 
ping of the statement level interface to distributed execution 
onhancos the autonomy of participating sites. The aso of the 
statement level intorfaco tc distribute tho execution allows ccm- 
plote chocking of inccming rocursivo calls without implementing 
call specific ccdo to ccnfii the cchoronco of each roqaost. The 
original statement is chocked by the parser on arrival which ccn- 
fii the syntactic correctness of the request while the remote 
chocks aro uniformly embodied in the prcceduro(s) implementing 
the function. 

The current dosign and implementation of DDS, DCS. and 
AMS in R* use distributed rocursivo calls. This provides a more 
modular sot of prccodaros which preserve the autonomy of each 
R* database. 

The mechanism of distributed recursive calls permits one 
common routine to manage a multi-site function. The global 
structure of a distributed recursive routine managing a multi-site 
request follows this schema: 

distribatod~oxocution procedure (pl,...,pn); 
begin 

- initialixation and local prccossing; 
- classification of current site and verification that this 

site has Borne role to play; 
- determination of sites at which work mast bo done; 
- do over sites at which work must bo done; 

if work is local 
then standard local prccossing; 
else call distributed-execution (pl,...,pn) 

AT SITE (remote-site); 
- en& /* of do over each site */ 
- termination of local processing; 

old. 

The schema doscribos a sequential execution of the asor’s 
request in the sense that only one prccoss at a time is running on 
behalf of this roquost .throaghoat the distribatod system. In the 
current hnplomontation, a process which activates a remote prcc- 
oss by issuing a remote recursive call will wait for tho completion 
of the prccess. at that remote site boforo being able to IWIUUO 
local execution. This prohibits any kind of paraliolism among 
prccossos on behalf of a given usor; however, for scmo appgca- 
tions, lccal processing cculd not resume until information is sent 
back from the calloo, oven if paraliegsm wore permitted. 

Scmotimos, the condition of strict execution soqaontiabiity 
can bo relaxed to enhance performance. This ,is dosirablo if the 
same routine can bo activated shnultanoously- at several romoto 
sites, while the originatcr of the activation waits for the ccmplo- 
don of the process at each of the remote sites. In the case of 
parallel processing for the same request at muhiplo sites, oar 
previous schema would be mcdifiod by adding an asynchronous 
call and by permitting a “broadcast” calh 

cali diitr-oxoc (pl,..., pn) AT SITES (romsitel,..., romsitom). 

The underlying ccmmunication mechanism for R* [LIN82], 
[WIL82] permits both synchronous and asynchronous remote 
calls, and both of those aro asod in DML prccessing. For DDS, 
DCS and AMS, however, we did not ccnsidor performance tc be 
of major importance and so we chose tho simpler approach of 
using only synchronous remote prccoduro calls. 

The prccossing schema given above is suitable for implomont- 
ing most of the R+ statomonts which are interpreted. In the ro- 
main&r of this section, samples of the protocols used in R* for 
interpreted SOPS and DOPS statements wig be given to ilhwtrato 
the use of distributed recursive prccoduro calls and outline the 
kind of environment nooded tc two this mechanism. 

5. Description of DDS distributed exeation protacob 

5.1. l%e ewlaotion nets model 

Now that the mechanism has boon chcson. we will employ a 
general model derived from evaluation nets [NIJT72] to &scribe 
the prctcccls which use this moclmnhn This model will permit us 
to present within one schema a global view of tho request prccoss- 
ing across all sites handling that roquost. A single evaluation not is 
capable of doscribiig the glcbal execution activity which is corn- 
pcsod of the four steps monticnod earlier, and the part of the 
activity which is assigned tc each specifii site. This model can bo 
used to describe a variety of distributed algorithms; it was very 
useful for doscribhtg the R* distributed execution protocols. Only 
a few protccck? described using this model wore needed to repro- 
sent the mechanisms of distributed oxocution in R*. Wide appli- 
cability, generality, and compactness aro some features giving 
power tc this model. 

The usod formalism is dorivod from the NUTT’s ovahtaticn 
nets; this formalism is in turn based 011 Petri neta, and soems to 
be particularly well adaptod tc reprosonting the distributed oxocu- 
tion prccedures. 

An evaluation not is ccmpcsed of 3 kinds of elementa: 
- S: sot of places, represented by a rectangle. donoting 

possible states of the system, 
- R: sot of requests, represented by a rectangle: those 

roquosts are mainly initialixaticn requests (SQL), 
ccnununication requests (COMM, rospXXX), or m- 
sponsos aftor catalog loukap (FOUND. NOT- 
FOUND, . ..). 

- T: sot of transitions. ropmsontod by an horizontal line. 

Thoso elements are interconnected acccrding one of the 
following schemes: 

A marker called a token is placed in the current state; a 
diagram wig contain one token por site currently running the 
prccodure represented by the diagram. The stato preceding the 
transition is called the input state; the state f&lowing the trans- 
ition is the output state. A transition wig bo firod if them are 
tokens on all the states fcllcwing the transition, unless the trans- 
ition is a condition. 

The actions described beside the transition are performed 
when the transition is fired. The transition can also express a 
condition; depending on the result indicated along the output 
branches, only the appropriate state wig receive the token; this 
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facility wig be used to control the progress of the computation, 
and the routing among the involved sites. 

5.2. ClRS protocol 

The ClRS protocol handles the statically oriented process@ 
statements, those statements which involve only static entities 
whosq location is known from the statement. ClRS stands for 
commurdcation wfth at most one remote site, This case handles ail 
the SQL statements related to dbspaces (acqniMon and focking 
of dbspace, change in dbspace lock sire or in percentage of free 
space) and special privileges (granting and revokbtg a special 
privilege such as DBA or resource authority to a user at a specific 
site). For the ClRS protocol, the site where the action 
(modification or insertion) on the catalogs should take pface is 
either explicitly given in the SQL statement, or it is the query site 
(default option). 

The formal protocol is presented, i@ Fig.1 as an evaluation 
net. To explain how this protocol works, we wifl give an example 
of how it might be used for a user UGIVER at USERSITE who 
wants to gent the DBA privilege at site RBMOTBSITE to a user 
URECEUVER. 

UGIVER tells R*: “GRANT DBA AT REMOTBSITB TO 
URECBfVER”. 
R* calfs the local routine grantdba (REMOTBSfTB.UGIVER, 
URECEM3R); this routine is thus activated at USBRSTTB. 

procedure grantdba(sitepamt,fromparm,toparm) 
fii in site defaults to this site; 
if siteparm - this site 

then do; 
check if fromparm can make the grant; 
if so. then record grant in catalog; 
eke error; 

ed; 
elve do; 

invoke grantdba(siteparm,fromparm,toparm) 
at siteparm; 

check result; 
end; 

return to caller; 
end. 

l * // 

*’ // 

;: 

:; 

// 
l * 

l * 

. . 

. . 

l * 

l * 

USERSTTE executes the l * lines and REMOTESITE exec- 
utes the // lines. 

Note that this same procedure handles: 

1. loecrlly issued grants for DBA privileges at this site; 
2. local& issued grants for DBA privileges at a remote 

site; 
3. remor+ issued grants for DBA privileges at this 

site; 

The C3RS protocol handles the interpreted statements in the 
DOPS class. For these statements, the store sites of all dynamic 
entities must be found. In R*. each non DML DOPS statement 
has only one dynamic entity. Tbe C3Rs schema describes the 
communication protocol used by routines handling SQL state- 
ments which involve at most three remote sites. This includes 
most of the SQL data definition and control statements which 
have exactly one table as a parameter. For these statements (grant 
or revoke a privilege on a table, comment on a table or a column 
of a table, expand or lock a table, create or drop an index on a 
table), catalog modifications are made at only one site, even 
though the request may be prowssed at up to three sites. The 
catalogthatwlllbechangadistheoneatthetoMertoresite(thir 
is the site where the table is physically stored, which can be dif- 
ferent from the site at which the table was born). The pmcemmg 
at the other sites consists of name mapping @scumed in se&on 
2), checking of parameter validity and other checks, and deter- 
mining the current store site of the table. The algorithm which 
determines the current store site involves a lookup in the local 
catalog (local FETCH). and if the supposed store site recorded in 
the local catalog is not here. a lookup in the catalog of that re- 
mote site. If no such record was found in the catalog at the QS 
(NOTFOUND), or if the lookup did not succeed at the supposed 
SS (respNP), the search for the current location of that table gces 
on (NEWSEARCH): a lookup in the remote catalog at the table 
biih site is performed (remote FETCH). The birth site either will 
be the actual store site or wifl provide the name of the current 
store site (and since a read lock is held on the birth site catalog, 
the actual store site location is guaranteed to be correct during 
this transaction). If the bii site was not the store site, a lookup 
in the remote catalog of the real store site is performed. After the 
actual store site has been found, a distributed recursive call is 
made to the actual store site and the catalog modffications are 
performed there. 

Fig. 1 is an evaluation net for the ClRS protocol. In that 
figure, the asynchronous communication is represented by the 

The CJRS protocol first runs at the site (QS) where the 

label QWAl’T, and the activation of the routine at the remote site 
query was issued by the user. ff the catalog at the query site has 
no information about that table. then the first lookup to the pre- 

by COMM(X+Y), where X is the sender and Y the name of the sumed store site (SS) does of course not take place, and the 
site at which the routine will be activated. The local variable cs 
verifies or indicates at which site the routine is currently being 

search is directly performed at the table birth site (BS). Making a 
distributed recursive call to the supposed store site found in the 

executed. A routine activated at a remote site terminates either QS catalog before asking the table birth site to telf us the real 
with an error message (respERR), or is completed correctly store site is justified by the assumption that most of the time the 

(respOK). The routine at the QS can also end both ways: success- 
fufly with END, and unsuccessfufly with ERRMSG sent to the 
user. 

cs = ss ’ -cs = QS 

initialization 

I 
I ?cs? 

-ss 
?cs? 

QS .QS 

COMM(QS->SS) 

respERRC 

QWAIT 

raspERR respERRC 

Fig.1: ClRS protocol. 

5.3. C3RS protocol 
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tables will not have migrated. So the information contained at the 
query site about the table (If any) will not be obsolete. If this 
assumption is correct, communication will be reduced to only one 
remote site. the table store site. Lack of information about the 
table at the query site will result in messages to two remote sites 
(the bii site. and the store site). If these sites are identical, 
there will still be two messages to the birth site, one for remote 
catalog lookup, and one for the routine actually processing the 
statement. Finally, obtmlete Information about the table at the 
query site will be the only case requiring three messages to remote 
sites and when the actual store dte location is retrieved from the 
catalog at the birth site and sent back to the QS. the obsolete 
cache htformation is replaced by the identification of the current 
store dte (CLEARCACHE). 

Local counters. (RF: remote fetch, FSS: fetch at store site), 
Incremented at the QS guarantee that the process of de@ndning 
table location temdnates and hence that the request is eventually 

cs = QS 

ERRMSG remote FETCH 

Fig.2: CJRS protocol. 

6. Correctness 

The formalixation of the protocols by means of evaluation 
nets has been quite helpful in enabling us to visualixe the com- 
plete behavior of the interpreted routines from the samc clam by 
means of one single evabmtion net. This common diagram de- 
scribes the checks and actions to perform whatever site is in- 
volved. 
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Tests have been written afterwards to be run against the 
designed protocols. Ail the different configurations of sites were 
tested for each interpreted routine. It has been verified that the 
expected route was followed for each case. 

7. conclusion 

The provision of Interfaces sllowing the execution of the 
current statement level function to be transferred to another dte 
have lead to an inmmsting and effectiw progress@ methodology 
for implementing distributed functions in R*. Partitioning and 
fragmentation of the execution algorithm have been avoided. In 
additio% the statement level intersite Interface has lead to a uni- 
formmecha&mforintersIteinterfaceche&ng.TbsuseM~ 
Nutt’s nets graphical represent&ion for the Iogie of mu&site 
execution has been useful for dccnmenting and l bstmU&g the 
intersite lntemctions and for ehdfying the 8lgorithnu med for 
different statement types. 

TheClRSandC3RSprotocolsdescrfbedhemcowr8boEt’ 
90% of the local DDS, DCS, and AMS statements. The evaIua- 
don nets models, plus the ‘.I wish I were there” cmutmct hr& 
mentedbythedIstributedrecursiwcalIaBonbdusto~ 
DDS, DCS, and AMS for distributed objects in only a few mon&s 
of one person’s tfme. The ImpIementation of statements whfch do 
notexactlyfitthedwcrlbedpfotowbis~dedguedudngthe 
evaluation nets and the “I wish I were over theto” phlbaophy. 
SomemoreelaborateprotocoIs~nowbeiugdedgnedtoh8ndle 
coaplex distributed statements, like table migration, table repBe& 
tion and table partfkning. 
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