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1. I n t r o d u c t i o n

This  repor t  s u m m a r i z e s  the t h i r d  s ix m o n t h  per iod  of a

p ro jec t  e n t i t l e d , “A D i s t r i b u t e d  Da tabase  Managemen t

System for  Command and Cont ro l  A p p l i c a t i o n s ” wh i c h  ha s

been u n d e r t a k e n  by CCA and sponsored by A R P A — I P T O .  The

p r i m a r y  focus  of t h i s  e f f o r t  is to d e s i g n  and imp lemen t  a

d i s t r i b u t e d  da tabase  m a n a g e m e n t  system cal led SDD — 1

(System for  D i s t r i b u t e d  D a t a b a s e s ) .  SDD—1 is s p e c i f i c a l ly

oriented toward command and control applications and ‘All1.

be in s t a l l ed in  phases an d tes ted in t he Advan ced Comman d

and Control Architectural Testbed (ACCAT) at the Naval

Ocean Systems Center (NOSC) in San Diego.

The motivation behind building a distributed database

management system like SDD—1 is to take advantage of the

F decreasing cost of’ distributed processing environments and

at the same time respond to the increasing data handling

needs of geographically distributed organizations. SDD—1

perm i ts d ata to be mana ged on a ne twork  of com puters  in an

in tegra te d env i ronmen t  t ha t  presents  the user wi th the

illusion that he is dealing with a centralized DBMS.

~
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SDD— 1 is designed to achieve other goals that are only

possible in a distribut ed system . These goals are:

1 . di str ibute d ac cess —— Data is accessi b le over the

network from man y sites.

2. fast response/low communication cost —— Through

intel l igent  da ta base des ig n , dat a can be stored

geographically near where it is most often used so

th at the major it y of accesses are essent ia lly

local.

3. r e l i a b il i t y/ s ur v i v a bi l i~~ —— Re du n d a n c y  of

processors , communications and data can be used to

ach ieve very high levels of system reliability.

The loss of one processor can be compensated for

wi th others in the system an d us in g the redun dant

d ata , t he user can st ill run  t r a n s a c t ions t hat

require data stored at the disabled site.

‘I. modular up ward  scaling —— Incremental addition of

new site s to the system can be use d to en han ce

system ca pacit y without ma jor reconf igur at ion of

ex isting sites. 
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In the process of designing and impl ementing SDD—1 , th ree

key t echn ica l  pro bl ems have been id ent i f ie d . They a r e :

— s y n c h r o n i z i n g  update  t r a n s a c t i o n s

— di s t r i b u t e d  query  process ing

— h a n d l i n g  f a i l u r e s  of processors and communications

channels

Solutions to these problems were designed and reported

during the first y~~~r’ of’ this project ([CCA a], ICCA b],

[B E R N S T E I N  et a l b], [ROTHNIE an d GOODMAN ] an d [WONG ]).

These des ign r esu l t s  have been fu r the r  ref ine d an d

ex plo ited wi th the fo llowing resu l t s :

1. A new and simpl er proof of the correctness of the

upda te  s y n c h r o n i z a t i o n  a l g o r i t h m  was developed .

2. The distributed query processing algorithm has been

im plemented in an initial version of SDD— 1. This

vers ion of the system has been demonstrated to ARPA

with the aid of a graphic display of the algorithms

behavior.

3. The set of reliability mechanisms have been further

r e f i n e d  and an i n i t i a l  imp lemen ta t i on  has  begun .

-- ~~~~~-
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Section 2 of this report presents an overview of the SDD— 1

design and summaries of the above design results including

a description of’ the initial working version of the

system .

In addition to SDD—1 design and impl ementation , CCA began

a study of the enhancement of datamodule 1. This project

involves studying possible enhancements to the

Datacomputer EMAR ILL and STERN) in order to make its

performance more compatible with SDD— 1 and other command

an d control applicat ions. Sect ion 3 summar izes the study

techn iques and some initial results.

—. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2. SDD—1 Design

2.1 Overview

2 .1.1 Introduction

A user of SDD—1 sees a conventional DBMS. The logical

database is described by a flat file data model that is

essentially relational [CODD]. Users interact with SDD—1

by entering transactions. A transaction is expressed as a

program written in Datalanguage , the semi—procedural data

manipulation language of the Datacomputer.

Internally, SDD— 1 consists of ’ two types of modules , called

transaction modules (abbr. TMs) and data modules (abbr.

DMs ). Each site can contain either one or both types of

modules. DMs store physical data and behave much like

simple conventional (i.e., nondistributed ) DBMSS. TMs are

responsible for supervising the execution of user 
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t r a n s a c t io n s , t r a n s l a t i n g  f rom the  user ’s nondistributed

view of the data to the realities of its distribution and

re dundancy.  In essence , the TMs c’oor di nate the proces sing

while the DMs do the actual labor .

2.1.2 Data Modules

A DM serv ic es four types of requests:

1. Read part of the DM’s data base into a transact ion ’s

local workspace  at  t ha t  DM;

2. Move pa r t  of a t r a n s a c ti o n ’s local workspace  f rom

the DM to ano ther  DM ;

3. Execute  a query  on a trans ac tion ’s local works pace

at the DM;

4. Wr ite part of a transa ct ion ’s local workspace into

the data ba se stor ed at t he DM.

The Rea d , Execute and Write comm ands are quite similar to

those provided by a conventional centralized DBMS. The

Move command is pr imar ily a network funct ion of mov ing

data between DMs.

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• _ _ - _ _ - ~-~
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Since  most DM f u n c t i o n s  are  p rov ided  by c o n v e n t i o n a l  DBMSs

and s ince our pr imary research interest was ex amining

issues of d ata di stribution and re dunda nc y , we cho se an

ex ist ing DBMS as the core of our DMs . Our cho ice was the

Datacomputer , a mass storage DBMS utility built by CCA as

a database resource for the ARPANET. Our main reasons for

choos ing the Dat acomputer were , first , t ha t most of t he

networ k c ommun icat ions software we need ed wa s alrea dy in

place , thereby simplifying the implementation task , and

secon d , that it was a work ing system wi th wh ich we were

intimately familiar. As a fringe benefit , we foun d the

Da tacom puter ’s so phisticate d di fferent ial f i le me chan ism

to be v er y useful for many as pects of concurrenc y control

and query processing. The primary disadvantage of

Datacomputer is that its query processor is optimized to

compensate for the very slow access time of its mass

storage device , an Ampex Terabit Memory. Since we use

Datacom puter as an entirely disk—based system and make no

use of the ma ss stora ge , the quer y proc essor somet imes

runs artificially slowly by paying attention to complex

sta gin g s t r a t egies , wh ich are never invoked! Whi le in

retrospect we see the choice of Datacomputer as sound , we

note that most any DBMS with a suitable front end could

serve  as a DM , and , in fact , differ .nt DBMSs could

comprise different DMs in a single SDD—1 system .

_________ - --A
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2.1.3 Transaction Modules

The basic unit of a user computation in SDD—1 is the

transaction. Transactions are structured to execute in

three sequential steps :

1. The transaction reads a subset of the database ,

called its read— set, into a workspace.

2. It does some computation on the workspace.

3. The transaction writes some of the values in its

workspace back into a subset of the database ,

called its write—set. The read—set and write—set

of a transaction are defined on the logical

database. That is , the transact ion referen ces only

logical dat a items; it has no knowle dg e of t he

• distribution and redundancy of stored copies.

The works pace into wh ich d ata is rea d is , in general ,

distributed . That is , variou s par ts of the wor kspace ma y

reside at different DMs. In SDD—1 , the execution of a

transaction is also , in general , distributed ; processes

runn ing at various DMs operate on the portion of the
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workspace located at that DM. These processes run

concurrently and/or sequentially with respect to one

another and transfer data between DMs as needed . The

processes runn ing at the DMs are initia ted an d coor di nate d

by the original TM to which the transaction was submitted .

The TM converts the original transaction as submitted by

the user into  a num ber of local d at a mana gement processes

runn ing at the DMs where the workspace is stored . This

d i s t r i b u t i o n  of processing is entirely internal to SDD—1

and is not  r e f l ected in the user ’s tr ansaction in any way.

So , to process a t r ansa ct ion , a TM per forms  the  fo l l owin g

steps :

1. It locates the read— set data needed by the

transaction by accessing directories .

2. It obtains a consistent distributed copy of that

data by issuing Read commands to the appropriate

DMs.

3. It plans the distributed execution of the

t r a n s a c t i o n .

4. It carr ies out the plan by issuing Execute and Move

commands to DMs.

_____ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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5. It performs the update requested by the transaction

by invoking Move and Write commands at the DMs .

2 . 1 . 4  D i s t r i b u t e d  Data O r g a n i z a t i o n

Each relation in SDD—1 has one domain named “tuple

identifier ” (abbr. TID) which is a key of the relation

([ASTRAHAN et all and [STONEBRAKER et all); tha t  is , no

two tu ples of a re la t ion can have  i d ent ical TID va lues .

Each relation is partitioned into a set of logical

fr~~~ents. Logical fragments are defined by first

partitioning the set of all possible tuples of the

relation into a set of mutually exclusi.ve

tuple—partition s . For exampl e, the EMPLOYEE relation

could be partitioned by DEPARTMENT , so tha t  eac h

tuple—partition contains all of the EMPLOYEE tuples in a

s ing le  DEPARTMENT . For each tuple—partition , the set of

d o m a i n s  of the r e l a t i o n  is pa r t i t i o n e d into m u t u a l l y

e x c l u s i v e  d o m a i n — p a r t i t i o n s .  For ea ch

tup].e—partition/doma in—partition pair , a logical f r a gment

is d e f ine d wh ich inclu des the d oma ins of the

domain—partition and the TID domain. That is , a logical

f r a g m e n t  is a pro ject ion of ’ a t u p l e — p a r t i t i o n  tha t

inc ludes  the TID d o m a i n .  The in clusion of the  TID domain

-

~

- - -  ---‘
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g u ar a n t e e s  tha t  the logica l  f r a g m e n t  has  e x a c t l y  one t u p l e

for each tuple of the tuple—partition from which it was

selected .

A store d copy of a log ical fra gment is called a st ore d

fragment. Stored fragments are the units of data

distribution ; a stored fragment is either entirely present

or entirely absent at a DM.

We do not require that two stored copies of a logical

fragment at two different DMs be identical at all times.

The redundant upd ate mechan ism i s respons ib le for only

allow ing consistent copies to be read (see Section 7).

A domain of a tup].e is called a logical dat _~tei~, a

stored copy of which is called a stored data item. A data

i tem is the smal les t  u pd ata ble u n i t  i n ‘the database .

Each logical data item may have several assoc iate d stored

d a t a  i tems , because  its log ical fr a g m e n t  ma y h ave severa l

stored copies. Hence , when referenc ing a log ical d ata

i tem , i t is necessary to choose a par t icu l a r  s tored d ata

i tem to r e f e r e n c e .  For each TM , we d e f i n e  a to ta l  mapp ing

from logic al fra gments to store d fra gments , ca l l ed a

m a t e r i a l i z a t i o n , t hat specif ies which co pi es of d ata items

shoul d be read by the TM. (To maintain internal

cons istency of the data base , a transa ct ion must perform
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i ts upd ates on all store d cop ies of each logical data item

updated.) For simplicity , we have chosen that

materializations be functions , though in principle they

need not be.

There are no logical restr ict ions on how to configure a

mater ialization, other than that each logical fragment

must ma p into a stored copy of that same fragment. A

mat erial izat ion for a TM may obtain none , some , or all of

its stored fragments from DMs at the same site. Also , two

mater ializations may use different stored copies of a

single logical fragment. The main consideration in

configuring a materialization for a TM is the performance

of queries ; fragments stored at DMs at foreign sites

induce more communicat ion delay and , hence , longer

response times for queries referencing those fragments .

-

_  -•-- ~~- -• - ~~~~~-
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2.1 .5 Directory Management

SDD— 1 maintains directories containing relation and

f r a gment  d ef in it ions , f r a gment  locat ions , and usa ge

statistics. Since a TM makes heavy use of directories for

every transa ct ion it processes , ef f ic ient and flex ib le

mana gement of directories is important. The two main

pro b lems of di rector y management are whether or not to

store di re ctor ies redun d an t l y an d whether  to ce n t r a li ze or

decentralize control of updates to directories. We have

ma de the solut ions to these prob lems a matter of d ata b ase

design by treating directories as ordinary user data.

Taking this approach , we allow di rect or ies to be

fra gmente d , distributed with arbitrary redundancy , and

upda ted  f rom a r b i t r a r y  TMs , t he reby  a c h i e v i n g  comple te

flex ibility in directory management.

To tre at di rector ies as d ata , we need a special directory ,

• wh ic h we call the di re ctory loca tor , that gi ves the

de f init ion and locat ion of eac h d irector y locator at ever y

DM to provide a starting point from which directories can

be found .

~1 

~~~~~~~~~~ -— -—— —~~ -— - — ~~ •~~~ -- - ~~~~~~~
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Since directory fragments are not stored at every site , a

TM that frequently references a directory fragment from a S

foreign site may repeatedly suffer a long communication

delay waiting for the arrival of the directory . We take

advantage of the static nature of directories by caching

frequently reference d directory fra gments at each TM ,

discarding them only if they are rendered obsolete by

directory updates or go unreferenced for a long period .

2.2 Analysis of Concurrency Control in SDD—1

2.2.1 Introduction

The concurrency control mechanism of SDD—1 ensures

d ata base and tr ansa ct ion cons istency d es pi te t he

interleaved nature of’ transaction execution in such an

env ironment. This section presents a formal analysis of

the concurrency control strategy of SDD— 1. It follows a

num ber of earlier reports on the same topic. [BERNSTEIN

et al a] presents an early version of the algorithm

applicable to networks in which the entire database is

replicated at each site. (BERNSTEIN et al bI extends the

__________________________ ~ -~— ~• —~ - - -
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app roach to hand le si tuat ions in wh ich some or all of t he

data is replicated at any number of sites. This later

report contains an overview of the more general approach

as well as a formal treatment of the mech anism . This

sect ion u pd ates the theore t ical sect ions of the secon d

report. The mechanism is essentially the same , although

the theoretical treatment p resente d here is more conc ise

an d somewhat more general. Readers interested in a

tu tor ial int ro duct ion to the bas ic mechan i sm a re

encouraged to read the early sections of (BERNSTEIN et al

a , b].

L. - S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~ .. — — -— - — - 
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2.2.2 A Formal Model of SDD—1

2.2.2.1 Introduction

To prove the correctness of the SDD—1 concurrency control

mechan ism , we need a formal model that describes the

operation of an SDD—1 system . We describe such a formal

model in t h i s  sect ion . The model consists of a stat ic

com ponent , called a database des ign , and a dyn amic

component , called an execution history. A database design

descr ibe s the layout of data and of transaction c la ss es in

an SDD— 1 system . An execution history describes the

execut ion of transactions for a particular database

des ign. Amon g the set of all poss ib le execut ion

histories , only some of these histories could be produced

by the correct operation of the concurrency control

mechan ism . We call these histories well—behaved . Our

goal , in Section 14 , will be to show that all well—behaved

histories produce correct results , i.e., that they are

serial izable.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2.2.2.2 Database Designs and Execution Histories

An SDD—1 Database Design consists of a set of data

mo dules , which store data , an d a set of cl asses , which can

execute transact ions.

Formally, it is a six—tuple <DATA , DMs , stored—at ,

CLASSES , c— re adset , c—wr iteset> where:

1. DATA is a set of physical data item s,* denoted

{ x ,y,z,. .

ii . DMs is a set of data modules , denoted {alpha ,

beta ,...];

iii. stored—at:DATA —> DMs is a function that locates

the data module that stores each data item;

iv . CLASSES is a set of transaction classes denoted

{T ,j ,~ ,. . . };

* Unlike our earlier proof [BERNSTEIN et al 77] which used
logical data items for read— sets and write—sets , t he a bove
definition of a database design is stated entirely in
terms of physical data items. This formalism will
simplify the proof over our earlier version , which was
cluttered by the notion of “mater ial izat ion ” . It is also
som ewh at more  ge n e r a l in  th at i t a l lows a c las s to rea d
two different copies of the same logical data item . Our
proof of serializability needs to be demonstrated at the
logical level. We will first prove it on the level of
phys4cal data items , an d then exten d it to the logi cal
level in Section 5.

_ _ _ _ _  ~~- - -~~~ -~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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v. c—rea dset:CLASSES — >  2
DATA defines the read— set of

eac h class;

v i .  c — w r i t e s e t : C L A S S E S  — > 2 DATA defines the write—set

of each class.

An SDD— 1 Execution History is a representation of the

ex ecut ion of a set of t r ans act ions for a part icular

database design. Formally, it is a seven—tuple <D , TRANS ,

c lassof , < , t—rea dset , t—wr iteset , LOG> where:

i. D <DATA , DMs , stored—at , CLASSES , c—readset ,

c—writeset> is an SDD—1 database design ;

ii. TRANS is a set of t r ansa ct ion s, d enote d

{i , j , k , . .  . };

i i i.  c l a s s o f : T R A N S  —> CLASSES is a func t ion denot in g

the class of each t r a n s a c t i o n  (we w i l l

denote  classof (i) as I) ;

i v .  < is a to ta l  order  over T R A N S .  ( I n  the SDD— 1

im plementa t ion , i<j iff transaction i has a

smal le r  t imes t amp  t h a n  t r a n s a c t i o n  j ) ;

v. t— re adset:TRANS — >  D A T A  defines the read—set of each

t r a n s a c t i o n  such tha t  for  each i in TRANS ,

t—re adset(i) is contained in

c—readset(classof(i));

vi. t—writeset:TRA NS — >  D A T A  defines the write—set of

e ach t r a n s a c t i o n  suc h t hat for each i in

T R A N S , t—writeset(i) is contained in

c— w r i t e s e t ( c l a s s o f( i ) ) ;

_ _ _ _ _ _ __ _  _
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v i i .  LOG is an ordered pair <LOGELEMENTS ,~~> > such that

a. LOGELEMENTS LOGELEMENTS R U

LOGE L E M E N T Sw

b .  L O G E L E M E N T S
R ~~alpha ~ is in TRANS ,

alpha is in DMs , and there is a data item

x i n  t — r e a d s e t ( i )  such t h a t  s t o r e d — a t ( x )

alpha);

C .  L0GE L E M E N T S w ~
{W
~ lpha 

: i is in T R A N S ,

alpha is in DMs , and there is a data item

x in  t — w r i t e s e t ( i )  such tha t  s t o r e d — a t ( x )

alpha];

d .  ~~> is a total order over LOGELEMENTS such

that if there exists i in TRANS and

alpha , beta in DMs with R
~ lpha an d W

~eta

in L O G E L E M E N T S , then R
~ lpha 

> W~~~~~;~~~•

The definition of an SDD—1 execution history is based on

several facts about SDD—1 ‘s opera t ion :

1. The total order < on transactions follows from the

fact that transactions are given globally unique

time stamps (i.e., (iv) above).

- _ s ~~~~~~ .~~ — .~~. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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2. The read—set and write—set of a transaction must be

a subset of the read—set and the write— set of that

t r ansa ct ion ’s class (i.e., (v) and (vi) above).

3. I f  d ata item x i s  in t ransac t i on  i ’s read— set , and

x is stored at alpha , then R
~ 1pha 

must  a ppear in

LOG (i.e., (vii.b) above).

4. If data item x is in transaction l’s wr ite—set , and

x is stored at alpha , th en W
~lpha 

must appear in

LOG (i.e.,(vii.c) above).

5. For each transa ction , al l  rea d ope ra t ions mus t

precede all write operations (i.e., (vii.d) above).

The total order < is used to determine how write

operations affect the database . A write operation , say

W
~lpha~ 

with x in t—writeset(i) actually writes a new

valu e into x i f f  f or all j  wi th W3
1 h  > W~~p~~ and x in

t—writeset(j) , j  < i. That is , W
~ lpha wr ites into x i f f

it is “later ” than all previous transactions that wrote

into x at alpha. This mechanism , whi ch we c a l l  t he Wr ite

Message Rule , is used to reorder write operations at each

d at a module  so that they  a ppear to have occurre d in “<

—order ” independent of their order of arrival (BERNSTEIN

et al a ,b).

•—
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2.2.2.3 Admissible Execution Histories

The concurrency control mechanism of SDD—1 consists of two

components: a set of pro tocols , which are es~ ential1y

procedures for processing a transaction ’s READ messages ;

and a set of protocol selection rules , which specify which

protocols apply to transactions in each class (all

transactions in a class use the same protocols). In a

given execution history , if all transactions execute the

protocols as specified by the protocol selection rules ,

then the execution history is called well—behaved.

Intuitively, an execution history is well—behaved if all

transactions follow the SDD— 1 synchronization rules.

The main result of this report is that. all well—behaved

execution histories are serializable (see below) . Since

the motivation and formalism behind the SDD— 1 concurrency

con t ro l  me ch an ism is b ase d on some f u n d amenta l r es u l t s

about concurrency correctness in a database system , we

must review these results before proceeding with a formal

definition of well—behaved—ness and a proof of our

theorem . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A
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2.2.3 Serializable Histories

2.2.3.1 Consistency and Serializability

— A pre re qu isite to prov ing the cor rec tne ss of a system is a

precise definition of what it means for the system to be

correct. In SDD—1 , we define the system to be correct if’

all possible histories are serializable. A serial history

is one in which each transaction runs to completion before

the next  one st ar t s .  Thu s, a serial histo?~y is one in

which no concurrent activity has taken place. A

serializable history is one which is equivalent to a

serial history.

The intuitive justification for choosing serializability

• as the correctness criterion follows from the notion of

cons istency. Consistency may be considered to be a

pre dic ate over the s ta te  o f  the d ata base ;  the da ta ba se i s

either consistent or it is not. Each transaction

submitted to the system is expected to preserve database

consistency. That is , given a cons is tent  d a ta base , it

-.~~—-- ----—— • - - -—----~——- ---~~
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will always produce a consistent database . A serial

history, therefore , necessarily preserves consistency if

all the transactions involved preserve consistency. Since

a serializable history is equivalent to a serial one , then

it too preserves consistency. The use of serializability

as a correctness criterion is nearly universal [ESWARAN et

all [GRAY et al] and [HEWITT].

In order to define a serializable history as one which is

equ iva lent to a ser ia l hi stor y , we must be precise about

what it means for two histories to be equivalent.

2.2.3.2 Equivalence

Intuitively, two histories are equivalent if they have the

same e f f e ct on t he da ta ba se for  a ll inter pre tat ions of

transactions and all initial database states. (To account

for I/O , we assum e t hat al l  in put an d out put operat ions

are treated as distinct data items.) The notion of

e q u i v a l e n c e  of h i s t o r i e s  is c h a r a c t e r i z e d  by the

re ads— from relation [PAPADIMITRIOU et all.

Let H <D , T R A N S , classof , < , t—rea dset , t—wr iteset , LOG>

be an execut ion hi s t o r y ,  wher e LOG~ <LE , => >.  Let R
~ lpha r

and W
~ip~ a be elements of LE. We say that R

~ lpha 
reads x

from W3l h  in H iff

- • _ A
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1 W i — >  R
’

a lpha  a lpha ’
2. a lpha  s t o r e d — a t ( x ) ;

3. x is in t—readset(i);

4. x is in t—writeset(j) ; and

5. for all k in TRANS such that x is in

t—wr iteset(k), if  W
~ lpha => R~~ p~~ then k < j.

I n t u i t i v e l y ,  i f  R
~ lpha r eads  x f r o m  W

~l h a ~ 
then the value

of x read by R
~ 1pha 

is the value of  x pr oduced by W
~lpha •

Par t  (5) of  the d ef in it ion ensures  t hat no other Wklpha
produced the x—value read by R

~ lpha (cf. the Write Message

Rule at the end of Section 2.2). As a shorthand notation ,

if R
~ lpha 

reads x from W
~lpha~ t hen we also say  that

t ransa ct ion i rea ds x f r o m  t r a n s a c t ion j .

Not  every  rea d an d wr ite operat ion in H has an ef f e c t  on

the final database state produced by H. We call those

t r ansac t ions that do have an ef f e ct as l ive an d d ef i n e

them as f o llows :

1. For each x in DATA , the “last” tran saction in LOG

that wr ites into x is live (i.e., if x is in

t—wr iteset(k), and for all j  with x in

t—wr iteset(j) W
~lpha > W~~p~~ (where al pha =

stored—at(x)) , then k is live).

_____________ _ _  
- --
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2. If transaction i is live , and for some x

t r ansac t ion i rea d s x f r o m  t r ansac t i on  .j, t hen

transaction j is live ;

3. A transaction is live iff it so follows from (1)

and (2).

A transaction that is not live is called dead . S

Since every transaction at least prints something on an

output device , no transaction is ever really dead . This

can be modelled either by making each output operation

wr ite into a private write—set data item , or by simply

assuming that all transactions are live. We make the

latter assumption for the remainder of this report.

Two execution histories are equivalent if they have the

same effect when applied to any database state. Formally,

execution histories H 1 an d H2 are equivalent iff for every

consistent database state S e domain(DATA) and for all

interpretations of’ the transactions , H 1 and H
2 

map S into

t he same fina l  state , Sf. The following lemma

characterizes equivalence of execution histories.

Lemma E [P A P A D I M I T R I OU et al 77]

Two histories , H 1 an d H 2 are equivalent iff TRANS 1 and

T R A N S2 have the same set of live transactions and for all
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l i v e  i,j in TRANS 1, t r ansac t ion  i r e a d s  some d ata i tem x

f r o m  t r a n s a c t i o n  j in H 1 iff transac tion i reads x from

t r ansac t ion j in H 2.

This is a standard program schema theoretic result , and

can be found applied to a variety of models (e.g., [M A N N A

74)). It can intuitively be justified by observing that

if a transaction reads the same input data in both

histories , t hen it wi l l  p e rf o r m  the same comput at ion in

both histories. The condition of Lemma E guarantees that

eac h t r ansac t ion r eads th e same in puts  in bo th h istor ies ,

thereby guaranteeing equivalence. The converse follows

f r o m  t he f a ct that the equ iva lence  must hold over a l l

interpretations of the transactions.

2.2.3.3 Serializability

Let A denote a symbol that is either an R or a W. Using

this notation , we now def i n e  a lo g~ LOG <L E , => > , to be

ser ial i f  there is no A
~ ipha t A

~etL~ ~~amma ’ A~e ita in LE

such tha t Ui, A
~ lpha => ~~~~~~ an d A

~ elta  > ~~~~~ (where

A is a generic log symbol denoting an R or W). That is , a

serial log is one in which no two transactions are

interleaved. An execution history is serial iff its log

is serial. As discussed earlier , ser ial execu tion

histories are our benchmark for consistent executions.

— - —- --
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An execution history is serializable if it is equivalent

to some serial execution history. Since serial execution

histories preserve database consistency , serializable

execution histories preserve database consistency as well.

Given an execution history, H , we can determine whether or

not H is serializable by defining a set of graphs on H

called serialization graphs. To define serialization

graphs on H , we introduce a live dummy transaction , called

‘last’ , that executes after H and reads all data items

(i.e., t—readset(last)=DATA). ‘last ’ is defined to be

live , and for a l l  i in T R A N S , ~ < last (where iilast).

The serialization graph on history H , denoted SG(L), is a

node—labelled directed graph <V ,E> where:

V U all i in TRANS} + (last);

E = Ereads from + Ei n t e f r s ;

Ereads from {<i ,j> I j  is live and j  reads some

data item x from i}

Einter fer es  = {<k ,i> for some j in TRANS , j is live ,

.j reads some data item x from i , x is

in t — w r i t e s e t (k ) , a nd k < i } +

{ <j , k> 1 for  some i in T R A N S , j rea d s

some d ata i tem x f r om i , x is in

t—writeset(k) , and k > ii ;

~~~~~~ —------ — - 
- .—~~~~~~ - ————--------- — --- - -  - --- --- - -- ~~~--  —--- —- — - - -  -----— - 
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wher e ‘+ ‘ denotes set union. To simplify notation in the

se quel , we w i ll as sume t h a t  a l l  h i s t o r ies have  a

t r a n s act ion ‘l ast ’ at the end.

The edg es in a ser ial iza t i on  g ra ph r ef l e c t  the not ion of

“happened before.” The edges in Ei n t e rf e r e s  guarantee

that if j  reads x from i in H , then i n the  ser ial iz a t io n

of’ H no k that writes into x appears in a position that

would have j read x from k (instead of from i).’

Theorem SER If SG(H) is acyclic then H is serializable.

Proof

Since SG(H) is acyclic , we can topologically sort its

no des , i.e. the elements of TRANS. This topological sort

induces a serial log , sa y LOG ’ , on the t r ansac t ions in

T R A N S , i.e., LOG ’ is the sequence o f  ser ia l t r a n s act ions

specified by the topological sort. Let H’ be a history

tha t d if f e r s  f r o m  H onl y in that H ’  u ses  LOG ’ ins tea d o f

LOG. If H’ is equivalent to H , then H is serializable.

To show th at H ’ is equ iva l en t  to H , we must show that f o r

all i ,j in T R A N S , j  reads  some x f r o m  i in H i f f  j r ead s x

* ‘la st ’ i s nee d ed as a speci al case so that  f o r  each d ata
i tem , x , t he f in al tr ansact ion that s u c c e s sf u l l y wr ites
int o x by the Wr ite Messa ge Rule  i s  the same in LOG an d i n
t he ser ial iza t io n of  LOG . - 

_ -±~1•i1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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from i in H’ (by Lemma E). Suppose j reads x from i in H.

Then <i ,j> is in Ereads_ from in SG(H) (denoted Ereads_ from

(H)), so i precedes j in LOG ’ . By Eiflterferes (H), for

all k that also write into x , if k > i then j precedes k

in LOG ’ . So , by the Wr ite Messa ge Rule , j reads x from i

in H’ as well. Conversely , su ppose j rea d s x from i in

H’ , but j reads x from k (ku ) in H. Then <k ,j> is in

Ereads from (H) and k precedes j in LOG ’. If k < i , t hen

<j,i> is in Ein t e rf er e s  (H) and j precedes i in LOG ’. But

this means i cannot read x (or anything else) from i in

H ’ , a contradiction. If k > i , then <i ,k> is in

Eiflterferes (H) and i precedes k in LOG ’. By the Write

Message Rule , j rea ds x from k in H’ , again a

contradiction. So , j must read x from i in H also.

Q.E.D.

An iff version of version of Theorem SER appears in

[PAPAD IMITRIOU et all using a more general definition of

serialization graph , but without the Write Message Rule.

The latter forced us to reprove the theorem here.

Corollary SER If graph G contains all the edges
L
of

serialization graph , SG(H), and G is acyclic , then H i s

s e r i a l i z a b l e .

— t
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2.2.4 Well—Behaved Execution Histories

2.2.14 .1 Time—ordered Serialization Graphs

We define a relation over transactions in an execution

history , H , called the time—ordered serialization graph,

denoted by — > .  For a given H, we def ine — > as follows :

1. — >  >rw + >wr +

2. 1 _> rw j  iff i i j  and there exists alpha i1~i DMs

such that R’l h  => W31~~ an d t her e ex ists some x

for which stored—at(x) = alpha , such that x i s in

t—readset(i) and x Is in t—writeset(j).

3~ ~ >wr i 1 ff I 
~ j and there exists alpha in DMs

such that W
~ l h  > R

~ l h  and for some x w i th

stored—at(x) alpha , such that x is in

t—wrlteset (i) and x is in t—readset(j).
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14~~~ i — > j  i f f  i <j  and the intersection ofww
t—writeset(i) and t—writeset(j) is non—empt y.

The relation — > contains the serialization graph for H.

That is , the graph SG0(H) def ined as follows :

VSG {i transaction i appears in H);
0

ESG {<i ,j> I — > j};
0

contains the serialization graph for H.

Lemma TOSG SG
0

( H )  conta ins t he ser ial i zat ion gra ph for H.

Proof

We must show that Ereads_ f and E. are includedrom in t e r f e r e s
in the edge set of SG0(H).

To show that Er ea ds from is contained in ESG (H) , we

simpl y note that 
~
_> wr J subsume s Ereads_from •

To show that Ein t e r f e r es i s conta ined in ESG (H), suppose

read s x from W’ in H (j  ~ l as t ), and consideralpha alp ha
some other W

~lpha 
that also writes into x. So , W

~lpha 
and

W
~lpha intersect in x. If k < i , then  k _ >

~~~~
i , so <k ,i> ~~

in ESG ( H )  as desired . So , suppose I < k. Since R
~ lpha

rea d s from W1 , i t  follows that R3 ->alpha alpha - W
~lp ha • (If

W~ - > R 3
lpha - alpha ’ then  R

~ lpha 
rea d s x fr om W

~lpha 
r a t h e r

th an W
~ lpha ? independent of the relative ordering of

W
~lpha 

an d W .) Thus, ~ > rw k , so <j,k> is inalpha

_ _
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ESG (H) as d es ir ed . Hence , Einterferes is contained in

EsG (H). Q.E.D.

Corollary TOSG If SG0(H) is acyclic , then H is

ser ializable.

Proof Follows directly from lemma TOSG and corollary SER.

Q.E.D.

Execution histories , as defined in Section 2, may produce

n o n — a c y c l i c  s e r i a l i z a t i o n  g r a p h s .  Howev er , if  an

execut ion history satisfies the SDD—1 synchronization

rules , then cycles are not possible. In Section 14.2 we

define precisely those execution histories that satisfy

the SDD—1 synchronization rules. In Section 14.3 we show

that all such histor ies produce ac yclic ser ialization

graphs. Combined with corollary TOSG , this is suff ic ient

to show that such histories are serializable.

A l
— - - 

• -- - - •  
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2.2.4.2 The SDD—1 Synchronization Mechanism

Intuitively, an execution history is “well—behaved ” if

each transaction in the history obeys the required

protocols. The required protocols are determined by

analyzing the database design , thereby assigning a set of

protocols to each class. Each transaction is required to

satisfy all of the protocols assigned to some class of

which it is a new member . To formalize these concepts , we

first explain what transactions must do to satisfy the

protocols and then describe how protocols are assigned to

classes of transactions.

There are four basic protocols in SDD— 1: P1 , P2, P3, and

P14. A protocol is a property that an execution history

must satisfy; it is impl emented as an algorithm for

e x e c u t in g rea d me ssages on b eha lf of t r a n s act ions , which

thereby only allows well—behaved histories to be produced .

Let H be an execution history. We say that H obels

protocol P1 with respect to cla$ses T and J (written

P1(1,3)) iff for each pair of transactions i and i’ in I

and j and j’ in j,

(P1) 
~ 

_> wr I i ~~~
‘ _ > rw i’ implies j < j’ . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(Note: I < I’ means that either i < i’ or i is identical

to i’ .)

H - obeys protocol P2 with respect to class I and a set of

classesj= {3 1,...3 )_ (written P2(1,3)) iff for each pair

of transactions i and I’ in T and j in and j’ in

(for some an d j
~ 

in J)

(P2) 
~ 

_> wr ~ .~ ~~~
‘ >rw i’ impl ies  j < j’.

H obeys protocol P3 with respect to classes I and 3
(written P3(1, 3)) iff for each transaction i in I and j

in j,

(P3) ~ >rw i implies i < j

and j >wr ~ im pl ies  j < I.

H obeys protocol P4 with respect to class I and a set of

classes  J ~~~~~~~~~~~ (written P4(1, J)) iff for each

tran saction i in 1, i in 3u ’ and ~~~
‘ 

~~~~‘ (for some ‘3~ and
in J),

(P14 ) j —> j’ and i < j impl y i < j’

and j’ —> j a n d j < i i m p l y j’ < I .

The m o t i v a t i o n  for the protocols can be found  in

[BERNSTEIN et al b]. To review the uses of the protocols:

P1: impl ements pipelining ; 
-

P2: avoids h a v i n g  a read ope ra t ion  see upda te s  in

reverse timestamp order;

L —-
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P 3: avoids update race conditions ;

P14: “cycle—breaking protocol ,” for unanticipated and

ver y infre quent transa ct ions.

Each transaction executes in a class. The protocols that

each class must satisfy are determined from an analysis of

the database design , using a mathematical structure called

a conflict graph.

A conflict graph for a database design D <DATA , DMs ,

stored—at , CLASSES , c—readset , c—writeset> , denoted CG (D),

is an undirected node—labelled graph <V ,E> where

V {r’ 1 1 In CLASSES) + {w’ I I in CLASSES);

E = Evert 1 5h o r i z  + Ediag ;

Evert t<r ’, w’>I I in CLASSES);

Ehoriz = {<w 1 , w3> T,j In CLASSES an d the interse cti on

of c—writeset(T) and c—writeset(3) Is

nonem ptyl-

Ediag = {<r’, w3>1 1,3 in CLASSES and the intersection

of c—readset(1) and c—writeset(3) is

non empty }

By convention , for  ea ch I t he nod e r 1 is drawn above w1

an d fo r  each I an d 3 the  no des r 1 and r 3 are colinear on a

hor izon ta l line as are t he nod es w1 and w’~. This leads to

the concepts of vert ical , horizontal and diagonal edges

(see Figure 2.1).

— - - --
~~~~~~~~~~
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A Class Conflict Graph Figure 2.1

C lass: 1 2 3

Readset: (a) (c} (d}
Writeset: (b} (b ,d) (a) 

~~~~~~~~~~~~~~~ L
A path in a conflict graph is a sequence of edges [<i s,

~~1
>
~ 

< 1 1, 1
2
> , < 1 2 ,  i

3
> ,...,<i~~~~1,  ia>] taken from E. A

cycle is a path in which i0 1n~ 
We call edges in Ehoriz

and Ediag heterogeneous , since they are incident with two

distinct classes. A cycle is nonredundant if no more than

two hetero geneous edg es in the c ycle are incident w ith any

class (whether the class nodes are r ’s, w ’s or in clu d e one

of each is not significant with respect to redundancy).

— An execution history H on database design D is called

well—behaved if it satisfies the following protocol

select io n r u l e s:

I. For each nonre dund an t cycle , nra , in CG(D) that

contains a diagonal edge (i.e., <r~~, w
3>), either
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1. for some class I in the set of classes , J , that

are incident with nrc , H obeys P14(1, J); or

2. each of the following hold:

a. for all classes 1, 3, ~ such that I 3

1< , if edges <r 1 , w3> an d <~~~, ~
k> are in

nrc , then H obeys P2(T,(j, k)); and

b . for  a l l  c lasses  1, 3 such that <r 1 , w~ >

and e i t h e r  <w 3 , W k > or <w 3 , rk> (for some

are in n rc , then H obeys P3(1, 3) .

II. For all classes 1, 3 such that <r~~, w3> is in CG (D), H
obeys P1(1 , 3) .

I I I .  For all  classes , I, such that readset(T) intersects

wr iteset(I), H obeys P3(1, 1).

—- — — p_ ___ — --
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2.2.4.3 Proof of S e r i a l i z a b i l i t y

In corollar y TOSG , we showed that if a particular

serialization graph , SG0(H), defined on execution history

I-I is acyclic , then H is serializable. We now complete the

proof of ser ial iza bi lit y by show ing that i f H i s

well— behaved then SG0(H) is acyclic.

Lemma ACYC If execution history H is well—behaved , then

SG
0

( H )  is a c y c l i c .

To prove thi s lemma , we nee d to show that the ex istence of

a cycle in SG0(H) leads to a contradiction . As a

preliminary step, we first examine special edge sequences

in SG0(H), called trails. We will show that the endpoints

of a t r a il , I and i sa y , are in timestam p or der , i.e. i <

i (see lemma TRAIL below). Then , given any cycle in

SG0(H), we show that for some transa ct ion i in the cycle ,

there is a trail from i to i. But , by the previous

r e s u l t , this implies i < i , a contr adiction. Hence , the

cycle cannot exist. We proceed formally.

L~~~~~~~~ _ _ _ _ _  _ _ _ _ _ _  ~--~~~~~~~
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We define a trail in SG0(I-I) to be a sequence of n edges

< 1 0, ~i >~ 
<i 2~ 

13> ,..., <1 2 n 2~ 12n_ 1 > such that

1. n is g r ea t e r  than  0;

2. for j between 1 and n— i , c lassof (i2 3 1 ) =

classof(i 2~) and ‘2j— 1 I ~~~

3. for j and k between 0 and n— i , with j  u k ,

classof(i2~ ) i classof(i 2k) and classof (i2~~ 1 ) ~

classof(i2 k l ).

Lemma TRAIL Let H be a well—behaved execution history and

let — > and SG0(H) be defined on H. Let T [<1
~~

, ~~> ,

<I2~ 
i
3>

,...,<i 2~~ 2, i2~~ 1 >] be a trail in SG0(H) where

classof(i 0) = classof(i2~~ 1 ) and no transaction in the

trail ran  P14 with respect to the other classes in the

trail. Then i~ <

Proof

Ever y edg e in the tra il corres pond s to an edg e in CG(D) in

the following sense: for each j between 0 and n— i ,

1. 
~2j 

_> wr 12i+i implies <~
‘2i r

’2J+ 1 > is in CG(D);

—

__ — -_ - - - ~~~~~~~---- -~~~~~ - - —-  ~~~~--- - — - ---_~~~~~~~~~~ -----~~~~~~~~~---- - - -
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2. 
~~~ 

> rw ~2~+i implies <r
’2J , ~

‘2i+1 > is in CG(D);

and

3. i~~ ->~~~ i2~41 im plies <~
12i w 2i+ 1 > is in CG(D).

So , tra il T corres pond s to a sequence of edg es , TCG, in

CG (D). We now prove two facts about TCG.

Claim 1: The only cases in which TCG cont ai ns two

identical edges are when n = 2 and TCG is of t he

form [<r ’, w3> , <w 3 , ri>), [<w 1 , r3> , <r 3 , wT>),

or [<w T , w~> , <w~ , w1> ] where i u j.

Pr oof of c la im 1 : If n = 2 , t hen the above forms a re  t he

onl y ones poss ib le , such that T sat isf ies the

def inition of trail and T pro duces ident ical edges

in TCG . So , suppose T contains more than two

edges , an d two of i ts edg es , say <u , v> and <x ,y> ,

produce identical edges in TCG. By construction ,

all edg es in I are “heterogeneous ” (i.e., are

incident with distinct classes) , an d th er e f o r e

produce hetero geneous edges in TCG. So , eit her

the pairs u— x and v— y are each incident t’ith the

same class , or the pairs u—y and v— x are each

inc ident with the same class. As long as I

cont ains at least three edges , thi s implies that

part(3) of the definition of trail is violated .

(For exam ple , if (u , v> and <x , y> are adjacent ,

A — ~ —- -
~~~~ 

- — —— —_ -- -- — -- - ---—— - -- -—-- —- — —- - -——-—-- - -—-- - - - -—-- - _ ~~~ —-- — ~~~~ 
-—— — — --- ——~~~~~~~_~__ ._._______ _____ _ ____ 1~~~ 

-
~
-—---.-— - — —-— - — -



Page -42— Semi—Annual Technical Report
Section 2 SDD— 1 Design

then the head of the edge preceding <U , v> is in

t he same class as y , and the tail of the edge

following <x , y> is in the same class as u ,

thereby violating part (3) of the definition.

Other cases follow by the same argument.)

Claim 2: For n greater than 2, TCG can be augmented by

homogeneous (i.e., vertical) edges to create a

nonredundant c ycle T ’ CG.
Proof of claim 2: The head and tail of adjacent edges in

TCG are in the same class (by part(2) of the

definition of trail). If they are not identical

no des , then they c an be connecte d by a vert ical

edg e (s ince  t hey mus t  be t h e  r an d w no d e of a

single class). Insert all such vertical edges ,

creating a path T’CG. No vertical edge in CG(D)

will be added more than once (because of part (3)

of the definition of trail). This fact , combined

with claim 1 , shows tha t T ’ CG is a cycle. Part

(3) of the defini tion of’ trail demonstrates that

T ’ CG is nonredur .dant.

Having set the stage with claim 2, we now proceed to prove

the lemma by showing it to be true in each of the

following three cases:

I. n 1 ; 

— - - - —- --—-— -- - ---—-——-- ---— -~~~~~ ——--— ---- - ———— —~~~~-——--- - —-- — — -—-—-———- — —- — — _— — - -—-— --- -
~~

--—--— -- — --——— — — - --—-- -— - -— - --—-_ -— —— - .-



Semi—Annual Technical Report Page — 43—
SDD— 1 Design Section 2

II. n 2;

III. n greater than 2.

The cases subsume all possible trails T and therefore are

sufficient to prove the lemma .

Case I Assume n = 1. Then T must be of the form

i 1 >). Either io — > ~~~ i 1 or 
~o 

_> rw 1
~ 

or 
~~ 

>wr ~~ 
If

~~ 
~~~~~~~ i 1, then i0 < i 1 by definition of ~~~~ If 10

>rw ~1 then t—readset(i 0) intersects t—writeset(i 1 ). So ,

the readset and writeset of I = classof(i0) classof(i 1 )

intersect. By the protocol selection rules , P3(1, 1) must

be obeyed. Hence , 10 
_>

rw ~1 implies i0 < i 1 . If i
~ 

_>
wr

then 10 < i .~ follows by the same argument.

Case II: Assume n 2. Then T must be of the form [<10,
j0> , <j 1~ i 1> ] .  Let I classof(i0) classof(i 1) and 3 =

classof(j0) = classof(j 1 ). There are nine subcases to

consider , depending on the way the l’ s are re la ted by — > .

Note that j0 < j1 by definition of trail.

In the first three subcases , we assume i0 ~~~~ i0~ 
By

definition of _>
ww~ 

we have 10 < Since j 0 < j1, by

transitivity i0 <

Subcase a: Suppose l
~~ 

_ >
ww l 1~ 

By definition of ~~~~~~~~ i i <

i
~~
. So, by transitivity i0 <

~ tIFIIIIE - -  ______
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Subcase b: Suppose j1 _ >
rw h i . Then T’CG is the

nonredundant cycle [<w’, w3> , <w 3 , r3> , <r 3 , w1>]. By the

protocol select ion r u l e s , P3(3, 1) must be obeyed. Hence ,

~
1 i >rw i 1 implies j1 < i 1, and by transitivity i0 < j1.

Subcase c: Suppose i 1 
_ >wr i 1. Then T’CG is the

nonredundant cycle [<w ’, w3> , <w 3 , r1> , <r 1 , w1>]. By the

protocol selection rules , P3(1, 3) must be obeyed . Hence ,

~i ~
>wr~~i implies i1 < i~~, and by transitivity i0 < I i .

In the next three subcases (d ,e ,f), a ssume i0 
_>

wr ~~

Subcase d: Suppose i-~ — > ~~~ i~~. Then j1 < i i an d T’CG is

the nonredundant cycle [<w ’, r3> , <r 3 , w~ > , <w a , w1>]. By

the protocol selection rules , P3 (3, 1) must be obeyed.

Hence , ~0 
_>

wr i0 implies io < j0, and by transitivity i0

< i i .

Subcase e: Suppose ~1 
_>

rw i 1. By the protocol selection

rules , P1(3, 1) must be obeyed. Hence , ~0 >wr ~~ 
<

>rw i~ implies ‘0 <

Subcase F: Suppose j1 — > ~~~. i 1. 
— 

Then T CG is the

nonredundant cycle [<w1 , rd > , <r i , wi> , <w i , r1> , <r
i ,

and both P3(1, 3) and P3(3, 1) must be obeyed.

P3 (3, 1) and 1
0 

_ >wr ~0 implies i0 < j0. P3(1, 3) and

_> wr 1 1 implies j1 < i~~~. So , by transitivity, i0 < i~~.
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In the final three subcases (g,h ,i), assum e 1
0 

>rw ~~

Subcase g: Suppose j1 
_ >

ww ~~1• Then i1 < 1 1 and T CG IS

I j  i I I Ithe nonredundant cycle [<r , w > , <w , w > , <w , r >] .

So , P3(1, 3) must be obeyed. Since 10 
_>

rw ~~ ~0 <

Hence , by transitivity , 
~0 

<

Subease h: Suppose 
~~ 

>rw ~~1• This case is essentially

the same as subcase f.

Subcase i: Suppose j1 >wr 1~~• Then , P1(3, 1) must be

obeyed. We assume i 1 < 10 and show a contradiction. This

follows di rectl y , s ince ~1 
_ >wr I i < i0 >rw ~0 implies j 1

< j 0, contradicting j0 < .j1.

Case III Assume that n is greater than two . We define a

class , I, to be a P2—class in T if there are transactions

i and i’ in I that appear in T in edges of the form j _> wr
i and i’ 

~
>rw l< f for some transactions j and k. (Note that

classof(i0) = classof (i2~ 1~ 
can be a P2—class.) We first

prove two preliminary claims about T.

Claim 3: Let [<j0,  ~i >~~•••~
<
~ 2m_2 f 32m_ 1 >) be a sequence

of edges in T such that no is In a P2—class of I. Then

< 
~2m-r

Proof of cl 3: We prove the claim by induction on the

number of edges in the sequence. As the basis , we show

-~~~~~~~ ~~~- — -- -  
--
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- 
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< j1 . Then we show that after adding an edge to the

prefix [<j 0, ~~~~~~~ <~ 2p_2~ i2~~1 >]~ where p is smaller

than m , if’ j0 < j2~~ 1, t hen j0 < j2~~ 1 .

Basis step: Either i0 ~~~~~~~ i~ , i0 
_>

Wr j1, or 
~~ 

_ >
rw ~~

i 0

If i0 — > ~~~ j 1, then j0 < j
~ 

follows directly from the

definition —>~~~, . Suppose io 
_>wr ~~1. Then the diagonal

edge <w 30, r3 1> appears in T’CG and , with claim 2, T’co ) •S

a nonredundant cycle with a diagonal edge. Since j1 is

not in a P2—class , the edge following <j0, j1> (or edge

<i 0, i 1 > , if 
~ i 12n_i ) must be an ~~~~ 

or _>wr So ,

P3~~~~1, 
~~~ 

must be obeyed. Hence , i0 -.>~~~ j1 implies j0 <

j1. Suppose j 0 
_> rw ~~1. The diagonal edge <r 3O , w3 1 >

appears in T’CG and , with claim 2, T ’ CG is a n o n r e d un dan t

cycle with a diagonal edge. Since is not a P2—class ,

the edge preceding <j0, j1> (or edge <
~ 2n_ 2f ~2n_i

> if j0
= i~~) must be an or _> rw • So , P3(3 0, 

~~~ 
must be

obeyed. Hence , ~0 — >~ ., i1 implies j0 < j1.

Induction step: Suppose [<j 0,  ~~~~~~~~~~~~~~ j2~,_1 >] has

< 
~2~— 1~ 

If p m , then the claim is proved . Else ,

augment the sequence by the edge <j2~ , j2~~ 1 >. By the

same argument as the basis step, i2~ < j2~,÷1. 
By

definition of trail , j2~~ 1 < j2~
. So , by transitivity, j0

< j2~~ 1, thereby proving the claim .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—
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Claim 14: Let [<J 0, j1 > , <i2~ j3)) be a sequence of edges

in T such that i0 
_> wr j1 and j2 >rw ~3. Then j0 < 33.

Proof of c la im ~4: Since T’~ 0 contains the diagonal edge

<r 3O , w3 1> , the protocol selection rules imply that

P2(3 1, 130, 33) )  must be obeyed. That j0 < j3 follows by

definition of P2.

We can prove case III for two subcases: T
~ 

is a P 2 — c l a s s

and is not a P2—class.

Suppose T~ is a P2—class. Consider I with its first and

last edges removed (call it I”), T” = [<12,

1
3
> f . •~~f < 1 2n_ 1I , 12 n 3 >]• (Since n is greater than two ,

there must be at least one edge in between.) I” cons ists

of sequences with no P2—class transactions (as per claim

3) separated by sequences of P2—class transaction pairs.

By claims 3 and ‘ , the left and right endpoints of each of

these sequences :~atisfy the relation left—endpoint <

right— endpoint. So, by repeated application of

transitivity, we have 1
9 

< 12n—3 Since is a P2—clas s ,

P2(10, (12 ,  T2n—3~~ 
must be obeyed. By examining T, we

have 10 >rw 1 i I 12 < ‘2n—3 .1 12n—2 _>wr ‘2n— 1~ 
Suppose

12n— 1 < i0. Then 12n—2 >wr ‘2n— i < 10 >rw i i Implies

(by P2) that 12n—2 < I
~~
. But 1 1 1 ~2 < ‘2n—3 I 12n— 1

implies i 1 < ‘2n— 1 ’ a contradiction. So 10 < i2~ _ 1 .
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Suppose T~ is not a P2—class. Then T has exactly the same

form as T” ab ove.  So , by repeated application of claims 3

and 14 and t r a n s i t i v i t y , we o b t a i n  
~0 < ‘2 n — 1  a s des i r ed .

This proves case III and the lemma . Q.E.D.

Lemma PATH Let H be a well—behaved execution history and

let — > and SG0(H) be defined on H. Let P = [<i 0,

11 >~~~~•f
<1 2n_2~ 

i2n_1 >] be a path in SG
0

( U ) , where

classof(i0) = classof(i 2n_i ). Then i
0 

<

Proof

First , suppose some transaction , ~~~~ in P ran protocol P14

w i t h  respect  to the other classes in the path. That is , P

= [ <l tJ , l
1 > f~~~ • • t < 1 2p f 1

2 1 > •.~
<12fl 2, i2 n l >]. By

definition of P14, — >  ‘2p+i implies ~2p < ‘2p+1

Simi larly , for each q greater than p, < 12q— 1 and

12q— i = 12q and ‘2q — >  ‘2q+i im pl ies 
~
.2p < ‘2q+r So , by

induction , < 
~~~~~~~~~~ 

A s imilar argument shows i0 <

i2~,. (Note : possibly 10 = ‘2p or ‘2n— 1 ‘2p ’ but not

both.) Hence , by transitivIty, 10 < 12n— 1’

So , assume io transaction in path P ran tr~otocol P4 with

respect to the other classes in the path. Our proof is by

induction on n. As the basis step, assume that n 1 .

Then P is a trail , and i0 < i
2~~~~ 

follows from lemma

TRAIL. 

-p - - -  -- —- —— -—- -—_ —
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Assume the lemma is true for all n less than k. We now

show it to be true for n k. Suppose , for some q between

1 and n-i , classof(i 2q ) = classof(i 0). Then P can be

partition ed into two paths [<i 0, ~1 >~~• •~~f <l 2q_2~ 12q_i >] f

and [<l2q~ 
12q+i >

~~~~~
<1 2_2f 12n_ 1 >) By the inductive

assumption , 10 < ‘2q— 1 and ‘2q < 12n— i ’ since the subpaths

are of length less than k. So , 10 < 12n— 1 by

transitivity.

Suppose no such q exists. Then choose some class 3 that -4

contains transactions j’ and j” in P that are connected by

a nonem pty pa th . That i s , P is of the form [<10,

i~ > ,...,<j’ , > , . . . , < ,jf’> ,...,<i 2~~2, i2~~ 1 >]. Excise the

path from j’ to .j” from P. By the induction assumption ,

i’ < j ” . Excise all such paths that connect two

transa’~tions in the same class. When no such transaction

pairs remain (except those that are adjacent) , the

resulting sequence of edges is a trail. (Adjacent edges

are incident with two transactions from the same class

that are either identical or are related by increasing <.
Also , no class appears in more than two heterogeneous

edges.) Now , by lemma TRAIL , i0 < 
~~~~~~~~~~ 

as desired .

Q.E.D.

Lemma ACYC follows as a corollary to lemma PATH.

_ _
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Lemma ACYC If e x e c u t i o n  h i s t o r y  H is well—behaved , then

SG0(H) is acyclic.

Proof

Suppose there is a path in S00(U) from transaction i back

to itself. By lemma PATH , i < i. But < is a total order ,

a contradiction. Q.E.D.

We may now state and prove the main theorem of this

section:

Theorem SR: If all execution histories produced by SDD—1

are well—behaved , then they are all serializable.

Proo f: Follows directly from corollary TOSG and lemma

ACYC . Q.E.D. -
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2.2.5 Serializability of Logical Transactions

The formalism which has been presented so far deals with

transactions which have read— sets and write—sets of

physical data items. In practice , however , the user of

SDD— 1 expresses his transactions in terms of logical data

items. A logical data item may correspond to a number of

physical copies stored in the database , presumably all at

different sites. SDD— 1 maps user transactions expressed

in terms of logical data item s into transactions referring

to physical data items according to the following rule.

When a logical data item is read the system chooses one of

the physical copies to read . However , when a logical data

item is written , the system updates every physical copy of

the logical data item .

We would like to prove that SDD—1 ge~ierates a serializable

history of logical transactions against a logical

database. That is , the transactions appear to be

serializable against a hypothetical database in which

there is only one copy of each logical data item .

Furthermore , we wish to show that the Write Message Rule

is not needed in the serialization , i.e. all wr i te



¶ 
- — - - —-

~~~~
- ---

~~

- - -

~~~~~

——-- —---— —-- --—- —- - - 

- I
Page —52— Semi—Annual Technical Report
Section 2 SDD—1 Design

messages always apply all of their updates in the

serialization. That Is , updates specified in the user ’s

transaction always update the database , and cannot be

accidently ignored due to the Write Message Rule.

We could extend our formalism to include the notions of

logical transaction , logical data item , a logical to

physical data item mapping, an d a c o r r e c t n e s s  d ef in it ion

based on logical transactions rather than physical

transactions. Instead of actually developing this

additional mechanism however we will simpl y present an

informal plausibility argument for the serializability of

logical transactions.

The argument is a s im ple one an d goes as fol lows .

Consider the serialized execution history corresponding to

an actual interleaved history. In between completely

exe cuted t ransact ions in this ser ial histor y , al l  phys ical

co p ies of eac h log ic al d ata i tem have the s ame value.

This follows because any transaction which updates one

copy must update all the others as well. Thus , since all

physical copies have the same value , the behavior of the

system is the same as if there were only one physical copy

corres pondi ng to each logi c al dat a i tem . An d further ,

since the actual interleaved history is defined to be

equivalent to the serialized history, it too behaves as if

each logical data item had only a single physical copy. 

~~~~~~~~ - - -_ ----- - -
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Finally, we note that whenever a write—write intersection

occurs between transactions , the system serializes those

transactions in <— order . Thus the serial history behaves

as i-f all updates applied unconditionally to the database ,

without reference to the Write Message Rule. And thus , by

equivalence , all transaction updates actually affect the

database.

~~~~~~
- — - - -
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2.3 Initial SDD—1 Impl ementation

During this reporting period , the first working version of

SDD— 1 was impl emented and demonstrated . This version of

the system implements the distributed query processing

algorithm developed by CCA and described in [WONG) and

[CCA bi . In addition , the system was enhanced to include

a graphics interface which visually illustrates the

distributed processing and data movement as it occurs

during the execution of a distributed query. The

remainder of this section describes the initial system

architecture , the query processing algorithm and the

demonstration setup.

I
- - -  —- - - - ~~~~~~~~~— - -- _ -- -- ----- --a~~~~--~—--*-.- - -- 
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2.3.1 System Architecture

The current configuration of SDD—1 involves four computers

(sites) on the ARPANET. Two of the machines run TEN EX and

two run TOPS—20 operating systems. One to three

datamodules (DMs) and one transaction module (TM) run at

each site. Queries to the system are entered at a TM.

The TM is responsible for determining the access strategy

to eff icientl y exe cute the user ’s quer y , based on the

— distribution of data within the system . The TM then

requests one or more DMs to perform local processing

and/or move sub—relations from one site to another . Each

DM is ccinected to a Datacomputer subjob which performs

local database management functions. The number of DMs

per site is paramet er ize d . As the number of DMs per s ite

increases , the amount of potential parallelism increases.

The entire system runs under MSG ([BBN]), the interprocess

communications system developed by BBN for the NSW . As

far as SDD— 1 is concerned , MSG simply provides a pipeline

from the TM to each DM with which it interacts. The DMs

communicate with their Datacomputer sut~jobs through

Arpanet connections. In addition , dur ing the exe cut ion of

- ,.* -

— — - - - —--- —- -— .- - —- - -— ----- --- - - ~~_ — — - ‘—, ---



-
~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
— -—

Page —56— Semi—Annua l  Techn ica l  R e p o r t
• Sec t ion  2 SDD— l Design

a quer y , Datacomputers at different sites establish

Ar panet conn ect ions for the pur pose of mov ing dat a from

site to site. Figure 2.2 illustrates the system

configuration with one DM per site. The figure includes

some of the relev ant commun icat ion s paths in the s ystem.

- _____&_ ____i_L_
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SDD— 1 Implementation Modules Figure 2.2
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The most interest ing module in the system , insofar as

— SDD— 1 is concerned , is the TM. The TM is at the heart of

the system . It performs the following operations while

processing a user ’s t r a n s a c t ion:

1. Reads the Datalanguage query from the network .

2. Parses the Datalanguage and extracts a covering

relat ional expression. That is , it produces a

rela tional ex p ress ion that will retr ieve at least

all the data specified by the Datalanguage

expression.

3.  Trans forms the relational expression Into a query

in terms of fragments . During this phase , unuse d

fragments of the relation are dropped from the

query.

4. Bu ilds an access plan for executing the distributed

query (the exact algorithm is described in section

2.3.2).

5. Executes the access plan that was just built by

instructing the DMs to perform local process ing

(i.e. run Datalanguage on their Datacomputers) and

move partial results to other sites. This phase

ma y also cause a graphical representation of the

TM ’ s instructions to a DM and the movement of data

between DMs to be drawn on the display.

—-- -—-—- —
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6. Finally, when all the required data is at one site ,

reques ts a DM to exec ut e the user ’s Datalanguage

query and returns the results to the user.

These execution steps are illustrated in figure 2.3. The

figure also shows the interact ions of the major submodules

in the TM. The remainder of this section will detail

these execution steps. 
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Major Submodules of the TM Figur e 2.3
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2 . 3 . 1 . 1  User Interface

A user program communicates with SDD— 1 in the same manner

as it commun ica tes with the Datacom puter. Da talanguage

requests are sent to the TM t hrough a netw ork conne ct ion ,

and messages and results are returned to the user through

another network connection. SDD—1 was purposely designed

to appear to the user program identical to the

Datacomputer so that existing Datacornputer applications

pro grams woul d not have to be modi f ied for use in the

SDD— 1 e n v i r o n m e n t .

2.3.1.2 Relational Query Generation

Query optimization is most convenient if the query is

expressed in a non—procedural data access language. Since

the query language of SDD—1 , Datalan guage , is

semi—procedural , the TM tr anslates the Datalan guage into a

relational query. The Datalanguage parser and relational

quer y generator modules take the text of the user ’s

Datalan guage query and produce a relational query that i s

guarantee d to retr ieve at least all the d ata required by

t he user query. 

-- - -~~~~-- _ - -  ~~~~~---~~~~~— - --_— - -~~~~~~~~~ - - -
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In the process of generating the relational query, the

d ir ec to ry  in t e r f a ce is accessed to ver i f y t hat  the

appropriate files and fields exist and that the user is

granted access to the data. If any of these conditions

are not met , an error messa ge i s sent b ac k to the user an d

the query is aborted . In the current version of the

s ystem , the directory system simply accesses a preloaded

cache . The distributed directory scheme described in

section 2.1.5 , [R O T H N I E  and GOODMAN ], and [CCA a] will be

implemented in future versions of the system .

2.3.1.3 Fragment Transformation

The unit of data d istr ibut ion in SDD—1 is the fra gment of

a relat ion. If a relation is thought of as a rectangular

ta b le , a fragment can be cons id ere d to be a rec tangular

subset of that table. In SDD—1 fragments are formed by

f irs t spli tt ing the relation horizont ally into sets of

tuples based on predicates and then splitting the

resulting fragments vert ically by p ro ject ing them on

non—overla pping subsets of the fields. In addition , a

user inv is ib le key called the tuple id ent i f ier (TID) is

re plicate d in eac h ver tical fra gment to guarante e that

each sub—tuple is uniquely linked with the other

sub—tuples that comprise the logical tuple .

- - 
- -- - -
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The fra gmen t transformat ion se ct ion of t he sys tem is

res pons ible for tr ansform ing the relational query into one

that deals with the stored fragments as opposed to the

logic al relat ions. In the p rocess of d oing this

tr ansformat ion , the  f irst  step of a ccess pl ann in g is ta ken

by eliminating fragments that are not required by this

query.

The transformation algorithm works in the following way.

For each relation referenced in the query , a horizontal

fragment transformation is performed followed by a

vert ical fragment transformation. The horizontal

transformation consists of splitting the query into a

ser ies of sub—queries , one for each hor izontal fra gment

and speci fy ing that the results of these quer ies will be

appended to produce the final result. During the

tr ansformat ion process , the query ’s res t r ict ion is tested

against the fragment definition predicate to see if the

particular fragment is included or excluded by the

restriction. For example , if a fragment is defined on a

SHIP f ile as those tupl es with NAT f ield equal to ‘US, ,

an d if the users query requests tuple with NAT equals

‘USSR ’ , t hen the f ra gment  in quest ion may be complete l y

dropped from the query. 

—~~~
_ 
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Ea ch hor iz o n t a l  f r a gment  quer y is t r an s f o r m e d i n to a

series of sub—queries in terms of its constituent vertical

fragments. This is accomplished by causing each field in

the query ’s predicate and target list to refer to the

particular vertical fragment in which it resides. Any

vertical fragments that are not referenced are dropped

from the query. In addition , joining terms based on TID

are added to the sub—queries to assure that a set of

f ield s from more than one vert ical fra gment is t reate d as

the same logical tuple.

2.3.1.4 Access Planner

The access planner takes the transformed query and , using

the algorithm described in section 2.3.2, pro duces a plan

for execut ing the query. In order to formulate its plan ,

t he ac cess pla nner  in t e r f a c e s  with t he di rector y system

an d the cost estimation module. The directory provides

s ta t ist ica l in f o r m a t ion for  each f iel d conce rn in g t he

di str ibut ion of values as well as t he locat ion (s i te) of

each stored fragment. The cost estimation module , using

the statistical information provided by the directory,

est imates the sizes of results b ase d on the query ’s

restrictions and estimates local processing costs. 

— — -~~~~~~~~~~~~- - -~~~~~~~ -~~~~~ - - —- .—-~~~~~~~~~~_ - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The result of the access planner is a table specifying the

steps required to retrieve the necessary data . The table

contains one entry for each site involved in the query.

Each entry contains one or more specifications of local

processing that will occur at that site. In addition ,

each local processing specification includes the

destination site for its results.

2.3.1.5 Move Manager

The task of the move manager is to direct the execution of

the plan built by the access planner. In addition , if the

demonstration display is in use , the move manager is

responsible for communicating local processing steps and

data movements to the graphics interface.

The move  mana ge r ’s algorithm is very straight— forward.

For each site , it finds all the local processing that is

“r u n n a bl e” . Local processing is ready to run when all

required data is present at its site and both the sending

and receiving sites each have a DM available for

processing. Since each site has a limited number of DMs

(usually three) , it is conceivable that some of the local

processing might not be runable even though all required

data is present.

L - - -
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The move manager initiates local processing and movemen t

of data between two Datacomputers by sending the

appropriate messages to the corresponding DMs . The

sen der ’s Datalan guage is constructe d by transform ing the

relat ional ex p ress ion assoc iated w i th the local process ing

into Datalanguage. As local—processing/data —movement

ste ps f inish , new files which contain the moved

sub—relations are created at the destination sites. When

the ent ire plan has been exe cute d , the move manager has

finished its job.

The move manager modifies its behavior slightly if the

demonstration display is being used . As local processing

is initiated , the  re la t ional  ex pr ession , th e sour ce s i te

and t he dest inat ion s i te are sent to the g ra phic s

interface. The graphics interface is notified when a

particular pair of sites have completed their data

movement. These calls to the graphics interface cause

graphical representations of the processing and data

movement to appear on the screen.

L ~~~~~~~~~~~~~~~~
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2.3.1.6 Final Query Processing

On ce al l re lev ant  dat a has  been move d to one si te , the

system is ready to perform the processing requested by the

user. The original query submitted by the user is sent to

the final site. To complete the processing, the results

of the final query are shipped through the TM to the user.

In demonstration mode , the results are also displayed on

the graphics terminal.

2.3.2 Distributed Query Processing

The goal of a distributed query processing algorithm is to

get all the requested data to the user ’s site . There are

a number of ways to accomplish this goal . One approach

would be to adapt a single— site query processing algorithm

by replacing disk accesses with accesses to foreign sites.

Whenever the quer y process or wan ted some d ata from the

disk , t he system woul d tra p t he access an d di vert  i t to

the network to retrieve data from a remote site. A second

approach might be to change the tuple accessin g cod e of a

central ized query processing system to retrieve non—local

tuples from the network as they are needed . 

—~ --—- - -— - 
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Both of the above approaches to distributed query

processing are flawed because they fail to take Into

account the re lat ive low s peed of communi cat ion s c hannels

in a computer network . These channels are typically

sever al orders of magnitude slower than disk channels.

The f irst of the above two ap proac hes would be

unacce pt ably slow b ecause of t he amount of d ata

transferr ed. The second approach seems more intelligent

in that it ac cesses only the re quired dat a . Howev er , it

woul d be slow because it woul d be sw amped by the number of

messages being sent over the network . In a computer

network there is a fixed overhead associated with each

messa ge in addi t ion to the t ime re quired to transm it the

actual data.

The shortcom ings of the above approac hes suggest t hat a

good distributed query processing algorithm should try to

minimize both the amount of d ata move d fr om s ite to s ite

and also minimize the number of messages sent between

sites. In addition , the algor it hm shoul d take adv antage

of the com put ing power at all of the s i tes involve d whi le

processing the query.

The SDD— 1 distributed query processing algorithm uses two

tactics: local processing and reducing moves. Local

process ing cons ists of perform ing restr ict ions and

— -— _ _ _4
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projections on data at a single site with the objective of

reducing the amount of data moved . This tactic is almost

always profitable since communications costs almost always

outweigh local processing costs. The tactic of reducing

moves is the movement of small amounts data between t he

local d ata m a n a gement  systems , if it helps reduce the

amoun t of data that must be moved later. Even though

re du ci n g move s increase  t he tot al num ber of mess ages

nee ded to exe cu te  the quer y , they are still desirable if

they yield a significant enough reduction in the total

time to obtain the desired result. The optimization

problem consists of finding the best sequence of local

processing and reducing moves. The remainder of this

section describes the optimization algorithm .

The strate gy for execut ing a query is p ro duce d by

selecting an initial strategy and perterbing it to gain

improvements. The initial strategy is to perform all the

local processing possible (in parallel) at each site , in

order to restrict the referenced fragments. The site with

the largest amount of data after local processing is

chosen as the final site. The reduced data is moved from

all other sites to the final site . This minimizes the

amount of data moved between sites based solely on initial

local processing. The initial strategy may be optimized

i f two fra gments (one small and on e lar ge), residing at 

—
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di fferent si tes , are linked by a joining term and both

must be moved to the final site. The optimization

involves movin g the smaller of the two fr agments to the

site of the larger one; followed by a movement of both of

the fra gments , further restr icted by the jo ining term , to

the final site. The initial move is replaced by the

reducing move , followe d by the movement of t he join , only

if the total time required for the two moves (of

potentially much less data) is an improvement over the

initial move. This algorithm is applied to the new set of

moves unt il there are no prof i ta b le redu ci ng moves to be

made.

In order to compute the cost of a move , the system must be

ab le to est imat e the s ize of a relat ion i f it i s

restr ic ted , projected or joined with another relation.

This is accomplished by maintaining statistics in the

di re c tor y for each hor izontal fra gment: the number of

tuples in the fragment , the number of unique values found

in each non—numeric field and the minimum and maximum

values for numer ic fields. This is enough information to

ma ke s imple est imates of result s izes if one assumes

evenly di str ibute d field values an d ind e pend ence of

f ields.
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The query processing algorithm as presented suffers from

the usual hill— climbing problem in that it may find a

local optimum . While this problem is inherent in the

approach , it is alleviated somewhat by a branch — and—bound

technique that considers many possible final sites. This

technique rejects a possible final site if its best case

cost is g re at er than some other  site ’s worst case cost.

Experience has shown that this technique produces better

results in many situations.

2.3.3 The Demonstration Setup

The initial implementation of SDD—1 includes a unique

graphical representation of the query processing algorithm

in action. The major problem in demonstrating a

distributed system like SDD—1 is that the system appears

to the user as if it were a centralized DBMS. The user is

completely hidden from the distributed aspects of the

system . Whereas in a real working environment hiding the

distribution aspects of the system Is desirable , in a

demons tr at ion env ironment  the oppos ite is o f t e n  t r u e  in

that it is the distributed algorithm that is being

demonstrated. The remainder of this section describes the

physical demonstration environment , the SDD— i

_  
-
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configuration during a demo and an example of the output

produced by the demo .

An SDD—1 demonstration is a combination of a briefing with

slides and a live presentation of the system in operation .

In a typical demonstration setup there is an overhead

p ro jector and screen for the b r ief ing and a color gra phi cs

term inal (a Ramtek Micro g ra phics Term inal) for the li ve

demo . In addition , depending on the size of the audience ,

t he re ma y be a lar ge screen projector (such as an Ad vent

1000B) connected to the display terminal. The entire

setup is completed by an additional term inal where queries

are entered to the system . Figure 2.LI shows a typical

setup for a group of 20 to 30 peo ple.

_________~.
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Demonstration Room Setup Figure 2.4
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SOD—i Computers and Terminals Figure 2.5
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An SDD—i demonstration runs on five computers on the

Ar panet ; four of the sites constitute SOD—i itself and one

runs LADDER , the user interface program . Figure 2.5

i llustrates the computer and terminal configurat ion.

ISI—E an d SRI— KL are TOPS—20 systems ; ISI—A and ISI—C are

TENEX systems. ISI—E usually runs the TM; all four sites

run DMs.

The database used In the demonstration is a distributed

version of the Bluefile ([NELC]). The Bluefile is a

sanitized extract from a real command and control

database. Figure 2.6 illustrates the data distribution

chosen for this configuration. One interesting point

worth not ing is that the SHIP file is fragmented into

SHIP 1 through SHIP6 . Figure 2.7 describes the

fragmentation of the SHIP file. The rest of the files in

the database are not fragmented .
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Data Distribution Figure 2.6
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Fragmentation of SHIP file Figure 2.7
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F i g u r e  2 .5  illustrates the picture displayed on the

graphics terminal prior to the start of the demo . The

f i g u r e  is self—explanatory in that each large box

represents a site and the smaller boxes represent the DMs

and TMs at the di f feren t sites.

As an exam ple of the demonstr at ion behav ior , cons id er t he

following query: “Wh ich US ships report casualties

involving sonar?” This query should access the READINESS

file at site 2 to find ships with REASN equal to ‘5’ and

correlate those ship identifiers (UICVCNs ) with US ships

in SH I P 1.  F i g u r e  2 . 9  i l l u s t r a t e s  t h i s  q u e r y .  The

remainder of this section describes the steps in

processing the query.

1 . The query is entered at the quer y entr y term ina l in

English. The query is translated by LADDER

([SACERDOTI]) into Datalanguage and delivered to

SDD— 1 through an Arpanet connection. All queries

enter the system at site 4.

2. The SDD—1 transaction module (TM) produces a

relat ional query from the Datalanguage. This

relat ional query is displayed in the text area of

the screen in  the  color of the  TM r e c e i v i n g  the

query (red in this case).

- -~~--—-~~~~~~
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Initial Display Figure 2.8
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Illustration of Exampl e Query Figure 2.9
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At the same time , the active TM fills with its

color and a “R equest” arrow is drawn (figure 2.10).

The TM produces an acces s plan that it w ill use to

direct the execution of the query. Before carrying

out the execution of the access plan , the system

waits for a go ahead signal from the user. The

user types any character on the graphics terminal

to indicate that the system may proceed .

3. When the go ahead is received , the TM sends out its

first set of local processing and move requests.

The requests are indicated by the thin arrows .

Thi s causes DMs which ar e exe cut ing re quests to

fill with their color. A data arrow is drawn from

the sending DM to its receiving DM . The receiving

DM also fills with its color. The processing

requests which are sent to each DM are also

displayed in the text area in the DM’ s color. In

the example query, the local processing requests

records from the READINESS file with REASN equal to

‘S ’  and indicates that the results should be moved

to the site of SHIP1. Observe that the access

planner reali zes that of all t he SHIP fragments ,

only SHIP1 is useful when the qualifier “SHIP= ’U S’”

is used . Figure 2.11 shows this stage of the

demonstration. The system once again waits for a

user go ahead .

_ _ _ _ _ _ _ _ __ _ __ _
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4. As the DMs finish their data moves , they return to

their original unfilled state so that when an

ent ire set of moves is complete , only the

controlling TM remains filled . Step 3 is repeated

cont inually until all relevant data is at the final

site. Ir. our example , only one preliminary move is

execute d.

5. Hav ing move d al l the data to one s ite , t he s ystem

sends the user ’s original query (modified to refer

to the temporary files at the final site) to the

final site and displays it in the text area (figure

2.12). In our example , t he reference to READINE SS

has been modi f ied to refer to TO O l, t he re su lt of

restr icting READINESS.

6. Finally, when the DM has the results , they  ar e sen t

to the controlling TM and back to the user. The

results are also reported on the display (figure

2.i3).

The TM is now ready to receive additional queries.

--

~
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Query Entered Into System Figure 2.10
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First Exe cut ion Ste p Figure 2.11
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Final Query Execution Figure 2.12
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Results Returned to User Figure 2.13
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2.4 Reliable Broadcast

The prob lems with whi ch we are concerne d in this se ct i on

arise from the facts that individual sites in a

distributed data base system may fail asynchronously with

the operation of’ the system as a whole ; that they may

rema in in a fa iled state for an ar bit rar y amount of t ime,

possibly forever; and that their recoveries will also

occur asynchronously. Our principal goal is to provide

certain basic system capabilities that enable a

di str ibute d data base system to operate in a fas hion that

is res ilient to fa i lures of ind iv idual com ponents of the

system ; in particular , to guarantee the correctness an d

consistency of the data base despite site failures. In

this section , we shal l focus on one part icu lar issu e that

is peculiar to distributed (as opposed to single—site)

data base systems , and that afflicts systems of widely

differing architectures.

~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~ - _
~~~~~~~~ 

— -  -
~~~ ~~

- — ---
~~
-

~~~
--

~
—

~~
- -



Page —88— Semi—Annual Technical Report
Sect ion 2 SDD— l Design

SDD—l DMs and TMs Figure 2.14
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The issue we face is that of the rel iab le broad cast of

update messages. Consider the situation of Figure 2.1-4 ,

where both DM 1 and DM2 are up. Suppose that TM 1 runs a
trans action that changes x at DM 1 from 0 to 1 and y at DM2

from 0 to 1. Since TM
1 is a sequen t ial machi ne , it will

send out the u p d a t e  messages to DM 1 and  DM 2 ~n s-~me serial

order ; suppose it first sends to DM 1. Now suppose that

TM 1 fails after it has sent the update to DM 1, but before

it sends it out the update to DM2. Then when the

transact ion at TM2 accesses x an d y ,  it will find them

inconsistent: one will show the effects of transaction

TM 1, whi le t he ot her will not. What is require d here i s a

b ro adc ast fa ci l it y t h a t  ena bles a p acka ge of mes sages to

different sites to be treated as a unit. In particular ,

the system must guarantee that al l the upd ate messa ge s

associated with a transaction are sent before the TM

fails , or that none are.

The broadcast problem has been extenstvely studied in a

var iety of guises by a number of authors. However ,

c areful analys is shows all of the propose d solut ions to be

unsat isfactor y in one way or anot her , and the basic

principl e behind a successful solution is complex and

subtle.
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In p r e s e n t i ng  our so lu t ion  to t h i s  p rob lem , we w i s h  to

explore the issues involved in resolving it and to

illustrate the kind of analysis needed to determine the

adequacy of proposed reliability schemes in a distributed

env ironment. Therefore , we shal l presen t a ser ies of

poss ib le so lut ions to th is pro b lem (some of which have

been proposed by other authors) , and exam ine them for

their defects. We hope that this process will help

develop in the reader an intuition for the strengths and

weaknesses of various multi— site reliability mechanisms.

Figure 2.15 
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The context for our discussion is shown in Figure 2.15.

The transa cti on mo dule U has complete d a t ransact ion and

w i shes to sen d upda te- messa ges to DM s i tes A ,B ,C,D , and E.

The problem is that U may fail after having delivered

updates to some of the sites (e.g., A ,B,C) but before

sending them to the rest (D and E).

One pos~~i b le  so lu t ion  is based on an extension of the

notion of two—phase commit , a reliability mechanism used

in some single—site data base systems . In this scheme , U

w ill send two me ssa ges to each DM. The f irst , t he u pda t e

messa ge , identifies the variable(s) to be updated and

the ir new value(s). Upon receiving an update message , a

DM stores it on “sta b le s to ra ge” , i.e., in a location

whi ch can be ex pec ted to surv ive a system c rash. However ,

it does not yet perform the update ; instead , it simply

sends an acknowle dg ement of re ce ip t to U. Onc e U has

rec eive d ac knowle dg ements of rece ip t fr om all t he DM’ s, it

sends a commit message to each one. The commit message

sig n ifie s t hat t he t r a n s a c t ion ha s b een com pl e ted and tha t

the update is to take effect. Therefore , upon rece ip t of

the  commit  message , a DM f inal ly performs t he upd ate

message it had previously received and stored . Thus , if U

fails before sending out all the updates , it will not  h ave

sent any comm i ts , and so none of the updates will be

performed. The basic operation of this scheme is

illustrated in Figures 2.16—2.18.
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Step 1: send updates Figure 2.16

Step 2: updates acknowledged Figure 2. 17

acknowledge

- ~~~~~~~~~ -~~~~~~~ ---- -— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -i-.- —
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Step 3: send commits Figure 2. 18

The term inology comm it po int is often use d in di scus sing

such schemes. This represents a point at which the

transaction has been officially .~ompleted and its results

• seen in the system as a whole. If the transaction module

fails before it reaches the commit point , then the

transaction is aborted ; fa ilure of the TM after the commit

point should have no effect , since by then the transaction

is already assumed to have completed . In the current

scheme , the commit point occurs when the TM sends out the

first commit message.

Superficially, this scheme does not seem to r epresent any

improvement over simply sending updates to each DM , which
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are installed upon receipt . The troublesome case occurs if

U fails after sending out some , but not all of the

comm its. Then some sites will per form t he u pd at e, and

o the r s  will not , result ing in an inconsistency. In other

wor ds , if the DM C receives an update but does not receive

a corres pon di ng comm it , it does not know if U failed

before sen di n g out all the  u pdates  (in wh ich case C shoul d

discard the update it received) , or if U succeeded in

passing the commit point and sent out some commits , though

not the one to C (in which case C should install the

u pd ate ). However , this situation can be resolved ; its

reso lu t ion  is base d on a cr it ica l di st inct ion between

update and commit messages. A DM has no knowledge as to

whether  or not it wi l l  re ceive an u pd ate me ssage from a

TM; however , once it has received an update , it expects an

assoc iated commit from the same TM , and it can take

a ppro pr iate act ion if it does not rece ive one withi n a

reasona ble period of time .

The act ion that a DM A wil l t ake in or d er to resolv e a

pending update (one for which it has not yet received a

commit) will be to inquire of the other DM’s involve d in

the transaction whether or not they have yet received the

comm it message from U. If any DM responds affirmatively ,

t hen A can be ce r ta in  that  U passe d the comm it po in t  an d

failed while sending out commits ; therefore A can install 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .“-.. -
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the pending update . However , if no DM has yet received a

comm i t , then A can conclu d e tha t  U fa i l e d before  passin g

the commit point , an d so A should discard the pending

update message.

A DM will initiate such inquiry action to resol;e a

pending update if it believes that the TM has failed (in

which  case there  is no point in i ts  wai t in g for  the  commit

message to arr ive.) A DM can reach this decision in

different ways. The simplest would be based on a time—out

mechanism . i.e., a f t e r  rece iv in g an u pd ate messa ge , a DM

A would wait for a fixed amount of time , which should be

ad equate  for the TM to f in ish sen di ng out the rema in ing

updates and the first commits. If A has not received its

comm it message by the en d of th is  per iod , i t can surm ise

that the TM failed somewhere between sending A the update

an d sending it the commit. (This scheme can be modified

so tha t  the i n q u i r y  act ion is taken onl y when some other

transaction attempts to read a variable affected by the

pending update . At this point , i t  is necessary  to

determine whether or not the update is to be installed;

unt il then , however , there  is no essent ial nee d to res olve

the issue.)

Another approach would be for the DM to initiate inquiry

about a pending update only when it is certain that the TM

--

~
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has failed . In many networks , site X can determine

.hether or not site Y is up by sending it a dummy message ;

the lack of a reply within a given period indicate s that Y

has failed . Following this approach , a DM , a f t e r

rece iv in g an u pd ate from U , would enter a state in which

it periodically sends probe messages to U. The DM will

leave th is st ate either by rece iv in g t he commit  messa ge or

by l e a r n ing tha t  U has fa iled . In the l a t t e r  case , it

will institute the inquiry procedure described above.

Ob serve tha t  t hi s scheme assumes tha t  A knows the

identities of the other DM’s who were to receive commit

mess ages from U.  Th is inform at ion can be su pp l ied to A in

-h~ form of an “address list” associated with the update

mess age , indicating all the DM’s to wh ich the t r ansa ct ion

is sending update messages.

The foregoing presents the basic structure of a two—phase

comm it scheme. A full specification would have to address

such issues as DM’s t hat fa il a f te r  rece iv in g an u pda te

and recover at a later time . But even without considering

suc h com pl icat ions , it is possible to identify a flaw in

this scheme . Suppose that U sends updates to all sites ,

sen ds a sin g le commit  messa ge to A , and then fails;

suppose further that A fails immediately after receiving

and acting upon the commit message. (At the time of this

__________ _ _ _ _ _ __ _ _ _  _ _  _ _  J
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fa ilur e, then , A will have the new values of any updated

var iables.) According to the two—phase commit scheme ,

site B will eventually decide to resolve its pending

update and will issue inquiries to the other DM’s invo lve d

in the transaction; however , none will res pon d

a f f i r m a t ively  to B ’ s inquiry, since the only  site to have

rece ive d the commit messa ge (n a m e l y ,  A) is down .

Conse qu e n t l y ,  B will discard the update and will continue

to ut ilize the old values of the update variables. (The

same holds true for C ,D, an d E , of course.) However , if A

eventually recovers , A will have the new values of the

var iables , wh ile B (and the others) will have the old

ones. This is precisely the kind of’ inconsistency we

are tryin g to avoid . (It is unsatisfactory to require

that B wait until A has recovered in order to finish its

polling of’ the DM’s, since A may never be restored to

serv ice.)

Because of t hi s case , we say that the two—phase commit

mechanism is susceptible to 2—site failure; i.e. the

failure of two specific sites (U and A) within a given

t ime w indow (from the time U sen ds the commit  to A un t il

the t ime B in qu ires of A whether  it has received the

commit) will cause the scheme to fail. The likelihood of

the occurrence of such a two—site failure depends , of

course , on the failure probability of an individual site ,
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the t r ansmiss ion t imes for messa ges in t he ne twork , the

len gth of the chosen time—period , as wel l as on suc h

con sid er at ions as whether or not site f ai lures are

independent. In many applications , the likelihood of such

a two—site failure may be sufficientl y low to make a

two— phase commit scheme acceptable. However , we have not

been willing to accept schemes that are susceptible to

two—s ite failure. First of all , some of t he a pp l i ca t ions

for which the SDD—1 system is intended have

characteristics (very high reliability requirements and

anticipated failure frequencies) that make the reliability

of a two— phase scheme unacceptable. Second , from a

conceptual point of view , we a re  di ssat isf ied wi t h t he

not ion of ther e bein g somet hi ng “magical” about the number

two ; we want to better understand the nature of

distributed reliability and develop a general scheme that

can tolerate an arbitrary number of site failures.

There are two possible ad—hoc patches to the two—phase

mechan i sm , but neither is satisfactory. The first is for

B, upon attem pt in g to inqu ire of A as to the s ta tus  of the

commit and observing that A has failed , to suspend its

d ec ision about t he st atu s of the comm it u n t il A has

recovered. This will ensure consistency. However , it

will also have the resu l t  tha t  an y t r ansac t ion seek ing to

rea d an u pd ate v a r i a b le from site B will be una b le to do

~
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so unt il A has recovered . Since we allow for the

possibility that A may never recover , t hi s w ill resu l t  in

the in d ef in ite delay of some t r ansac t ions tha t  rea d

var iables only from sites that are up; such an anomalous

situation is unacceptable. An alternative approach would

be to mandate a complex recovery procedure for a data

module , wh ich might cause it to discard and undo a commit

message that it received before failing. However , the

following sequence of events at the DM A causes problems

for such a scheme : A receives the commit message for some

transact ion; A then responds to a retrieval request

in it iate d by some other t r a n s a c t i o n , an d r e t u r n s  t he new

value of some update variables changed by the previous

transa ction; A then fails. Then upon A’ s recovery, it is

too late to undo the update; the cow is out of the barn ,

as the im pact of the u pd ate has a l rea dy been fe l t  by the

second transaction. To unroll that transaction might lead

to cascaded back—ups , the kin ds of g lobal roll back tha t  we

have explicitly excluded .

In order  to add ress the di ff icul t ies r ai sed by t he

two— phase scheme , we have develo ped an a l t e r n a t ive ,

3— phase commit procedure. Its basic principle is as

follows. After sending out all the updates , the

tr ansaction module U sends out some number of “pre—commit

messa ges ” , wh ich may go either to DM sites that have been
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sent upd ates , or to other arbitrary sites in the system .

The purpose of the pre— commit message is simpl y to signal

the fact that U has passed its commit point (i.e., that it

has sent out all the update messages) ; the receipt of a

pre— commit message does not immediately result in any

action being taken. After sending out the pre—commits , U

sends out commit messages to the DM’s, as in the 2—phase

scheme .

A DM fol lows the same proce dure  tha t  i t did un d er the

2—phase mechanism . After receiving an update , i t rema ins

alert to the possibility of the TM’s failure. Should the

DM decide that the TM has failed then it will have to

resolve the pending update it is holding. In the 3—phase

scheme , it does so by inqu ir ing not onl y of t he other DM ’ s

on the add ress l ist , but also of the sites to whi ch

pre—commits were to have been sent. Of the former , it

inquires whether any have received the commit message ; of’

the la t te r , whether any have received the pre—commit. In

eit her case , the real goal is to determine whether or not

U has passed the commit point. If any queried site

responds affirmatively to the question asked it , then  the

inquiring DM installs its pending update; otherwise , the

DM discards it.
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Observe that this scheme is not susceptible to two—site

failure in the way the 2—phase scheme was. There

obv iousl y can  be no op po r t u n i t y  for  e r ror  if U ha s no t

passed the commit point , because then no si te will ever

decide to install the update. If U has passed t)~e c omm it

point , an incons istenc y can resu l t  on ly  i f U , all the

sites that have received pre— commit messages , and some DM

th at has insta l led its upda te , all f a i l  wi th in a g iven

time— frame . Clearly, t hi s calls for the fa il u re  of more

than two sites. In all other situations , the DM ’ s will

have a mutuall y consistent view of the update.

However , inconsistencies can be brought about by the

failure of 3 sites in a small time window . Consider the

following scenario. The TM U sends out all the updates

and a pre—commit to site P , and then U fails; DM site A

then dec id es to resolve its pen d in g u pd ate , an d l e a rns

from P that U has passed the commit point ; then P and A

both fail before any other DM has the opportunity to learn

from either of them that U has passed the commit point.

Then the (failed ) DM site A will have the new values of

its update variables , wh ile all other DM’s will have the

old ones.

The essenti al pro b lem wi th the scheme just presente d is

that the site A was permitted to install its update upon

L
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learn ing from P that U passed the commit point , before  any

ot her DM s ites had, the opportunity to learn the same fact.

That is , t here was a po int  in t ime at  wh ich o n l y  two s i tes

A an d P knew t hat U passe d the comm it po int , an d one of

them (A) was a DM that acted upo n its knowledge.

Simultaneous failure of these two sites prevents others

from learn ing that U has passe d the comm it po int and so

causes inconsistencies. Our approach to rectifying this

problem is based on distinguishing between a DM’ s know ing

that U passed the commit point and its acting on this

F knowledge (by installing a pending update). At times , we

shal l  se pa ra te  knowle dg e from act ion in t ime , by requiring

tha t  a DM wa it for a per iod of t ime of len gth d before

installing a pendi ng upd ate after it has learned that U

passed the commit point. This waiting period is not

required if the DM A acquires its knowledge from U

directly (via a commit message) , but only i f A l e a rn s  the

facts “secondhand” (e.g., from a s ite that rece iv ed a

pre— commit message). In this case , the pur pose of A ’ s wa it

is to give the other DM ’ s t ime to learn  the f ac t s  b efore  A

acts on its knowledge ; A wants to avoid acting on

information that it alone possesses , lest it subse quent ly

fa il , leading to an inconsistency.

The parameter  d , which specifies how long a DM is to wait ,

should be selected as follows. It ought to be long enough

_ _ _  _
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to allow all the other DM’ s to dec ide (by time—out or

probing) that U has failed , for them to in quire of other

sites if’ U sent any pre—commits or commits before failing,

an d to rece ive an a ff i r m a t ive res ponse from A to t his

inquiry. At this point , A can saf ely ins t a l l  its pen di n g

up d ate , for  even shoul d it fa il , the other DM’s shoul d

know that U has passed the commit point.

Numerou s issues in this mechanism remain to be examined .

However , in or der to consol id ate the ideas t hat have  been

in t ro duce d so fa r , we present  the fo l lowin g

specifications. First , we describe the operation of the

TM U in complet ing a transaction ; these actions are to be

ta ken a f t e r  the TM has compute d the  new va lues  of the

update variables and is prepared to send them to the

appropriate DM’s.

1 . U sets its state f l a g to “updating ” ; this is

ma inta ine d on “sta ble stora ge. ”

2. U sends the appropriate update message to each

relevant DM , inclu di ng wi th it the l ist of al l

other OM ’ s to which updates are being sent and the

l ist of al l sites to wh ich it pl ans  to sen d

pre—comm it messages.

- - - -  ,~~ -~~~~ ~~--~~~~ —— ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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3. U waits for an acknowledgement of receipt (and

ins ta l l at ion on sta ble s tora ge) of eac h upda te.

If a DM is down , U “spools ” its update message by

c., .sing it to be stored at a number of sites in the

system . (See [HAMMER and SHIPMAN] for a discussion

of spooling.)

~I .  U sets its state  f l a g to “committing ” ; U then

issues pre—commit messages to certain sites in the

system ; the num ber of such messages is a parameter

that affe cts the re li ability of the system as a

whole. (See discussion below.)

5. U wa its for acknowled gements  t ha t  al l  t he

pre—commits have been received .

6. U issues commit messages to all the DM’s. After

rece iving an acknowledgement of receipt from some

DM , U sets its f la g to “acknowledged” .

This completes the description of U’s operation . The

pr inciples of operat ion of eac h DM A , in processing

u pd ates , follows .

1. A receives an update message from U , (which

inclu d es an add ress l ist) saves it on stable

stora ge , and sends an acknowledgement to U.

________- —— ,, ~~~~~~~~~~~~~~~~~~~~~~~~ 
- 
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2. A en te rs  a sta te  in whic h it i s sens i t ive to U ’ s

failure. A leaves this state either by receiving a

comm it message f rom U (in wh ich case i t  in s t a l l s

the update , ac knowle dg es U , an d terminate s) or by

deciding that U has failed . The latter may be

accomplished either by monitoring U or by a

time—out. The remaining steps specify A ’~ behavior

if it has decided that U has failed .

3. A issues in qu ir ies to all  other si tes , on t he

address list , asking if any have received a

pre— commit message or a commit message from U that

is associated with the pending update . A ~.iill not

wa it for a re ply f rom a d own site , (one tha t  d oes

not reply within a given time period.)

k.  Th ere are t hree poss ib le outcomes of th is in qu i r y .

a. If all sites respond negatively, t hen A

discards the update.

b. If some site responds that it has received a

c ommit , then A immed iatel y inst alls t he

update . If later queried about the update ,

A will re pl y t hat i t rece ive d t he comm it ,

for the up date
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c. If some site responds that it has received a

pre—comm it , but no site res pon ds tha t  it

rece ive d a comm it , then A wi l l  wa it for  a

per iod d and then install the update . If

queried about the update within this

interval , A will respond that it has

rece ived a pre—commit ; if queried after the

in t e r v a l , A will re ply  tha t  i t has rece ive d

a commit.

5. Af t e r  ins ta l l ing the u pd ate , A sen d s an

acknowledgement to U.

This completes our preliminary specifications. Several

essent ia l  quest ions rem ai n to be add resse d ; the first of

t hese is how U an d A are to recover f rom fa ilur e . The

issues are these.

Suppose that A received the update but failed before

resolv ing it (i.e., before  either  receiv in g the comm it or

rece iv ing enou gh in f o r m a t ion from other  sites to ena ble it

to install or discard the update). How should A proceed

when it recovers? Similarly, suppose U fails after it

passes the comm it po int?  What shoul d U do u pon re cover y?

(Clearly, if U fails before passing the commit point , then

on recovery it sim ply aborts the transaction.) The issue

hIIIE~ - - - ~~~~~~~~ - -~ ‘- -- -‘-~~ - -  - -  ~~~~~~~~~~~~ 
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i n the f irst  case is how A , u pon r e c o v e r y ,  is to determine

the status of the pending update ; in the latter , it is

whether  U , u pon its recovery , has to take some ste ps to

assure consistency amon g the DM sites.

Su ppose t h a t  A recovers wi th a pen di n g (unreso lve d)

update ; that is , after recoverin g and processing all

messages that were sent to it while it was down , A

observes tha t it st ill has an u pd ate messa ge for  wh ich it

has not yet received a commit. This situation can occur

in two ways. The first would involve the update message

being sent to A while A was down ; the second would involve

A fa il ing a f t e r  rece iv ing the u pd ate but before resolv in g

it. In either event , U must have f a i l e d sometime a f t e r

sending A its update but before sending its commit.

T he obv ious step for  A to take u pon its recovery is to

sen d in qu ir ies  to the sites on the add ress l ist  of t he

update . By the time A recovers , these other s ites shoul d

have resolve d the u pd ate an d can i n f o r m  A of its

resolut ion. But there are two points that must be

accounted for. The first is that the other sites may no

longer remember what became of the update about which A is

inquiring. This might occur if U had recovered and

— successfully completed some other transactions before A

recovered ; then A’ s inquiry about its pending update may

L - ~~~~~~~~~~ 
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refer to very old information. Of course , each DM coul d

maintain a complete history of all the updates it has

received , but that would be very expensive. We would like

ea ch DM to be force d to mai nta in on ly  a lim i ted am o u n t  of

info rmat ion in or de r to re pl y to qu er ies sent  by ot her

DM ’ s upon their recoveries. The other problem involves

“short address lists. ” That is , i f onl y a small  num ber of

s i tes  were to be rec ipi ents of th e u pd ate messa ge , then

u pon A ’ s r ecove ry ,  i t  ma y f in d t hat they are  all d own an d

consequently unable to reply to its inquiry. The

resolut ion of these two issues enta ils impact on the

re cover y proce dur es for the TM U as w e l l .

We shall st ipula te  that the inqu ir y messa ge sent by A on

i ts re covery to the other DM ’ s is , “What is the timestamp

of the last comm i t ted u pd ate messa ge tha t  you have

rece ived from the TM U?” This imposes a limited storage

re qu i rement  on eac h DM: n a m e l y ,  t h a t  for  eac h TM , it

ma inta in a bu f f e r  of len gth one , describing the last

committed update the DM has received from that TM. Then

there are three possibilities regarding the replies that A

will get to its inquiry. The last committed message that

the res pon d er has receive d f rom U ma y be t imes tam ped

before the pend ing u pd ate t hat A is tr ying to resolve;

this means that update was not committed while A was down ,

arid so A may discard it. (We can avoid the possibility of

- -—.--~~~~- --- -~~ -~~~~~~~~~~~ - - — -~~~~~~~~~~ - ~- -—~~ .- - - -~~ ~~~ --~~~~~~—~~~~~~~~~~ - - .~~- -~~~~~~~~~~~~~~~~~~ - ~~~~~~~,-
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A ’ s inquiring in the middle of the resolution process in a

num ber of wa ys.) If t he last comm it ted u pda t e has the

same timestamp as the pending update , then tha t  u pd ate was

commi t t e d whi le  A was d own , and so A should install it.

If the last comm itted up date is t imestam ped la ter  than  the

pending update , t he im pl i c a t i on  is tha t  U recovere d from

i ts fa il u r e  wh ile A was d own , and ran additional

transact ions. How can A then determine if the pending

• update was committed? We can make this possible by

st ip ulat in g that whenever  U f a i l s  in the process of

comm itt ing an u pd ate , u pon its recover y U will sen d out

comm it messages to all those DM’s to which it did not send

commits before it failed . (This will be done prior to

runn ing any additional transactions.)

Thus , if A receives as a response to its inquiry, that U

has c omm i t ted an u pd ate t imestam ped la ter  than  the one

that A has pending , then  A can con clu de t hat U recovere d

at some point while A was still down . If the pending

u pd ate ha d in d eed been commit te d , then U ought to have

sent commit messages to all DM’s tha t  ha d not  yet been

sent then (including A). However , A di d not rece ive any

such comm it (if it ha d , the update would no longer be

pending). Consequently, A can conclu d e t h a t  the u pd ate

was not comm itted and so can discard it. 

- - -



~ ,———-~ ---- - —- — --- - .~~ -—- - -~
--W -

~~
-----

~~W , — — --- -- --,----- -.- - - - -

Page — 11 0— Semi—Annual Technical Report
Section 2 SDD— 1 Design

There is one po int  in th is scheme t ha t  re qu ires

resolut ion: namely, u pon i t s  recover y , how does U know

whether  it shoul d sen d out comm it mess ages? The pro b lem

is tha t  U may not  be sure  if t he u pd ate was commit te d

while it was down . If U failed before sending out any

pre—commits , t hen it can be sure tha t  the u pd ate was not

comm itted . If , on the ot her hand , it has fa ile d a f t e r

sending out all n pre—commits , then i t  h as passe d the

comm it point and the update is assumed to be committed .

However , su ppose that  U ha d f a i l e d wh ile sen di ng ou t the

pre—commit messages ; then the update may or may not have

been committed , dep en di ng on the pa t te rn  of fa ilures  amon g

the pre—commit sites. Upon its recovery , U will no t

immediately know if’ the update was committed (and so if it.

should send out commi t messages).

We shal l  have  U resolve t his uncer t a int y by i tself

instituting inquiries to the DM’s on the add ress l ist , to

determine if they committed or discarded the update in

question while U was down . This inquiry will also be of

the form “What is the timestamp of the latest committed

update that you have received from me?” If any site

re pl ies wi th the t imestam p of the u pd ate t hat U is tr yi ng

to resolve , then tha t  u pd ate was comm it te d wh ile U was

down . Note that we have moved away from a fixed commit

point for U before which the update is not committed and

I

I
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a fter whi ch i t is. We have a gra y re gi on , from the

sending of the first pre— commit to the sending of the last

one , during which the update is in an ambiguous state. If

U fa ils in th is per iod , then on its recovery, U must  ask

the DM’s what conclusion they have reached about its

status.

The “short address list” problem surfaces here too. If

onl y a few sites wer e on the address l ist of t he u pd ate ,

• then none may be up to respond to U’s inquiry. There are

a variety of ways in which this problem might be handled .

The approach that we have chosen is to pad short address

l ists wi th d umm y u pd ates to other sites u n t il a l ist of

acceptable length is achieved . That is , if an u pd ate is

onl y to be sent to sites A and B , we woul d also sen d it to

some addi t ional  sites (say C , D,and E); the updates sent

to these sites , however , woul d not cause any variables to

be updated . In all other respects , these u pd ates ar e

t rea ted l ike the others , an d so a lar ger num ber of DM ’ s

become ava ila b le for inqu ir ing as to the s ta tus  of t he

u pd ate (either  by a recover in g DM wi th a pend ing u pd ate or

by a recovering TM that failed while sending pre—commits).

The select ion of the des ired len gth of the address  l ist

shoul d be based on the fa ilure  pro bab i l i t ies of the sites

in the system and the required level of reliability.
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To com pletely specify the algorithm , ther e are some ot her

situations that must be addressed. One is , what  i f one of

the pre— commit sites fails? We shall stipulate that on

its recovery it discards its pre— commit message ; and

while it is down , the other sites simply ignore it.

Another issue that must be addressed is how this algorithm

wor ks if any of the data module sites are down , eit her at

the time that messages are sent to them , or af ter they

receive them . This problem is solved with spoolers which

are described in [HAMMER and SHIPMAN).
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3. Enhancement of Datamodule 1

This section describes initial work on a project entitled

“The Enhan cement of Datamodule 1” . The focus of this

project is to stud y the Datacomputer ’s performance in the

SDD— 1 environment and other command and control

appl icat ions wi th th e goal of sugges tin g enhan cements that

will improve its performance. The stud y procedure we are

us in g is a formal  ana ly t ic process a ime d at id ent i fy in g

request process ing bottlenec ks , su ggest ing t echni ques to

re l ieve  these bot t lenecks , an d e v a l u a t i n g  the

cost—effect iveness of the suggested improvement

techniques. 

-~~~~~
. -
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3.1 Study Procedure

The stu d y proce dure  ste ps being fol lowe d are :

1. Model building —— determining a simple picture of

the way the Datacomputer performs.

2. Re qu irements  Anal ysis —— d eterm in in g t he

per formance requirements of the command and control

commun ity.

3. Me asurement  —— cal ibra t in g the mo del w i t h  t he

performance parameters of the current Datacomputer.

4. Sensitivity Analysis —— determining where the

system bot t lenecks  ar e usin g the cal ib ra te d mo del

and the requirements analysis data.

5. Enhan cement option generation —— proposing

candidate actions for improving performance.

6. Enhancement option analysis —— determining the

e f f e c t s  on the mo del of ado p t in g ea ch p e r f o r m a n c e

enhancement option.

4 
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7. Evalu ation and recommendation —— recommending a *

spe c i f i c  set of act ions to be ta ken base d on the

cost , f l e x i bi l i t y , an d e f fec t iveness  of each

opt ion.

3.2 Initial Model Definition

Even thou gh t he enhancement  projec t only  began in June  of

1978 , some in it ia l  pro gress has b een ma de an d some in i t i a l

results are ava ilable. The Datacomputer performance model

wh ich re presents  the delay incur re d by each com ponen t  of

the system for each of several ty pes of quer ies an d un der

each of several system loads has been defined . This model

can be viewed as a 3—dimensional matrix of’ the sort

pictured in figure 3.1. The first dimension represents

ma jor process in g com ponents  of the Dat acom puter , the

secon d dimension correspo nds to di f f e r e n t  classes of

quer ies , an d the th i r d d imension re presents  d i f f e r e n t

system loading conditions. An initial version of this

model has been constructed using the following units on

each ax is:

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
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Datacom puter Model Figure 3.1
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1. Datacomputer components — —  the system has been

divided into twelve major processing components.

There are three kinds of components that have been

identified :

— utilities —— Processing actions that are

invoked from many d ifferen t parts of the

system an d take up a reasonable amount of

• resources were put in this group. These

inclu d e printouts , page reads, system

over head etc .

— modules — — Com ponents  in this category are

relatively large sections of’ code t h a t

pe r fo rm a w e l l— d e f i n e d  function such as

“compi le r ” or “ i n v e r s i o n  processor ” .

— s u b r o u t i n e  —— If a s ing le  s u b r o u t i n e  appears

to be a major bottleneck , it may be

considered a com ponent in the model.

2. Query classes —— The i n i t i a l  v e r s i o n  of the model

deals with two kinds of queries : queries produced

by LADDER (ESACERDOTI)) on the Bluefile (ENELC))

and transactions produced by the WES utility, a war

games simulator used at ACCAT . This dimension will

L . 
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be expanded  to include LADDER queries on the ACCAT

FC database and typical Datalanguage requests

produced by SDD—1 .

3. System Loading —— Based on previous observations

and intera ctions with NOSC , we decided to emphasize

paging as the important load factor in the model .

Three levels of pag ing were chosen:

— l ig h t  —— essentially no paging outside the

Datacom puter

— medium —— a moderate amount of paging

produced by one page—bound competing job on

an otherwise empty system .

— heavy —— a large amount of’ paging produced

by two such competing jobs .

Higher levels of paging were investigated but did

not produce dramat ic ally di fferen t results than the

one we used.

Measurement ex periments ‘4~re conducte d on the Datacom puter

to populate the initial model. In order to perform these

expe r imen t s , m o d i f i c a t i o n s  were ma d e to the Datacom puter

to cause it to print out information about CPU

ut ilization , page faults and elapsed real time . These
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pr intouts occur whenever a new process ing com ponent is

invoked . This information is then used to compute totals

of these quantities for each component.

3.3 I n i t i a l  Measu remen t s

This modifi ed Datacom puter was used to run ex periments on

the queries produced by LADDER. Extensive experiments

were conducted on thirteen such queries (each accessing

two files and one port) and a few of the ex per iments were

r u n  on one hun d red quer ies as further ver ification of the

results on the smaller sample. Several characteristics of

these queries and the database are important to the

analys is of the results:

— The files are short (200 or fewer records per

file).

— Each file has many inverted fields.

— All  the requests ar e r e t r i e v a l s .

— All files were open and stayed open during the

tests. No OPENs or CLOSEs were executed .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
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The first set of results show the CPU time used by

different parts of the Datacom puter. For expository

pur poses , the twelve processing components were collapsed

into four in the figure 3.2. The services section

ment ioned in the figure includes all Datacom puter

utilities , I/O routines and other system functions.

Because serv ices utilized about two—thirds of the time , it

was subdivided in figure 3.3.

Div ision of CPU Utilization Figure 3.2

Com ponent Percent of CPU time

Services  62
Invers ion Proc . 15
Compilation 20
Other 3

TOTAL 100

Serv ices CPU Breakdown Figure 3.3

Com ponent Percent of CPU time

Page reads 22
Scratch file reads 19
Opening files/ports* - 8
Clos ing files* 4
Listening on :ietwork 6
Buffer calls 3

*these refer to internal opening and closing, not the OPEN
an d CLOSE comman ds

L ~~~.±~~..:: ‘: 
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From figure 3.3, it is obvious that page reads are very

ex pensive. In order to get a better handle on why this is

the case , an ex per iment was conducted compar ing the CCA

Datacomputer and a standard TENEX Datacomputer (like the

one in the ACCAT) . Unlike the TENEX Datacomputer , the one

at CCA ma intains its own di sks separate from those on

TENEX. Therefore , it was possible to compare the time to

do a page read on the two systems to determ ine how much of

that time was TENEX overhead . Figure 3.4 shows the

results of this test.

Comparison of TENEX & DC page reads Figure 3 . 4

TENEX Page Read

Com ponent CPU time in ms

Buffer m anipulation 3.5
Reading Page 9.0
Other 1.5

TOTAL 14 .0

Datacom puter Page Read

Component CPU t ime  in m s

Buffer m anipulat ion 3.5
Reading Page 2.0
Other 1.5

T O T A L  7 . 0

Internally open ing and closing files also incurs a

s i g n i f i c a n t  t ime cost in these expe r imen t s . Fur the r

t
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investi gation indic ated that a major reason for thi s cost

was chan gi ng the access mode of Datacom puter di rectory

pages. In general , these pages are kept read—only for

rel iability reasons. However , whenever they are accessed ,

the Datacomputer updates the “last read” slot in the page.

This process entails making the page writable , writing the

data and time and then making it read—only again.

Ex periments indicated that about 75% of the time opening

an d closing files was spent in c h a n g i n g  the  modes of

pages. This seems to be an area where reliability could

be traded off against performance.

The next set of exper iments measure d Datacom puter

performance at different levels of paging activity. Three

levels of paging were established as described earlier .

rhe results are summar ized in figures 3.5 and 3.6. Figure

3.6 also indicates clearly which processing components are

most sensitive to paging activity.

Paging Activity Variation Figure 3.5

Light Moderate Heavy

C P U ( m s )  1144 1 11669 12703
Real (ms) 20000 tt9L(70(2.5)* 80919(14.0)
Page f a u l t s  197 3 6 3 ( 1 . 9)  5 7 1 ( 2 . 9 )

~numb ers  in p a r e n t h e s i s  i n d i c a t e  the factor of increase
over light.

- - - - - ---- -------  _ _ _ _ _ _  
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Paging activity on a component  basis Figure 3.6

Ligh t Moderate Heav y

Printout s 229 1309(6.0) 2193 (9.9)
C o n t e x t  128 1 07 1( 8 . 0)  1 5 04 ( 1 2 . 0)
Precompi le  551 3 8 6 8 ( 6 . 5 )  5 6 2 8 .0 ( 1 2 .0 )
Compi le  950 5 3 7 2( 5 . 5 )  3 6 9 7 (3 .5)
Inst. Gen. 11426 5060(3.5) 7176(5.0)
Overhead 2078 6900(3.3) 10627(5.0)
I n v e r s i o n  773 1 14 7 82 (2 .0 )  19560(2 .6 )
Page read 4914 11775 (2.4) 20541(4.4)
Scratch read 3429 4923(1.4) 7217 (2.1)
Read Only pg. 597 526(.9) 526(.9)
Writable pg. 599 9 2 8 ( 1 . 6)  2 4 1 4 ( 4 . 1 )

• Open Buffer 112 1188(10.6) 1165 (10.6)

In itial analysis of the measurements made on the LADDER

queries indicates that overhead both in TENEX and in the

Datacompu te r  is v e r y  s i g n i f i c a n t  for quer ies  on the smal l

f i l e s  used . Fur ther invest igations usin g the ACCAT FC

da tabase  w i l l  es tabl ish  whe ther  or not this is also the

case with large files.

The WES transact ions that we examined at had different

character istics than the LADDER quer ies:

— The files were very small.

— All  the  reques t s  i nvo lved  appending or updating to

f i l e s .  

.-- - ------- --
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— No inversions were involved at all.

— Each request accessed at most 400 records.

— Each request accessed at most 20 data pages.

— The requests were all precompiled .

Since the WES data had to be produced on the ACCAT

• Datacom puter , we were not able obtain as much measuremen t

d ata as we coul d on the LADDER quer ies. If mored data is

required during the study, a tr ip will be made to NOSC to

per fo rm e x p e r i m e n t s .

WES operates  by running a series of requests every cycle

through the simulation. Seven different precompiled

requests are run each time . Figure 3.8 lists the requests

and what they accomplish ; figure 3.9 shows CPU and real

time for the compile and run phases of each request. The

com pile phase in this case includes reading the

precompiled request and finishing the compilation. The

runt ime part includes essentially everything else involved

in the request. These results indicate that even the

small amount of time required to setup a precompiled

request is significant when we are dealing with requests

on such small files. Once again overhead is a very

important cost factor.
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WES Requests Figure 3.7

TRANS t r a n s f e r  records into t empora ry  f i l e

UPDATE upda t e  pos i t ion  of sh ips  and a i r c r a f t
if’ they are  already in the database

HIST add records  for  new ships  and a i r c r a f t
to trackhist file

CONT upd ate the contact file

CASR upd ate the casualty file and the readi ness file

POSAPPEND append to the position file all records not found
durin g the upd ate phase

U N I T U P D A T E  upda te  the  u n i t  f i l e

WES Requests CPU time and real time Figur e 3.8

Compiler  R u n t i m e
CPU / REAL CPU 7 REAL

TRAN S 1727 / 2799 2792 / 28898
U PDATE 3400 / 7085 5827 / 8824
HIST 3550 / 6166 14906 / 10669
CONT 2200 / 4 150 2620 / 6203
CASR 3550 / 3968 14085 / 8594
POSAPPEND 3650 / 10211 14628 / 8027
U N I T U P D A T E  3100 / 11032 ~~ 3O / 4067

_ _ _ _
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3.4 Future Work

Some possible enhancements associated with cutt ing

overhead and improving paging activity clearly suggest

themselves based on our prelim inar y findi ngs. The next

step in this stud y will be to expand the query classes

that we are cons id ering to include the FC data base and

the SDD— 1 environment. This will give us enough data to

begin serious consideration of other enhancements.
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