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- :  1. Introd uction

This report summ ar izes the fourth six month period of a

project entitled , “A Distributed Database Management

- - 
System for Command and Control Applications ” wh ich has

been undertaken by CCA and sponsored by ARPA— IPTO. The

- primar y focus of this e-f-fo~~ ,is to d es ign and imp lement a

distributed database management system called SDD—1

(System for Distributed Databases). SDD—1 is specifically

oriented toward command and control applications and will

be installed —-*ase-e-~-an d tested in the Advanced Command

and Control Architectural Testbed t*eC*T-~?at the Naval

Ocean Systems Center tNOS~-~~in San Diego.

SDD— 1 is a system for managing databases whose storage is

• distributed over a network of computers. Functionally,

SDD—1 provides the same capabilities that one expects of

any modern database management system , 1~abbr . DB145)7and

users Interact with It precisely as if it were not

distributed .

System s like SDD— 1 are appropr iate for applications which

exh ibit two characteristics: ,~ First ,~ the activity requires

an integrated database .- That is~~~ the activity entails

_  _____ ---~ —---- .—~- — - •——-------~- .  — - - - -~~~~~ —.~~~-~
—.—-*--.--.-— 
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7access to a single pool of informati on by mu ltiple

per sons , organizations , or programs) ,%~d s~e o n d~j1e ither

the users of the information or its sources are

distributed geographically. Mi litary command and control

o-b-v-i-o-u~s-1-y ;~~~ exhibits these two characteristics.

Decentralized processing is desirable in an application

like command and control for reasons of performa nce ,

reliability, and flexibility of function. Centralized

control is needed to ensure operation in accordance with

overall policy and goals. By meeting both these goals in

one system , distributed database management offers unique

benef i ts.

SDD-1 is designed to achieve three other goals that are

v ital to comm and and cont rol appli ca tions:

1. Reliability/survivabi lity — the system will

cont inue to operate despite communications and/or

processor failures.

2. Efficiency — the communications bottleneck

associated with centralized DBMS5 is minimiz ed by

storing data in the same geographical area it is

primarily used .

_  _  
_ _ _ _ _ _ _ _ _ _ _ _  
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3. Sca la bili ty — the system can g row to meet increased

usage requirements without the necessity of major

reconf ig urat ion of ex ist ing sites.

t
Up unt il now , no system with these ca pabil it ies has been

built even though the advanta ges are obv ious . One of the

ma in reasons for this i s that a number of chal lengi ng

technical problems must be solved before such a system can

be built. These problem s include:

— distributed concurrency control;

— distributed query processing ; and

— achieving reliable operation.

Design solutions to all of the above problems were

- 
- produced and ref ined d ur ing the first year and a hal f of

this project. These results have been reported in a

number of technical reports (I.CCA a] , I CCA bi , ICCA c i ,

LBERNSTEIN et al. b i , I.ROTHNIE and GOODMAN J and L WONGJ).

An initial implementation of SDD— 1 occurred during the

first half of calendar year 1978. The major

accomplishments during this reporting period have been :

1. The initial version of SDD—1 has been improved and

mad e more robust . The system is now capable of

runn ing multiple users at the same or different

sites. Some rudimentary reliability mechanism s  

- -~~~~~
-- - - - -
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h a v e  been added to the system such that it can

automatically reconfigure when it detects or is

told that a site is down .

2. The concurrency mechanisms are currently being

implemented in the next version of the system .

3. All aspects of the major SDD— 1 design solutions

have been or are being documented in a new series

of technical reports that are being submitted for

publication in TODS (ACM Transactions on Database

Systems) .

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

design and summarizes the design results. Section 3

discusses in detail the recent work that has been done on

the implemented version of the system .

— 
~~~~~~~~~~~ 
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2. SDD— 1 Design

2.1 Overview

2.1.1 Introduction

Distributed database systems pose new technical challenges

due to their inherent requirements for data communication

and their inherent potent ial for parallel process ing . The

pri nc ipal bottleneck in these systems i s d ata

communication. All econom icall y feasible long distance

communicat ion media incur lengthy delays and/or low

bandwidth . Moreover , the cost of mov ing data through a

network Is comparable to the cost of storing it locally

for man y days . Parallel processing is also an inherent

aspect of distributed systems and mitigates to some extent

the communication factor. However , it is often di fficult

to construct algor ithms that can exploit parall elism . -
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For these reasons , the techniques used to implement

centralized DBMSs must be re— examined in the distributed

DBMS context. We have done this in developing SDD— 1 and

— this section surveys our main results.

Section 2.1.2 describes SDD— l’ s overall architecture and

the flow of events in processing transactions. Sections

2.1.3 - 2.1.5 then introduce the techniques used by SDD-1

for solving the most difficult problems in distributed

data management~ concurrency control , query processing,

and reliability. Detailed discussions of these techniques

are presented in LBERNSTEIN et al. a ,b i , LBERNSTE IN and

SHIPMAN aJ, IHAMMER and SHIPMAN J, and L WONG et al.J and

some of these results are summarized in sections 2.2 and

2.3. Section 2.1.6 explains how these techniques are used

to handle the management of system directories. The

section concludes with a summar y of SDD—l’ s principal

contributions to the field .

-

~
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2.1.2 System Organization

2.1.2.1 Data Model

SDD—1 supports a relational data model ICODD J . Users

interact with SDD—1 in a language called Datalanguage

IMARILL and STERNJ . For purposes of this report , the

di fferen ces between Datalan guag e and relat iona l c alculus

based languages such as QUEL 1I-IELD et al.] or SEQUEL

ICHAMBERLIN et al .i are not important , and for pedagogic

ease we adopt QUEL terminology.

Each SDD— 1 relation is partitioned into sub— relations

called logic al fragments which are the units of data

distribution. Logical fragments are defined in two steps .

First , the relat ion is part i t ione d hor izontall y into

subsets defined by “sim ple” restrict ions.* Then eac h

horizontal subset i s part i t ione d into su brel at ions d efined

‘A simple rest r ic t ion is a boolean expression whose
clauses are of the form <attribute> <rel op> <constant> ,
where < rel op> is ~ , ~ , > , < , etc . 

—— --- - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - --.-- k—-
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by projections. (See Figures 2 . 1 , 2.2.) Logical

fragments are the unit of data distribution , meaning that

each may be stored at any one or several sites in the

system . The definition of logical fragments and the

assignment of fragments to sites occur s when the database

is designed and remains fixed thereafter . A stored copy

of a logical fragment is called a stored fragment.

Note that user transactions reference only relations , not

fragments. It is SDD—l ’s responsibility to translate from

relations to logical fragments , and then to select the

stored fragments to access in proces sing any given

transaction.

2.1.2.2 General Architecture

SDD—1 is a collection of three types of virtual machines

IHORNIN G and RANDELL J —— Transaction Modules (TMs) , D a t a

Modules (DMs), and a Reliable Network (RelNet) ——

configured as in Figure 2.3.

All data managed by SDD— 1 is stored by Data Modules (DMs).

DMs are , in e f fec t , back—end DBMSs that respond to

commands from Transaction Modules. DMs respond to four

types of commands: (1) Read part of the DM’ s database 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Horizontal Partitioning Figure 2.1

CUSTOMER (Name , Branch, A c c t # ,  SavBal , ChkBal, LoanBal)
Wash . 1 1234 $100 $200 —$8

• GUST 1

Jeff. 2 5678 $200 $300 $3000!

C US T_2

CUST 3a Adam s 3 9012 $1000 $0 $2000(

GUST 3b Munroe 3 31456 $100 $50 $0

CUST 1 CUST where Branch = 1
CUST_2 GUST where Br anch 2
CUST 3a GUST where Branc h = 3 and LoanBal iO
CUST 3b GUST where Branch 3 and LoanBal = 0

Vertical Partitioning Figure 2.2

CUSTOMER (Name, Branch , Acct# , SavBal , ChkBal, LoanBal )
GUST 1. 1 CUST 1.2

GUST. 1 — —

CUST 2.1 CUST 2.2
GUST 2 — —

GUST 3a COST 3a. 1 )__COST 3a.2 CUST 3a.3

CUST 3b GUST 3b .1 COST 3b.2 CUST_3b.3 GUST 3b. 14

GUST 1 .1 CUST 1 L Nar n e , Branch]
GUST 1 .2 = CUST 1 lA cct# , SavBal , ChkBal , LoanBalj

etc.

In or der to reconstruct CUSTOMER from its fra gments , a
un ique tuple identifier is appended to each tuple and
included in every fragment IROTHNIE and GOODMAN].

-A -
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SDD—1 Configuration Figure 2.3

DM RELNET TM

~~~~TM

into a local workspace at that DM; (2) Move part of a

local workspace from this DM to another DM; (3)

Manipulate data in a local workspace at the DM; (‘4 )

Write part of the local workspace into the permanent

database stored at the DM.

Transaction Modules (TMs) plan and control the aistributed

execu tion of transactions . Each transaction processed by

SDD— 1 is supervised by some TM , which performs these

tasks : (1) Fragmentation —— it translates relations 

~~~-• ~~~~~~~~~~~~~~~~~ - --
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into logical fra gments and d ec id es wh ich sto red fra gmen ts

to access . (2) Concurrency control —— the TM

sync hron izes t he transact ion w i th all othe r acti ve

transact ions in the system . (3 )  Access planning —— the

TM compiles the transaction into a parallel program which

can be executed cooperativel y by several DMs. (4)

Distributed query execution —— the TM coordinates

execut ion of t he com pi led acc ess p lan , explo it ing

parallelism whenever possible.

The third SDD—1 virtual machine is the Reliable Network -

(RelNet) wh ich inte rconnects TMs and DMs in a ro bust

fashion. The RelNet provides four services: (1) Reliable

deliver y, guaranteeing that messages are delivered even if

the reci pient is down when the message is sent , and even

if the sender and receiver are never up simultaneously.

(2 )  Transact ion control, a mechanism for post ing upd ates

at multi ple DMs , guarantee ing that e ither all DMs post the

update or none do. (3 )  Site monitoring, to keep track of

which si tes have fa il ed , and to inform si tes impacte d by

failures. (4 )  Network clock, a virtual clock kept

approximately synchronized at all s i tes.

This architecture divides the distributed DBMS problem

into three pieces: database management , man agement o f

distributed transactions , and distributed DBMS

I

~~~~ L. - -- _ _-_.---— --— - - ~~ - 
—-- —----- — — -•- —-- —• - - -  .—- . —— •-- — —- -- -  ~~~ _ _ ~~~~ _ _  — --—--- — — - - - .  -~-- —— ~~~~~~~~~~~~~~~~~~~~~~~~ 
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reliability. By implementing each of these pieces as a

self—contained virtual machine , the overall SDD— 1 design

is substantially simplified .

2.1.2.3 Run— Time Structure

Among the functions required to execute a transaction in a

distributed DBMS , three are especially difficult:

concurrency control , distributed query processing, and

reliable posting of updates. SDD—1 handles each of these

problem s in a distinct processing phase , so that each can

be solved independently.

The three processing phases are called Read , Execute , and

Write . Let I be a transaction. Conceptually, the Read

phase read s all data that T references and places it in a

private distributed workspace. The Execute phase then

performs the data manipulation specified by 1, doing all

reading and writing in that private workspace. Finally,

the Write phase takes all data written by T and moves it

from the private workspace into the permanent database.

The Read phase ex i s t s  for purposes of concurrency control.

Using mechanisms described later , SDD—1 ensures that data

read during the Read phase is consistent. Since the data

3
- ~—-- -

L. 
_____ 

———-
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is consistent when rea d , and since the workspace is

• private , sub se quent phase s can opera te freel y on thi s d ata

without fear of interference from other t ransact ions.’

No data is actually transferred between sites during the

Read phase . Each DM simply sets aside the speci f ied data

in a workspace at the DM. In each DM , the pr iva te

wo rks pace is imp lemente d us ing a differential file

mec hanism LSEVERANCE and LOHMAN J , so d ata nee d not be

actually copied .

The Execute phase implements distributed query processing .

This phase takes as input the distributed workspace

created by the Read phase . Its output is a list of data

items to be written into the database (in the case of

update t ransact ions)  or displayed to the user (in the case

of ret r ievals) . This output list is produced in a

works pace , not the permanent database. Consequently ,

problem s of concurrency control and reliable writing are

i r relevant.

The Wri te phase installs data modified by I into the

permanen t database and/or displays data retrieved by I to

the user . The Wr ite phase ensures that partial results

‘Som e aspects of concurrency control are handled by the
Write phase , but the mechanisms involved are
straightfo rward.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -~~~~~~— -—--~~~~~~~~ .—— -—-~~~-- -~~ - • ~ • - • ~~~~
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are not installed or displayed even if multiple sites or

communicat ion links fail in mid—st ream . This is the ~~~~~~~~~~

difficult aspect of distributed DBMS reliability, and by

separating it into a distinct phase , we simplify both it

and the other phases.

The three—phase processing of transactions in SDD— 1 neatly

partitions the key technical problems of distributed

database management. The next parts of this section

explain how SDD— 1 solves each of these independent

problems.

2.1.3 Concurrency Control

The problem s that arise when multiple users access a

shared database are well— known . Generically there are two

types of problems: (1) If user R is reading a portion of

the database while user U is updating it , R might read

inconsistent data (see Figure 2.14). (2) If users Ui and

U2 are both updating the database , race conditions can

produce erroneous results (see Figure 2. 5 ) .  These

problems ar ise in all shared databases —— centra l ized or

dist ributed —— and are conventionally solved using

database locking. However , we have developed a new

technique for SDD— 1 .
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Reading Inconsistent Data Figure 2. 14

Given the database of Figures 2.1 and 2.2, and assume
fragments GUST 3a.2 , GUST 3a.3, are stored at different
DMs:

Let transaction R be
Ran ge of C is CUSTOMER;
Retr ieve C (SavBal+GhkBal) where C .Name = ”Ad am s” ;

Le t tr ansact ion U be
Ran ge of C is CUSTOMER ;
Replace C (SavBal =SavBal—$ 100 , Chk Ba l=ChkBa l+$ 100)

where C. Name = ”Ad ams ” ;

And suppose R & U execute in the following concurrent order
R read s Ad am ’ s SavBal (=$1000 )  from fragment CUST _3a.2
U wr i tes  Adam ’ s SavBal (= $900) into fragment CUST_3a.2
U wr i tes  Ad am ’ s ChkBal (= $100) into fr agment COST 3a . 3
R read s Adam ’ s ChkBal (= $ 100) from fragmen t GUST 3a. 3

R’ s output will be $1000+$100=$1100 , which is incorrect. 

Race Condition Producing Erroneous Update Figure 2. 5

Given the database of Figures 2.1 and 2.2.

Let transact ion U i be
Ran ge of C is CUSTOMER ;
Re place C (ChkBal=ChkBal+$100) where C.Name= ”Munroe ” ;

Le t transact ion U2 be
Range of C is CUSTOMER ;
Re place C (ChkBal=GhkBal— $50) where C.Name= ”Mun roe ” ;

An d suppose 01 and 02 execute in the following concurrent
or der

Li i reads Munroe ’s GhkBal (=$50)
02 read s Munroe ’s ChkBal (:$50)
U2 writes Munroe ’s ChkBal (=$0 )
U i wr i tes Munroe ’s ChkBa]. (=$50 + $100= $150)

The value of Chk Bal left in the database is $150 , wh ich is
incorrect. The fTnal balance should be $50—$50+$100=$100.

L ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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2.1.3 .1 Methodology

SDD—1 , like most other DBMSs , adopts serializability as

its criterion for concurrent correctness. Serializability

requires that whenever transactions execute concurrently,

their effect must be identical to some serial (i.e.,

non— interleaved ) execution of those same transactions.

This criterion is based on the assumption that each

transaction maps a consistent database state into another

consistent state . Given this assumption , every serial

execution preserves consistency. Since a serializable

execution is equivalent to a serial one , it too preserves

database consistency.

Most DBMSs ensure serializability through database

locking. By locking, we mean a synchronizat ion method in

which transactions explicitly reserve data before

access ing it L ESWARAN et ali.

SDD—i uses two synchronization mechanisms that are

distinctly different from locking LBERNSTEIN and SHIPMAN

b i . The first mechanism , called conflict graph analysis ,

is a technique for analyzing t ransact ions to detect  those

transactions that requir e little or no synchronization.

_______ - - -
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The second mechanism cons is ts  of a set of synchronizat ion

protocols based on “timestamps ” , which synchronize those

tr ansactions that need it.

2.1.3.2 Conflict Graph Analysis

The read—set of a transaction is the portion of the

database it read s and its wr ite—set is the portion of the

database It updates. Two t ransact io ns conf l ict  if the

read—set or write— set of one intersects the write— set of

the other . In a system that uses locking , eac h

t ransact ion locks data before access ing it , so conflicting

transactions never run concurrently. However , not all

confl icts can violate serial izabi l i ty.  More concurrency

can be attained by checking whether or not a given

conflict is troub lesome , and only synchronizing those that

are. Confl ict graph analysis is a technique for doing

this.

The nodes of a conflict graph represent the read—sets an~

wr ite—sets of transactions , and edges represent conflicts

among these sets. (There is also an edge between the

read—set and wr i te—set  of each t ransact ion. )  Figure 2.6

shows sample conflict graphs . The important property is

that d ifferent kind s of’ edges require different level s of’

~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~- - -- —-- —- -- -- - 
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Conflict Graphs Figure 2.6 
J

Define transactions R and U as in Figure 2.4
read— set (R) = tG.SavBa l , C.GhkBal s.t. C.Name= ”Adams ”i
wrjte—set(R) 1k
read—set  ( U)  r e a d — s e t ( R )
w r i t e — s e t ( U )  r e a d — s e t ( R )

Define transaction Ui and U2 as in Figure 2.5
read— set (Ui) z IG.ChkBa l s.t. G.Name= ”Mun roe”}
write— set(U1) read— set(Ui)
read_set (02) read— set(U1)
w r i t e — s e t ( U 2 )  re a d — s e t ( t J l )

synchronization , and that synchronization as strong as

locking is required only for edges that par t ic ipate in

c y c l e s  LBERNSTEIN and SHIPMAN ai. In Figure 2.6 , for

exam pl e , transactions R and U do not require

synchronization as strong as locking , whereas Ui and 02

do.

Conflict graph analysis could be used at run—time but too

much inter— site communication would be required . Instead

we apply the technique off— line , during database design ,

as follows : the database administrat or defines

•1

— ~~~~~~ .— —- — — —— ~~~~~~~~~~~ - --~~~~~~~~~~ - -~~~~ ~~~ -. ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -— -~ ——~~~~~~~



Page —20— Semi—Annual Technical Report
Section 2 SDD— i Design

transaction classes, which are groups of commonly executed

transactions. Each class is defined by a read— set and a

write—set ; a transactio n fits in a class if the class

read—set and write—set contain the transaction read— set

and write—set respectively. Conflict graph analysis is

then performed on these transaction classes. The output

is a table telling for each class: (a) which other

classes it conflicts with , and (b) how much

synchronization is required to ensure erializability.

At run—time , when a t ransact ion is submitted , the TM finds

a class in which it fits , and looks in the table to see

how to synchronize transactions in that class. What it

finds in the table is a composite of the “protocols ”

described below.



r
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2.1.3.3 Timestamp Based Protocols

To synchronize two transactions that conflict dangerously,

one must be run first , and the other delayed until it can

safely proceed . In locking systems , the execution order

is determined by the order in which transactions request

conflicting locks . In SDD—i , the order is determined by a

total ordering of transactions induced by timestamps.

Each transaction submitted to SDD—i is assigned a globally

unique timestamp by its TM. Timestamps are generated by

concatenating a TM identifier to the right of the network

clock time , so that timestamps from different TMs always

differ in their low order bits.

The timestamp of a transaction is attached to all Read and

Write commands sent to DMs on its behalf. When a DM

r e c e i v e s  a Read command it defers the command until it has

processed all earlier Write messages (i.e., those with

smal ler t imestam ps) from a speci f ied set of TMs. The set

of TMs is specified by a “Read condition ” that is also

at tached to the Read message;  the Read condit ion in turn

is specified by the conflict graph analysis.

-- -- - -- - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .
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Four kinds of Read conditions are possible and each

corres ponds to a protocol. A protocol is a specification

of a synchronizat ion requirement , and a Read condit ion is

an implementation of that specification. The four

protocols range from inexpensive local synchronization to

complex distributed synchronization. The protocols

prevent dangerous conflicts detected by the conflict graph

analysis from occurring at run—time and do not directly

correspond to familiar locking techniques. Each protocol

ensures that all data read on behalf of a t ransact ion at

all DMs is consistent.

The SDD—1 concurrency control mechanism is described in

greater detail in [BERNSTEIN et al. a ,b] ; its correctness

is formally proved in [BERNSTEIN and SHIPMAN a ] .

When all Read commands have been processed , the TM is

guaranteed that consiste nt , private copies of the read— set

have been set aside at all necessar y DMs . At this point ,

the Read phase is complete .
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2.i .’4 Distributed Query Processing

Having obtained a consistent copy of a transaction ’ s

read— set , the next step is to compile the transaction into

a parallel program and execute it. The key part of the

compi lation is Access Planning, an optimization procedure

that minimize s the object program ’s inter— site

communication needs while maximizing its parallelism .

Access Planning is discussed in Section 2.1.4 .i , and

execution of compiled transactions is exp lained in

2.1.4.2.

2. 1 .14 .1 Access Planning

Perhaps the simplest wa y to execute a distr ibuted

transaction T is to move all of I’s read— set to a single

DM , an d then execute T at that DM. (See Figure 2.7.)

This approach works but suffers two drawbacks : (1) T’s

read— set might be very large , and moving it between sites

could be exorbi tant ly expens ive ;  and (2 )  little use is

ma de of parallel processing . Access Planning overcomes

these drawba cks .

• —-~~ • - - ~~ - - - ,  ~~~
- - - •,~~~~,- -- - - - - -
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Simple Execution Strategy Figure 2.7

Given the database of Figures 2 .1  and 2 .2

Let transa c t ion T be
Range of C is CUSTOMER ;
Replace C (ChkBal=ChkBal—LoanBal) where LoanBal<0;

(The effect of T is to credit loan overpayments to
customers ’ chec king ac counts. )

Simple st rategy
Move every fragment that could potentially contribute to
T ’ s result to a d es ignate d site.  Pro cess T locally at
that site .

The Access Planner produces object program s with two

phases , called reduction and final processing . The

red uction phase eliminates from T ’ s read—set  as much d ata

as is economically feasible without changing T’s answer .

Then , during final processing , the reduced read—set  is

moved to a designated “final” DM where T is executed .

This structur e mirrors the simple approach described

above , but lowers c ommunication cost and increases

parallelism via reduction.

Reduction employs the familiar restr ict ion and projection

operators , plus an operato r called semi—join , defined as

follows : let R(A ,B) and S (C ,D) be relations ; the

semi—join of R by S on a qualification q (e .g .  R.B = S.C)

equals the join of R and S on q, projected bac k onto the

attri butes of R. (See Figure 2.8.) If R and S are stored

at different DMs , this semi—join is computed by pro ject ing

- - —-- - ~~ - -- -- --- -- -
~~~~
- - •
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Semi—Jo in  Examples  Figure 2.8

Given : -

CUST(Name , ChkBal , LoanBa l) AUT O PAY (Name , Amoun t)
— Jeff. $300 $30000 — Jeff. $300

Adams $iOO $20000 Adams $200
Polk $250 $20000 Polk $200
Tyler $100 $15000 Tyler $150
Buchanan $700 $140000 Buchanan $1400
Johnson $200 $20000 Johnson $200

Example i) The semi— join of
COST by AUTO_ PAY on CUST.ChkBa l=AUT O PAY.Amount

equals the join of
GUST by AUTO PAY on GUST.ChkBa l=AUT O PAY.Amount

(Name , ChkBal , LoanBa l , Amount) 
—

Jeff. $300 $30000 $300
Johnson $200 $20000 $200

projected onto
(Name , ChkBal , LoanBal )
Jeff. $300 $30000
Johnson $200 $20000.

Example ii) The semi—join of
COST by AUTO_PAY on CUST.ChkBa l<AUTO PAY.Amount .

equals:
Adam s $100 $20000
Tyler $100 $15000

(These are customers whose balances are insufficient
for their automatic loan payments.)

S onto the attributes of q (i.e. S.C), and mov ing the

result to R’ s DM.

We define the cost of an operator to be the amount of

inter— site communication it requires , and its benefit to

be the amount by which it reduces its operand .’ Under this

def in i t ion, restr ic t ion and project ion have zero cost and

‘This definitJon is appropr iate because communicat ions is
the bottleneck in a distributed DBMS. 

~~~~~~~----~~~~~~ -~~~ - - - -- •- - ~~~~-—~~~--~~~~~ -~~~~~~~~~~ ---
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non—negative benefi t ;  hence the y are always ccst

beneficial . Whether or not a semi—join is cost beneficial

- - 
depends on the database state . The problem of Access

Plann ing is to constru ct a program of cost benef icial

semi—joins , given a transaction and a database state .

No procedur e is known for producing optimum access p lans

in general (nor has any bound on the comple x i t y  of this

problem been establ ished) .  Instead heuristic methods are

em ployed that find good, though not necessarily optimum ,

programs.

The proced ur e we employ uses a hill—climbing discipline ,

start ing fr om an initial feasible program and i terat ively

improving it. The initial program is essential ly the

simple approach described at the beginning of this

subsection. The Access Planner improves this program by

first adding all restrictions and projections required by

T , and then i teratively searching for cost—be nef ic ia l

semi—joins.  This proced ur e , like many hill—climbing

algorithms, can be trapped by local optima and thereby

fa il to find the true optimum . While this problem is

inherent in the a pp roach , we alleviate it by using

branch— and—bound techniques and other enhancements

described in IWONG et al.]. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -  - - --
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2.1.14.2 Distributed Execution

The program s produced by the Access Planner are

non— looping parallel programs and can be represented as

d at a flow gra phs [KARP and MILLER ]. To execute the

prog ram , the TM issu es comman d s to the DMs inv olve d in

each operation as soon as all predecessors of the

operation are read y to produce output .

The effect of execution is to create at the final DM a

temporary file to be written into the database (if T is an

update) or displayed to the user (if T is a re t r i eva l) .

At this point , the Execute phase has completed .

- - • _  • _ ~~~~~. 
- - -
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2.1. 5 Reliable Writing

To comp lete tr ansa ct ion process ing , the tem porar y f ile at

the final DM must be installed in the permanent database

and /or displayed to the user. For convenience let us say

that the final DM has a set of temporary files F1,..., F~
to be installed at DM 1,..., DM~ respectively ; if any

results must be displayed to the user , let us t reat the

user as one of the DMs . The problem is to ensure that

— failures cannot cause some DMs to install updates while

causing others not to. We must protect against two types

of failures: fa ilur e of a receiv ing DM , and failure of the

sender ; the former are handled by reliable del ivery and

the latter by t ransact ion control, described in Sections

2.1.5.1 and 2.1.5.2 respectively.

Ideally one would like 100 % protection against failures ,

but this goal is theoretically unattainable [GRAY].

Instead our goal is to attain acceptably high levels of

protect ion , and , moreover , to make the level of protection

a database design parameter .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2.1 . 5.1 Reliable Delivery

Reliable delivery guarantees that messages sent between

pairs of sites are received in the order sent. Techniques

for making this guarantee are well— known in the

communication field as long as both sites are up. SDD—i

make s this guarantee even if’ the recipient is down when

the message is sent , and the sender is down when the

recipient recovers .  Indeed , the two s i tes need never be

up s imultaneousl y .

Reliable delivery employs a mechanism called spoolers. A

spoo ler is a pro cess w i th unbounded memor y (e. g ., it has

access to disk storage) that serves  as a

first— in— first— out message queue for a failed site . Any

message sent to a failed site is del ivered to its spooler

instead . By employing multiple spoolers , arbitrarily high

protection against multiple failures can be attained . 

-—--~~ 
-- 
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~~~~~~
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2.1. 5.2 Transact ion Control

Transact ion control addresses failures of the final DM

that occur during the Write phase . Suppose the final DM

fa i ls after sen di ng f iles Fi,..., Fk..~i , but before sen d ing

• Fk,...,Fn . At th is point , the d ata base is inconsistent ,

because DM 1,...,DMk_ l ref lect the ef fec ts  of the

transaction while 
~~~~~~~~~~~ do not.  Transact ion control

ensures that inconsistencies of’ this type are rectified in

a timel y fashion.

The basic technique employed is a variant of “ two—phase

commit ” [ G R A Y ) .  During phase 1 , the final DM transmits

Fi,..., Fn uut the receiving DMs do not install them yet.

During phase 2 , the final DM sends Commit messages to

DM 1,..., DMn, whereupon each DM~ does the installation. If

some DM , DMk say,  has received Fk, but not a Comm it , and

the final DM has failed , DMk consul ts  the other DMs . If

any have received a Commit , DMk does the installation; if

none have received Commits , none do the instal lat ion,

thereby aborting the transact ion.

This  t e c h n i q u e  o f f e r s  complete protection against failures

of the final DM , but is susceptible to mult i—site

____ - - ~~__ _~~~_p - -- -- -—-~~~~~-~~~~~ — ~~~~~~~~~~~~-
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failures. Enhancements that offer arbitrarily high

protection against multiple failures are described in

[HAMMER and SHIPMAN].

When up dates are installed at all DMs the Write phase is

completed . At this point the transaction has been fully

processed .

2.1.6 Directory Management

SOD— i mai i~tains directories containin g relation and

fragment definitions , fragment locations , and usage

statistics. Since TMs use directories for every

transaction , efficient and flexible directory management

is important. The main issues in directory mana gement are

whether or not to store directories redundantly, and

whether directory updates should be centralized or

decentralized . We have mad e these issues a matter of

database design by treating directories as ordinary user

data. This approach allows directories to be fragmented ,

distributed with arbitr ary redundancy, and updated from

arbitrary T~1s.

But there are some pro b lems. First , performance could be

degrad ed by requiring that eve ry  d i rec tory  ac cess  incur 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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general t ransact ion overhead , and by requiring that every

access to remotely sto red director ies incur commun ic at ion

delays . We avoid these performance problems by caching

recent ly referenced directory fragments at each TM ,

discarding them if rendered obsolete by d i rectory updates.

Since d irector ies are relat ively static , thi s solut ion is

appropriate .

A second problem is that we now need a directory that

tells where each d i rectory fragment is stored . This

directory is called the directory locator, and a copy of

it is stored at every DM. This solution is appropriate

because d i rectory locators are relat ively small , and

extremel y stat ic .

With these enhancements , the SD D— 1 d i rectory management

scheme combines the performance advantag es of

special—purpose d i rectory management mechanisms with the

flex ibility of general—purpose data distribution and

redundancy options.

- - - -- - --~~~~-- - - — —- —_  —



Semi—Annual Technical Report Page — 33—
SDD—l Design Sect ion 2

2.1.7 Conclusion

SDD— i is a general—purpose distributed DBMS , integrating

d ata b ase management , distributed processing , and reliable

communication technologies into a cohesive system . This

integration offers substantial benefits by combining the

ad vanta ges of d istr ib ute d process ing w ith the ad va n ta ges

of centralized database management. At the same time it

int rod uces new techn ical problem s , of wh ich the most

cri t ical are concurrency control , que r y p rocess ing , and

rel iable writing. This section has outlined the SDD— 1

solutions to each of these problems ; for in— depth

presentations of our techniques we refer the reader to

[BERNSTEIN et al. a ,b ] [BERNSTEIN an d SHIPMAN a] , [HAMMER

an d SH IPMAN ] ,  an d [WONG et al.].

SDD— 1 is the first general—purpose distributed DBMS ever

developed . Its design was initiat ed in 1976 and completed

i n  1978. The first version of the system was released in

1978 and a complete prototype system will be released in

1979. SOD— i is implemented for DEC— 10 and DEC—20

com puters running the TENEX and TOPS—20 operating systems ;

its communication med ium is the ARPA network. SDD—i is 

--- --- -- - —-

“ _



1~~~~

Page —3 4— Semi—Annual Technical Re port
Section 2 SDD—i Design

built on top of existing software to the extent possible ;

most notably  it employs an ex ist ing DBMS , called

Datacomputer [MARILL and STERN], to handle all database

m anagement issues. The current system is configured with

four si tes , although t he sof tware can support any

reasonable number .

When we began the SDD—1 design , distributed database

management was uncharted territory ; now its major issues

are known . SDD—1 has identified the major technologies

upon wh ich a d istr ib ute d DBMS must be built , and the ma jor

new problem s caused by integrating these technologies.

The existence of SDD—1 as a system demonstrates that these

problem s can be solved in an integrated so ftware system ,

and that distributed database management is indeed a

feasible technology. The particular techniques we have

developed for each new problem area are also significant

and are among the best techniques known for each problem .

In addition , much of our work has theoreti~.~al foundations

exten ding beyond the SDD—i context , and promises to form a

strong fr atrework for future research.

_ _ _ _ _ _ _ _ _ _ _  ~~~~--~~-— —  - -- .
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2.2 Concurrency Control

2.2.1 Literature Review

The concurrency control problem in database systems has

been a ma jor research focus for some time. In centralized

d ata ba se management systems (abb r. DBMSs ), the

conven tional metho d to contr ol concu rr ent upd ate act iv ity

is two—p hase locking [ESWARAN et al.]. Two phase locking

requires that every  t ransact ion:

1. locks the data it reads and writes before it

actually accesses it , and

2. does not obtain any new locks after it has released

a lock.

Once a data item is locked , no other transaction may lock

that data item until the owner of that lock releases it.

Resear ch into locking—based concurrency controls has

analyze d d eadlock pro b lem s , logical locks described b y

pre di cates  (instea d of by d ata i tem names ), g ranular it y of

---— — --— —— —---- • — -  — --- - - - - - - -  — - -—------------ ------—-- —— ----- - ----— -- —.-——~-—.- -~~ •—-~~~
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locks , and ef f ic ient  locking algorithms [CHAMBERLIN et

al.], [ESWARAN et al.], [GRAY et al.], [KING and

COLLMEYER ], [REIS and STONEBRAKER ].

— Locking methods have also been proposed for distributed

DBMSs . One technique , called primary— site , uses a central

lock controller to manage the locks [ALSBERG and DAY].

A lternat ive ly, locks can be distributed with the data .

Since d ata can be di str ibute d re d undantly, in principle

all copies would have to be locked . To reduce locking

overhead , one copy of each file (say) can be designated to

be primary. Only the primary copy then needs to be

locked , independent of which copies or how many copies are

accessed [STONEBRAKER ] .  Var ia t ions of locking which set

“imaginary locks” [THOMAS a ,b3 or which use version

num bers [STEARNS et al.], [REED], [ROSENKRANTZ et al.]

have also been proposed . (See also [BERNSTEIN and SHIPMAN

b] for a proof that t hese metho d s are- ~essential ly locking

approaches.) -

These distr ibuted locking approaches are qui te s imilar to

central ized c gncurrency controls , w i th the usual

term ination p/oblems of indefinite postponement and/or
/

deadlock. ~these mechanisms do differ , however , from

central ized /schemes in one respect —— the possibility of

• asYnchronol/z failures of sites and communication links

/
/
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while an update is in the midst of being processed . Many

of the proposed distributed concurrency controls have

concentrated on this problem of failure (e.g., [ALSBERG

and DAY] [MENASCE et al.] [STONEBRAKER] [THOMAS a ,b]).

The concurrency control mechanism of SOD— i differs from

all of the above mechanisms in at least one way. In

SDD—i , information about how transactions can conflict is

preanalyzed before the transactions are submitted , so that

not all transactions need synchronization . This

preanalysis technique is the heart of the SDD—i

concurrency control and is the main topic of this section.

Also , the run— time synchronization mechanisms of SDD— i ,

which differ considerably from locking , are discussed . An

early restricted version of the SDD—i concurrency control

is discussed in [BERNSTEIN et al. a].

- - - -- -- -- — -- _ ___ -~~~ —-- ~~—- --~ 
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- 
- 2.2.2 SDD—i Transactions

The basic unit of user computation in SOD—i is the

transaction. The execut ion of each t ransact ion is

supervised by a TM and consists of three sequential steps :

1. The t ransact ion read s a subset of the database ,

called its read—set ,  into a distributed pr ivate

works pace.

2. It does some computation on the workspace.

3. The transact ion wr ites some of the value s in i ts

workspace into a subset of the database , called its

wr i te —se t .  The wr i te—set  need not be included in

the read— set.

Since the transaction is coded in terms of the logical

database , and since the physical database in general has

red undant co p ies of many logical data items , the TM must

choose which physical copies of the logical data items

referenced by the transaction should be read or written .

To keep the physical database internally consistent , the

TM must apply each wri te operation on a data item to all

physical copies of that data item . However , only one of 

~~~~~~~~~~~~~~~~~~~~~ - - -  
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the physical copies of each logical data item needs to be

used for reading.

To obtain the read—set  data for a transaction ’s input and

later to write its output into copies of its write— set , a

TM sends READ and WRITE messages to DMs . A READ message

is a request by a TM to read some of the data items stored

at a DM and to s tore  them in a local workspace at that DM

on behal f of some transa ct ion. A WRITE mess age i s sen t by

a TM to a DM to report updates produced by a transaction

which the TM supervised .

To process a t ransact ion , a TM must send READ messages to

obtain the transaction ’s read—set. Logical data items are

obtained from physical copies selected by the TM. The TM

sends a READ message to those DMs that store the selected

copies to be read by the transaction.

After all READ messages have been processed (i.e., af ter

they have been positively acknowl edged), the TM supervises

the execution of the transaction. This function of the TM

is performed by the access planner and is described in

[WONG et al]. It is the job of the concurrency control

mec hanism to guarantee that the physical read— set obtained

b y READ messa ges i s internall y cons i stent , so that t he

t ransact ion will produce cor rect  output .

__-_-
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Wr ite operations performed by the transact ion are put into

a temporary file and are deferred until the t ransact ion

- 
• 

com pletes execution. After the transaction completes

exe cut ion , the TM broadcasts these updates to DMs as WRITE

messages. Each update to a logical data item , say  x , is

sent to all DMs that have a store d co py of x .

A TM sends at most one READ message and at most one WRI TE

m essage to each DM on behalf of a single transaction. If ,

for example , a transaction read s data from two data items

t hat reside at the same DM , then on l y one READ messa ge is

issued to read both data items. This is an important

point , as each DM performs READS and WRITEs as atomic

operat ions; for example , none of the data read by a READ

message can be updated by some WRITE while the READ is

be ing processe d . 

— - — -- --~~ —-- —-- .-~~~---— -- - ~~~~~~~~~~~~~~~~~~
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2.2.3 Concurrent Correctness

The system usually has many transactions in progress at

any one time , both because there are multiple TMs

operating concurrently within the system and because

individual TMs are processing transactions concurrently.

If the READs and WRITEs that implement these transactions

were arbitrarily interleaved , then serious problems of’

database consistency would result. The usual method of

avoiding these consistency problem s is by guaranteeing

that the execution of transactions is serializable

[ESWARAN et al] [PAPADIMITRIOU et al] [ROSENKRANTZ et al].

We say that an interleaved execution of a set of

transactions is serializable if it is “equivalent” to a

history of operation in which each of the transactions

runs alone to completion before the next one begins. Two

executions are equivalent if in both executions each

transaction produces the same output , thereby leading to

the same final state of the database . That is , an

interleaved execution is serializable if it could be

re produced by a non—interleaved (i.e., serial) execution

of the same set of transactions. Note that 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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serial izabil i ty requires only that there ex is ts  some

serial order equivalent to the actual interleaved

execut ion.  There may in fact be several  such equivalent

serial orderings.

The adoption of ser ial iza bilit y as the cri terion for

concurrent correctness is base d on t he assum pt ion t hat

each user transaction will preserve database consistency

if it runs atomically. That is , if only one t ransact ion

is a llowed to execute at a time , and if the database state

is initially consistent , then a f te r  execu t ing  a

transaction the database state must still be consistent .

So , a serial ordering of t ransact ion execut ions will , by

induction , result in a consistent database s ta te .  Since a

serializable execution is equivalent to some serial one , a

ser ializable execution results in a consistent database

state as well.

The issue of serializability arises because a system ’s

atomic actions are at a finer granularity than its users ’

atomic actions. In SDD— 1 , the users ’ atomic actions are

transactions , w h i l e  the system ’ s atomic ac t ions are the

execution of READ and WRITE messages at the DMs . Each DM

behaves as if READs and WR ITEs are processed atomically,

so it is impossible for a READ operation to observe the

ef fec ts  of only a part of a WRITE operation at a DM.

_______________ —-- ——— - - - - —~~~~~~~~~~ 
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When a system allows the execution of several transactions

-
~~~ at the same time , then the sys tem ’ s opera t ions

corresponding to di f ferent t ransact ions are inter leaved .

If the interleaving is not controlled , there is no

guarantee that the behavior of such a system conforms to

the user ’ s expectat ion that each t ransact ion is processed

as an indivisible computation.

For exam ple , assum e there is a single copy of data item x ,

which initially has the value x~ 0. There are two

trans actions in the system; transaction i sets x:~~x+i , and

transaction j sets x::x+2. The following sequence of

events occurs :

Transaction i reads x=0

Transact ion j  reads x=0

Trans ac t ion j sets x :~ 2

Transact ion i sets x :~~i

Any serial execut ion of the two t ransact ions , one a f te r

the other , would have resulted in setting x to 3.

Ho wever , the result of this interleaved execution is to

set x to i, cont rary  to the user ’ s intention. This

execution history is not serializable , s ince no ser ial

process ing of these transact ions wil l pro d uce the ob serve d

effe c ts.

j
—

~1
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To guarantee serializability in SDD—1 , we apparentl y need

to avoid undesirable interleavings of READ and WRITE

messages —— those that lead to nonserializable execut ions.

We accomplish this goal using two mechanisms. First , we

examine each transaction to determine if it is conceivable

that it could participate in a nonserializable execution.

As we will see , many transact ions w ill never prod uce READs

and WRITEs that interleave badly with other transactions ,

and hence can be run unsynchroni zed . Second , for those

transa ctions that are d eterm ined to be d angerous because

ti~ey can part ic ipate in nonserializable executions , we

synchronize their READ and WRITE messages using protocols

that avoid undesirable interleavings. These protocols are

based on a timestamping mechanism and are quite different

from the locking protocols used in conventional

central ized DBMSs .

As we will see , most of the effort in di st inguishing

t ransact ions that require no synchronization from the

dangerous ones is done stat ical ly when the database is

designed . When a transaction is actually submitted , a

simple local table look—up is sufficient to determine how

muc h , if any, synchron ization is required . The run— time

mechanism is the collection of protocols that must be

invoked for those tra nsactions that do require

synchronization.

~~IIJL ~~____ - -~~~- - ~~~~~~~~ - - -  —- — 
- -
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Note that these two components of the concurrency control

mechanism are independent. Our technique for analyzing

t ransact ions to determine sources of nonser ia l izabi l i ty

could be used in conjunction with conventional locking

protocols. Or , we could run all transactions using our

timestamp—based protocols and ignore the preanal ysis step

entirely, as in present systems that use locking without

preanalysis. Together the two mechanisms provide a

powerful technique for synchronizing concurrent

trans actions at low cost .

Be fore describing the heart of the system —— the method

for determining the amount of synchronization required by

each t ransact ion and the protocols that c f f e c t  that

synchronization —— we must f irst descr ibe two basic

concepts that underlie much of the concurrency control

mechanism . These concepts , timestamps and transaction

classes , are described in the next two sec t ions .  

-— __-_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -_- — -  -— -  -_ -~~~~--~~~~~ -~~~~ -~~~~ —_- - — - ~~~~~~~~~ — -  ~~ — A - - _____
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2 .2 .4  Timestamps

Each transact ion executed by SDD—i is assigned a globally

un ique timestamp. Transaction timestamps serve a number

of purposes for synchronizing READs and WRITEs. To

generate globally unique time stamps , a TM reads its local

clock and appends its unique TM number as the low order

bits of the timestamp. By requiring that once a clock is

read it cannot be read again until it has been

incremented , we ensure that ever y timestamp is globally

unique within the system [THOMAS a ] .

The clocks are actually maintained as part of the Reliable

Network , the reliable communications facility of SDD— 1.

By using the clock synchronization method described in

[ LAMPORT ) , the system behaves as if there were a single

v irtual clock available to all sites.

One use of timestamps is in processing WRITE messages that

arr ive at a DM out of order . The problem is that the

WRITE messages sent by two transactions that update the

same logical data item may be processed in different

orders at different DMs , thereby producing mutually

inconsistent copies of the data item . One way to solve

- — —- — 5 -— ~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~
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this problem is to attach the transaction ’ s time stamp to

all of its WRITE messa ges , and then require that WRITE

messages be processed in timestamp order at all DMs. A

better method that gives more flexibility to DMs in the

processing of WRITE messages uses timestamped da .a items

and is adopted in SOD—i (this method was originall y

suggested in [THOMAS a]).

A transaction ’s timestamp is carried on all of its WRITE

messages. In addition , every physical data item at every

DM has an associated timestamp. Note that timestamps are

attached to physical data items; there may be many

physical copies of a logical data item and each one has

its own attached timestamp. The timestamp of a data item

is the timestamp of the last WRITE message that updated

it. Each DM processes WRITE messages according to the

following WRITE message rule: A data item is updated by a

WRITE message if and only if the data item ’s timestamp is

less than the WRITE messa ge ’ s timestamp. (Recall that a

WRITE message contains the final value s of data items , n o t

computations to be performed on them.) So , to process a

data item in a WRITE message , the DM compares the

timestamp of the WRITE message with the timestamp of its

stored copy of the data item . If the timestamp of the

WRITE message exceed s the timestamp of the stored data

i t e m , then the new value of the data item in the WRIT E

IlL 
A
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message is wr i t ten into the stored data item along with

the new timestamp. Otherwise , the update is not performed

on that stored data item. This is a data item by data

item check; some data items in the WRITE message may

result in update operations while others may not.

Whenever a WRITE message for a recent transaction that

updates some data item is processed at a DM before a WRITE

message for an earlier (i.e., older) t ransact ion that

updates the same data item , the latter WRITE message will

contain a data item update that is not performed . Such a

situation is not an error. It is simply the way that the

s ystem reor d ers updates to occur in the same or der that

their generating transactions executed . That is , the net

ef fect of a se t of WRITE messa ges processe d at a DM in

ar bi trar y or der is the same as the ef fect  of process ing

them in timestamp order witho ut the WRITE message rule.

The principal advantage of using the WRITE message rule is

that WRITE messages can be processed as soon as they are

received , thereby avoiding artif icial queuing delays at

the DMs .

Note that the correctness of the WRITE message rule in

reordering updates does not require that clocks in

dif fe rent TMs be at all synchronized . This is true of

other timestamp related mechanisms in SDD—i as well. For

. - - ~~~~~ -~~~~~--- --- - -—~~~~~~~~~---~~~~ -- ---— .- 5-~~-&-- ~~ --- - -
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reasons of efficiency , however , it is necessary to assume

that clock value s In different This are reasonably c 1o s ~ to

each other .

A principal objection to timestamped data items is its

cost . However , not all timestarnps actually need to be

stored . If the timestamp of a data item is earlier than

the timestamp of any transaction whose WRITE messages have

not yet been processed , then the data item ’ s t imestamp is

effectively zero. Any WRITE message that tries to update

that data item will succeed , because the WRITE message

will have a later ti rnestamp than the data item . So , we

need only maintain the timestamps of recently updated data

items. If a data item is not updated for a while (say a

few minutes) , then its timestarn p can be assumed to be zero

and therefore dropped . A caching mechanism for timestamps

using differential files is used in SDD—i for this

purpose . Using this mechanism , we judge that the overhead

in maintaining timestamps will be small , since only a

small portion of the data items will require their

t imestam ps to be store d in the cache at one t ime.
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2.2.5 Transaction Classes -

A cru cial aspect of the SOD—i concurrency control

mechanism is its ability to distinguish between

transactions that require synchronization and those that

do not. By examining the read— set and write— set of

transact ions , t he system can determ ine wh ich transact ions

confl ict with each other.  Intuit ively, two t ransact ions

conflict if the read—set  or wr i t e—se t  of one interse cts

the wr ’te—set of the other . Such conflicts are the main

cause of nonserializabil i ty. They are avoided in

conventional DBMSs by locking data items so that two

conflicting transact ions never run concurrent ly.  However ,

prevent ing all confl icts is more than what is re quire d to

guarantee serial izabil i ty. By analyzing a graph theoretic

re presentat ion of t he transact ions , called a confl ict

graph , the system can isolate the dangerous conflicts that

can potentially lead to nonserial izabil i ty. This analysis

technique will be described in detail later in the report.

Unfo rtunatel y , anal yzing the conflict graph at run—time

for all executing transact ions is too time consuming.

Also , since the transact ions are distr ibuted at run—time ,

_ _  
_ _ _  
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assembling a conflict graph would require too much

communication. So , we transform this run— time analysis

into a static analysis done only once at database design

time by capitalizing on the predictability of transaction

types in the following way.

When designing the database , the database administrator

establishes a static set of transaction classes.

Form all y , each transaction class is defined by a logical

~‘ead—set and write—set and is assigned to run at a

particular TM. A transaction fits in a class if the

read—set and write—set of the transaction is contained

(respectively) in the read—set and write— set of the class.

Rea d— set and write— set definitions are expressed using

sim ple predi cates , so that class mem bersh ip can b e c hecke d

quickly (see Figure 2.9).

The conflict graph analysis is now done on the s tat ica l ly

defined transaction c lasses instead of on the t ransact ions

themselves. Thi s analys is y~.el ds the type of

synchronizat ion , if any, required for each class. At

run—time , when a t ransact ion is submitted to a TM , the TM

selects a c lass in which the t ransact ion f i ts  and applies

the type of synchronizat ion speci f ied by the analysis for

that class.

--- --- - . - - -
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Class Definitions Using Simple Predicates Figure 2.9

Relation Schema: INVENTORY (ITEM# ,OESCRIPTION ,PRICE ,
QUANTITY)

Class 1
read—set :  INVENTORY [ITEM# ,PRICE]
write— set: INVENTORY [PRICE]
comments: transactions that update prices

Class 2
read—set :  INVENTORY [ITEM# ,QUANTITY]

WHERE (PRICE > $100)
write— set: INVENTORY [QUANTITY]
comments: transactions that update quantities of

high—priced items

Class 3
read— set: INVENTORY [ITEM# ,DESCRIPTION ,PRICE]

WHERE (QUANTITY > 0)
write—set: user ’s terminal
comments: transactions that display item information

about items currently in stock.

The utility of classes lies in the property that two

transactions that run in different classes conflict only

if their classes conflict. Hence , conflicts between

transactions can be determined by conflicts between

c lasses.  So , an analysis of the classes at database

design time is sufficient to determine potentially

dangerous conflicts between transactions at run time. We

believe that , for many kinds of applications , the most

frequent determination will be that the class part icipates

in no dangerous conflicts and can therefore run with only

local synchronization. 

-- 5- --
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How a TM Processes a transaction Figure 2. 10

-
• 

Do Forever ;
Wa it for a transa c tion , T, to arrive ;
Find a c lass , C , in which T f i ts ;
If C cannot be processed locally
then forward T to a site that can process C
else begin

look up the synchronization rules for class C ,
send out appropriate READ messages on

behalf of 1, synchronizing where necessary ;
supervise the distributed execution of T;
sen d out WRITE messa ges on behalf of T
end

end

For a set of c lass def init ions to be fe asible , it must

cover all transact ions that might ever be submitted . It

is riot necessary that every TM have enough c lasses  to

acce pt all pos sib le transact ions , s ince a TM can forwar d a

transact ion to some other TM for execut ion . However , it

is necessary that every possible t ransact ion fit in a

class supported by some TM. A sketch of how a t ransact ion

is routed and executed by TMs appears in figure 2.10.
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2.2. 6 Synchronizing Transact ions Within a Cl ass

To ensure the ser ial i za bility of tr ansa ct ions which

execute in the same c lass , we require that w ithin a class

all of the transact ions are actually executed serially,

one after another. To formal ize this requirement , some

notation is helpful. Let the processing of a READ message

on behalf of transact ion i at DMa l h  * be denoted R’l h.

Similarly, let the processing of a WRITE message on behalf

of transact ion i at DMal ha be denoted W
~1pha~ 

Then we

can ex press the re quirement that transactions within a

class run ser ial ly as follows :

Class Pipelining Rules: For each DMa1pha~ 
for each c lass

I , and for each pair of transactions i 1 an d 12 Ifl I ,

C l . If i1 and i2 both rea d from DM l h,  then R
~ 1pha ~~

processe d before R
~~ pha only if i.~ has an earl ier

t imestam p than i2~

* We use lower case Greek letters to denoted DMs . We use
lower case Roman letters i ,j,k,... to denote transactions.
We denote the class in which transaction i executes by 1.

___________________________________________ - S
- -—— 5- -- ~~~- -~~~~5- —~~~~~~~~~~~ -- -- —- -- - ---- — - - 5-- -5-- - --



~~~~~~~~~~~~~~~~
-— _ _

~~I~~~~
-
~~~ I~-~~

Semi—Annual Technical Report Page — 55—
SDD—1 Design Section 2

C2. If i.~ and 
~2 both wr i te into DM 1 h ,  then W

~ 1Pha is

processed before W
~~ Pha 

only if i.
~ 

has an earl ier

timestam p than

C3. If i .~ rea d s some da ta i tem at DM l h  and i2 wr i tes

some data at DMalpha~ 
then R

~ 1pha 
is processed before

W
~~ pha only if i~ has an earlier timestamp than i2.

The c lass pipel ining rules force transa ct ions that run in

a single class to be processed serially at all DMs in the

same order.  Rules Ci and C2 guarantee that READ and WRITE

messages (respect ively) from each c lass are processed in

t irnesta mp order at all DMs . Rule C3 guarantees that READ

messages from each class only see updates from earlier

WRITE messages in that class.* These rules are sufficient

to guar antee the noninterferen ce of an y tw o trans ac t ion s

that run in a single c lass.

The class pipelining rule , although state d in term s of

DM5 , is actually enforced by mechanisms at both TM5 and

DM5. For each c lass that a TM processes , the messages

from that c lass are sent to each DM in an order that is

* Actually, a weaker condition than C3 is possible. C3
must only be applied when the read—set of i 1 at DMalp ha
in tersects the wr i te—set  of i2 at DM lpha t since this is
the only case when i,~ can ac tuall y see the upd ate pro duced
by i~,. However , t~o eliminate several  special analyses
that Would be required , we assume C 3 is a lways  applied.
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consistent with Ci —C 3. The communications network

(ARPANET , in our case )  gua rantees that messages are

received in the order they were sent , for an y

point—to—point  communications channel . The DMs process

messages within a class in the order in which they are

rece ive d , thereby enforcing Ci— C 3 .

2.2.7 Interclass Interference

2.2.7.1 An Example of Safe Interference

We say that a set 3f transactions interfere if the system

al lows them to be interleave d in a nonserial manner .

Given the class pipelining rule , we need not be concerned

with interference among transactions in the same class ,

since they are run serially. The problem now is to avoid

interference among transactions in different classes. A

critical aspect of our solution to this problem is

isolating those cases where transactions in different

classes never interfere with each other . This requires

some sub tlety , for even when transa ctions rea d and wr ite

t he same d ata i tems , they may not interfere , as

illustrate d by the following simple example.

— -5- -- — - - - - -~~~~~ - -5 -- - -~~~~~~~~~-- -----— - --—~~~~~~ - - - — - —— - - - - - -- -- --~~~~~~~~~~~ -~~~~~~~ -5----- .. - -
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Suppose we run two transactions , say i and j, in two

d i f fe ren t  c lasses , T and 3, each of which f i rs t  f inds the

EMPLOYEE record whose NAME domain has the value ‘JON DOE ’;

then each wr i tes  a d ist inct  new value into the PHONE#

domain of  that record (the phone numbers written b y the

two transactions are different). Naturally, the final

value of JON DOE ’s PHONE 1- - after both transactions

exe cute , is dependent on the ord t r  in which their write

operat ions were processed . However , no matter how their

read and write operations are interleaved , the execution

will be serializable. The transactions will always appear

to have executed ser ial ly wi th  the order of their wr i t es

determining the order of the transactions in the

serialization; the transaction that writes JON DOE ’s

PHONE# f i rst  appears f i rst  in the se r ia l i za t i on .

Therefore , even though the t ransact ions have over lapping

write— sets —— a situation that conventionall y requires

locking —— no synchronization is necessary.

To exploit situations of this type , we mus t de term ine safe

patterns of interleaved read s and writes that require no

synchronization. This determination is accomplished by

analyzing conflicts between transaction classes. For

ex ample , an analysis of classes T and 3 above would show

that all patterns of interleaved reads and writes are

serializable. This anal ysis is performed on a graph

k-—--- . ~~~~~-- - - --~~~~~~~~~~~ — -~~~ - — - - -~~~~~ -- 
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theoretic representat ion of transaction conf l icts , and is

the subject of the next section.

I 

.
;

2.2.7.2 Conflict Graph s

As we observed in Section 2.2. 5 , two transact ions from

di fferent c lasses conf lict only if their classes conflict.

To formalize this , we say that WRITE message W
~ lpha

confl icts with a READ message R
~ lpha 1ff transaction i’s

wr i te—set  intersects transact ion j ’ s read—set .  A WRITE

messa ge W
~lpha confl icts with another WRITE message W

~lpha

1ff transaction i’s wr i te—set  intersects t ransact ion i’ s

wr i te—set .  It follows that if R
~ lpha confl icts with

W
~ lpha~ 

then the read—set of class I intersects the

wr i te—set  of c lass 3. By exam ining class conflicts , we

can pre dict potent ial transact ion confl icts , wh ich are a

primary com ponent of the ser ializability problem . It will

turn out that this examinat ion of class conflict will lead

us to our goal —— a method for determining the amount of

synchron ization required by each transaction.

The method begins with the construction of a conflict

graph (see Figure 2.11). In the graph , each class , say I,

is modeled by two nodes labelled r1 and w~ . For each

— - — - - —~~~~~~~~~~ ~~~~~~— - —~~~~~- . •  — _____________
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class , t , an edge <r 1 ,w 1> connecting them is drawn (Figure

2.lla) . When the write—sets of two classes , say i ~nd j ,
intersect , then the edge <w’,w3> , called a horizontal

edge, is drawn (Figure 2 .lib) . Similarly, if the read— set

of one class (say I) , intersects the write— set of another

class (say 3), then an edge <r 1 ,w3> called a diagonal edge

is drawn (Figure 2.itc ).

For a given set of c lasses , C , we denote the conf l ic t

graph for C by CG c . A sample confl ict graph appears in

• Figure 2.12.

We will use the conflict graph to help us predict the

amount of synchronization required by each transaction

class. The connection between synchronization protocols

and conflict graphs is developed in Section 2 . 2 . 8 .  Since

this development is lengthy and may not be of interest to

all readers , we summarize the principle results of Section

2.2.8 in Section 2.2.9. Hence Section 2.2.8 can be

skipped , if desired , without loss of continuity.

_ _ _ _ _ _ _ _ _ _  _ _  _ _ _ _ _  -~~~~~- S



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~

Page — 60— Semi—Annual Technical Report
Section 2 SDD—l Design

Conflict Graph Edges Figure 2.11

r1

I—

Wi wi
wJ

(a )  a vert ical edge is (b) a horizontal edge is drawn

drawn between every between a wl ,wj pair iff

ri ,wl pair . the write—sets of f and 3
intersect .

(c) a diagonal edge Is drawn between an

ri ,wl pair 1ff the read—set of r
intersects the write—set of 3.

I

_ _ _ _ _ _  _ _ _ _ _ _ _  -
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A Sample Conflict Graph Figure 2.12

1 2 3 5r r r r r  

:
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2.2.8 Conflict Graph Analysis

2.2. 8.1  Serializing Logs

Depending on the order in which READ and WRITE messages

are processed by the system , an interleaved execution of

transactions may or may not be serializable. To

understan d whi ch messa ge orderings are serial iza b le , we

need a notation that models these orderings. In our

notation , we will represent the ordered processing of READ

and WRITE messages at a DM by a log. A 
~~~ 

is simply a

str ing of R’ s and W’s that have the sam e OM subscript .

For exam ple , R
~ lpha 

W
~lpha 

W
~ipha 

R
~ lpha 

W
~lpha R

~ lphp 
15

a log describing the order in which READ and WRITE

messages were processed at DMalpha~ 
When we say,  for

exam ple , that R
~ lpha prece des W

~lpha (In DMa lp h a ’ 5 log) ,

we mean that R
~lpha was processed before W

~1pha 
at

DM l h .

A log is a com plete representation of the computations

performed on the database at a DM. If we were given the

- — - - —5— — 5— -- 5- -- — —  ——— •—— -- 5- —— - — -—-5  5 - , — - - —-—~~-~~~~
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list of data items read and written by each WRITE message

-‘ as well as the timestamp s of transactions (so that we

could correctly apply the WRITE message rule) , then we

would be able to reproduce the computation that was

actually performed at the DM. So , an “interleaved

execution of transactions ” in SDD—1 is modelled by a

“collection of DM logs , one per DM” . We will therefore

use these two terms interchangeably.

Suppose we are given an interleaved execution of N

transactions , represented by a set of DM logs. Which of

the N! possible serializations of the transactions is an

equivalent serialization of the given logs? A

serialization is equivalent to the given logs if that

serial execution of the transactions on a nondistributed ,

nonredundant database (represented by the serialization)

produces the same computation as the interleaved execution

on the distributed , redundant database (represented by the

DM logs) . It is a theorem that if each transaction read s

from a database that has had exactly the same write

operations applied to it in the serialization as were

~pplied to it in the given interleaved execution , then

ea ch transaction will perform the same computation in the

serialization as it did in the given interleaved execution

[PAPADIMITRIO IJ et al]. We can guarantee this condi tion by

requiring that the serialization satisfy the following

three rules: For each i ,j, and alpha

5 - 5 - 5 —  -- ---— - 5 - —  -~~~~ - - - --~~~~~~~~~~~~ - --- - - - - - - ---- -~~~~~~~ ——-~~~~~~ -5.- -
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1. If Walpha prece de s and confl icts w ith R
~ lpha t t hen

I must precede j in the serialization ;

2. If R
~lpha prece d es and confl icts w i th W

~lpha~ 
t hen

j must precede I in the ser ial izat ion;

3. If W
~lpha conflicts with W~1pha~ 

then i and j must

appear in the ser ial ization in t heir t imestam p

order .

If the serial ization obeys ( 1)  and (2 ) , then wr i te

operat ions in the ser ial ization prece d e exac tly the same

read operations as they did in the given Interleave d

execut ion. However , this is not the same as saying that

eac h t ransact ion re ad s from a d ata b ase that ha s had

exact ly  the same wri te ope rations applied to it in the

serialization as were applied to it in the given

execut ion. The r _ ason is that due to the WRITE message

rule , the order in which WRITE messages are processed is

not the same as the effective order In which the write

operations are applied to the database ; indeed , some wr ite

operat ions are riot applied at all. To understand this

subtle distinction Is to understand the need for rule ( 3 ) .

In the logs , the WRITE message rule prevents certain wr i te

operations from being applied ; th’~ occurs when a WRITE

message with an early timestamp arr ives after a WRITE

message with a later timestamp and both WRITE messages

L - _ _ _  - - - —-—--—5---- - .
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write into a common data item . The WRITE message rule is

an artifact of the distributed execution of SOD—i , and

would not have been applied if the transaction were

executed serially on a nondistributed , nonredundant

database. In essence , this means that the serialization

must produce the same com putation without the WRITE

message rule that the given logs produced with the WRITE

message rule. Rules (1) and (2) alone are not strong

enough to make this guarantee.

For exam pl e , suppose the log for DM alpha contains W
~lpha

W
~ lpha R

~ lpha where j has an earlier timestamp than i and

all three messages write into or read from data item x.

The WRITE messa ge rule prevents W
~lp ha 

from overwriting x ,

so Rkl h  reads x from W
~lpha~ 

We want the same relative

ordering of R
~ lpha 

and W
~1pha 

to appear in the

serialization. So , trarisaction j must precede transaction

i in the serialization. However , the serialization

[i ,j,k] would be permitted by the rules (1) and (2) alone ;

this is incorreLt because transaction k would read x from

j (not i) in this serialization.

Rule (3) guarantees that write operations in the

serialization are applied in the same rela ’ive order as

they are applied in the given logs. It “factors out” the

WRITE messa ge rule froi~ the serialization by requiring tt’e 

• - 

j
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write operations to appear in the order that they were

effectively applied , rather than the order in which they

were processed .

By developing rules (1) — (3), we have related the order

of conflicting READ and WRITE messages in DM logs to the

order of transactions in serializations. As we know , not

all interleaved executions are serializable. So, as we

would expect , there are DM logs that have no serialization

that obeys rules (i)— (3). In principle , we could schedule

READ and WRITE messages by continually checking rules

(1)— (3) at run—time so that the order in which READ and

WRITE messages are processed can a1w~ys be serialized .

However , this would be very costly in computation time and

communication traffic. Instead , we use the conflict graph

model of transaction conflicts to guide us in

synchronizing READ and WRITE messages so that a

serialization obeying rules (i)— (3) is always possible.

The conflict graph is used to determine potentially

nonserializable executions of conflicting transaction s.

The interpretation of diagonal and horizontal edges can be

used to extend rules (1) — (3): For each 1 , ,j, and alpha

1’ . If <w 1 ,r1> is a diagonal edge of CG and W
a ip h a

precedes R
~lpha 

in DM alpha ’5 log , then I must

precede j  in any serialization .

— — 5-— .-- - -
~~~
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2’ . If <r 1 ,w3> is a diagonal edge of CC and R
~ lpha

precedes W
~1pha 

in DMalpha ’5 log, then i must

precede j in any serialization .

3’ . If <w 1 ,w3> is a horizontal edge of CG , then i and j

must appear in the serialization in their timestamp

or der.

Since two transactions conflict only if their classes

conflict , any serialization that satisfies (i’)— (3’) will

satisfy (1)— (3) as well. The advantage to using (1’) —

(3’) in place of (1) — (3) is that the former are stated

entirely in terms of class conflicts , which are known in

ad van ce.

In SDD— i , there is always a serialization of the executed

transactions that satisfies (1’)— (3’). The mechanisms

that are used to guarantee that such a serialization

always exists are called protocols.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- . 5 - — -  — 5 - —  -~~~~~~~~~~~~ —-5 - --. -- - -- - _ ---..-~~~~~~~~~~._-~~~~~~~——~~~~~~~ -—~~~~~~~~~~~~~~~~~~~~~~~ —-- -_ -5
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2.2.8.2 Protocol P1 and the Acyclicity Theorem

To understand why we need protocols , let us cons id er a

system cons isting of two c lasses , say I and 3, such that

only one transaction is processed in each class , say

transactions i and j .  Under what conditions will these

two transact ions be serializable? If there are no

hor izontal or d iagonal edges connect ing I and 3 in the

conflict graph , then (1’)— (3’) are trivIally satisfied .

In this case , i and j are serial izable; In fact , either

serial ization will do. What If I and 3 are connected by

some edg e?

If <w ~~,w3> appears in CG , and if W
~ lpha and ‘4alpha are

processed (fo r some DM a1pha )
~ 

then according to rule (3 ’ )

I and j must be serialized in tlmestamp order. If this is

the only edge connecting I and 3, then the t ransac t ions

are still surely serial izable. For no matter how many DMs

process WRITE messages from both transact ions , each DM

will apply the WRITE message rule , thereby ma king it look

li ke i was processed before j. Therefore , applying rule

(3’) at all DMs w ill yield the same re quirement that I and

j  be serialIzed in the same timestamp order. The only way

_ _  - -  -- ‘ S
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we could get into trouble is If one DM believes i sh~ould

precede j  in the serialization while another believes j

should precede i —— a c lea~ impossibility using (3’). So ,

If (w 1
,w~> Is the only edge connecting I and 3, we are

safe .

If <r 1 ,w3> appears in CG , then we have a potential

problem . Suppose W
~ lpha precedes and conflicts with

R
~ lpha and R

~eta precedes and conflicts with W
~eta~ 

Rul e

( 1’ )  applied at DMalpha says that j should precede i while

rule (2 ’ )  applied at beta says that i should precede j.

Since both cannot be simultaneously sat is f ied , we have a

nonserlal lzable interleavIng. A pparent ly,  we must

Introduce some synchronizat ion mechanism to avoid this

problem produced by the diagonal edge.

Protocol P1 is the mechanism used to synchronize diagonal

edge conflicts. We say that transaction i obeys protocol

P1 wIth respect to transaction j if the relative ordering

of READ mess ag es from I and WRITE messa ges from j are t he

same at all DMs where both appear and conflict. Stated

more formall y, if R
~lpha precedes (resp. follows) and

confl icts w it h W
~l h  at DM 1 h ,  then i f R

~ eta and

conflict and both are processed at DM beta~ R
~ eta must

prece d e (res p . follow) at DMbeta • 

- - -— -“---— - - - --5---s -- --~~~~~~~~~~~~~~ --- —--- ----- ---
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We require that if <r 1,w 3> is an edge in CG, then for each

pair of transactions i in class I and ,j In class ,
~~~ 

I must

obey protocol P1 with respect to j. If the protocol is

obeyed , then the nonserializable s ituat ion d ue to the

opposite serializations implied by rules (1’) and (3’)

cannot occur . Since this is the only problem a single

di agonal edg e can cause , P 1 is suff ic ient to synchron ize

diagonal edges.

The above observat ions re gar d ing s ing le edg e con flicts

between two c lasses gener alize di rectl y to pat hs of

conflicts. Suppose there is a single edge conflict

between I and ~~~, and another one between i~ and 3. Again ,

assume one transact ion runs in each class , say i , j, and

k. Rules (1’)— (3’) only restrIct the order of

serial ization between pairs of confl icting t ransact ions.

They will either require that i and j have a defined

relative ordering (i.e., e ither I prece d es k and k

precedes j  or i follows k and k fol lows j )  or that they

have no special required order (I.e., e ither I prece des k

and j precedes k or I follows k and j follows k). In

e ither case , the three transactions are serial izable.

The only way the transactions might not be ser ial iza b le Is

If there were two different paths from I to 3. Then , one

path could lead to I pre cedi ng j accor di ng to ru les

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — —-- 5-
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(1’)— (3’) , while the other path could lead to i following

j. If this occurred , then the execution would be

nonserlalizable. But note that it can only occur if there

are two distinct paths. Two distinct paths that link I to

3 constitute a cycle. So , as long as t h~ re are no cycles

in the conf lict gra ph an d eac h class r u n s  one t r a n s a cti on ,

P1 is sufficient to guarantee serializability.

The class pipelining rule requires that transactions

withIn a single class essentially run serially. So , the

above statement about acyclic conflict graphs generalizes

to the case of mu lti ple t r ansa ct ions per cl ass. (A proof

of t hi s fac t  is n o n t r I v ial an d app ears in [BERN STEIN an d

SHIPMAN a].)

Our ob servat ions in th is  sect ion can now be sta te d more

formally as follows :

Acyc l ic ity  Theorem For a gi ven set of t r an sact ion

classes , C , if

1. CGc has no c ycles , and

2. all classes in C obey the class pipelining rule ,

and

3. for  each diagonal edge <rT,w~ > in CGc and

t ransact ions I in I and j  In 3, t r a n s a c tI on I
obeys P1 with respect to j ,

5- —~
- 
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then all possible Interleavings of t ransact ions in

classes in C are serialIzable.

To make the acycli c i t y  theorem e f f ec t i ve, we need to

demonstrate an implementation for P1. ThIs we will do in

Section 2 .2 .10 .  First , however , we will show how to

synchronize nonserializable situations caused by cyc les .

2.2. 8.3 Cycles , P3, and the Serializability Theorem

We have shown that If no cycles exist  In the confl ict

graph and if Fl is properly applied , then all  possi ble

interleaved execut ions of transactions will be

serializa ble. We also observed that cycles in the

conflict graph can cause a nonserializable execut ion. If

two di s t inc t  pa ths ex ist between two classes , I and 3,

then the paths may lead to opposite serializations of

t ransa ct ions I in I and j  in 3 accor di n g to ru les

(1’)— (3’) —— a nonserializable situation . To eliminate

th is possibility, we introduce a protocol that forces any

two paths between I and 3 to always lead to the same

relat ive ordering of I and j In all serializations. To

illustrate the problem and the protocol that solves it ,

let us cons ider another example.

l.A - - - - - -—- -  — -—-- — - -------- — — ——‘s - - 5- - - -- -•‘-- ‘~~~~~~~~~~~~~~
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This time , suppose the database has one data item , x ,

store d at DM l h .  Classes I and j both read from and

wr ite into x; for example , they both run transactions that

increment x. The conflict graph for these classes

contains two distinct edges , <r 1 ,w3> and <w 1 ,r~ > ,

connecting I and 3. These two edges together with

and <r’~,w
3> constitute a cycle (see Figure 2.12.2). The

problem is that the diagonal edges may force opposite

serializations of transactions in I and 3.

Consider , for instan ce , t ransact ions i in I and j in 3

which execute their READ and WRITE messa ges in the

following order: R
~lpha R

~ lpha W
~ lpha 

W
~l h a ~ 

Notice

that P1 is trivially obeyed since there is only one D”l .

Since 
~~lpha 

precedes and conflicts with W
~lpha~ 

rule (2’)

implies that i must be serialized before j. Since R
~ lpha

precedes and confl icts with W
~ lpha~ 

the same rule implies

that j must be serialized before i. Since both cannot be

simultaneously sat isf ied , the execut ion is

nonseria lizable. This occurred because the edges between

I and 3 led to opposite serializations.

Protocol P3 prevents executions such as this one by making

the fo l low in g gu ar a n t e e :  I f two t r a n s ac t ions belon g to

two c lasses connected by a diagonal edge in a cyc le ,  then

the timesta mp order of the two transact ions is the same as 

S -— -- ---~~~~~ -5—-—- --5 -~~~~~~~~~~~
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A Conflict Graph Cycle Figure 2 .1 3

and Nonserlalizable Execut ion

Classes r and 3 have data item x in their read—sets
and write—sets.

(a )  The Conflict Graph

lot’ for DM . j
alpha~ ~‘alpha ~‘alpha Ta lpha W alpha

(b) A nonserializable log of trans—
act ions from c lass  f and 3.

the re lative ordering dictated by rules ( 1 ’ )  or ( 2 ’ )

applied to the messages that correspond to the edge.

Be fore examining how P3 accomplishes this task , let us

fIrst see how P3 corrects the above example.

Since [<r1 ,wJ> ,< w3,rJ> , r~~,w
1> ,<w T ,rT>) comprises a cycle ,

P3 applies to transactions I and ,j. Suppose that the

t imestamp of I Is smaller than the timestamp of j .  We

observed that rule (2 ’ )  requIred that i be serial ized

—-5----- -5--—- —5- ----5 —5—f- --- ‘~~~~~ a -a  - ‘5- -
~~~~~
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before j  because R
~ lpha precedes W

~lpha~ 
and that j  be

serialized before i because R
~ lp ha precedes 

- 

W
~ l,pha~ 

But

the latter requirement violates P3. Since <r 3 ,w 1> is in a

cycle , protocol P3 implies that rule ( 2 ’ )  applied to

R
~ lpha an d W

~ 1pha must lead to i and j  bein g serialized in

t imestarn p o r d e r .  However , the opposite occurred . What P3

must do , therefore , is make sure that W
~ lpha precedes

Then both edges will lead to i and j  beingalpha

serialized in tirnestamp order and the nonserializability

problem goes away.

Formally, we define protocol P3 as follows . A transaction

I obeys protocol P3 with respect to transaction j  at

DM alpha if R
~ lpha an d W

~1pha 
are processed in time stamp

order. We require that for each diagonal edge <r 1 ,w 3> in

a cycle and for each i , j  and alpha such that R
~ lpha

c o n f l i c t s  wi th  W
~ lpha~ 

i must obey P3 with respect to j  at

DM l h .

Protocol P3 synchronizes multi— class cycles as well as the

simple two— class cycle just illustrated . In a cycle

consisting of several diagonal and horizontal edges , P3

requires that each conflict due to a diagonal edge leads

to the pair of transactions being serialized in timestamp

order. Rule (3’) makes the very same requirement for

horizontal edges. So , insofar as this cycle is concerned ,

- ‘~~~~~~~~~~ - 5- — ‘ .  ~~~~_ . ,~~~~~~~~~~~~~~~
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if rules ( l ’ ) — ( 3 ’ )  say anything about the re lat ive

ordering of two t ransact ions whose c lasses are on the

cyc le , then the requirement must be that the t ransact ions

be serial ized in timestamp order.  Since there is only one

t imestam p or d er in g of t r a n s a c t ions , confl icting

serial izat ion orderings are impossible. General izing this

observation for the case of multiple transactions per

cl ass as we did for the acycl ici ty  theorem lea d s to the

correctness theorem for the SDD—1 concurrency contro l.

Ser ial iza bi l ity  Theorem For a gi ven set of t r ans act ion

classes , C , if

1. all classes in C obey the class pipe lining rule ,

and

2. for each diagonal edge <r 1 ,w3> in CG c and

t ransact ion I in I an d j  in 3, t ransact ion I obeys

P1 with respect to transact ion j ,  and

3. for each diagonal edge <r 1 ,w~> in a cycle in CG C
and transact ion I in I and j  in 3, t ransactIon I

obeys P3 with respect to transaction j ,  
-

then all possible Interleavings of transactions in classes

in C are serializable.

- — -~~~~- . ,U T S  . - r - 5 .~
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2.2 . 8. LI P2: A Faster Protocol for Read—Only Transactions

Whi le P3 is sufficient for synchronizing all diagonal

ed :~es in a cycle , we can do somewhat better with those

transactions that intersect the cycle only with their

r— n o d e s .  These read—on ly  t ransac t ions  contr ibute to

nonserializabi lity only because they may observe certain

WRITE messages being processed in reverse time s tarn p

order .* Protocol P2 is a weaker version of P3 that

prevents this situation and thereby provides a less

expensive alternative for synchronizing such transactions.

Suppose , for example , that the edges <rT,w~ > and

appear in a conflict graph cycle. To synchronize a cycle ,

we want each set of transactions whose classes lie on the

cycle to be serialized in timestamp order . If <r 1 ,w3> and

are on this path , t hen t r a n s a ct io ns i , j ,  and k

(say) in I, 3, and 1~ must be serialized in timestamp

order. This two ed ge path will prevent a timestamp

* Strictly speaking, these transactions need not be
read— only. It is just that their write operations , if
they have any,  do not participate in a conflict graph
cycle.

5’ -
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ordered serialization only if transaction i observes WRITE

mess ages from j  an d k in r everse  t imestam p o rd er .  For

example , suppose TS~ and TS k are the t imestamps of j  and k

and TS~ < TS k. If R
~ lpha precedes and conf l ic ts  with

- - W
~1pha 

an d R
~eta fo l lows  an d con fl icts w it h W

~eta~ 
then

from i’ s viewpoint and according to rules (1’) and (2’), k

must be serial ized before i which must be ser ia l ized

before j. If either R
~ lpha 

had followed W3l h  or R
~~ t

had preceded W
~eta~ 

j  and k could have been ser ia l ized in

timestamp order. Protocol P2 is designed to make

precisely this guarantee.

A t ransact ion i obeys protocol P2 with respect to

t r a n s ac t ions j  and k if for any alpha

1. If R
~lpha precedes and conflicts with W

~lpha 
and

TS k > TS 3 , then R
~ eta precedes W

~eta  at every

DMbeta where they both appear and conflict , and

2. If R
~ lpha fol lows and con f l i c ts  wi th W 3

l h  and TS~
> TS k, then R

~ eta fol lows W
~eta at every  DMbeta

where they both appear and conflict.

That is , if TS~ < TS k the n t ransact ion I observes a WRIT E

message from transact ion k on ly if it has observed all

WRI TE messages from transact ion j ,  and converse ly  if TS k <

TS 3 . Protocol P2 prevents I from observing a WRITE 

~~~~~~~~~~~ ~~.— -~
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message f rom the later t ransac t ion  unless it. has obse rved

all WRITE messages from the earlier one. 4

Protocol P2 is strictly weaker than P3 in that if i obeys

P3 with respect to j  and k then it obeys P2 w i t h  r es p e c t

to j  and k. Yet we can use it correctly for synchronizing

classes which only in tersec t  cyc les  w i th  their r—nodes .

Stated precisely, if [<w3 ,r 1> ,<r 1 ,wk>] is a subpath of a

c y cle , the n if for each i , j ,  and k in 1, 3, and ~ we have

that i obeys P2 w i th  respect  to j  and k , then we need not

synchronize these two diagonal edges using P3.

~.2.9 A Summary of the Protocol Selection Rules

In Section 2.2.8, we described the three basic protocols

for synchronizing transactions and the conflict graph

topologies that require the use of the protocols. While

the analysis that leads to the protocols is somewhat

complex , the rules for selecting the protocols are not.

It is these Protocol Selection Rules that completely

govern the concurrency control mechanism of SDD— 1. We

present these rules here in order to summarize and

- ipsulate the results of Section 2.2.9 and to

a few more details to make the statement of

~~~~~~~~~~~~~~~ p r , c i - ~P .

-- 5- - -  — 5- —~~— -  -5 - -



Page — 80— SemI—An nual Technical Report
Section 2 SDD— 1 Design

F irst , let us res ta te  each of the three protocols.

Protocol P1: Transact ion I obeys protocol P1 with respect

to transaction j  If for each DM , alpha , if W
~lpha 

is

processed before (resp. after) and conflicts with R
~ 1pha I

then W
~eta is pro cesse d before  (re sp . a f t e r ) R

~eta 
at

eve ry  DMbeta where they both appear and confl ict.

Protocol P2: Transaction i obeys protocol P2 with respect

to transactions j  and k if for any alpha:

1. if R
~ lpha 

Is processed before and confl icts with

W
~lpha 

and k has a later timestam p than j ,  then

R
~ eta is processed before W

~eta  at ever y DM beta
where they both appear and confl ict , and

2. if R1l h  is processed after and conflicts with

W
~lpha an d j  has a later t imestam p th an k , t hen

R
~ eta is processed after W

~eta at eve ry  DMbeta

where they bot h a ppear and conf l ict ,

Protocol P3: Transact ion I obeys protocol P3 wi th res pect

to t ransac t ion  .i if for each DMalpha at which R
~ lpha and

W
~ lpha both appear and confl ict , R

~ lpha and W
~ lpha are

processed in timestamp order.

Br iefly, these protocols serve the following purposes:

Fl: Prevents READ messages  from one t ransac t i on  that

confl ict with WRITE messages from anothe r transaction from

L- -- - - —- - - —— - - - - - - ‘-- --—-——~~~~~~ 
S 

~~~~~~
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being processed in different. relative orders at different

- 
, DM ’ s .

P2: P reven ts  a R EAD message from seeing WRITE messages

from two ot her t ransac t i ons  in reve rse  t imestamp o rde r .

P3: Prevents race conditions.

The Protocol selection rules state which protocols should

be invoked by which t ransac t i ons .  They a re :

I. For all classes in r and 3 such that <r i, w~ > is in

the conf l ic t  graph , fo r each pa ir of t r ansact ion s i and j

in i and 3 (respectively) , i must obey protocol P1 with

respect to j  (see Figure 2 . 1 ’ 4 a ) .

II . For each cycle in the conflict graph that con ta ins a

ve r t ica l edge , the fol lowing hold :

a. for all distinct classes r , 
~~ , ~~ , if edges <r 1 , w~ >

and <r 1, w k > lie on the cyc le , then for each set of

transactions i , j ,  and 1< in t , j ,  and ~
(respectively) , i must obey P2 with respect to j

and k ( see Figure 2 . 1 - ’ 4 a ) ;  and

b . for all distinct classes r and 3 such that <r 1 , w3>

and < r1, w J > lie on the cyc le , then for each pair

of transactions i and j  in T an d 3 (respectively) ,

I must obey P3 with respect to j  (see  Figure

2. 1~lc)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~h~~~~ - -
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Protocol Selection Rules Figure 2. 1L ~

(a)  Fo r each I, j in 1, 3, i must obey P1 with

res pect to j .

w3~~~~~~~~~~~~~~~~~~~~~~ w~

(b) For each I , j, k in 1, 3, l~, I must obey P2 wI th
respect to j and 1<.

WI tiIIIII:II:II:I:I::::::;:? ~
(c) For each i , I In I, 3, j must obey P3 wIth
respect to j.

The protocol selection rules are easily transformed into

an al gor ithm that  a n a l y z e s  the conf l ict g ra ph an d pro d uces

the protocols that each class must obey. However , the

definitions of the protocols are not algorithmic . To make

-- -- -5 --- - - - - - 
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the pro toco ls  e f f e c t i v e , w e now show how TMs a nd DMs ca n

enforce the relative orderings of READ and WRITE messages

required by the protocols.

_______________________ _________
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2.2.10 Implementing the Protocols

2.2.10.1 Implementing Protocol P1

Each protocol demands that certain re la t ive or d er in gs of

READ and WRITE messages be obeyed . Protocol P1 demands

that READ and WRITE messages of two transactions that

corres pon d to the en dpo ints  of a d i agona l  edge must  be

pro cessed in the same re la t ive or der at a ll DMs where they

are both processed . Suppose the diagonal edge Is <r 1 ,w
j>.

Then P 1 says t hat i f there  are two DMs , al pha and beta ,

such that R
~ lpha 

and W
~1pha 

are processe d and confl ict at

DM alpha and R
~ eta and ~~~~~ are processed an d conf l ict at

DM beta~ t hen R
~1pha 

is processe d before  W
~1pha 

1ff  R
~ eta

is processe d before  W
~eta~

Let us first exam ine a simple case . If transactions in

cla ss I only  sen d READ messages  to one DM at wh ich

conf l ict in g WRITE messa ges from class 3 are  processe d ,

then P 1 is trivially satisfied . Since only one DM ever

processes conf l ic t ing  messa ges , there Is no chance for a

-5- —5- ~~~~-~~~~~~~- -— -S5 ~~~~--‘~~~~~ - --- -5-~~~~~~~~~ --5- ’- ---- -- - - -~~~~~~~~~~~ — - -  -~~~~~ --  -
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different ordering of conflicting messages at different

DMs. If c lass  T sends READ messages to two or more DMs at

which conflicting WRITE messages from class j are

processed , then synchronization is needed . The

synchronization information is carried entirel y by the

READ messages from I in the form of read condit ions.

A read condition is attached to a READ message and

specifies which WRITE messages from certain other classes

must be processed before the READ message can be correctly

processed . The read condition includes a timestamp, say

TS , and one or more classes , say 
~~~~~~~~~~ ~~~ 

‘J
~~~
}. The read

cond i t ion  tel ls the DM to hold the READ message until such

time that all WRITE messages from c lasses t j 1,  
~~~~~~

with timestamps prior to TS have been processed and that

no WRITE messages from classes {j 1, 
~~~ 

j~~~~} with

timestamps later than TS have been processed . Then the

READ message can be processed .

To implement protocol P1 on I with respect to 3, a read

condition <TS , (T 3 } >  must be att ach ed to ea ch READ mess age

sen t on behalf of a t ransact ion i in I to e a c h  DM a t  w h i c h

conflicting WRITE messages from j are processed . This is

suf f ic ient  to guarantee P1. For example , if R
~ lpha ~~

processed af ter W
~ lpha~ 

then t ransac t ion  j must have a

timestamp prior to TS. So , at any other site , say beta ,

— - -‘ —~~~~~~~~ ---  -5- -5 - ~~~~~~~~~~~~~~ 
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R
~ eta will be processed after W

~eta since the same read

condition applies there as well.  Notice that the choice

of the timestamp TS is immaterial to the correctness of

the protocol . All that matters is that all read

con d it ions asso cia ted with  i have the same t imestamp. As

we will see in a moment , the choice of t imestam p can

af fect  the ef f ic iency of the protocol.

To correct ly  process a READ message with read condition

<TS , {j } >  at a DM , the DM must wait  until all WRITE

messages from 3 with timestamps prior to TS have arrived

and been processed. The class pipelin ing rule requires

that WRITE messa ges from any given c lass  be processe d in

timestamp order at every  DM. So , as soon as the DM

rece i ves  a WRITE message t imestamped later than TS , it

knows to hold it and process the READ message first . Of

course , If a WRITE message from 3 with  t imestam p l ater

than TS was processed before the rea d con di t ion was

received , then the READ con di t ion cannot  be sat isf ied

without backing out the WRITE message. In SDD— 1 , no WRITE

message is backed out for concurrency control reasons.

So , this case , the READ message would have to be

rejected and the originating class must resubmit it with a

later tlmestam p. Notice that all READ messages on behalf

of t r a n s a c t ion i have  to be resu bm it te d , s ince the ir rea d

conditions are now obsolete . -

- - - - - -5 - - 5- - - - - - - -~~~~~— -- 5- 
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A problem wi th  the mechanism descr ibed above is that c lass

3 may be idle beca use it has no t ransact ions to p rocess .

The DM will therefore wait for a long time until a WRITE

message timestamped later than TS arrives. One way to

solve this problem is to have idle classes periodically

sen d N U L L W R I T E  me ssa ge s. * A NULLWRITE message specifies

the originating class and a timestamp and is interpreted

as an empty WRITE message from that class with that

timestamp. When a DM receives such a NULLWRITE message ,

it can be sure that it has rece ived all WRITE messages

from the ind icated c lass  through the given t imestamp. If

a DM chooses not to wa i t  pass ive ly  for a WRITE or

NULLWR ITE message from 3, it can request  a ~ULLWR ITE by

F sending a SENDNULL me~ sage to IJ.

The choice of timestamps for read conditions and the rate

at which NtJLLWRIT Es are sent are important tuning

parameters to avoid the frequent use of SENDNULLs. In

addition , the choice of timestamp for read conditions will

affect how long a READ message has to wait for conflict ing

WRITE messages to be processed . Essentially, the

timestamp should be as small as possible without actually

forcing the read condition to be rejected .

* The use of periodic NULLWRITE messages can be avoided by
use of special protocols that are tailored for low

—— - - ----5~~~~~~ - - -~~~~~~’ 
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To il l u s t r a t e  the o pera t ion of proto col P 1 , let us

cons id er a d ata base that cons ists of two d ata i tem s, x an d

y, where x is stored at DMalpha and y is stored at DMbeta~
Class 3 wri tes both x and y, and class I reads both x and

y. For def ini teness , suppose class I runs at TM1 and 3

runs at TM3. The conflict graph for this situation is

shown in Figure 2.1 5. The edge <r 1,w 3 > implies

trans act ions in I must obey P1 with respect to

A Conflict Graph Illustrating P1 Figure 2.15

1.

t ransact ions in 3.

For TM1 to process a t ransact ion , say i, It must send READ

messages R
~ lpha to DMalpha and R

~ eta to DMbeta~ 
By P1 ,

both messages must have a read condition <TS ,iJ}>

attached . DMalpha wil l not process R
~ lpha to read x until

frequency c lasses.  However , their descript ion is beyond
the scope of this report. 

-

______ -~~~~~~~ --• — — - ~~~~~~~~ — - — - -—- — —- 
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it has received (but not processed) a WRITE message or a

N UL L W R I T E  from TM
3 

on behalf of 15 with timestamp later

than TS . DM beta wil l  behave the same way .  So , R
~ lpha

will wait for (i.e., will be processed after) WRITE

messages from the same set of transactions in 15 as R
~ eta

will wait for. Hence , for each j in 15, rules (1’) and

(2’) will require the same serialization order for i and j

at both DM and DM , and the result will bealpha beta

serializable. The nonserializable situation of R 1
. . 

alpha

preceding W
~lpha 

but R
~ eta 

following W
~eta 

cannot occur .

2.2.10.2 Implementing P3

The same read condition mechanism that we described for

implementing P1 is sufficient for implementing P3 as well.

For t ransact ion i to obey P3 wi th  respect  to all

transactions j in 3 at DM al pha~ R
~ lpha must be processed

af ter all W
~ lpha 

with earlier timestamps and before all

W
~ lpha with later timestarnps. If the timestamp of i is

TS 1, then attaching the read condition <TS1, 13 }> to R
~ lpha

will force DM alpha to process R
~ lpha according to P3;

DM alpha will wait for exactly those W
~lpha 

with TS
J
<T31.

From this implementation , we see immediately that protocol

P3 is strictly stronger than protocol P1 . If i obeys P3

5-——’ 5-~~~ --55 -~~~~—5- --55 ---5
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with respect to j at DMalpha~ 
then i obeys P1 with respect

to j at DM l h .  The difference between P1 and P3 is that

P1 allows any t imestamp to appear in the read condition

while P3 requires that timestamp to be TS~~.

Our earlier remarks about NULLWR ITEs and SENDNULLs apply

here as well. We noted under P1 that choosing a timestamp

for the read condition was important to avoid lengthy

delays . Since the read condition timestamp is the

transaction ’ s timestamp in P3, we must be careful to run

the P3 transaction as early as possible —— early enough so

that READ messages need not wai t  for many WRITE messages

but not so ear l y  as to re qu ire its bein g re jecte d .

2.2.10.3 Implementing Protocol P2

As with the other protocols , P2 is Implemented using read

conditions. If i must obey P2 with respect to

t r a n s act ions in classes 3 an d ‘
~~~, then it must a t tach  a

read condition <TS , U3,i~}> to each of Its READ messages

tha t  are sent to a DM tha t  processes conf l ict in g WRITE

messa ges from 3 or ‘

~~~~. As in P1 , an y t imestam p for the

read condition will do. Since some DMs will only process

conf l I c ti n g WRITE messa ges for either  15 or i~ (but not

bot h) these DMs w ill onl y us e one of the two classes in

- - - - - - - - 5 - - - - - - - --5 .- -- - - -  - - - 
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the second read condition parameter. If i conflicts with

WRITE messages from 15 and k at onl y one DM , an interesting

optimization is possible. Rather than specifying the

timestamp TS in the read condition , the DM can select the

timestamp itself. As long as there is some time , TS , such

that all earlier WRITE messages and no later WRITE

messages from 15 and i~ have been processed , P2 will be

obeyed . However , if two or more DMs are involved , the

t imestamp must be f ixed in advance , because all DMs must

use the same timestamp ; they cannot choose timestamps

independently.

2.2.11 P~~: A Cycle—breaking Protocol

Although P1 , P2 , and P3 are suf f ic ient  to guarantee

ser ia l izabi l i ty ,  from an e f f i c iency  standpoint these

protocols have a very serious problem . The problem is

that a single class can cause many cycles and thereby

force many classes to use P2 and P3, even t ho ugh v ery  few

t ransac t ions  are ever run in that c lass.

While we expect that the vast majority of transactions

that we wish to execute are predictable and belong to

predef ined c l a s s e s , we still want to be able to execu te  an

unexpected transaction that does not fit into any of our

~
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class definitions. One way to accomplish this is to

def ine a ver y “large ” class , call it ‘total’ that has a

read— set and wr i te—set  that includes the ent i re logical

• 

- database . Every conceivable t ransact ion can fit into

‘total’ so this apparently solves the problem . But the

cost  is enormous , for ‘total  induces a two—c lass  cycle

with every other class in the system . So , every class has

to run P3 against ‘t o t a l ’  and ‘total has to run P3 against

eve-y other class. Since P3 is the most expensive

protocol , t hi s is an u n f o r t u n ate st ate o f a ff ai r s .  It is

es pec ially unfortunate becaus e t ransact ion s w ill r arely

need to execute in ‘to ta l’  since most t r a n s a c t ions f it

into other less expens ive c lasses.  So , ‘total introduces

consi derable synchronization overhead for synchronizing

against a c lass that will rarely run a t ransact ion.

In general , any c lass in which t ransact ions are only

in f r e quent l y run , but whi c h crea tes man y cycles in the

conflict graph , exhibits this phenomenon. Although the

pro b lem of pro li f e r a t ion of cycles is es pec ia l ly acu te in

‘tota l ’ other classes with smaller read—sets and

wr ite— sets may manifest the same problem .

To a l l ev ia te these pro b lems we in t r o d uce a new pro to col

called P14 , the pur pose of whic h is to “break” cycles in

the conflicL graph. That is , i f a c lass runs  P14 , t hen

__________  - - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-- —
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other classes that are in a cycle with the P14 class can

behave as if the cycle did not exist .

One way to implement P14 is to shut off the system when a

P14 transac tion is introduced . No new transactions are

processed and the system works until all outstanding WRIT J~

messages from transactions alread y in progress have been

processed . When the system has finally quiesced , we c an

safely run the P14 transaction serially. After all of the

p14 transaction ’s WRITE messages are processed , we can

safely permit the system to process transactions again.

Since the execution before and after the p14 transaction

ran was serializable (by the serializability theorem ) and

since the P14 transaction ran serially, the entire

execution is serializable.

Of course , this implementation is likely to be

unacceptable due to the severe performance degradation

that results from shutting off the system , even

temporarily. To improve the protocol , we first observe

that a p14 t ransact ion need only synchronize against

classes tha t lie on a cy cle that inclu des the P14 c lass ,

since only classes on cycles can cause nonserializability.

Second , we no te that even these classes need not quiesce

completely before running a P14 transactions. Only

con fl ic ting WRITE messa ges must be com pleted before the p 14

~

1._

~

_ 
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t ransact ion executes and allows the other c lasses to

resume processing. WRITE messages that do not conflict

with READs in the same cyc le cannot a f fec t  the ordering of

transact ions in the serial izat ion according to rules

( 1 ’ ) — ( 3 ’ ) , and therefore they do not require

synchronizat ion under P14.

The implementation of P4 differs structurally from the

other protocols in two ways . First , P4 requires some

direct communication between TMs . By this communication ,

the p14 class requests that certain other TMs perform

synchron ization to avo id conflicting with the P4

transact ion. Second , P4 requires an augmente d form of

read condition. Recall that a standard read condition is

a pair of the form <timestamp, {classes}>. For p14 , the

timestam p may be inter preted as a “m in imum time” , i.e.,

<m intime~ timestam p , {classes}>. This condition is

satisfied if all WRITE messages from {classes} timestamped

less than “t imestamp ” have been received . It does not

require that no messa ges from {classes} timestam ped

greater than “timestam p” be rece ived (as in standard read

condit ions)

To im plement P4, we use three additional types of messages

that are sent from TMs to TMs (not from TMs to DMs). A

P4—ALERT message is sent from a ~ 14 class to some other

I 

-.~~~~~~~ _ _ _ _ _ _  _ _
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c lass .  A P14 —ALERT messa ge includes the name of the P14

c lass  and the timestamp of the P14 transaction as its

parameters.  A c lass responds to a P14—ALERT wi th either a

P14—ACCEPT or a P 14—REJECT.

To run a t ransact ion i~ 14 in the P14 c lass ~~~ one pe r f o r m s

the following steps:

1. Choose a timestamp for ~~~ say TS~ 4.

2. Send a message P14—ALERT (TS~ 14) to every class that

lies on the cycle with in the conflict graph .

3. Wait for the P14—ACCEPTs to be received from all

classes to which a P4—ALERT was sent. If a

P4—REJECT is received , t hen r e s t a r t  t he protocol

from step 1.

4. Con struct the READ message for i1,14. For each

DM al pha and class 3 such that <r’P14 ,wJ > lies on a

cycle and 3 send s WRITE messa ges to DM alpha t hat

can confl ict with attach the read con di tion

<TS~ 14 , {•J}> to R a~ pha •
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When a TM receives a P14—AL ERT (TS~ 4) for a part icular

class , 3, it performs the following steps:

1. If 3 has run or begun running a transaction with a

timestam p greater than TS~4, then respond to T~~ by

sending P4—REJECT. Otherwise , send P4—ACCEPT and

do not run another transaction in 3 timestam ped

earlier than TS~4.

2. In processing the next transaction run in 3, say j,

for each DM al pha to which j sends a READ message

and for each class i~ such that <r
j
,w~

C> lies on a

cycle with and i~ sends WRITE messages to

DMalpha~ 
attach the read condition <mintime~TS~ 4,

ti~}> to R
~ lpha • These conditions are in addition

to those normally carried by R
~1pha • (Note: Only

do th is step for the first transact ion in 3 with

timestamp later than TS~4.)

_______________________
-~ —.-- — —.—.— ..— .-— - — -—- — s .— - -  — — ~~~~~~~~~~
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2.2.12 The Concurrency Monitor

The implementation of the run—time concurrency control

mechanism primarily lies in a so f tware  module at the DMs

called the Concurrency Monitor. The Concurrency Monitor

at a DM acce pts READ , WRITE , and NULLWRITE mes sages from

TMs an d sched ules the ir execut ion at the DM. In essence ,

it is responsible for determining the ordering of events

for local DM logs. In this section we will describe the

operation of the Concurrency Monitor. As we will see , the

mechanism is quite simple.

The Concurrency Monitor accepts and schedules messages of

three types:

WRITE (TS, CLA SS, UPDATES )

TS is the timest am p of the transa ction issuing the
WRITE , an d CLASS is its transact ion cl ass . UPDATES is
a list of data item identifiers and values. When a
WRITE is processed , the indicated data items are
updated to the specified value s according to the
WRITE Message Rule (see Section 2.2.4.)

NULLWRITE (IS, CLASS )

This messa ge indicates that all future messages in
CLASS will have timestamp greater than IS. Processing
the NULLWRITE sim ply invo lve s tak ing note of this
fact in the internal tables of the Concurrency
Mon itor.

~~~~~~~~~~
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READ (IS , CLASS , READSET , CONDITIONS)

• IS and CLASS are the t imestamp and t ransact ion  c lass
• of the t ransact ion  issuing the READ message.

CONDITIONS is a list of read conditions assoc ia ted
• wi th the READ message.  Processing a READ involves

reading the current values for data speci f ied by
READSET into a local t ransact ion “workspace ” .

The read condit ions have the following format :

<TYPE , CLASSES , TS >

• CLASSES is a list of t ransact ion c lasses .  TS is
either a t imestamp or is blank , depending on TYPE. If
TYPE is “norm al” , then the read condition is
satisfied when all WRITE messages from the listed
classes with timestamps less than IS have been
processed , but no WRITE messages from those classes
with greater timestamps have been processed .
“Normal ” read conditions are used in all four
protocols. if TYPE is “DMchoice ” , then the TS
specification is blank; the read condition is
satisfied when the condition for “normal” read

- conditions can be satisfied for some selected value
- for TS. “DMchoice ” read conditions are used in

protocol P2. If type is “m in t ime ” , then the read
condition is satisfied when all WRITE messages from
the listed classes with timestamps less than TS have
been processed . “Mintime ” read conditions are used in
the P14 protocol .  The TS speci f icat ion in a read
condit ion is a lways less than the t ransact ion TS
spec i f ied in the READ message i tself .

The DM returns an ACCEPT — READ message when all the read

conditions on a READ message have been satisfied and the

READ has been processed . If the read conditions cannot be

satisfied , even by waiting for new WRITE messages to be

processed , then a REJECT — READ message is returned to the

originator of the READ.
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The function of the Concurrency Monitor is to schedule the

processing of READ and WRITE m essages un der the

• const ra in ts  imposed by read condit ions. READ messages can

be processed as soon as they are satisfied . While WRITE

messages should be processed without unnecessary delay,  a

WRITE message will be delayed if its immediate processing

would cause the re ject ion of a pending ? EAD message. When

a READ message is received , it is checked to see if it is
• immediately re jec tab le .  If it is not , then the READ will

eventual ly be sat isf ied , because the Concurrency Monitor

will not process any WRITE messages that will cause it to

be rejected .

The Concurrency Table shown in Figure 2 .15.1 , contains the

informa ti on need ed by the Concurren cy Mon itor to resolve

• the status of read conditions. For each class , it holds a

timestamp associated with the most recently processed

WRITE or NULLWRITE message and a pointer to a queue of

pending messages from that class to be processed . Within

• eac h queue , READ and WRITE messages appear in increasing

t imesta mp order . This follows from the pipelining rules ,

and the fact that messages are guaranteed by the network

to be rece ived in the same order that they were sent. The

Concurrency Monitor schedules the messages on each queue

in the order that they appear . The message at the head of

the queue is said to be immediately pending .

L _ _ _ _ _ _
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The Concurrency Table Figure 2.16

Class timestamp of timestamp of pointer to
most recently most recently pending message
processed processed queue
WRITE NULLWRITE

1425 179 1425221 >

The Concurrency Monitor chooses the next message to be

processed based on the following criteria:

1. Process any pending NULLWR ITE .

2. If there are none , process any immediately pending

WRITE , as long as this does not ca use any pending

READ to be re jec ted .

3. If there are no such WRITEs , process any

immediately pending READs whose read condit ions are

sa t is f ied .

It is important that the Concurr enc y Monitor not

indefinitely postpone the processing of any immediately

pending message either due to timing anomalies or

deadlock. One way to guarantee this would be to schedule

~~~~~~~~~ .
•~~~ •~~~~~~~~~~~~~~~~~~~~~~

—• 
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immediately pending messages according to the following

priority rule. The priority of an immediately pending

NULLWRITE or WRITE messa ge is the TS par ameter in the

message ; for a READ message , it is the lowest timestamp

in an unsatisfied read condition in the READ. The

Concurrency Monitor schedules smallest—priority— first.

We need to show that the smallest priority message can be

processed within finite time. Let M be the message with

lowest priority. If M is a NULLWRITE , it can be processed

immediately. If M is a WRITE , then it will be held up

only if there is an immediately pending READ with a read

condition that has a timestamp smaller than M ’s. But then

the READ would have a smaller priority than M ,

contradicting the choice of M . So , the WRITE can be

immediately processed . Suppose that M is a READ. If it

can be immediately processed then we are done. So , assum e

not and that <TSR, {i,...}> is its unsatisfied read

condition with lowest timestamp . Let M’ be the

immediately pending message on l’s queue. If the queue is

empty, a WRITE or NULLWRITE messa ge w ith t imest amp greater

t han TS R w ill eventually appear on l’s queue , since there

are only a finite number of timestamps smaller than TSR.
If M’ is a WRITE , then M’ must have a t imestam p greater

than T3R (by choice of M) and the READ condition is

already satisfied , a contradiction. Similarly , M’ canno t
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be a NULLWRITE. If M’ is a READ , it must have an

unsat is f ied read condit ion <TS~~, (. . .)> with TS~ > TS R (b y

choice of M ) .  By pipelining rule C 3 , any WRITE message

• fol lowing M’ has t imestamp greater than M’ , and , as

mentioned earlier , the timestamp of a transaction must be

greater than the timestamp of its read condition. So , by

transitivity, every WRITE message from I will have a

timestamp greater than TSR and again <TSR, {l ,..J > is

satisfied , a contradiction. Hence , t he READ can be

processed immediately. Since there are only a finite

number of timestamps less than any priority , this also

argues for proper termination , since every message will

eventually be the one with the lowest priority.

It may not be wise to strictly follow this priority rule ,

sin’~e a lowest priority READ may wait for a while for all

the necessary WRITEs to arrive. This would unnecessarily

create a large backlog of other unprocessed messages.

However , the above argument demonstrates feasibility ; of

course , an y mor e e f f ici ent  v ar ia t i o n  wh ich neve r

indefinitely postpones is also acceptab le .
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2 . 2 . 1 3 Advan tages  of the S DD— 1 Concur rency  Control

Mechanism

• The SDD— 1 approach to concur rency control is in many ways

quite d i f ferent  from other proposed mechanisms. We see

many strengths in the approach.  Unfor tunate ly,  there are

few analytic methods for verifying these strengths , say by

comparing the re la t ive  performance of our mechanism to

other database concurrency contro ls .  Furthermore , most of

the proposed mechanisms are not yet implemented , so

empirical comparisons are not possible ei ther.  Hence , the

analys is  of our mechanism must necessar i ly  be more

intuit ive than mathematical . The specific criteria on

which we base performance comparisons include: the amount

of communication required to synchronize t ransac t ions;  the

average delay incurred by a transaction due to concurrency

control ; the amount of concurrency among transactions

allowed by the concurrency control ; ard the overhead

involved in making the mechanism resilient to

• communications an d nod e fa i lur es.

At the architectural level , the SDD— 1 concurrency control

mechanism has two important properties. First , the

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~~~~~~ —-.—~~~~~ • ~~~~~~~~~~~~~~~
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architecture makes a strong separation between concurrency

control issues and those of query processing and

rel iabi l i ty. From a projec t maragement standpoint , this

separat ion allowed us to a t tack  the concurrency control

problem independently from and in parallel with query

processing and reliability problems. From a soft ware

• engineering standpoint , this div is ion of labor led

naturally to a division of function in so f tware

com ponents. The concurrency control mechanisms are

isolated in a small number of modules , making them easily

modif iable and tunable.

Second , the architecture fully distr ibutes the concurrency

control . While each t ransact ion is controlled from a

single site , di f ferent  sites are concurrent ly supervising

the synchronization of many di f ferent t ransact ions .  No

one si te is in charge of any sys tem —wide  ac t i v i ty .  The

main advantage of this full distribution is enhanced

reliabil i ty. A site failure only a f f e c t s  t hose

t ransact ions execut ing and/or using data at that site .

However , it is in the specific synchronization mechanism s

that the most important advantages lie: confl ict graph

analys is  and the t ime stamp — based protocols. We believe

the technique of conf l ict  graph analys is  to be our most

important contr ibut ion. By preanalyzing t ransact ion

— -- —~~~~~~~~ - -—~~~~. -•.——---•-- - — . — .  —.---- •-- ——— •—-•---~~—- • ~~•- 
- — -- - — — — —•  — ,-- -- .- —---
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conf l ic ts , the number of t ransact ions that need to be

synchronized is dras t ica l l y  red uced . This has a

beneficial  e f fec t  on all aspects of concurrency control

• per formance.  It al lows more concurrency among

t ransact ions;  and for those t ransact ions that require

little or no synchronizat ion it cuts delay , communications

overhead , and cos ts  assoc iated wi th resi l iency mechanisms.

As shown in [BERNSTEIN and SHIPMAN b~~, the technique is

• quite general and can be used with a var ie ty  of

synchronizat ion protocols , including conventional locking .

In principle , every proposed concurrency control mechanism

could be improved by adding confl ict graph analysis as a

• preprocessing step to eliminate run—time synchronizat ion

for some trans ac t ions.

The timestamp—based protocols , {P1 ,P2,P3, P14 } , also offer

important advantages over other proposed concurrency

contr ols. Fi rs t , t he us e of times tam ps to reso lve  r ac es

among t ransact ions eliminates the possibility of deadlock .

Deadlock detection must be incorporated in any locking

system and induces communications cos ts  that the SDD — 1

mec hanism avoids. Second , the protocols s ynch ron i ze

• t ransact ions only against name d transact ion c lass es.  Ev en

if two transaction classes must be synchronized relative

to certain data , other c lasses can c o n c u r r e n tly  access

that data; in fact , other classes can independen tly be

____________________________ _ _ _ _ _  -44
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synchronized against that ve ry  same data without a f fec t ing

the f i rst  two c lasses  at all. This is in contrast  to

• 
• locking protocols , which set blanket locks that apply to

all t ransact ions  that access  the shared d a t a .  Third ,

SDD— 1 offers a range of synchronization protocols.

Protocol P2 is a fast synchronizat ion protocol for

read—only  t ransact ions that can af ford to read an old , but

consistent copy of the database . While with a locking

st ra tegy read—only transactions could choose not to lock

the data they read , that unlocked data may be

incons is tent .  Protocol P14 al lows infrequently executed

t ransact ions to take a larger share of the synchronizat ion

burden . By running such t ransact ions under p14 , other

f requent ly  executed t ransact ions can run P1 wi th  less

delay and more concurrency than they would obtain if they

ran P2 or P3 as otherwise required . The P14 capability is

currently unique to the SDD — 1 mechanism . 

_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2.3 Reliability Mechanisms in SDD-1

We deal in this sect ion wi th the problem of assuring the

continued and correct  operation of SDD— 1 in the face of

fa i lures of s i tes or communications fac i l i t ies .  These

mechanisms d iv ide natural ly into three domains: those

concerned with the reliable operation of the query

processing mechanism , those concerned with the reliable

operation of the concurrency control mechanism , and those

which seem to derive from the distributed environment and

are no t peculiar to SDD—1. These latter mechanisms are

structured into a layer of software called the “reliable

network” .
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2 .3 .1 Mechanisms in the Rel iable Network

2. 3 . 1 . 1  The Network Clock

The Reliable Network contains the clock used by SDD— 1 to

assign t imestamps . This clock is also used internally by

the Relnet for message t imestamping.

The network clock is a logical clock. The only guarantee

is that the timestamps it generates are unique and that

they are assigned in monotonically increasing order . Thus ,

the clock is advanced after each timestamp assignment. The

c l o c k  m a y  a lso be “bumped” to a particular time , s k i p p i n g

over  t he in t e r m e di ate  times tam ps , but it may never be

retarded . To insure that timestamps are globally unique

across the network , the local site number is appended as

the t imestamp ’ s lowest—order  b i ts.

For purposes of e f f ic ient  operat ion of SDD — l ’ s concurrency

protocols , however , it is desirable for the clocks at all

sites to be synchronized as closely as possible. To this

end , a rea l—t ime clock is also maintained . The rea l—t ime
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c locks are assumed to be synchronized . The logical c lock

u3ed for t ime sta rnping is a lways  kept ahead of the

rea l—t ime c lock.  This is accomplished by bumping the

logical clock to the rea l—t ime clock value at each

rea l—t ime clock t ick.  Thus , the logical clocks at each

s i te  will di f fer from rea l—t ime by the number of

timestamps assigned since the last real—time clock tick.

By making the logical clock increment a small enough

fraction of a real— time clock tick , the logical clock can

be kept arbitrarily close to the real— time clock. Below ,

any references to “the clock” will be to the logical

t imestamping clock , not the real—time c lock.

We utilize the technique proposed by [LAM PORT] to

coordinate the logical clocks at each s i te .  In this

scheme , each message , as it is being sent , is assigned a

t imestamp. This message t imestamp is read by the receiving

site and its local clock is bumped to have at least that

va lue . By use of this technique , we can guar antee that if

one message is logically dependent upon another message in

the system , it will have a greater t imestamp.
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2.3.1.2 Message Acknowledgement

Upon rece ip t of a messa ge , the rece iv ing Relnet so f tware

will place the message on secure storage (e.g. disk) and

then send an <Ack > back to the sending site . The sender

• Relnet can then discard its local copy of the message and

inform its caller that the message has been delivered .

(Note : Th is ac knowl edgement is di st inct from the Ar panet

level acknowledgement used to prevent lost messages.)

2.3. 1.3 Status Monitoring

A site is considered “down ” when it fa ils to ac knowledg e a

message with in a specified timeout period . Sites may also

be marked down explicitly by the TM or DM software , if its

behavior seems to be unusual for any reason. When a site

is marked down , it is sent a <You ’re Down> message. Upon

receipt of such a message (if the site is in fact up) it

must stop all transactions in progress and simulate a

• failur e followed by recovery. This harsh requirement

insures that s i tes are uniformly cons id ere d down by all

sites in the network , rather than down by some and simply

sluggish by others.

- --~~~~~~~~~~~~~~
-- -
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• Recovering sites send an <I’ m up> message to all other

• s i tes .  This causes the site to be marked “ up ” .

A process using the Relnet may request that a s i te be

failure watched. If the site fails , the process will be

informed of this within a specif ied time after the

failure. This must occur even if there is no ordinary

message traffic with the site . Failure watching is

accomplished with the use of <Probe> messages. After a

given probe interval has elapsed since the last

communication with the site , a <Probe> message is sent .

The <Probe> is considered a no—op, but it must be

acknowledged . Lack of acknowl edgement for a <Probe>

message indicates the si te has failed .

A process with an outstanding failure watch on a site will

also be informed of the site ’ s failure if an <I’ m up>

message is received . Receipt of the <I’ m up> signals that

the site had failed and recovered before a probe message

was able to detect the failure.

A recovery watch may also be requested against a site . In

this case , the requesting process will be informed upon

receipt of an <I’ m Up> message from the site .

_ _ _ _  -~~ • —  -
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2.3.1.4 Spoolers

2.3.1.14 .1 Spooler Overview

Eac h site has a designated list of spooler sites. When a

s i te is down , an y messages destined for it are sent to the

spooler sites instead . At the spooler sites , a proces s,

called the spooler, will receive the message and buffer

it. The spooler behaves as a remote input buffer for t he

fa iled site . When the failed site recovers , it retr ieves

its messages from the spoolers.

By des ignat ing more than one spooler per si te , the DBA can

increase the likelihood that , even in ca ses where t he

s poolers themselves fa il, it will be possible for the

recover ing recipient to retrieve all of its messages.

Because it is possi b le for spoolers to fa il and re cover

while they are spooling and because it is possible for

spoolers or the recoverin g recipient to fail during the

• despooling process , the algor i thm for d es pool ing is

somewhat intr icate .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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2.3 .1.14.2 The Last Message Vector

To support the spooling mechanism , each site maintains a

Last Message Vector. This is a vector with one entry per

site that records the timestamp of the ldst message

received from that site. Since Arpanet level mechanism s

prevent messages from being received out of order , we can

assume that any message that is received from a site with

timestamp less than or equal to that recorded in the Last

Message Vector is a duplicate of an earlier message. Such

messages are acknowledged but are subsequently ignored .

2 .3 .1.14.3 Basic Spooling Algorithm

We first describe the basic algorithm which operates in

the absence of such untimel y failures. Upon recovery , the

rec ipient site issues an <I’ m up> message to all other

sites. Those sites which had been spooling messages for

the recovering site stop spooling . The transmitting sites

will now send any new messages directly to the recipient.

If a transmitting site had been in the middle of spooling

a message when the <I’ m up> was received , it sends that

~~~~
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mes sage directly to the recipient. This message may or may

not also be foun d in some of the spoolers , but t he s ystem

has been de sig ned to elim inate dup l icate mess ages in any

case. The recovering site then chooses a spooler and sends

it a <Despool> message . The spooler will forward the

messa ges whi c h it has been buffer ing . The rec over ing

recipient will place these messages in its input queue and

may begin processing them . During the despooling process ,

messages which are directly received from a sender are

kept in an intermediate despooling buffer. When the

spoo ler has sent all its buffered messa ges , it sen d s t he

rec ipient an <Empty> message. Upon receipt of the <Empty>

from t he spooler , the recipient will begin removing

messages from the despooling buffer. When the despooling

buffer has emptied , normal messa ge rece pt ion resumes with

messa ges be ing place d d irectly into t he input buffer at

the recipient site .

Rather than make use of the despooling buffer , we could

have chosen to have the se nders hold their messages during

despooling , sending them to the recipient only after the

spoolers had been emptied . This makes for a conceptually

sim pler a pp roac h , but has the side—effect of keeping

messages at the sender sites unsent , and hence

unacknowledged , for perhaps quite long periods of time.

So long as its update messages are unacknowl edged , a
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t ransac t ion  cannot complete.  And other t ransac t ions

wa i t ing  on the complet ion of that t ransac t ions  are also

held up. Therefore the approach of holding up messages at

the sender sites was rejected .

Another approach would be for the sender sites to continue

spooling messages while despooling was in progress .

Because the recipient will presumably be able to despool

faster than the senders can spool (or else the system

would clog during normal operation) , the spooler will

eventually empty. This alternative , however , is somewhat

more intricate as well as having the disadvantage that the

messages which are spooled during despooling will be sent

through the network twice.

It is worth noting at this point that the various spoolers

for a recipient will not necessarily have identical

message streams. Because messages are being received from

dif f e r e n t  sources , it is possible for messages have

different orders in different spoolers. For example , if A

an d B are sen di ng a messa ge con currently to two s poo lers

Si and S2, it is possible for A ’s me ssa ge to a r r ive f irs t

at Si and B’ s message to arr ive f irst at S2. It should not

matter , however , which spooler is chosen for d es pool ing ,

because either contains an ordering which could have

occurred at the recipient had it been up.

- -—--- -
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2. 3 . 1 . 4 .4  Spoolers Which Have Crashed

One problem not addressed by the basic scheme is the

s i tuat ion where some spoolers are down at the t ime

d es pool ing begi ns. In this case those spoolers are s imply

ignored and are not sent <Despool> messages. If all

spoolers are down , then it will not be possible for the

recovering site to obtain its messages. Hopefully ,

spoolers  will have  been chosen so as to ma ke t hi s a highly

unl ikely occurrence.

Anot her pro b lem occur s in the case of s poo lers go ing down

wh ile they are despooling . In this situation a new spooler

is chosen to despool from and is sent a <Despool> message ,

exten d ed to include the Las t Messa ge Vector current at the

time when the <Despool> is sent. The spooler will examine

each message before sendi ng it and w ill di scar d any

messa ge whi ch has alread y been rece ive d by the re cover ing

recipient , thus el iminat ing the need to retransm it

messa ges whi ch had prev iously been forwar d ed by anot her

spooler .

~ 
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• 2. 3 . 1 .4 . 5  Spoolers Which Have Crashed and Recovered

A third si tuat ion not addressed by the basic algorithm is

one in which spoolers have fai led and recovered  during the

period in which the destination site was down . In this

situation , the spooler will have gaps during which it was

not able to buffer messages for the dest inat ion.  Our

solution to this problem is to have spoolers which have

fai led insert a special <Gap> message in their message

s t reams when they recover . This <Gap> message will

indicate the position in the message stream during which

the spooler was down .

While despooling , if the spooler encounters a <Gap >

message in its message stream , it will send a <Gap>

message to the recovering destination site . The <Gap>

message will remain in the message stream , however . Af ter

sending the <Gap> message the spooler stops despooling .

The d est inat ion s i te then chooses a new spooler to d es poo l

fr om. It sen d s t he newl y chosen spooler a <Despool>

• messa ge con tai n ing the current Last Mess ag e Vect or. As

previously discussed , messages are discarded based on the

Last Message Vector. A <Gap> message may be discarded if

_ _ _ _ _ _  
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all previous messages are discardable and if the following

message is discardable. Despoo ling begins with t •~~~ f i r s t

message which cannot be discarded . Note that this may be a

<Gap > message.

The recover ing site ’ s algorithm is now as fol lows . A

spooler is chosen and <Despool> is sent , along with the

current Last Message Vec to r .  When and if a <Gap> message

• is encountered, then a d i f ferent  spooler is chosen .

<Despool> and the current Last Message Vector  are sent to

it. Subsequent <Gap> messages cause a new spooler to be

chosen for despooling . If all of the spoolers send <Gap>

messages when given the same Last Message Vector , then

there must have been a period of time when all of the

spoolers were down . The messag es sent during that period

are lost . Again , hopefully spoolers will be chosen so that

this is an ext remely  rare occurrence.  More l ikely,

however , is that an <Empty> message will eventually be

received from some spooler . At that time the despooling

buffer is emptied and normal operation proceeds as

previously described .

2. 3 . 1 .4 . 6  Aborted Recovery  Attempts

A fourth problem not addressed by the basic despooling

______________________________________________________________________ - —a-
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strategy is what happens when the recovering reci pient

• fails while it is in the midst of the despooling

operat ion.  The d i f f icul ty here is that the sending site

will have been sending messages d i rec t l y  to the

rec ip ient’ s despooling buffer and will , upon fai lure of

the recipient , begin spooling its messages again. In order

to reconstruc t the correct message sequence , messages from

the despooling buffer will have to be interspersed into

the message stream from the spoolers.

This problem is solved as fol lows . Upon recover ing , a

timestamp is obtained and designated the Recovery

Ti mnestamp . This Recovery  Timestamp is unique and serves to

identi fy recovery  at tempts made by the recover ing

recipient. After coming up, the recovering recipient puts

a Recovery  Marker at the end of its despooling buf fer .  The

Recovery Marker is flagged with the current Recov er y

Timestamp. It then sends <I ’m up> messages to all the

sending s i tes.  Af ter  these are acknowledged , it sends a

<Re covering> message to all its spoolers . The <Recovering>

message contains the Recovery Timestamp for this recovery.

Upon receipt of the <Recov ering> message , each spooler

will place an <Empty > message , flagged with the Recovery

Timest am p , at the end of its message queue . Thus , <Em pty>

messages will be sent automatically because they appear

explicitly in the spooler ’s messa ge str eam.

-~~ - -  ~~~~~~~~~~~~~~~ ••~~~~~~~~~ _ •  •~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~~~~~~ á~~~~” ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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Now the recovering recipient performs the despooling

• procedure as previously described . When an <Empty> message

is rece ive d , however , it checks whether the Recovery

Timestamp with which the <Empty> message is flagged is the

sam e as the curren t Rec over y Timest amp . If it is , then the

des pool in g bu f f e r  is d ra ine d of its messa ges an d messa ge

communication proceeds as normal . If it is not the same ,

then the <Empty> message had been placed during an

earl ier , aborte d , recover y attem pt .  In this case , the

despooling buffer is emptied only up to the first Recovery

Mar ker with Recover y Timest amp greater than the one

associated with the <Empty> message which had been

• received . This will retrieve exactly those messages placed

in the despooling buffer during the aborted recovery

attempt . At this point , the despooling procedure simpl y

cont inues des pool ing from the selecte d spooler unt il

even tually an <Empty> message with the appropriate

Recover y Timestam p is rece ive d .

Note that <Empty> messages in the spoolers and recovery

marker s in the des pool ing buffer are linked by the ir

assoc iate d Recovery T imestam ps. Thus , despooling following

aborte d recovery attempts w ill procee d correctl y , even if

the recover ing rec ipi ent had cras hed in the m idd le of

sending <Recovering> messages to its spoolers. 

~ •• -~~ --~~~~~~~~~ ---- - -~~~~~~• - - •~~~~ -• - • - - - -~~~~ -- - - •• 
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This final version of the algorithm should cover all the

possible fa i lu re / recovery  situations which can cause

- • 
despooling problems.

2. 3 .1 .5  Transact ion Control

A t ransact ion  is a global operat ion which may be t reated

as an atomic , indivisible operat ion by users of the

system . It is the system ’ s responsibil ity to insure that

part ial e f f ec t s  of a t ransact ion are not observed or

recorded in the database .

The query processing mechanism insures that updates are

mad e to all copies of all data items updated by a

t ransact ion.  The only way ~‘or the effect of a transaction

to be only part ia l ly recorded would be for the t ransact ion

to fail af ter some updates had been distr ibuted but before

all of them had . It is the function of the transaction

control com ponent of the Relnet to deal with this problem .

The concurrency control protocols guarantee that it wj~ll

not be possible for a t ransact ion to observe the partial

e f f ec t s  of other t ransact ions.  This is accompl ished by

having t ransact ions wai t  until all updates from a

t ransact ion have taken place. If a part of a t ransact ion

- •~~~~~~~~ —~~~ — ~~~~~~-••— —~~~~~~~~~ --  .- —— ~~~~
-
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has been lost , then the concurrency control algorithms

wil l  hang wai t ing for it to a r r i ve .

The ap proa ch use d by t he Relnet to solve this pro bl em is

4 based on the use of <Commit> messages. The updates mad e by

a transact ion w ill not ac tua lly be recor d ed in the

database until a <Commit> message is received , and the

<Commit> messages are not sent until all updates have been

distributed . Our approach is an extension of a traditional

tec hnique known as two—phase commit (see [GRAY]).

2.3.1.5.1 Basic Commit Algorithm

The g lobal coor di nat ion of the var ious processes nee d ed to

exe cute a transact ion is performe d by t he transact ion ’s

controlling TM. The controlling TM extracts the

informat ion need ed to process t he re quest and collect s it

at one si te , called the final DM site (see [WONG et.

al.)). The request is then run at the final DM site . If

the re quest is an updat ing request , then a log of data b ase

updates is kept during the request execution. This log is

transforme d into a series of <Write> messages , wh ich are

sent to all si tes wh ich hold co pi es of the upd ate d data

items. The <Write> messages may be interpreted as commands

to the foreign sites to initiate an update process on

behalf of the transaction to perform the local update . 
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All updates , those at the final DM site as well as those

at sites which are responding to <Write> messages , are

performed in such a way that their effects are not seen in

the database until they are committed. Updates may also be

aborted , in which case the update is disposed of and no

change to the database occurs. This is accomplished

through the use of a differential file technique (see

[SEVEREN C E an d LOHMAN ], [EASTLAKE]).

After the final DM site has completed sending all of the

<Write> messages for a transaction , it sends a completion

response to the TM controlling the transaction. The TM

will then send a <Commit> message to all of the sites

where updating for the transaction is to be performed .

Upon receipt of the <Commit > , the DMs will commit all of

the updates for that transaction.

The TM will have a failure watch outstanding on the final

DM site while it is processing the request . If the final

DM site crashes , the TM will discover this and will send

<Abort> messages to all of the sites which might have

received an update for the transaction. The <Abort> will

be ignored at a site if the update had not yet been

requested there. Thus , if some , but not all , of the

<Wr i te > messages from a t ransact ion are sent at the time

the transaction fails , t hen none  of t he u pd ates w i ll be

committed .
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The controlling TM site itself might fail before all of

• 
• 

the <Write> or <Commit/Abort> messages are sent out .

Because of t hi s , a DM wh ich expects a <Commit/Abort>

messa ge (e ither because it is a f ina l DM si te or because

it has received an <Write> message) , w ill Fa ilure Watc h

the TM executing the transaction. If that TM goes down

before the <Commit/Abort> is received , t hen t he DM w ill

initia te a proce d ure to d etermine for itself whet her or

not the updat~ should be committed .

This comm it resolut ion pro cee d s as follows . After no tici ng

that the controlling TM has failed , the DM will query all

of the other sites which should have received the

<Comm it/Abort> message from the TM to determine whether or

not any of them have in fact received the <Commit/Abort>

message. If any have , then this indi cates that a

<Commit /Abor t > message would also have been sent to the

query ing DM , had the controll ing TM sta yed up long enough ,

and hence the update sho uld be committed . On the other

han d , if none of the other DMs had received a

<Comm it/Abort> message , then the update is aborted . Note

that so long as none of the DMs involve d fa il dur ing the

comm it resolut ion proce dure , then all of them will arrive

at the same decision as to whether to commit or abort

the ir updates. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

--
~~~~~~~~~



- •

Semi—Annual  Technical Report Page — 1 2 5 —
S O D—i Design Sect ion 2

To support the commit resolut ion procedure , t he f ina l DM

• s i te  includes wi th the <Write> messages it sends , the

i dent i ty  of the control l ing TM and the list of DM s i tes

which should expect  to rece ive  <Commit /Abor t >  messages.

2. 3 . 1 .5 . 2  Delayed Commits

It is possible that , immediately af ter the controlling TM

sends the first <Commit/Abort> message to a DM , both the

TM and that DM crash. In this case , it will i~ot be

possible for other DM sites which are expecting

<Commit/Abort> messages to determine , during their commit

resolution procedure , that a <Commit/Abort> had actually

been sent .

To deal with this issue , a commit delay may be associated

with a <Commit> message. The commit delay has the effect

that the update in question will not be committed until a

specified real—time delay interval has passed since the

receipt of the <Commit> message. If the DM site receiving

the <Commit > crashes before the interval has passed , then

upon r e c o v e r y ,  the <Commit > is discarded and the DM must

perform commit resolut ion (as  if it had never received the

<Commit > message )

- —— ~~~~~~~~~~~~~ — -~~~• • -  • ~~~- —— —- ~~~~~~ ~~~~ • — - • ~ •— ~~~ - ~~~~ -
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If , d ur ing comm it reso lu t io n , a DM is queried that has

received a <Commit> but for which the commit delay

interval has not yet elapsed , then the response to the

query will include the remaining delay time interval . TL~

querying DM will then behave as if it had received a

<Commit > wi th that time interval .

The purpose of the commit delay mechanism is to prevent

the dangerous effect described earlier where the only site

that had received the <Commit> message crashed shortly

thereafter so that proper commit resolution by other sites

was not possible. The problem was that the one site would

commit the update but the others , because they could not

le arn  of t hi s , would decide to abort the update . With the

appropriate commit delay, the problem would not occur

since the one site which received the <Commit> message

would not have actually committed the update at the time

of the crash . Upon its recovery it would query the other

DM s invo lve d an d l ea rn  t hat it should in fac t  abort  the

upd ate . In o rde r  to insure  pro per o perat ion , the commit

del ay shoul d be set lon g enou gh to ena b le at least  one of

the other DMs to query it before it crashes.

It is not necessary to send commit delays on every

<Comm it> message. A reasonable strategy would be for only

the first few <Commit> messages to have commit delays ,

___________________ ________________ 
-
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since after a number of <Commit> messages have been sent

- 

• 
it becomes very  unlikely for commit resolution to fai l .

The number of <Commit> messages which have commit delays ,

as well as the length of the delays , are an adjustable

system parameter. Fewer or shorter commit delays will

increase the likelihood that the commit resolution

procedure will operate incorrectly.

• The commit delays have the undesirable effect of delaying

the actual updating operations of a transaction and

consequently delaying the initiation of any transactions

which must wait for that transaction to complete . The

result being a decline in system throughput . To alleviate

this , the controlling TM , after sending a number of

<Commit> messages , may re— send (Commit> messages without

commit delays to those sites which ~1reviously had received

commit delays . This would allow the DM to proceed

immediately to commit the update .

2.3.1.5.3 Auxiliary Commit Sites

An alternative approach to the throughput problem

introduced by commit delays is the use of auxiliary commit

sites. These are sites which are placed on the commit

list but which do not have pending updates for the

_____ - - -
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transaction being committed . They are sent <Commit>

messages , however , and are queried during a commit

resolut ion. No commit delay need be sent with the <Commit>

messages to updating sites , providing <Commit> messages

with commit delays are first sent to the auxi l iary commit

sites. Since no update is pending at the auxiliary commit

sites , the commit delays there do not slow system

• throughput .

2. 3 . 1 . 5 . 1 4  Interact ion with Spooling Mechanism

<Commit/Abort > messages are sent to spoolers in the same

way other messages are.  Upon despooling the receiving site

will treat the <Commit /Abor t >  as if it had received it

directly from the sending TM.

To simplify the spooling mechanism , however , spoolers will

not be required to respond to commit resolution queries.

So far as the spooling mechanism is concern ed ,

<Commit/Abort > messages are no d i f ferent  that any other

type of message that it buffers. Thus , s poo le rs  are  not

placed on the commit list. To al low query resolution to

operate reliably, additional auxiliary commit sites are

placed on the commit list instead .

~~~~~~ :• •~~~~:~~~~ ___ •_ •i - - - -~~- --~~~~~~~~~~~~~~ - •— _ _
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2. 3 . 1 . 5 . 5  Commit Resolution by the Controll ing TM

When a TM recovers , it too must determine whether the

t ransac t ions  in progress when it crashed were committed or

aborted . If it had sent no <Commit > messages at all , then

the t ransact ion was e f fec t i ve l y  aborted . If a <Com mit>

message without commit delay had been sent , then the

t ransact ion has been committed .

However , if only <Commit > messages with c ommit delays have

been sent , or if <Commit > messages have only been sent to

aux i l ia ry  s i tes , then whether the t ransact ion was actual ly

committed depends on whether or not the si tes receiving

such <Commit > messages failed before • being queried .

Therefore , in such cases the TM must execute the commit

resolution procedure to determine if the t ransact ion was

committed or not.

The TM never tr ies to resume exe cut ing a transaction upon

i ts recove ry .  Thus any t ransact ion which has not been

committed is considered aborted .

The TM will , upon its recovery ,  issue the appropriate

<Commit /Abor t>  messa ge to the si tes which had been 

— — - — •- - — —r~~ 
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involved with a t ransact ion.  Note that this message will

be spooled for si tes that are down at the time of the TM ’ s

recovery.

2. 3 . 1 .5 . 6  Memory Requirements for Commit Resolution

When a site recovers and per forms the commit resolution

procedure , it will be sending commit queries to the other

s i tes on t he comm it li st for t he tr ansa ct ion  in que st i o n .

The other sites will have to respond as to whether or not

they have received a <Commit/Abort> message for the

transaction. Do sites have to maintain the complete

history of <Commit /Abor t > messages which they have

rece ive d in or d er to res pon d to su ch quer ies? No.

By allowing a TM to commit only one t ransact ion at a time

it is only necessary  for DM si tes to rem ember the last

transact ion which committed (or abor ted) .  The reasoning is

that <Commit/Abort > messages for the previous t ransact ions

will be found in the spooler message stream . Thus s i tes

need remember only the latest transaction for which a

<Commit/Abort > message has been received . For all other

transactions it should respond that it has not yet

received a <Commit/Abort>.

-- — -—-- • —. ~~~~~~~~~~~~~~~ -- —-~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2. 3 .2  Mechanisms for Reliable Query Processing

2. 3 . 2 . 1  Failure of a DM

The controlling TM will issue a Failure Watch against the

DM s in v o lve d in the execut ion of a t ransac t ion .  If any DM

fa i ls  then the t ransact ion is aborted , wi th  <Abor t >

messages being sent to the part icipat ing DMs . The

t ransact ion may then be res tar ted if the data being read

by the t ransact ion is avai lable at other DMs.

It should be noted that even though the restarted

t ransact ion would be issuing its <Read > messages to

d i f ferent  TM5 than before , the concurrency control

protocols it uses do not change. This is a result of the

fact that these protocols are based on the Class Confl ict

Graph , which is independent of which DMs a t ransact ion

reads its data from . 

- - --~~~~~~ ~~~~~~ - -~~~~~~~~~~~~ - - - • -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~-- • • .~~~- • • -
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2.3.2.2 Failure of the Controllin g TM

DMs , after receiving a <Read> message from a controll ing

TM , will issue a Watch on that TM. If the TM fails before

the transaction is completed , but before any updating has

taken place , then the transaction is aborted . If the TM

fails after updates have taken place , then the commit

resolution procedure descr ibed in sect ion 2.3.5 is

invoked .

2. 3 .3  Reliable Operation of Concurrency Control

Mechanisms

In this sect ion we will descr ibe the mechanisms by which

the concurrency control algorithms are mad e resilient to

fai lures of s i tes and communications fac i l i t ies.  These

mechanisms provide two kinds of protect ion.  First , the

system must continue to operate cor rec t ly  in the face of

suc h failures. That is , t he ser ial iza bili t y guarantee must

be maintained . Second , the proced ures by which this is

done must not force protocols to wai t  for failed si tes to

recover before they can safely proceed . Otherwise ,
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t ransact ions at non—fa i led  s i tes could exper ience

arbitrarily long delays before being al lowed to run .

We need to consider three issues arising in the READ phase

of a transaction:

1. the possibility that some data item in the read— set

is not available.

2. the steps taken by the Concurrency Monitor when a

read condition requires wait ing for additional

WRITE or NULLWRITE messages from a site which is

down . Because the site may take arbi t rar i ly  long

to recover , the Concurrency Monitor must be able to

proceed in resolving the read condition without

waiting for additional messages from that site .

3. the P4 protocol must be extended to deal with the

situation in which an ACCEPT /REJECT response to a

P14—ALERT message is required from a failed TM.

Here again , it is unacceptable to wait for the

fa i led site to recover in or d er for it to make the

ACCEPT/REJECT decision.

The next three subsections deal with these issues. 

•— • • - — • — - --~~~~~~~ •~~• 
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2 .3 .3 .~ Data Item Not Avai lab le

If all physical copies of a data item are unavailable

because the DMs at which they are stored have failed , then

the transaction cannot proceed . It is aborted and the

user is informed .

It may happen that the originally chosen physical copy of

the data item is unavailable , but that another copy of a

data item is available at a different DM. In this case ,

the other copy is used for reading instead . It should be

noted that the choice of which physical copies are

to be read by a transaction does not affect the protocols

which it must run . This is because the protocol

re quiremen ts are ex presse d sole ly in term s of logic al d ata

item conflicts between transaction classes.

~~~~~~~~~~~~~
• -~~~ ~~
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2.3.3.2 Read Conditions

When the timestamp on a read condition against a class is

greater than the timestamp on any message which has been

received from that class , it is necessary to wait until

some message from that class arrives which has a greater

timestamp than the read condition ’s. Only by waiting for

such a message can the Concurrency Monitor be sure that it

has knowledge of all WRITEs from that class with

timestamps less than that specified in the read condition.

If , however , the class in question runs at a TM which is

down , it would seem that the Concurrenc y Monitor would

have to wait for that TM to recover before the additional

messages could be received .

The problem is solved as follows . Upon encountering a read

condition which requires waiting for messages from a

failed site , the Concurrency Mon itor s imply acc epts the

rea d condi t ion. Thi s is soun d for the fol low ing reason.

Upon rec over y , all new transa ctions at the TM in question

w ill have a timestam p greater t han that of the rea d

con dition. This follows from the fact that the read

condi t ion t imestam p i s less than t he t imestam p o f the

~
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transaction which issued it , that all transaction

timestamps are obtained from the network clock and the

fact that the network clock will have necessarily advanced

past the timestamp of the reading transaction by the time

• the failed site recovers. Therefore it could not be

possible for a WRITE message to arrive after the failed

si te ’s recovery which had timestamp less than that

specified in the read condition , and it is thus safe to

accept the read condition immediately.

2.3.3.3 Protocol P4

Protocol P14 calls for the issuing of a set of P14—ALERT

mes sages to a num ber of TMs , and awaiting ACCEPT/REJECT

responses. If a TM is down , it cannot , o f course , res pond

and the P4 t ransact ion woul d seem to hav e to wa it for the

TM ’ s recovery.

Our solution to this problem is to assume an ACCEPT from

any TM wh ich was down at the time of the P4 transaction.

Upon recov ery ,  and before starting any transactions , the

TM must rea d all messa ges whi ch were sent to it whi le it

was down (these have been buffered in the RelNet). If it

finds a P4—ALERT in its message stream , it should process

it as if it had been accepted . This approach is correct

•

~

•
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because : no transactions will have been processed at the

- • recovering TM with timestamp greater than that of the P14

transaction (since the TM was down at the time of the P14);

and all new transactions after the receipt of the P14—ALERT

will have a timnestamp greater than that of the P14

transaction. These are exactly the conditions necessary 
-

for acceptance of a P4 —ALERT.

I
4
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3 . Im provements to Initial SDD—1 Version

• In the previous semi—annual technical report for this

project [CCA c] , it was reported that an initial version

of SDD—1 had been implemented . A major a tivity of the

SDD—1 group over the past six months has been improving

that version of the system and performing tests and

measurements on it. The rest of this section details

- 

these activities.

3.1 Multi—User SDD— 1

The ent ir e struc ture of bot h t he TM an d the DM wa s

re d ef ine d to perm it mu lt ip le users to access the system

simultaneously. The TM was restructured to have one

mon itor fork with separate inferior forks for each

TM—user. This is essentially identical to the

Datacom puter ’s sub—job structure. The main difference

between the Datacom puter ’s s t r u c t u r e  an d tha t  of the TM is

that the TM monitor has the task of handling all inter—

site messages for the user jobs. Essentially, when a

user ’s TM Sub—job wants to send a message to a DM , it 
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tells the monitor and the mon itor actually interfaces to

• MSG to send the message . Similarly, when a user ’s sub—job

wants to receive a message from a DM , it asks the monitor

and the monitor actually interfaces to MSG to receive the

message and then passes the result to the appropriate

sub— job.

The s t ructure of the DM was also modified to permit it to

access up to three Datacomputer sub—jobs simultaneously.

These sub—jobs may either all be used for one t ransact ion

or for two or three . The DM dynamically allocates and

de—al loca tes  sub—jobs as they are requested and released

by the running t ransact ions.  A given t ransact ion ’ s

pe r f o r m a n ce is now depen d ent  to some e x t e n t  on t he overa ll

load on the ent ire system s ince it must com pete at t he DM

for available Datacomputer sub—jobs and these sub—jobs

must com pete with each other for available system

resources.

~~~~~~~
- --•
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3.2 Improvements to the Access Planner

The access planner , the query optimizing module in the TM ,

was im prove d in a number of ways . These in c l u d ed :

• 1. “Incestuous Requests” — An in cestuous re qu est is

one that conta ins mult ip le loo ps over the same

file. The access planner was improved to retrieve

the correct data in these cases.

2. Disjunctive Booleans — The access planner was

im prove d to pro d uce more opt im al s t ra te gies for

queries involving disjunctive booleans . Its basic

techn ique is to a t tem pt to conve r t  a di sjun ct ion of

two c lauses  i nvo lv ing data at two si tes into  t he

un ion of the results of local processing at those

sites.

3. Transitive Closure — A module was added to compute

the t r a n s it ive c losure of the booleans invo lve d in

a query. This technique sometimes reveals

additional semi—joins that can be employed in the

access plan . 

~~• - - •..- - -~~~~~~~~~~ -- - I~~J
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‘4 . Syn tax  Tree Garbage Col lector — During the

opt i r r i i za t ion process in the ac c ess  p la nner , many

• pieces of syntax tree are generated and thrown away

as the system searches for its best s t ra tegy .  A

garbage col lector was added to prevent the t ree

space from becoming exhausted while optimizing

complex queries.

3 .3  Rudimentary Reliability Mechanisms

The reliability mechanisms built into the initial version

of SDD— i are primarily responsible for insuring that a TM

running a transaction is aware of the failure of any of

the DMs with which it is currently dealing. One mechanism

used to do this is similar to the probe techniqu e

described in section 2.4 of this report. If a DM is

cu r r e n t l y pe r fo rm in g a task for a TM , it sen d s “I’m Ok”

me ssages to the TM every two minutes. The TM is then

assured that it is just system slowness that is causing

problem s as long as it receives the “I’ m Ok” messages. If

three m inutes elaps e wi thout an “I’m Ok” messa ge , the TM

assumes the DM is down and reconfigures itself.

_______________
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If the TM is running at tached to an operator ’ s console , it

will ask the operator before declaring the DM down . In

addition , the operator has the capabi l i ty of declaring DMs

up or down dynamical ly .  Using this technique , the operator

can remove a ve ry  slow site from the system for

performance reasons. He can also bring a site back into

the system when it recovers  from a crash .

3 .4  Performance Measurements

I
In order to determine the sensi t iv i ty of our access

planning algorithm to the size est imates used by the

algorithm , a vers ion of the system was implemented that

accessed the real data to compute the exact sizes of the

results of local processing . The access plans produced in

thi s m a n n e r  were com pare d to p l ans  pro d uce d us in g si ze

estimations. The results from about 100 queries (produced

b y S R I ’ s LADDER [SACERDOTI]) indicated that in about 80%

of the queries the strategies produced by estimation and

those produced by accessing the data were the same. The

strategies that differed did so for one of’ the following

r ea sons :

—- - -—•- - • --- ------ - —- — -••----- • - • — 
—-  — —  
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— the size est imater ’ s inability to determ ine the

reduct ion obtained by a res t r ic t ion based on great
c i rc le d is tance;

— the lack of independence of f ields (the est imater

assumes all fields are independent) ; and

— the non—uniform distribution of field va lues .

Even though the access planner chose non—optimal

s t rategies in some of these tests , the st rategies chosen

were still quite ef f icient .

_ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _  • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• • — --—



_ _ _  
T~~~~~~~: 

-
~~~~~~~~

Pa~n-~ — 1 1 4 1 4 —  (
~rrI i—A nI nua l Technica l  I~e po r t

References

[ALSBERG and DAY ]
A lsberg ,  P . A . ;  and Day ,  J.D. “A Principle for
Resil ient Sharing of Distributed Resources ” ,
Report from the Center for Advanced Computation ,
Univers i ty  of Illinois at Urbana—Champaign , Urbana
Illinois , 1976.

[ALSBERG et al]
Als berg ,  P . A . ;  Belford , G . G . ;  Bunch , S . R . ;  Day,
J .D . ;  Grapa ,E. ;  Healy,  D . C . ;  McCauley ,  E . J . ;  and
Wi l lcox , D.A.  Synchronizat ion and Deadlock , CAC
Document Number 185 , CCTC—WA D Document Number
650 3, Center for Advanced Computation , Universi ty
of Illinois at Urbana , Illinois.—Champa gne , Urbana

[BERNSTEIN and SHIPMAN a]
Bernstein , P . A .  and D. Shipman ; “Concurrency
Control in SD D—1 : A System for Distributed
Databases;  Part II: Analys is  of Correctness ” ;
submitted to the 1979 Transactions of Database
Systems.

[BERNSTEIN and SH IPMA N b]
Bernstein , P. ” . and D.W.  Shipman , “A Formal Model
of Concurre~ cy Control Mechanisms for Database
Systems ,” Proc . 1978 Berkeley Workshop on
Distributed Databases and Computer Networks.

[BERNSTEIN et al. a]
Berns te in , P.A., Rot hn ie , J.B., Goo dm an , N . ,
Papadimitriou , C.A . ; “The Concurrency Control
Mechanism of S O D—i :  A System for Distr ibuted
Databases (The Fully Redundant Case)” , IEEE
Trans.on Soft. Eng ., May 1 978.

[BERNSTEIN et al. b]
Bernstein , P.A. ; Shipman , D.W. ; Rothnie , J.B.
“Concurrenc y Control in SOD—i : A System for
Distributed Databases; Part I: Description ” ;
submitted to the 1979 Transactions of Database
Sys tem s.

[CCA a]
Com puter  Cor pora t ion of Amer ica , P. Distributed
Database Management System for Command and Control
Appl icat ions: Semi—Annual Technical Report 1,
Technical Report Ro. CCA—77— 06, Computer

- -



Semi —A nnual  Technical  Report Page — 1 1 4 5 —

Corporat ion of A mer ica , 575 Technology Square ,
Cambridge , Massachuset ts  021 39 .

LCCA b J
Computer Corporat ion of Amer ica , A Distr ibuted
Database Management System for Command and Control
App l ica t ions:  Semi —Annual  Technical Report 2 ,
Technical Report No. CCA — 78— 0 3 ,  Computer
Corporat ion of Americ a , 575 Technology Square ,
Cambridge , Massachusetts 021 39 .

ECCA c ]
Computer Corporat ion of Amer ica , A Distributed
Database Management System for Command and Control
Appl icat ions:  Semi—Annual Technical Report 3,
Technical Report No. CCA — 78— 1 0 , Computer
Corporat ion of America , 575 Technology Square ,
Cambridge , Massachuset ts  021 39 .

[C HA M B E R L I N  et a l]
Chamberlin , D.D. ,  et al , “SEQUEL 2: A Unified• Approach to Data Definition , Manipulat ion , and
Control” , IBM Journal of Res.  and Dev.

[CODD]
Codd , E.F . ,  “A Relational Model for Large Shared
Data Banks ” , CACM , Vo l .  13, No. 6 (June 19 70) , pp.
377—387.

[EA STLA K E ]
Eastlake , D. E. ,  “Te r t i a ry  Memory Acc ess  and
Performance in the Datacomputer ” , Proceedings of
the Third International Conference on Very Large
Databases , Tokyo , Japan , October , 1977 .

[ E S WARAN et al]
Eswaran , K.P. ; Gray ,  J . N . ;  Lon e , R .A . ;  Traiger ,
I.L. “The Notions of Cons istency and Predicate
Locks in a Database System ” , Communications of the
ACM , Vo l .  19, No. ii , November 1976.

[ G R A Y ]
Gray ,  J .N. ,  “Notes on Data Base Operating
System s,” Operating Systems: An Advanc ed Course ,
Volume 60 of Lecture Notes in Computer Science,
Springer—Verlag , 1 978 , pp. 393—1481.

[GRAY et al]
Gray, J.N. ; Lon e , R .A.; Putzolu , G.R. ; Tr aiger ,
I.L. “Granularity of Locks and Degrees of
Cons i s tenc y in a Share d Data ba se ” , Proc. Int’ l

• - - _ _ _  -



— ~- 
-——•-

~~~
-•-

~~
-- --.

~~
— •••-  - — - ——~~

• 
~~~

--• ---~~--~~~~~ •------ -,-- - •  - - .~~~~~~~~~~~~~~~~~~~ —~~~~~~
-—-~ -•

Page — 1 1 4 6 —  Semi —Annual  Technical  Report

Conf. on Ve ry  Large Data Bases , ACM , N . Y . , Sept .
1975 , pp. 42~~ l45 1.

[HA MMER and SHIPMAN]
Hammer , M. M.  ; and Shipman , D . W . ,  “ The Rel iabi l i ty

• Mechanisms of SDD —1 : A System for Distr ibuted
D a t a b a s e s ” , submitted to the 1979 Tra nsac t ions  of
Database Systems.

[ H E L D  et al]
H e l d , G. ,  M. Stonebraker , and E.  Wong , “ ING RES: A
R e l a t i o n a l  Data Base S y s t e m ” , Proc . 1975 AFIPS
NCC , A F I P S Pr ess, Montvale , N.J.

[HORNING and R A N D E L L ]
• Horning , J.J. and B. Randell , “ Process

S t r u c t u r i n g” , ACM Computing Surveys ,  Vo l .  5, No. 1
( March 19 73 ) , pp. 5— 3 0 .

[KARP and MILLER]
• Karp,  R.M.  and R.E .  Miller , “Proper t ies of a Model

for Parallel Computat ion: Determinacy,
Termination , Queue ing ” , SIAM J. Appl . Math 14
(Nov . 1966 ) , pp. 139O~~1 141 1 .

[KING and COLLM tYER 3
King,  P.F .  and Collmeyer , A . J . ,  “ Database Sharing
—— an e f f ic ient  method for support ing concurrent
p r o c e s s e s ” , Proc. AFIPS 1 973 NCC , Vol .  142 , AFIPS
P r e s s , M o n t v al e , N.J . ,  pp. 27 1—2 75 .

L.]
“Time , Clocks and Ordering of Events in a
D i s t r i b u t e d  S y s t e m ” , Massachuset ts  Computer
Assoc ia tes  Report # CA— 76 0 3— 2 9 1 1 , M a r c h , 1976.
Also submitted to CACM.

[MARILL and STERN] Marill , T. and D.H. Stern , “The
Dat acom pu t e r :  A Networ k Data Ut i l ity ” , Proc. AFIPS
NCC , Vol. 1414 , AFIPS Pr ess , M ontv ale , N .J ., 1 975 .

[MENASCE et al]
Men asce , D.A., G.J. Popek , an d R . R .  Mun tz , “A
Locking Protocol for Resource Coordinat ion in
Distr ibuted Databases ” , Proc . 1978 ACM—S IGMOD
Conf. on Management of Data, ACM , N.Y .

[PAPAD IMITRIOU et all
Papadimitr iou , C.A.; Bernste in , P.A.; an d Rothnie ,
J .B., “Some Computational Problems Related to
Database Concurrency Control” , C o n f e r e n c e  on



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Semi—A nnual Technical Report Page — 1 1 4 7—

Theoret ical Computer Science , Univers i ty  of
Water loo , Water loo Ontario , August 1977 .

[REED ]
Ree d , D . P . ,  Naming and Synchronization in a
Decentral ized cömputer System, Ph.D. Thesis ,
MTI.T., Sept. 1978.

[RIES and STONEBRAKER]
Ries , D.R. an d M. Stonebraker , “Effects of Locking
Granularity in a Database Management System ” , ACM
Trans. on Database Systems, Vol. 2, No. 3 (Se~~ T1977), pp. 233—246.

[RO SE N K R A N T Z  et al]
Rosenkrantz , D.J.; Stearns , R.E. ; an d Lewi s , P .M.
“System Level Concurrency Control for Distributed
Database Systems” , ACM Trans. on Database Systems,
Vol. 3, No. 2 (June 1978), pp. 178—198 .

[ROTHNIE and GOODMAN]
Ro thn ie , J.B.; and Goodman , N.  “An Overview of
the Preliminary Design of SDD— i : A System for
Distr ib uted Data b ase s” , 1977 Berkeley Workshop on
Distr ib ute d Data Mana gement an d Com puter  Networ ks ,
Lawren ce Ber kele y La bora to r y , University of
California , Berkeley California , Ma y 1 977.

[SACERDOTI ]
Sacerdoti , E. D. “Language Access to Distr’buted
Data with Error Recovery , ” Proceedings of the
Fifth International Joint Conference on Art i f ic ia l
In te l l igence , Cambridge , M a s s a c h u s e t t s , Augus t
1977 .

[SEVERANCE and LOHMAN )
Severance , D.G. and G.M. Lohman , “Differential
Files: Their Application to the Maintenance of
Large Databases ” , ACM Trans. on Database Systems ,
Vol . 1 , No. 3 (Sept . 1976), pp. 256—267.

[STEARNS et all
Stearns , R.E. ; Lewis , P.M. II; and Rosenkrantz ,
D.J. “Concurrency Controls for Database Systems ” ;
Proceedings of’ the 17th Annual Symposium on
Foun d a t ions  of Com puter Sc ien ce , IEEE , 1 976 , pp.
19—32.

I S TONEB RA KER I
Stone b ra ker , M., “Concurrenc y Control and
Consistency of Multiple Copies of Data in

~~~~~ • 
_ _ _



• 
— —. - • - •  • —

~~~~~~
• —

~~~
-- -.—--- —~~-•—~~- --- -- --~~~~~~~~~ - • — -•-—-- -•~~~~~---

• -~-

Page — 114 8— Semi—Annual Technical Report

Distri buted INGRESS” , Proc. 3rd Berkeley~ Wor ksho2
• in Distributed Data Management and Computer

1~~Eworks, 1978, pp. ~35~~38T
• [THOMAS a]

Thomas , R.H., “A Solut ion to the Update Problem
for Multiple Copy Data Bases Which Uses

-
• I Distributed Control” , BBN Re por t  33 140, July 1976.

[ T H O M A S  b] Thomas , R .H., “A Solution to the Concurrency
Control Problem for Multiple Copy Data Base” ,
Proc. 1978 IEEE COMPCON Conf. , IEEE , N . Y .

[ W O N G ]
Won g , E. “Retr ieving Dispersed Data from SDD— 1 :

• A System for Distributed Databases ” , 1977 Berkeley
Wor kshop on Distr ibute d Data Mana g emen t an d
Com puter Networks , Lawren ce Berkeley Laboratory,
University of California , Berkele y Cal i forn ia , May

• 1977.

[WONG et all
Wong , E., et al ., “Query Processing in SOD— i: A
System for Distributed Databases ” , s u b m i t t e d  to
the 1979 Transactions on Database Systems.


