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Section 1 Introduction

1. Introduction

N

This report summarizes the third six month period of a
project entitled, "A Distributed Database Management
System for Command and Control Applications" which has
been undertaken by CCA and sponsored by ARPA-IPTO. The
primary focus of this effort is to design and implement 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 in phases and tested in the Advanced Command
and Control Architectural Testbed (ACCAT) at the Naval

Ocean Systems Center (NOSC) in San Diego.

The motivation behind building a distributed database
management system 1like SDD-1 is to take advantage of the
decreasing cost of distributed processing environments and
at the same time respond to the increasing data handling
needs of geographically distributed organizations. SDD-1
permits data to be managed on a network of computers in an
integrated environment that presents the wuser with the

illusion that he is dealing with a centralized DBMS. |,

e i i




Semi-Annual Technical Report Page -3-
Introduction Section 1

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

possible in a distributed system. These goals are:

1. distributed access -- Data is accessible over the

network from many sites.

i 2. fast response/low communication cost -- Through

intelligent database design, data can be stored
geographically near where it is most often used so
that the majority of accesses are essentially

local.

3. reliability/survivability -- Redundancy of

processors, communications and data can be used to

achieve very high 1levels of system reliability.

The 1loss of one processor can be compensated for
with others in the system and using the redundant
data, the wuser can still run transactions that

require data stored at the disabled site.

4. modular upward scaling -- Incremental addition of

new sites to the system can be used to enhance

system capacity without major reconfiguration of

existing sites.

e
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In the process of designing and implementing SDD-1, three

key technical problems have been identified. They are:

- synchronizing update transactions
- distributed query processing
- handling failures of processors and communications

channels

Solutions to these problems were designed and reported
during the first year of this project ([CCA al, [CCA b],
[BERNSTEIN et al b], [ROTHNIE and GOODMAN] and [WONG]1).
These design results have been further refined and

exploited with the following results:

1. A new and simpler proof of the correctness of the

update synchronization algorithm was developed.

2. The distributed query processing algorithm has been
implemented in an initial version of SDD-1. This
version of the system has been demonstrated to ARPA
with the aid of a graphic display of the algorithms

behavior.

3. The set of reliability mechanisms have been further

refined and an initial implementation has begun.
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Section 2 of this report presents an overview of the SDD-1
design and summaries of the above design results including
a description of the initial working version of the

system.

In addition to SDD-1 design and implementation, CCA began
a study of the enhancement of datamodule 1. This project
involves studying possible enhancements to the
Datacomputer [MARILL and STERN] in order to make its
performance more compatible with SDD-1 and other command
and control applications. Section 3 summarizes the study

techniques and some initial results.
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2. SDD-1 Design

=L
2.1 OQverview

2.1.17 Introduction

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

database is described by a flat file data model that is

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

by entering transactions. A transaction is expressed as a

e

program written in Datalanguage, the semi-procedural data

manipulation language of the Datacomputer.

s i

E Internally, SDD-1 consists of two types of modules, called
transaction modules (abbr. TMs) and data modulas (abbr.
DMs). Each site can contain either one or both types of

modules. DMs store physical data and behave much like

-

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

responsible for supervising the execution of user
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transactions, translating from the user's nondistributed

view of the data to the realities of its distribution and

redundancy. In essence, the TMs coordinate the processing

while the DMs do the actual labor.

; 2.1.2 Data Modules

A DM services four types of requests: %

1. Read part of the DM's database into a transaction's

local workspace at that DM;

2. Move part of a transaction's local workspace from

the DM to another DM;

3. Execute a query on a transaction's local workspace i
rxecute q

at the DM;

4. Write part of a transaction's local workspace into

the database stored at the DM.

The Read, Execute and Write commands are quite similar to

those provided by a conventional centralized DBMS. The

Move command 1is primarily a network function of moving

data between DMs.

N & o Ml cagias
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Since most DM functions are provided by conventional DBMSs
and since our primary research interest was examining
issues of data distribution and redundancy, we chose an
existing DBMS as the core of our DMs. Our choice was the
Datacomputer, a mass storage DBMS utility built by CCA as
a database resource for the ARPANET. Our main reasons for
choosing the Datacomputer were, first, that most of the
network communications software we needed was already in
place, thereby simplifying the implementation task, and
second, that it was a working system with which we were
intimately familiar. As a fringe benefit, we found the
Datacomputer's sophisticated differential file mechanism
to be very useful for many aspects of concurrency control
and query processing. The primary disadvantage of
Datacomputer is that its query processor is optimized to
compensate for the very slow access time of its mass
storage device, an Ampex Terabit Memory. Since we use
Datacomputer as an entirely disk-based system and make no
use of the mass storage, the query processor sometimes
runs artificially slowly by paying attention to complex
staging strategies, which are never invoked! While in
retrospect we see the choice of Datacomputer as sound, we
note that most any DBMS with a suitable front end could

serve as a DM, and, in fact, differcnt DBMSs could

comprise different DMs in a single SDD-1 system.
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2.1.3 Transaction Modules

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

transaction. Transactions are structured to execute in

three sequential steps:

1. The transaction reads a subset of the database,

called its read-set, into a workspace.
2. It does some computation on the workspace.

3. The transaction writes some of the values in its
workspace back into a subset of the database,
called its write-set. The read-set and write-set
of a transaction are defined on the logical
database. That is, the transaction references only
logical data items; it has no knowledge of the

distribution and redundancy of stored copies.

The workspace into which data 1is read is, in general,
distributed. That is, various parts of the workspace may
reside at different DMs. In SDD-1, the execution of a
transaction is also, in general, distributed; processes

running at various DMs operate an the portion of the
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workspace located at that DM. These processes run
concurrently and/or sequentially with respect to one
another and transfer data between DMs as needed. The
processes running at the DMs are initiated and coordinated
by the original TM to which the transaction was submitted.
The TM converts the original transaction as submitted by
the user into a number of local data management processes
running at the DMs where the workspace is stored. This
distribution of processing is entirely internal to SDD-1

and is not reflected in the user's transaction in any way.

So, to process a transaction, a TM performs the following

steps:

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

transaction by accessing directories.

2. It obtains a consistent distributed copy of that
data by 1issuing Read commands to the appropriate

DMs.

3. It plans the distributed execution of the

transaction.

4., It carries out the plan by issuing Execute and Move

commands to DMs.
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5. It performs the update requested by the transaction

by invoking Move and Write commands at the DMs.

2.1.4 Distributed Data Organization

Each relation in SDD-1 has one domain named "tuple
identifier" (abbr. TID) which is a key of the relation
([ASTRAHAN et al] and [STONEBRAKER et all); that is, no
two tuples of a relation can have igentical TID values.
Each relation 1is partitioned inﬁo a set of logical
fragments. Logical fragments are defined by first
partitioning the set of all possible tuples of the
relation into a set of mutually exclusive

tuple-partitions. For example, the EMPLOYEE relation

could be partitioned by DEPARTMENT, S0 that each
tuple-partition contains all of the EMPLOYEE tuples in a
single DEPARTMENT. For each tuple-partition, the set of
domains of the relation 1is partitioned into mutually

exclusive domain-partitions. For each

tuple-partition/domain-partition pair, a logical fragment
is defined which includes the domains of the
domain-partition and the TID domain. That is, a logical
fragment 1is a projection of a tuple-partition that

includes the TID domain. The inclusion of the TID domain
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guarantees that the logical fragment has exactly one tuple
for each tuple of the tuple-partition from which it was

selected.

A stored copy of a logical fragment is called a stored
fragment. Stored fragments are the units of data
distribution; a stored fragment is either entirely present

or entirely absent at a DM.

We do not require that two stored copies of a logical
fragment at two different DMs be identical at all times.
The redundant update mechanism 1is responsible for only

allowing consistent copies to be read (see Section 7).

A domain of a tuple is called a logical data item, a

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

item is the smallest updatable unit in the database.

Each 1logical data item may have several associated stored
data items, because its logical fragment may have several
stored copies. Hence, when referencing a logical data
item, it is necessary to choose a particular stored data
item to reference. For each TM, we define a total mapping

from 1logical fragments to stored fragments, called a

materialization, that specifies which copies of data items

should be read by the TM. (To maintain internal

consistency of the database, a transaction must perform
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its updates on all stored copies of each logical data item
updated.) For simplicity, we have chosen that
materializations be functions, though in principle they

need not be.

There are no logical restrictions on how to configure a
materialization, other than that each logical fragment
must map into a stored copy of that same fragment. A
materialization for a TM may obtain none, some, or all of
its stored fragments from DMs at the same site. Also, two
materializations may use different stored copies of a
single logical fragment. The main consideration in
configuring a materialization for a TM is the performance
of queries; fragments stored at DMs at foreign sites
induce more communication delay and, hence, longer

response times for queries referencing those fragments.
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2.1.5 Directory Management

SDD-1 maintains directories containing relation and
fragment definitions, fragment locations, and usage
statistics. Since a TM makes heavy use of directories for
every transaction it processes, efficient and flexible
management of directories is important. The two main
problems of directory management are whether or not to
store directories redundantly and whether to centralize or
decentralize control of updates to directories. We have
made the solutions to these problems a matter of database
design by treating directories as ordinary user data.
Taking this approach, we allow directories to be
fragmented, distributed with arbitrary redundancy, and
updated from arbitrary TMs, thereby achieving complete

flexibility in directory management.

To treat directories as data, we need a special directory,
which we «call the directory locator, that gives the
definition and location of each directory locator at every
DM to provide a starting point from which directories can

be found.

|
:
i
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Since directory fragments are not stored at every site, a
TM that frequently references a directory fragment from a
foreign site may repeatedly suffer a 1long communication
delay waiting for the arrival of the directory. We take
advantage of the static nature of directories by caching
frequently referenced directory fragments at each TM,
discarding them only if they are rendered obsolete by

directory updates or go unreferenced for a long period.

2.2 Analysis of Concurrency Control in SDD-1

2.2.1 Introduction

The concurrency control mechanism of SDD-1 ensures
database and transaction consistency despite the
interleaved nature of transaction execution in such an
environment., This section presents a formal analysis of
the concurrency control strategy of SDD-1. It follows a
number of earlier reports on the same topic. [BERNSTEIN
et al a] presents an early version of the algorithm
applicable to networks in which the entire database is

replicated at each site. [BERNSTEIN et al b] extends the
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approach to handle situations in which some or all of the
data 1is replicated at any number of sites. This later
report contains an overview of the more general approach
as well as a formal treatment of the mechanism. This
section updates the theoretical sections of the second
report. The mechanism is essentially the same, although
the theoretical treatment presented here is more concise
and somewhat more general. Readers interested in a
tutorial introduction to the basic mechanism are

encouraged to read the early sections of [BERNSTEIN et al

a, bl.
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2.2.2 A Formal Model of SDD=-1

2.2.2.1 Introduction

To prove the correctness of the SDD-1 concurrency control
mechanism, we need a formal model that describes the
operation of an SDD-1 system. We describe such a formal
model in this section. The model consists of a static
component, called a database design, and a dynamic
component, called an execution history. A database design
describes the layout of data and of transaction classes in
an SDD-1 system. An execution history describes the
execution of transactions for a particular database
design. Among the set of all possible execution
histories, only some of these histories could be produced
by the correct operation of the concurrency control
mechanism. We call these histories well-behaved. Our
goal, 1in Section 4, will be to show that all well-behaved
histories produce correct results, 1i.e., that they are

serializable.

P T PNR SS e
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2.2.2.2 Database Designs and Execution Histories

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

modules, which store data, and a set of classes, which can

execute transactions.

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

CLASSES, c-readset, c-writeset> where:
i. DATA is a set of physical data items,¥* denoted
% S T
ii. DMs is a set of data modules, denoted {alpha,

beta,...l;
iii. stored-at:DATA -> DMs is a function that 1locates
the data module that stores each data item;

iv. CLASSES is a set of transaction <c¢lasses denoted

15, 0:K sesuks

¥ Unlike our earlier proof [BERNSTEIN et al 77] which used
logical data items for read-sets and write-sets, the above
definition of a database design 1is stated entirely in
terms of physical data items. This formalism will
simplify the proof over our earlier version, which was
cluttered by the notion of "materialization". It is also
somewhat more general in that it allows a class to read
two different copies of the same logical data item. Our
proof of serializability needs to be demonstrated at the
logical level. We will first prove it on the level of

phys#cal data items, and then extend it ¢to the 1logical
level in Section 5.
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DATA

v. c=-readset:CLASSES => 2 defines the read-set of

each class;

> 2DATA

vi. c-writeset:CLASSES - defines the write-set

of each class.

An SDD-1 Execution History 1is a representation of the

execution of a set of transactions for a particular
database design. Formally, it is a seven-tuple <D, TRANS,
classof, <, t-readset, t-writeset, LOG> where:
i. D = <DATA, DMs, stored-at, CLASSES, c-readset,
c-writeset> is an SDD-1 database design;
ii. TRANS is a set of transactions, denoted
(L. 38,1
iii. classof:TRANS -> CLASSES is a function denoting

the class of each transaction (we will

denote classof(i) as 1); 1
iv. < is a total order over TRANS. (In the SDD-1

implementation, i<j iff transaction i has a

smaller timestamp than transaction j); {
v. t-readset:TRANS -> DATA defines the read-set of each 1

transaction such that for each i in TRANS,
t-readset (i) is contained in
c-readset(classof(i)); :

vi. t-writeset:TRANS -> DATA defines the write-set of

each transaction such that for each i in
TRANS, t-writeset(i) is contained in

c-writeset(classof(i));

M“—n——_-‘— sl » B e
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vii. LOG is an ordered pair <LOGELEMENTS,=> > such that

a. LOGELEMENTS = LOGELEMENTS u
LOGELEMENTS;

b. LOGELEMENTS, = (gl

Ralpha i is in TRANS,

alpha is in DMs, and there is a data item
X 1in t-readset(i) such that stored-at(x)
= alphal;

c. LOGELEMENTS, ={Wl, .. : i 1is in TRANS,
alpha is in DMs, and there is a data item
x in t-writeset(i) such that stored-at(x)
= alphal;

d. => is a total order over LOGELEMENTS such

that if there exists i in TRANS and

z ; i i
alpha, beta in DMs with Ralpha and wbeta
: i i
in LOGELEMENTS, then Ralpha =D wbeta'

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

several facts about SDD-1's operation:

1. The total order < on transactions follows from the

fact that transactions are given globally unique

timestamps (i.e., (iv) above).
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2. The read-set and write-set of a transaction must be
a subset of the read-set and the write-set of that

transaction's class (i.e., (v) and (vi) above).

3. If data item x is in transaction i's read-set, and

i

x 1s stored at alpha, then Ralpha

must appear in

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

4, If data item x is in transaction i's write-set, and

; i :
X is stored at alpha, then walpha must appear in

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

5. For each transaction, all read operations must

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

| The total order < 1is wused to determine how write 1

operations affect the database. A write operation, say i
i

E walpha’ with x in t-writeset(i) actually writes a new
i value into x iff for all j with walpha =D walpha and x 1in

t-writeset(j), Jj < i. That is, walpha writes into x iff
it is "later" than all previous transactions that wrote
into x at alpha. This mechanism, which we call the Write

Message Rule, is used to reorder write operations at each

data module so that they appear to have occurred in "<
-order" independent of their order of arrival [BERNSTEIN

et al a,b].
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2.2.2.3 Admissible Execution Histories

The concurrency control mechanism of SDD-1 consists of two
components: a set of protocols, which are essentially
procedures for processing a transaction's READ messages;
and a set of protocol selection rules, which specify which
protocols apply to transactions in each <class (all
transactions in a class use the same protocols). Tn =&
given execution history, if all transactions execute the
protocols as specified by the protocol selection rules,

then the execution history 1is called well-behaved.

Intuitively, an execution history is well-behaved if all

transactions follow the SDD-1 synchronization rules.

The main result of this report is that all well-behaved

execution histories are serializable (see below). Since q

the motivation and formalism behind the SDD-1 concurrency

control mechanism is based on some fundamental results

about concurrency correctness in a database system, we
must review these results before proceeding with a formal
definition of well-behaved-ness and a proof of our

theorem.
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2.2.3 Serializable Histories

| 2.2.3.1 Consistency and Serializability

A prerequisite to proving the correctness of a system is a

precise definition of what it means for the system to be

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

all possible histories are serializable. A serial history

is one in which each transaction runs to completion before
the next one starts. Thus, a serial histofy is one in
which no concurrent activity has taken place. A

serializable history is one which 1is equivalent to a

serial history.

The intuitive Jjustification for choosing serializability
as the correctness criterion follows from the notion of

consistency. Consistency may be considered to be a

predicate over the state of the database; the database is
either consistent or it 1is not. Each transaction
submitted to the system is expected to preserve database

consistency. That is, given a consistent database, it

!

“
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will always produce a consistent database. A serial

history, therefore, necessarily preserves consistency if
all the transactions involved preserve consistency. Since
a serializable history is equivalent to a serial one, then
it too preserves consistency. The use of serializability
as a correctness criterion is nearly universal [ESWARAN et

all [GRAY et al] and [HEWITT].

In order to define a serializable history as one which 1is
equivalent to a serial history, we must be precise about

what it means for two histories to be equivalent.

2.2.3.2 Equivalence

Intuitively, two histories are equivalent if they have the
same effect on the database for all interpretations of
transactions and all initial database states. (To account
for 1/0, we assume that all input and output operations
are treated as distinct data items.) The notion of
equivalence of histories is characterized by the

reads-from relation [PAPADIMITRIOU et all.

Let H = <D, TRANS, classof, <, t-readset, t-writeset, LOG>

be an execution history, where LOG=<LE, => >. Let R

alpha’
i i
and walpha be elements of LE. We say that Ralpha reads X
J . :
from walpha in W 16f
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J _y pl .
1. walpha 54 Ralpha’
2. alpha = stored-at(x);
3. x is in t-readset(i);
4, x is in t-writeset(j); and

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

k

t-writeset(k), if walpha

=> then k < j.

1
Ralpha

R . i J
Intuitively, if Ralpha reads x from walpha’ then the value
of x read by R! is the value of x produced by w)

alpha alpha“
PR k
Part (5) of the definition ensures that no other walpha

produced the x-value read by R: (cf. the Write Message

alpha
Rule at the end of Section 2.2). As a shorthand notation,
; i J
if Ralpha reads x from walpha’ then we also say that

transaction i reads x from transaction j.

Not every read and write operation in H has an effect on
the final database state produced by H. We call those
transactions that do have an effect as live and define

them as follows:

1. For each x in DATA, the "last" transaction in LOG
that writes into x is 1live (i.e., if x is in

t-writeset(k), and for all Jj with X in

k

ks : J "
t-writeset(j) W => walpha

alpha
stored-at(x)), then k is live).

(where alpha =

i Ml oS

-
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2. If transaction i is 1live, and for some X

transaction 1 reads x from transaction j, then

transaction j is live;

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

and (2).
A transaction that is not live is called dead.

Since every transaction at least prints something on an
output device, no transaction is ever really dead. This
can be modelled either by making each output operation
write into a private write-set data item, or by simply
assuming that all transactions are 1live. We make the

latter assumption for the remainder of this report.

Two execution histories are equivalent if they have the
same effect when applied to any database state. Formally,
execution histories H1 and H2 are equivalent iff for every
consistent database state S e domain(DATA) and for all
interpretations of the transactions, H1 and H2 map S into
the same final state, Sf. The following 1lemma

characterizes equivalence of execution histories.

Lemma E [PAPADIMITRIOU et al 77]

Two histories, H, and H2 are equivalent iff TRANS1 and

1
TRANS2 have the same set of live transactions and for all
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live i,j in TRANS1, transaction i reads some data item «x
from transaction j 1in H1 iff transaction i reads x from

transaction j in H2.

This is a standard program schema theoretic result, and
can be found applied to a variety of models (e.g., [MANNA
741). It can intuitively be justified by observing that
if a transaction reads the same input data 1in both
histories, then it will perform the same computation 1in
both histories. The condition of Lemma E guarantees that
each transaction reads the same inputs in both histories,
thereby guaranteeing equivalence. The converse follows
from the fact that the equivalence must hold over all

interpretations of the transactions.

2.2.3.3 Serializability

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

this notation, we now define a log; LOG = <LE, => >, to be

S o Gie el gy i F ol - [
serial if there is no Aalpha’ Abeta’ Agamma’ Adelta in LE
b i 3 J 3 g i
such that i#j, Aalpha => Agamma and Adelta => Abeta (where

A is a generic log symbol denoting an R or W). That is, a
serial 1log 1is one in which no ¢two transactions are
interleaved. An execution history is serial iff its 1log

is serial. As discussed earlier, serial execution

histories are our benchmark for consistent executions.
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An execution history is serializable if it 1is equivalent

: to some serial execution history. Since serial execution
histories preserve database consistency, serializable

execution histories preserve database consistency as well.

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

not H 1is serializable by defining a set of graphs on H

called serialization graphs. To define serialization

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

'last', that executes after H and reads all data items
(i.e., t-readset(last)=DATA). 'last' 1is defined to be
live, and for all i in TRANS, i < last (where i#last).

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

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

V={i !} all i in TRANS} + {last};
E= Ereads-from o Einterferes;
E = {<i,3> |} j is live and j reads some

reads-from
data item x from i}

E ={<k,i> | for some j in TRANS, j is live,

interferes
J reads some data item x from i, x is
in t-writeset(k), and k < i} +
{<j,k> | for some i in TRANS, j reads

some data item x from i, x is in

t-writeset(k), and k > i};
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where '+' denotes set union. To simplify notation in the
sequel, we will assume that all histories have a

transaction 'last' at the end.

The edges in a serialization graph reflect the notion of

"happened before." The edges 1in guarantee

Einterferes
that if j reads x from i in H, then in the serialization
of H no k that writes into x appears in a position that

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

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

Proof
Since SG(H) is acyclic, we can topologically sort its
nodes, 1i.e. the elements of TRANS. This topological sort
induces a serial log, say LOG', on the transactions in
TRANS, 1i.e., LOG' is the sequence of serial transactions
specified by the topological sort. Let H' be a history
that differs from H only in that H' uses LOG' instead of

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

To show that H' is equivalent to H, we must show that for

all i,j in TRANS, j reads some x from i in H iff j reads x

* 'last' is needed as a special case so that for each data
item, x, the final transaction that successfully writes
into x by the Write Message Rule is the same in LOG and in
the serialization of LOG.
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from i in H' (by Lemma E). Suppose j reads x from i in H.

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

reads-from
(H), for

reads-from

(H)), so i precedes j in LOG'. By Esntarforas

I all k that also write into x, if k > i then j precedes k
in LOG'. So, by the Write Message Rule, j reads x from i
in H' as well. Conversely, suppose j reads x from i in
H', but j reads x from k (k#i) in H. Then <k,j> is in

E (H) and k precedes j in LOG'. If k < i, then

reads-from

332 X3 4n Einterferes

W T — e

(H) and j precedes i in LOG'. But J
this means j cannot read x (or anything else) from i in
H', a contradiction. If k > i, then <i k> 1is 1in

E (H) and 1i precedes k in LOG'. By the Write

interferes
Message Rule, j reads x from k in H? again a
contradiction. So, j must read x from i in H also.

QLE-D.

An iff version of version of Theorem SER appears in
[PAPADIMITRIOU et all using a more general definition of
serialization graph, but without the Write Message Rule.

The latter forced us to reprove the theorem here.

Corollary SER If graph G contains all the edges of

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

serializable.
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2.2.4 Well-Behaved Execution Histories

2.2.4.1 Time-ordered Serialization Graphs

We define a relation over transactions in an execution

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

denoted by ->. For a given H, we define -> as follows:

1. => = =3 + =D + =Y

2o il '>rw J iff i £ j and there exists alpha in DMs

i 2 3 "
such that Ralpha = walpha and there exists some x

for which stored-at(x) = alpha, such that x is in

t-readset(i) and x is in t-writeset(j).

i -->wr J iff i # j and there exists alpha in DMs

i & j g
such that walpha =2 Ralpha and for some x with

stored-at(x) = alpha, . such that X is in

t-writeset(i) and x is in t-readset(j).
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4. 1 ->wwj iff i<j and the intersection of

t-writeset(i) and t-writeset(j) is non-empty.

The relation -> contains the serialization graph for H.
That is, the graph SGO(H) defined as follows:

VSGO= {i} transaction i appears in H};
SGO
contains the serialization graph for H.

ke <, 3> 1. => 3}

Lemma TOSG SGO(H) contains the serialization graph for H.

Proof

We must show that Ereads-from and Einterferes are included
in the edge set of SGO(H).
To show that Ereads-from is contained in ESGO(H)’ we

simply note that i->wrj subsumes Ereads-from‘

To show that Einterferes
gJ

alpha

is contained in ESGO(H)’ suppose

reads x from W'

alpha in H (j # last), and consider

k
walpha

i ; : : - S
alpha intersect in x. If k < i, then k->ww1, so <k,i> is

some other wk that also writes into x. So,

alpha o

W

; ] ; ; : J
in ESGO(H) as desired. So, suppose i < k. Since Ralpha
k

1 .
reads from W it follows that R alpha’ (Ef

alpha’
k oy Bd
alpha o Ralpha’ then R
i
alpha'’

J ¥
alpha =K

reads x from

J wX
alpha alpha
independent of the relative ordering of

W rather

than W

i k : ¢ 1 .
W and walpha') Thus, j => k, so6 <j,k> 18 In

alpha rw
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is contained in

ESGO(H) as desired. Hence, Einterferes

ESGO(H)- QOE-D-

Corollary TOSG If SGO(H) is acyclie, then H is

serializable.

Proof Follows directly from lemma TOSG and corollary SER.

Q.E. D,

Execution histories, as defined in Section 2, may produce
non-acyclic serialization graphs. However, if an
execution history satisfies the SDD-1 synchronization
rules, then cycles are not possible. In Section 4.2 we
define precisely those execution histories that satisfy
the SDD-1 synchronization rules. In Section 4.3 we show
that all such histories produce acyclic serialization
graphs. Combined with corollary TOSG, this is sufficient

to show that such histories are serializable.

SESPRNSg
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2.2.4.2 The SDD-1 Synchronization Mechanism

Intuitively, an execution history 1is "well-behaved" if
each transaction 1in the history obeys the required
protocols. The required protocols are determined by
analyzing the database design, thereby assigning a set of
protocols to each class. Each transaction is required to
satisfy all of the protocols assigned to some <class of
which it is a new member. To formalize these concepts, we
first explain what transactions must do to satisfy the
protocols and then describe how protocols are assigned to

classes of transactions.

There are four basic protocols in SDD-1: P1, P2, P3, and
P4. A protocol is a property that an execution history
must satisfy; it 1is implemented as an algorithm for
executing read messages on behalf of transactions, which

thereby only allows well-behaved histories to be produced.

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

protocol P1 with respect to classes 1 and J (written

P1(1,3)) iff for each pair of transactions i and i' in T

and j and j' in 3,

(PN J o g 1 - i

implies j < j'.
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(Note: i < i' means that either i < i' or i is 1identical

ta 1%.)

H obeys protocol P2 with respect to class 1 and a set of

classes J ={J,,...3.1 (written P2(1,J)) iff for each pair

of transactions i and i' in I and J in ju and j' in jv

(for some Fu and j in J)

(P2) j => i<it =>

i < o J' implies j < j'.

H obeys protocol P3 with respect to classes 1 and 3

(written P3(TI, 7J)) iff for each transaction i in I and j
in 3,

P3) i ->rw j implies i < j

and j ->wr i implies j < 1i.

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

classes J = | .,3.} (written P4(T, J)) iff for each
?

12
e
1’

transaction i in jin 3 , and j' in J_ (for some J _ and
u v v

jv in J),

(P4) j => j' and i

I

J imply i < j¢

and j' -> j and j < i imply j' < i.

The motivation for the protocols can be found in
[BERNSTEIN et al b]. To review the uses of the protocols:
P1: implements pipelining;
P2: avoids having a read operation see updates in

reverse timestamp order;
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P3: avoids update race conditions;
P4: "cycle-breaking protocol," for wunanticipated and

very infrequent transactions.

Each transaction executes in a class. The protocols that
each class must satisfy are determined from an analysis of
the database design, using a mathematical structure called

a conflict graph.

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

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

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

V= {rl ! T in CLASSES} + {w' ! T in CLASSES};

E = Eyert +_Eh05iz + Eqjags

E,opy = 1¢rl, w'>! T in CLASSES};

Eporiz * {<wT, w3>: 1,7 in CLASSES and the intersection
of c-writeset(i) and c-writeset(3) is
nonempty}

Ediag = {<rT, wj>: 1,3 in CLASSES and the intersection
of c-readset(T) and c-writeset(3) is
nonempty}

3 - S b 5
By convention, for each i the node r~ is drawn above w

o and rJ are colinear on a

horizontal line as are the nodes wh and wJ. This leads to

and for each i and j the nodes r

the concepts of vertical, horizontal and diagonal edges

(see Figure 2.1).
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i A Class Conflict Graph Figure 2.1
| Class: 1 2 3
Readset: {a} {c}) {d}
Writeset: (b} {b,d} {a}
= pl o3
48 wl e

A path in a conflict graph is a sequence of edges [<io,
i, <y, iy, <y, i3>,...,<in_1, in>J taken from E. A

cycle is a path in which iO = i ., We call edges in E

n horiz

and Edi heterogeneous, since they are incident with two

ag
distinct classes. A cycle is nonredundant if no more than

two heterogeneous edges in the cycle are incident with any
class (whether the class nodes are r's, w's or include one

of each is not significant with respect to redundancy).

An execution history H on database design D is called

well-behaved if it satisfies the following protocol

selection rules:

I. For each nonredundant cycle, nrec, in CG(D) that

contains a diagonal edge (i.e., <r1, w3>), either

L
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1. for some class 1 in the set of classes, J, that

are incident with nrc, H obeys PU(i, J); or

2. each of the following hold:

a. for all classes i, j, k such that T # J #

k, if edges <r', wJ> and <*, wk> are in

nrc, then H obeys P2(i,{Jj, k}); and
b. for all classes 1, j sush that <t wdy

and either <wJ, wk> or <wJ, rk> (for some

k) are in nrc, then H obeys P3(TI, J).

II. For all classes 1, j such that <r', wd> is in CG(D), H

obeys P1(1, J).

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

writeset(i), H obeys P3(i, 1).
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2.2.4.3 Proof of Serializability

In corollary TOSG, we showed that if a particular
serialization graph, SGO(H), defined on execution history
H is acyclic, then H is serializable. We now complete the
proof of serializability by showing ¢that if H 1is

well-behaved then SGO(H) is acyelic.

Lemma ACYC If execution history H 1is well-behaved, then

SGO(H) is acyeclic.

To prove this lemma, we need to show that the existence of
a cycle in SGO(H) leads to a contradiction. As a
preliminary step, we first examine special edge sequences
in SGO(H), called trails. We will show that the endpoints
of a trail, i and j say, are in timestamp order, i.e. i <
j (see lemma TRAIL below). Then, given ény cycle in
SGO(H), we show that for some transaction i in the cycle,
there is a trail from i ¢to 1i. But, by the previous

result, this implies i < i, a contradiction. Hence, the

cycle cannot exist. We proceed formally.
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We define a trail in SGO(H) to be a sequence of n edges

gy 142, <y, 132,000, g 5y iy, 1> Such that

-
.

n is greater than 0;

2. for j between 1 and n-1, classof (i )

2j-1
classof(izj) and izj-1 £ i2j;
3. for j and k between 0 and n-1, with j # k,

classof(i,.) # classof(iek) and classof(i2j+1) £

).

23

classof(i2k+1

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

let -> and SGO(H) be defined on H. Let T = [<iO, i1>,

<i _1>] be a trail in SGO(H) where

PP 0 PR S P o

classof(io) = classof(i ) and no transaction in the

2n-1
trail ran P4 with respect to the other <classes in the

trail. Then io < iZn-1’
Proof

Every edge in the trail corresponds to an edge in CG(D) in

the following sense: for each j between 0 and n-1,

p P e
) | 23 r 2d+1

2j '>wr i2j+1 implies <w 5 > is in CG(D);
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T2\]' T2j+1
2. 1s; -2 1o541 implies <r , W > is in CG(D);
and

1o wT2j+1

3. ip5 Oy i2j4q implies <w Y, > is in  CG(D).

So, ¢trail T corresponds to a sequence of edges, TCG’ in

CG(D). We now prove two facts about TCG‘
Claim 1: The only cases in which TCG contains two

identical edges are when n = 2 and T is of the

CG
form [<rt, wi>, <wd, ri>], [<wi, r3>, s, wyl,

03

or [<wi, wj>, <wj, wi>] where i £ j.

Proof of claim 1: If n = 2, then the above forms are the
only ones possible, such that T satisfies the
definition of trail and T produces identical edges
in TCG' So, suppose T contains more than two
edges, and two of its edges, say <u, v> and <x,y>,
produce 1identical edges in TCG' By construction,
all edges in T are "heterogeneous" (i.e., are
incident with distinct <classes), and therefore
produce heterogeneous edges in TCG‘ So, either
the pairs u-x and v-y are each incident with the
same class, or the pairs u-y and v-x are each
incident with the same class. As 1long as T

contains at least three edges, this implies that

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

(For example, if <u, v> and <x, y> are adjacent,
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then the head of the edge preceding <u, v> is in
the same class as y, and the tail of the edge
following <x, y> 1is 1in the same class as u,
- thereby violating part (3) of the definition.
Other cases follow by the same argument.)
Claim 2: For n greater than 2, TCG can be augmented by
homogeneous (i.e., vertical) edges to create a
nonredundant cycle T'CG'
3 Proof of claim 2: The head and tail of adjacent edges in

T are in the same <class (by part(2) of the

CG
definition of trail). If they are not identical
nodes, then they can be connected by a vertical

edge (since they must be the r and w node of a

single <class). Insert all such vertical edges,
creating a path T'CG' No vertical edge in CG(D)
will be added more than once (because of part (3)
of the definition of trail). This fact, combined
with claim 1, shows that T'CG is a cycle. Part
(3) of the definition of trail demonstrates that

T'CG is nonredundant.

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

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

following three cases:
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III. n greater than 2.
The cases subsume all possible trails T and therefore are

sufficient to prove the lemma.

Case I Assume n = 1. Then T must be of the form [<i0,

i1>]. Either io ->ww 11 or io ->rw i1 or io '>wr i1. TE

o =2ww 1y 1y 1

->rw i1 then t-readset(io) intersects t-writeset(i1). S0,

then < i, by definition of '>ww‘ If iO

the readset and writeset of T = classof(io) = classof(i,)
intersect. By the protocol selection rules, P3(iI, I) must
be obeyed. Hence, io '>rw i1 implies io € .o BEE iy ->

1
11, then io (4 i1 follows by the same argument.

wr

Case II: Assume n = 2. Then T must be of the form [<io,
Jg>s <9y 1921, Let i = élassof(io) = classof(i;) and 3 =
classof(jo) & classof(j1). There are nine subcases to
consider, depending on the way the i's are related by ->.

Note that jo < j1 by definition of trail.

In the first three subcases, we assume io -->ww jo. By

definition of °>ww’ we have iO < jo. Since jo < j1, by

transitivity io < j1.

Subcase a: Suppose j1 -> i1. By definition of '>ww’ j1 <

ww
11. So, by transitivity 10 < i1.

R S I pp—
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Page -44- Semi-Annual Technical Report
Section 2 SDD-1 Design
Subcase b: Suppose j1 ->rw i1. Then_ T'EG is the

nonredundant cycle [<w', wd>, <wJ, rd>, <rd, w'>]. By the
protocol selection rules, P3(3J, 1) must be obeyed. Hence,

j1 ‘>rw i1 implies j1 < 11, and by transitivity iO < j1.

Subcase c¢: Suppose j1 ->wr i1. Then T'CG is the

nonredundant cycle [<w1, wJ>, <wJ, r1>, <r1, w1>]. By the
protocol selection rules, P3(i, Jj) must be obeyed. Hence,

j1 '>wri1 implies j1 < 11, and by transitivity iO < 11.

In the next three subcases (d,e,f), assume iO ->wr jo.

Wi il. Thin jl < 11_and T'CG is
the nonredundant cycle [<w1, rJ>, <rJ, wJ>, <wJ, w1>]. By

the protocol selection rules, P3(j, 1) must be obeyed.
Hence, i, '>wr Jo implies i, < Joo and by transitivity i,

< i1.

Subcase e: Suppose j1 -> i1. By the protocol selection

rw
rules, P1(3, 1) must be obeyed. Hence, ig “es 43 < d4

->rw i1 implies io < i,.

Subcase f: Suppose j1 -> 11. Then T'CG is the

wr

nonredundant cycle [<wi, rd>, <rJ, Wiy, <Y, r*>, <r",

wi>1, and both P3(I, §) and P3(3, I) must be obeyed.

P3(3, 1) and iy =>4 Jo implies iy < j,. P3(TI, J) and 3

->
W

. i, implies j1 < i,. So, by transitivity, i, < i,.
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In the final three subcases (g,h,i), assume io —>rw jo.

Subcase g: Suppose j1 -> i

ww 11° Thin j1 < 11_and E'CG_ is
the nonredundant cycle [(rl, wJ>, <wJ, w1>, <w1, ri>].
So, P3(i, j) must be obeyed. Since io ->rw Jgr 1 € Iy
Hence, by transitivity, io < il'

Subcase h: Suppose j1 -> i1. This case is essentially

rw

the same as subcase f.

Then, P1(j, 1) must be

E Subcase i: Suppose Jq —>wr i,.

obeyed. We assume i1 < i0 and show a contradiction. This

follows directly, since j1 '>wr i1 < i0 ->rw jo implies j1

< jo, contradicting jo < j1.

Case III Assume that n is greater than two. We define a
class, i, to be a P2-class in T if there are transactions
i and i' in 1 that appear in T in edges of the form j -->wr

i and i '>rwk’ for some transactions j and k. (Note that
classof(io) = classof(i2n_1) can be a P2-class.) We first

prove two preliminary claims about T.

Claim 3: Let [<j0, j1>,...,<j2m_2, j2m-1>] be a sequence
of edges in T such that no jk is in a P2-class of T. Then
Jo < Joman-

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

number of edges in the sequence. As the basis, we show jo
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< j1. Then we show that after adding an edge to the

prefix [<j0, j1>,..., <j2p_2, j2p_1>], where p is smaller

than m, ) 1 JO < J2p_1' then JO < J2p+1.

Basis step: Either Jo ->ww ji’ Jg -->wr Jqs or jo '>rw j1.

If jO ->ww j1, then jo < j1 follows directly from the

definition ->w . Then the diagonal

" Suppose j, =>

wr j1'

—

edge <wJO, rd1> appears in T' and, with claim 2, T'CG is

CG
a nonredundant cycle with a diagonal edge. Since j1 is

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

<1O, 11>, if j1 = i2n-1) must be an —>ww AT | =) e So,

P3(31, J,) must be obeyed. Hence, j, -> . Jj, implies j, <
j1. Suppose jo '>rw j1. The diagonal edge <r30, w31 >
appears in T'CG and, with claim 2, T'CG is a nonredundant
cycle with a diagonal edge. Since 30 is not a P2-class,
the edge preceding <j0, i (or edge <12n-2’ i2n-1> dor o
= i0

obeyed. Hence, jo '>rw j1 implies jo < j1.

) must be an —>w or ->rw' So, P3(JO, 31) must be

w

Induction step: Suppose [<j0, j1>,...,<j2p_2, ij-1>] has

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

Jo Jop-1-
augment the sequence by the edge <J2p, 32p+1>' By the

same argument as the basis step, j2p < j2p+1. By

definition of trail, j2p_1 < j2p' So, by transitivity, jo

< j2p+1, thereby proving the claim.
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Claim 4: Let {<j0, j1>, <j2, j3>] be a sequence of edges

in T such that jo —>wr j1 and j2 '>rw j3. Then jo < j3.

Proof of claim U4: Since T contains the diagonal edge

CG
<r30, wJ1>, the protocol selection rules imply that

P2(31,{30, 33}) must be obeyed. That j, < j; follows by

definition of P2.

We can prove case III for two subcases: TO is a P2-class

and TO is not a P2-class.

Suppose TO is a P2-class. Consider T with its first and
last edges removed (call it T T = [<12,
i3 2n=14" i2n-3>]‘

there must be at least one edge in between.) T" consists

Hyeais gl (Since n is greater than two,

of sequences with no P2-class transactions (as per claim
3) separated by sequences of P2-class transaction pairs.
By claims 3 and ", the left and right endpoints of each of
these sequences -atisfy the relation 1left-endpoint <
right-endpoint. 50, by repeated application of
transitivity, we have 12 < iZn—3' Since YO is a P2-class,
PZ(TO, [Tz, T2n-3}) must be obeyed. By examining T, we

have 10 -->rw 11 £ 12 < 12n-3 5 iZn-2 ->wr i2n-1' Suppose

1op-1 < 1g- Then 15, 5 =2ur iopoq < 1g =2y 1y implies

(by P2) that < i,. But i, < i, < 1023 X SO

a contradiction. So io < i

lon-2
implies i1 <

i2n-1’

2n=1"
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Suppose TO is not a P2-class. Then T has exactly the same
form as T" above. So, by repeated application of claims 3
as desired.

and 4 and transitivity, we obtain i, < i

0 2n-1
This proves case III and the lemma. Q.E.D.

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

let -> and SG,(H) be defined on H. Let P = [<io,

o SO

classof(io) = classof(12n_1). Then i, < i2n—1‘

>] be a path in SGy(H), where

Proof

First, suppose some transaction, i?p, in P ran protocol P4
with respect to the other classes in the path. That is, P
= [<10, 11>,...,<12p, 12p+1>"“’<i2n-2’ i2n-1>]’ By
definition of P4, 12p -> 12p+1 implies 12p < 12p+1.
Similarly, for each q greater than p, 12p < 12q-1 and

12q-1 = l2q and 12q =-> 12q+1 implies 12p < 12q+1' So, by
induction, 12p < izn-1‘ A similar argument shows io <
12p. (Note: possibly ig = 12p or i, 4 = 12p' but not

both.) Hence, by transitivity, i0 < i2n—1'

So, assume no transaction in path P ran protocol P4 with
respect to the other classes in the path. Our proof is by
induction on n. As the basis step, assume that n = 1.

Then P is a trail, and i, < i, 4 follows from lemma

TRAIL.
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Assume the 1lemma 1is true for all n less than k. We now
show it to be true for n = k. Suppose, for some q between
1 and n-1, classof(izq) = classof(io). Then P can be
partitioned into two paths [<io, i1>,...,<i2q_2, i2q_1>],
and [<12q, 12q+1>""’<12-2' i2n-1>]' By the inductive

assumption, i0 < i2 and i?q < 12n-1’ since the subpaths

q-1

are of length less than k. S0, € by

1y 1on-1

transitivity.

Suppose no such q exists. Then choose some class Jj that
contains transactions j' and j" in P that are connected by
a nonempty path. That 1is, P is of the form [<io,

P g ooy iy g vgi€ e &l i >]. Excise the

-1 2n-2’ " 2n-1
path from j' to j" from P. By the induction assumption,
ik < LMt Excise all such paths that connect two
transaztions in the same class. When no such transaction
pairs remain (except those that are adjacent), the
resulting sequence of edges is a trail. (Adjacent edges
are 1incident with two transactions from the same class
that are either identical or are related by increasing <.
Also, no class appears in more than two heterogeneous
edges.) Now, by lemma TRAIL,

io < i2n-1’ as desired.

Q.E.D.

Lemma ACYC follows as a corollary to lemma PATH.

.i.h.h.u-d-ﬁ'ﬁiﬂ.NﬂHﬂﬁ-iﬁ--.-Hm-ﬁﬂhﬂhﬁﬂ.-ﬁ-i.hnﬂnnnj...i.hﬂhﬁhhuﬁﬁiﬂhuﬁlv il o Bl S s
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Lemma ACYC If execution history H is well-behaved, then

SGO(H) is acyeclic.
Proof

Suppose there is a path in SGO(H) from transaction i back
to itself. By lemma PATH, i < i, Bul < is a total order,

a contradiction. Q.E.D.

We may now state and prove the main theorem of this

section:

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

are well-behaved, then they are all serializable.

Proof : Follows directly from corollary TOSG and lemma

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

The formalism which has been presented so far deals with
transactions which have read-sets and write-sets of
physical data items. 1In practice, however, the wuser of
SDD-1 expresses his transactions in terms of logical data
items. A logical data item may correspond to a number of
physical copies stored in the database, presumably all at
different sites. SDD-1 maps user transactions expressed
in terms of logical data items into transactions referring
to physical data 1items according to the following rule.
When a logical data item is read the system chooses one of
the physical copies to read. However, when a logical data
item is written, the system updates every physical copy of

the logical data item.

We would like to prove that SDD-1 generates a serializable
history of 1logical transactions against a logical
datahase. That is, the transactions appear to be
serializable against a hypothetical database in which
there 1is only one copy of each 1logical data item.

Furthermore, we wish to show that the Write Message Rule

is not needed 1in the serialization, 1i.e. all write
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messages always apply all of their wupdates in the
serialization. That 1is, updates specified in the user's
transaction always update the database, and cannot be

accidently ignored due to the Write Message Rule.

We could extend our formalism to include the notions of
logical transaction, 1logical data item, a 1logical to
physical data item mapping, and a correctness definition
based on 1logical transactions rather than physical
transactions. Instead of actually developing this
additional mechanism however we will simply present an
informal plausibility argument for the serializability of

logical transactions.

The argument 1is a simple one and goes as follows.
Consider the serialized execution history corresponding to
an actual interleaved history. In between completely
executed transactions in this serial history, all physical
copies of each logical data item have the same value.
This follows because any transaction which updates one
copy must update all the others as well. Thus, since all
physical copies have the same value, the behavior of the
system is the same as if there were only one physical copy
corresponding to each logical data 1item. And further,
since the actual interleaved history 1is defined to be

equivalent to the serialized history, it too behaves as if

each logical data item had only a single physical copy.
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Finally, we note that whenever a write-write intersection
occurs between transactions, the system serializes those
I transactions in <- order. Thus the serial history behaves
as if all updates applied unconditionally to the database,
without reference to the Write Message Rule. And thus, by
equivalence, all transaction updates actually affect the

database.
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2.3 1Initial SDD-1 Implementation

During this reporting period, the first working version of
SDD-1 was implemented and demonstrated. This version of
the system implements the distributed query processing
algorithm developed by CCA and described in [WONG] and
[CCA b]l. In addition, the system was enhanced to 1include
a graphics interface which visually illustrates the
distributed processing and data movement as it occurs
during the execution of a distributed query. The
remainder of this section describes the initial system
architecture, the query processing algorithm and the

demonstration setup.
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2.3.1 System Architecture

The current configuration of SDD-1 involves four computers
(sites) on the ARPANET. Two of the machines run TENEX and
two run TOPS-20 operating systems. One to three

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

each site. Queries to the system are entered at a TM.
The TM is responsible for determining the access strategy
to efficiently execute the wuser's query, based on the
distribution of data within the system. The TM then
requests one or more DMs to perform 1local processing
and/or move sub-relations from one site to another. Each
DM is ccnnected to a Datacomputer subjob which performs
local database management functions. The number of DMs
per site is parameterized. As the number of DMs per site

increases, the amount of potential parallelism increases.

The entire system runs under MSG ([BBN]), the interprocess
communications system developed by BBN for the NSW. As
far as SDD-1 is concerned, MSG simply provides a pipeline
ﬁ from the TM to each DM with which it interacts. The DMs

communicate with their Datacomputer suhjobs through

Arpanet connections. In addition, during the execution of
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a query, Datacomputers at different sites establish
Arpanet connections for the purpose of moving data from
site to site. Figure 2.2 illustrates the system

configuration with one DM per site. The figure includes

some of the relevant communications paths in the system.
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SDD-1 Implementation Modules Figure 2.2
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The most 1interesting module in the system, insofar as
SDD-1 is concerned, is the TM. The TM is at the heart of
the system. It performs the following operations while

processing a user's transaction:
1. Reads the Datalanguage query from the network.

2. Parses the Datalanguage and extracts a covering
relational expression. That 1is, it produces a
relational expression that will retrieve at least
all the data specified by the Datalanguage

expression.

3. Transforms the relational expression into a query
in terms of fragments. During this phase, unused
fragments of the relation are dropped from the

query.

4. Builds an access plan for executing the distributed

query (the exact algorithm is described in section

2.3.2).

5. Executes the access plan that was just built by
instructing the DMs to perform local processing
(i.e. run Datalanguage on their Datacomputers) and
move partial results to other sites. This phase
may also <cause a graphical representation of the

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

between DMs to be drawn on the display.
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6. Finally, when all the required data is at one site,

requests a DM to execute the user's Datalanguage

query and returns the results to the user.

These execution steps are illustrated in figure 2.3. The
figure also shows the interactions of the major submodules
in the TM. The remainder of this section will detail

these execution steps.

r— A S s . A NPARG
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2.3.1.1 User Interface

A user program communicates with SDD-1 in the same manner
as it communicates with the Datacomputer. Datalanguage
requests are sent to the TM through a network connection,
and messages and results are returned to the user through
another network connection. SDD-1 was purposely designed
to appear to the user program identical to the
Datacomputer so that existing Datacomputer applications
programs would not have to be modified for use in the

SDD-1 environment.

2.3.1.2 Relational Query Generation

Query optimization is most convenient 1if the query is
expressed in a non-procedural data access language. Since
the query language of SDD-1, Datalanguage, is
semi-procedural, the TM translates the Datalanguage into a
relational query. The Datalanguage parser and relational
query generator modules take the text of the user's
Datalanguage query and produce a relational query that is
guaranteed to retrieve at least all the data required by

the user query.
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In the process of generating the relational query, the
directory interface 1is accessed to verify that the
appropriate files and fields exist and that the wuser is
granted access to the data. If any of these conditions
are not met, an error message is sent back to the user and
the query is aborted. In the current version of the
system, the directory system simply accesses a preloaded
cache. The distributed directory scheme described in
section 2.1.5, [ROTHNIE and GOODMAN], and [CCA a] will be

implemented in future versions of the system.

2.3.1.3 Fragment Transformation

The unit of data distribution in SDD-1 is the fragment of
a relation. If a relation is thought of as a rectangular
table, a fragment can be considered to be a rectangular
subset of that table. In SDD-1 fragments are formed by
first splitting the relation horizontally into sets of
tuples based on predicates and then splitting the
resulting fragments vertically by projecting them on
non-overlapping subsets of the fields. 1In addition, a
user invisible key called the tuple 1identifier (TID) is
replicated in each vertical fragment to guarantee that
each sub-tuple is uniquely 1linked with the other

sub-tuples that comprise the logical tuple.
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The fragment transformation section of the system is

Lag

responsible for transforming the relational query into one
that deals with the stored fragments as opposed to the
logical relations. In the process of doing this

transformation, the first step of access planning is taken

by eliminating fragments that are not required by this

query.

The transformation algorithm works in the following way.
For each relation referenced in the query, a horizontal
fragment transformation is performed followed by a
vertical fragment transformation. The horizontal
transformation consists of splitting the query into a
series of sub-queries, one for each horizontal fragment

and specifying that the results of these queries will be

appended to produce the final result. During the
transformation process, the query's restriction is tested
r against the fragment definition predicate to see 1if the
particular fragment is included or excluded by the

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

SHIP file as those tuples with NAT field equal to 'US', i

and if the users query requests tuple with NAT equals

'USSR', then the fragment in question may be completely

dropped from the query.
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is transformed into a
its constituent vertical

by causing each field in

the query's predicate and target 1list to refer to the
particular vertical fragment in which it resides. Any
vertical fragments that are not referenced are dropped
from the query. In addition, joining terms based on TID
are added to the sub-queries to assure that a set of
fields from more than one vertical fragment is treated as

the same logical tuple.

2.3.1.4 Access Planner

The access planner takes the transformed query and, using
the algorithm described in section 2.3.2, produces a plan
for executing the query. In order to formulate its plan,
the access planner interfaces with the directory system
and the cost estimation module. The directory provides
statistical information for each field concerning the
distribution of values as well as the location (site) of
each stored fragment. The cost estimation module, using
the statistical information provided by the directory,
estimates the sizes of results based on the query's

restrictions and estimates local processing costs.

|
|
|
|
|
|
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The result of the access planner is a table specifying the
steps required to retrieve the necessary data. The table
contains one entry for each site involved in the query.
Each entry contains one or more specifications of 1local
processing that will occur at that site. In addition,
each local processing specification includes the

destination site for its results.

2.3.1.5 Move Manager

The task of the move manager is to direct the execution of
the plan built by the access planner. In addition, if the
demonstration display 1is in wuse, the move manager is
responsible for communicating local processing steps and

data movements to the graphics interface.

The move manager's algorithm 1is very straight-forward.
For each site, it finds all the local processing that 1is
"runnable". Local processing 1is ready to run when all
required data is present at its site and both the sending
and receiving sites each have a DM available for
processing. Since each site has a limited number of DMs
(usually three), it is conceivable that some of the local
processing might not be runable even though all required

data is present.
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The move manager initiates local processing and movement
of data between two Datacomputers by sending the
appropriate messages to the corresponding DMs. The
sender's Datalanguage is constructed by transforming the
relational expression associated with the local processing
into Datalanguage. As 1local-processing/data-movement
steps finish, new files which contain the moved
sub-relations are created at the destination sites. When
the entire plan has been executed, the move manager has

finished its job.

The move manager modifies its behavior slightly if the
demonstration display is being used. As local processing
is 1initiated, the relational expression, the source site
and the destination site are sent to the graphics
interface. The graphics interface 1is notified when a
particular pair of sites have completed their data
movement. These <calls to the graphics interface cause

graphical representations of the processing and data

movement to appear on the screen.
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2.3.1.6 Final Query Processing

Once all relevant data has been moved to one site, the
system is ready to perform the processing requested by the
user. The original query submitted by the user is sent to
the final site. To complete the processing, the results
of the final qhery are shipped through the TM to the user.
In demonstration mode, the results are also displayed on

the graphics terminal.

2.3.2 Distributed Query Processing

The goal of a distributed query processing algorithm is to
get all the requested data to the user's site. There are
a number of ways to accomplish this goal. One approach
would be to adapt a single-site query processing algorithm
by replacing disk accesses with accesses to foreign sites.
Whenever the query processor wanted some data from the
disk, the system would trap the access and divert it to
the network to retrieve data from a remote site. A second
approach might be to change the tuple accessing code of a
centralized query processing system to retrieve non-local

tuples from the network as they are needed.
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Both of the above approaches to distributed query
processing are flawed because they fail to take into
account the relative low speed of communications channels
in a computer network. These channels are typically
several orders of magnitude slower than disk channels.
The first of the above two approaches would be
unacceptably slow because of the amount of data
transferred. The second approach seems more intelligent
in that it accesses only the required data. However, it
would be slow because it would be swamped by the number of
messages being sent over the network. In a computer
network there is a fixed overhead associated with each
message in addition to the time required to transmit the

actual data.

The shortcomings of the above approaches suggest that a
good distributed query processing algorithm should try to
minimize both the amount of data moved from site to site
and also minimize the number of messages sent between
sites. In addition, the algorithm should take advantage
of the computing power at all of the sites involved while

processing the query.

The SDD-1 distributed query processing algorithm uses two
tactics: local processing and reducing moves. Local

processing consists of performing restrictions and
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projections on data at a single site with the objective of
reducing the amount of data moved. This tactic is almost
always profitable since communications costs almost always
outweigh local processing costs. The tactic of reducing
moves 1is the movement of small amounts data between the
local data management systems, if it helps reduce the
amount of data that must be moved later. Even though
reducing moves 1increase the total number of messages
needed to execute the query, they are still desirable if
they yield a significant enough reduction in the total
time to obtain the desired result. The optimization
problem consists of finding the best sequence of 1local
processing and reducing moves. The remainder of this

section describes the optimization algorithm.

The strategy for executing a query 1is produced by
selecting an initial strategy and perterbing it to gain
improvements. The initial strategy is to perform all the
local processing possible (in parallel) at each site, in
order to restrict the referenced fragments. The site with
the largest amount of data after 1local processing 1is
chosen as the final site. The reduced data is moved from
all other sites to the final site. This minimizes the
amount of data moved between sites based solely on initial

local processing. The initial strategy may be optimized

if two fragments (one small and one 1large), residing at
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different sites, are 1linked by a joining term and both
must be moved to the final site. The optimization
involves moving the smaller of the two fragments to the
site of the larger one; followed by a movement of both of
the fragments, further restricted by the joining term, to
the final site. The 1initial move 1is replaced by the
reducing move, followed by the movement of the join, only
if the total time required for the two moves (of
potentially much 1less data) is an improvement over the
initial move. This algorithm is applied to the new set of
moves until there are no profitable reducing moves to be

made.

In order to compute the cost of a move, the system must be
able to estimate the size of a relation if it 1is
restricted, projected or joined with another relation.
This 1is accomplished by maintaining statistics in the
directory for each horizontal fragment: the number of
tuples 1in the fragment, the number of unique values found
in each non-numeric field and the minimum and maximum
values for numeric fields. This is enough information to
make simple estimates of result sizes if one assumes
evenly distributed field values and independence of

fields.




Semi-Annual Technical Report Page -T71-
SDD-1 Design Section 2

The query processing algorithm as presented suffers from
the wusual hill-climbing problem in that it may find a
local optimum. While this problem is inherent in the
approach, it is alleviated somewhat by a branch-and-bound
technique that considers many possible final sites. This
technique rejects a possible final site if its best case
cost is greater than some other site's worst case cost.
Experience has shown that this technique produces better

results in many situations.

2.3.3 The Demonstration Setup

The initial implementation of SDD-1 includes a unique
graphical representation of the query processing algorithm
in action. The major problem in demonstrating a
distributed system like SDD-1 is that the system appears
to the user as if it were a centralized DBMS. The user is
completely hidden from the distributed aspects of the
system. Whereas in a real working environment hiding the
distribution aspects of the system 1is desirable, in a
demonstration environment the opposite is often true in
that it 1is the distributed algorithm ¢that is being
demonstrated. The remainder of this section describes the

physical demonstration environment, the SDD-1
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configuration during a demo and an example of the output

produced by the demo.

An SDD-1 demonstration is a combination of a briefing with
slides and a live presentation of the system in operation.
In a typical demonstration setup there 1is an overhead
projector and screen for the briefing and a color graphics
terminal (a Ramtek Micrographics Terminal) for the live
demo. In addition, depending on the size of the audience,
there may be a large screen projector (such as an Advent
1000B) connected to the display terminal. The entire
setup is completed by an additional terminal where queries
are entered to the system. Figure 2.4 shows a typical

setup for a group of 20 to 30 people.

P
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Figure 2.4
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An SDD-1 demonstration runs on five computers on the
Arpanet; four of the sites constitute SDD-1 itself and one
runs LADDER, the wuser interface program. Figure 2.5
illustrates the computer and terminal configuration.
ISI-E and SRI-KL are TOPS-20 systems; ISI-A and ISI-C are
TENEX systems. ISI-E usually runs the TM; all four sites

run DMs.

The database used in the demonstration is a distributed
version of the Bluefile ([NELC]). The Bluefile is a
sanitized extract from a real command and control
database. Figure 2.6 1illustrates the data distribution
chosen for this configuration. One interesting point
worth noting 1is that the SHIP file is fragmented into
SHIP1 through SHIP6. Figure 2 describes the
fragmentation of the SHIP file. The rest of the files in

the database are not fragmented.
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Figure 2.8 1illustrates the picture displayed on the
graphics terminal prior to the start of the demo. The
figure 1is self-explanatory in that each large box
represents a site and the smaller boxes represent the DMs

and TMs at the different sites.

As an example of the demonstration behavior, consider the
following query: "Which US ships report casualties
involving sonar?" This query should access the READINESS
file at site 2 to find ships with REASN equal to 'S' and
correlate those ship identifiers (UICVCNs) with US ships
in SHIP1. Figure 2.9 1illustrates this query. The
remainder of this section describes the steps in

processing the query.

1. The query is entered at the query entry terminal in
English. The query 1is translated by LADDER
([SACERDOTI]) into Datalanguage and delivered to
SDD-1 through an Arpanet connection. All queries

enter the system at site 4.

2. The SDD-1 transaction module (TM) produces a
relational query from the Datalanguage. This
relational query is displayed in the text area of
the screen in the <color of the TM receiving the

query (red in this case).
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Figure 2.8
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