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Abstract

BULK is a very�high�level persistent programming language and environment for prototyp�
ing and implementing database applications� BULK provides sets and sequences as primitive
type constructors� provides high�level operations on them� and allows programmers to de�ne
application�oriented bulk types� e�g� syntax trees� bond portfolios� or �geographic� maps�

BULK encourages separation of correctness and e�ciency concerns by distinguishing logical
type from representation� BULK supports a three�step development paradigm consisting of �i�
prototyping� �ii� intensive analysis� optimization� and data structure selection by the compiler
to achieve e�ciency� and �iii� if e�ciency is still inadequate� hot�spot re�nement �CGK�	
� �In
hot�spot re�nement developers remove performance bottlenecks by providing the compiler with
more information� by directing its optimization e�orts� or by re�implementation�� Step �i� focuses
on correctness� steps �ii� and �iii� on e�ciency� Our goal is an implementation that can usually
achieve acceptable e�ciency by step �ii� and that provides a tractable interface for hot�spot
re�nement�

� Introduction

A major service o�ered by �le systems and DBMSs is storage of persistent data� data which persists between
executions of a program� and which many programs can share� Programmers in conventional programming
languages generally rely on a �le system or database management system �DBMS� for this� In addition� �le
systems and DBMSs also provide a bulk data type� a data type whose instances contain a dynamically varying
and potentially large number of elements� Sets� sequences� graphs� and relations are familiar examples of
bulk data types�

Unfortunately� the data types and representations of the programming language and a DBMS or �le
system rarely coincide� forcing the programmer to invent two representations and write translation code
between them� No compile�time support for type checking spans the loose association of programming lan�
guage and DBMS� types are checked when data is read from or written to the DBMS� if at all� Furthermore�
the set�oriented operations in� for example� relational databases� have no counterpart in most programming
languages� The discontinuity in type system and computational model between programming language and
DBMS is often referred to as an impedance mismatch �CM�

�

Database programming languages integrate the facilities of a general purpose programming language
and a DBMS� thereby doing away with the impedance mismatch� Examples include ADAPLEX �Com��
�
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DBPL �EEK���
� E �RC��� RC��
 FAD �DKV��
� Galileo �ACO��
� Machiavelli �OBBT�	
�
Modula�R �KMP���
� Napier �MAD��
� OPAL �CM�
� MS��
� Pascal�R �Sch��
� PS�Algol �Atk��
� and
many others� These examples are imperative or applicative in �avor� there are also many approaches based
on logic programming� Both �AB��
 and �OSD��
 analyze design issues in database programming languages�

This paper introduces a new database programming language called BULK� states the rationale for its
existence� and sketches an approach to optimization based on static analysis��

� How BULK Is Di�erent

BULK is designed to address di�culties arising in the development of database applications using current
commercial technology� stand�alone DBMSs and programming languages such as C� Pascal� or Cobol� In
�RS�	
 we analyze these di�culties in the context of an industrial development e�ort� From this analysis
emerged the following desiderata�

� a single logical representation for persistent and volatile data�

� set�level operations for volatile as well as persistent data�

� a data encapsulation mechanism with inheritance�

� bulk types extending beyond �rst�normal�form relations�

� alternative representations of bulk types� and

� a rich set of tuning options to achieve acceptable e�ciency�

These desiderata suggest that database application development would be well�served by a persistent pro�
gramming language and environment with

� a small set of built�in bulk data types �e�g� sets and sequences� with highly general� set�level operations�

� data encapsulation� inheritance� and the ability to de�ne application�oriented bulk data types based
on built�in types�

� static type checking for e�ciency and safety�

� a strong separation of logical type from representation to encourage separation of correctness from
e�ciency concerns� and

� support for a spiral application�development paradigm consisting of three steps�

�� prototyping�

�� intensive static analysis and pro�ling� leading to cost�based optimization and data structure
selection by the compiler� and

�� programmer�directed tuning or reimplementation of remaining e�ciency bottlenecks�

BULK is our attempt to design such a language and environment�
We chose SETL �SDDS��
 as a starting point for our e�ort� SETL o�ers a conjunction of widely

understood constructs�an imperative programming language and mathematical ��nite� sets� sequences�
and relations� SETL formed the basis of a number of approaches to speci�cation and prototyping� For
example� SETL

� in�uenced the design of a knowledge�based software development environment �Rea��
�

� has been augmented with �xed�point operators and used as basis for a program�transformation sys�
tem �PH��
� and

�We use �BULK� to refer to both the programming language and the environment� and distinguish the two only when
necessary to avoid ambiguity�

�



� was used to create a working prototype implementation of a validated Ada compiler �KS�

�

BULK inherits SETL�s primitive bulk data type constructors �all describing objects of arbitrary and
dynamic size�� These are fundamentally sets and sequences� though in addition special syntactic support is
extended to binary relations �i�e� sets of sequences of length two� that are functions� BULK o�ers a highly
uniform treatment of sets �and sequences�� cited in �Ban��
 as �one of the major challenge�s
 facing designers
of object�oriented database systems�� This uniformity is due to the following�

� Sets and sequences have the same operations� regardless of their implementation� This contrasts
with many object�oriented programming languages� where there are a number of collection classes
implementing set�like types� all associated with di�erent operations�

� Instances of sets and sequences are values like any other� Thus they may be persistent or volatile�
may be subvalues of other values without restriction�� and may be arguments and return values of
functions�

� Sets and sequences share similar former syntax�� For example� regardless of whether X is a set or a
sequence of integers� the expression

fx � x � x in X st x � ��g

denotes the set of elements formed by squaring those integers in X that are greater than ��� A similar
notation forms sequences� i�e�

�x � x � x in X st x � ����

Using BULK�s data abstraction mechanism �described below� programmers can de�ne additional�
application�oriented bulk data types based on sets and sequences�

Like SETL� BULK is value�oriented� there is no explicit heap storage allocation and there are no
pointers� Thus� for example� after the instructions

a �� f�		���g
 b �� a
 a �� a � f��g


b�s value is f�		���g� Unlike SETL� BULK supports persistent values and data abstraction in the form of
classes resembling C�� classes �Str��
�

We believe that a strong separation of the notion of logical type from the notion of representation is
necessary for a conjunction of simplicity and e�ciency in a very�high�level language� For example� BULK�s
implementation architecture takes advantage of multiple implementations to statically select low�cost disk�
based data structures and query plans� �SETL o�ers a scheme for automatically or manually choosing
among a �xed set of representations for a single logical type �DGLS�	� SSS��
�� Few database programming
languages make this separation� but in DBMSs built�in bulk data types often have multiple implementations�
e�g� through the use of various primary and secondary access structures� However� unlike most DBMSs�
BULK extends the separation of type and representation to user�de�ned types� and allows programmers to
de�ne new bulk types with multiple implementations� As an example� consider an ordered tree with two
operations� pre�order traversal and ordered scan of the leaves� Those tree instances subject to the linear
scan might include links from leaf to leaf that would be super�uous in instances subject only to pre�order
traversal�

Finally� still building on the separation of logical type from representation� BULK programmers can
achieve even greater e�ciency by hot�spot re�nement �CGK�	
� Hot�spot re�nement starts from the most
e�cient implementation that the compiler� unaided� can produce� Programmers then identify performance
bottlenecks �hot�spots� and specify a more e�cient implementation for them� Support for hot�spot re�ne�
ment is important because developers cannot always a�ord to throw away and re�code an entire working

�The R�D� �KLW��� Lin��� database system provides a model with very uniform treatment of sets and sequences used as
subvalues in an unrestricted way� However� since R�D� is a database system rather than a programming language� there are
no volatile sets or sequences�

�Similar constructs have been found useful in functional languages such as Miranda� where they are called ZF expressions
or list �or set
 comprehensions �Tur����

�



prototype�� But if a language provides no support for hot�spot re�nement the hot�spots become poorly
structured and the system as a whole develops many implementation dependencies� making evolutionary
change and future re�nement more di�cult�

BULK supports hot�spot re�nement in two ways�

� The programmer can provide more information to the compiler� in the form of

� expected execution or data statistics� or

� directives to guide the optimizer or to use a particular implementation� e�g� to maintain a disk�
based set in some particular order�

For this purpose� the BULK language provides an extensible set of pragmas� Thus the programmer
can specify the representation to be used if those selected automatically are unsatisfactory�

� If reimplementation is necessary� BULK�s alternative class implementation mechanism helps organize
the reimplementation� Alternative class implementations can be used by the compiler when it au�
tomatically selects data structures� provided the costs associated with operations on the alternative
implementation are available� When developers are forced to resort to a lower�level languages for
alternative implementations BULK is designed give them a �rst approximation to the code in a lower
level language� and verify type consistency across the interface� Pragmas can provide BULK with the
cost properties of the alternative implementation� BULK also accepts information about the foreign
function� for example� whether it is pure� whether it is associative or commutative� and what the
programmer estimates its cost to be�

The next section is an introduction to BULK through a running example�

� Example

Our examples are implementation fragments from the bond� information system discussed in �RS�	
�

User�De�ned ADTs Figure � shows an abstract data type de�nition for bonds� in this example the
class bond� A class is a user�de�ned type that speci�es a representation of instances of the type and an
implementation of operations on instances��

� The representation of class instances is speci�ed by the data members of the class� in the bond class
these are coupon� maturity� and history�data�

� Operations on class instances are speci�ed by member functions� in bond these are history�
price�to�yield� enter�quote� most�recent�quote� and average�price� The member function
price�to�yield is not implemented in bond� but its presence in the de�nition of bond indicates that
price�to�yield must be de�ned in subclasses �see below� of bond�

The value of a data member can vary from instance to instance� whereas the value of a member function is
constant for all instances of a class�

A member �data member or member function� that appears prior to the key�word private is visible
outside the class� such a member is termed public� A member after private is private� and visible only
within the member functions of the class� Within a member function� other members are simply referred
to by name� For example� the identi�er history�data in the member function history refers to the data
member of that name�

�In �RS��� we present an example of the use of hot�spot re�nement in a real�world application� In this application the
developers duplicated persistent data in shared memory for faster access� a di�cult job that was unsupported by either
programming language or DBMS�

�We mean �nancial bonds� as in �stocks and bonds��
�Unlike some other database programming languages� e�g� ADAPLEX �Com���� a class is not associated with an extent� i�e�

there is no set automatically containing all instances of a class� The reason is that BULK programs are designed to express
an entire application� not just database retrieval� In general we may want to create instances that do not persist or that are
invisible to most users� An example would be a system using hypothetical bonds� where most of the hypothetical bonds are
thrown away� and only a few are kept for additional work by a restricted set of users� Indexing on all instances of a class was
rejected for similar reasons in �MS�	��






class bond

coupon � float


maturity � date


func history�
 map�date� seq�float� float



history�data


end history


func price�to�yield�float� date
 float


func enter�quote�day � date� price � float


history�data�day
 �� �price� price�to�yield�price� day
�


end enter�quote


func most�recent�quote�
 seq�date� seq�float� float



let d be max�domain history�data



�d� history�data�d
�


end most�recent�quote


func average�price�d � date
 float

let prices be �x��
��
 � x in history�data st x��
 �� d�


reduce��� �� prices
 � �prices


end average�price


private

history�data � map�date� seq�float� float




end bond


Figure �� bond Class De�nition

�



class treasury � subclass of bond

func price�to�yield�p � float� d � date
 float

foreign �coupon� maturity�


end price�to�yield


end treasury

class corporate � subclass of bond

issuer � string


rating � string


func price�to�yield�p � float� d � date
 float

foreign �coupon� maturity�


end price�to�yield


end corporate


Figure �� Subclasses of bond

High Level Operations Figure � also illustrates operations on maps in BULK� In this case a map is a
�nite function represented extensionally� The member history�data in bond is such a map� For a functional
mapM with domain element x the syntax M�x� denotes the corresponding range element� In the de�nition
of most�recent�quote� the expression

max�domain history�data


yields the maximum date in the domain of history�data� and

history�data�d


yields the quote for that date�
In most�recent�quote and enter�quote the square brackets ��� �� denote the variadic function return�

ing the sequence composed of its arguments� e�g� �a� b� c� denotes the sequence abc� Thus� in enter�quote

the range element of history�data associated with day is set to the pair

�price� price�to�yield�price� day
��

Additional set and sequence operators are illustrated below�
Note that� conceptually� the history member function returns a copy of history�data� However� a

BULK implementation can detect applications of history where the member history�data is not modi�ed
while the value returned by history is still live�� In this case the implementation can use a reference to
history�data as history�s return value�

The member function average�price is de�ned to return the average price of a bond over all days on
or after d� The symbol � used in average�price is a pre�x operator that returns the number of elements
in its argument� The expression

�x��
��
 � x in history�data st x��
 �� d�

denotes the sequence of prices quoted on or after d� This is an example of a sequence former� as discussed
in Section �� Here x��
 denotes a range element of history�data� and since x��
 is itself a pair� x��
��

denotes its �rst element� a price�

Inheritance In Figure �� the classes treasury and corporate are de�ned as subclasses of bond� The
class corporate has two data members� issuer and rating �both strings of arbitrary length�� not present
in bond� Both treasury and corporate implicitly have all the members of bond� However� each has a
di�erent implementation of price�to�yield� The subclass relationship is useful in two ways�

�This can be determined from conventional du�chains� More ambitious techniques that move unavoidable copy operations
to infrequently executed parts of a program are presented in �Mor����

�



class bond�cache�most�recent�

func enter�quote�day � date� price � float


if undefined�latest�quote�date
 then

latest�quote�date �� day


if day �� latest�quote�date then

latest�quote�date �� day


latest�quote �� �price� price�to�yield�price� day
�


end if

history�data�day
 �� �price� price�to�yield�price� day
�


end enter�quote


func most�recent�quote�
 seq�date� seq�float� float



�latest�quote�date� latest�quote�


end most�recent�quote


private

history�data � map�date� seq�float� float




latest�quote�date � date


latest�quote � seq�float� float



end bond


Figure �� Programmer�De�ned Alternative Implementation

� It can represent is�a relationships� as in the example� where each corporate is a bond�

� It can support the extension of existing software to handle new cases� For example� if a new kind of
corporate bond were created that could be exchanged for a speci�c number of shares of stock� this
kind of bond might be created as a subclass of corporate�

Integration with Other Languages Also in Figure �� for both corporate and treasury�
price�to�yield is implemented in another programming language� whence the key�word foreign in these
function de�nitions� Following foreign is a sequence of values to be passed to the foreign function in addi�
tion to the explicit parameter� The BULK programming environment must determine that values provided
to and received from a foreign function have a representation consistent with those expected by and returned
from the foreign function�

AlternativeClass Implementations In Figure � the syntax �cache�most�recent� indicates that this is
an alternative implementation for bond� It is required that alternative implementations have the same public
members� The original implementation �in this case in Figure �� is called the canonical implementation�
Here� the cache�most�recent implementation of bond is understood to have all the public and private
members of bond� and in addition two other private members� latest�quote�date and latest�quote�
Also� the functions enter�quote and most�recent�quote have new implementations� The net result is
that if most�recent�quote is evaluated much more often than enter�quote� the cache�most�recent

implementation of bond will be more e�cient than the canonical implementation� In Section 
 below
we discuss why alternative class implementations are a good idea� and how inheritance and alternative
implementations interact�

Persistence Figure 
 illustrates de�nitions of persistent values� On the �rst line� the type bond�id is
de�ned to be a renaming of the type atom� The only operations on atoms are equality and the generation
of a heretofore unknown atom value� Thus� as in this example� atoms often act as object identi�ers� The

�



type bond�id atom


var known�bond � map�bond�id� bond
 � ��


var bond�group � map�string� set�bond�id

 � ��


Figure 
� Persistent Data De�nitions

persistent var known�bond


persistent var bond�group


let g be read�string�



let d be read�date�



transaction

print�

��known�bond�x
 � x in bond�group�g


st

known�bond�x
	most�recent�quote�
��
��
 �� �	� � known�bond�x
	average�price�d


�



end transaction


Figure �� A Program Using Persistent Data �Transaction ��

next two lines declare known�bond to be a map from bond�ids to bonds� initially the empty map� The last
line of Figure 
 declares bond�group to be an initially empty map from strings to sets of bond�ids�

The de�nitions in Figures �� �� �� and 
 would be entered into a persistent name space using the BULK
environment� A persistent name space is a function from identi�ers to types� values� and �programs�� i�e�
compilable units of BULK code� BULK code in a persistent name space can reference type and value
identi�ers in the same name space by pre�xing their declarations with the key�word persistent� as shown
in Figure �� Therefore BULK object code depends not only on source code� but also on a persistent name
space� The source program may have di�erent object code for di�erent persistent name spaces� or even no
object code� if the program is erroneous in a particular persistent name space� e�g� because of a type error�

Transactions Operations on persistent data that are bracketed by transaction and end transaction

�which must nest with other lexical constructs� are atomic with respect to recovery and concurrency� In
Figure � there is a transaction that� given a bond group� g� and a date� d� prints out the number of bonds
in g that are worth at least ��� more than their average price since d�

� Alternative Class Implementations

Don�t inheritance mechanisms such as those in Smalltalk��� �GR��
 or C�� su�ce� For example� an
abstract superclass �Smalltalk��� terminology� or a virtual base class �C�� terminology� can represent a
logical type� and subclasses �derived classes in C��� can represent alternative implementations�

However� in practice it seems rare that class de�ners actually provide alternative implementations�
instead they provide classes with similar but di�erent method protocols� and this inhibits simple replace�
ment of one implementation by another� As two examples among the Smalltalk��� Collection classes�
consider the task of changing the representation of a SequenceableCollection from OrderedCollection

to LinkedList� or of converting a Dictionary keyed by integers to an Array� Perhaps subclasses�as�
alternative�implementations is rarely used because the subclass relationship by itself does not indicate when
two classes represent the same ADT�

�



transaction

for b in range known�bond order by b	maturity do

let s be �q in b	history�
 order by q��
���


print�b	maturity� b	coupon� s��		�




end for


end transaction


Figure �� Transaction �

Furthermore� even if used� subclasses�as�alternative�implementations forces the programmer to make
a representation decision early� perhaps even before all uses of the data are known� resulting in over�
speci�cation� Even in a dynamically�typed language the programmer must make a representation decision�
if only what class to send new to�

Finally� there is interference between subclasses�as�alternative�implementations and using inheritance to
express is�a relationships� For example� suppose a has two subclasses� a� and a��� as its two implementations�
and suppose class b is�a a� To express this with subclasses� one could make b a subclass of a� but then
neither a� nor a�� would be a basis for an implementation of b� On the other hand� making b a subclass of
e�g� a� means that the implementation a�� is not a basis for an implementation of b�

All�in�all� to use the distinction of �Str��
� a subclass mechanism enables� but does not support alterna�
tive implementations�

With explicit alternative implementations� the approximate cost of the �logically� same operation in
di�erent implementations can be obtained from pragmas� analysis� or pro�ling� Once a correct program is
produced� compiler and programmer know they can swap alternative implementations� and can focus on
e�ciency� Additionally� as a testing aid� a compiler could automatically generate test code to perform the
same operations on two alternative implementations simultaneously and compare the results�

Alternative implementations mesh well with inheritance� if� as in the case of BULK �and C���� the
member functions of a class have no special access to the private members of superclasses� Because alterna�
tive implementations are identical in their public members� member functions can operate on any alternative
implementation of a superclass�

� Static Analysis and Optimization

As an example of static analysis and optimization� we sketch BULK�s approach to selecting disk�based data
structures� ��RS	�
 explains the approach in detail�� The method operates in two phases on a workload� i�e�
on a collection of transactions and their execution frequencies�

In phase one� for each transaction� a set of rules determines characteristics of a physical design that
might be bene�cial �compared to some na� ve data structure� to the transaction� from among the candidate
designs for each transaction� one is selected that yields a low cost estimate for that transaction� These
�characteristics of a physical design that might be bene�cial� are termed useful features� As an example�
for Transaction � in Figure �� useful features would include

f�� indexing known�bond and bond�group by their domain elements�

f�� maintaining each instance of bond	history�data in descending order of its domain and indexing it
by domain elements� and

f�� clustering history�data with the other data members of each bond instance�

In another example� consider Transaction � �Figure ��� This transaction prints� for each known bond �in
order of maturity� the maturity� coupon� and the most recent three elements of history�
� Useful features
for Transaction � would include

g�� maintaining known�bond in order of maturity�

	



pragma

cardinality�known�bond
 � ����


cardinality�element�range�known�bond

	history�data
 � ����


end pragma


Figure �� Data Statistic Pragmas

g�� maintaining� for each bond� the value of the expression

�q in history�data order by q��
�����		�
� ���

i�e� the most recent three history�data elements� and

g�� storing the remainder of history�data �i�e� other than the most recent three quotes� separately
from coupon and the other data members of known�bond�

The decision to maintain ��� is made not by the programmer� as in the cache�most�recent implementation
of bond of Figure �� but by the BULK optimizer�

In phase two� the method attempts to �nd a compromise data structure that minimizes the aggregate
frequency�weighted cost of all the transactions in the workload This entails searching among subsets of the
union of all the useful features for the workload� the goal is to �nd a set of features on which the workload
has a low frequency�weighted aggregate cost�

Suppose that there are ���� bonds� each with an average of ���� elements in history�data� Assuming
a workload consisting of the two example transactions with approximately equal frequencies� the data
structure selection process would arrive at a representation where

f�� bond�group and known�bond are indexed on their domains�

g�� known�bond is ordered by maturity�

g�� expression ��� is maintained�

g�� only the three most recent history points are stored with the coupon and maturity members of bond
instances� and

f�� the remainder of the history�data member for each bond is stored separately� but indexed on and
sorted in descending order by its domain elements�

Execution plans for the transactions are developed along with the candidate data�structures�
To provide information for optimization in the early stages of development �e�g� during the initial

coding and testing�� programmers can supply additional� optional� information to BULK using pragmas�
Figure � shows programmer estimates of the cardinality of known�bond and the average cardinality of a
bond�s history�data member�

� Application Development and Maintenance in BULK

As we envision it� application development in BULK would begin �after requirements analysis and speci��
cation� by an initial development using a combination of volatile data and test persistent name spaces with
small values� Once the application programs have been debugged� the application would be compiled into
fully optimized code using programmer�supplied expected statistics for persistent values and workload��

�O�� motivated by similar objectives� takes a related approach �VBD���� During a development phase O� relies on late
binding that does limited error checking and little optimization� Then in �execution mode� �i�e� for the production phase

O� �deeply compiles� classes by performing additional analysis and replacing dynamic class implementations with statically
optimized ones� BULK places more emphasis on static analysis and optimization both in development and production phases�
as exempli�ed by BULK�s static data structure selection and transaction planning� To some extent it may be that this approach
is possible for BULK because� as a system with a single language� BULK has complete information about an application� Such
complete information might be harder to get in O��s architecture� which employs separate programming languages and object
manager�

��



pragma

instruction�cost�treasury	price�to�yield
 � �����


pure�treasury	price�to�yield



end pragma


Figure �� More Informational Pragmas

The prototype would be then tested by users� If its functionality is satisfactory� development would
begin to address remaining e�ciency concerns� The application would be run for some time� while BULK
gathered pro�le and data statistics� and programmers identi�ed hot spots� Once hot spots are identi�ed�
programmers would attempt to re�ne them into more e�cient code�

��� Hot�Spot Re�nement

Although sometimes it may be necessary to recode part of the application at a logical level�that is� to
re�ne a hot spot without support from BULK�we hope that in most cases programmers can use BULK�s
support for hot�spot re�nement in one of three ways�

�� By using informational pragmas� pragmas that provide more information about data or about the
algebraic or cost properties of functions or operations�

�� By using directive pragmas� pragmas that direct optimization� for example by directing BULK to use a
particular data structure to represent a value� or to use a particular sequence of operations to evaluate
an expression�

�� By creating an alternative class implementation�

Informational Pragmas Figure � shows a plausible use of informational pragmas for hot�spot re�nement�
�Figure �� another example of informational pragmas� is probably characteristic of their use in the initial cod�
ing and testing phases of development rather than in hot�spot re�nement�� Here treasury	price�to�yield
refers to the price�to�yield function of the class treasury� which happens not to be written in BULK�
The instruction�cost pragma indicates how many instructions a function execution is expected to take�
The pure pragma indicates that its argument� a function� �i� has no side e�ects� and �ii� returns a value
that depends only on the arguments the function is called with�

Another example of an informational pragma is the following� Suppose a programmer knows �by manual
analysis and proof� that in the expression A union B �where A and B are sets�� that A and B are disjoint�
The programmer can write

pragma A intersect B � fg
 end pragma


to allow BULK to use a cheaper implementation of union� �Of course� for testing and debugging� BULK
should be able to insert run�time code to check the truth of the pragma�this is also the case for the pure

pragma and any other that a�ects correctness� Programmers would probably also like to occasionally check
the accuracy of pragmas that give data and cost estimates��

Directive Pragmas The following directive pragma forces bonds in known�bond to use the
cache�most�recent implementation�

pragma

use�implementation�element�range�known�bond

� cache�most�recent



end pragma


�Recall that bonds are elements of the range of known�bond��
To direct BULK to simply consider the cache�most�recent implementation of bond� but still allow

BULK to make the implementation choice� one can write

��



pragma

try�use�implementation�element�range�known�bond

� cache�most�recent




end pragma


As a �nal example of a directive pragma� consider

pragma memoize�treasury	price�to�yield� ���

 end pragma


This directs BULK to �memoize� treasury	price�to�yield� that is� to cache up to ��� domain�range
pairs for this function� This is an improvement if the function is relatively expensive and often called on
the same values repeatedly� Memoization is only possible for pure functions� Ideally we would like BULK
to warn when it is unsure whether a directive is correct� as would be the case in this example if the pure

pragma in Figure � were omitted�

Alternative Implementation We have already seen� in Figure �� an alternative implementation of a
class�

As another example� suppose that the bond member function average�price �see Figure �� is almost�
always called with an argument that is �ve days before the date of the most recent quote� Then an alternative
implementation of bond could store the value of average�price for that argument� It is unlikely that an
automatic optimizer would ever have enough information to discover this optimization�

Once an alternative class implementation is de�ned� the compiler will consider it as a possible rep�
resentation for a value� especially if the programmer can provide heuristics for the compiler to determine
when the alternative class implementation might be preferable to the canonical class implementation� The
programmer� can� of course� simply direct the BULK to use a particular alternative class implementation�

��� Evolution of Type and Representation

Two requirements often imposed on database applications seem incompatible with BULK�s reliance on
extensive �and expensive� static analysis and optimization� These are�

� The application must run continuously� This requirement is called �high availability�� in the sense
that the data and programs must always be available�

� The data and the operations on the data evolve over time�

One cannot shut down the application for hours or days to change the type or representation of the data
and re�analyze all the programs�

Dynamically�typed systems seem to have an advantage here� but in practice� it is di�cult to correct
all the programs that become erroneous because of some change� In a characteristic scenario the newly�
erroneous program is discovered three days after the change is made� in the course of some already�late batch
run at ���� A�M�� after the programmer who best understands the change has left for vacation� Therefore
BULK must provide continuous availability and evolutionary change without sacri�cing static analysis�

Our approach is to accommodate type change in persistent values by temporarily using a union type�
For example� to change the logical type of some persistent value� X� from set�t�
 to set�t�
 one would
need �rst to ensure that all code in the persistent name space that uses X can accommodate a set that
contains values of both type t� and t�� Once that is accomplished the type of X can be changed to a set of
the union type of t� and t�� and the values of type t� in X can be replaced by values of type t�� Finally the
type of X can be changed to set�t�
� and code that uses X can be rewritten based on the new type of X�

A related approach works for changes in representation� For example� suppose it happens� because of
workload changes� that a �le representing a set� X� and sorted by one attribute might be better sorted
by another attribute� We can temporarily represent X in two �les �containing disjoint subsets of X� after
re�compiling all client programs of X to utilize the bifurcated representation� Once X is completely cut
over to the new representation� client programs are compiled again to utilize only the new representation�

��



� Summary

We have proposed a very�high�level persistent language to address present�day di�culties in database ap�
plication development� A central idea is support for the separation of correctness from e�ciency concerns�
To help developers achieve correctness quickly� BULK o�ers a convenient notation for coding a prototype
at a high level� This notation is characterized by

� uniform treatment of sets and sequences with high�level operators�

� data encapsulation with inheritance�

� independence of type and persistence� and

� static type checking that spans the application and its persistent data�

To address e�ciency requirements BULK o�ers

� built�in alternative representations for built�in bulk types�

� optimization machinery to automatically select a low�cost implementation�

� programmer�de�ned alternative implementations of bulk types� which can be considered by the com�
piler during automatic optimization� and

� a set of pragmas to provide additional information to the compiler or directly guide its optimizations�

Though BULK relies on static analysis� we believe it can support data�type and representation evolution
and still provide high availability�

Our goal is to realize an implementation that will show that BULK�s approach to database application
development is feasible and competitive�
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