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Figure 6.3: A New Version of a Secondary Index
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Dangling pointers make moving entities and reusing the space freed by deleted
entities difficult [32, 91]. If there are several pointers to an entity, then moving
the entity will cause pointers to dangle. Ullman’s scheme disallows movement
altogether. This is a serious restriction because some structures require to
move entities — B-tree rotations are a good example. Date describes an
indirection mechanism that permits movement but both complicates and
slows future operations. H the space originally allocated to a deleted entity
is reused, a dangling pointer may now point to the wrong entity. For this
reason the space occupied by deleted entities is not available for reuse in
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Ullman’s scheme. Date again uses indirection to reclaim most of the space
at the cost of slower and more complex operations. In summary, the cheaper
destructive delete introduces complexity and may slow future operations.

6.5 Data Models

A datahbase management system must support a data model to enable the
users to reason about their data at a higher leve] than that of entities and
bulk data structures. The functional database supports both the relational
and the lunctional data models.

6.5.1 Relational Model

The relational data model was defined by Codd (26|, and underlies many
commercial databases |6, 47, 102]. Homogeneous classes of entities are viewed
as rnathematical relations, i.e. sets of tuples. In the bank examnple the account
and customer information can be viewed as the following relations.

CUSTOMERS

Name Address Phone n.o.
Bloggs, S. | 7 Bellevue Rd. | 3345632
Bloggs, C. | 7 Bellevue Rd. | 3345632
Jones, F. | 2 George Rd. | 5649822

ACCOUNTS
Account n.o. | Balance { Class | Credit
Lirmit
1035 -30 C 200
1040 200 B 50

1045 54 C 100
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A new relation OWNS is introduced to associate customers with the ac-
counts they own. Note that OWNS is many-many, a customer may have
many accounts and an account may be owned by many customers.

OWNS
Account n.o. Names
1035 Bloggs, C.
1035 Bloggs, S.
1040 Bloggs, S.

It is easy to provide support for the relational model using the functional
database described earlier. A relation is simply a tree. The entities stored
in the tree are tuples. The tree can be flattened to obtain the list of tuples
currently stored in the relation. This list of tuples can be processed to answer
ad hoc queries about the database. In Chapter 8 a list-processing notation
is presented and proved to be relationally complete, 1.e. to have at least the
expressive power of the relational calculus. Chapter 8 also describes how the
uniqueness property imposed by the relational model can be enforced using
a list duplicate-removal function.

To implement tbe scheme outlined above a flatten function must be incor-
porated into the bulk data manager. Suitably parameterised instances of
the bulk data manager are also required to store the relations. If these are
named customer, account and owns, and Db is the type of the multiple-class
database, then the {ollowing abstract data type provides a relational bank
environment. The data type is given in standard ML, with a signature that
specifies the interface and a structure that implements the signature.

signature BANK =
sig
type Customer (*Type of a customer luplex)
val customers : Db — lList Customer

type Account
val accounts : Db — list Accouni
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type Qun
val owns : Db — list Ouwn
end;

structure bank : BANK =

struc!

{*Import structures giving access lo the classes of datax)
structure ¢ = customer
struclure ¢ = account
struclure ¢ = ouwn

type Customer = c.bkr Rt (*Type from mgr instancex)
fun customers € = c.flatten d

lype Account = a.bkr Rt
Jurn accounts d = a.flatten d

type Own = o.bkr. Ri
fun owns d = o.flatten d
end;

Note that the relation names, such as customers, are not bound to a list
of tuples. Instead they are bound to a function that, when applied to the
database, will return the list of tuples currently stored in the relation. Sec-
tion 8.3.2 illustrates how this simplifies the task of expressing a query as a
transaction function, i.e. a function of the database.

New relations can be constructed and stored for future use. A suitably
paraneterised instance of the bulk data manager is required. This must be
inserted as an, initially empty, element of the multiple class database. The
new instance might be called new. If (f d) is an expression that constructs
the list of tuples that is to reside in the new relation, then the following
function will construct a new tree containing the elements of {f ).

makenew d = foldl new.insert d (f d)
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Let us examine the task of flattening the tree in more detail. The flallen
function simply traverses the tree and constructs a list that points to the
entities at the leaves. The resulting data structure is depicted in Figure 6.4.
In Bird and Wadler syntax flatten can be written as follows.

flatten rel = flat [} rel

flat es (Entity €) = e:es
flat es {Node It k rt) = flat (flat es It)

Figure 6.4: A Flattened Tree

(flanen acc1)} —

KEY

Class tree nodes
Entities

List node

HoO

The flaiten function is an O(n) operation because it traverses the tree visiting
each node and each leaf only once. The list produced by flattening is often
processed, for example by a query. The work expended in constructing the list
may be avoided by deforestation techniques [96). These techniques eliminate
the intermediate data structures created during list processing.
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The flattened list takes up little space, simply n pairs of pointers. As an
example, the flattened list for the 5 megabyte tree from Subsection 4.3.2
requires 59 kilobytes, or 1% of the space taken by the tree. Hence retaining a
copy of the flattened tree is cheap. If the tree is flattened frequently compared
with the frequency of modification, then memoising the flatten function will
be worthwhile. A memo function is like an ordinary function except that
it stores the arguments it is applied to, together with the results computed
from them. If a memo function is applied to the same argument again the
previously computed value can simply be looked up [64]. Because flatten’s
argumen! is a large data structure a variant of memo functions, namely lazy
memo functions [54], is appropriate. If flatten is memoised and the tree has
been flaltened previously, a subsequent call to flatten need not traverse the
tree. Instead the existing flattened version can be used.

A number of memoising strategies are possible, depending on the frequency of
modification and the space available. The cheapest alternalive is to memoise
Hatten and not flat. Inthis case, if the relation s modified at all, a subsequent
invocation of flatten must traverse the entire tree again. The most expensive
alternative is to memoise both flaiten and flat. In this case every sub-tree in
the tree will be memoised. A call to flalten on a modified tree will recompute
only the changed parts of the tree. Alternative memoising strategies are also
conceivable, for example memoising just the second level in the tree

6.5.2 Functional Data Madel

The functional data model (FDM) was proposed by Shipman in a language
called DAPLEX [80]. Related work on expressing the functional data model
in functional languages was cited in Sections 3.2 and 3.3. Two concepts are
used to model data, ertities and functions. Entities correspond to ohjects
in the real world, for example a customer or a bank account. Entities are
collected into classes called entity sets. A function maps an entity to a set
of target entities. For example balarce might be a function that maps an
account entity to the sum of money in the account. Similarly owns might
be a function that maps a customer entity to the account entities he or she
maintains.
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The functional database supports the functional data model naturally. An
entity may be represented as a tuple. An entity set is represented as a tree
of tuples that can be fiattened and queried as described for the relational
model. A function such as balgnce that returus an attribute of an entity is
simnply a tuple selector function. A function that maps an entity to others
can be implemented as a secondary index, or by associating a list of keys
with the entity.

For example the owns function can be represented as a secondary index
keyed on the customer’s name that stores a list of accounts the customer
owns. Alternately a customer entity could contain a list of the keys of the
accounts owned. Additional space is required to store the secondary index.
The index, however, provides faster access requiring ouly O(log n) accesses
to locate all of the accounts a customer owns. I a list of keys is stored,
each account must be looked up separately, with a cost of O(log n) lor each
account. The next Subsection describes why a customer entity cannot refer
directly to tbe account entities,

To represent the many-many relationship between customers and accounts in
the FDM, two functions are required. In addition to owns described above,
a function owned. by is needed. Given an account entity owned_by returns
the list of customers who own the acconnt, Let us use indices to represent,
both owns and owned_by. Figure 6.5 is a sketch of the database structure
used to implement the dank database.
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Figure 6.5: The bank Data Structure
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Assuming that suitable instances of the bulk data manager exist, the follow-
ing Standard ML abstract data type provides a functional data model of the
bank database.

signature BANK =
3ig
type Customer
vel customers : Db — list Customer
val name : Customer — string
val address : Cusfomer — list siring
val phone_no : Customer — int

type Account

val accounts : Db — list Account
val account_no : Account — int
val balance : Account — real
val class : Account — string

val credit limit : Account — real

val ouns : Customer — b — list Account

val owned_ by : Account — Db — [list Cusiomer
end;

struclure bank : BANK =

struct
(«fmport structures giving access {o the classes of dates)
structure ¢ = customer
structure ¢ = account
structure ¢ = owns
structyre ob = ouwmed. by

type Customer = c.bkr Rt (* Type from mgr instancex)
fun customers d = c.flatten d

fur naeme (n,e,p) = =

fun address (n,a,p) = @
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fun phone_no (n,a,p) = p

lype Account = o bkr Rt

Jun accounts d = a.flatlen d

fun account_na (n,b.cls,crl) = n
fun balance (n, b, cls,crl}) = b

Jun class {n b, cls,crl} = cis

fun eredit_Limit (n, b, cls,crl) = corf

fun ouns ¢ d = o.lookup ¢ d
fun owned by ¢ d = ob.lookup a d
end;

Nikhil uses an almost identical Student-Course database to illustrate func-
tional data modelling in a functional language. The only difference between
the above signature and Nikhil’s corresponding environment is that seceunts,
customers, owns and owned by all take the database as a parameter. For
example, the value of customers d is the list of customer entities in the
database d. The explicit reference to the database means that queries using
a functional data model can be expressed as transaction functions.

It is possible to argue that the functional database described here provides
a more consistently functional data model than that provided by DAPLEX
{80], or FDL [72]. In both DAPLEX and FDL updates are achieved by
Prolog-like assertiou. This is in contrast to the update model outlined in
Chapter 4 that allows arbitrary transaction functions over the database,

6.5.3 Closure Problem

The structure required to support a functional model of the bank database
illustrates the graph modification problem from Section 6.4.2. The owns in-
dex is keyed on customer name, just as the account entity set is. Rather than
having two identical indices we might wish to include the owns information
in a customer entity. This would take the form of a list of pointers to the
accounts a customer owns.
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Including this information in the customer entities not only saves the space
used by the owns index, but makes some accesses fast. Consider the task of
listing all of the custormers with their accounts, rather like a relational join.
This can be achieved in time proportional to the size of the customer entity
set, by simply scanning it and following the pointers to the related account
entities.

A similar situation exists for the oumed_by information, and we might wish to
incorporate it into the account entities. If both owns and owned_by informa-
tion are incorporated, a circular structure is created with customer entities
referring to the account entities they own and account entities referriag to
the customer entities that own them. Figure 6.6 depicts some of the owns
and owned_by information from Subsection 6.5.1. Customers “Bloggs, C.”
and “Bloggs, 5.7 are denoted “C” and “S" respectively. Similarly accounts
1035 and 1040 are denoted 35 and 40.

Such a closely-linked data structure is a pernicious example of the graph
modification problem. Consider the task of allowing a customer Jones to use
account 1035, A new version of the database must be constructed in which

e Jones appears on the owned_by list of account 1035, and

¢ Account 1035 appears on the ouna list of Jones.

A new customer entity for Jones can easily he constructed. Now, however,
a new version of every account owned by Jones must be constructed to refer
to the new customer entity. Next, a new version will be required of any
customer entily that owns one of the new account entities. The pattern is
clear, and in general a new version is required of every entity that is reachable
from the updated entity in the transitive closure of the relation represented
by owns and owned_by.



CHAPTER 6. DATABASE SUPPORT 100

Figure 6.6: Directly-linked bank Data Structure
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A solution to the problem is to store the key values of the accounts a customer
owns in the customer entity and likewise for the owned_by information. This
breaks the multiple pathways from one entity to another. Jones can be given
access to account 1035 as follows. The customer entity set is updated with
a new version of Jones’s customer entity with the key of account 1035 in the
owns hist. Similarly, the account entity set is updated with a new version
of account 1035 that has Jones’s name in its owned_by list. As noted in
Subsection 6.4.2, storing keys in place of pointers increases the access cost
and introduces complexity for the programmer.
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Chapter 7

Transactions

This Chapter covers the use of functions as transactions that manipulate
the database. How tramsaction-functions are made atomic is described and
the techniques are compared with a conventional logging-and-locking ap-
proach. Some issues in the transaction model are also addressed. These
include processing long read-only transactions, restarting long transactions,
evicting non-terminating transactions and the provision of nested transac-
tions,

7.1 Introduction

A transaction was introduced as a function that consumes the database and
consiructs a new version of it, i.e. a function of type bdt — (output x bdt).
Such functions are a powerful manipulation language. Because a transaction
function takes the database as a parameter it can inspect any part of the
data, subject to the security mechanism described in Chapter 6. Chapter
8 illustrates queries that interrogate several classes of data and others that
are recursive. Because a transaction returns a new version of the database
it can modify any part of the data, again subject to the security mechanism
described in Chapter 6. A transaction that populates, or builds, an entire
class of data was demonstrated in Subsection 6.5.1.

102
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Not only is the notation powerful, it is also referentially transparent and
hence amenable to reasoning. The list comprehension queries presented in the
next Chapter are essentially the bodies of transaction functions and Chapter
9 demonstrates how these transactions can be transformed to improve effi-
ciency. Referential transparency also facilitates proofs about tramsactions.
For example a transaction might be shown to preserve an invariant in a
manner similar to that employed in [79).

The transaction language and the implementation are closely linked. The
implementation processes a stream of transactions and expects each transac-
tion to be a function over the database as described ahove. The transaction
language makes use of the cheap multiple versions of the database geperated
under the non-destructive update regime enforced in the implementation lan-
guage.

The remainder of this Chapter is structured as follows. Section 7.2 describes
how transaction functions are made atomic, and contrasts the techniques
used with a conventional logging-and-locking scheme. Section 7.3 describes
how some transaction issues can be addressed in the functional database.
These are the tasks of processing long read-only transactions, restarting long
transactions, evicting transactions that fail to terminate and providing nested
transactions. A task not addressed is that of making transactions reliable,
i.e. guaranteeing their atomicity in the event of a system failure.

7.2 Atomicity

In Section 3.2 a transaction was defined to be a collection of actions that is
atomic. To be atomic a transaction must he both serialisable and total. The
actions of a transaction are serialisable if, when a collection of transactions
is evaluated concurrently, the result is as if the individual transactions were
carried out one at a time in some order. A transaction is total if, providing
it returns, it is carried out completely or (apparently) not started.

Some transaction models use a stronger property than totality, namely re-
liability [40). Totality guarantees that a transaction is executed zero or one
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times. Reliability guarantees that a transaction is evaluated exactly once,
irrespective of machine failures. Such models are related to the task of mak-
ing the database resilient in the event of system failures. The transaction
functions described in this Thesis are total but not reliable.

Several mechanisms for guaranteeing atomicity exist. The most common
is a logging-and-locking strategy. Optimistic concurrency control and time-
domain addressing are two other alternatives [59, 74]. For brevity the trans-
action fupction mechanism is only compared to a logging-and-locking scheme.

7.2.1 Serialisability

Care is required to ensure serialisability in a conventional database. The
most common approach is to employ a two-phase locking protocol. Each
transaction must be well-formed, i.e. it must lock every entity it accesses and
unlock it after use. A two-phase transaction obtains all of its locks befare
releasing any. As a simple example a withdrawal transaction must lock the
target account entity to exclude other transactions until the withdrawal is
complete; it must then release the lock. Locking introduces several diffi-
cult issues that are not elaborated here. These include selecting a suitable
granularity, avoiding phantoms and the detection and resolution of deadlock.

Essentially serialisability ensures that no two transactions interfere. For ex-
ample, if a withdrawal transaction does not lock the target account a com-
peting deposit transaction might read the current balance and write a larger
balance. The effect of the deposit will be lost when the withdrawal writes its
new balance.

A collection of transactions processed by the functional database manager
is always serialisahle. The transactions occur in the order that they appear
in the input stream to the manager. This is because the manager applies
the transaction functions to the database in the order that they appear in
the input stream. Although the parallelism primitives described in Chbapter
5 allow the evaluation of several transactions to be interleaved in time, log-
ically each transaction has exclusive access to the database and subsequent
transactions process the database it constructs. Hence a transaction function
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can perform many actions on the database without danger of interference.

7.2.2 Totality

The non-destructive update regime enforced by the functional implementa-
tion language makes constructing total transactions easy. Indeed the con-
veptional techniques of logging-and-locking, optimistic concurrency control
and time-domain addressing all use some form of non-destructive update to
epsure totality. In a locking system a log of each transaction’s actions is
maintained and if a transaction aborts all of the changes made are reversed
using entries in the log. Under optimistic concurrency control writes occur on
temporary copies of the entities. A time-domain addressing scheme is inher-
ently non-destructive. Update in place has even been described as a “poison
apple” for reliable data maripulation [41]. In fact the technique used in the
functional database that produces a new copy of each node changed in the
database-tree is similar to the shadow paging technique found in conventional
databases [46].

A transaction function is easily made total because, under the non-destructive
update regime, the database prior to evaluating the transaction is preserved.
If a transaction needs to abort, the original database is simply reinstated.
Preserving the original version of the database is cheap, as described in Sec-
tion 4.2.3. Further, the transaction programmer’s task is simple because the
original database is named. For example, the original database is denoted d
in the transaction below.

To illustrate totality, consider the transaction tweo that sets the values of
two entities to 10. If either of the updates fails the unchanged database d
is returned. Only if both updates succeed does the transaction return the
database d” that has been modified by both updates. Note that the &', the
database reflecting only ore of the updates is never returned by two.
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two ¢ b d = (out!, d), if out' # OK
{out", d), if out” # OK
{out’, d"), otherwise
where
(out’,d') = update a 10 d
(out”,d”) = wupdate b 10 d’

In a conventjonal transaction language totality is enforced by a regime that
aborts every transaction unless the transaction executes a commit command.
In the functional transaction language there is no such default behaviour. It
is the programmer’s responsibility to ensure that the database component of
every result returned by a transaction-function reflects either all of the trans-
action’s actions or none of them. As a consequence, non-total transaction
functions can be written. Consider the following transaction.

partiel ¢ b d = (d",out”)
where

(out',d’} = update ¢ 10 d

{out",d”) = update b 10 o'

If the update of a fails, but the update of b succeeds then only the first of
the transaction’s updates will have been performed, i.e. partial is not total.
Worse still, because the update of b succeeded the user is unaware that
the transaction has failed. The situation can be alleviated by providing the
user with totality-preserving higher order fonctions or combining forms. One
combining form might be a conditional, another might apply a sequence of
functions to the database. The sequence combining form can be written as
follows.

sequence fs d = seq fs d d

seq (f:fs) d &' = seq fs d d", if out' = OK

(out”, d), otherwise
where

(out”,d") = [ d'

i
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The partial transaction can be made total by using sequerce as follows.
partial @ b d = sequence [update o 10, update b 10} d

Using combining forms to encourage programmers to write total transactions
is a far from perfect solution. A programmer may elect not to use the combin-
ing forms and then construct non-total transactions. Any set of combining
forms is restrictive and some of the combining forms are clurnsy.

7.3 Transaction Issues

This Section outlines how some issues that arise in a transaction-processing
model can be addressed iu the functional database.

7.3.1 Long Read-Only Transactions

Many applications require long transactions that only read entities. A query
that examines every account entity is au example of a long read-only trans-
action. A query that performs significant computation, a relational join for
example, will be even longer. In a conventional database, to guarantee that
the query is evaluated in a consistent state, every account entity must be
locked and only unlocked once it has been processed. If the query is compet-
ing with update transactions it may be difficult for it to obtain a read-lock on
every account entity. Furthermore, once the query has locked every account
entity it will exciude many updates for a long pericd. For these reasons long
read-only transactions are usually evaluated when few updates areocenrring.

In the functional database both reads and writes can overtake a read, as
described in Section 5.3.5. Thus a long read-only transaction can proceed
on its own private version of the database while subsequent transactions are
free Lo create new versions and inspect them. The space cost of preserving
the private version of the database used by the read-only transaction is low,
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as described in Section 4.2.3. The cost does, however, go up far each up-
date performed during the read-only transaction. The result of the read-only
transaction will reflect the state of the dalabase at the time the transac-
tion started. and this may differ significantly from the state at the time the
transaction completes.

Consider a pair of transactions. The first looks up four entities and the second
updates the same four entities. When these transactions are processed by
the prototype data manager the following results are obtained. The LML
program is in Appendix A.J.4.

As each transaction has only 4 operations, the maximum concurrency pos-
sible if the transactions are processed serially is approximately 5 tasks, in-
cluding a task for the manager. At least 7 tasks are active during most of
the evaluation indicating that the update transaction is occurring in parallel
with the read-transaction. Further evidence is provided by the elapsed-time
reduction factor of 3.63. Because of the ‘set-up’ and ‘wind-down’ times, a
speed-up of this size is too great to be obtained by evaluating the two four-
operation transactions serially.

LONG READ-TRANSACTION FOLLOWED BY A WRITE-TRANSACTION

Metric Eager | Opt. +

Transf,
No. of super-combinator reductions 685 800
No. of delta-reductions 594 685
No. of graph nodes allocated 20764 | 52458
No. of machine cytles 1966 541
Average no. of active tasks 1.30 6.02

Elapsed-time reduction factor, aover eager evaluation, 3.63.
Concarrency increase factor, over eager evaluation, 4.63.
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Figure 7.1 Long Read Transaction
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A less spectacular, but more realistic example is obtained if the same read-
only transaction is followed by two deposit transactions that both access an
entity that is being looked up. The LML program is in Appendix A.3.3. If the
transaclions are evaluated optimistically, but without the transformation, the
deposits are hlocked until the read-transaction completes and the sequence
of transactions require 1111 machine cycles to complete. Introducing the
transformation enables the deposits 10 occur concurrently with the read-
transaction and the transactions enly require 804 machine cycles to complete.
The full statistics are as follows.
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LONG READ-TRANSACTION FOLLOWED BY TWO DEPOSITS

Metric Opt..no | Opt. +

Trausf. | Transf.
No.of super-combinator reductions 638 696
No.of delta-reductions 503 819
No.of graph nodes allocated 23424 | 40383
No.of machine cycles 1111 304
Average no. of active tasks 2.07 3.34

Elapsed-time reduction factor, over optimistic evaluation, 1.23.
Concurrency increase factor, over optimistic evaluation, 1.56.

7.3.2 Long Transaction Restart

Many applications require transactions that perform large amounts of work
[41]. A great deal of work is lost if a long transaction is aborted. For
example, a transaction may abort because an entity it depends on has an
erroneous value. Often much of the work the transaction has performed
does not depend on the erronecus value and is simply repeated when the
transaction is later retried. In the situation described above the cost of
aborting a long transaction can be dramatically reduced by mernoising the
sub-functions of Lhe transaction. Consider the following transaction that
depends on 2 entities p and ¢g. Note that the sub-functions f; and f have
been memoised.

long d = fat
where

a = memo f (lookup ‘p' d)

b = memo f (lookup ‘¢’ d)

Suppose long aborts with the given valueof p. The transaction may be retried
with a new value of p. Because f; (lookup ‘¢’ d) does not depend on p and
2 1s memoised the value of the application can simply be retrieved from £'s
memo-table, saving recomputation. The value of any part of the transaction
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that depends upon the changed value will automatically be recomputed. In
the example the parts that will be recomputed are f; (lookup ‘p’ d) and £ a b.

7.3.3 Non-Terminating Transactions

In a conventional database a transaction may acquire some locks and then
fail to terminate. In this case part of the database is unavailable for an
indefinite period. A common solution to this problem is to use a timer and
evict any transaction that does not complete before its deadline.

A similar situation arises in the functional database. In fact, the situa-
tion may be even worse. Recall that the database manager applies the
transaction-functions to the database one after the other, a following transac-
tion consumning the database produced by its predecessor. As a consequence,
should a transaction not only fail to terminate but also fail to produce any
part of the database the following transaction will be unable to start. The
failing transaction excludes every other transaction from the database. A
more common type of failure will occur where the transaction produces most
of the result database before failing. If the failing transaction is constructed
using fwif or fwof then the unchanged parts of the database will remain
visible. This situation is similar to that arising under a conventional locking
scheme with only small parts of the database unavailable for an indefinite
period.

A time-out solution can be employed in the functional database if non-
determinism is introduced into the implementation language, The database
manager chooses non-deterministically between the database produced by
the transaction and an unchanged database. At a machine level the factor
guiding the choice is the time taken by the transaction function. Note that
the semantics of the transaction language are unchanged. The transactions
remain total, i.e. they are either performed completely or not at all. However
the laws the database satisfies have changed because it may choose not to
apply a transaction-function to the database.
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7.3.4 Nested Transactions

It is desirable that existing transactions can be used to construct new trans-
actions; this is called nesting. Several models of nested transactions exist
[62, 65, 74]. A common model is as follows. The changes made by a sub-
transaction are only visible once its parent transaction has completed, i.e.
committed. If a parent transaction fails then any changes made by its sub-
transactions must be reversed. In contrast, the sub-transactions of a parent
transaction fail independently of their parent transaction and of one another.
This enables an alternative sub-transaction to be invoked in place of a failed
sub-transaction to accomplish a similar task.

Care is required to support nested transactions in a conventional database
because the commitment of a sub-transaction is contingent on the commit-
ment of its parent transaction. Nested transactions also complicate the rules
governing lecking, for example a sub-transaction can lock entities locked by
its paren!.

In the functional database transactions are simply functions of a given type
and hence existing transaction-functions can be freely composed to construct
new transactions. A sub-transaction can itself have sub-transactions. Re-
versing a parent or sub-transaction is easy because the database prior to the
application of the transactjon function can be cheaply preserved. As a sim-
ple example consider transfer, a transaction constructed from deposit and
withdraw transactions to transfer a sum of money » from account a to ac-
count b. In transfer if either sub-transaction fails the entire transaction fails.
In the general case, however, the parent transaction is free to inspect the
output returned by the sub-transaction and perform some alternate action.

transfer a b n d = (out',d), if ouwt! #£ OK
(out”, d), if out” £ OK
(out”, d”), otherwise
where
(out’,d"y = withdraw a n d
(out”,d"} = deposit b n d'
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Chapter 8

Queries

This Chapter covers theoretical work on the expression of queries in pro-
grammiog languages. Queries are written as list comprehensions, a feature
of some programming languages. Relational queries are demonstrated, as
are queries requirng greater power than the relational model provides. It is
argued that comprehensions are clear because of their close resemblence to
the relational calculus. The power, or relational completeness, of list compre-
hensiors is proved. Database and programming language theories are further
integrated by describing the relational calculus in a programming language
semantica.

8.1 Introduction

There 15 a great deal of interest in unifying databases with programming lan-
guages [1, 2, 7, 12). Any database programming language must incorporate
a query notation. Any well-integrated database programming language must
have a consistent theoretical basis. The work described in this Chapter con-
tributes towards unifying database and programming language theory. The
datahase theory used is the relational calculus. The programming language
construct recommended for expressing database queries is the list compre-
hension.

114




CHAPTER 8. QUERIES 115

In Chapter 3 a query notation was required to be clear, powerful, concise,
mathematically sound and well integrated with the manipulation language.
Other work illustrating that list comprehensions are clear, powerful, concise
and well-integrated was referenced. In this Chapter it is argued that compre-
hensions are clear because of their close resemblence to the relational calculus.
The power of comprehension notation is proved. Database and programming
language theories are further integrated by describing the relational calculus
n a programining language semantics.

The power of list comprehension notation is proved by showing that it is
relationally complete. A notation is complete if it has at least the expressive
power of the relational calculus. The completeness of comprehension nota-
tion is proved by giving a translation of relational calculus queries into list
comprehensions. List comprehensions are shown to be strictly more powerful
than the relational calculus by demonstrating that they can express queries
entailing cornputation and recursion, neither of which can be expressed in
the calculus.

There is a gap between database theory and programming language theory.
The rift arises because database theory is based on relations whereas pro-
gramming language semantics are not. A semantics is given that bridges this
gap. It does so by describing the relational calculus in a well-understood
programming language formalism, denotational semantics [39, 82]. This pro-
vides the opportunity to apply techniques from the denotational world to
relational implementations. These might include proving that implementa-
tions match their specification and that optimisations preserve correctness.

It is extremely important to emphasise that the query language work pre-
sented in this Chapter is independent of the implementation described in
the foregoing Chapters. List comprehensions are not restricted to functional
languages. They can be implemented in any language that supports easy
heap allocation. A pilot implementation in PS-Algol is under development.
Comprehensions may also be used to process lists of data extracted from
conventional databases. This is, in fact the approach taken in a commercial
database product based on FQQL, a lazy list-processing functional language
[21].

List comprehension queries can be cleanly integrated with the implementa-
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tion described earlier. A comprebension simply forms the body of a trans-
action function that takes the database as an argument and returns the list
of tuples in the database that satisfy the query. Even if the evaluation of a
query is time-consuming, it need not delay subsequent transactions because
it is read-only and can cheaply retain a private version of the database.

The remainder of this Chapter is structured as follows. Section 8.2 intro-
duces the relational calculus. Section 8.3 introduces list comprehensions and
demonstrales their use to express both relational and extra-relational queries.
Section 8.4 describes the syntactic correspondence between comprehensions
and the relational calculus. Section 8.5 describes the translation process and
inctudes an example. Section 8.6 describes the semantics and its potential
uses.

8.2 Relational Calculus

The formulation of the relational calculus used in this Chapter is described in
this Section. There are only two minor distinctions hetween this formulation
and Ullman’s [91}. Readers familiar with the calculus may wish to omit this
Section.

The relational calculus is a formalism for expressing database queries. It was
defined by Codd [27] and underlies a number of query languages {47, 60, 102].
A query is written as 2 Zermelo-Fraenkel set comprehension with a predicate
or formula specifying the conditions the tuples must satisfy. This represents
a declarative specification of the query as, unlike the relational algebra, no
order needs to be given for the computation of the tuples satisfying the
formula.

Much of the following description is paraphrased from Ullman op. cit. There
are two flavours of the calculus, tuple relational and domain relational. The
flavours are equivalent as any query expressed in the tuple relational calculus
can be converted to a query in the domain relational calculus, and vice
versa. Tuple relational queries can be expressed as comprehensions or given
a meaning by first converting them to a domain relational form, and then
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using the translation or semantics.

Queries in the calculus are of the form {(i,.. )| F(f,.. 4)}, where &,.. 1,
are domain variables, and F is a formula built from atoms and operators,
Atoms are of two types.

® a; 8 a; where 4, and g, constants or domain variables and & is a com-
parison operator (<, =, etc). This asserts that g, stands in relation @
to ¢;. For example, r < 3.

¢ (i,.. i,) € R where R is a relation and i,.. i, are unbound domain
variables. In a shight departure from Ullman’s formulation, membership
with constants or bound identifiers (a1,.. ¢.) € R is represented by
(f1,.- ) ERAG = AL fa = ap.

If F and F' are formulae, then a formula may be one of the following.

® An atom.
e Formulae combined using logical operators, F A F', F Vv F' ar -F.

s A quantified expression, 3(i;,.. L,): 8. F or ¥(i1,.. &x): B. F, where
(#1,.- in) are unbound domain variables. The explicit mention of the
relation over which the domatn variables range is the second difference
between this formulation and Ullman’s. It is, however, found in Date's
formulation {32].

Parentheses may be used as needed.

Examples

Cartesian Product:

{(t.. vy o, 0)|(ug, .- u) € RA (.. va € 5}
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Difference:
(DN e RAS((#YeSAi=1))

The projection 11 i R is expressed hy:

{(u.-“un,.. u‘}”{uh" ur) € R}

The selection of tuples of a relation R satisfying a predicate F', or orR, is
expressed by

{(#,.- w}(®,.. ue) € R AF'}

where F' is the formula F' with each operand ¢ denoting the ith component
of R, replaced by v,.

Safety

In order to disallow queries with infinite answers such as

{ts)l~((x) € A)},

safety conditions are defined. Informally a query, {(u1, .. wo)|F(%,.. %)}, is
safe if it can be demonstrated that each component of any (u;,.. =) that
satisfies F' is a member of Dom(F), which is defined as the set of symbols
that either occur explicitly in F, or are components of some tuple in some
relation R mentioned in F. For example if F(u, vz} is vy =@’V (m, 1) € R,
where R is a binary relation then Dom(F) = {f¢’} UILLR U Il R. A formal
definition can be found in [91].
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8.3 List Comprehensions

8.3.1 Introduction

This Subsection briefly introduces list comprehensions or ZF-expressions.
Readers familiar with comprehensions may wish to omit it. Full descriptions
of comprehensions can be found in many {functional programming texts, in-
cluding [17, 70].

List comprehensions are a construct based on Zermelo-Fraenkel set compre-
hensions and are found in some functional languages [52, 88, 89, 93]. A set
comprehension specifying the set of squares of all the odd nnmbers in a set
A can be written

{square z |z € AA odd 1}
and has a corresponding list camprehension
[square T |z — 4; odd z].

This can be read as ‘the list of squares of z such that r is drawn from A and
z is odd’. The syntax of comprehensions can be sketched as

comp = [e| q]
g = qiqlfipe—e

Here ¢ is an expression in the language. The expressions to the right of the
vertical bar are called qualifiers. Qualifiers are either filters or generators.
A filter, f, is a boolean-valued expression that specifies a condition that po-
tential list elements must satisfy to be included in the result, e.g. odd z.
A generator has the form p — e, where p is a pattern that introduces one
or more new vanables. The expression e is list-valued and denctes the se-
quence of values that the pattern is to be successively matched against. The
generator in the above example is z — 4,
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8.3.2 Relational Queries

Relational database queries are easily expressed using list comprehensions.
The following queres are used by Ullman to compare different query lan-
guages. The queries are posed against a small database, called the Happy
Valley Farmers Coop, or HVFC. The HVFC database comprises the following

relations.

MEMBERS{NAME,ADDRESS,BALANCE}
ORDERS(ORDER_NO,NAME,ITEM,QUANTITY)
SUPPLIERS (SNAME,SADDRESS,ITEM,PRICE)

Let uys assume that the underlying implementation provides the following
support for relations. The names of the relations are bound to the current
list of tuples in the database. For each attribute of every relation there is
a selector function that maps from a tuple in the relation to that attribute.
For example, balance will select the BALANCE attribute of a MEM BERS tuple.

Given this support, the query “Print the names of the members with negative
balances” can be written as the comprehension

[name m | m «— members; balence m < Q).

The query works in a straight-forward manner. Each tuple in MEMBERS
is retrieved by m — members. H the BALANCE attribute 1s less than zero,
balance m < @, then the NAME attribute is included in the result by name m.

“Print the supplier names, items and prices of all the suppliers that supply
at least one item ordered by Brocks” can be written

[(sname s, sitem s,sprice s)| o — orders; oname o = ‘Brooks, B.’;
8 + suppliers; oitem o = sitem 3].

If sublist is a fnnction that checks that every element in its first argument
list is present in its second, then a query to “Print the suppliers that supply
every item ordered by Brooks”, can be written




CHAPTER 8. QUERIES 121

{s |5 — suppliers; subliist brooksitems (allitems {sname s))]
where
brooksitems = [oitem o | 0 «— orders; oneme o = ‘Brooks, B.|
alliterns sn = [silem s |s « supplfers; sname s = sn],

List comprehension queries can be simply transformed into transaction func-
tions suitable for the transaction processor described in earlier Chapters.
Only two changes are necessary. The comprehensions must be made the
body of a function that takes the database as an argument. Each relation
name must be bound to a function that takes the database and returns the
list of tuples in that relation. Using these conventions, a transaction function
representing the first query can be written

negbal d = [name m | m — members d; balance m < 0].

Selector functions have been used to locate the attributes of tuples so that
any attribute not relevant to the query can be ignored. This is a substantial
advantage for real databases Lthat contain relations with many attributes. An
alternalive way of writing queries is to provide a pattern that matches all of
the attributes. The first query can be written in this style as follows.

[(rame) | (name, address, balanee) «~ members; balance < (|

This is in fact the style that will be adopted for the translation and for
query improvement. The styles are easily interchangeable. The two styles
correspond to the variants of the relational calculus. Using selector functions
corresponds to the tuple relational calculus, whereas using pattern matching
corresponds to the domain relational calculus.

8.3.3 Extra-Relational Queries

List comprehensions are strictly more powerful than the relational calcu-
lus. Neither computation nor recursion can be expressed in the calculus and
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queries requiriug either recursion or computation are termed exire-relational.
Other workers have also demonstrated that extra-relational queries ean be
easily expressed using list comprehensions and recursive functions. Compre-
hension solutions to two classic extra-relational queries from the database
literature are presented next. Improving the efficiency of these queries is
addressed in the next Chapter.

Date’s Example

Date poses the following bill of material, or parts explosion, problem [32}.
Given a relation such as

PARTS
Main Sub- Quantity
Compenent | Component
Pl P2 2
Pl P4 4
P5 P3 1
P3 P6 3
P6 P1 9
P5 P6 8
P2 P4 3

write a program to list all the component parts of a given part to all levels.
This problem is recursive only, no computation is required.

A list comprehension solution is a function ezplode with a single argument
main, the part to be exploded.

ezplode mein = [p | (m, s, q) + parts; m = main; p — (s : explode 5)]

The ezplode function works as follows. Each tuple in the parts relation is
obtained by (m, s, q) + parts. If a tuple’s main component is the assembly
being exploded, m = main, then the parts p returned are the subassembly
itself 5, and its subcomponents, ezplode s. This solution is far more concise
than the 27-line SQL solution Date presents. It is also arguably clearer.
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Atkinson and Buneman’s Example

Atkinson and Buneman also chose a bill of material as a recursive and com-
putational example [9]. A bill of material database is used to compare many
different databases, programming languages and database prograinming lan-
guages. Their bill is more complex than Date’s in that there are two types of
parts, composite and base. Composite patrts are assembled from other parts,
whereas base parts are not. A base part has a name, a mass, a cost and a list
of suppliers. A composite part has a name, a cost increment (assembly cost),
2 mass increment and a list of the parts required to assemble it, including
the quantity required of each sub-part. Assuming that the subsidiary types
such as mass have already been defined, the type of parts can be specified
as the following abstract data type.

part = Base name cost mass [suppliers] |
Comp name [(name, qly)] costinc massine

The task set is to compute the total cost and total mass of a composite
part. Clearly this requires both recursion and computation. The task proves
impossible in most relational query languages. Four auxilliary efficiency goals
are identified by Atkinson and Buneman and these are addressed in the next
Chapter.

Let us define sumpair as a function that performs addition on a list of pairs,
sumpair abs = (sum|a|{a,b) « abs], sum{b|(a,b) — abs}).
Given this, a simple list comprehension solution is as follows.

costandmass p = em (lookup p parts)

¢m {(Base p ¢ m ss)=(c,m)
em {Comp p pgs ci mi)
= sumpair ((ci,mi):[(g=c,q*m)|(p.¢) — pes; (¢, m) + [costundmass p]l)
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The solution works in a straightforward manner. The costandmass function
simply calls 2 subsidiary fuaction, ¢m, with the part record corresponding
to the given part number. The c¢m function computes the cost and mass of
a part record. The cost and mass of a base record are simply the cost and
mass attributes of the record. The cost and mass of a composite part are
the sum of a list of pairs of costs and masses. The first cost and mass pair is
the cost increment and the mass increment for this assembly stage, (ct, mi).
The remainder of the list of cost, mass pairs are the costs and masses of the
subcomponents. Each subcomponent is retrieved by (p, q) «— pgs. The cost
and mass of each subcomponent is calculated, (¢, m) + [costandmass p}.
Finally the costs and masses of each subcomponent are multiplied by the
quantity of the subcomponent required, (g * ¢, g * m).

This solution is as short as any of those presented by Atkinson and Buneman.
It is considerably shorter than most of the solutions given, for example the 9-
line ML solution and the 43-line Pascal solution. The solution is also clearer
than many of those given in Atkinson and Buneman’s paper.

Atkinson and Buneman’s query is of additional interest in that it entails pro-
cessing a non-flat structure. Both base and component part records contain
lists of data. Although the task of gquerying non-flat bulk data types is not
seriously explored in this thesis it is a topic of some interest, particularly to
the object-oriented database community.

8.4 Syntactic Correspondence

List comprehensions bear a close resemblance to relational calculus queries.
Such a close correspondence to a declarative query specification notation
makes list comprehensions clear. The similarity arises because both nota-
tions are based on Zermelo-Fraenkel set theory. The correspondence is par-
ticularly evident between domain relational queries and pattern-matching list
comprehension queries. In Section 8.3 a pattern-matching list comprehension
expressing Ullman’s first example query was given as
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[(name) | (name, address, balance) «— members; balance < 0}.

The domain relational specification of the same query is
{(name)} | (name, address, balance) € members A balance < 0}.

The similarity is not always this strong. For example, if H is list concatena-
tion, the calculus query

{(t)1(t) e RV (1) € 5}
corresponds to the comprehension
()] (1) + R ++3].

To be more precise, naively {ollowing the translation presented in the next
Section produces

(1) — [ (@)« R H [(£}§(2) « S]]

This can be simplified to the ahove result using the identity [z|z — A] = A.

8.5 Translation Rules

8.5.1 Outline

The translation entails two stages.

¢ Translation rules are provided to translate a domain relational query,
with its formula in a restricted form, into a list comprehension.
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e An algorithm for translating any relational formula into the restricted
form completes the process.

The restricted, or generative, form simplifies the translation. Essentially it
ensures that the range of sach variable in the query is determined before the
variable is used. Any formula can be manipulated into generative form. Its
definition depends on a distinction between relational calculus atoms. Atoms
are either generators or filters. With the exception that any negated formula
is a filter, generators are

& assertions that a tuple of domain varibles is drawn from a relation.

e assertions that a domain variable is equal to some value.

The generator is {name, address, balance) € members in the example from
the previous Subsection. The filter is dalance < 0. A formula is generative if
it has three properties.

s It is in prenex form. This is a well-known normal form [44] in which
the quantifiers occur on the left of the expression. It resolves vari-
able scoping issues, and Date [32) recommends it as a natural way of
expressing queries. The example query above has no quantifier and
remains unchanged.

* The quantifier free part of the formula is in disjunctive normal form,
which is also well known [44]. As there are no disjuncts in the example
query, it satisfies this by default.

» All generators in each conjunct occur before all of the filters. Formu-
lae can always be manipulated to make this true because conjunction
is commutative. The generator in the example query already occurs
before the filter, so no change is required.

Note that safety and generativity are independent. There are generative
formulae that are not safe, and safe formulae that are not generative.
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The translation starts by defining the syntax of the relational caleulus and
of list comprehensions. A suiie of translation functions from the relational
caiculus syntax into list comprehension syntax is then given. The translation
functjons represent a constructive proof of the relational completeness of
comprehension notation.

8.5.2 Relational Calculus Syntax

Syntactic Categories

Query Relational Calculus Query Q
Exp Relational Formula E
Atom Relational Calculus primitive A
Op Comparison Operator w
Ide Domain Variable Identifier I
Rlde Relation Identifier R
Const Constant k

Abstract Syntax

Q={(l,---,1)| E}

E=ENE|EVE|-E{(I,---,.)eER|
Aw A3, , I:R.E|V(,---,I):R.E

A=1T|k
w=< | > <[2]#£]=
8.5.3 List Comprehension Syntax

This is the target syntax of the translation and it is assumed that the iden-
tifiers and constants used in the calculus are valid in it.
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Syntactic Categories

Comprehension List Comprehension C
Qual Qualifiers Qs
Qualifier Single Qualifier ¢
Plexp Programming Lang. Expression E
Gen Generator G
Patt Pattern P
Abstract Syntax

C=[E]|Qs

Us=Q|Q; Qs

Q=GIE

G=P««E

E is any expression in the language

P is any pattern in the language, to be matched with elements in the list.

8.5.4 Translation Functions
Translation Types

Simple = Ide + Conat
Env = List Ide

The environment contains the domain variables which are known to be al-
ready bound.
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@ :Query —+ Comprehension

@ is a function which translates a domain relatioual query into a List com-
prehension. The comprehension computes the list of tuples in the database
which satisfly the query.

Q[{(Il’1Iﬂ)'E}]=l[l£Ihv[n)le]] (Q)
where
(p,e) = E[E] (]

£ :Exp -+ Env — (Env x Qual)

The £ {unction is given a list of variables already bound, and translates a
relational formula intc a qualifier and a new [ist containing the variables
bound in the formula. See the notes on individual equations below.

E[Ban Ea] p = (pott o1, [ eos &1 ]} (En)
where
(Po, e) = E[£o] p
(1, &1) = E[E] (p ++p0)

E[av E] p= (pl'l, [(o} — [(0") | ] H{{£") | &} D) (EV)
(0", e0) = E[Eu] p
{(p',e1) = E[E] p
El-EYp= (0.1l e]=0D (€-)
where
(o're)=E[E] p
EfAo w Ar]] p = © [w] (AlAc]lp) (AlA:]p) p (Ew)

Sﬂ(lh"' ![u)e R]P:(UI""IHLII(IH'” 1IN) —d R]I) (S E)



CHAPTERB. QUERIES 130

EIIH(II! ‘[“):R. Eu g = (p'1[(11|"' 1[h) — d R,B]I) (83)
where

(P’! E) = EIIE] (P 'H'[[lr' e [n])

(&V)
DD )R B p = (5 L(6) o sntercat [ ]| (o, 2) = d B

(o' €) = E[E] (p +t[h, - L])
Notes

EV, &V If p = [h,--- L] we write (p) for (L,--- I,), trusting that this leads
to no confusion.

£— The filter produced for a negated expression excludes any values which
satisfies the expression, effectively using negation by failure.

£ € Inthis formulation of the domain relational calculus only unbound iden-
tifiers may be asserted to be members of a relation. To represent mem-
bership assertions with constants or bound identifiers, (4,,--- 4,) € R,
wewrite (L, L )ERAL =A;A--- 1, = A,.

£ €,£3,EV The database d is a free vaniable of the translation. It is a
function from relation identifiers to the list of tuples currently in that
relation.

A :Atom — Env — (Env x Simple)

A translates a relational calculus primitive into a list comprehension identifier
or constant, It also returns an environment indicating whether an unbound
identifier has been encountered.

AfH]
]

i}
AR = (D,

Wonou

(1 [*D)
0.1 iffep
(if],[ I 1}, otherwise
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© :0p — (Env x Simple) —» (Env x Simple) — Env — (Env x Qual)

© translates a relational calculus comparison into a qualifier. If both of
the identifiers are hound, the result is a comparison filter. If, however, an
unbound identifier is asserted to have a value, the translation produces a
generator a « [a']. In the comprehension this binds a to the values taken
on by a'. This is a form of unification.

Ol<] (I w) (Do) p= ((L{ao <& ]) (©<)

Similarly for >, <,2,#.

(0lao=al]),ifp=p=[ (®
(pof a0 [ar] ]}, 0 # (]
(.l e [aa] D)o #10

Of=](p0. a0} (P, ) p

I
—

oo

Auxilliary Function

Intersect performs list intersection on a list of lists.
intersect £33 = |z | zs «— xs3; £ — z5; memberall z zss]

memberall z 255 = and [member ¢ 3 | 25 +— z55]
8.5.5 Example
Let us return to the example query and translate it into a comprehension.

QI{(name) | (name, address, balance) € members A balance < 0}]
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={Q}

((name)| ]
where
{p,e) = E[(name, address, belance) € members A balance < 0] ||

={€A)

[(name)] e
where
{p, €} = (po Hp1, €0; &)
{po, 0} = E[{name, address, balance) € members] |
{p1, &1} = Ebalance < 0] ]

= {£¢, &}

[(name) | ]
where
(pve) = (po Hpi e0; &)
(po, eo) = ([name, address, balance, (name, address, balance) + members)

(P, &) = © [<] (Albalance]po) (A[0po) po
= {AI, Ak}

[(name) | €]
where
(2, €} = (po +p1, €0 1)
(po, €o) = ([name, address, balance], (name, address, balance) «— members)

(b1 &) = © [<] ([l, balance) ([1,0) po
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={6<}

{(name) | ¢]
where
(p,€) = (po ++p1. 05 &1)
{po, €0) = ([rame, address, balance|, (name, address, balance) «— members)
(o1, e1) = (1], balance < 0)

= {Subst. pq, €, p1, €1}

{(name) | e]

where
(p, ¢) = ([name, address, balance],
(name, address, balance) — members; balunce < 0)

= {Subst. p, e}

[(name) | (name, eddress, balance) +— members; balance < 0]

The syntax of the comprehensions produced by the translation is close to
that of several programming languages. Hence the resulting comprehensions
can be evaluated after trivial syntactic changes. As might be expected the
mechanically generated comprehensions are often slightly more complex than
a hand crafted comprehension that performs the same task,

8.6 Semantics

As the relational calculus is closely based on set theory it does not need a
semantics to describe its meaning. The purpose of the denotational sernantics
is to hridge a gap between database and programming language theories. The
rift occurs because database theory is founded on sets, or relations [32, 91],
and relations are not central to any programming language semantics [82).

The semantics presented in Appendix C is denotational. The meaning of
a relational calulus query is given as a function that takes a database and
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returns the set of tuples in the database that satisfy the query. An interpreter
for relational calculus queries has been constructed. The interpreter is closely
based on similar semantics to those described here.

The semantics is closely related to the translation into list comprehensions.
In some sense the translation of relational calculus queries into list compre-
hensions, that in turn have a semantics, gives a semantics to the calculus.
Indeed a semantics can be derived by composing the translation into com-
prehensions with the semantics of comprehensions. The resulting semantics
is more complex than the semaatics given because it distinguishes between
translation-time and evaluation-time environments. Also, because the de-
rived semantics is based on lists the tuples are ordered and the possiblity
of duplicates is introduced. Both ordering and duplicates are foreign to the
ootion of relations and neither is introduced by the semantics given. For
these reasons a semantics that directly links the calculus to a domain of sets
is preferred to the derived semantics.

The potential benefits of such a semantics are well known, but have yel to
be exploited. Implementations might be proved to match their denolational
specifications. The semantics may suggest new optimisations and existsing
optimisations can be proved Lo preserve correctness. A particularly appeal-
ing use might be to give semantics to an extended relational calculus that
supporls computation and recursive functions.




Chapter 9

Improving Queries

This Chapter covers the improvement of hst comprehension queries. For each
major improvement strategy identified in the database literature an equiva-
lent improvement is given for comprehension queries. This means that exist-
ing database algorithms that improve queries using several of these strategies
can be applied to improve comprehension queries. Extra-relational queries
can also be improved. An example of each improvement is given.

9.1 Introduction

List cornprehensions were recommended as a clear, powerful, concise and
well-integrated query notation in the previous Chapter. In this Chapter the
sound mathematical basis of comprehensions is used to develop transforma-
tions to improve the efficiency of comprehension querjes.

The relational database literature cited in Chapter 3 identifies iwo classes
of improvement strategies, algebraic and implementation-based. Algebraic
improvements are the result of transforming a query into a more efficient
form using identities in the relational algebra. Implementation-based im-
provements are obtained by using information about how the data is stored.
This information may include the size of the relations and what indices exist.

135
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To improve relational queries Ullman (91] identifies four algebraic and two
physical implementation strategies. For each of these strategies an equiva-
lent improvement is given for list comprehension queries. As a result existing
database algorithms that use these improvements can be followed to im-
prove comprehension queries. Most of the improvements entail transforming
a simple, inefficient query into a more complex, but more efficient form. The
transformations are presented and illustrated using examples drawn from the
database literature. This work has also been reported in [87].

There is a class of useful queries that cannot be expressed in the rela-
tional model. These entail recursion or computation and are termed ezira-
relational The two extra-relational queries from the previous Chapter are
improved.

The remainder of this Chapter is structured as follows. Section 9.2 describes
the assumptions made about the environment that the queries are evaluated
in. Section 9.3 describes the algebraic improvements. Section 9.4 gives an
example of emulating an algebraic improvement algorithm. Section 9.5 de-
scribes implementation-based improvements. Section 9.6 demonstrates the
improvement of extra-relational queries,

9.2 Improvement Environment

Queries are improved under certain assumptions about the environment in
which they will be evaluated. Because this work spans the database and
programming language worlds, assumptions are made about both. A pro-
gramming language assumption is that the queries are evaluated under a lazy
regime. It is also assumed that the hists processed by the comprehensions
represent relations that have been retrieved from secondary, or permanent
storage. The remaining assumptions concern the underlying database. They
are typical of those found in conventional improvers, Further, the functional
database described eatlier provides the functionality assumed.

It is assumed that permanent storage is provided by disks. Disks store data
as blocks or corvenient-sized chunks, The size of a list is the number of blocks
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in it. Each disk access retrieves a block. Thus traversing a list will require
a number of disk accesses proportional to its size. It is assumed that the
implementation supports cacheing.

The number of disk accesses required to evaluate a query is the cost metric.
This is because the time required for an access is typically three or four orders
of magnitude greater than the time to execute a machine instruction. As a
result it is often faster to perform additional computation if this will reduce
the number of accesses required.

It is assumed that the implementation supports indices. An index on a
relation typically consists of a sorted tree of values. The tree can be searched
for a value in time proportional to the logarithm of the size of the relation.
Information such as the size of the relations and the nature of the indices is
also assumed to be available.

It is assumed that the order of the tuples in the result of a query is not
significant. This is consistent with the relational model, and means that bag
equalily, written =, can be used between lists. Two lists are bag equal if they
contain the same elements, although possibly in different orders.

Because disk access is central to this cost model, not all of the transformations
presented in the following Sections will improve comprehensions that do not
perform disk accesses. Finally, note that the conventional improvements
emulated are not guaranteed to be optimal for all possible instances of the
database.

9.3 Algebraic Improvements

This Section contains Subsections describing each of the conventional al-
gebraic improvements and how an equivalent list comprehension improve-
ment is obtained. The description of conventional improvement techniques
is closely based on that given by Ullman op. cif. Most of the improvements
are obtained using transformations that are analogous to identities in the
relational algebra. Some of the transformations described are examples of
classes of transformations. Not every member of these classes is described.
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9.3.1 Selections

Performing selection as early as possible is the most important improvement.
It reduces the size of the intermediate resulis by discarding tuples that are not
required. Ullman illustrates this with a query that prints the A components of
those tuples in the AB and CD relations that have the same values in B and
C, and have a D value of 99. This may be expressed in the relational algebra
as [l 4(0g-cap=es(AB % CD)). It can also be written as the comprehension

{a|(2,b) — AB; (¢, d) « CD; b= ¢; d =99].

The following transformation, first proposed by P.L. Wadler, can be used to
construct queries that perform selections earlier.

Qualifier Interchange states that any two qualifiers g and ¢’ can be swapped,
if they don’t refer to variahles bound in each other. Using = to denote bag
equality, it may be stated

el @ ¢ 4% @l

-~

el o; o5 @ @)

Rewriting programs so that selection occurs as soon as possible is a well-
known program transformation strategy called filler promotion [30]. Quali-
fier interchange is a generalisation of filter prormotion as it allows us to change
the order of generation as well as the order of filtration. This generality is
alsoreflected hy the fact that qualifier interchange is analogous to several re-
lational algebra identities. These are the identities governing the commuting
of products and selections. O

In the example above the filters are ‘4 = ¢' and ‘d = 99’. Note that *b = ¢’
cannot be promoted over (¢, d} « CD' because ‘b = ¢’ refers to ¢ which is
bound in (¢, d) — CD’. It is, however, possible to interchange ‘d = 99" and
‘b= ¢', giving
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{a|{a,b) — AB; (c,d) «~ CD; d =99; b= c].

Now, as ‘(e, b) — AB’ doesn’t bind ¢ or d, (c,d) + CD; d = 99’ can be
pramoted over it, giving

lal{c,d) — CD; d = 99; (a,b) — AB; b =¢].

This is considerably more efficient than the original query. If the size of
AB and CD is n, then the time complexity of the original query is O{n?).
Usually the number of tuples with d value 99 is much smaller than =. If we
assume that it is a small constant, i.e. independent of n, the new query is

O(n).

9.3.2 Converting Product inte Join

If selections are combined with a prior cartesian product to make a join,
performance is improved. This is because the cost of a cartesian product
of two relations of size n is of ((n?), whereas the cost of a join, such as a
natural join, is usually of ((nlog n). The example query must be manipu-
lated into a suitable form before the product can be converted. The following
transformation is used to perform this housekeeping task.

Filter Hiding. Recall from Section 8.3 that @ denotes a tuple of variables.
If £, is a filter involving only variables in 7, then

le] @i T+ A; fi; ol

lel @i @~ 4 ¢
where
A=[a@|g+~ A; ]

Even although the tuples satisfying f, are drawn from both A and A', lazy
evaluation ensures that they are read from secondary storage only once. This
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is because, when a demand is made for an element of A’, the demand is
propagated immediately to a demand for an element of 4 satsfying f,. The
element of A may need to be retrieved from secondary storage, but once this
is done, it can be passed directly to the expression demanding an element of
A O

Applying filter hiding to ‘(e,d) — CD; d = 99’ in the example query pro-
duces

[a|{e,d) = CD'; (a, b) — AB; b = ¢]
where

CD' = [(c,d){ (c,d) — CD; d = 99).

In this instance, filter hiding has neither improved nor degraded the query.
The query is, however, now in a form suitable for converting the cartesian
product into a join. The transformation to do this is described next.

Product Elimination converts a cartesian product followed by an equal-
ity test into a natural join. It is the most common member of a class of
transformations that generate the different relational joins.

A natyral join takes two relations of arity r and s and constructs a new
relation of arity r + s — 1, i.e. with one of the identical columns ehiminated.
To reflect this in the following definition, b; represents the eliminated column,
and gl is written for (ag, .. , @n, by, - , bi_1, 0,41, ybm). Any reference to the
eliminated column must also be relaced by a reference to the identical column,
a;. The substitution of g; for b; in an expression e is written e[a;/ 5;]. Product
elimintation can then be stated

fel g T A B o By o = by; g1

{ela:/b;]} qo; ab —~ AB; q[a:/b;])
where
AB = jmerge,; (sort; A) (sert, B).

The fmerge; function is defined as
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j'mergegj []B = [l

gmergey A(] =[] _

smerge; (@1 A)(b: B) = ab: jmerge; (@: A) B, ifa; = b;
jmerge; (@: A) B,if a; > b

= jmerge; A(%: B),ifa; < b;.

il

The transformation introduces a sort-merge to campute the join. Alternative
algorithms could also be used. The sort; [unctions sort on ith component
of the relation. Some existing solution can be used to resolve the typing
problems raised by such joins. O

Applying product elimination to the example query produces

lal{c,d,a) « CDAB]
where
CDAB = jmerge;; (sorty CD’) (sert; AB)
CD' = {(c,d)} | {c,d) « CD; d =99].

This has complexity of O(nlog »), because AB is still of size n. The desir-
ability of applying product elimination to the example depends on the ratio
between log n and the number of tuples in CD having a d value of 99. Also
note how the transformations have taken a simple query and produced a
more efficient, but more complex query.

9.3.3 Combination of Unary Operations

In a naive processor, a relation may be traversed for each selection or projec-
tion encountered in a query. Efficiency is improved if a sequence of selections
and projections can be evaluated in a single pass over a relation. Buneman,
Frankel and Nikhil have shown that lazy evaluation causes this to occur
automatically in functional query languages [21].

To illustrate the automatic combination, consider one of the examples from
Chapter 8,
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[name m | m «— members; balance m < q].

This performs a select on balance, and a project onto name. Demand for
the name is propagated to a demand for a member tuple with a balance fess
than zero. The next tuple in members is obtained, possibly from secondary
storage. Il the balance is less than zero, the corresponding name can be
returned immediately. If the balance exceeds zero, the next tuple in members
must be examined. The significant point is that tbe tuple is retrieved only
once. The balance test and the projection onto name both occur while the
tuple is in primary storage.

9.3.4 Common Subexpressions

It is clearty advantageous to compute only once a result that will be used
many times. This is in fact what happens in a functional language with list
comprehensions. If e; is an expression referring to z more than once, and
A is the relation produced by some complex computation, then [e, | z — A}
retains those parts of A that have been realised for some reference to z for
as long as there is a reference to them. This is called sharing [70] in the
fanctional language world.

Either let or where expressions can also be used to preserve cormmon subex-
pressions, even between comprehensions. For example, consider the improve-
ment of & query that computes the difference between two projections of
a join. Using @ to denote join, this can be specified in the algebra as
IT;i{A 0« BY —II;{A o« B). Writing — for list difference, this might be
expressed as

(6l7— 48— B a=b]—
[a,|ﬁ¢~A;L— B; a = by}

Applying product elimination produces

{lai |Fj + AB| where AB = jmergey (sorty A){sort; B)) —
(la; | ab — AB] where AB = jmergey (sort, A)(sort; B)).
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If we assume that the result of the join is of size =, then it is also reason-
able to assume that computing the difference between the projections on
the join costs nlogn. Under these assumptions the cost of the above query
is 3nlogn, as the join is performed twice before computing the difference.
The redundant join can be eliminated by using the definitions of where and
substitution to obtain

la;| @} — AB] —[a | ab — AB]
where
AB = jmergey (sorty A)(sort; B)).

The left-hand comprehension costs n log # accesses as it constructs and con-
sumnes the join simuitaneously. The right-hand comprehension need only
traverse the result of the join, which costs n accesses. Finally, the difference
also costs n log n, giving a total cost of 2nlog n + n accesses.

9.3.5 Projections

Queries are improved if projections are performed as soon as possible. A pro-
jection reduces the size of the intermediate results because the tuples contain
fewer components. Promoting projections is not a major source of improve-
ment, but is included as it is used in Ullman's improvement algorithm which
is illustrated in the next Section. A transformation to promote projections
1s described next.

Shrinking. If @ is a tuple containing only those variables of @ that are free
in ¢ or ¢, then

[e]| T A; ¢

el — A" @)

where

A =[@ |7 A
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As described for filter hiding, the construction of the additional list A’ is
‘free’. O

Examples of the use of shrinking are found in the next Subsection. A projec-
tion may result in a relation with duplicate tuples. Removing tbese reduces
the intermediate results further, but is an expensive operation. The cost is
high hecause it is necessary to check that there are no duplicates for each
tuple. Most query languages provide an option to remove duplicates. A list
duplicate-removal function like »ub can be used if this is required.

9.4 Algorithm Example

Because all of the main algebraic transformations can be emulated, algo-
rithms that improve queries by applying several of these transformatiors can
be utilised. An algorithm given by Ullman is used as an example. A query
produced by the algorithm performs

® Selections as soon as possible.
¢ Projections as soon as possible.
¢ Joins in place of cartesian products.

¢ Sequences of selections and projections in a single pass over a relation.

He illustrates the algorithm using a library database that contains the rela-
tions BOOKS, PUBLISHERS, BORROWERS and LOANS. The relations have the
following attributes.

BOOKS(TITLE,AUTHOR,PNAME,LC _NO)
PUBLISHERS(PNAME,PADDR,PCITY)
BORROWERS{NAME,ADDR,CITY,CARD_NO)
LOANS{CARD_NO,LC.NO,DATE)
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To keep track of books, there is a view, or useful combination of these re-
lations, called XLOANS. XLOANS is the natural join of BOOKS, BORROWERS
and LOANS, and might be defined in the relational algebra as

II5(er{LOANS x BORROWERS X BOOKS})
where
F = BORROWERS.CARD_NO = LOANS.CARD_KO
and BOOKS.LC_NO = LOANS.LC_NO
§ = TITLE, AUTHOR, PNAME, LC_NO, NAME,
ADDR, CITY, CARD_NO, DATE

To list the books that have been borrowed before some date in the past,
say 1/1/82, we might write Irrree(opaTec1p1jaa(XL0ANS)). The equivalent
naive list comprehension query is

[(title) | (card _no, llc_no, date) — loans;
(name, addr, cily, beard.no) — borrowers;
(title, author, pname, bklc_no) «— books;
bklc_no = llic_no; beard_no = lcard_no; date < 1/1/82].

Ulman’s algorithm starts by moving the selections to occur as soon as
possible. This can be emulated by promoting ‘bcard_no = lcard_no’ and
‘date < 1/1/82’ to obtain

[(titie} | { card_no, lic_ne, date) — loans; date < 1/1/82;
(name, addr, city, beard_no) +— borrowers; beard_no = leard_no;
(title, author, pname, bklc_no) — books; bklc_no = llc_no].

Applying filter hiding to leans produces

((title) | (card_no, le_no, date) — loans';
(name, addr, city, beard_no) — borrowers; beard.no = lcard_no;
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(title, author, pname, bklc_no) — books; bklc_no = llc_no)
where
loans’ = |(lcard_no, llc_no, date) | (leard_no, llc_no, dete) — loans; date < 1/1/82].

Ullman's algorithm now promotes all of the projections. Applying shricking
0 ‘b «— borrowers’ produces

[(#itle) | { card_no, llc_no, date) — loans’;

(beard_no) — borrowers’; beard_no = leard_no;

(title, author, prame, bklc_no) — books; bklc_no = llc_no|
where

loans’ = ((lcard_no, llc_no, date} | {lcard_no, llc.ne, date) — loans; date < 1/1/82)
borrowers' = [(beard_no)} | (neme, addr, city, beard_no) — borrowers).

Applying shrinking to feens’ and books produces

[(title) | (cord_mo, lic.no) — leans”;
(beard_no) +— borrowers’; beard_no = leard_no;
(title, bklc_ne) — books’; bklc_no = lic_no]

where
loans’ = [(lcard_no, llc_no, date) | (lcard_no, llc_no, date) — loans; date < 1/1/82]
loans” = [{{card_no, llc_no) | (lcard _no, lic_no, date) +— loans']
borrowers' = [(beard.no) | (name, oddr, city, beard_no) — borrowers]
books' = |(title, bklc_no) | (title, author, prame, bkic_no) — books].

Product elimination can now be used to convert the product of logns” and
borrowers’ into a natural join, giving

[(title) | (card_no, Hc_no) — Ib;
(title, bklc_no) — books'; bkic_no = le_nol
where
loans' = [(lcard.no, llc_no, date) | (lcard__no, lic_no, date) «— loans; date < 1/1/82)
loans” = {(lcard _no, lle_no) | (leard_no, lic_no, date) — loans’]
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= [(bcard_no) | (name, addr, city, bcard_no} « borrowers]
books’ = [(title, bkic_no) | (title, author, prame, bkic_no) «— books]
= jmerge,; {sorty loans")(sort; berrowers’) .

Applying shrinking to b gives

{(title) | (He_no) «— W"; (title, bkle.no) — books'; bklc_no = llc.no]
where

loans’ = [(Icard_no, lic.no, date} | (lcard_no, llc_no, date) — loans; date < 1/1/82]
loans” = [({card_na, llc_no) | (leard_no, Hc_no, date) «— loans']

borrowers’ = [(becard.na) | (name, addr, city, beard_na) + borrowers]

books’ = [{title, bklc.no) | {title, author, prame, bklc_no) — books]

ib = jmergen {sort; loans")(sort; borrowers’)

I = [(lle_no) | {{cerd_no, llc.no) « 1B].

Product elimination again produces the final result, which has Lhe same
evaluation plan as the query produced by Ullman’s algorithm. That is, it
performs the same operations in the same order.

[(title) | (Heno, title) — lbbk)

where
loans’ = |(icard_no, llc_no, date) | (lcard_no, lic_no, date) « loans; date < 1/1/82]
loans” = [(lcard.no, llc.no) | (lcard_no, llc_no, date) + loans]

borrowers’ = [(beard.no) | (name, addr, city, beard.ne) — borrowers]

books’ = [(title, bkle_na) | {title, author, pname, bklc_no} — books|
i = jmerge), (sorl, loans”)(sort, borrowers’)
iy = [(Hc-no) | (leard no, lc_no) + 1]

16bk = jmerge; (sorty I)(sortl; books').
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9.5 Implementation-based Improvements

9.5.1 Preprocessing Files

The most important file processing ideas are sorting and the creation of
indices. The product elimination transformation illustrated the introduction
of sorting. Recall that the implemention of secondary indices in a functional
database was described in Chapter 6. A transformation that allows an index
to be used is presented below.

Index introduction. If €' is an expression, and there is an index jindez,
on an attribnte g, then

(elgoi @ A a, =¢'; q]

[e] go; T < jindery € @]. O

In the example from Subsection 9.3.1,
[a](c,d) — CD; d=99; (a,b) « AB; b = c]

index indroductjon can be applied to ‘{e,d) «— CD; d = 99, to obtain
[a]{c,d) ~ dindezgp 99; (a,b) — AB; b= ¢].

A second application gives
[a]| (c,d) — dindezgp 99; {a,}) « bindezsp c]-

This is a very efficient form of the query. If we continue to assume that
the number of CD tuples with d value 99 is constant, then only a constant
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number of bindez,p lookups need be performed. Each lockup requires log n
accesses giving a total cost of O(logn).

Another file processing example Ullman gives is an efficiency improvement
for cartesian products. With cacheing, efficiency is improved by choosing
the smaller relation to vary more slowly, or be in the ‘outer loop’. This is
because, if the records of the smaller relation are cached, then, as they are
combined with each record in the larger relation, they are used more often.

To make the improvement, the smaller relation’s generator can be promoted
using qualifier interchange. This 15 another example of the general power of
qualifier interchange. If L is the larger relation, 5 is the smaller, and &5 is
written for (b, .. ,/,,%,.. ,5n), then

517 L; 3« 8
becomes

5|7 5; T L]

9.5.2 Ewvalunating Options

It is often possible to compute a result in more than one way, either by
reordering operations or by treating the operands of a binary operater dif-
ferently. Time spent evaluating these options is usually much less than the
time spent evaluating the query in an inferior way. Usually the cost of a
large number of alternatives is considered, and the best of these is selected.
As an example Ullman presents the options evaluated for simple selections
in System R [6]. These have the form

SELECT 4,, ... A,
FROM R
WHERE P, AND ... P,.
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The equivalent list comprehension form is [ |@ — R; Py; ... P,].

To compare the evaluation options the system uses the following information.

e T, the number of tuples in R.
* B, the number of blocks in R.

o [ il there is an index on attribute g;, the image size I is the number
of different values of a, in R.

¢ Whether or not an index is clustering. A clustering index is an index
on an attribute such that tuples with the same value for that attribute
reside in the same block.

A predicate of the form ‘s, = ¢, where g; is an atiribute and ¢ a constant
is said to match an index on g;. Ullman uses the Happy Valley Farmers
Coop database described in Chapter 8 and improves a query that prints the
order numbers of any orders for more than 5 pounds of Granola. A list
comprehension expressing this is

{order no | (order_no, name, item, qty) +— orders; qly > 5; item = ‘Granola'].

The database parameters are that T = 1000, B = 100, there is a cluster-
ing index on ‘name’, and a nonclnstering indices on ‘item’ (I = 50) and
‘quantify’. The alternatives in the System R algorithm that are relevant for
the storage methods described in earlier Chapters are:

1. Get those tuples of R that satisfy a predicate of the form ‘a; = ¢' that
match a clustering index. Then apply the remaining predicates. This
costs B/I block accesses. In the above example, if the ’item’ index
was clustering, this would be 2 accesses. It cannot be applied as the
item index, which is the only index matched by an equality predicate
‘ttem ='Granola”, is not clustering.
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2. Use a clustering index on a;, where ‘a, w ¢’ is a predicate, and w
is <,<,> or > to obtain the subset of R that satisfies this predi-
cate, then apply the remaining predicates. This costs B/2 blod ac-
cesses, or 50 block accesses in the example. It cannot be applied as
the quantity index, which is the only index matched by an inequality
predicate ‘gty > 5, is not clustering.

3. Use a non-clustering index that matches a predicate ‘a; = ¢’ to find all
of the tuples with g; value ¢, and apply the other predicates to these
tuples. This costs T/1, or 20 accesses. The item tndex (anitemsorders)
fulfills these conditions.

4. Read all of the tuples of R and apply the predicates to each of them.
This costs B block accesses, i.e. 100 in the example. It corresponds to
the first comprehension in this Section.

In this case option 3 is best. To introduce the index we must first juxtapose
the enumeration of orders, ‘(order_no, name, item, gty) «— orders’, and the
selection on the item ordered, ‘item ='Granola”. This can be achieved by
using qualifier interchange to promote ‘qty > 5 over ‘item ='Granolg”,

giving
[order_no | (order_no, name, item, qly) «— orders; item =‘Granola’; gty > 3].
Index introduction now allows us to use anitemsorders, giving

[order_no | (order_no, name, item, ¢ly) — enilemsorders 'Granele’; gty > 5.

9.6 Extra-Relational Queries

Improvements based on implementation information are particulatly useful
for improving queries that are more complex than those permitted in the
relational model. The extra-relational parts of these queries are not amenable
to relational algebra transformations. In this Section the two extra-relational
queries from Section 8.3 are improved.
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9.6.1 Date’s Example

The list comprehension solution to Date’s recursive query was written
ezplode main = [p | (m,s, q) +- parts; m = main; p — (3: explode 5)].

One source of inefficiency in erplode arises because a bill of material is a
directed acyclic graph (DAG). As written, ezplode will revisit apy subcom-
pouent that is common to two or more components in the bill. In the bill
sketched ip Figure 9.1, Node D, and its subcomponents, will be visited in the
processing of both node B and node C.

Figure 9.1

The redundant processing can be eliminated by memoising ezplode. Recall
the description of memoisalion given in Subsection 6.5.1. On encountering
a node that has already been processed, a memoised instance of ezplade can
simply lookup the value already computed and need not reprocess the node.

As written, erplode scans the entire relation to find the immediate subcom-
ponents of each main companent in the bill. Hence if the size of the parts
relation is n, and the number of nodes in the bill being exploded is m then
the memoised explosion requires mn block accesses. Date’s SQL solution has
a SELECT statement that locates the subcomponents of each main compo-
nent. As described in the previous Subsection, the behaviour of such con-
structs depends on the existence and nature of indices. If there is an index
uses on main components index introduction can be applied to obtain
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ezplode main = [p|(m,s, ¢) «— uses main; p — (5: ezplode 3)]

This is far more efficient as it simply looks up the subcomponents of a part
without having to scan the entire relation for them. If we assume that there
are nearly as many main components as there are parts, then the index
lookup requires O{log n) block accesses. As lookup is performed for each
node in the bill in turn, the total cost is O{m log n) accesses.

9.6.2 Atkinson and Buneman's Example

Atkinson and Buneman’s recursive and computational query was written

costandmass p = cm (lookup p perts)

cm (Base p ¢ m ss} = (¢, m)
em (Comp p pgs ci mi)
= sumpair ((ci,mi): [(g*c,g*m)|(p,q) « pgs; (¢, m) — [costandmass p]]).

A minor improvement can be obtained by rewriting the sumpair function to
use an accumulating parameter and hence to scan the list of cost, mass pairs
only once. The costandmass function can also be memoised to avoid the
recomputation of common subcomponents. The memoised solution meets all
four efficiency subgoals that Atkinson aud Buneman identify for the query.
These are that the solution should

¢ avoid repeated recomputation of costs and masses of common subcom-
ponents.

¢ compute the costs and masses in a single pass over the data structure.
e provide index support to locate the part to be exploded.

e not have to compute the cost and mass of every bill in the parts relation
when only one is required.
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The efficiency of the memoised version of costendmass can be calculated
using m and n as defined in the previous Subsection. A lookup is performed
to locate each of the m nodes in the bill. Each lookup costs log n accesses,
giving a total cost of mlogn,

For the purposes of comparison let us examine the efficiency of the PS-Algol
sofution Atkinson and Buneman describe. Like the list comprehension solu-
tion, the PS-Algol solution is memoised to avoid recomputation of common
subcomponents. The PS-Algol solution performs a linear search for the part
to be exploded, requiring »/2 accesses. Once the target part is located, how-
ever, direct links are followed from composite parts to their subcomponents.
Such links can usually be followed in a single access. Hence, once the target
part is located, visiting each node in the bill requires m accesses. Thus the
total cosi to locate and then explode the part is n/2+ m accesses. The cost
of locating the part to be exploded could be reduced to log » by introducing
a tree structure. This would, however, increase the complexity of the code
required to express the query.

The efficiency of the PS-Algol solution compared with the comprehension
solution depends on the ratio between m and n. The comprehension solution
is faster if the parts relation, i.e. n, is large relative to the bill being exploded,
i.e. m. To make these terms more concrete, consider the parts relation to
be the tree-file from Subsection 4.3.2 that contains 10% records. In this case
the comprehension solution is faster if the bill being exploded has fewer than
2469 parts.

Queries over non-destructively maintained data structures cannot be made
as efficient as queries over destructively maintained structures. In Chapter
6 non-destructive update was shown to preclude certain data structures. In
a destructive world closely linked data structures can be maintained. These
links, or pointers can be followed in a single access. To represent the same
structure in a non-destructive world keys must be stored, and the cost of an
index lookup incurred.

To illustrate this last point consider a destructive update solution that might
be tonstructed for Atkinson and Buneman's example. The part relation may
be stored in a hash table with each component linked to its subcomponents.
Using the hash table the part to be exploded can be located in a constant
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number of accesses. Once located, the bill can be traversed in just m accesses.
Tbhis gives a total cost of O(m). This destructive cost differs from the non-
destructive cost of O(m log n) by a factor of log n, exactly the additional cost
of performing the index lookups.



Part V

Conclusion

156




Chapter 10

Conclusion

This Chapter summarises the results reported in the Thesis and condudes
that functional languages have potential as database implementation, manip-
ulation and query languages. Further research directions are also identified.

10.1 Summary

Preserving referential transparency is seen as the property that distinguishes
functional languages {rom procedural languages. By examining a database
implemented, manipulated and queried in a functional language the con-
sequences of enforcing referential transparency in database languages have
been explored.

To discover the impact of referential transparency in the implementation lan-
guage a database manager has been constructed in a pseudo-parallel func-
tional language. The manager supports efficient concurrent operations on
large data structures and allows a version of the structure, or database, to
be preserved cheaply. Some problems that seriously restrict concurrency have
been overcome using new and existing primitives. Data dependency has been
shown to offer a novel exclusion mechanism that allows an unusual degree of
concurrency compared with conventional schemes such as locking. Support
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for the relational and functional data models has also been demonstrated.

Transactions have been written as functions over the database. These func-
tions are made atomic using the cheap multiple versions of the database
generated under a non-destructive update regime. The transaction-functions
provide concurrent and consistent manipulation of long-term data within the
functional model of computation. The power and mathematical tractability
of transaction functions has also been demonstrated.

List comprehensions are a referentially transparent query notation that other
workers have recomrmended as clear, powerful, concise, mathematically sound
and well integrated with its host language. The argument for the clarity of
comprehension queries has been reinforced by illustrating their close resem-
blance to the relational calculus. The power, or relational completencss of
list comprehensions has been proved. Database and pregramming language
theory have been further integrated by describing the relational calculus in a
programming language semantics. The sound mathematical basis of compre-
hensions has been used to develop transformations that improve the efficiency
of list omprehension database queries.

In conclusion, fast evaluation and the ease of transformation make preserv-
ing relerential transparency in a query language desirable. The suitability
of referentially transparent languages for implementing and manipulating
databases is less clear, The tramsaction language is attractive because of
its power and mathematical tractability. It is, however, dependent on the
implementation language providing cheap multiple versions of the database.

As an implementation language, a paralle! functional language has sufficient
concurrency and clean semantics. Access to some important data structures
can be implemented efficiently — classes of data and secondary indices are
two examples. However, the non-destructive update regime limits the choice
of data structures to those that can be modified efficiently. Some desirable
data structures, such as closely-linked graphs, cannot be modified efficiently
and hence cannot be used in a functional database. The author believes that
the data structures that can be modified efficiently are sufficient to support
most database applications with acceptable efficiency. A more realistic im-
plementation would provide a better understanding of the costs and benefits
of enforcing referential transparency in the implementation and traosaction
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languages.

10.2 Future Directions

Three avenues of further research present themselves. The first is to construct
a more realistic implementation of the functional database. The second is
to explore the costs and benefits of non-destructive update. The third is to
explore the potential of data dependency as an exclusion mechanism.

The first avenue is to provide more concrete evidence of the practical value
of a functional database by constructing a more realistic implementation.
The results obtained from a prototype implementation are promising. The
existing implementation could be extended by implementing the fuif and
Sfwof parallelism primitives. This would enable the parallelism possible to
he further investigated and the primitives compared. The implementation
18, however, far from realistic as the amount of data stored is small and
the multiple processors are only simulated. Implementing a larger database
on a multi-processor machine would provide more believable evidence of its
practicality.

The practicality of the query notation can also he estahlished. The notation
and associated transformations are an attractive combination. List compre-
hensions are being included in a variant of PS-Algol that is being constructed
by workers at Glasgow University. The comprehensions will be used to pro-
vide an object-oriented query language. The implementation should permit
the interrogation of several megabytes of persistent data.

The second avenue to be explored is the non-destructive update model. The
investigation might include discovering further uses for the multiple copies of
the datahase generated by non-destructive update. For example the database
might be made resilient in the face of machine failure. Further investigation is
required to ascertain which data structures can be efficiently modified under
a non-destructive update regime and which cannot.

The third avenue is to explore the exclusion provided by data dependency. A
detailed comparison with conventional mechanisms is desirable. Data depen-
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dency has several desirable properties that are immediately apparent, such
as an unusual degree of concurrency and deadlock freedom. Further inves-
tigation may uncover other properties. It may be possible to convince the
Flagship design team to use data dependent exclusion in their DebitCredit
functional database. It may also be possible to prove that the exclusion
mechanism is optimal in the sense that access is only prevented to those
parts of the entities that are currently being modified.




Appendix A

Parallel Programs

This Appendix presents the concurrent LML programs. The LML programs
are compiled into FLIC intermediate code [71]. An interpreter has been
written to simnulate the parallel reduction of FLIC code. Eager and optimistic
primitives are added to the compiler-generated FLIC manually, and tbe LML
progtams below are annotated by [!] to indicate where this has occured.

The bulk data manager, associated operations like lookup, and the account
database all reside in a seperate module. This module is linked into programs
that use the operations it provides. Appendix A.l gives two vemions of
the bulk data manager module, although not all of the example database is
included. Appendix A.2 presents the programs that invoke a sequence of bulk
data operations. Appendix A.3 presents programs that invoke a sequence of
transactions.
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A.1 Bulk Data Manager

A.1.1 Standard Bulk Data Manager

module

- This medule provides the bulk data manipulating functicns
- witk associated types and an example class of data called
- acct .

export Rt, Dbt, Messaget, key, snd, fst, lockup, update, delete,
mapager, acct;

rec
(type Rt = record Int Int Char Int)

- Acctno Balance Class Credit-Limit

and (type Dbt = tip Rt + node Dbt Int Dbt)

and (type Messaget = error (List Char) Int + --Error with flag,
--key + explanation

ok (List Char) Rt) -~Poaitive ack with

~-explanatory note

-~ key :: Rt -> Int

- Extracts the key from a record, an integer in this case.

and key (record a b c d) = a

and snd (x,y) = y

and fst (x,y) = x

- lockup :: Int -> Dbt -> Out
- Given a key and a database this retrieves the record
- asgociated with that key in the obvious way.
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and lookup k’ 4 = let rec
lookup’ k' (tip r) = ok "lkup, record = " 1
11
lookup’ k’ (node 1t k 1t) =
if k' < k then
leokup! k' 1t
else
lookup’ k’ rt
in
(lookup’ k* d,d)

- insert :: Rt -> Dbt -> Out

- Insert constructs a nev database which contains an

- additional record, It thcweamths and thcweamths if the
-- record already exists.

and insert r’ (tip r) =
if key r’ = key r then
(error "ins, rec exists= " (key r), tip r)
else
if key r? < key r then
(ok "ins, " r’, node (tip r’) (key r) (tip r})
alse
(ok "ins, " r’, node (tip r) (key r') (tip r'))
I insert r’ (node 1t k rt) =
if kay r’ < k then

let
(m,1t’) = insert r’ 1t
in
(m, node 1t’ k rt)
alse
let
(m,rt') = insert r’ rt
in

(m, node 1t k rt’)



APPENDIX 4. PARALLEL PROGRAMS

update :: Rt -> Dbt -> Dut

Update constructs a new database containing a
different record in place of an original record.

update r’ (tip r) = (ok "upd " r’, tip r’)
update r’ (node 1t k rt) =
if key r’ < k then

let
(m,1t’) = update r’ 1t
in
(m, node[!] 1t* k rt)
else
let
(m,rt’) = update r' rt
in

(m, nodel'] 1t k rt’)

delete :: Int -> Dbt -> Out

Delete constructs a new database which is
identical to the original except it excludes
a record. It examines 4 cases - a node with

2 tips, a left tip, a right tip, or two nodes
for children.

delete k’ (node (tip r0) k (tip r1)) =
if k' = key r0 then
(ok "del " r0, tip r1)
else
if k’ = key r1 then
(ok "del " ri, tip rQ)
else
(error "del- key missing " k’,
nede (tip r0) k (tip ri1))
delete k’ (node (node 1t k2 rt) k (tip r)) =
if kX’ < k then

164
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let
(m,1t!) = delete k' (node 1t k2 rt)
in
(m, nede 1t’ k (tip r))
else

if k' = key r then
(ck "del " r, node 1t k2 r%)
else
(error "del- key missing " k’,
node (nede 1t k2 rt) k (tip r))
Il delete k’ (node (tip r) k (mode 1t k2 rt)) =
if k' < k then
if k' = key r then
(ok "del " r, node 1t k2 rt)
el=e
(error “del- key missing " k’,
node (tip r) k (node 1t k2 rt))
else
let
(m,rt’') = delete k’ (node 1t k2 Tt)
in
(m, node (tip r) k rv’)

| delete k' (node 1t k rt) =
if k* < k then

let
(m,1t') = delete k’ 1t
in
(m, node 1lt’ k rt)
else
let
(m,rt’) = delete k’ rt
in

(m, node 1t k rt?)
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- manager :: Dbt -> (List Dbt -»

- Manager is a stream processing function that
- consumes a stream of database manipulating
- functions and produces a stiream of

- cutputs. It retains control of the tree.

and nanager d (f.fs) = let
(m,d*) = £ d
in
{m .[!] manager d’ fs)
I manager d [} = []

and acct = node {node (node (node {node (node
(node (node (node (tip (record 1000 24 'B’ 100})
1010
(tip (record 1010 523 ’D’ 500)))
1020
(node (tip (record 1020 37 ’A’ 50})
1030
(tip (record 1030 (-33) 'E’ 50))))
1040
(node (node (tip (record 1040 (-51) ’B’ 150))}
1050
(tip (record 1050 1022 ’A’ S00)))
1060
(node (tip (record 1060 75 ’A’ 150))
1070

(tip (record 1070 381 ’C’ 250}))))
-~ ... 512 account records ...
8740

(node (node (tip (record 8740 (-51) ‘B’ 850))
8750
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(tip (record 8750 8022 ‘A’ 500)))
8760
(node (tip (recerd 8760 75 'A’ 850))
B770
(tip (record 8770 381 'C’ 850))))))))))
end

A.1.2 Bulk Data Manager with Disk Delay

In order to simulate Lthe effect of disk-delayed access to the entities at the
leaves of the tree the following access function is added to the manager and
both lookup and update are modified. The access function simply wastes
time by counting.

accaess 0 = |
1 access n = access (n-1)

- lookup :: Int -> Dbt -> QOut
~- Given a key and a database this retrieves the recerd
- asgociated with that key in the obvious way. Screams
-- if there is no such recerd. Incorporates two calls
- to the access function to simulate a disk delay.
and lookup k* d =

let rec

lookup’ k’ (tip r) =
if (key r = k') & (access 50} = (access 50) then
ok "lkup, record = " r
alse
ok "lkup, record = " r
t
lookup’ k’ (mode 1t k rt) =
if k’ < k then
lookup’ k'’ 1t
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else
lookup’ k’ rt
in
{lookup’ k' d4,d)

update :: Rt -> Dbt -> Qut

Update constructs a new database containing a
different record in place of an original record.
Incorporates two calls to the access functionm to
simulate a disk delay.

update r’ (tip r} =
(['] ok "upd " r’,
tip[!'] (if (access 50) = (access 50} then r’' else r’))
update r’ (node 1t k rt) =
if key r’ < k then

let
{m,1t’) = update r' 1t
in
{m, node['] 1t’ k rt)
else
let
(m,rt’) = update r’ rt
in

{m, nodel'] 1t k rt*)
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A.2 Bulk Data Operations

A.2.1 Lookups

169

-- This program performs 30 lockups to different entities.

#include "esops.t”;

manager acct [lockup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
lockup
lookup
lookup
lookup
lookup
lookup
lookup
lookup
Llaokup
lookup
lookup

8230;
1540;
3730,
5610;
6300;
7530;
2670;
4750;
1060;
B8050;
4230;
5730;
6370;
8650;
7560;
4350;
1430;
3230;
8550;
1670;
2340;
5360;
3460;
6670;
TT750;
4350;
8560;
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lookup 6570;
lookup 2750;
lookup 5640]

A.2.2 Updates

-- This program performs 30 updates of the same entity
#include "esops.t";

manager acct [update (record 1400 745 'A’ 40);
update (record 1400 345 4’ 40};
update (record 1400 745 'A’ 40);
update {record 1400 34§ 'A' 40);
update (record 1400 345 ‘A’ 40);
update (record 1400 745 ‘A’ 40);
update (record 1400 345 *A’ 40);
update (record 1400 745 A’ 40);
update (record 1400 345 'A’ 40);
update (record 1400 345 'A’ 40);
update ({record 1400 745 *A° 40);
update (recerd 1400 345 ‘A’ 40);
npdate (record 1400 745 'A' 40);
update (record 1400 345 'A’ 40);
update (record 1400 345 'A’ 40);
update (record 1400 745 A’ 40);
update ({record 1400 745 A’ 40);
update ({record 1400 345 'A’ 40);
update (record 1400 345 'A’ 40);
update (record 1400 745 ’A’ 40);
update (record 1400 345 ’A’ 40);
update {record 1400 745 'A’ 40);
update ({record 1400 345 4’ 40);
update {(record 1400 345 ’A’ 40);
update (record 1400 745 A’ 40);
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update (record 1400 345 ‘A’ 40);
update {record 1400 745 ‘A’ 40);
update {record 1400 345 ‘A’ 40};
update (record 1400 345 'A’ 40);
update {record 1400 345 ‘A’ 40)]

A.2.3 Updates with Disk Delay

-- This program performs 1% updates of different entities
- using the data manager with a simulated disk delay.

-- Note that the data manager with the disk delay has the
-- same type as the standard module with no delay.

f#include "esops.t";

manager acct [update {record 1010 745 'A’ 40);
update (record 3230 345 ’A’ 40);
update (record 5320 745 'A’ 40);
update (record B450 345 ‘A’ 40);
update (record 6540 345 ‘A’ 40);
update (record 3710 745 ’'A’ 40);
update (record 7330 345 ‘A’ 40);
update ({record 1620 745 ’A’' 40};
update {record 6750 345 'A’ 40);
update (record 4440 345 'A' 40);
update (record 4750 745 ‘A’ 40},
update (record 7570 345 ‘A’ 40);
update (record 2640 745 A’ 40);
update (record 1460 3456 A’ 40);
update (record 8650 345 A’ 40)]
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A.2.4 Read and Write Programs

This Subsection presents four programs that illustrate the possible combina-
tions of read and write operations. The programs use the data manager with
a simulated disk delay. Note that the data manager with the disk delay has
the same type as the standard module with no delay.

-- This program performs an update (write) followed by a
-- lookup (read) of the same entity.

#include "esops.t”;

ranager acct [update (record 1560 345 'A’ 40);
lookup 1560]

- This program performs a lookup (read) followed by an
--= update (vrite) of the same entity.

2include "esops.t";

manager acct [lookup 1560;
update (record 1560 345 ’A’ 40)]

- This program performs two lookups (reads) of the same entity.
#include "esopa.t™;

manager acct  [lookup 13Q0;
lockup 1300]

- This program performs two updates (writes) of the same entity.
#inclade "esops.t";

manager acct [update (record 1400 745 ’A’ 40);
update {record 1400 345 ‘A’ 40)]
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A.2.5 Typical Mix

-- This program performs a sequence of 30 insert, delete, lookup
- and update operations representative of a typical mix of
- operations for some application.

#include "esops.t";

managexr acct

{ update (record 2770 746 ‘A’ 40); lookup 2770;
insert (record 4630 445 ‘A’ 40); lookup 4630;
update (record 6200 746 A’ 40);
insert (record 1470 746 ‘A’ 40); delete 1470;
lockup 7410;
update (record 7310 446 ‘A’ 40); lookup 7310;
update (record 8560 446 ‘A’ 40);
update (record 2770 745 'A* 40); lookup 2770;
lookup 3660;
insert (record 5200 745 ‘A’ 40);
lookup 1260;
insert (record 2310 342 'A’ 40); delete 2310;
update (record 4630 442 'A’ 40); lookup 4630;
update (record 6300 T46 A’ 40);
insert (reccxrd 5470 746 ‘A’ 40); delete 1470;
lookup 7410;
update (record 7370 446 'A' 40); lookup 7310;
update (record 8260 446 ‘A’ 40);
lookup 1360;
delete 5310;
update (record 1260 342 ‘A’ 40)]
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A.3 Transactions

A.3.1 Tive Bank Transactions

- This program defines a bank deposit transaction.
- It ther performs 5 bank transactions - two deposits and
-= three balance enquires.

#include "esops.t";
let rec

isok (ck m r) = true
11 igek meg = false

and deprec (ok m (record anc bal class crl)) n =
(record anc (bal+n) class crl)
(N deprec (error m k) n = (record 0 ¢ A’ 0)

and dep an d =
let (ol1,d1) = lookup a 4 in
let (02,d2) = update (deprec ol n} d in
if[1] (isok ol1) & (isck 02) then
(02,d2)
else
(error “dep" 0,d)

in manager acct [dep 1600 10;
lookup 5250;
lookup 7530;
dep 4320 5;
lockup 2730]

- This program performs the same operations as the above
-- program, except the operations are not packaged up as
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- transactiocns.
#include “esops.t";

manager acct [lookup 1600;
update (recerd 1600 345 'A’ 40);
lockup 5250;
lookup 7530;
lookup 4320;
update (record 4320 213 ‘B’ 50);
lookup 2730]

A.3.2 Two Long Transactions

- This program performs two transactions both of which
-- update the same four entities.

#include "egops.t™;

let rec
isek (ok m r) = true
I isok msg = falge

and lots d = let (o01,d1) = update (record 1040 320 A’ 150) d in
let (02,d2) = update (record 1240 320 A’ 150) d1i in
let (03,d3) = update (record 1440 320 ‘A’ 150) 42 in
let (04,d4) = update (record 1640 320 ’A’ 150) 43 in
1f[!] (isok o1) & (isok 02) & (isok o03) & (isok o4) then
(od,dd)
else
(error "lots" 0,d)

in manager acct [lots;
lots]
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A.3.3 Two Transactions with a failing Optif

-= This program performs two transactione both of which update
-- four entities. The second update of ‘lots2’ fails because
- the entity dees not exist.

®include "esops.t"”;

let rec
isok (ok m r) = true
I isok msg = false

and lots d = let (o0l1,d1) = update (recerd 1040 320 *A’ 150) d in
let (02,d2) = update (record 1240 320 ’A’ 150) di in
let {03,d3) = update (record 1440 320 'A’ 150) d2 in
let (o04,d4) = update (record 1640 320 ’A' 150) 43 in
if['] (isok o1) & (isok 02) & (isok 03) & (isok o4) themn
(o4,d4)
else
(error *lots" 0,d)

and lots2 d = let (ol,d1) = update (record 1040 320 *A’ 150) d in

let (02,42) = update (record 8840 320 ‘A’ 150) d1 in

let (03,d3) = update (record 1440 320 *A* 150) d2 in

let (o4,d4) = update (record 1640 320 *A’' 180) d3 in

if['] (isok o1) & (isok 02) & (isok 03) & (isok o4) then
(04,d4)

else
(error "lots2" 0,d)

in nanager acct [lots;
lots?2]
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A.3.4 Long Read Transaction

- This program defines a transaction that updates four entities
-- and another that looksup the same four entities. The read

-= transaction is followed by the write transaction in the

-- manager’s input stream.

#include "esops.t";

let rec
isok (ok m r) = true
Il isok msg = false

and lots d = let (o1,dl1) = update (record 1040 320 ’A’ 150) d in
let (02,d2) = update {record 1240 320 ‘A’ 150) d1 in
let (03,d3) = update (record 1440 320 ’A’ 15¢) d2 in
let (o4,d4) = update (record 1640 320 ’A’ 150) 43 in
if['] (isok o1) & (isok o2) & (isck 03) & (isok o4) then
(od,da)
else
(error "lots" 0,d)

and lots2Z d = let (el1,d1) = leokup 1040 d in
let (02,d2) = lookup 1240 d1 in
let (03,d3) = lookup 1440 d2 in
let (o4,d4) = lookup 1640 43 in
if['] (isok ol1) & (isck o02) & (isok o3) & (isok 04) then
(o4,d4)
else

(error "lots2" 0,d)

in manager acct [lots2;
lots)
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A.3.5 Long Read Transaction and Deposits

- This program defines a transaction that looksup four entities
- and also a bank deposit transactien. The manager is invoked
- with the lookup tramsaction followed by twe depesits to twe
- of the accounts being looked up.

#include “eseps.t”;

let rec
isok (ok m 1) = true
I isck msg = false
and lots2 d = let (o01,d1) = lockup 1040 d in
let (02,42} = lookup 1240 di in
let (03,43} = lockup 1440 d2 in
let (04,d4) = lookup 1640 d3 in
if[!] (isok ol) & {isok o02) & (isck o3} & (isok o04) thexn
(o4,d44)
else
(error "lots2" 0,d)
and deprec {ok m (record amno bal class crl}) n =
(record ano (bal+n} class crl)
H deprec (error m k) n = (record 0 0 ’A’ 0}
and dep a n 4@ = let (ol,d1) = lookup a d in
let (02,d2) = update (deprec ol n) 4 in
if[1] (isok o1) & (isok 02} then
(02,d2)
else
(error “dep" 0,4)
in manager acct [lotsa2;

dep 1240 5;
dep 1440 5]
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ML File Manager

(= AN IMPLEMENTATION OF DATABASE VIEWS *)
(= L L L P e e *)
(* The following is a small exampls of how a gemeric data *)
(* manager that supports views can be constructed using *)
(* SIGNATURE/STRUCTURE and FUNCTOR mechanisms provided by #)
(* ML in a purely functional manner. *)

(*Auxiliary functions+*)
tfun £st (x,y) = x;
fun snd (x,y) = y;
fun filter p {(x::xs) = if (p x) then
(x::filter p xs)
else

filter p xs
| filter p [] = [1;

179
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signature BKR =
sig
type Kt
type RtO
val NullRt :Rt0
val eq :Kt * Kt -> bool
val le :Kt » Kt -> bool
end

structure acctkr:BKR =
struct
type Kt = int (*Acctnox)
type RtO = real * strimg ¥ real (*Balance,Account Class,Credit Limit*)
val NullRt = (0.0,"",0.0)
val eq :Kt * Kt -> bool = op =
val le :Kt * Kt -> boel = op <=
end;

structure custkr:BKR =
struct
type Kt = string (*Name=)
type Rt0 = int * string list * int (*Acctno,Address,Phone no*)
val Nullkt = (0,11,0)
val eq Kt * Kt -> bool = op =
val le :Xt * Kt -> bool = op <=
end;

signature PARAMDB =
sig
type Dbt
structure bkr:BKR
type Request
val leokup :bkr.Kt -> Dbt -> (bkr.RtO*Dbt)
val update :(bkr.Kt * bkr.Rt0) -> Dbt -> (bkr.RtO*Dbt)
val irsert :(bkr.Kt = bkxr.RtQ) -> Dbt ~> (bkr.RtO*Dbt)
(wval delete : .... *}
val flatten :Dbt -> (bkr.Kt * bkr.Rt0) list
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val manager :{Dbt*Request list) -> bkr.Rt0 list
val initdb :Dbt
end;

functor genericdb (bkr:BKR):PARAMDA=
struct
datatype Dbt = +tip of (bkr.Kt*bkr.Rt0)
| node of ( Dbt * bkr Kt « Dbt)
i empty;
type Request = Dbt -> (bkr RtO«Dbt}
structure bkr = bkr
fun lookup k' d =
let
fun lookup’ (k', (tiplk,r)}) =r
| looknp® (X', (node {1,k,r))} = if bkr.le(k’, k) then
lockup' (k’,1)
else
loockup’{k’,r)
in
(lookup’ (k’,d},d) end;

fun insert (k’,r') d =
let
fun insert’ ((k’,r’),tip(k,r))} = if bkr.le(k’,k) then
node {(tip(k’,r’),k’,tip(k,r))
else
node {tip(k,r),k,tip(k’,r’))
| insert’ ({k’,r’},node(l,k,r)} = if bkr.le(k’,k} then
node (insert’{((k’,r’),1},k,r)
else
node (1,k,insert’{(k’,r’},r))
| insert’ ((k’,r’),empty) = tip(k’,r'}
in
(bkr.NullRt,insert’'{{k’,r’),d}) end;
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fun update (k',r') d =

let
fun update’ ((k’,r’},tip(k,r)) = if bkr.eq(k’,k) then
tip(k’,r")
else
tip(k,r)
| update’ ((k’,r’),node(l,k,r)) = if bkr.le(k’,k) then
node (update’{{k’,r'),1),k,r)
else
node (1,k,update’({k’',r’),r))
in
(bkr NullRt,update’((k’,r’),d))
end;
(*fun Delete k’ d = .... *)

fun flatten d =
(*Flatten returns the relation sorted in (descending) key order*)
let fun flat (rel,tip(k,r)) = (k,r)::vel
| flat (rel,node(l,k,T)) = flat ((flat {rel,1)},r)
in
flat ([],d)
end;

fun manager (d,f::fs) = let val (outp.d’) = £(d) in
outp: :manager(d’,fs) end
| manager (d,[1) = (];
val initdb = empty
end;

structure acct:PARAMDB = genericdb(acctkr); (*Instances of parameteriseds)

(*Database *}
structure cust:PARAMDB = genericdb(custkr);
signatyre ATMKR = (*»Hide parts of the keys and*)
sig (*Records from atm’s view *)

structure bkr:BKR
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type AtmRt

val atmattr :bkr.R¢C -> AtmRt

val atmupd :AtmRt * bkr.Rt0 -> bkr.RtO
end;

structure atmkr:ATMKR=

struct

structure bkr = acctkr

type AtmRt = real * string

fun atmattr (bal,ac,cl) = (bal,ac)

fun atmupd ({bal’,ac’),(bal,ac,cl)) = (bal’,ac’,cl)
end;

signature ATMDB =

(* Allows us to hide most of a PARAMDB, also hide most of the=)
(* key and record info, except that needed by the view *)
(= constructor functions *)
8ig

type Dbt

structure bkr:BKR

end;

signature ATMVIEW =
(*This signature allows lookup and update on an ATMDB, butx)
(*neither additionm mor creationw)
sig
structure a :ATMDB (*hiding of accts functionalitys=)
structure akr :ATMKR
val lookup :a.bkr.Kt -> a.Dbt -> (akr.AtmRt * a.Dbt)
val update :{a.bkr.Kt » akr AtmRt) -> a.Dbt -> (akr.bkr.RtOsa.Dbt)
end;

functor makeav(acct:PARAMDB, atmkr: ATMKR):ATMVIEW=
strict

structure a = acct

gtructure akr = atmkr

fun lookup k d = let val (r,d’) = a.lookup k d
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in (akr.atmpattr r,d’) end
fun update (k,r) d = let val (r’,d’) = a.lookup k d
iu a.update (k,akr.atmupd (r,r’)) d
end
end;
(#A view instance *)
structure atmv:ATMVIEW = makeav(acct,atmkr);

(*Build toy databases)
val adb = snd{acct.insert (12068,(30.0,"Dep",400.0)) acct.initdb);
val adb = snd(acct.insert (12032,(89.0,"Cur",250.0)) adb);
val adb = snd(acct.insert (12021,(342.0,"Sav",1250.0)) adb);
val adb = snd(acct.insert (12492,(430.0,"Cur",250.0)) adb);
val adb = snd(acct.insert (12472,(21.0,"Cur",250.0)) adb);

(*Typical usage of viewss)
atmy.lockup 12021 adb;
atmv.update (12068,(40.0,"Dep”}) adb;

signatere CREDCTRLKR = (*Hide different parts+)

gig (*for cred controller *)
structure bkr :BKR

type CredctrlRt

val credctrlattr :bkr.Rt0 -> CredctrlRt

val credctrlupd :CredctrlRt = bkr.Rt0 -> bkr . Rt0

val credctrltuplev :bkr.Kt * CredctrlRt -> boel

end;

structure cckr: CREDCTRLKR =
struct
structure bkr = acctkr
type CredctrlRt = real * string * real # real
(*4th field = safety margin*)
fun credctrlattr (bal:real,ac,cl:real) = (bal,ac,cl,bal+cl)
fun credctrlupd ({(bal’,ac’,cl’,sm’),(bal,ac,cl)) = (bal’,ac’,cl’)
fun credctrltuplev (k,(bal,ac,cl,sm)) = bal <= 50.0
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end;

sigrature CCDB =
(*# Allows us to hide most of a PARAMDB-Also hide most of the key+)
(*# and record infeo, except that needed by the cred control views)

(* constructor functions. €)
sig

type Dbt

structure bkr :BKR
end;

signature CCVIEW =
(* Thie signature allows lockup and update onm a CCDB, but*)

(* neither addition nor creation *)
sig
structure a :CCDB (*hiding of accts functionality®)

structure cckr :CREDCTRLKR (#include CC’s record type+functionse)

val lockup :a.bkr.Kt -> a.Dbt -> (cckr.CredctrlRt * a.Dbt)

val update :(a.bkr.Kt * cckr.CredctrlRt} -> a.Dbt -> (a.bkr.RtO%a.Dbt)
val flatten :a.Dbt -> {a.bkr.Kt % cckr.CredctrlRt) list

end;

functor makeccv{acct:PARAMDE, cckr:CREDCTRLKR):CCVIEW=
{* Note that attrv2 actually constructs information from+)
(% that present in the complete record. *)
struct
structure a = acct
structure cckr = cckr
fun lockup k d = let val (r,d’) = a.lookup k d
in {cckr.credctrlattr r,d’) end
fun update (k,r} d = let val (r’,d’) = a.lockup k d
in a.update (k,cckr.credctrlupd (r,r')) d
end
fur flatattrv2 (k,r) = (k,cckr.credctrlattr r)
(*Version of credctrlattrs*)
(*that covers keys#)
fun flatten d = filter cckr.credctrltuplev (map flatattrv2 (a.flatten d))
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end;
structure ccv:CCVIEW = makeccv(acct,cckr);
(*usage of a credits)
(*controlers view =)
ccv.lockup 12068 adb;

ccv.update (12032,(2.0,"Sav",2.0,3.0)) adb;

ccv.flatten adb;




Appendix C

Denotational Semantics

We present below a denotational semantics of the domain relational calculus.
The semantics uses Stoy’s notation [82] and assumes that the query to be
described is both safe and generative. The syntactic categories for, and
abstract syntax of the relational calculus are given in Subsection 8.5.2.

C.1 Semantic Domains

We use Set, Tuple and List constructors without definition.
Val = {Unb}; + Num + String + ...

Dbase = Rlde — Set (Tuple Val)

Env = Ide — Val

Simple = List Ide x Val

187
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C.2 Semantic Functions

Q :Query — Dbase — Set Tuple

The Q function is given a database and a domain relational query and re-
turns the set of tuples in the database that satisfy the query. It does so
by determining all of the possible environments, or bindings of values in the
database which satisfy the relational formula, p € E[E] 6 {f, — Und,..
I, + Unb}. The value of the result tuple is then extracted, (p[ f ], .. p[ 1. 1)
Nete that initially each variable, f;, 15 unbound.

QI{(L,. L)E}Y} 6=
{(pla ) AL D pe ELE) 6 (Lo Unb, .. I, — Unb}}

£ :Exp — Dbase — Env — Set Env

The £ function is given a relational formula, a database and the environment
constructed so far. From these it constructs a set of environments which
satisfy the formula.

EMBRAE ] 6 p={mlpo € (E[E]6p) A 1 € (E[E1 Jopo)}
E[EVEL] 6 p = {poleo € (E1E [6p) V po € (E]E Jép)}

E[-E] 6 p= filter (E[E)ép=4) p

ElL,. L) e R 6p={pd{h— v, b v }l(m, .. v) € 6[R]}
ElAvw A} 6 p=0 [w] {A[ 4o ]o) (Al A ]e} p

E[3(A,. L):R.EV6p={p1l(v,.. ») € S[R} A
! € (EHE] §P®{I‘l =, . Iu Land Un})}

EiL,.. L):R.E]Ep={ml(n,. 1) €6[R] A
m €NEEYé po{h = w, .. Lirs n})}
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© :0p — Simple — Simple — Env — Set Env

The © function generates a set of environments that satisfy a relational
calculus comparison. For the <,<,>,>,# operators it simply filters out

=1

those environments that do not satisfy the comparison. For equality, however,
it may be required to extend the environment. This occurs if one of the
identifiers in the comparison is unbound, and is a form of unification.

Ol<](l,a) (,b)p= filter{(a<b)p
Similarly for >, <, >, #.
Ol=] (. a) (L, b) p =(unb? a -+ {p@{hd I, — b}};

(und? b ~{p@{hd I, — a}};
Fiter (a = b) p))

A :Atom — Env — Simple

The A takes a relational calculus constant or identifier and returns a value
and a list possibly containing an identifier. If the atom is an identifier it
appears in the result list and may be used to extend the environment in the
© function.

ALK =(LK[KD
AL7]= (1), o[ 1T}

Auxilliary Function

filter :Bool — Env — Set Env

filter pp=(p— {p}:¢)
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