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Abstract

Bidirectional transformations between different representations of related information
appear frequently in many different areas like databases, software engineering,
and programming languages. A bidirectional program expressing a bidirectional
transformation includes a pair of programs — a forward program get that defines a
view over a source and a backward program put that translates view updates to source
updates — and provides strong guarantees about the well-behavedness of the get and
the put. It is known to be challenging to develop bidirectional programs that are both
well-behaved and practically useful.

Although many advanced synthesizers can generate unidirectional programs on
relations (tables of relational database systems) from user-provided examples, the
difficulty of synthesizing bidirectional programs from examples, especially the ones
involving tables that have internal functional dependencies, still remains an unsolved
issue.

In this thesis, we propose an approach to synthesizing well-behaved and practical
bidirectional programs on relations from user-provided examples and data schemas
with functional dependencies.

We start by synthesizing a get and decomposing it into a set of simple and atomic
get, whose corresponding put, exists. With user-given functional dependencies
and the set of atomic get,, we forward-propagate functional dependencies from the
source through intermediate relations to the view, so that the functional dependencies
imposed on all relations can be clearly determined. We also compute atomic examples
corresponding to (get,, put,). Then, the synthesis of (get, put) could be reduced into
sub-synthesis of (get,, put,). To solve each sub-synthesis task, we design well-behaved

templates for put, given get,. These templates encode not only the existing minimal-
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effect atomic view update strategies but also the extra constraints and effects of
functional dependencies, following the knowledge in the database community. With
the set of well-designed templates, we adopt a modern example-and-template-based
synthesizer named PROSYNTH to find put,, and then combine all results (get,, put,)s to
form the final bidirectional program (get, put).

We have implemented our approach in two prototypes, SYNTHBX and SYNTHBP,
which are developed using two different template designs. On a benchmark suite
of 56 tasks from three sources, SYNTHBX successfully synthesizes well-behaved
bidirectional programs for 52 tasks, with an average synthesis time of 19 seconds per
task and within 3 seconds each for 37 of them, which shows practical usefulness of our
approach. SYNTHBX is limited in supporting functional dependencies. SYNTHBP is a
more advanced prototype with supporting templates for functional dependencies.
It can automatically solve 37 out of 38 practical benchmarks. The overheads for
handling functional dependencies are not too significant when the number of functional

dependencies is reasonable.
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Introduction

This chapter includes three sections. First, we present a general background of this
thesis (Section 1.1). Then, we discuss about research objectives (Section 1.2). Finally,

we list the thesis organization and contributions (Section 1.3).

1.1 Background

Bidirectional transformations (BX) [1], originated from the view update problem [2, 3]
in relational databases, are a mechanism for synchronizing or maintaining consistency
between two related information where one is specified as the source, and the other as
the view. If either the source or the view is changed, the other will be changed as well
to restore consistency. People apply bidirectional transformations to solve a diversity
of synchronization problems such as relational view update, model-driven software
development, data exchange, and serializer/deserializer [4].

A typical bidirectional program [1, 5, 6] (Figure 1.1) expressing a bidirectional

transformation consists of a pair of transformations: get :: S — V and put :: SXV — S,
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Y
N ] get .
Source View
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Figure 1.1: A bidirectional program ~ A well-behaved pair of (get, put)

where S and V are the source and view domains, respectively. The get, which is a
forward transformation, produces a view over a source. The put, which is a backward
transformation, takes the original source and a possibly updated view and produces an

updated source.

To ensure consistency of a bidirectional transformation, get and put need to satisfy

well-behavedness properties as below:

Vs. put(s, get(s)) =s (GETPUT)
Vs, o', get(put(s,0’)) =0’ (PutGET)

The GETPUT law ensures that no change in the view is reflected as no change in the
source, while the PUTGET law ensures that all changes in the view are fully reflected
to the source and applying get on the updated source produces exactly the updated
view [1, 5, 6].

Despite over a decade of active study in developing well-behaved bidirectional
programs, achieving both well-behavedness and practical usability across different
domains remains a recognized challenge in bidirectional program development [7, 1, 8,
9,10, 11, 12, 13, 14, 15, 16, 17, 18]. A programmer can use a bidirectional language
to write both transformations as a single, well-behaved program; however, existing
bidirectional languages are designed for only a few specific domains. As argued in [14],
such languages can be difficult to program in because they require the programmer
to work in complex type systems and know tricky details. Alternatively, a general
unidirectional language can be used to write two separate programs, get and put;

ensuring the well-behavedness of the two programs poses a challenging task, however.
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1.2 Research Objective

To enable easy construction of bidirectional programs on relational databases, we
aim at an automatic synthesis of well-behaved bidirectional programs (get, put) from
user-given examples over specified data schemas.

To see the problem concretely, consider a relational view update task where the
schemas of the source and the view are adapted from a sample on SQLServerTutorial.net.
In this case, the source database consists of two relations staffs and customers of

the schemas
staffs(sid, name, city, active)

customers(cid, name, city)

and the view consists of one relation tokyoac of the schema
tokyoac (name).

The relation staffs stores staff information as records including the staff’s identifier,
name, city and active status. The relation customers stores a list of customers where
each customer has an identifier, name and city. The view tokyoac stores the names of
people whose certain characteristics. For each relation whether of the sources or the
view, there is an updated relation that shares the same schema and describes the state
of the relation after the updates take place (e.g., staffs’, customers’, tokyoac’).
Now the question is how we can automatically synthesize a well-behaved bidirec-
tional program, get and put, just from an example that describes the bidirectional
transformation behavior with the original source (Table 1.1a of staffs and Table 1.1b
of customers), the original view (Table 1.1c of tokyoac, which is supposed to be
obtained from get), the updated view (Table 1.1¢’ of tokyoac’), and the updated source
(Table 1.1a’ of staffs’ and Table 1.1b’ of customers’, both of which are supposed to
be obtained from put). In other words, we wish to synthesize from the example a
pair of component programs: a view definition (query) program get that describes
how tokyoac is relationally defined from staffs and customers, and a view update
program put that describes how staffs’ and customers’ are computed from staffs,

customers and tokyoac’.

There are three main methods of program synthesis that are most related.
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Table 1.1: A user-provided example including original source ((1.1a), (1.1b)) , original
view ((1.1c)) , updated source ((1.1a’), (1.1b’)) , and updated view ((1.1c’))

(1.1a) staffs (1.1b) customers (1.1c) tokyoac
sid | name | city active cid | name | city name
10 | Anna | Berlin | 1 100 | Logan | Denver Ken
11 |Ken | Tokyo |1 101 | Olsen | Oslo Kai
12 | Jose | Rio 0 102 | Kai Tokyo Mori
13 | Yua | Tokyo |0 103 | Luis | Lisbon

104 | Mori | Tokyo

(1.1a°) staffs’ (1.1b") customers’ (1.1¢’) tokyoac’
sid | name | city active cid | name | city name
10 | Anna | Berlin | 1 100 | Logan | Denver Ken
11+ | Ken | Tokyo |1 101 | Olsen | Oslo Kat
12 | Jose | Rio 0 102 | Kai Tokyo Mori
13 | Yua | Tokyo | O 103 | Luis | Lisbon Shin
14 Shin Tokyo 1 104 | Mori | Tokyo Yuri
105 | Yuri Tokyo

[ original data inserteddata  deleted—data |

First, a series of synthesis algorithms have been developed for obtaining bidirectional
programs, as proposed in [14, 13, 15]. While these algorithms can use examples to
derive well-behaved programs written in a bidirectional language, they are designed
specifically for simple string processing and are limited to regular expressions, which
cannot handle relations and query languages. Another algorithm, introduced in [18],
can synthesize bidirectional programs written in a tree-oriented bidirectional language
by constructing a sketch of put based on the given code of get, and then fills the sketch
in a modular manner based on the properties of bidirectional programs. However, such
a tree-oriented language is not well-suited for transformations commonly performed

on relations [7].

Second, relational program synthesis [19] allows us to simultaneously generate
multiple programs that satisfy a given relational specification (e.g., the GETPUT and the
PuTGET laws) through example-based dual synthesis. It uses hierarchical tree automata
to represent a relational version space that encodes all tuples of satisfying programs. As
the space of the automata grows dramatically when dealing with complex underlying

languages, it becomes challenging to handle practical relational query languages.

Third, many other general synthesis methods (e.g., PROSYNTH [20]) possibly take

examples on relations as input and independently synthesize a get and a put, but



1.2 Research Objective 5

they cannot guarantee the well-behavedness of the synthesized pair. PROSYNTH,
a state-of-the-art synthesizer, is able to use a tabular input-output example to
synthesize a program written in Datalog. Since a Datalog program is largely a set of
rules, PROSYNTH reduces the synthesis problem to a rule-selection problem by (1)
requiring the preparation of a fixed finite set of candidate rules by using templates and
enumerations, and (2) selecting a subset of the prepared set that satisfies the given
example. Preparing a “good” set of templates and candidate rules is very important
against PROSYNTH because it forms a “good” search space where PROSYNTH can
find an expected program. The reason that keeps PROSYNTH from guaranteeing the
well-behavedness between two separately synthesized programs get and put is that
there is no relationship between two sets of templates or candidate rules of the two
programs. Naively enumerating all gets and puts rarely produces a well-behaved

bidirectional program.

In fact, the essential limitation of the existing approaches to the synthesis of
bidirectional programs is that they cannot directly cope with the complexity of relations
and query languages along with the well-behavedness properties of bidirectional
programs.

To cope with that complexity and well-behavedness, we propose a novel approach
to the synthesis of bidirectional programs on relations, reducing a complex synthesis
problem into simpler ones, solving simpler synthesis to obtain small well-behaved
programs, and combining the results of simpler synthesis to achieve a complete
well-behaved program. Our approach mainly consists of three steps as follows.

First, we synthesize a unidirectional get from the given tables of the original
source and the original view. Then we can decompose this get to a combination of
atomic queries Cg(getl, ..., gety) (Figure 1.2a). Now, based on the PuTGeT law, we can

compute unknown intermediate tables (examples) for get, and put, '

Midy,...,Mid,—q,
Midll, ey Midn_ll

by applying the decomposed program C, on the given original and updated source

The subscript a in get, and put, indicates “atomic". We employ get, and put, to represent abstract
atomic programs.
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L v’
>
Mid,_; Mid,_,’
Mid, ;  Mid, , Mid, ;' Mid, ,’
: : Mid,—> : ‘«—Mid,
g g
Mid, Mid, Mid, ’ Mid,
o) (s
5 55 Si ' ST
Input : original source Input : original source, updated view
Output : original view OQutput : updated source

(@) Cy(gety, ..., gety) (b) Cp(puty, ..., puty)

Figure 1.2: An example of combinations for get and put

tables, one by one. The synthesis of (get, put) is now reduced to the sub-synthesis of
(getq, puty).

Second, for each atomic query described by get,, we synthesize an atomic view
update put, such that (get,, put,) forms a well-behaved bidirectional program. We
solve this synthesis problem by templatizing the existing minimal well-behaved view
update strategies [21, 22, 23] to generate a set of candidate rules and adapting PROSYNTH.
With the templates, we can prepare the space for efficient synthesis of put, for get,
while guaranteeing that they are well-behaved.

Last, we construct a put program as a combination of atomic view update programs
Cp(puty, ..., put,) (Figure 1.2b) where the evaluation order in C, is reversed from
that in C;. The final bidirectional program is a pair of (C,, C,) that basically is a
combination of the atomic well-behaved pairs (get;, puty), ..., (get,, puty,), and this
final program is guaranteed to be well-behaved due to the well-behavedness properties

of a composition of bidirectional programs [1].

A challenge associated with our current approach is that the minimal well-behaved

view update strategies introduced in [21, 22, 23] do not cover extra constraints and
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Table 1.2: A user-provide example related to functional dependencies including original
source (1.2a) , original view (1.2b) , updated source (1.2a°) , and updated view (1.2b’)

(1.2a) original (1.2b) original ~ (1.2a”) updated  (1.2b’) updated

source view source view
S |4 S’ Vv’
A|B|C|D A|B|C A|/B|C|D A|B|C
1 (b F|d, 1 (b T I | br| F | dr T | br| F
10| T| d4 21 by| T I | br| F | dr 1(by| T
2 bz T dz 1 bz F dl 2 bz T
1 bg T dl
2| by T|d

| original data inserteddata  deleted data |

effects. Things become more complicated and difficult when the examples are defined
over tables that have internal dependencies such as functional dependencies (FDs).

Let us consider another example in Table 1.2 that contains tables with clearer
functional dependencies. This example includes Table 1.2a of the original source S,
Table 1.2b of the original view V, Table 1.2a’ of the updated source S’, and Table 1.2b
of the updated view V’, where S and S’ share the same schema of (A, B, C, D), while V
and V' share the same schema of (A, B,C).

If we look closely in Tables 1.2a and 1.2a’, there seem to be FDs on the original
and updated sources: A — Band A — D. If there are FDs on relation schemas, they
impose some specific internal constraints, such as that data on a relation r must agree
on the FDs of r (e.g., in the updated source S, two tuples with the same A-value of 1
must have the same B-value and D-value).

FDs also cause effects when reflecting view updates into source updates: If we
run a bidirectional program backward, more changes would occur in the source so
that all the data on the source would match the FDs. For instance, when (1, b, T)
is replaced by (1, by, T) in the updated view V’, then the updated source S’ includes
not only (1, by, T, d;) (due to the minimal strategies) but also (1, b,, F, d;) even though
there is no corresponding tuple (1, by, F) in V’.

The existing minimal well-behaved view update strategies are not rich enough to
cover the constraints and effects of FDs.

In practice, tables with dependent data frequently arise. Addressing update
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strategies related to FDs becomes crucial for resolving many practical view update tasks
over these tables. Support for synthesis involving FDs is needed to avoid overlooking
solutions for real-world scenarios.

We propose an approach to synthesizing bidirectional programs on relations from
examples with FDs. To avoid diving into the efficient discovery of essential FDs, which
is a well-known difficult challenge in database research [24, 25], we require the user to
explicitly provide the possible FDs in a special structure called tree form for relations
of the source. This approach improves upon the one mentioned above in the following
two points.

First, we forward-propagate the provided FDs from the source through intermediate
relations to the view once we have the set of atomic get, satisfying the given example
(i.e., after the decomposition of a synthesized query get). Then, for each atomic part,
we obtain the FDs of the corresponding source and view.

Second, besides templates of minimal well-behaved view update strategies, we
prepare more templates for the constraints and effects of FDs to enhance the search
spaces of the synthesis of put,s. The new templates are designed based on the constraint
semantics of FDs and the other non-minimal view update strategies [7] which describe
the effects of FDs in tree form when performing updates. The combination of the
new templates encoding constraints and effects of FDs, and the templates of minimal
well-behaved view update strategies makes the candidate rules more diverse, thereby

giving PROSYNH more choices when performing synthesis.

1.3 Organization and Contributions

We organize the rest of the thesis as follows. Chapters 3-6 (Figure 1.3) are the
main contributions of this thesis, which include our approaches, algorithms and

implementations for synthesizing bidirectional programs on relations.

Chapter 2. We present related works on relational databases, non-recursive Datalog
(NR-Datalog™), bidirectional programs in NR-Datalog®, constraints and effects of
functional dependencies (FDs) when performing updates, the view update problem and

view update strategies, program synthesis, and a survey of existing example-based
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Figure 1.3: Main contributions

synthesizers including PRoSyNTH which we will rely on to develop our synthesizer

later.

Chapter 3. We present the high-level of our proposed approach to synthesizing
well-behaved bidirectional programs on relations from examples and functional
dependencies (Figure 1.3). Our approach reduces the synthesis of a well-behaved
pair of (get, put) to the synthesis of atomic well-behaved pairs. The combination of
atomic well-behaved pairs would be well-behaved because of the well-behavedness of a
composition of bidirectional programs. After we found a query get with PROSYNTH, we
decompose the query into a set of atomic queries and forward-propagate information of
FDs from the source through intermediate relations to the view. For each atomic query,
we synthesize a corresponding atomic view update by templatizing minimal view
update strategies and by templatizing the constraints and effects of FDs to generate
candidate rules so that PROSYNTH can be adapted efficiently. The templates are well-
designed to encode the well-behavedness of the atomic query and the corresponding

atomic view update.

Chapter 4. We present a method for decomposing a query in NR-Datalog* to a set of
atomic queries in NR-Datalog®, and an algorithm for forward-propagating FDs in

tree form from the source to the view over a set of atomic queries. Having access
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to information about atomic queries and the FDs of all relations is beneficial when

designing templates for the corresponding atomic view updates.

Chapter 5. We present Datalog templates that encode the minimal view update
strategies. We implement our synthesis approach without FDs in a tool called SyNTHBX
and demonstrate its power, efficiency, and sensitivity to example sizes through 56
benchmark tasks from three different sources. SYNTHBX successfully solves 52 tasks,
takes an average of 19 seconds to find a solution, and less than 3 seconds each for 37 of
them.

Chapter 6. We present algorithms for templatizing the constraints and effects of
FDs on relations. They help to strengthen the search space of the PROSyNTH-based
synthesis of well-behaved put,. We implement our proposed approach with the FDs
processing steps in a tool called SYNTHBP that can automatically solve 37/38 practical
synthesis benchmarks. The overheads for handling FDs are not too significant when

the number of functional dependencies is reasonable.

Chapter 7. We conclude the thesis by summarizing our contributions and discussing

possible future works.
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Related Work

In this chapter, we briefly overview relational databases [26] (Section 2.1), non-recursive
Datalog [27] (Section 2.2), and bidirectional programs [1] (Section 2.3). We then review
the concepts of functional dependencies (FDs), the tree structure of FDs, and relation
revisions over that structure when updating relational views [7] (Section 2.4), and
summarize related work on the view update problem [2] (Section 2.5). Finally, we
cover a bit about program synthesis [28, 29] (Section 2.6) and survey many existing
example-based synthesis approaches (Section 2.7) including PROSYNTH [20] which we

will rely on to develop our synthesizer later.

2.1 Relational Databases

A database O is a finite map from relation schemas R to relations R. A relation schema
is a finite nonempty set R of attributes. Each attribute A of a relation schema R is
associated with a domain dom(A) (or A), which represents the possible values a that

could appear in column A. If X and Y are attribute sets, we may write XY for the union
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XUY. IfX = {Ay, Ay, ..., A}, we may write AjA, ... Ay, for X. The singleton {A} may
be written as simply A. A tuple t (alternatively written as (ty,. .., #)) over R, written
t = R,isafunctiont: R — [Jsep A, where VA € R. t(A) € A. We write t[X] for the
projection of a tuple t over R to X if X € R. A relation R over R, written R :: R, is a finite
set of tuples over R. For R :: Ay ... A, we sometimes write R(A; : Ay, ..., Ap : Ap)
and say that R is of the schema of (Aj,...,An).

For example, in Table 1.2, we said that relations S and S’ share the same schema of
(A, B,C, D), which means that

S:2ABCD or S(A:A,B:B,C:C,D:D)
S":wABCD or S(A:A,B:B,C:C,D:D)

We can describe relations S and S’ as sets of tuples as below:

S={(1,b1,F,d1),{1,b1,T,d1),(2,b5, T, d3)}
S"={(1,by, F,dy),{1,b5,T,d1),{2,b5,T,d>)}.

A database D could be represented as a set of R(t, .. ., t¢) corresponding to the tuple
(t1, ..., tx) of relation R in D. The source database including only relation S in Table 1.2

could be written as
{S(1,b(,F,dy),S(1,b,T,dq),S5(2,b5,T,d>) }

while the source database with two relations staffs and customers in Table 1.1

could be written as

{ staffs(10,Anna,Berlin,1),staffs(11,Ken,Tokyo, 1),
staffs(12,Jose,Rio,0),staffs(13,Yua,Tokyo,0),
customers (100, Logan,Denver),customers(101,0lsen,0slo),
customers(102,Kai,Tokyo), customers(103,Luis, Lisbon),

customers(104,Mori,Tokyo) }
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Program :=  Clause*

Clause := Fact | Rule

Fact :=  R( Constant (, Constant)™ ).
Rule = Head : — Body.

Head = Literal

Body := Disjunction

Disjunction := Conjunction (; Conjunction)*
Conjunction := Item (, Item)*

Item := Literal | = Literal | Constraint
Literal := R(Term (, Term)*)

Term :=  Variable | Constant
Constraint = Variable Op Constant

R € RelationSymbol Variable € {v;}i>0 U {_}
Ope{=+>7<2>7<}

Figure 2.1: Syntax of NR-Datalog™ (based on SOUFFLE)

2.2 NR-Datalog”

NR-Datalog*[27] is a fragment of Datalog with negation, built-in predicates of compari-
son and no recursion. We follow the syntax of Datalog given by SOUFFLE ' to express
the syntax of NR-Datalog* (Figure 2.1).

An NR-Datalog* program P is a finite nonempty set of clauses, where each clause is
either a fact “R(cy,...,¢p).” orarule “H :— By, ..., B,.”, where R is a relation symbol,
the ¢;s are constants, H is a head, and {By, ..., B,} is a body. Let us consider the

following program:

Cll S(O, 1)
cly  V(v1) : = 81(v1,02) , = S2(01).
cls  V(v1) = 81(v1,02) , 03 = 2.

This program consists of one fact c/; and two rules {cly, cl5}.

The head H is a positive literal (or atom) of the form r(t;,...,t,) (alternatively
written as (%)) (e.g., V(1) in cl;), where r is a relation symbol and each argument ¢;
is a term, which is generally either a variable or a constant. The body {B;,..., B,}

is a conjunction of B;s which are each either a positive literal (e.g., S1(v1,v;) in cly),

https://souffle-lang.github.io/program
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a negative literal (e.g., = S2(v1) in cly) or a constraint (e.g., v; = 2 in cl3). A variable
occurring only once in a rule (e.g., v, in clz) could be conventionally replaced by an
anonymous variable denoted as “_”

We say a rule is normal if it has form “H : — By,..., B,.”. Normal rules with a
common head H could be abbreviated as a single-line rule whose head is H and whose
body is a disjunction that joins conjunctions, each of which expresses the body of a
normal rule, by “”s. Simply put, a single-line rule of form “H :— By;...;B,.” is a short
expression of n rules “H :— By.”, ..., “H :— B,.”. For instance, we can rewrite cl, and

clz as clyz as below:
clys V(v1) : = S1(01,02) , = S2(01) 5 S1(v1,02) , 02 = 2.

To ensure that the set of all facts derived from P is finite, P needs to satisfy safety
conditions [27]. If we convert all rules in P to normal form, for each rule r of the form
S‘H - B”’

1. Each variable appearing in H must also appear in B;

2. Each non-anonymous variable appearing in a negative literal of B must also

appear in a positive literal of B;

3. The variable appearing in a constraint of B must be non-anonymous and either

appear in a positive literal of B or be bound by equality to a constant.

The semantics of a Datalog program are defined using Herbrand models of first-order

logic formulas [27]:

1. Each fact F represents an atomic formula.

2. Each rule R of the form “H : — By,..., B,” represents a first-order formula of the
form “Voy,...,0,. By A ... A B, — H”, where the u;s are all variables occurring
in R.

For example, cl; means that there is a tuple (0, 1) in S, and cl, means that if (01, v,)

exists in S; and there is no (v;) in S,, then (v;) isin V.
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2.3 Bidirectional Program

A bidirectional program [1] consists of a pair of transformation programs — a forward
get :: S — V, which produces a view over a source, and a backward put : S XV — §,
which reflects the changes to a view back to the source — and this pair must satisfy the

following well-behavedness properties:

VS. put(S, get(S)) =S  [GeTPUT]
VS, V. get(put(S,V’)) =V’ [PurGer]

The GETPUT states that if one gets a view V = get(S) from a source S and puts it back
again, S will not change; the PUTGET states that an updated view V' can be fully
restored by applying get over the updated source S" = put(S, V).

We can use NR-Datalog™ to construct a bidirectional program in form of a well-
behaved pair (get, put). Writing a get that defines a view over a source is easier since
it is like writing a relational query. The harder problem is to write a put that describes
update propagation from the view back to the source. To describe such propagation,
the concept of delta relations [30, 31, 16] is used to represent changes to the source and
the view.

A delta relation AR over a schema R, denoted as AR :: AR, is a pair (AR™, AR*) of
disjoint relations of the same schema R. AR™ and AR" are used to capture insertions
and deletions against R, respectively. For instance, consider a relation R = {(1, 2), (3,4)}
and a corresponding updated relation R" = {(1, 2), (5,6)}, then AR™ = {(3,4)} and
AR* = {(5,6)}. We call data in R and R’ as state-based data, and data in AR~ and AR"
as delta-based data. Since a relation appearing in a bidirectional program could be
either a source or a view, we could use different notations to express source delta and
view delta relations. From here on, we denote AR = (AR™, AR*) :: AR as a source delta
relation corresponding to a source relation R :: R, and 6R = (§R™, 6R*) :: SR as a view
delta relation corresponding to a view relation R :: R.

The following two examples describe writing bidirectional programs in NR-Datalog™.

Example 2.1. Given a source S = {(1, 2), (3,4)} of schema S(Num, Num). We can
define a view V = {(1), (3)} of schema V' (Num) by writing a program get = {r{} where

i V(o) 1= S(v1,02).



16 Chapter 2. Related Work

If the view is changed to V' = {(1), (5)}, to propagate the update, we can write a

program put = {rf}%_ that takes S and V' as input where

ry OV (v1) : = V(v1), = V'(vy).

ry  O6VT(v1) 1 =V'(v1), = V(01).

ry  AS(v,03) 1=V (v1), S(v1,0z).

re  ASY(v1,02) = V¥(01), 7 S(01,02), 02 =0.

re  S'(v1,02) + = S(01,02), 7 AST(v1,02) 5 AST(v1,02).

The evaluation of the put is as follows: deriving V = {(1), (3)} with get; computing
delta relations against V (V™ = {(3)}, V" = {(5)}); computing delta relations against
S (AS™ ={(3,4)},85" = {(5,0)}); and outputting S" = {(1, 2), (5,0} }.

To verify the well-behavedness of the pair (get, put), we can either manually
check if it satisfies two laws GETPUT and PUTGET or adapt an automated tool named
BIrDs [16]. BIrDs enables users to write a view update program put using delta
relations. In certain cases, it can derive a corresponding query get and validate the
well-behavedness of these two programs through internal logic inferences. If users
write not only put but also get, BIrRps will expand the logic inference with the rules of

get and perform the validation of well-behavedness.

The changes against the view may not uniquely determine the changes against the
source, and in the worst case, it could be impossible to propagate the changes to the
view back to the source [2, 21, 22, 23]. For instance, if we modify rule r¢ with constraint
vz = 0 to rule r{* with constraint v, = 1, the program put* := put — {ri} U {r"}
returns S = {(1, 2), (5,1)} and also forms with the given get = {r{} a well-behaved
bidirectional program. Using appropriate examples ((S,V,S’,V’) or (S,V, 5™, V’)) can

guide a correct construction of a well-behaved pair (get, put). A

Example 2.2. Suppose that we have written a program get = {r{’ } to define a view
V = {(1), (3)} of schema V(Num) over a source S = {(1, 2), (3,4)} of schema S(Num,
Num).

”f V(v1) : = S(v1,0z).

If the view is changed to V' = {(1), (5)}, to propagate the update, we can write a
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program put = {ré’ , ré’ , ri’} that takes S and V’ as input where

AS_(Ul,Ug) il 5(01,02) , T V/(Z)1).

b

"

”é} AS*(v1,02) : = V'(v1), = S(v1,02) , v2 = 0.
b

r S’ (v1,09) : — S(v1,07), = AS™(v1,07) ; AST(v1,03).

Each rule for computing AS (e.g. ré’ and ré’ ) describes a view update strategy. A run of
put evaluates AS™ = {(3,4)} and AS* = {(5,0)}, then outputs S" = {(1, 2), (5,0) }. We
can either manually verify the well-behavedness or adapt Birps [16] to perform the
verification.

Note in a special point that the put here is written in a different way than the
corresponding one in Example 2.1. In the current example, put computes AS from S
and V' (e.g. ré’, r,f) rather than from S and 6V (e.g. r{, ..., r{) where 6V is computed
from V' and the result V of applying the given get. Both ways of writing allow good

programs to be written. A

2.4 Functional Dependency: Constraints & Effects

A functional dependency over R is writtenas X — Y = R, where X CRand Y C R
refer to the left-hand side (lhs) and right-hand side (rhs) of the FD, respectively. If
X — Y ::RandR :: R, we say that R satisfies constraints X — Y, written R F X — Y,
if t1[X] = t,[X] implies t;[Y] = t,[Y] for all #;, t, € R. It is conventional to write FD
A — BC to mean FD {A} — {B,C}. Let ¥ be a set of FDs over R, written ¥ :: R.
We write R F ¥ to mean that VX — Y € F.R X — Y. We can normalize
X — Y as {X — Aj}aey. To simplify the presentation later, we sometimes write
R(A: AB:B,C:C,¥ ={A — B}) forR:: ABCD, ¥ = {A — B}, ¥ :: ABCD and
REF.

Bohannon et al. [7] introduced a special structure of FDs called a tree form, in
which they can construct properly bidirectional programs with FDs. Given an FD set
FoletVgp={X|X>YeFtU{Y|X—>YeFlandEFr ={(X,Y) | X oY eF}
then, we say ¥ is in tree form if the directed graph T = (Vi#, E#) is a forest and no
distinct nodes of Tr have common attributes. If ¥ is in tree form, we write roots(¥)

and leaves(F) for the sets of root and leaf nodes in Tg, respectively. Every ¥ in tree



18 Chapter 2. Related Work

form has a unique canonical tree from ¥* where size(X) = 1 for all X € leaves(F).

To calculate the effects of FDs putting changes from a view to a source, Bohannon
etal. [7] introduced revision operators. Given an FD set ¥ :: R and relations Ry, Ry :: R
such that R; = ¥, a relation revision R; <~ R, [7] computes a new relation R} :: R
similar to R; whose tuples do not conflict with those of R; on ¥ . For example, given
R =AB, ¥ = {A — B}, R; = {(1,b2),(2,b1),(3,b3)}, and R, = {(2,b3),(4,b4)}, we
have that Ry <= R, computes R} = {(1, b2), (2, b2), (3, b3)}.

The relation revision operation R; «<—# R; is expressed by a set of tuple revisions
t; «—¢ Ry, where t; € R;, Ry = R,R; = R, and ¥ :: R is an FD set in tree form such that
R ETF.

Ry —F R ={ti =5 Rz | t; € Ry}

Tuple revision t; «<—# R, [7] can be defined by recursion over the forest T# that

indicates the update propagation from the roots to the leaves:

HhepR=1

(t1 “— tz[Y]) g R, if 3 Ih ERy. 1y [X] = tg[X]
t1 «—(xsyyuF R =
t; «—¢ Ry otherwise

where X € roots(F)and F ={X - Y} UF’

If ¥ is empty, tuple revision simply returns #;. Otherwise, there must be at least
one FD X — Y where X € roots(T#). If t; and some t, € R, have the same values
against X, we return a copy of t; whose #;[Y] has been updated according to #,[Y]
(written as t; < t,[Y]); otherwise, t; is returned. The remaining FDs continue to be
considered recursively.

From the definitions of revisions, we have:

Ry <9 Ry =Ry
Ry «—(x=yyur Re = (R «—(x=y) R2) <5 Ry

2.5 View Update

The view update problem [2] (Figure 2.2) could be considered as the starting origin of

bidirectional transformations and bidirectional programs. Given a query get that
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View update problem Bidirectional Program

Figure 2.2: View update problem & bidirectional program

defines a view v from a source databases s, the view update problem is to derive an
update translator T that maps each update u on v to an update T(u) on s such that
u(v) = get(T(u)(s)).

Constructing bidirectional programs is a common practical solution for the view
update problem, which has been investigated for decades [2, 32, 21, 22, 23, 7, 8, 31, 16].
The view update problem proved to be ambiguous because the update to the view may
not uniquely determine the update to the source, and in the worst case, it could be
impossible to propagate the update to the view back to the source. Keller [21, 22]
presented a complete list of update strategies that satisfy certain criteria for a large
class of selection, projection and join views on BCNF relations, with the choice of
strategies being made through a dialog at the view definition time. Larson [23] listed
update rules for simple and nested views involving set difference, union, intersection,
selection, projection and join views by using both syntactic and semantic knowledge
at the view definition time and the view update time. Bohannon [7] introduced a
get-based bidirectional query language (relational lens) targeting selection, projection
and join queries with the use of FDs. Horn [31] made relational lenses more practical by
performing incrementalization through a series of delta relations. Tran [16] proposed a
language-based approach and system called Birps, based on the theory of put-based
bidirectional transformations, to construct bidirectional programs in a fragment of
Datalog as a set of rules of delta relations and verifying well-behavedness.

In our work, the templates of minimal update strategies are designed based on the

works of Keller [21, 22] and Larson [23], while the templates encoding the effects of
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- enumurative search
- version space algebra

search techniq ue - logical reasoning based techniques
- machine learning based techniques

program - built-in DSL
: > search space user—deﬁn-ed DSL
Y esis - user-provided components

- logical specifiations
. - input-output examples
user intent _  demonstrations

- natural language
- partial programs

Figure 2.3: Three key dimensions of a typical program synthesis problem

FDs are inspired by the works of Bohannon [7] and Horn [31].

2.6 Program Synthesis

Program synthesis is the task of synthesizing programs in the underlying programming
language that satisfy the user intent expressed in the form of some specification or
constraints. Unlike compilers which take as input programs written in a high-level
code and normally convert them to low-level machine code using syntax-directed
translations, synthesizers typically perform some kind of search over the space of
programs to generate a program that is consistent with diverse constraints [28]. To this
day, program synthesis is applied successfully in various fields, including relational
databases, software development, data cleaning, and biology [29].

A synthesizer is mainly characterized by three key dimensions (Figure 2.3): the
kind of constraints that express user intent, the space of programs over which it
searches, and the search technique it employs [28, 29].

The user intent can be expressed in a variety of forms such as logical specification

which represents logical relations between inputs and outputs of a program, natural
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language descriptions, a set of input-output examples, demonstrations (traces) which
describe, step-by-step, how the program should behave on a given input, and higher-
order, inefficient or partial programs [28].

The search space can be over imperative or functional programs with possible
restrictions on the control structure or the operator set, or over restricted models
of computations such as regular or context-free grammar. It needs a good balance
between expressiveness and efficiency. On one hand, the program space should be
expressive enough to include programs that users care about. On the other hand, the
program space should be restrictive enough so that it is amenable to efficient search,
and it should be over a domain of programs that are amenable to efficient reasoning.
The program space can be restricted to a subset of existing programming language or
to a specifically designed domain-specific language [28].

The search technique can be based on enumerative search, version space algebra,
logical reasoning based techniques, machine learning based techniques, or some
combination of them [28]. The enumerative search techniques enumerate programs
in the search space in some order and check if a program satisfies the synthesis
constraints. Instead of enumerating programs one-by-one, version space algebra
techniques enumerate programs by hypothesis/version spaces which basically group
multiple programs satisfying some condition together. Logical reasoning based
techniques reduce the program synthesis to the problem of solving an SAT/SMT
formula and let an off-the-shelf SAT/SMT solver efficiently explore the search space.
Machine learning based techniques learn a probability distribution over the space of

programs that are more likely to be consistent with the given specification.

2.7 Existing Example-Based Synthesis Approaches

2.7.1 Synthesis of Bidirectional Programs

There is a body of work on the synthesis of bidirectional programs [14, 13, 15, 18].
These works all target the synthesis of well-behaved bidirectional programs written in
a certain bidirectional language. The embedded well-behavedness properties of the

underlying bidirectional languages ensure that the output programs are implicitly
well-behaved.
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Given data format specifications in the form of regular expressions and input-output
examples, OPTICIAN [14, 13, 15] synthesizes bidirectional regular expressions written in
Boomerang [8] using type-directed synthesis algorithms over the space of well-behaved
combinators. The given examples of OPTICIAN are basically a pair of an updated view
and an updated source, so the synthesized programs are relatively close to bijections.
Meanwhile, the user-provided examples in our approach require more information
about the original data, which helps to guide the synthesis toward finding common
bidirectional transformations. In addition, the synthesis algorithms of OpTICIAN are
limited to regular expressions and cannot be adapted to relations and query languages.

SYNBIT [18] synthesizes bidirectional programs written in HOBIT [33] from the
corresponding unidirectional code of get plus a few input-output examples of put. It
sketches the code of put with some holes based on the given code of get, then fills the
holes by exploiting the properties of bidirectional programs. The base language -
HOBIT, however, is a tree-oriented language that is not appropriate for transformations
commonly performed on relations [7]. Although sharing the same thoughts of finding
put when get is specified, our work is different from SynBiT. SYNBIT ensures well-
behavedness by taking advantage of the properties of the underlying bidirectional
language, whereas we employ well-designed templates of well-behaved bidirectional
programs on relations, but uses a non-bidirectional language. While SYNBIT sketches a
whole program of put with some incomplete parts that are later filled in, we attempt to

identify smaller, atomic parts and compose them to create a bigger program.

2.7.2 Relational Program Synthesis

The concept of relational program synthesis was first introduced in [19], aiming to
discover one or more programs that collectively meet a relational specification. REL-
ISH [19] is a rare approach to solve this problem. It only allows relational specifications
with functions fi, ..., f; of the form Vx. ¢(X) where ¢ is a quantifier-free formula
with uninterpreted functions fi, ..., f,. The well-behavedness properties, GETPUT
and PUTGET satisfy that form. It combines the counterexample-guided inductive
synthesis (CEGIS) framework with a bottom-up search engine over a relational version
space. The key idea is to build a relational version space in the form of a hierarchical

tree automaton from a counterexample of a ground formula to encode all tuples of
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programs that satisfy the given specification. Adapting RELISH to our problem is
challenging due to the complex structures of relations and tabular examples, which
cause the automata space to grow dramatically. Instead of building a relational version

space, we use well-behaved templates to keep the relational specification.

2.7.3 PROSYNTH

PROSYNTH [20] is a state-of-the-art synthesis tool for synthesizing a Datalog program
P, which is consistent with one input—output example E on relations. It supports
a synthesis procedure “ProSYNTH(S, &, P,;)” where & = (I, O) is a tabular example
containing input and output tuples, each matching an appropriate schema in S, and
Par =A{r1,...,ra} is a fixed set of candidate rules. PROSYNTH reduces the synthesis to
a rule selection problem, i.e., selecting Ps C P, such that Ps(I) = O.

PROSYNTH uses counterexample-guided inductive synthesis [34] with an SAT
solver to suggest a selection of rules and a Datalog solver named SOUFFLE [35] to check
whether the selection is consistent with the given example &. Each rule r; in P is
associated with a Boolean variable b,, that describes whether r; is selected or not. A
synthesis constraint ¢ = f(b,,, ..., b;,) is kept up to date during the synthesis process.
While ¢ is satisfiable, its variable b,, would be assigned to True or False by the SAT
solver, which corresponds to whether or not r; is selected in $;. SOUFFLE evaluates the
selection on the given input tuples I, checks the result with the expected output tuples
O. If a match occurs, the current P; will be returned immediately. Otherwise, ¢ will be
updated with some new constraints. If the SAT solver reports that ¢ is unsatisfiable,
PROSYNTH returns None for no solution.

The original PROSYNTH only returns a solution if one exists. We later will slightly
adapt it into “PrROSYNTH' (S, &, Pa, ¢)” that can return a pair of (P, ¢) for further
purposes like searching other programs. We will use PROSYNTH" as the name for both
the adapted algorithm and the adapted tool.

One of the most difficult challenges in efficiently using PROSYNTH is the preparation
of a “good” P,y for a specific task. In fact, experiments against PROSYNTH in [20] use
two approaches to generating candidate rules: (1) instantiating meta-rules or templates
(e.g., Hyo(x,z) : — Hi(x,y), H2(y,z). where each H; is a hole that could be replaced

by a relation name) that describe common rules in the task, and (2) enumerating
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all sequences of length k < 3 of literals in the body of meta-rules. #,; could be
chosen randomly with a fixed size if the number of generated rules is too large. The
experiments only prepare candidate rules with no constants from predefined templates
along with the names and schemas of relations.

PROSYNTH cannot trivially and directly synthesize a well-behaved pair of (get, put)
on relations. Templates for a practical query get are quite familiar and well known, but
such things for a practical view update put are rather vague. Ideally, by considerable
efforts for preparing candidates from the common space of Datalog rules, we can use
PROSYNTH to separately synthesize a get and a put. However, this approach cannot
guarantee the well-behavedness between the get and the put, since there is no clear

relationship between the search spaces (candidate rules) of the two programs.

Example 2.3. To specifically observe the challenge faced by PROSYNTH, let us consider
the problem of synthesizing a well-behaved bidirectional program (get, put) satisfying
the example given in Table 1.2. With two examples of get (Table 1.2a — Table 1.2b
and Table 1.2a’ — Table 1.2b’) and one example of put ((Table 1.2a, Table 1.2b’) —
Table 1.2a’), PROSYNTH may be adapted independently to synthesize a get = get; = {r!}
and a put = put; = {r}} where

rt V(vg,v1,03) i — S(v,01,02,03), vy = “T".

i
1
ré S (vg,v1,00,03) :— S(vg, _,02,03), V'(vg,01,_).

Unfortunately, (get;, put;) is not well-behaved. Indeed, for instance, if V' contains tuple
(3, b2, T), then put;(S, V') will evaluate S” excluding any tuples with an A-value of
3. As a consequence, we cannot recover the new V’ by applying get; on the newly

evaluated S’, which violates one of the well-behavedness properties. A

Example 2.4. To demonstrate another failure of PROSYNTH in finding a well-behaved
pair (get, put), we utilize a concrete example shown in Table 2.1, where S; and S, are
sources, V is a view, and all relations share the same schema of (X, Y, 7).

From two examples of get (i.e., {Table 2.1a, Table 2.1b} — Table 2.1c and {Table 2.1a’,
Table 2.1b’} — Table 2.1¢’), and one example of put (i.e., ({Table 2.1a, Table 2.1b},
Table 2.1¢’) — {Table 2.1a’, Table 2.1b’}), PROSYNTH can independently find a get = {rf }

where
rlq V(x’ y’ Z) P Sl(xs y; _) b SZ(_; y; Z)
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Table 2.1: An example of (get, put) provided to PROSYNTH

(2.1a) S, (2.1b) S, (2.1¢) V
X |Y |Z X |Y | Z X |Y |Z
x1 |yl |zl x2 |yl |zl x1 |yl |zl

(2.12°) S (2.1b°) S 2.1y v’
X |Y |Z X |Y | Z X |Y |Z
x1 |yl |zl x2 |yl |zl x1 |yl |zl
x2 | y2 |zl x2 | y2 | z2 x2 | y2 | z2

and a put = {rf, rzp, rg, rf} where

Sy - V(%Y 2), Si(xy2).
rg Si(xy,2z) 1 =V'(xy,_), Sa(x,_ z2).
ré) Sy(x,y,2) : = Sa(x,y,2).

S y2) =V (xy2), = Si(xy,2).

These two programs are not well-behaved because they violate the PUTGET law: If we
insert a new tuple (x0, 40, z0) to V' and run the put, then 5] = {{x1,y1,21), (x2,y2,z1)}
and S, = {{(x2,y1, z1), (x2,y2, z2), (x0, y0, z0) }. However, a run of the get over the new
51 and S; does not produce any (x0, 0, z0) in V". A

2.7.4 Template-Based Synthesis

Templates are commonly used to guide the search in program synthesis [36, 37, 38, 20].
ZAATAR [37] encodes templates as SMT formulas whose solutions produce the expected
program. ALPS [38] and PROSYNTH [20] search for the target program as a subset of
templates. Template-based synthesizers depend greatly on the quantity and quality of
templates. In this thesis, we provide a set of templates for synthesizing atomic view
update programs put,s given atomic queries get,s. The provided templates encode the
existing minimal-effect view update strategies and the constraints and effects imposed
by FDs.
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2.7.5 Datalog Synthesis

There has been significant work on automatically synthesizing Datalog programs
from examples [38, 39, 20, 40]. Arps [38] adopts a bidirectional search strategy with
top-down and bottom-up refinement operators over the syntax of Datalog programs to
traverse the space of possible programs efficiently. DirrLoG [39] and PROSYNTH [20]
perform the synthesis by solving the equivalent rule selection problems from the given
candidate rules. While D1rrLoG minimizes the difference between the weighted set of
candidate rules and the reference output using numerical optimization, PROSYNTH
uses query provenance to scale the CEGIS procedure and employs an SAT solver for
constraint solving. GENSYNTH [40] learns Datalog programs from examples without
requiring any templates, by introducing an evolutionary search strategy that mutates
candidate programs and evaluates their fitness on examples using a Datalog solver.
While we aim at the synthesis of well-behaved bidirectional programs (get, put) on
relations, those works only target the synthesis of unidirectional programs. They
cannot guarantee the well-behavedness of two independently synthesized programs,
get and put. We later would adapt PROSYNTH as the unidirectional synthesizer inside
our systems since PROSYNTH proved to be more effective than ALps and DirrLoc [20].
We also observed that the well-behaved templates for updating the atomic views
are small-sized and could be categorizable, so we did not consider any dedicated

template-free algorithms like GENSYNTH.

2.7.6 Query Synthesis

Many studies have been proposed to synthesize relational queries from input-output
tables [41, 42, 38, 43, 44, 20, 45, 40]. SQLSYNTHESIZER [41] employed an adaptive
decision tree algorithm to build suitable predicates in the where clauses of SQL
queries. SQLSOL [43] used an off-the-shelf modern SMT solver to construct a whole
query by encoding SQL components and tables into logic constraints. SCYTHE [42]
enumerated abstract queries in a bottom-up manner and instantiated each query by
encoding tables in bit vectors. PATSQL [45] synthesized a SQL query by employing
a form of constraint and its top-down propagation mechanism for efficient sketch
completion. While SQLSYNTHESIZER [41], SQLSOL [43], ScYTHE [42] and PATSQL [45]
specialize in synthesizing SQL queries, ALps [38], PROSYNTH [20] and GENSYNTH[40]
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target Datalog query synthesis. ALps and PROSYNTH are template-guided synthesizers,
whereas GENSYNTH synthesizes programs without templates. These synthesizers
cannot directly and efficiently synthesize well-behaved bidirectional programs on

relations and cannot work successfully with examples containing internal FDs.

In fact, the primary limitation of current approaches to the synthesis of bidirectional
programs on relations is their inability to effectively handle the complexity of relations
and query languages, while also maintaining the desired well-behaved properties of
bidirectional programs. They also cannot directly cope with examples having internal
dependencies like functional dependencies.

In the next chapter, we will present a novel approach to synthesize well-behaved

bidirectional programs on relations from examples with functional dependencies.
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A Proposed Approach to Synthesizing

Bidirectional Programs on Relations

Existing synthesizers for bidirectional programs do not work on the complex domains
of relations and query languages. Other example-based synthesizers are only unidirec-
tional and cannot guarantee the well-behavedness of two programs get and put. They
also cannot directly cope with tables containing internal functional dependencies.

In this chapter, after we define our target synthesis problem of bidirectional
programs on relations from examples with functional dependencies in Section 3.1,
we propose a novel approach to solving that problem in Section 3.2, and describe a

high-level algorithm corresponding to the proposed approach in Section 3.3.

3.1 Problem Definition

Definition 3.1 (Synthesis problem of bidirectional programs on relations). Given a
specification (S, E) where
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« 8 =(S,V) where
- S={S1,...,S,} includes n schemas of source relations Sy, . . ., S, correspond-
ingly associated with n sets of functional dependencies ¥s,, ..., Fs,,

- V is a schema of a viewV
« &= (Tsourcea Tview’ Tsource's Uiew’) is an example where

= Tsource and Tsoyrcer include n original source tables and n updated source tables,

respectively, each agreeing with an appropriate schema in S,

— Tyiew and Tyje,y include one original view table and one updated view table,

respectively, each agreeing with schema V,

the problem is to synthesize a pair (get, put) satisfying the example & and two well-
behavedness laws GETPuT and PUTGET, which is denoted as

ProB(schema =S8, example =E)".

Example 3.2. Let us consider

S1=(
S ={
staffs(sid:SID,name:NAME,city:CITY,active:ACTIVE, Tstaffs =0),
customers(cid:CID,name:NAME, city:CITY, Foustomers = 9)
2

V =tokyoac (name :NAME),

consisting of the schemas of the sources staffs and customers, as well as the
schema of the view tokyoac, all of which were mentioned in Section 1.2. There

are no functional dependencies associated with the sources staffs and customers.

'Keyword-arguments (e.g., schema =, example =) are used to clearly identify arguments of a structure.
They can be omitted for brevity (e.g., PROB(S, &)).
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We sometimes use a relation name as a shorthand for a schema for brevity, e.g.,

S1 = ({staffs, customers}, tokyoac).

Table 1.1 provides an example

E1 = (Tyource ={1.1a, 1.1b}, Tyier, ={1.1¢}, Tsourcer ={1.1a", 1.10"}, Tieny ={1.1¢"})
Problem ProB(S;, &) is to synthesize a well-behaved pair of NR-Datalog™ programs
(get, put) consistent with &;.

A
Example 3.3. Let us see another problem in which nonempty functional dependencies
are given. Suppose that we provide a specification (S;, &;) where

Sz =(

S =

{S(A:A/B:B,C:C,D:D,¥s={A —> B,A — D})},
V= VA:AB:B,C:0),

82 = (Tsource :{1-2(1}, Tview :{]-Zb}> Tsource/ :{1-2‘1/}, Tview’ :{1~2b,})

In this specification, S, consists of a schema of the source S associated with a

nonempty set of FDs ¥, and a schema of the view V, while &, consists of original and
updated tables listed in Table 1.2.

Problem PrROB(S;,, &;) is to synthesize a well-behaved pair of NR-Datalog™ programs
(get, put) consistent with &,. A
Given a specification (S, &), from the example &, we have two examples of get
aget

8/

get

Tsource - T;Jiew

Tsource’ - Tuiew’
and one example of put

Sput = (Tsources Tview’) - Tsource’

The example &, is a consequence of the PUTGET law which says that the updated
view could be recovered by applying get on the updated source.
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Input Output
1 Schema Set 1 Example E Bidirectional program

s,v, Fs - gety\ /Puty

5 getn) \Pittn
R

A4 ¢ T
1 SV, Fs, By, Exy, gety )
S,V,FgEx, Q SnV Fsyp By Exnugety

Process Query & Example Synthesize View Update

t
Prepare Candidates - g.e" !
gety

Templatize Candidates for

for Relational Query
SuVa,Fs Fy,
Forward Propagate FDs  --f-----1 >
orwane Tropagate BUS SwVow FsoFo Constraints & Effects of FDs

PROSYNTH -
Ex, put,
Compute Atomic Examples - »->< ) PROSYNTH - >(]7ut >
Ex,, n

- J

Synthesize Query

Templatize Candidates for

Decompose Query Minimal-Effect Strategies

Figure 3.1: A proposed approach to synthesizing bidirectional programs on relations

Example & can describe one or many small update strategies, each involving the
deletion or insertion of a tuple. If a user provides a specification with many examples,
it is possible to reasonably modify values of tuples in these examples, and merge the
new examples into one “big” example called &. In this work, we simplify the problem

by considering only such a “big” example.

3.2 Approach

Following the introduction in Section 1.2, the main keywords behind our proposed
approach to synthesizing a well-behaved bidirectional program (get, put) on relations
are “decomposition”, “composition”, and “templates”.

On relations, we know a get is a query that is possibly decomposable. If we have a
set of atomic queries get, and we synthesize the corresponding atomic view update put,
such that (get,, put,) is well-behaved, then we can compose all pairs to obtain a bigger
program that is also well-behaved. Given get,, to synthesize put, such that (get,, put,)
is well-behaved, we design templates that encode both existing minimal-effect view
update strategies for atomic queries and the constraints along with effects of functional
dependencies. The well-behavedness is embedded in these templates. With the
templates, we can generate candidate rules for put, and adapt the state-of-the-art

example-and-template-based synthesizer PROSYNTH to find put,.
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Figure 3.1 show our proposed approach more concretely. Given a specification
(8, E), we can easily separate out the input-output examples of get and put. Our

approach consists of three steps.

1. We synthesize a query Q satisfying the examples of get by adapting PRoSYNTH
over the predefined templates for relational queries. These templates are

extensively provided in the database community.
2. We process the obtained query and the given example as follows.

« We decompose the query Q to a set of atomic queries {get;, ..., get,}.

« We forward-propagate FDs from the source through intermediate relations
that appear in {get;, ..., get,} to the view, so that we are aware of FDs Fjs,
and Fy, respectively associated with relations S, and V,, both corresponding

to get,.
« We compute atomic examples Ex, for (get,, put,) by apply {geti, ..., get,}
to the original and updated source tables

3. We synthesize a view update satisfying the example of put as follows.

« We design templates that encode minimal-effect view update strategies
for atomic queries (based on the works of Keller [21] and Larson [23]), to

generate candidate rules of put, given get,.

« We templatize more with the constraints and effects of FDs (based on the

work of Bohannon [7]), to enrich the candidate rules of put, given get,.

+ We adapt PROSYNTH to synthesize put, from the input-output example
in Ex, and the generated rules above. We compose programs put,s by

merging their rules.
The well-behavedness of a synthesized bidirectional program is achieved by

1. the well-behavedness of each atomic pair (get,, put,) (inherited from well-
behaved strategies in the works of Keller [21], Larson [23] and Bohannon [7]).

2. the well-behavedness of the composition of bidirectional programs [1].
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Algorithm 1: SyNTHB: Synthesizing bidirectional programs on relations
Input: specification (S, &)
Output: a bidirectional program (C,, C,) or None

1 procedure SYNTHB (S, 8):

2 Pget < PREPAREGETCAND(S, &)

3 Egets S;et «— examples of get based on &

4 ¢ <« True

5 while True do

6 g, ¢ < PROSYNTH'(S, Eget, Pyet» @)

7 if g = None then return None

8 if g is not consistent with 8;” then

9 ‘ ¢ < STRENGTHEN(@, g, Pyet) ; continue

10 Cy» Sy < DECOMPOSE(g, S)

1 Sf < FORWARDPROPAGATEFDS(Cy, S¢)

12 Er « EvaL(Cy, &)

13 for r* € C; do

14 Pgit «— PREPAREPUTCANDMEVUS(Sy, Ef, %)
15 P;;t — P;Zt U PREPAREPUTCANDCEFDs(Sy, &, %)
16 Ppur < COMBINE({P),, | € Cyg})

17 Cp, _ < PrOSYNTH (8¢, Ef, Ppus, True)

18 if C, # None then return (C,, C,)

19 else ¢ < STRENGTHEN(¢, g, Pyer)

3.3 High-Level Algorithm

Algorithm 1 gives a high-level description of the algorithm solving problem Pros(S, &).

The procedure SYNTHB takes as input a specification (S, &), and returns as output
either a well-behaved pair (C,, C,) consistent with & or None if no such a pair exists.

SYNTHB would internally use an adaptation of PROSYNTH called PROSYNTH" to
unidirectionally synthesize Datalog programs from input-output examples and a
fixed set of candidate rules. While the original “PROSYNTH(S, &, Py;)” (Section 2.7.3)
only returns a solution P if one exists, “PROSYNTH" (S, E, Py, ¢)” can return a pair of
(Ps, @) for searching other programs, where ¢ is the synthesis constraints.

At the beginning of the synthesis, SYNTHB prepares a fixed set $ye; = {ri,....r}
consisting of candidate rules for query get by invoking PREPAREGETCAND (line 2) (or

by asking the user to provide such a set).
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Next, it extracts two examples of get, Ege; and &

/

gets from & (line 3), and initializes a

synthesis constraint ¢ = f(b,,,..., b, ) as True (line 4).

Then, the loop in lines 5-19 iteratively:

1.

. if g is not consistent with &

synthesizes a query g (g C Pye:) consistent with Eg;, and stores the state of

synthesis constraint ¢ (PROSYNTH" - line 6);

immediately returns None if no such a g exists (line 7);

4

et (which serves only to check the correctness of g),

strengthens ¢ then goes to a new loop (lines 8-9), otherwise, decomposes g into
an equivalent query C, consisting of only atomic queries that are specified over

a schema Sy (DECOMPOSE - line 10);

forward-propagates FDs from the source to the view over C; to compute the FDs

of all relations in Sy (FORWARDPROPAGATEFDS - line 11);

. evaluates C; one by one on Tg,yrce and Tyoureer in & to obtain full examples (EVAL -

line 12);

prepares candidate rules for atomic view update programs corresponding to
the atomic queries, based on templates encoding minimal-effect view update
strategies (PREPAREPUTCANDMEVUS - line 14) and templates encoding the
constraints along with effects of FDs (PREPAREPUTCANDCEFDs - line 15), then
combines them into a set #p,; including candidate rules of put (COMBINE - line
16);

. synthesizes a put program C, that, when combined with C,, can form a well-

behaved bidirectional program (PROSYNTH" - lines 17-18) (equivalent to simulta-
neously synthesizing atomic view update programs and automatically combining

results);

strengthens ¢ if no put is found (STRENGTHEN - line 19) and goes to a new loop.

Algorithm 1 will terminate if

1.

no more query g can be synthesized (line 7);
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2. a query g is synthesized and decomposed to C; and the corresponding C,, can be
synthesized (line 18).

We skip the details of PREPAREGETCAND since the preparation of candidates for
relational queries is well-discussed in [38, 20].

Procedure EvAL basically calls the Datalog solver SOUFFLE to evaluate an NR-
Datalog® program on specific inputs.

Procedure STRENGTHEN(¢, g, Py.:) boosts the synthesis constraint ¢ as

(p(_(P/\_‘(/\bri/\ /\ _'brj)

ri€g rj EPget—g

to ignore the found query g (g C Pye;) in the next loops in which the SAT solver inside
PROSYNTH" (S, Eget, Pyet ¢) (line 6) is unsatisfiable for the rule selection corresponding
tog.

In the next chapters, we will explain more about the remaining procedures. Chap-
ter 4 presents DECOMPOSE and FORWARDPROPAGATEFDs for decomposing queries,
propagating FDs and dividing synthesis into sub-synthesis. Chapter 5 presents
PREPAREPUTCANDMEVUS/CoMBINE for solving/combining the sub-synthesis with
only templates of minimal-effect view update strategies. Chapter 6 presents PRE-
PAREPUTCANDCEFDs for solving the sub-synthesis by enriching the templates with the

ones encoding the constraints and effects of FDs.
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Processing Over Synthesized Queries

In this chapter, we focus more on two procedures after a query is synthesized: the
query decomposition in NR-Datalog® and the forward propagation of functional
dependencies. These procedures are meaningful in reducing the synthesis problem to
smaller problems in which the relevant relations may be specifically constrained by
FDs.

The following sections are organized as follows. Section 4.1 discusses decomposing
queries in NR-Datalog®. Section 4.2 covers forward-propagating FDs from the source

to the view over a set of atomic queries. Section 4.3 summarizes this chapter.

4.1 Decomposing Queries

If a query get is synthesized, by decomposing it into a set of atomic queries get,s that
each defines an atomic view, we can reduce the synthesis of (get, put) to the synthesis
of (get,, put,)s, which, as you will see later, can be automatically synthesized by our

approach. In this section, we focus on describing the query decomposition to obtain
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atomic queries in NR-Datalog®, and at the end, we will provide an example showing

the sub-synthesis problems that are reduced after the decomposition.

While query decomposition and atomic queries are recognized as standard concepts
in relational algebra, their discussions in the context of Datalog have been limited. We
aim to bridge this gap by exploring these aspects within Datalog. Specifically, we
formulate atomic queries in Datalog and demonstrate how a complex Datalog query,
satisfying decomposable conditions (to be discussed later), can be decomposed into
these atomic queries. The choice of Datalog over relation algebra is also driven by our
awareness of the framework BIrps [29], which utilizes Datalog to write bidirectional
programs, motivating our objective to establish a solid foundation to construct both

query and view update programs in Datalog.

When considering atomic queries, our focus lies on those for which well-behaved
view update strategies exist and have been extensively studied. The theoretical research
described in [21, 22, 23] investigates view update strategies for the selection (o),
projection (), natural join (<), union (U), intersection (N) and set difference (\) queries.
Furthermore, the practical research outlined in [16] enables the construction of view
update programs for a rename (p) query and a specialized cross-product (X) query.
From both theory and practice, we carefully select eight essential atomic queries and
formulate them as atomic NR-Datalog* rules in Figure 4.1. We say that an atomic rule r

is of type « if r is an a-rule where a € {p, U, \,N, o, 7, >, X}.

Due to limitations in [21, 22, 23, 16], the atomic rules have restricted forms:

« Each constraint in a o-rule is a comparison between a variable and a constant.

+ A m-rule defines a proper projection.

« A Xx-rule describes a cross-product between a relation S and a relation E*™

which can be expressed by a list of equality constraints.

Despite their restrictions, the selected atomic rules remain valuable for composing a

wide range of practical queries (e.g. in [16]).
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p-rule

U-rule
\-rule

N-rule
o-rule

m-rule
>-rule

X-rule

V(X) : —S(p(X)). where p is a permutation function

V(X) : = S1(%); S2(X).

V(X) = S1(X), = S52(%).

V(X) : = S1(%), Sa(%).

V(X) : =S(X), v1®1C1,---» U By Cy-
where m > 0, {vy,...,0n,} C set(X)

V(X) : = S(7). where set(X) C set (7))

V(X) 1 =S1(71), S2(12).
where set () U set (1) = set(X)
and set(y1) N set(yz) # 0

V(X) :=S(Y), v1=¢1,..., Oy = Cm.
where m > 0, set(g) U {vy,...,0n} = set(X)
and set(¢) N {vy,...,0m} =0

Note: X, 9, 71 and 73 are tuples, each containing only variables.
set(X) converts a tuple X to a set.
v; is a variable, ¢; is a constant, ®; € {=, #,>,<, <, >}.

Figure 4.1: Atomic rules/queries in NR-Datalog*

Example 4.1. The following eight rules are instances of the atomic rules in Figure 4.1:

p—rule X(ab,c,d) :— Y(b,da,c).

U—rule X(a,b,c,d) :— Y(ab,c,d); Z(ab,cd).
\—rule X(ab,c,d) :— Y(ab,c,d), = Z(ab,cAd).
N—rule X(a,b,c,d) :— Y(ab,c,d), Z(a,b,cd).
o—rule X(ab,c,d) :— Y(ab,c,d),d+"0",d+"1".
r—rule X(ab,c,d) :— Y(ab,ecdf).

< —rule X(a,b,c,d) :— Y(a,db), Z(b,c).

X —rule X(a,b,c,d) :— Y(a, d,b), c="0".

where X, Y, Z are relation symbols, a, b, c,d, e, f are variables.

In the p — rule, X is a view, and Y is a source. In the U — rule, X is a view, and Y

and Z are sources. Similarly, we can specify the source and the view for the remaining

rules.

A
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Example 4.2. The following NR-Datalog™ rules are also atomic

rf M;(i,n,c,a) :- staffs(i,n,c,a) , c="Tokyo" , a="1".
ry My(i,n,c) :- customers(i,n,c) , c="Tokyo".
rs tokyoaco(n) :- M;(i,n,c,a).
ry tokyoac;(n) :- M;(i,n,c).
rg tokyoac(n) :- tokyoacy(n) ; tokyoac;(n).
where r{ and rj are o-rules, r{ and rj x-rules, and r{ a U-rule. A

A query g is written in NR-Datalog™ as a set of rules. To successfully decompose g
into atomic queries, we require that each rule r in g needs to satisfy decomposable

conditions as follows:
1. r satisfies safety conditions [27];
2. there is at least one positive literal in the body of r;
3. variables in a literal of r are different;
4. all positive literals in the body of r can be joined without cross-product

The first two conditions are essential for query practicality. The third condition is
necessary to prevent implicit comparisons between two attributes of a relation, while
the last condition is crucial for avoiding non-specialized cross-products.

We next describe the behavior of DEcomPOSE(g, S), which takes a query g defined
over a schema set S as input, performs rewrite laws (later denoted by L ) to decompose
g, and returns a set C; of atomic rules over a new schema set Sy. After presenting the
flow inside DEcomPoOsE, we will briefly explain an example shown in Figure 4.2, which
demonstrates the use of rewrite laws.

If g satisfies decomposable conditions, the flow to decompose ¢ is a sequence

PN N N NN (F1)

using the following laws to rewrite sets of rules:

L, rewriting g to T; by converting all rules in g to normal form;
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L, rewriting T; to T, by repeatedly decomposing each normal rule in T to a set of

atomic rules and then merging these sets;

L3 rewriting T to T3 by updating rules with the same head in 7, and pushing out

unions (~ extracting U-rules);

L, rewriting T3 to C; by renaming relations whose names occur more than once in

the bodies of rules in Ts.

When processing /., if a normal rule r is atomic, we can move on to consider
another rule. Otherwise, the flow to decompose a normal, non-atomic rule r is a
sequence

L2, L L33 Ly L35 L3

r r1 ro r3 r4 rs te (F2)
—*g ¥ —¥pa,N ¥ ¥pq,\ ¥

using the following sub-laws, each of which extracts zero or more (—*) atomic rules
that define possible new intermediate states, updates the remaining form of r with
these states to form r;, and progressively rewrites until the remainder r; becomes

atomic:
L1 pushing out selections (~ extracting o-rules);
L, pushing out projections before joins (~ extracting 7-rules)

L, 3 rewriting multi-ary joins as binary joins and replacing binary joins over the

same schema with intersections (~ extracting - and N-rules);
L, .4 pushing out projections after joins (~ extracting 7-rules);
L, 5 handling negative literals with left-anti-semi-joins (~ extracting - and \-rules);
L, pushing out projections after joins (~ extracting 7-rules);

In Figure 4.2, DEcoMPOSE applies £ ; to change one rule with two conjunctions in
C2 into two normal rules in D2. Each rule in D2 is decomposed using /. In the first
use of /,, the non-atomic rule in €3 is decomposed to two o-rules in D3 and another
rule in c4 by £, ;. DECOMPOSE similarly performs the next sub-laws until finishing

/L5 ¢ in which the remaining rule in €9 is atomic. In the second use of /,, the rule in
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A B C D
1 | Laws NR-Datalog*Rules Extracted Rules
V(a,d) : =Si(a, b, c,e),Ss(a), V(a,d) : =Si(a,b,c,e),S:(a),
2 | 2, S3(a, c), 2S4(b), S3(a, ¢), =S4(b),
b=rt",d="0" b="t",d="0".
; So(a), Ss(a, d). V(a,d) : —=S5(a),Ss(a,d).
V(a,d) : =Si(a, b, c,e),S>(a), My(a,b,c,e) : =Si(a,b,c,e),
3 L4 S3(a, c), =S4(b), b=rTn.
b=r1",d="0". M;(b) : =S4(b),b = "T".
V(a,d) : —My(a, b, c,e), Ss(a),
4 Ly, Ss3(a, c), ~M;(b), My(a,b,c) : —My(a, b,c,e).
d="0".
s |zl 1 Viad): Sf\4(zéaé)b,j])\,48§£;z), Ms(a,b,c) : =M, (a, b, c), Sz(a).
‘ 2 d3— :'0"' LA My(a,b,c) : —M3(a, b,c),S3(a,c).
6 L, | V@D Milab M) |y (ab) < —Ma(a,b0).
; L V(a,d) : —Ms(a, b), ~M;(b), Mg(a,b) : —Ms(a, b), M; (D).
o d="o". M;(a,b) : —Ms(a, b), =M (a,b).
8 Lo | V(a,d) : =M7(a,b),d ="0". Ms(a) : =M7(a, b).
9 V(a,d) : —Mg(a),d = "0".
10 | L, V(a,d) : =S5(a), Ss(a,d).
_ . Vo(a,d) : —Mg(a),d = "o".
11 | L3 “;EZ’ Eg _Q/IS(E:)I)’Sd(a d()) ' Vi(a,d) : =Sz(a),Ss(a, d).
SR V(a,d) : —Vo(a,d); Vi(a,d).
Ms(a,b,c) : —My(a, b, ), Sg(a).
2| 1 Ms(a,b,c) : —=Mz(a, b,c),S2(a). | Vi(a,d) : =S, (a), Ss(a, d).

V1 (a, d) : —Sg(a), 55((1, d)

S9(a) : —=Sz(a).
Sy(a) : =Sz(a).

Figure 4.2: An application example of rewrite laws
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C10 is already atomic, so no sub-laws need to be applied. A set of the atomic rules
decomposed by /', is further revised in sequence by /5 and /., where rules in c11

and C12 are rewritten into rules in D11 and D12, respectively.

Example 4.3. Let Hp(r) and Bp(r) be the head and the body of a rule r. A more

detailed explanation of Figure 4.2 is as follows.
o« /[

r V(a,d) : —Si(a,b,c,e),S:(a),S3(a,c),= S4(b),b="T",d="0"
; S2(a), Ss(a,d).

Because Bn(r) has two conjunctions ([conji, conj,]), r will be rewritten as two rules

like Hp(r) : — conj; and Hp(r) : — conjp. So, we obtain two following rules:

ri V(a,d) : —Si(a,b,ce),Sy(a),S3(a,c),— Sq(b),b="1",d="0".
ro V(a,d) : —Sy(a),Ss(a,d).

« /[, While r; is atomic (< —rule), r; is non-atomic. We will perform a series of

sub-laws to decompose r;.

« /51 Bp(r;) has two constraints b = "T" and d = "0". Variable b in constraint
b = "T" appears in some literals in Bn(r,), which show an indication of o — rule(s).
Variable d in constraint d = "0" doesn’t appear in any literals in Bn(r;) and just
appear in Hp(r;), which show an indication of X — rule(s). For /£, ;, we only extract
o — rule(s) if any. Two literals in Bn(ry), S1(a, b, ¢, e) and S4(b), contain variable b, so

we can obtain two following o — rules with new intermediate relations, M, and M;:

r3 Moy(a,b,c,e) :— Si(ab,c,e), b="1".
Iy Ml(b) e S4(b) , b="1",

Then the head of r3 and r4 will respectively replace literals S;(a, b, c, e) and S4(b) in
r1, and the constraint b = "T" will be removed from ry. So r; is updated to rs as

follows:

rs V(a,d) : — My(a,b,c, e),Sy(a),S5(a,c),—~ M;(b),d="0".
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« /., InBp(rs), we found that variable e only appears once in Bn(rs) (only in literal
My(a, b, c, e)), but doesn’t appear in Hp(rs). So from rs, we can extract a 7 — rule

with new intermediate relation M, as follows:

re My(a,b,c) :— My(a,b,ce).

Then the head of r¢ will replace literals My(a, b, ¢, e) in 5, so we have an updated

remaining rule r; as below:

r; V(a,d) :— My(a,b,c),Sy(a),S5(a,c),—~ Mi(b),d="0"

« 1,5 InBp(ry), there are three positive literals, M;(a, b, ¢), Sz(a) and S3(a, ¢), which
could be joined together. But we only allow binary joins as atomic rules. To rewrite
the multi-join into binary joins, we extract from r; two following > —rules with

new intermediate relations, Mz and Mj:

rs M3(as ba C) P MZ(as ba C) 5 SZ(a)‘
ro My(a,b,c) :— Ms(a,b,c), S3(a,c).

My(a, b, c) is similar to the results of multi-joins, so it will replace three positive

literals in BD(r7). The updated remaining rule ry is as follows:

rio V(a,d) :— My(a,b,c),—~ M(b),d="0".

« [, 4 After joining, there may be some variables that could be projected, such as
variable c in literal My (a, b, c¢) in r1y. We perform such a projection by extract from

r10 a following 7 — rule with new intermediate relation Ms:

ri M5(a,b) L= M4(a,b,c).

The head of r1; will replace literals My (a, b, ¢) in r19, so we have an updated remaining

rule r15 as below:

ri2 V(a, d) e M5(a, b), - Ml(b),d ="o".
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« /[, 5 We continue to decompose r12 with negation in its body by using left anti semi
join to extract the following atomic rules with new intermediate relations, Mg and
M;:

ris Mg(a,b) :— Ms(a,b), Mi(b).
riu Mz(a,b) :— Ms(a,b), = Ms(a,b).

The result of the left anti semi join, M;(a, b), will replace the literals of Ms and M; in

r12, then we obtain an updated rule r;5 as below:

ris V(a,d) . M7(a,b),d:"0".

« [, After joining, there may be some variables that could be projected, such as
variable b in literal M;(a, b) in ri5. We perform such a projection by extract from rys

a following 7 — rule with new intermediate relation M;:

e Mg(a) L= M7(a,b).

The updated remaining rule is as below:

ri7 V(a, d) L= MS(a),d ="o",

ri7 is a X — rule.

« /5 Because r;7 and ry have the same head but different bodies, we rewrite them with
the necessary appearance of binary unions. Two heads of r; and r, will be replaced

with two new relations, e.g., Vy and Vj, like r13 and ry9 as below:

ris Vo(a,d) L= Mg(a),d:"O".
19 Vl(a,d) L= Sg(a),55(a,d).

and we can have a union rule ryg as follows:

20 V((l, d) P VO(a’ d), ‘/i(as d)

« /, Each of two rules rg and ry9 has multiple sources, and S, appears in both Bn(rs)
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and Bp(r19). We would like to create aliases of Sy, e.g., Sg and S;, to replace such

appearances of S,.

ro1 Ms(a,b,c)

MZ(aa b, C)s S(z)(a)

&Y V1(a, d) L= Sé(a),55(a, d)
23 Sg(a) i= S(a).
o4 S;(a) L= Sz(a).

Only o — rules, & — rules and p — rules should define a view relation over the same

source relation.

A

Proposition 4.4. Given g is a nonempty set of NR-Datalog* rules over schemas in S, each
of which satisfies the decomposable conditions, DECOMPOSE(g, S) returns (Cy, Sy) where
(1) Cy is a nonempty set of only atomic rules over a new schema set S¢; (2) Sy 2 S; (3) if
two rules in Cy have a common relation name in their bodies, each of the rules is either a

p-rule or a o-rule or a -rule. ]

Proof Sketch. (1) We show that the sequence of laws, comprising £, £, (with /£, ;
through /', ; inside), /5 and /., is sufficient to rewrite a set g to a set C; of only atomic
rules. In the flow (F1), £; rewrites g to a set T; of only normal rules, each of which
cannot directly decompose to any U-rules. /', decomposes each normal rule in T to
atomic rules without U-rules (as explained a bit later) and then merges the results into
T,, so T, contains only atomic rules but has no U-rules. /5 and £, update the atomic
rules and introduce possible U-rules and p-rules. Consequently, all rules in the final set
C, of (F'1) are atomic. When handling /», to prove a normal rule is decomposed to a set
of atomic rules, we can go step-by-step with the flow (F2). If a normal, non-atomic rule
r has some constraints in the body, each constraint may be part of either a selection or
a cross-product. Based on the constraints, it is possible to extract o-rules first (£ 1)
and keep all constraints not belonging to these rules to the end of (F2) (i.e., in r¢).
Without constraints, the body of r with positive literals and potential negative literals
generally expresses a combination of projections and joins (e.g. a binary joins between
two positive literals, a left-anti-semi-join between a positive literal and a negative

literal). Before and after extracting -rules (£L;3, L25), we may drop unnecessary
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Table 4.1: Intermediate tables of middle relations.

(4.12) My (4.1b) M, (4.1c) tokyoac, (4.1d) tokyoac,
sid | name | city |active cid | name | city name name
11 |Ken | Tokyo |1 102 | Kai | Tokyo Ken Kai
104 | Mori | Tokyo Mori
(4.12) M, (4.1b) M, (4.1¢") tokyoac, (4.1d’) tokyoac,
sid | name | city |active cid | name | city name name
1t | Ken |Tokyo |1 102 | Kat | Tokyo Ken Kai
14 Shin Tokyo 1 104 | Mori | Tokyo Shin Mori
105 | Yuri Tokyo Yuri

attributes with 7z-rules (L2, L4, L2). If all middle forms ry, ..., rs in (F2) are not
atomic and r4 is reached, then rg would contain a positive literal and possibly some
constraints not in any extracted o-rules. Due to the safety, rs will be either a p-rule or a
X-rule. (2) The new set Sy includes not only the existing schemas in S but also the
schemas of intermediate relations introduced in the decomposition. (3) With /,, we
can rename so that only rename, selection, and projection views can be defined over

the same source. m|

Next, let us follow an example of query decomposition in NR-Datalog* and another

example of obtaining sub-synthesis problems after the decomposition.

Example 4.5. Consider problem PROB(S;, 1) in Example 3.2. Suppose that we synthe-
sized a get program g = {ry, r} over schemasin S = ({staffs, customers}, tokyoac)

where where

r1 tokyoac(n) :- staffs(i,n,c,a) , c="Tokyo" , a="1".

ro tokyoac(n) :- customers(i,n,c) , c="Tokyo".

DEcomposE(g, S) outputs (Cy, Sy) where C, = {r{,r5, v, r{, re}, rl's are in Example 4.2,
and Sy = S U {My, My, tokyoac,, tokyoac,}. A

Example 4.6. Let us see how to divide the synthesis after obtaining the decomposed
set Cy in Example 4.5. Suppose that we skip the step of forward-propagating FDs. By
applying Cy on Touree = (1.1a, 1.1b) and Tyoyreer = (1.1a’, 1.1D"), one by one, we obtain
a full example &Ef (Tables 1.1 and 4.1).
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Then, we can divide the synthesis in a loop of SYNTHB into five subproblems:

PA; := PROBA(({staffs}, M), &y, {r{})

PA; := PROBA(({customers},My), Ey, {17 })

PA3 := PROBA(({M;}, tokyoacy), Es, {r{})

PA4 := PROBA(({M2}, tokyoac,), E4, {rf})

PAs := PROBA(({tokyoac, tokyoac,}, tokyoac), &Es, {rl})

where PROBA(schema =S8;, example =&;, atomic_query ={r{'}), which will be discussed
in Chapter 5, denotes the problem to synthesize a well-behaved pair (get,, put,) such
that the pair is consistent with &; and get, = {r{'}.

T T T!

view’ “source’’> “view

Each example &; = (T

ource> ,) includes tables in both forward and

backward transformations corresponding to query {r{}:

&= ({1.1a},{4.1a},{1.1d'},{4.1a’})
Ey = ({1.1b}, {4.1b}, {110}, {4.1b'})
Ez = ({4.1a}, {4.1c}, {4.1a'},{4.1c})
Ez = ({4.1b}, {4.1d}, {41V}, {4.1d'})
Es = ({4.1¢,4.1d}, {1.1c} {4.1¢,4.1d'}, {1.1c})

4.2 Forward-Propagating Functional Dependencies

At the end of the previous section, we saw that the synthesis could be reduced to
many sub-synthesis after the query decomposition. However, relations involving a
sub-synthesis task are not associated with any functional dependencies. The lack of
this information will cause a loss of templates or candidate rules for future synthesis.
To address this shortage, we will forward-propagate FDs attached to the source to all
other relations through the specified set of atomic queries.

Suppose that we have a set C; of atomic queries get,s that form a query get
satisfying the given example.

Algorithm 2 describes how to forward-propagate FDs from the source to the view.

The procedure FORWARDPROPAGATEFDs takes as input a set of schemas S (of the
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Table 4.2: Forward propagation of FDs for atomic rules

{yp,..., ynt U {oy,..., om} = {x1,. . Ximan}s

{y,- - ynt N {o1, .. oM} =0

Type | Atomic Rule r Schema & Mapping FDs: v
V(x1, ..o %) : = S(Y1, .. . Yn). S=AJA]. A Fv = ADAPTATTR(Fs5, M,)
p where (x1,...,%,) = p(Y1, ..., Yn) V=AA,...A,
p is a permutation function M,[A?] =A;ifdi.y;=x
Example: S =ABC,V = AjAyA; Fs ={A — B}
V (02,91, 00) : = S(00, 01, 2). M, [A] = A3, M;[B] = Ay, M;[C] = A; | Fv = {A; — Az}
U V(X1 %n) s = S1(x1, ..., Xn) S1=S,=V=A14;,.. . Ay Fv=0
Sa(x1, -, Xn). M [Aj] = A
Example: S1 =S, =ABC,V = AjAsA3 Fs, ={A — B}, Fs, = {A — B}
V (00, 01,02) : = S1(00, 01, 02); S2 (00, 01, 02). M [A] = A, My [B] = Ap, M [Cl =As | Fv =0
\ V(xt,..sxn) t = S1(x1, .- -, Xn), S1=S,=V=A4A,... A, Fv = ADAPTATTR(Fs,, M,)
= Sa(X1, -, Xn)- M [Aj] = Aj
Example: S1 =S, =ABC,V = A;AyAs Fs, ={A — B}, Fs, ={B— C}
V(vo,01,02) : — S1(v0,01,02), = S2(00,91,02). | My[A] = Ai, M, [B] = Ap, M;[C] = A3 | Fv = {A1 > Ay}
N V(xt, .., xn) t = S1(x1, ..., Xn), S1=S,=V=A41A,... A, Fv = ADAPTATTR(Fs,, M,)
So(x1y .0y Xn)- M [Aj] = A UADAPTATTR(Fs,, M,)
Example: S1 =S, =ABC, V = AjAzA;s Fs, ={A — B}, Fs, ={B — C}
V (09,91, 02) : = S1 (20, 01,92), S2 (0o, 01, V). M, [A] = A, My [B] = Ay, M;[C] = A3 | Fr = {A1 = Az, Ay — As}
o V(x1y .oy xn) = S(x1, ..., Xn), S=V=A14,... Ay Fv = ADAPTATTR(F5, M)
01 DCly.e s U D Cpye M [Aj] = A;
where m > 0, {0y, ..., 0m} C {x1,..., %}
Example: S =ABC,V = AjAsA;3 Fs={A > B,B— C},
V (09,91,92) : = S(09,01,02), 01! = “by”. M [A] = A, My [B] = Ay, M, [C] = A3 | Fv = {A1 > Ap, Az — As)
T V(xt, ooy Xm) : =S, s Yn)- S = A{AZ LAY Fy = ADAPTATTR(
where V=AA;... Ay REPAIRTREE(Fs, M,)
{x1,. . xm}y S {yrs -+ -, Yn} M,[A?] = A;if Ji.y; = x; else null )
Example: S=ABCD, V = A,AzA; 7 ={B—>AB—>CA—D)
V (01, 02,03) : =S(vg, 01,02, 03). M, [A] = null, M,|B] = A; Fv = {A; > Ay A} — As}
Mr [C] =AM, [D] =A;
%) V(xt,. s Xm) i = S1(Y1s - > Un)s Sy = AYA]. . A} Fv = ADAPTATTR(Fs,, M)
S2(v1, ..., 0p). Sy = AJA) .. LAY UADAPTATTR(Fs,, M,)
where V=A1A... Ay
{y, ..o yn} U{on, 00} = {x1, .. xm )y M, [AY] = A, if Fi. Y =X
{yl-, .. ->yn} n {Ub .- .,UU} #0 Mr[A;]] = A;if 3i. Vj =X
Example: S1=ABC,S; =BD,V = A1AA3A4 Fs, ={A > B,A— C}, %5, ={B— D}
V (09,91, 02,03) : = S1(09, 01, 02), S2(v1, 03). M, [A] = A, M;[B] = A, Fv ={A1 — Ay, Ay — A3, Ay — Ag}
M, [C] = A3, M, [D] = A,
X V(X1 Xman) = S1(UY1s - Yn)s Sy = AVA]. A7 Fv = ADAPTATTR(Fs5, M,)
V1 =Cl.ersUm = Cpm. dom(vy) = A},...,dom(vp) = Ay,
where V=A1A;...Apin

M,[A?] =Aif3iy;=x
Mr[Aﬁ] =Aif3ivj=x

Example:
V(v3,00,01,02) © =S(v0,01,02),03 = 1.

S = ABC,dom(vs3) = D,V = AjAyA3A,
Mr [A] =AM, [B] =4
M [C] = Ay, M;[D] = A

Fs={A — B,B— C}
Fv ={As = A3, Az — Aq}
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Algorithm 2: Forward-Propagating Functional Dependencies

Input: S: a set of schemas, C,: a set of atomic rules
Output: Sy: a new set of schemas where each relation is associated with FDs
1 procedure FORWARDPROPAGATEFDs (S, Cy):
visited < dict{r : False for r € C;}
Q<0
R < a set of relation names occurring in C,
forr € S do
if r is a source then Q,R « Q U {NAME(r)},R — {NaAME(r)}
while R # () do
Rf < {r | r € Cy A visited[r] = False}
for r € Ry do
if Name(HEAD(r)) ¢ Q A NAME(BODYLITERAL(r)) C Q then
S « ProPAGATEFDs-A(S,r)
Q,R «— Q U {Name(HEeaD(r))}, R — {NamE(HEAD(r))}
visited|[r] = True
return S as S¢

O 0 N N G e W N
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source, the view and intermediate relations) and a set of atomic rules C; and produces
as output the updated set of schemas Sy with FDs computed for each relation. We say
a relation is processed (unprocessed) if its FDs are (not) computed, and a rule is visited

(unvisited) if (not) all relations appearing in the rule are processed.

FOrRWARDPROPAGATEFDs uses a key-value dictionary visited to check if a rule
has been visited and two sets R and Q that include the names of unprocessed and
processed relations, respectively. Initially, all values of visited are False, Q is empty,
and R contains all relation names in C; (lines 2-4). Because source relations have FDs
given by users, those source names are added to Q and removed from R (lines 5-6).
Then, as long as there is an unprocessed relation, a loop of propagating FDs (lines 7-13)
will be executed. For each atomic and unvisited rule r in Cy, if all relations appearing
in the body of r (rhs) are processed and the relation appearing in the head of r (lhs) is
unprocessed, PROPAGATEFDs-A is invoked to propagate FDs from the rhs to the lhs of
the atomic rule r. Then, the relation in lhs is processed, and its name should be added

to Q and removed from R. The rule r is also set to be visited.

Table 4.2 denotes the result of invoking the subprocedure PROPAGATEFDs-A for

each atomic rule r with view V and source S (or (51, S2)). In this table, in addition to
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the description of atomic type and atomic rule in the first two columns, the third
column expresses the schemas and rule-based attribute mapping, while the last column
specifies the calculation of FDs. For each atomic type, we directly provide an example
in the lower row of formal representations. We write Fx as the FD set against a relation
X, M, as an attribute mapping of a rule r that maps attributes in the rule body to
attributes in the rule head, and ADAPTATTR(Fx, M,) as a function that revises Fx
following M.

Example 4.7. Given a 7-ruler
V(v1,02,03) : — S(0o, 01,02, 03).

where S = ABCD, s ={B — A,B — C,A — D}, V = A{A,A3, we have:
M, [A] = null (the A-position of S is vy and there is no vy in V),

M, [B] = A; (the B-position of S is v; and v; is at A;-position of V),
Mr [C] = A23
Mr [D] = AS:

and

Fv ={A1 > Az, A1 — As}.

When attribute A is dropped from the source S, before adapting the attributes with
respect to the view V, we need to repair the tree form of the FDs (function REPAIRTREE
in Table 4.2) by deleting all edges related to A (e.g., B — A, A — D) and possibly
adding edges from A’s parents to A’s children (e.g., B — D) if A is not at a root. A

To continue this section, let us look at two examples of forward-propagating FDs
over a set of atomic queries in the synthesis against two specifications in Example 3.2

and Example 3.3.

Example 4.8. Consider problem ProB(S;, &;) in Example 3.2. We have two sources

staffs and customers with the following schemas:
staffs(sid:SID, name:NAME, city:CITY, active:ACTIVE, Tstaffs =0)
customers(cid:CID, name:NAME, city:CITY, Fcoustomers =9)

After the decomposition in Example 4.5, we have a set of atomic queries C; =
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{r{,rg,r{,r{, e} that are defined over a set of schemas Sy where

r;’ M;(i,n,c,a) :- staffs(i,n,c,a) , c="Tokyo" , a="1".
ry My(i,n,c) :- customers(i,n,c) , c="Tokyo".
rs tokyoacy(n) :- M;(i,n,c,a).
ry tokyoac;(n) :- M;(i,n,c).
rg’ tokyoac(n) :- tokyoacy(n) ; tokyoac;(n).
and
Sr=A{

staffs(sid:SID, name:NAME, city:CITY, active:ACTIVE, Fgiaffs =9),
customers(cid:CID, name:NAME, city:CITY, Fcustomers =9),

M; (sid:SID, name:NAME, city:CITY, active:ACTIVE),

M,(cid:CID, name:NAME, city:CITY),

tokyoacy(name:NAME),

tokyoac; (name:NAME),

tokyoac (name :NAME)

Besides the sources stasffs and customers, the remaining relations in S ¢ are not
associated with any FDs. A run of FORWARDPROPAGATEFDs(Sy, Cy) would compute

FDs for these remaining relations in the following order:

Fstaffs = v,

Fcustomers = u,

ﬁfh = 7:‘cokyoaco

v, = Ftokyoac,

Ftokyoacy Ftokyoac, = Ftokyoac

Since Fgtaffs = Fcustomers = 0, we have

M, = Fm, = ﬂokyoaco = Ttokyoacl = %cokyoac =0
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Hence, the updated S ¢ is as below:

Sf

= {

staffs(sid:SID, name:NAME, city:CITY, active:ACTIVE, Fgiafrfs =9),
customers(cid:CID, name:NAME, city:CITY, Fcustomers =9),

M; (sid:SID, name:NAME, city:CITY, active:ACTIVE, TMlz(D),

M, (cid:CID, name:NAME, city:CITY, ?'Mzz(b),

tokyoacy(name :NAME, ftokyoaco =0),

tokyoac; (name:NAME, ¢tokyoac1 =0),

tokyoac (name :NAME, ¢t0kyoac =0)

Based on the new Sy, we see that the relations appearing on each subproblem in

Example 4.6 are not constrained by any FDs. A

Example 4.9. Consider problem PROB(S,, &) in Example 3.3. We have a source S of

the

Sup

following schema:
S(A:AJB:B,C:C,D:D,¥s={A — B,A — D})

pose that we synthesized a set of atomic queries C; = {r{,rJ,r]} that are defined

over a set of schemas S 5 where

and

Her

Vﬁ) M1(Uo, 01, Uz) P S(UO’ 01, U2, 03)-
ry My(v9,01,02) = My(0vg,01,02), vg ="T".
r§ V(vg,01,02) = Ma(0o,01,02).

S(A:AJB:B,C:C,D:D,¥s={A — B,A — D}),
M;(Ap, 2 A By, 1 B,Cyy, : C),
My(Apm, = A By, : B, Cpy,),
V(Ay : A,By : B,Cy : C),
}

e, we use the terms Ay, and By, to precisely describe attributes in the intermediate
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Table 4.3: Intermediate tables containing internal functional dependencies

(4.3a) M, (4.32) My (4.32) M] (4.3a) M;
A |B |C A |B |C A |B |C A |B |C
1 by | F 1 by | T T |br | F T+ |br | T
1 by | T 2 |by, | T 1+ | b | F 1 b, | T
2 bz T 1 b2 F 2 bz T
1 b2 T
2 |by | T

relations, but they can be simplified to just A and B. By forward-propagating FDs in
order s = Fu, = Fum, = Fv, we can update Sy as below:

Sr=A{
S(A:AJB:B,C:C,D:D,fs={A — B,A — D}),
M (Apm, : A By, 2B, Cyy, : C, Fayy = {Am, — Bagy)s
My(Apg, = A, By, : B, Ca,, Far, = {Am, — Bag),
V(Ay : A,By : B,Cy : C, ¥y = {Ay — By),

Then, similarly to Example 4.6, we can compute the full example & (Tables 1.2

and 4.3) and divide the synthesis in a loop of SYNTHB info three subproblems:

PA; := PROBA(({S}, M), E1,{r¢})
PA, := PROBA(({M1}, My), &, {rS})
PAsz := PROBA(({M;}, V), &3, {rs})

where PROBA(schema =S8;, example =&;, atomic_query ={r{'}), denotes the problem
to synthesize a well-behaved pair (get,, put,) such that the pair is consistent with &;
and get, = {r*}. Each example &; is of the form (T} T, T

Lew’)
source> “view’ source/’Tview’ where

& = ({1.2a}, {4.3a}, {1.2d'}, {4.3'})
&, = ({4.3a}, {4.3b}, {4.3a}, {4.3b'})
E; = ({4.3b}, {1.2b}, {430}, {1.26'})

In the three subproblems, the relations S, M;, M, and V are constrained by the

corresponding FDs in the new schema set Sy above. A
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Discussion on Significance of Forward-Propagating FDs

In reality, tables may have internal functional dependencies, i.e., data on tables
may depend on each other. Functional dependencies are widely used in real-world
schemas and play a crucial role in the view update tasks. As mentioned in the
introduction, existing approaches cannot synthesize bidirectional programs from
examples including internal FDs. To avoid missing solutions for real-world view
update problems, supporting FDs is necessary.

Forward propagation of FDs is important because, with information of FDs for
relations, we later can prepare some more templates encoding constraints and effects
of FDs against the relations, which enrich the search space of the synthesis. Moreover,
forward-propagating FDs may help avoid the automatic discovery of FDs from tables -

a challenge recognized as difficult in database research [24].

Limitation

If the inferred FDs are overwritten to the empty (e.g., over unions), no templates
related to those FDs will be used, i.e., no rules related to those FDs will be generated.

Consider the query with four atomic rules:

V(o) : =51 (o).
V(vo) : —=S2(vp).
S1(vo) + =S(vo)-
S2(vo) : =S(vo)-

then ¥, = s, = Fs and ¥y = 0 (while we expect that ¥ and s should coincide).
Since Fy is computed as empty, no constraint rules are generated later. The synthesized
programs (if one exists) would break the PUTGET law, if we input the put program
with an updated view V” including some tuples that violate the “expected” constraints
of v+ (which is the same as Fy).

Our method of forward propagation is currently not perfect since we only focus on
FDs as constraints on relations. In the future, if we handle other types of relation
constraints (domain constraints, cardinality constraints, inclusion dependencies), the
forward propagation could be revised to be more useful, so that we can fully propagate

constraints from the source to the view.
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4.3 Summary

In this chapter, we introduce how to decompose the query written in NR-Datalog™ into a
set of atomic NR-Datalog® rules and how to forward-propagate information of functional
dependencies from the source through the set of atomic rules to all other relations ap-
pearing in the rules. Then we can divide the synthesis problem of (get, put) to many sub-
synthesis problems of the form PROBA (schema =S;, example =&;, atomic_query ={r{'}).
Each relation in the schema set S; of a subproblem is clearly associated with a set of
FDs, either empty or non-empty. In Chapters 5 and 6, we will solve the subproblem

using templates.
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Synthesizing View Update Programs with
Minimal-Effect Templates

After decomposing the synthesized query into a set of atomic queries get,, it is
possible to divide the synthesis of (get, put) into many sub-synthesis of (get,, put,).
To synthesize the atomic view update put, given the get,, we will design well-behaved
templates encoding well-behaved view update strategies for atomic queries, use these

templates to generate candidate rules of put,, and adapt PROSYNTH.

In this chapter, we relax the extra constraints and effects of dependencies, or,
in other words, consider the dependencies as empty. We focus on templatizing
minimal-effect view update strategies, which are strategies that involve minimal and
no redundant changes. We discuss this templatizing in Section 5.1. We implement a
prototype SYNTHBX using the designed templates and evaluate it on a suite of 56
practical benchmarks. Section 5.2 covers the implementation and evaluation. We

summarize this chapter in Section 5.3.
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5.1 Templatizing Minimal-Effect View Update Strate-
gies

In the previous chapter, we know that after decomposing the synthesized query to be
atomic rules, the synthesis of (get, put) can be reduced to sub-synthesis problems,
each of form PA; := PROBA((S;, V;), &;, {r{'}). In this section, we present preparing
templates to adapt PROSYNTH" to solve these subproblems and thereby find out a
solution for (get, put).

To solve a sub-synthesis problem PA; := PROBA((S;, V;), E;, {r{'}), we need to
synthesize a well-behaved put, of type (S;, V;) — S; corresponding to the given atomic
get, = {rl'} of type S; — V; such that (get,, put,) is consistent with &;. If a put, is
synthesized from a common space (e.g., the space of queries), the well-behavedness of
(get,, put,) cannot be guaranteed since no “well-behaved” constraints exist between
two search spaces of get, and put,. Additionally, it is non-trivial to enumerate all
possible put, that can be synthesized and verify their well-behavedness with the
given get,. This difficulty applies to the synthesis of both the simpler put, and the
more complex put. To address the well-behavedness issue, it is important to prepare a
“good” set of candidate rules for view update. We focus on the preparation against put,
because it can be lighter than the preparation against put.

Fortunately, it is known in the database community [21, 22, 23] that there is a
complete and finite set of strategies with minimal effects for well-behaved put, if get,
is an atomic query. With this, we can prepare templates encoding the strategies for
efficient synthesis of put, while guaranteeing that they are well-behaved.

However, existing strategies normally describe how to translate a single change (an
insertion or a deletion) against a view to a change against a source. In practice, the
changes against the view often include many insertions and/or deletions. Moreover,
these insertions and deletions reflect delta-based data, while the example &; of PA;
contains state-based data. With delta relations (Section 2.3), we can switch between
state-based data and delta-based data, and propagate multiple changes backward.

To avoid repeating the index i when presenting templates for sub-synthesis
PA;, we rename the atomic problem as PROBA((S, V), &,, {get,}) where S and V are
respectively schemas of the source S and the view V against the atomic get, of type «

(S and V here are different from the originals in Definition 3.1).
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Looking at Examples 2.1 and 2.2 of bidirectional programs, we see that if a get, is
given, the corresponding put, could be constructed with or without computing delta

relations against the view, which corresponds to two Setups A and B as follows.

Setup A. Given aget, : S — V, a put, : (S,V) — S, which takes (S, V’) as input,
could be constructed as a combination of rules of four programs including get,, Psy,

Pas and Ps» where:
« get, derives view data V from S.

e Psy : VXV — §V, which changes state-based view data (V,V’) into delta-based

view data &V, includes two rules as below:

rl SVT(R) - V(X), - V'(R).
rd SVHE) - VI(X), 2 V(X).

o Pps : S X OV — AS, which describes update strategies, computes delta-based source
data AS from an input of (S, 5V).

« Py : SX AS — S, which applies delta-based source data AS to the original source S

to output updated source data S’, includes one rule as below:
ri S(X) 1= S(X), = AST(X); ASH(%).

A

Setup B. Given a get, :: S — V, a put, == (S,V) — S, which takes (S, V’) as input,
could be constructed as a combination of rules of two programs including Pas and Ps

where

e Pps: S X V" — AS consists of Datalog clauses that compute AS from (S, V”)

+ Py : S X AS — S, which applies delta-based source data AS to the original source S

to output updated source data S’, includes one rule as below:

PSR - S(R), - AST(R); AST(R).
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The two setups above use delta relations to form the program put,. They share
program Py but differ in the rest programs. Setup A is closer to the view update
problem (Figure 2.2) since it translates the update 6V to the update AS. Setup B is
closer to a general view update program since it directly uses (S, V’) rather than
(S, V) to compute AS.

In both Setups A and B, Datalog clauses of Pps are unknown. Later on, for each
setup, we will templatize the minimal-effect view update strategies [21, 22, 23] to
generate candidates for Pys, and you will see that the templates against the same
strategies for Setups A and B have the similarity. Note in particular that during the
synthesis, we will use templates for either only Setup A or only Setup B instead of
mixing them together. With templates, we can generate candidate rules by substitutions.
Template parameters S, V, §’, V’, AS and §V can be realized as relation names derived
from the given schemas S and V. Meanwhile, the argument X can be realized in the
concrete form of (v, ..., 0,).

Before diving deeper into missing templates of Pyg, let us try to imagine things
further after we have template-based clauses for all PA;s. We could combine the clauses
into a pool where PROSYNTH" can process subproblems in parallel. A put program
successfully synthesized from the pool is an automatic combination of “puty, ..., put;”
and would pair with the combination of “get;, . . ., get,” to form a bidirectional program
(as shown in Figure 1.2). This bidirectional program is primarily a well-behaved
composition of atomic well-behaved bidirectional programs (get,, put,)s that each
satisfies a PA;. To avoid failure during the combination process, we may need to
prepare more templates that impose additional constraints on the sources and the
views of PA;s. It is important to keep in mind that template-based rules for these
constraints (and for Psy and Ps ) should be fixed in the output programs.

Figures 5.1 and 5.2 show our well-designed view update templates for Setup A.
Figures 5.3 and 5.4 show our well-designed view update templates for Setup B. The
notations used in templates in these four figures are explained in Figure 5.5.

For an atomic query of type a (a € {p,U, \,N, 0, 7, 4, X}), there are three basic

types of templates:

+ (SDR)* includes template rules representing strategies for Phg;
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p-rule V(x) : = S(p(X)).
T(SDR)’ : AS*,AS™
[AS* (p(%) : = 8VH(X).
AS™(p(X)) : = 6V~ (X).
U-rule V(X) : = S1(X) ; So(X).
(SDR) : AS, AS—,i € {1,2}
AS7(X) = - SV~ (x) S (%).
AS;’(J?) = OVH(X), - Si(X).
ASF(X) : = 6VH(X), Aul\(X), - Si(X).
ASF(X) : = 8VH(X), = Aul(X), = Si(X).
(AR)U Aul, € {Aul, Au?, Aul?
Aul, = {tfort € Eylsy+ift € Eulasr At & Eulast}
141,45J = {tfort € Eylsy+ift € 8U|AS;{ At ¢ 8U|AS;’}
Au&f = {tfort € Elsy+ ift € 8U|AS;’ At e 8U|AS§'}
/\ rule V(X) : — 51(X), = S3(X). h
(SDR)\: AS*, AS7,i € {1,2}
AST(X) + =6V VAR, = 51(3).
AS;(X) 1= 6VH(X), Si(%).
:ASI’()?) =6V (X)), S1(X).
7AS;(3-C>) i 5V_()?) , T 52(3?)
AST(X) : =0V (X), Si(X), Au(‘ (X).
AST(X) : =0V (X), Si(X), - Au\*(f).
[ASF(X) : =6V (X), Au< (X), = Sy (X).
ASF(X) - 8V(X), - Au* (%), = S(X).
(AR)\: Auf € {Aul, Au?, Au®
Au\ = %t for ¢ E 8\|5V }.t € 8\|A5 ANt é 8\|A5+}
= {tfort € & |sv- ift € 8\|A5; At ¢ 8\|A51}
Au{2 = {tforteS\l(sV- ift€8\|A5;/\t€8\|A5;} )
(N-rule V(F) : — S1(F), S5(3).
(SDR)" : ASH,AS;,i € {1,2}
ASH(X) : = 6VH(X), = Si(X).
AS7(X) : =0V (X), Si(X).
AS7(X) : =0V (X), Si(X), Auf\(X).
AS7(X) : =0V (X), Si(X), ~ Aul(X).
(AR)" : Au¥, € {Au}, Au?, Aul?
Au}\ = {t fort € 8ﬂ|5V‘ ift e SQIAS; At ¢ 80|A52*}
Au% = {t fort € 8m|5V* ift € SQIASZ— At ¢ 80|A51—}
Au}f = {t fort e 8m|5vf ift e SmlAS; At e SﬂlAS;}

Figure 5.1: View update templates for p-,U-,\-,N-queries (Setup A)
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/g-rule V(X) :—=S(X),v; ®1 €1, ... , 0 ®m Cm. Where{v1, ..., v} C set(¥) h
T(SDR)” : AS*, AS~
AS™(X) : =8V (X), S(X).
ASH(X) : = 6VT(X), = S(¥X).
AS*(x7) = =8V (%), S(X), Aul(y},), -~ S(x7).
AS*(xT) 1 =8V (¥), S(R), Aul(x"), = S(x7).
where x" = ara(%, 7, y_:’,), Uo = U, . .., Ug), y_; =(ul,....up)
(U, ..., ugy = tuple(set({oy,...,0m}))
 Aul € {Aul, Aul}
= {Hpos(y_},f)t fort € D,}
= D,
where D, = {t for t € E,|as+ if Hpos(ad(;?,y}),)'c')t € Hpos(ad()‘c',y}),;‘c’) (Eclas-)}
“(FR) : Fr
Fr(“_r_") : = V*(awa(X, {v;})),v; = &; c;.
L where V* € {V,V'},i € {1,...,m}
r-rule V(x) : — S(¥)). where set(X) C set(7)
(SDR)™ : AS*, AS™
AS™() + - 8V-(F), S().
A5+(g) P 5V+()-(:) 5 Au?r(ad(l_/: )_C))) > 1 S(awa(gs )-é))
AS*(§) : = OV*(R), Aul(), ~ S(awal({, B)).
AS*(G) : - SV*(R), Au(ad(3,7)) , ~ Aul(awa(F,5)) , ~ S(awa(F %)).
 Aut € {Aul, Aul}
= {most_common(<Hpos(ad@;c)j)t fort € D;))}
= {t fort e D, ipros(ad(ﬁ,)_c')j)t ¢ AUJOT}
L where D, = {t for t € E;|as+ ipros(;C,g)t € Exlsv+} )
%Lule V(X) : = S1(y1) , S2(72). where set (i) U set (i) =set(X) h
(SDR)™ : ASH,AS;,i € {1,2} | and set () N set(g2) # 0
AS:—(E) L= 5V+(CIW(1()_C), ]jl)) , T Sl(]jl)
AS; (i) : = 6V (awa(X,41) , Si(Hi)-
AS7(4i) = = 8V~ (awa(X, ) , Si(Hi) . Aug,(awa(X, 7).
| AST(@) = 6V (awa(X,4i) , Si(4i) » — Aug(awa(X, 7).
(AR)™ : Au}, € {Aul, Au?, Aul?}
= {tfort € Eulsv- if Tpos(g,3)t € Enalas: Alpos(g, 30t € Owlas; }
= {tfort € Ensy- if pos(3)t € 8><|A52* A posgi 2t € 8><1|A51*}
Aul}f = {tfort € Enlsy- if Hpos(g’l,fc)t € SNIASI’ A Hpos(ﬁz,f)t € 81><1|A52’}
“(FR)™ : Fr
[FV(",I,") 1= ASf (awa (4, y3-1)) » Si(awa(yi, y3~i)).
| Fr( ) = AST(awa(Gyin) . S (awald i), )
X-rule V(x) : = S(§) ,v1=c1, ... ,0m=Cyp. where set(y) U {v1,...,0pm}=set(X)
(SDR)* : AS*, AS™ | and set(§) N {ovy,...,0m}=0
[AS*(Q’) : = 8V (awa(X, 7)), = S(¥).
AS™(§) : = 8V~ (awa(Z, 7)), S(D).
(FR)*: Fr
Fr(“_r_") : = V*(awa(X,{v;})), v; # c;.
where V* € {V,V'},i € {1,...,m}

Figure 5.2: View update templates for o-,7-,4-,X-queries (Setup A)
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p-rule V(x) : = S(p(X)).
(SDR)” : AS*,AS™
[AS* (p(%) : = V'(X), = S(p(¥)).
AS™(p(X)) : ==~ V'(X), S(p(X)).
U-rule V(%) : — S1(X) ; S2(X).
(SDR)" : ASH,AS; i € {1,2}
AS7(X) : = V'(X), Si(X).
ASH(X) = V'(X), =~ Si(X), = S3-i(X).
ASH(X) +=V'(X), = Si(X), = S3-i(X) , Aujy(X).
AS:-(J_C)) T V,(-’?) s ! Sl(f) s ! SS—i()_C)) s 1 AUG()_C))
(AR) : Auf, € {Aul, Au?, Aul?
1414&J = {tfort € Eylyy —Eylvift € 8U|ASI’ At ¢ 8U|AS;}
Auly = {tfort € Elv — Eulv if t € Eulasr At & Eulast}
Aul} = {tfort € Elv — Eulv ift € Eulasr At € Eulast)
(\-rule V(Z) : = $1(%) ,  S(3). h
(SDR)\ : AS*,AS7,i € {1,2}
7AST(3_C)) L V,(J_C)) , 1 Sl(J_C))
7A52_ (X) : = V'(X), S2(X).
7AS;()_C)) L= V’()_C)) 5 Sl()_C)) , 1 52(3_6))
7AS;(9?) == VI(X), = S(X), S1(X).
AS;()_C)) Ml | V’()_C)) s Sl()_(‘)) , T 52()_(‘)) s AUT(J_C’)
AST(X) = V(X)) Si1(X), = S(X), = Aui‘(a?).
(AS; (%) == V(). = S2(R), SiX), Aul(3).
ASH(X) - V(X)) 2 S (), Si(X), - Aut(;‘c’).
(AR)\ : Au! € {Aul, Au?, Au®}
Au{ = %t fort e 8\|V _é\hﬂ ift e 8\|A51— A 8\|A5;}
Auf = {tfort e &\|ly - &\l ift € 8\|A5; At é 8\|A51—}
Au{2 = {tfort e 8\|V —8\|Vf ift € 8\|A5; AWAKS 8\|A5;} )
(N-rule V(F) : — S1(F), S5(3).
(SDR)" : ASH,AS; i € {1,2}
AS:‘(J?) i V,(D_C)) , T Sl(.;(:)
AST(X) : =~ V'(X), Si(X), S3—i(X).
AS7 (%) : == V(X), Si(X), S3-i(X), Auf\(X).
AST(X) == V'(X), Si(X), S3-i(X), = Au(%).
(AR)" : Au’, € {Au}, Au?, Aul?}
Au}\ = {t fort € 8(‘||V _Sﬁlv/ ift e 80|A51* At ¢ 80|A52*}
Au% = {t fort € 8ﬂ|V —(Smlvf ift € 8Q|Asz— At ¢ 80|A51—}
Au}f = {t fort e 8m|V —Smlvl ifte 80|AS; AL € SﬂlAS;}

Figure 5.3: View update templates for p-,U-,\-,N-queries (Setup B)
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/g:rule V(X) :—=S(X),v; ®1 €1, ... , 0 ®m Cm. Where{v1, ..., v} C set(¥) h
(SDR)° : AS*, AS~

AS—("_C)) E V’("_C)) b S(-’_C)) > Ul ®1 Cla ] Um @m CWL'

ASH(X) :=V'(¥), = S(X), 01 &1 ¢, ..., Uy ®m Cm-

ASH(xT) 1 == V'(F), S(F), = S(x7), Aul(yh), v1 @1 c1, --s U B Cme

AS*(xT) 1 == V/(R), S(X), = S(x7), Aul(x"), 01 @ c1, ..., U B Cm.

where x" = ara(%, 7, y_:’,), Uo = U, . .., Ug), y_; =(ul,....up)

| (U, ..., ugy = tuple(set({oy,...,0m}))
(AR)? : Au} € {Au, Aul}
[Aug = {Mpos(y, 5t fort € Dy}

Aul = D,
where D, = {t for t € E,as+ if Hpos(ad(;?,y}),)'c')t € Hpos(ad()‘c',y}),;‘c’) (Eslas-)}
“(FR) : Fr
Fr(“_r_”) : = V*(awa(X, {v;})),v; = &; c;.
L where V* € {V,V'},i € {1,...,m}
r-rule V(x) : — S(¥)). where set(X) C set(7)

(SDR)™ : AS*,AS™

AS™(§) : == V'(X), S().

AS*(§) : = V'(X), = S(awa(¥, X)) , Aul(ad(y,%)).

AS*(§) : = V'(X), = S(awa(y, %)) , Aup ().

AS*(§) : = V'(X), = S(awa(y, X)) , Auj(ad(§, X)), - Auz(awa(y, X)).
(AR)™ : Au’: € {Aul, Aul}
[Aug = {most_common({I,s(aa(gz)5t for t € Dz))}

141171I = {tfort € D, ipros(ad(ﬁ,)_c')j)t ¢ AUJOT}

where D, = {t for t € E;|as+ ipros(;C,g)t € (Exlv = Exlv)}

U J
(ba-rule V() : — S1(41) » S2(32)- where set () U set(ij)=set(X) h
(SDR)™ : ASH,AS;,i € {1,2} | and set () N set(g2) # 0
ASF(gi) : = V'(awa(X,4)) , = Si(5)-
AS7 (i) == V'(awa(X,41) , Si(5i) 5 S3-i(ys=i)-
AS7 (i) =~ V'(awa(X, 41) , Si(5i) , S3-i(ys-i) » Aug(awa(X, 3;)).
AS7 (i) == V'(awa(X, 41) , Si(¥i) , S3-i(ys=i) . — Au (awa(X, 1))
| (AR)™ : Aul, € {Aul, Au?, Aul?}
Au:<1 = {tfort € Enly — Enly if Hpos(gﬁ,?c)t € 81><1|A51‘ A Hpos(gfz,f)t ¢ 8><1|A52‘}
Aufd = {tfort € Enly — Enlv ifnpos(y},f)t € 8><|A52* A Hpos(gjl,a?)t ¢ 8><1|A51*}
Au? = {tfort € Euly — Eulyr if Wpog(g, )t € Enalas— A Mpog(g, )t € Enalas; }
“(FR)™ : Fr
[Fr(“_r_") « = ASf(awa(#, y3-0) . Si(awa(i, ys-i))-
L FrC_r?) i = AS7(awa(yi y5-)) , Si(awa(yi, y5-i)- )
X-rule V(x) : = S(§) ,v1=c1, ... ,0m=Cyp. where set(y) U {v1,...,0pm}=set(X)
(SDR)* : AS*,AS™ | and set(§) N {ovy,...,0m}=0
[AS+(17) = V(X), =S({), v1=¢C15 ..y Um =Cppe
AS™(H) : == V'(X), S(W), v1=c1, ..., 0m = Cy.
(FR)* : Fr
Fr(“_r_ ") : = V*(awa(X, {v:})), v; # c;.

where V* € {V,V'},i € {1,...,m}

Figure 5.4: View update templates for o-,7-,4-,X-queries (Setup B)
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(SDR)%, (AR)* and (FR)* are sets of template-based clauses for source delta, auxiliary and flag relations, respectively.
Each Au}, in (AR)” is an auxiliary relation that holds necessary ground tuples/facts.
&g 1s an example of form (Ts, Ty, Ty, Ty ) against an a-rule.
Eq|x contains tuples in X that can be calculated from &,,.
Fr is a flag relation that checks constraints imposed on the sources and views. (“_r_") € Fr expresses a rejection.
{...} and (...) respectively represent a set and a tuple.
set(X) and tuple(X) respectively convert X to a set and a tuple.
If X is a tuple,

X[i] returns the i-th element,

index (v, X) returns the index of an element v,

most_common(X) returns the most common element, in X.
If X and Y are tuples and set(Y) C set(X), (POSition function) pos(Y,X) := (index(v,X) forv € Y).
If ¢ is a tuple, ITyo5(v,x)t returns a new tuple by projecting ¢ at pos(Y, X).
If R is a set of tuples, IL,o5(y,x)R := {Ilpos(v,x)t for t € R}.
(Argument function) arg(X) returns a tuple of variables appearing in literal/constraint/set/tuple X.
(Argument-Difference function) ad(X,Y) = (v for v € arg(X) if v ¢ arg(Y))
(Argument-With-Anonymous function) awa(X,Y) = (v ifv € arg(Y) else _for v € arg(X))
(Argument-Replacing-Argument function) ara(X, V1, Vs) := (v if v ¢ V] else V;[index (v, V;)] for v € arg(X))

if set(V;) C set(arg(X)) and |V4| = |V3|
Example:
If X = (09, 01,02,03), Y = (v3,03,00), then pos(Y,X) = (2,3,0), Hpsv,x){{“a”, “b”, “c”, “d”)} = {{°c”,“d”,“a”)}
IfX= <Uo,01,vz,03>; Y= <Uo, U4>’
then arg(X) = (v, v1,02,03), arg(Y) = (vg, v4), ad(X, Y) = (v1, 02, 03), awa(X,Y) = (vg, _, , _)
If X = (o, v1,02,03), Vi = (v1,03), Vo = (04, 05), then ara(X, V1, V2) = (0o, 04, 02,05)

Figure 5.5: Explanation of notations used in the templates

« (AR)* includes possible template facts of example-based auxiliary relations used in
(SDR)%;

« (FR)* includes possible template rules against a special flag relation Fr for verifying

the imposed constraints.

While the clauses generated by templates in (AR)* and (FR)* are all fixed in a possible
result, the rules generated by templates in (SDR)* are selectable and only selected in
the output by synthesis.

We examine how to design view update templates for a U-rule defining a union

view V from two sources S; and S,:
V(x) : = S51(%); S2(X).

Based on the existing work on updating the union view [23], we know a set of view

update strategies, informally described as follows:

U1 If a new tuple  is inserted into V, then tuple 7 should (1) appear in Sy, (2) or appear
in S;, (3) or appear in both S; and S,.
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U2 If an available tuple  is deleted from V, then tuple f should disappear from both S;
and S,.

Each template rule in (SDR)" describes a view update strategy. We encode the
strategy U2 by the first template rule of (SDR)" in Figure 5.1 of Setup A:

rtAST(R) - SVS(R), Si(F).

which means that if X € V™ (i.e,, X is deleted from V), then X € AS] if X € S; (i.e,, X
disappears from S;), and X € AS; if X € S, (i.e., X disappears from S,).

The strategy U2 can be also encoded in the first rules of (SDR)" in Figure 5.3 of
Setup B:
rfOAST(X) = AVI(R), Si(R).

1

which means that if X ¢ V' and X € S; , then X € AS; (i.e., X disappears from S;). Since
X € S;, according to the definition of the U-rule (i.e., V(X) : =S;(X); S2(X)), we can infer
that X € V. But since X ¢ V’, X is deleted from V.

We see that both templates r# and r? represent the semantic of the strategy U2, but

they are written in different ways. In r#, if we rewrite §V~(¥) by V(X), =V’(X) and
B

L.
In r, if we use the meaning of the U query, we can extend the rule with an occurrence
of V (%), then replace V (), =V’ (¥) with §V~(X), and finally we obtain r{. Other pairs
of corresponding rules in two Setups A and B also exhibit similarity if we rewrite
between §V~(X) and V(X), =V’ (X), as well as between §V*(x) and V’(X), =V (X).

If a new tuple X is inserted into V (i.e., X € 6V*), X could be either inserted into S

(i.e., X € AS}) or inserted into S (i.e., X € AS;) or inserted into both S; and S,. There

eliminate redundant literals based on the meaning of the U query, then we obtain r

are three different update strategies for inserting a tuple X into V and the different
inserted tuples could follow different strategies. The next three rules of (SDR)" in

Figure 5.1 of Setup A encode different cases of combining these strategies for multiple

insertions:
rd ASF(X) = SVH(X), - Si(%).
ri ASH(X) = SVE(R), Auf(X), - Si(%).
rd ASH(X) = SVE(R), - Au(X), - Si(%).

where the first describes that all inserted tuples follow the same update strategy and
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the others use auxiliary relations Au/, to cover the tuples following the most common
strategy and other specific strategies (like an if-then-else statement). The auxiliary

relations are defined in (AR)" using set comprehensions as:

Aul; = {tfort € Elsy+ if t € Eulasr At & Eulast}
Auly = {tfort € Elov+ if t € Eulas: At & Eulast}
Aubz = {tfort € Eylsy+ ift€8U|A5;r/\t€8U|Asgr}

where &y |x contains tuples in X that can be calculated from the given example &.
Informally, for tuples that are inserted into V, Au), holds tuples that are only inserted
in S;, Au? holds tuples that are only inserted in S;, and Au!? holds tuples that are
inserted in both S; and S, which is close to the three mentioned strategies when
inserting a tuple against V.

Ifin rf, r4, rit, we rewrite SV*(¥) by V’(¥X), =V (X) and eliminate redundant literals,

we will obtain the corresponding rules of (SDR)" in Figure 5.3 of Setup B:

r? ASH(X) = VI(X), = Si(X), = S5ui(R).
ry ASHE) - V/(X), 2 Si(X), = S5mi(%), Auly(X).
ry ASF(X) - V(X)) 2 Si(%), = S5ui(X) - Aul(X).

We next examine how to design view update templates against a o-rule that defines
a selection view V from a source S sharing the same schema and a selection condition

f represented as a list of comparisons, as follows:

Vix) := S(X),v1®1¢1, ..., U B .
where @4, ..., ®,, are comparison operators, cy, ..., c, are constants, vy, ...,0v, are
variables occurring in X, and some of the variables vy, . .., v, may be the same (e.g.

V(Uo, 01) = 5(00,01),00 > 0,00 < 10)

Based on the existing work on updating a selection view with minimal effects [21,
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22, 23], we know the following informal minimal-effect view update strategies:

(c1) If a new tuple 7, which satisfies that f() is true, is inserted into V, then f should

appear in S’.

(c2) If an available tuple £, which satisfies that (%) is true, is deleted from V, then we
should (1) either delete tuple 7 from S, (2) or modify attributes of tuple 7 that are
related to f to obtain * such that f(*) is false, and replace by * in .

The template rules in (SDR)? of Figure 5.4 of Setup B encode these strategies. The
strategy (o1) is encoded as template as below:

rb ASH(E) - VI(X), 2 S(H), vi®1c1, ..., U B Cne

which means that if ¥ satisfies f(X) being true, and X is in V’ but notin S (i.e., X € V' -V,
or in other words, X is inserted into V), then X € AS* (i.e., X is inserted into S).
We encode the first part of the strategy (c2) as

rl AST(X) = A VI(X), S(X), 01 @1c1, .., Up B Cm.

which means that if X satisfies f(X) being true, and X is in S but notin V' (i.e., X € V-V’
or X is deleted from V), then X € AS™ (i.e., X is deleted from S).

The last two rules of (SDR)? are related to encoding the second part of the strategy
(02):

PBOASH(X) = A VI(R), S(R), 2 S(x), Aul(YE), v1 @1 Cty ey Om B Cme
rBOAST(xT) = A VI(R), S(X), 2 S(xT), Aul(xT), v1 @1 c1, ety U B Cme
where
X = ara(X, Yo, Yy), Yo = (U1, . .., ), Yo = (U}, .. S UL)s

(ug, ..., ux) = tuple(set({oy,...,0m})).

The meanings of r? and r? are roughly as follows: If ¥ satisfies that f(¥) being
true, and X is in S but not in V” (i.e., X is deleted from V), then a new tuple X ,notin S
and satisfying f(x") being false (related to auxiliary relations Au? and Aul), should be

inserted into S.
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Tuple x" should be different from X in at least one of the positions participating in
condition f, i.e., variables vy, . .., v,,. If we denote g, as a tuple of different variables in
f,and y:r, as another tuple of the same size as y, and with completely fresh variables,
then x” is formed by replacing g, in X with ¢/, (denoted as X" = ara(%, 7, y5.)).

We utilize the auxiliary relations Au® and Au! to retain data that cause f(x") to be
false. From the specified example &, of the form of (Ts, Ts/, Ty, Ty» ), we can compute
these auxiliary relations using set comprehensions, as outlined in (AR):

Aul

(o2

1
Aug

{Hpos(g'g,a_c')t fort e Dg}
D, = {tfort e &E;|as+

if Hpos(ad()?,y_;),)_c') te Hpos(ad()?,y}),ic’) (SalAS‘ ) }

where &;|x contains tuples in X that can be derived from &, pos(y, X) returns a
tuple of positions of § in X, ad(X, 1) returns a tuple of variables that are in X but
not in g. Since y, contains different variables in the selection condition f, we have
pos(ad(%,yy), X) as a tuple of positions of non-selected variables in ¥. Au_ is computed
as a set of tuple x” such that x is inserted into S and there exists a corresponding
X that is deleted from S. Au? is computed from Aul by only retaining the data in
selection positions. Depending on the situation in which the deleted tuples X against V
follow different strategies, Au’ and Au.. (r? and rf’) might be used reasonably.

Since the o-rule introduces restrictions on data of the view V (i.e., v1®1¢1, ..., 0m®m
cm), we may need some rules encoding these restrictions. As suggested by [16] which
shares the idea of negative constraints introduced in [46], a truth constant False,
denoted as L, can be used to express the restrictions. Experimentally, we found that
ProOSYNTH does not work well when performing the synthesis over the set of rules
that contain zero-term literals like L. So we replace L with a special relation Fr that
contains only one attribute. Fr will flag a rejection with the value “_r_” if a false truth
occurs. Rather than heavily interfering with a Datalog solver in order to immediately
reject update propagation, we simply use Fr to monitor the rejection. Data can be
restored to the original state if ("_r_") is in Fr.

(FR)? covers the rules for Fr against a o-rule as follows:

rf Fr(“_r_”) = V*awa(x,{v;})),v; = &; c;.

(~ L :— V*(awa(x, {v;})),v; = ®; c;.)
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where V* € {V,V’},i € {1,...,m}, and awa(X, y) replaces variables in X that are not
in § by anonymous variables. Rule r? says that if there is a tuple that violates the

imposed restrictions on V and V’, Fr will flag a rejection with the value “_r_

It will not be too difficult to turn the rules r?, rf, r?, rg , rf, into the corresponding

rules in Figure 5.2 of Setup A. With the fixed constraints in (FR)?, we may omit the list

of comparisons in template rules in (SDR)? for brevity.

For other atomic queries of type @, (SDR)* and (AR)* could be interpreted in similar
ways as above. Using tuple comprehensions, we define some functions (e.g., ad, awa,
ara) that compute specific tuples of variables to formally describe the body of template
rules, which makes the rules safe and correct. (FR)* has no clauses if no constraints are
imposed on the corresponding source and view. For a o-rule/x-rule r, the negation of
each constraint in the body of r is used as a constraint in a flag rule of (FR)?/(FR)*. For
a >-rule, rejects are flagged if in the join positions, the inserted data are already in the
original source or the deleted data are still in the update source. If there is no rejection
during the evaluation of atomic programs, their combinations could be made without

failure.

Example 5.1. Let us see an example of using templates of Setup A to generate clauses
for PA; := PROBA(({customers}, My), &y, {r5}) in Example 4.6 where &, and rJ are as

follows:

Ey = ({1.1b}, {4.1b}, {1.1b"}, {4.1b"})

ry Ma(i,n,c) :— customers(i,nc), ¢c="Tokyo”.

From S = {customers} and V = My, we can generate fixed rules of programs switching

state/delta-based data, including:

oM, (i,n,c) i = Mp(i,n,c), "My(i,m,c).
oM; (i, n, c) i— My(i,n,c), = My(i,m,c).
customers’(i,n,c¢) :— customers(i,n,c), = Acustomers (i, n,c)

; Acustomers*(i,n,c).



5.1 Templatizing Minimal-Effect View Update Strategies 71

Since the get, = {rj} is a o-rule, we prepare selectable rules based on (SDR)’, including:

Acustomers™(i,n,c) :— M, (i,n,c), customers(i,n,c).

Acustomers®(i,n,c) :— OMi(i,n,c), - customers(i,n,c).

These two rules mean that a deletion/insertion of tuple (i, n, c) from the view M, is
reflected to a deletion/insertion of the same tuple to the source customers. Another
update strategy is that if a tuple (i, n, c) is deleted from the view M,, we could replace
tuple (i, n, c) in the source customers by (i, n, ¢") where ¢ is a valid value not equal to
"Tokyo" (i.e., ¢" violates constraints of the o-rule). By checking example &,' , there is
no such tuple (i, n, ¢). In other words, auxiliary relations in (AR)? hold no fact. Hence,

we skip preparing the rules containing the auxiliary relations in (SDR)’.

Moreover, based on (FR)?, two fixed rules that express constraints imposing on the

view M, are generated as below:

Fr("_r_") :—Mx(_,_,c), ¢ # "Tokyo".
Fr("_r_") :=M,(_,_,c), ¢ # "Tokyo".

The relation Fr will flag a rejection if, in M; or M), there is a tuple whose third

attribute value is different from "Tokyo".

So when considering PA,, we generated candidate rules for put,, consisting of 7

rules above and 1 rule in get, = {rj}. A

Example 5.2. Let us see an example of using templates of Setup b to generate clauses
for PAy := PROBA(({M1}, M), Eo, {r7}) in Example 4.9 where &, and r; are as follows:

&y = ({4.3a},{4.3b},{4.3d'},{4.3b"})

”g M;(vg,v1,02) = = M;(0vo,01,02),02 = “T7.

We prepare candidate clauses for minimal-effect view update strategies against the

IIf there exists such a replacement in &, e.g., from customers(“104", “Mori", “Tokyo") to
customers’ (“104",“Mori", “Berlin"), we can prepare more, e.g., Acustomers*(i,n,c¢") : —
8M; (i, n, ¢), customers (i, n, c), Aul(c"), ~customers(i,n, c"). where Au) D {(“Berlin")}.
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o-rule rj as below:

ry Fr(“_r’%):=My(L _vz), v # “T".
re Fr(“_r_"):=My(_, _vg), vy # “T".
re AM; (0o, v1,02) : — =My (0o, v1,02) , My(09,01,02) , v2 =T
r9 AM{ (vg,v1,02) : = M} (0o, 01,02) , =M (09, 01,02) , v2 = “T".

Vg M{(Uo,Ul,Uz) : — M (09,01, 02) , ﬂAMl_(Uo, 01,02) ; AM1+(00>UI:02)-

Rules r¢ and r? are generated from template r?, while rules r? and r? are generated
from templates r? and rg, respectively, and rule r{ is generated from template rg .
There are no rules generated from templates r? and r? since both Au’ and Au! are
empty ({1, b, T) is deleted from M, but there is no (1, by, cp) with ¢y # T in M - see
Table 4.3). If (2, by, T) is not in M, and (2, by, T) in M is replaced by (2, by, F), we may

generate more clauses as follows:

AMT (vo, v1,05) = = = M;(0o, 01,02) , My(vp,01,02) ,
= M (vo,v1,05) , Aul(v}), 02 = “T".
AM (09, 01,05) : = = M (v9,01,02) , M1(29,01,02),
= M; (g, v1,05) , Aul (vg, 01,05),02 = T
Aul(F).
Aul(2, b5, F).

5.2 Evaluation

We have implemented a prototype named SyNTHBX for Algorithm 1 in 7K lines
of Python, which relaxes procedures related to functional dependencies (i.e., FORr-
WARDPROPAGATEFDSs and PREPAREPUTCANDCEFDs). The minimal-effect view update
strategies introduced in the previous section are encoded in templates of Setup A. The
templates are embedded inside PREPAREPUTCANDMEVUS to automatically generate
candidate rules of view update programs. SYNTHBX internally uses PROSYNTH" as the
unidirectional synthesizer and SOUFFLE as the underlying Datalog solver. We equipped

SynNTHBX with a simple PREPAREGETCAND that can extract useful constants from
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inserted/deleted data and enumerate literals based on the number of given sources.
The PREPAREGETCAND would be bypassed if the user provides a set of candidate rules

of get.

Research questions

To evaluate SYNTHBX, we design experiments to answer the following questions:

Q1 How powerful is SYNTHBX to solve a variety of synthesis tasks from many

different sources?

Q2 How efficient is SYNTHBX to synthesize only a component program and the

whole program of (get, put)?

Q3 How sensitive is SYNTHBX to different example sizes?

Benchmark suite

We prepare 56 benchmarks from three different sources to perform the evaluation,
representing various practical view update problems from textbooks, papers, online

sites and real systems [20, 16].

B1 We adjusted 15 relational benchmarks from PrRoSyYNTH [20] by reusing the given
sets of candidate rules of get. We eliminated the recursive rules and created

additional tables to form well-provided examples.

B2 We adapted 32 relational benchmarks from Birps [16], a framework for manually
writing bidirectional programs on relations, by relaxing key constraints and
reusing the provided gets. For each benchmark containing no example, we
executed the corresponding written put on specific and/or random inputs to

create necessary tables. Such a put is only used to create examples.

B3 We handcrafted 9 additional benchmarks derived from real-world view update
tasks, where the views are described in Table 5.1. Some schemas and examples

were adapted from common sample databases of AirBnB?, Joomla’, and Microsoft

Zhttp://insideairbnb.com/get-the-data.html
Shttps://downloads.joomla.org/cms/joomla3
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Table 5.1: Descriptions for handcrafted benchmarks in B3

’ Benchmark \ Brief description of the view
tokyoac active staffs or customers in Tokyo
open_port open ports in a system
logging a portion of log data
admin_post_cms | the posts published by admins on a Joomla site
blog_2020 the articles written in 2020 on a Joomla site
neighbour_airbnb | residential data of AirBnB
dw_ship ship data extracted from a data warehouse
dw_survey survey data extracted from a data warehouse
dw_sales sales data extracted from a data warehouse

SQL Server". A few other specifications were crafted from working with a Unix
system. These benchmarks are other practical scenarios of bidirectional programs,
where a manager, rather than directly interacting with a large database, can
perform updates on a smaller view without compromising consistency between
the database and the view. Of the nine handcrafted benchmarks, some have more
input with nonempty sets of human-provided candidate rules for get, while others

are not given such sets.

Experimental Setup

All experiments were run on a 2.6 GHz Intel Core i7 processor with 16 GB of 2400 MHz
DDR4 running macOS Ventura 13.3. We independently performed 32 runs for each
benchmark on the same example data and collected statistics of the experiments. The

evaluation results are summarized in Table 5.2.

5.2.1 O1: Power

To answer Q1 about the power of SYNTHBX, we check the outputs of 56 benchmarks.
Table 5.2 shows that SYNTHBX successfully solves 52/56 (=~ 91%) benchmarks where
14/15, 28/32, and 9/9 benchmarks are from B1, B2, and B3, respectively. Each obtained

bidirectional program is consistent with the given example and two properties GETPuT

*https://github.com/microsoft/sql-server-samples/tree/master/samples/databases
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Table 5.2: Main experiment results [SYNTHBX]

B 4 | Benchmark Atomic Views #Tuples #Rules #Programs MeanSynthTime (s)
n/Out™ 15/DS® TV/DV® [ Sg/Cg™ DSg® Sp/Cp™ [ SPair”  WNSg™ | MSTget™ MSTput™ MSTtotal ™!
#01 | sql-01 T, 204 24/20 0/1 0/1 1/24 3 32/32 1 1 0.81 0.19 1.30
#02 | sql-02 27, > 6/4 1/0 1/0 1/6 3 21/30 1 1 0.32 0.38 0.99
#03 | sql-03 47, 2> 8/3 1/2 1/1 1/33 6 65/65 1 1 4.97 0.42 5.72
#04 | sql-04 2p, 2, 24, U 22/11 3/1 2/1 2/5 7 57/80 1 1 0.25 3.13 3.81
#05 | sql-05 P, 27, 254 24/16 5/1 3/1 1/8 5 46/55 1 1 0.50 1.27 213
#06 | sql-06 - 27/9 1/1 1/1 2/6 - -/- - - 0.28 - -
#07 | sql-07 27, > 16/6 3/2 3/2 1/19 3 38/38 1 1 145 0.22 1.97
B1 | #08 | sql-08 3p, 3, 4 10/7 2/1 1/1 3/32 10 95/95 3 1 54.73 0.66 55.83
#09 | sql-09 P, 37, 4 8/6 1/1 1/1 2/11 8 86/86 1 2 3.70 20.17 24.25
#10 | sql-10 3p, 7, 2 17/16 6/0 3/0 2/49 6 54/54 1 1 59.23 0.35 59.95
#11 | sql-11 2p, Tm T4, N 35/32 3/1 2/1 4/45 12 127/175 12 1 127.76 2.50 130.85
#12 | sql-12 2p, 21, 4, U 50/36 3/3 2/2 3/10 9 89/89 1 1 1.44 0.59 2.40
#13 | sql-13 T, >4 32/19 4/2 4/3 1/4 2 24/24 1 1 0.26 0.14 0.67
#14 | sql-14 4p, 27, 304, U 21/9 0/2 0/2 3/7 10 98/98 1 1 0.42 0.73 1.56
#15 | sql-15 2p, 7, 3% 65/55 5/0 1/0 2/87 6 59/59 2 1 300.13 0.50 301.04
#01 | cars_master T 33/11 1/1 1/1 1/1 1 717 1 1 0.10 0.08 0.45
#02 | goodstudents o, T 13/5 2/3 2/3 1/1 2 17/17 1 1 0.10 0.12 0.53
#03 | luxuryitems o 8/4 2/1 21 171 1 9/9 1 1 0.10 0.09 0.46
#04 | usa_city o, 672/600 2/2 2/2 1/1 2 17/17 1 1 0.12 0.14 0.59
#05 | ced \ 33/21 8/0 5/3 171 1 8/8 1 1 0.10 0.08 0.46
#06 | residents1962 o 14/10 3/2 3/2 1/1 1 11/11 1 1 0.10 0.09 0.48
#07 | employees 7T, X 39/26 10/3 5/3 1/1 2 21/21 1 1 0.10 0.14 0.56
#08 | researchers o,21,N 20/19 4/2 2/1 1/1 4 35/35 1 1 0.11 0.23 0.70
#09 | retired 2m, \ 25/17 0/1 1/0 171 3 22/22 1 1 0.11 0.15 0.58
#10 | paramountmovies | o, 1 5/3 1/1 1/1 1/1 2 16/16 1 1 0.10 0.13 0.55
#11 | officeinfo T 21/7 1/1 1/1 1/1 1 717 1 1 0.10 0.09 0.47
#12 | vw_brands 2m, 2%, U 35/13 5/3 5/3 2/2 5 50/56 1 1 0.10 2.16 2.63
#13 | residents 2X, 2V 42/14 5/8 5/6 3/3 4 44/56 1 1 0.11 2.35 2.81
#14 | bstudents 0, 2, ™ 15/12 3/1 2/1 1/1 4 36/36 1 1 0.10 0.23 0.66
#15 | all_cars > 37/15 1/2 1/2 11 1 13/13 1 1 0.10 0.11 0.50
B2 #16 | tracksl > 19/9 4/5 3/4 1/1 1 -/- - - 0.11 - -
#17 | tracks2 T 14/4 3/4 3/4 1/1 1 717 1 1 0.10 0.08 0.46
#18 | tracks3 o 10/4 3/4 2/3 171 1 -/~ - - 0.10 - -
#19 | newpc o, 7T, X 69/46 6/3 3/3 1/1 3 29/29 1 1 0.10 0.19 0.63
#20 | activestudents o, T, X 17/8 2/1 1/1 1/1 3 28/28 1 1 0.10 0.18 0.59
#21 | vw_customers 27, > 1275/637 0/1 0/1 11 3 27/27 1 1 0.13 0.26 0.81
#22 | measurement 20,U 80/30 5/0 5/0 2/2 3 31/41 1 1 0.11 1.27 1.71
#23 | ukaz_lok X 46/14 4/6 4/6 1/1 1 11/11 1 1 0.10 0.10 0.48
#24 | message 2%, U 104/34 6/7 6/7 2/2 3 32/38 1 1 0.10 149 1.94
#25 | phonelist 3%, 2V 98/32 5/6 5/6 3/3 5 52/64 1 1 0.11 3.57 4.09
#26 | purchaseview T, 155/55 11/21 11/21 1/1 2 30/30 1 1 0.11 0.16 0.58
#27 | vehicle_view T, >4 36/17 5/4 4/4 11 2 22/22 1 1 0.11 0.17 0.61
#28 | outstanding_tasks | p, 7, > 22/11 4/2 3/2 1/1 2 34/34 1 1 0.11 0.26 0.72
#29 | poi_view 27, ™ 2499/1499  200/200  100/100 1/1 3 30/30 1 1 0.12 0.26 0.87
#30 | products 4p, m, %, 24, \, U 127/48 3/5 2/5 2/2 10 75/103 1 1 0.11 9.87 10.49
#31 | koncerty P, 24 247/213 9/6 3/6 171 3 31/31 1 1 0.11 0.21 0.65
#32 | emp_view A(‘”, - - - - - - - - - -
#01 | tokyoac 20,21, U 15/9 2/2 2/2 2/2 5 44/50 1 1 0.10 138 1.85
#02 | open_port o, 4, 264, U 927/913 4/2 4/2 3/152 8 84/84 4 2 64.99 0.27 65.68
#03 | logging 30, 27, ™4, 2U 240/210 4/8 4/8 4/112 8 81/103 14 2 105.97 21.12 128.03
#04 | admin_post_cms 50, 6, 4>4, 3U 49/41 6/3 4/3 7/100 18 147/195 10 9 38.21 12.71 51.46
B3 | #05 | blog_2020 40, 1, 3U 42/20 3/3 3/3 5/128 8 58/89 1 1 10.74 21.30 32.49
#06 | neighbour_airbnb | 3¢, 7, 2U 294/250 4/7 4/7 5/87 8 57/84 1 1 9.50 7.06 16.96
#07 | dw_ship 4, 204, U 2815/818  114/300  113/300 2/2 7 294/294 1 1 0.12 0.87 1.78
#08 | dw_survey p,o 154/146 29/4 29/4 2/5 2 17/17 1 1 0.34 0.14 0.75
#09 | dw_sales 40, 47, 4%, 3U 249/163 4/4 4/4 4/4 15 128/146 1 1 0.12 19.03 19.69

(O Unsupported: A stands for aggregation.
(M In/Out is the number of input/output tuples. @ IS/DS and *) IV/DV are the numbers of insertion/deletion tuples against the source and the view, respectively.
() Sg/Cg and ® Sp/Cp are the numbers of rules in a solution/candidate program of get and put, respectively.

(© DSg is the number of single-line rules in the decomposed solution program of get.

(7) SPair is the number of different well-behaved pairs synthesized in 32 runs.

(8 WNSg is the worst number of solutions of gets that are needed to synthesize before finding a well-behaved pair.

) MSTget, 19 MSTput and (') MSTtotal are means of the runtime for successfully synthesizing only get, only put and the whole (get, put) respectively.
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and PuTGET. The failed reasons are as follows. Benchmark emp_view (B2#32) contains
an aggregation (i.e., use of aggregate functions such as count, sum, min, max to group
data and summarize information) in the view definition. Benchmarks sq1-6 (B1#06),
tracks1 (B2#16), and tracks3 (B2#18) include examples where non-minimal changes
occur due to internal dependencies (such as functional dependencies) that impose extra
constraints on the user-provided tables. The minimal-effect update strategies given
in [21, 22, 23] do not cover these cases, resulting in a shortage of essential templates
during the synthesis. While designing additional templates to support dependencies
is more complex and requires more effort, it is still unknown how to encode view
update strategies for aggregations as templates. The ambiguity of well-behaved update
strategies against aggregations has not been extensively explored. Additionally, these
strategies involve calculations outside the domain of relations (e.g., addition in the case
of the aggregate function sum), leading to increased challenges in templatizing within
Datalog.

All of the bidirectional programs that were successfully synthesized are free
of dependencies and aggregations, and use various combinations of atomic views.
We randomly picked up a combination in 32 runs to show in Table 5.2. Constraint
strengthening to continue the synthesis occurs many times out of the 32 runs of some
benchmarks, for instance, sq1-09 (B1#09) and admin_post_cms (B3#04). Furthermore,
our equipped procedure PREPAREGETCAND has allowed SYNTHBX to synthesize well-
behaved pairs for benchmarks in which the set of candidate rules of get is provided

empty, as in B3.

5.2.2 0Q2: Efficiency

To answer O2 about the efficiency of SYNTHBX, we mostly observe the number of
rules, the number of programs, and the means of synthesis times, which are listed in
the last eight columns of Table 5.2.

Regardless of the mentioned failures, SYNTHBX is able to synthesize a well-behaved
bidirectional program in an average of 19 seconds and less than 3 seconds for 37
benchmarks. Compared to taking a long time to write a well-behaved bidirectional
program manually - possibly minutes or hours - a synthesis time of 19 seconds on

average is relatively quick, making it feasible for real-world applications where timely
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results are essential. Additionally, synthesizing a program in less than 3 seconds for 37
benchmarks demonstrates high efficiency. This is valuable in scenarios where quickly
creating programs is crucial, improving the overall usability and effectiveness of the
approach. Furthermore, in [20], PROSYNTH proves its effectiveness by making the
desired program in about 10 seconds per task, and for 28 of them, it takes less than a
second. Despite the difference in environment setup (we use a 6-core Intel machine,
whereas they use an 18-core Xeon server), the time metrics provided by both parties

are appealing.

SYNTHBX is shown to be extremely effective to solve tasks in B2, where the
programs of gets are given at the beginning. The synthesis time against get (MSTget)
is insignificant, while the synthesis time against put (MSTput) is relatively small. For
instance, consider benchmark vw_brands (B2#12), SYNTHBX finds a well-behaved pair
of (get, put) in 2.63 seconds, with 0.10 seconds are for synthesizing get, 2.16 seconds
for synthesizing put, and the rest for other I/O costs. SYNTHBX prepares 56 candidate
rules (Cp) to make the search space for the synthesis of put and selects 50 of them (Sp)
as the solution for put. Our templates keep the distance between the candidate and
the solution of put not too far. For 33/52 successful benchmarks, SYNTHBx finds a
solution of put almost immediately after checking the prepared candidate. For the rest,
the search space for synthesizing put is not too large. The numbers of rules in the
solution and candidate programs of put (Sp and Cp) look big but they actually count

both selectable and fixed clauses.

If a get is not given, SYNTHBX would be affected by the performance of PROSYNTH"
which is invoked to synthesize a get then a suitable put too. For benchmark sq1-09
(B1#09), we prepared 11 candidate rules for get instead of its solution. SYNTHBX needs
around 24 seconds to synthesize a well-behaved pair where 3.7 seconds and 20.17
seconds are, respectively, the synthesis time to its get and put. In 32 runs, SYNTHBX
finds one solution pair (SPair) where the get contains 2 rules (Sg) in 11 candidate
rules (Cg). In the worst case, SYNTHBX has to synthesize 2 programs of get (WNSg) to
find a well-behaved pair. The more programs that do not match, the more time it
takes. The synthesis times, MSTget and MSTput, are accumulated during the time that
SYNTHBX synthesizes a get and a suitable put. In the other 32 runs of benchmark
admin_post_cms (B3#04), SYNTHBX once had to synthesize 9 solution programs of

get before obtaining a suitable put. For this benchmark, the number of atomic rules
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Figure 5.6: Stress tests for benchmark poi_view (B2#29)

after decomposing a get (DSg) is up to 18, the biggest for all benchmarks, and the
average time to find a valid pair is up to 51.46 seconds. While we do not provide any
candidates of get to B3#04, SYNTHBX automatically generates 100 candidate rules.
Using a large number of candidate rules makes the synthesis space more diverse, but
may require lots of time to search. It would be better if users had more intervention in

generating and choosing candidates.

5.2.3 03: Sensitivity against example sizes

To answer O3, we examine the sensitivity of successful benchmarks to the number of
input/output tuples (In/out) and the number of insertion/deletion tuples against the
source and the view (1S/DS and 1V/DV). The analysis is based on the synthesis times
MSTget and MSTput, as well as the set of candidate rules of get.

If a user provides a get program or if the number of candidate rules of get is relatively
small, and the given example is of reasonable size, the performance of SYNTHBX would
not significantly depend on In, Out, IS, DS, IV and DV. For instance, SYNTHBX solves
benchmarks sq1-02 (B1#02), usa_city (B2#04) and poi_view (B2#29) in less than 1
second. sq1-02 (B1#02) has In, Out, IS, DS, IV and DV all under 7, poi_view (B2#29)
has typically larger corresponding numbers, while usa_city (B2#04) has medium In
and out (around 600 for each) but small 1S, DS, 1V and DV (all equal to 2).

We set up some stress tests on (B2#29) to check the sensitivity more carefully.
Figure 5.6 illustrates the results in three cases in which we either (a) fix 1v/DV, and

vary In/Out; (b) fix In against the sources, fix DV, and vary 1Vv; and (c) fix In against
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the sources, fix 1V, and vary DV. The total synthesis time strongly depends on the
number of tuples. This is due to the cost of I/O used to compute auxiliary facts as well
as evaluate programs.

If no candidate rule of get is provided, SYNTHBX generates candidate rules using
the schemas and constants from the given tables. The more tuples, the more constants,
the more candidate rules, the longer the synthesis time, for instance, in benchmarks
open_port (B3#02) and logging (B3#03).

5.2.4 Discussions

For the benchmark suite of 56 tasks, SYNTHBX successfully synthesizes 52 tasks.
The synthesized programs not only satisfy the corresponding given examples but
also adhere to well-behavedness. However, there were some failures because of the
lack of templates for features such as dependencies and aggregations, which are
related to more constraints and extra effects of update propagation. Additionally, other
relational constraints such as domain constraints and inclusion constraints were not
given adequate attention in our template design. We will continue to further develop
templates to accommodate these constraints and effects.

SYNTHBX takes 19 seconds on average to successfully synthesize a solution and less
than 3 seconds each for 37 out of 52 successful tasks. It is affected by the performance
of PRoSYNTH*. SYNTHBX is more efficient for reasonable-sized examples.

At present, we have not addressed the issue of how closely the synthesized result
matches the intended one, which is an essential direction for future work.

There is no tool to which we can make an apple-to-apple comparison. Existing
synthesis tools cannot directly cope with both the well-behavedness of bidirectional
programs and the complexity of relations as well as query languages. The base
synthesizer inside SYNTHBX, PROSYNTH, cannot ensure the well-behavedness, while
all of the existing synthesizers of bidirectional programs do not work on relations.
Having bidirectional programs that are well-behaved and work with relations plays an
important role in addressing practical view update problems in relational databases. As
you can see in the benchmarks, there are many practical view update cases in which we
need to maintain consistency across data in various relations. The well-behaved nature

of bidirectional programs ensures consistency and any violations of well-behavedness
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result in a loss of data consistency.

Considering Example 3.2 (referred to as benchmark B3#01 and Table 1.1), we would
like to synthesize a query program get and a view update program put such that they
are well-behaved. PROSYNTH can be adapted to automatically synthesize get = {ry, r;}
and put = {rs,r4,1s, 16,77, s, fo, fio} Where r; and r, are in Example 4.5, while rs, .. ., rs,

fo and fi are as follows:

r3 staffs’(i,n,c,a) :— staffs(i,c,n,a), a=“0".

ry staffs’(i,n,c,a) :— staffs(i,c,n,a), c¥“Tokyo".

rs staffs’(i,n,c,a) :— tokyoac’(n), Au;(i,n,c,a).

r¢ customer’(i,n,c) :— customers(i,n,c), c¥“Tokyo".
r;  customer’(i,n,c) :— tokyoac’(n), customers(i,n,c).
rg customer’(i,n,c) :-— tokyoac’(n), Au,(i,n,c).

fo  Au;(“14",“Shin", “Tokyo",“1").
fio Auy(“105", “Yuri", “Tokyo").

Over staffs and customers, the query get defines a view tokyoac that includes
the names of individuals living in Tokyo who are either active staff members or
customers. The view update put reflects the changes against the tokyoac into the
changes against staffs and customers.

If we evaluate the above put where staffs and customers are as original as in
Table 1.1a and Table 1.1b, respectively, and tokyoac’ = {{“Ken"), (“Mori")}, then

staffs’ and customers’ will be as follows:

staffs’ customers’
sid | name | city active cid | name | city
10 | Anna | Berlin | 1 100 | Logan | Denver
12 | Jose | Rio 0 101 | Olsen | Oslo
13 | Yua | Tokyo |O 103 | Luis | Lisbon
104 | Mori | Tokyo

Then, if we perform the query get over the two above tables, the obtained result will
be {(“Mori")}, which differs from the given tokyoac’ = {(“Ken"), (“Mori")}. This
indicates a violation against the PUTGET law, leading to a break in well-behavedness or
consistency between (staffs, customers) and (tokyoac).

While PROSYNTH failed to provide the well-behavedness of bidirectional pro-
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grams, other existing synthesis approaches of bidirectional programs do not operate
on relations, rendering them unsuitable for application to the benchmarks in the

experiments.

5.3 Summary

In this chapter, we present how to encode minimal-effect view update strategies in
templates. With the templates, we can generate candidate rules expressing minimal-
effect strategies for the view update program. We introduce two Setups A and B for
designing templates. The corresponding template rules in these two setups have the
similarity to express the meaning of a strategy, but are written in different ways.

We have implemented a prototype SYNTHBX that uses templates of Setup A.
SyNTHBX skips the procedures related to FDs in our high-level algorithm. We evaluated
SyNTHBX on 56 practical scenarios. The results showed that SyYNTHBX is powerful and
efficient for reasonable-sized examples.

However, SYNTHBX failed to synthesize certain tasks involving tables with internal
functional dependencies, a scenario encountered in many real-world view update
problems. To resolve that problem, we need to handle FDs like in the high-level
algorithm, by forward-propagating FDs (as mentioned in Section 4.2), and by designing
more templates that encode the constraints and effects of FDs to enrich the synthesis

space. We will discuss these new templates in the next chapter.
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Synthesizing View Update Programs with
More Templates against FDs

In practice, tables with internal functional dependencies are quite common. FDs
play an important role in practical view update strategies over these tables. FDs
impose constraints on the tables, and when performing updates, they may cause
extra effects that are non-minimal changes. If we do not handle the FDs carefully, we
might miss important rules in the synthesis, causing failures. By forward-propagating
FDs from the source, we have specified the FDs associated with all relations in the
sub-synthesis problems. With this information of FDs, we can design templates
encoding the constraints of FDs. For the effects of FDs in the atomic view update
program, we will design other templates encoding that effects over the minimal
templates.

The following sections are organized as follows. Section 6.1 and 6.2 present
templatizing constraints and effects of FDs, respectively. Section 6.3 covers SYNTHBP,

another prototype of our approach, which supports templates related to FDs, and
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includes an evaluation of SYNTHBP on 38 benchmarks. Section 6.4 summarizes this

chapter.

6.1 Templatizing the Constraints of FDs

If a relation r has internal dependencies described by the FDs, both the original and

updated data on r are constrained to agree on the FDs.

Example 6.1. Consider the source relation S where S :: ABCD and S satisfies
Fs = {A — B,A — D}. For FD A — B, we can use the relation Fr to encode the

constraints as follows:

ri Fr("_r’”) = S(u1,05_,),S(01,05, ), 02 # 0.

C
l p—
rs Fr(*_r_ ") = S'(v1,00,_,_),5 (01,05, _, ), 05 # 03.

As explained in the Section 5.1, we can use L, a truth value of False, to express the

constraints imposed on a relations, for instances,

L= S(v1,02,_, ), S(01,03, _, ), 02 # 03.

1 = S,(Z}l, Uy, _, _),S,(Ul, U;C, - _), Uy F U;.

But we replace L by Fr(“_r_") because PROSYNTH does not work well with the
zero-term literals like L.

Rule r{ means that a rejection will occur if there are two tuples in S such that the
first attribute values are the same but the second attribute values are different. This is
similar to the meaning of FD A — B in ¥s. Rule r; can be understood similarly, but for
§’, which shares the same schema as S. If 5 has many FDs, we need to prepare such
pairs of flag rules for each single FD.

We can prepare a similar pair of flag rules for FD A — D as below:

Fr(“_r_"): = S(v1, _, _,v4),S(v1, _, _,0y), 04 # 0.

Fr(“_r_") : =S (v1,_, _04),5 (01, _, _,0), 04 # 0}. A

Example 6.2. Consider the intermediate relation M; :: ABC in Example 4.9. After

forward propagation of FDs from the source, the schema of M; associated with FDs is
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as follows:
M (A:AB:B,C:C, %y, = {A — B})

Similarly to Example 6.1, we can encode constraints of ¥, = {A — B} by the following

two flag rules:

Fr(“_r_”) P Ml (Ul’ U2, _, _)le (019 Uga ) _)302 * v)zf.
Fr(“_r_ ") = Mj(v1,00,_, ), M{(01,05,_, ), 02 # 0.

A

Algorithm 3 describes how we can templatize the constraints of the FDs in
NR-Datalog. TEMPLATIZECONSTRAINTFDs takes as input a set Sy of schemas of
relations with computed FDs and produces as output a set C of flag rules describing the
constraints of the FDs.

The procedure executes nested loops where the relation r iterates over Sy, state s
iterates over a set of original and updated states, and FD X — Ay iterates over 7.
Then, we prepare the variables in the body of the flag rule and build a complete rule
expressing the constraint of the considered FD. Informally, in such a flag rule against
FD f, we need to prepare two positive literals L; and L, that have the same variables in
the positions on the lhs of f, different variables in the positions on the rhs of f, and

anonymous variables for the remaining positions.

6.2 Templatizing the Effects of FDs

The effects of FDs could appear in Ps (Setups A and B in Section 5.1), where an updated
tuple in AS could conflict with an original tuple t of S on an FD. If such conflicts are
not handled, the result S would contain data inconsistencies on the FD. There are two
strategies for resolving the conflict: (1) deleting ¢ from S; and (2) revising ¢ based on
specified FDs with revision operators (Section 2.4). The former could be simply done
by templatizing rules for adding the conflicting tuple t to AS™. The latter is more
complicated since revision operators are recursive structures with FDs that have never
been defined in NR-Datalog®. Moreover, an NR-Datalog® program has no information
on how the FDs are structured. We need to develop an intermediary that converts

revision operators into NR-Datalog™ clauses.
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Algorithm 3: Templatizing Constraints of FDs

Input: S¢: a set of schemas, each associated with a set of FDs
Output: C: a set of rules encoding the constraints of the associated FDs
1 procedure TEMPLATIZECONSTRAINTFDS (S¢):
C«0
forr: AjA;... A, € Sy do
for s € {original, updated} do
for X — A € ¥, do
arsy,arsy «— [ ] *n,[ ] *n
forie[1,...,n] do
if A; € X then ars[i], arsy[i] <« U,,z),
if A; = Ag then ars[i], arsy[i] < v, v
Add the following rule to C:
Fr(“_r_7) : —r*(arsy),r’(arsz), v # v}.

O N G R W N

=
S

11 return C

Assume that we have generated Datalog rules for Pps from the base templates
with minimal effects. We slightly rename the heads of the rules to AS,” and AS; as
appropriate. We use AS, = (AS;, AS}) to hold the updated data with minimal effects
and use AS to hold the updated data after accounting for the effects of the FDs. The
templates encoding effects of the FDs will be designed over ASy; i.e., we expect to

obtain a put, program that computes the updated data as usual and then resolves the

conflicts.

Example 6.3. Consider templatizing the effects of FDs for the subproblem
PAZ = PROBA(({M1}9 M2)s 823 {rg})
in Example 4.9 where

Mi(A: A,B:B,C:C, %y, ={A — B})
My(A:AB:B,C Fu, = {A — B})
&y = ({4.3a},{4.3b}, {4.3d'}, {4.3b"})

7’3 My (vg,v1,02) = My (0o, 01,02),02 = “T7.

Let us recall all minimal-effect rules related to AM; that we generated for PA; in
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Example 5.2:

re AM; (vg,v1,02) + — ~M; (00,01, 02) , Mi(09,01,02) , v = “T".
“T”'

r9 AM (vo,01,02) = — Mj (0o, 01,02) , ~M;(00,01,02) , V2 =

First, we replace the basic rules (r¢, r7), with a head of either AM; or AMF, with

the following new ones, whose heads are adapted correspondingly to AM,, or AM;:

r AMl_b(UO’ 01, 02) L= ﬂMé(Uo, 01, Z)z) s M1 (00,01, 02) , Up = “T”.

e
1
”5 AMI},(UO, 01,02) - Mé(UO’ 01,02) , “Mi(09,01,02) , Vg = T

The remaining minimal-effect candidate rules previously prepared are unchanged.

To encode a strategy that resolves the conflict on the FDs of the source (¥, =

A — B}) by deletion, we generate more three rules r¢, ré, r¢ as follows:
y g 32 T4 I'5

r; Mlq:d(vm 01, 02) P AM;-b(UOa UJIC’ _) s Ml (UO: 01, 02) , U1 * Uf'
re AM; (v9,01,02) = — AMl_b(UO, U1,02).
re AM (vo,01,02) i - MISZ(UO, 01,02).

Rule r§ computes Ml(’; containing all tuples in M; that conflict with some basic
inserted tuple to M; (in AM;,) on FD A — B. There will be more rules like r{ if Fa,
has more FDs.

The next two rules say that a tuple in AM” (i.e., a tuple that should be deleted
from M) is in either AM;, (which keeps the basic deletions) or Mf; (which keeps the
conflicting tuples).

For the strategy that resolves the conflict on ¥, = {A — B} by revision, we will

generate more rules as follows:

re M{ (v0,01,02) : = My (00,01, 03), ~Mp(0p, 03, 0).

re Mfl.l (vo, v1,02) : — Ml?l;) (00, 01, 02), ~AM, (vo, _, ).

re Mf; (vo, v1,02) : — Mf;(vo, _,02), AM], (0,01, _).

e M], (00,01,02) : = M, (v, 01,02),05 = “T”, ~Mj (09, 01,0,)
rfy  AM{ (v9,01,02) : = AM], (0o, 01,02).

e AM (v9,v1,02) = — AM?; (09, 1, 02), ﬂAlei#(vo,Ul, 7).
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Rule r¢ defines leo as keeping all tuples in the source M; that might need to be
revised.

Then, for an FD f whose lhs is a root of the tree form of Fy,, we prepare a pair of
rules with the same head whose name specifies a new relation, for instance, Mlgri1 , to
compute the relation revision Mf.o — AM], (i.e., the results of this relation revision
are kept in Mfcl.l )- More generally, we translate the recursive definition of the relation
revision (at the end of Section 2.4) to a series of pairs of NR-Datalog™ rules, where each
pair calculates Mf.j «f AM;, and assigns it to a new relation Mflt.j ., (where f is an FD
in the rebuilt tree form with a root in the lhs of f,and j =0,1,...).

Rules r7 and r{ indicate a pair of revisions where AM], is used to revise ijo into
Mfil on FD f = A — B. Informally, a tuple (v, 01, v,) is kept in Mfz if either (rule 7 -
without conflict) (vg, v1,02) is in M?;O while there is no tuple in AM1+b with the first
attribute (A-position) value equal to v or (rule rg - with conflict) there are some tuples
(v, _,02) in M;’Z and (vg, vy, ) in AMIrb that have the same A-position value of vy (note
that v; is a variable in the B-position and v, represents a variable not in the positions of
the lhs or rhs of f). After finishing an FD f, the corresponding edge in tree form will
be removed. We can remove a root of the tree form if that node is not in the /hs of any
remaining FDs and rebuild the forest.

Rule r§ defines Mfl.; as keeping all violations of PUTGET. Supposing the results of
the last relation revision in the previous step are in M(’Z, then Mlgfl.l contains tuples that
have been revised with Fj, following the tree form and should be inserted into M;
however, some tuples may violate PUTGET [7].

The last two rules r¢

10
inserted into M;. The former requires (v, v1,v2) to be in AMIrb as usual. The latter

and r{, describe two ways that a tuple (v, v1, ;) would be

requires (vg, v1, v2) to be in the last revised relation Mf.l but not in the violation relation
M7 A

lig*
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Algorithm 4: Templatizing Effects of FDs

1

O 0 N G e W
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20
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26

27
28
29

30

31
32
33

34

Input: S 7+ a set of schemas, each associated with a set of FDs
Input: C;: a set of atomic rules
Output: E: a set of rules encoding the effects of the associated FDs
procedure TEMPLATIZEEFFECTFDs (Sy, Gy ) :
E—10
forr=H:-B.€(C,;do
V,Ss < ReLATION(H), RELATION(B)
for S € Ss do
if ¥5 = 0 then continue
ASI; , AS; « base deletion and insertion rules
// strategy: conflict => deletion
for X — Ar € 5 do
arsy, arsy < [vg,...,o,],[_] *n
for i€ [1..n] do
if A; € X then ars,[i] « vu;
if A; = Ag then ars,[i] « v
Add to E the rule: Sf(arsl) : — NS (arsy), S(arsy), vg # 0.

// strategy: conflict => revision

Sif <« FrRESHNAME()

arsy < [01,...,0,]

Add to E the rule with head Sl.f (arsp) that calculates tuples which might
need to be revised in S

TF < tree form of g

while roots(T¢) # 0 do

root « a node in roots(T¢)

children « set of child nodes of root

for child € children do

il,ir « [index(a) for a € VALUE(root)], [index(a) for a €
VALUE(right)]

SZE <« FrRESHNAME()

arsy < [v;if i € il else _fori € [1..n]]

arsy <« [_ifi € ir else v; for i € [1..n]]

arsg < [v;ifi € il Uirelse fori € [1..n]]

Add to E the following rules: Sl.T(arsl) : —Sl.OT(arsl), —AS; (arsz).
and Sf(arsl) : —Sif(arg%), AS; (argss).

ST —sI

Remove root from T# and rebuild T in tree form

Add the following rules to E:
rule with head Sl?: (arsp) that calculates violations of PUTGET,

AS*(arsy) : — AS; (ars;). and AS*(ars;) : — S;lf(arsl), ﬁS;’r(arsl).

return E

Add to E the rules: AS™ (ars;) : — AS, (arsy). and AS™ (ars;) : — S;t(arsl).
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Algorithm 4 describes how we can templatize the effects of FDs in NR-Datalog™.
TeMPLATIZEEFFECTFDs takes a set Sy of schemas with computed FDs and a set of
atomic queries C, as input and produces a set E consisting of addition candidate rules
related to handling the effects of FDs.

For each atomic rule r in C,, we can specify the view V and the source S against r
as well as their given FDs in S¢. This procedure only makes more rules about the
effects of FDs if a considered source has a nonempty set of FDs in tree form. In such a

case, the procedure will

1. replace the basic candidate rules whose heads are either AS™ or AS* with new

base rules whose heads are, respectively, either AS, or ASI:r (line 7);

2. prepare the rules encoding the strategy that resolves conflicts caused by FDs by
deletion (lines 8-15);

3. prepare the rules encoding the strategy that resolves conflicts caused by FDs by

revision (lines 16-33);

To prepare rules for deletions, TEMPLATIZEEFFECTFDs uses the two-step pattern:
1. defining a relation that keeps conflicting tuples due to FDs;

2. preparing rules for usual deletions and deletions that occur due to conflicts.

To prepare rules for revisions, TEMPLATIZEEFFECTFDs uses the four-step pattern:
1. defining a relation that keeps tuples in S that might need to be revised;

2. following the tree form of s from roots to leaves and preparing pairs of rules
that each define a new relation expressing a recursive step of revision relations
with AS/;

3. generating another relation to calculate violations of PUTGET;

4. preparing rules for usual insertions and insertions that occur due to conflicts.



6.2 Templatizing the Effects of FDs 91

Discussion on Correctness, Well-behavedness and Incompleteness

If a pair of (get, put) is synthesized by our approach, the pair will be consistent with
the user-provided example because of the correctness of PROSYNTH.

The well-behavedness of a synthesized pair (get, put) is ideally due to
1. the well-behavedness of all atomic pair (get,, put,)s,
2. the well-behavedness of the composition of bidirectional programs [1].

For each atomic pair, the GETPUT law holds no matter what rules PROSYNTH
chooses and no matter what rules PRoSYNTH does not choose, while the PuTrGeT law
can be fulfilled because of our well-designed templates encoding well-behaved view
update strategies.

For the composition of all atomic pairs, i.e., (get, put), the GETPUT is always
ensured, while the PUTGET is not always ensured. Forward-propagating FDs sometimes
cannot fully propagate constraints against the source s to constraints against the
view 0. Then, if we evaluate put over s and an updated view v’ including a tuple that
violates the missing constraints against the view, to obtain s’, and apply get over s’, the
result would be different from v’, which violates the PUTGET law.

The necessary conditions for PUTGET to be ensured include

1. the original (updated) view could be forward defined from the original (updated)

source by a set of atomic rules satisfying the decomposable conditions,

2. all constraints from the source are fully propagated to intermediate relations and

the view.

It should be remarked that if we find a pair of (get, put) from a valid user-
given example & = (Ts, Ty, Ty, Ty) (i.e., & satisfies the well-behavedness proper-
ties), the PUTGET law is ensured against & because we synthesize the get from
(input =Ts, output =Ty) and (input =Ty, output =Ty+), and synthesize the put from
(input =(Ts, Ty»), out put =Tg).

Our approach is not complete. If there exists a well-behaved bidirectional program
of (get, put) consistent with example &, our approach may return None. It can output

such a well-behaved pair (get, put) for the specification in which
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1. the example & is an instance of the backward update propagation with minimal

effects plus constraints and effects of FDs (if any) from the view to the source,

2. both of the above necessary conditions to ensure PUTGET are satisfied.

6.3 Evaluation

We have fully implemented a prototype named SYNTHBP for Algorithm 1 in 8K
lines of Python, without relaxing any procedures. The minimal-effect view update
strategies are encoded in templates of Setup B. These templates are embedded
inside PREPAREPUTCANDMEVUS to automatically generate basic candidate rules of
view update programs. Procedures TEMPLATIZECONSTRAINTFDs (Algorithm 3) and
TEMPLATIZEEFFECTSFDs (Algorithm 4) introduced in this chapter are implemented
as steps of PREPAREPUTCANDCEFDs in the high-level algorithm (Algorithm 1), to
generate more rules that handle FDs.

SYNTHBP also respectively uses PROSYNTH" and SOUFFLE as the unidirectional
synthesizer and the underlying Datalog solver. For flexibility, SYNTHBP supports users
to provide their own candidates for the desired query or even a complete query in the
form of NR-Datalog™ rules. If a query is given as a set of atomic queries, the step of
decomposing the query may be skipped. These flexibilities not only help users be more
proactive if they understand the desired query but can also help SYNTHBP reduce the

amount of time it takes to synthesize the query during the entire working time.

Research questions

To evaluate SYNTHBP, we perform experiments that are designed to answer the

following research questions:

Q1 Can SYNTHBP successfully synthesize bidirectional programs from examples with
and without FDs?

Q2 How efficient is SYNTHBP?
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Table 6.1: Benchmark characteristics

4 | Benchmark Schema Example
#Rels #Attrs #FDs 7pK | fnsDel #Total
Tuples  Tuples
B (adapted from [16])
#01 | cars_master 2 5 2 Y 4 44
#02 | goodstudents 2 7 4 Y 10 18
#03 | luxuryitems 2 6 2 Y 6 12
#04 | usa_city 2 7 3 Y 8 1272
#05 | ced 3 6 - - 16 54
#06 | residents1962 2 6 - - 10 24
#07 | employees 3 8 - - 21 65
#08 | researchers 3 6 - - 9 39
#09 | retired 3 6 - - 2 42
#10 | paramountmovies 2 8 - - 4 8
#11 | officeinfo 2 12 8 Y 4 28
#12 | vw_brands 3 6 - - 16 48
#13 | residents 4 10 - - 24 56
#14 | bstudents 3 11 5 Y 7 27
#15 | all cars 3 9 3 Y 6 52
#16 | tracksl 3 11 3 N 16 28
#17 | tracks2 2 3 N 14 18
#18 | tracks3 2 8 2 N 12 14
#19 | newpc 3 14 - - 15 115
#20 | activestudents 3 12 - - 5 25
#21 | vw_customers 3 19 - - 2 1912
#22 | measurement 3 12 6 Y 10 110
#23 | ukaz_lok 2 10 - - 20 60
#24 | message 3 22 12 Y 26 138
#25 | phonelist 4 21 - - 22 130
#26 | purchaseview 3 8 3 Y 64 210
#27 | vehicle view 3 8 3 Y 17 53
#28 | outstanding_task 2 26 - - 11 33
#29 | poi_view 3 13 6 Y 600 3998
#30 | products 3 19 - - 15 175
#31 | koncerty 4 12 2 Y 24 460
#32 | emp_view 3 10 - - 0 28
B, (handcrafted using data from the airportdb database)
#01 | airplane_br 3 13 6 Y 31 85
#02 | bookinginfo 3 16 7 Y 19 261
#03 | flightsc_fmosaka 3 23 7 N 14 150
#04 | flightsc_wk 2 19 - - 14 52
#05 | newflightdat 3 16 9 Y 18 188
#06 | passengerinfo 4 15 9 Y 36 168




Chapter 6. Synthesizing View Update Programs with More Templates against
94 FDs

Table 6.2: Main experiment results [SYNTHBP]

4 | Benchmark Synthesis of get Set of Atomic Queries Synthesis of put MeanSynthTime [s]
#SRules  #CRules | Types #Rels | #SRules #CRules [ MSTget MSTput MSTtotal

B, (adapted from [16])
#01 | cars_master 1 1 T 2 15 15 0.08 0.07 0.40
#02 | goodstudents 1 1 T, 0 3 45 45 0.08 0.20 0.58
#03 | luxuryitems 1 1 o 2 23 23 0.08 0.09 0.44
#04 | usa_city 1 1 T, 0 3 40 40 0.09 0.17 0.58
#05 | ced 1 1 \ 3 6 6 0.08 0.06 0.38
#06 | residents1962 1 1 o 2 9 9 0.08 0.06 0.37
#07 | employees 1 1 T, X 4 18 18 0.08 0.08 0.43
#08 | researchers 1 1 2, 0,N 6 26 26 0.08 0.11 0.47
#09 | retired 1 1 2, \ 5 16 16 0.08 0.08 0.42
#10 | paramountmovies 1 1 T,0 3 12 12 0.08 0.07 0.41
#11 | officeinfo 1 1 T 2 27 27 0.08 0.13 0.49
#12 | vw_brands 2 2 2m, 2%, U 7 40 46 0.09 0.89 1.28
#13 | residents 3 3 2%, 2U 7 36 48 0.08 1.02 1.39
#14 | bstudents 1 1 21, o, M 6 66 66 0.08 0.31 0.73
#15 | all_cars 1 1 > 3 34 34 0.08 0.15 0.48
#16 | tracksl 1 1 > 3 34 34 0.08 0.15 0.52
#17 | tracks2 1 1 T 2 19 19 0.08 0.09 0.43
#18 | tracks3 1 1 o 2 27 27 0.08 0.12 0.46
#19 | newpc 1 1 T, 0, ™M 5 22 22 0.08 0.10 0.46
#20 | activestudents 1 1 T, 0, M 5 22 22 0.09 0.11 0.49
#21 | vw_customers 1 1 27, X 5 21 21 0.10 0.13 0.59
#22 | measurement 2 2 20,U 5 59 73 0.08 1.26 1.66
#23 | ukaz_lok 1 1 X 2 9 9 0.08 0.06 0.39
#24 | message 2 2 2%, U 5 34 40 0.08 0.93 1.32
#25 | phonelist 3 3 3X%, 2U 8 42 54 0.08 1.56 1.97
#26 | purchaseview 1 1 T, X 4 58 58 0.08 0.22 0.60
#27 | vehicle_view 1 1 T, 4 50 50 0.09 0.23 0.64
#28 | outstanding_task 1 1 p, 7, X 4 28 28 0.08 0.15 0.53
#29 | poi_view 1 1 27, X 5 70 70 0.09 0.38 0.88
#30 | products 2 2 4p, 7, 2p4, X, \, U 12 55 83 0.08 5.09 5.57
#31 | koncerty 1 1 p, 2 6 57 57 0.11 0.40 0.96
#32 | emp_view 1 1 A, ... - - - 0.08 - -
B, (handcrafted using data from the airportdb database)
#01 | airplane_br 1 1 20, X, N 6 102 114 0.09 6.40 6.90
#02 | bookinginfo 1 1 T, M 4 74 79 0.09 4.26 4.69
#03 | flightsc_fmosaka 1 1 2w, 20, ™, X 8 135 146 0.10 4.72 5.44
#04 | flightsc_wk 1 1 T, 0 3 18 19 0.09 0.32 0.72
#05 | newflightdat 1 1 7, \ 4 66 72 0.10 3.07 3.54
#06 | passengerinfo 1 1 T, 2N 6 93 105 0.10 6.23 6.73
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Benchmark suite

We adopted a suite of practical view update benchmarks listed in [16], totaling 32
benchmarks, out of which 16 have no FDs, 13 incorporate primary keys, and 3 utilize
general FDs. Although well-collected from many sources, there are some benchmarks
in [16] where certain tables are absent, rendering them insufficient to construct a valid
example that aligns with the requirement of SYNTHBP. By adapting programs, get
and put, associated with these benchmarks, and performing program evaluation on
existing and/or randomized data, we can obtain the missing tables. For convenience,
we refer to the original benchmark set in [16] as B, and the adapted benchmark
set as B;. Leveraging the flexibility of SYNTHBP, for each benchmark in 8, we
additionally provide to SYNTHBP the corresponding get program in B in the form of
NR-Datalog* rules.

We also manually crafted another benchmark set, denoted as $B,, consisting of six
benchmarks that demonstrate practical cases of updating views related to the airport.
For each benchmark in 8B,, the relation schemas and examples have been customized
according to the sample database airportdb '. Utilizing the flexibility of SYNTHBP,
we have also supplemented each benchmark with our queries that are consistent with

the tailored examples.

Table 6.1 presents characteristics of the adapted benchmarks, including the number
of relations (#Rels), the number of attributes of relations (#Attrs), the number of FDs
attached to the source (#FDs), the existence of primary keys (?PK), the number of
inserted/deleted tuples (#InsDelTuples) and the total number of tuples (#TotalTuples)

in the given examples.

Experimental setup

All experiments are conducted on a machine with a 2.6 GHz Intel Core i7 processor
and 16 GB of 2400 MHz DDR4, running macOS Ventura 13.3. Each benchmark is

experimented with 32 independent runs.

https://dev.mysql.com/doc/airportdb/en/
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6.3.1 O1: Capability

Table 6.2 shows the main experiment results. For each benchmark, we collect the mean
amount of time for successfully synthesizing get (MSTget), for successfully synthesizing
put (MSTput) and for performing the whole synthesis process (MSTtotal). The statistics
MSTget and MSTput show us whether SYNTHBP discovered a well-behaved pair
(get, put).

According to Table 6.2, SYNTHBP is capable of automatically synthesizing a pair of
(get, put) for each of the 31 out of 32 benchmarks in 8; and for each of the 6 out of 6
benchmarks in B,. A failure happens in benchmark $;#32 because the query contains
an aggregation (denoted as A in Table 6.2) whose view update strategies have not been
carefully investigated to be templated in Datalog. As for the remaining successful
benchmarks, SYNTHBP shows the ability to handle diverse combinations of atomic
queries. From Table 6.1 and Table 6.2, we also observe that SYNTHBP can solve the
synthesis tasks with FDs (e.g. 81#01, B1#11, B1#18, B,#02) or without FDs (e.g. B,#07,
B,#20, B1#28, By#04).

6.3.2 02: Efficiency

In addition to the mean synthesis times (MSTget, MSTput, MSTtotal), Table 6.2 also
provides other statistics related to the synthesis of get and the synthesis of put inside
SyNTHBP. #SRules and #CRules are the number of rules in the solution program and
the number of candidate rules, respectively.

With a get given by users, #SRules is equal to #CRules in the synthesis of get. This
means that SYNTHBP only needs to call PROSYNTH/SOUFFLE once to check if the get
matches the user-provided example. The number of tuples for each benchmark is of a
reasonable size, and the number of candidate rules for get is small. This prevents
excessive slowness when evaluating programs and comparing data with SOUFFLE and
PROSYNTH. As a consequence, MSTget is insignificant, only around 0.1 second.

In the synthesis of put, if the example does not reflect complex update strategies,
#SRules may be equal to #CRules, which means that all candidates are chosen by
PROSYNTH, and PROSYNTH only verifies the consistency of these rules with the given
example. Many benchmarks in B; (e.g., B1#01 — B1#11, B1#16 — B1#21) reuse programs

from B, to generate the missing tables. However, those programs employ simple
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Table 6.3: Experimental results about impact of FDs

4 | Benchmark Synthesis (without FDs) Synthesis (with FDs)
#SRules/#CRules  MSTget MSTput MSTtotal | #SRules/#CRules MSTget MSTput MSTtotal
B,
#01 | cars_master 5/5 0.10 0.09 0.44 15/15 0.09 0.13 0.61
#02 | goodstudents 12/12 0.10 0.12 0.61 45/45 0.09 0.31 0.76
#03 | luxuryitems 7/7 0.09 0.10 0.45 23/23 0.10 0.18 0.61
#04 | usa_city 12/12 0.09 0.12 0.60 40/40 0.10 0.28 0.72
#11 | officeinfo 5/5 0.10 0.08 0.45 27/27 0.11 0.30 0.69
#14 | bstudents 27/27 0.09 0.23 0.68 66/66 0.10 0.49 0.97
By
#02 | bookinginfo 23/28 0.10 1.34 1.89 74/79 0.09 4.26 4.69
#03 | flightsc_fmosaka 38/44 0.10 1.21 1.68 135/146 0.09 4.72 5.44
#05 | newflightdat 16/22 0.09 1.32 1.76 66/72 0.10 3.07 3.54
#06 | passengerinfo 25/37 0.11 2.56 3.14 93/105 0.10 6.23 6.73

update strategies, resulting in the tables (examples) only capturing the simple strategies.
If SYNTHBP cannot identify any tuples for auxiliary relations Au from the considered
tables, SYNTHBP will exclude various more complex templates associated Au, similarly
to the case of Example 5.2. This is mainly why #SRules closely matches #CRules in
many cases of B;. In such cases, MSTput is small but tends to increase if the number of
candidate rules exceeds a certain threshold (8;#02, B1#26, B1#27, B1#31). This might
be due to the fact that SOUFFLE experiences slower processing when evaluating a
program with more rules. For the benchmarks where #SRules is smaller than #CRules
(B1#13, B1#22, B1#24, B1#30, Bo#01 — B,#06), the provided examples capture more
complicated view update strategies, and SYNTHBP requires more interactions between
PrROSYNTH and SOUFFLE to synthesize put. Subsequently, PROSYNTH must choose
proper subsets of the set of candidate rules, and SOUFFLE needs to evaluate a greater
number of candidate programs during the synthesis. In such cases, MSTput may be
longer, especially for cases involving many atomic portions ($;#30) or a high number
of candidate rules (B,#01, B,#03, Bo#06).

The total amount of time SYNTHBP takes to complete a synthesis task, MSTtotal,
includes not only the time to synthesize get and put but also the time to process
overheads such as decomposing queries, forward-propagating FDs, computing atomic
examples. The variance between MSTtotal and (MSTget + MSTput) remains relatively
stable, indicating SYNTHBP’s efficiency in handling overheads for benchmarks of

reasonable size.

To estimate the impact of FDs on performance of SYNTHBP more carefully, we
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conduct additional experiments. We select 10 benchmarks from B; and 8, relax the
requirement of FDs in the schema but keep the given examples, and perform the
synthesis such that synthesized programs can be output. Table 6.3 presents a summary
of the metrics from the additional experiments. For each benchmark, we examine two
synthesis scenarios: one without FDs and another with FDs. We collect #SRules and
#CRules against the synthesis of put, and mean synthesis times (MSTget, MSTput,
MSTtotal).

Examining Table 6.3 reveals that, among the considered benchmarks, MSTtotal
for synthesis with FDs is always larger than MSTtotal for synthesis without FDs.
MSTget(s) for both synthesis are quite close, given that the same get was specified. The
variance in MSTtotal(s) is primarily attributed by differences in MSTput(s). Notably,
the synthesis involving FDs tends to have a higher number of candidate rules (#CRules)
for put compared to the synthesis without FDs. This is a result of numerous rules
expressing constraints and effects of FDs generated during the synthesis process.
SYNTHBP have the same inefficiency problem of PROSYNTH/SOUFFLE against the higher
candidate rules: They will be slower if #CRules exceeds a threshold (depending on the
machine environment) and if PROSYNTH has to find a proper subset from the set of
candidate rules (i.e., #SRules is smaller than #CRules). The more number of FDs, the

more candidate rules are generated, the slower the synthesis time will be.

6.3.3 Discussions

It is remarked that we have not yet developed an automatic way to check the closeness
between the programs synthesized by SYNTHBP and those that are manually written or
generated by other systems.

Performing manual comparisons of the synthesized programs and the corresponding
ones provided in B is currently quite difficult. Based on the workflow of SYNTHBP,
the programs synthesized by SYNTHBP are pairs each comprising a program get and a
program put where get and put are essentially two combinations of many atomic
portions. Unfortunately, these programs have not been specifically optimized. The
synthesized get is equivalent to the corresponding get in 8B, due to our benchmark
adaptation method with flexibility. However, the synthesized put is more complex,

especially in benchmarks involving many types of atomic queries as well as FDs.
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Automatically evaluating the quality of the synthesized programs may be the focus

of our future research efforts.

6.4 Summary

Functional dependencies impose constraints on relations and cause effects when
updating the relations. In this chapter, we present how to templatize the constraints
and effects of FDs to enrich the search space of the synthesis of view update programs.

We have fully implemented a prototype SYNTHBP which is equipped with the
minimal templates of Setup B and the templates encoding the constraints and effects of
FDs. On a suite of 38 practical benchmarks with and without FDs, SYNTHBP successfully
and efliciently synthesizes 37 programs. The overheads for handling FDs are not too

significant when the number of FDs is reasonable.
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Conclusions

7.1 Summary

Writing well-behaved bidirectional programs (get, put) helps solve many synchroniza-
tion problems such as the view problem of relational databases; however, writing such
programs yourself would be difficult. In this thesis, we have researched on synthesizing

bidirectional programs on relations from examples.

We survey the existing example-based synthesizers and find that: (1) the current
synthesizers for bidirectional programs do not work on the domain of relations and
query languages; (2) other synthesizers are unidirectional; they may be used to find
two programs, a get and a put, but they cannot guarantee well-behavedness between
the get and the put. A key challenge with the existing approaches to the synthesis
of bidirectional programs on relations is their struggle to effectively manage the
complexities of relations and query languages while preserving the desired well-

behavedness of bidirectional programs. Furthermore, these approaches also face
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challenges in directly handling examples with internal functional dependencies.

We propose a novel approach to synthesizing bidirectional programs (get, put)
on relations from examples with functional dependencies. Three main keywords
behind our approach are “decomposition”, “composition” and “templates”. We start by
synthesizing a get as a query on relations, then decompose the query get as a set of
atomic queries get,, and forward-propagate FDs associated with the source over this set.
Subsequently, we can divide the synthesis of (get, put) to sub-synthesis of (get,, put,)
in which the relevant relations against (get,, put,) are clearly associated with sets
of FDs. Given an atomic queries get,, we may synthesize the corresponding atomic
view update put, by designing well-behaved templates, which include both minimal
templates and extra templates causing by FDs, and adapting a modern example-and-
template-based synthesizer. Finally, we compose atomic programs (get,, put,)s to
obtain the bidirectional program (get, put). The well-behavedness of the final program

is due to the well-behavedness of each atomic program and of the composition.

We use NR-Datalog™ as the base language of bidirectional programs. Although
query decomposition and atomic queries are standard concepts in relational algebra,
their exploration within the context of Datalog has been relatively restricted. We
formulate atomic queries in NR-Datalog™ and illustrate the decomposition of a complex
Datalog query, satisfying decomposable conditions, into these atomic queries. Using a
set of atomic queries and user-provided sets of FDs attached to the source, we describe
the process of forward-propagating FDs from the source through intermediate relations
defined in the atomic queries to the view. Thanks to that, we can bypass the hard

problem of automatically discovering FDs from tables.

We follow the existing minimal-effect view update strategies for an atomic query
get, to design well-behaved templates for the corresponding atomic view update put,.
We introduce two different setups A and B to make templates with delta relations.
The corresponding templates in these two setups have the similarity to express the
meaning of the same strategy, but are written in different ways. We have implemented
a prototype SYNTHBX that uses templates of Setup A and relaxes the issues of FDs. We
evaluated SYNTHBX on 56 practical benchmarks, revealing its powerful and efficient

performance for reasonable-size examples but noting limitations with FDs.

If a nonempty set of FDs is linked to a relation, the relation becomes constrained
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by FDs. Consequently, when performing updates on this relation, extra effects or
additional changes may occur as a result of the impact of FDs. With FDs associated to
relations after forward-propagating FDs, we present how to templatize the constraints
and effects of FDs to enrich the synthesis space of the view update program. We have
fully implemented a prototype SYNTHBP, incorporating both the minimal templates
from Setup B and templates encoding the constraints and effects of FDs. Assessing
SYNTHBP on 38 benchmarks, we find that it efficiently manages both benchmarks with
and without FDs, with negligible overhead.

7.2 Future Work

The findings of this thesis open some future directions, which can be listed as follows.

Exploring and templatizing other view update strategies

In this thesis, we only provide templates encoding minimal-effect strategies and
extra-effect strategies resulting from functional dependencies during view updates.
Some strategies, particularly those addressing view updates involving aggregations,
require further exploration. In addition to functional dependencies, various relational
constraints can introduce additional effects on view updates, and they need to be
included in templates. The greater the number of practical features and strategies

encoded into templates, the more robust and powerful the synthesizer becomes.

Evaluating quality and optimizing programs

At present, our approach only synthesizes a bidirectional program, if any, and we
currently lack a technical solution to thoroughly evaluate the solution’s quality.
Exploring additional programs, comparing rule quantities, or investigating suitable
scoring functions for closeness computation might be necessary. Optimization

techniques for Datalog programs and/or bidirectional programs may be relevant here.

Synthesizing from multiple examples

We currently consider the user-given example is a big example consisting of several

smaller examples. It might to be easier for users to provide the smaller ones. We may
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develop a complete algorithm of merging the small examples to a big one and then
slightly adapt SYNTHBX/SYNTHBP. We may also investigate the synthesis step-by-step
via examples and improve the correctness of the obtained programs. The first one
requires the overhead of processing a large-size example, the latter requires multiple
calls to the base synthesizer. Experiments will be needed to assess which solutions are

best for which situations.

Improving performance for scalability

Our prototypes do not work well with big-size examples, due to the limitations
of the base synthesizer PROSYNTH and the base Datalog solver SOUFFLE. A new
implementation by replacing PROSYNTH with a more advanced and efficient synthesis-

as-rule-selection tool, such as ASPSYNTH [47], might to be considered.

Final remarks

The synthesis of bidirectional programs can be studied over more practical domains
and for other specific applications, not just over relational databases and for the view
update problem like in this thesis. In non-relation domains or domains with recursions,
it is difficult to have a procedure similar to the query decomposition to reduce the
synthesis to sub-synthesis. We may design a library of well-behaved combinators (with
or without recursions) for a specific problem and develop the synthesis algorithms

over the domain of these combinators.
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