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Abstract

Formal Semantics deal with the study of meaning of a programming language. A
formal specification is a way to describe a programming language precisely and
unambiguously. At the moment, a lot of work was done on formalising compensa-
tions. A compensation is an action that is associated with another action. When
the compensation is executed, il cancels the effects of the aclivily it is associated
with.

Programming languages and libraries based on compensations are usually speci-
fied informally. The language behaviour is described using natural languages which
tend to be ambiguous. The only interpretation of the language is what the compiler
outputs.

The aim of this FYP is to develop an operational semantics for an impera-
tive programming language that uses compensations as part of its error recovery
mechanism. At the moment only a written documentation is available for the said
language.

We will create a set of reduction rules that describe the hehaviour of the lan-

guage constructs. The proposed semantics could then be used as a precise and
unambiguous standard for the language.
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1. Introduction

Software has evolved a lot in the past years and the need of reliable software is
essential. Nowadays, people expect their systems to operate correctly even under
severe conditions. However, given the complexity of today’s computer systems, the
presence of certain bugs is inevitable [1]. The demand for highly-reliable software
has led to fault tolerance mechanisms. A fault tolerant system is able to recover

from errors and continue execution.

The use of compensating activities for reversing previously executed activities
has proved to be quite a useful technique when handling failure in a program. A
compensation can be described as an act of un-doing an action with another action

thus cancelling the effects of the first action.

The use of compensations in an imperative programming language, have been
investigated by Lydia Vella [9] in her dissertation. The developed language has the
usual imperative language constructs together with four other constructs that deal

with compensations. However, this language lacks a formal semantics.



Chapter 1. Introduction

1.1 Objectives

Informal descriptions are inherently ambiguous. There can be cases where this
can lead to different interpretations of a given program. A recurring problem that
causes ambiguities in how the if-then-else statement is interpreted in the dangling

else
if a then if b then s; else s

In the following example, so can be executed either when a evaluates to true
or else when a evaluates to false and b evaluates to true. In other words, the

above statement can be interpreted as either

if a then {if b then s; else s}
or

if a then {if b then s} else s

The specification of a formal semantics is one way of overcoming such ambigu-
ities. In this case, we can provide a formal interpretation whereas we attach the

else to the nearest if statement.

There are a number of other reasons why we might want to describe our language

formally:

L. With the help of formal semantics we can reason about the behaviour of
certain programs. Apart from reasoning about single programs, formal de-

scriptions can help us prove the correctness of the language compiler

2. Formal semantics can help us understand the language design better

o

By describing a programming language formally, we are separating the speci-
fication from the implementation. If the specification is complete and we can
show that the implementation is correct with respect to the specification,

then we have shown that the implementation is correct

B



Chapter 1. Introduction

1.2 Dissertation Overview

The first part of this dissertation presents some background information that the
reader must understand before reading this FYP. Chapter 2 gives an overview of
operational semantics while making a distinction between big-step and small-step
semantics. In Chapter 3, a number of error recovery mechanisms are presented,
mainly compensations. In chapter 4, the language syntax is presented while giving
a brief description of the compensating constructs and their use. Further analysis
of why a formal description is needed in Vella’s language is given in chapter 5 where

an ambiguous program is given using the language constructs.

The second part focuses on giving a formal description to our programming
language. In chapter 7 we present a preliminary semantics for Vella’s language.
An evaluation of the semantics is given by comparing the output of the reduction
rules with the output of the language compiler. In chapters 8, 9 and 10 we shall
present an issue in our programming language while providing solutions on how
to solve it. Finally, in chapter 11, we shall explore the notion of scope variables
inside the compensation mechanism. Note that we don’t have a specific design
and evaluation section. However, the design issues will be included as we build the

reduction rules while the evaluation will be given at the end of each chapter.

The relevant literature focusing on compensations, studied during this disser-
tation, is discussed in chapter 12. A description of two formalisms that deal with

compensations is given while focusing mainly on the semantics of said formalisms.
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2. Operational Semantics

A language definition can be divided into syntax and semantics. Syntax refers to
the building blocks of a programming language. These buliding blocks allow us to
construct programs in our language. The semantics refer to the behaviour of said

programs.

Operational semantics describe how a program is interpreted as a sequence of
computational steps. Operational semantics give an abstraction of how a program
is executed on a machine while ignoring details like use of registers and addresses

for variables [2].
One way of describing the behaviour of a language’s constructs is by using
reduction rules. The rules take the form of:

premise  premase
conclusion

If we can show that all the premises are valid, we can deduct that the conclusion

is valid as well.

Operational semantics can be split into two categories, namely, small-step and

big-step semantics. In this section we will present a semantics for a simple impera-

(%)



Chapter 2. Operational Semantics

tive programming language which we will call L. The language syntax is shown in
Table 2.1. The following naming conventions are used: variables are denoted by x,
alues are denoted by v, expressions are denoted by e and commands are denoted
by ¢. A value can only be an integer, i or a boolean, b.
¢ € Expression
m= v|x|note|eande|e+e|e-e]..
¢ € Command
= skip|c;c | x:=e
| if ¢ then ¢ else ¢ | while e do ¢

Table 2.1: Syntax of 1y

2.1 Big-Step Semantics

Big-step semantics describe how the overall result of the executions are obtained.
Big-step semantics is concerned on the relationship between the start and final

state while ignoring the steps in between.

The semantics for expressions of L; will be given in terms of a big-step seman-
tics. The main reason for choosing a big-step semantics is that expressions always
return a value. Thus, there is no need to express the intermediary computation.
Additionally, expressions arve side-cffect free. Since the state is never updated in

expressions, we only need to focus on the final value.

To specify the operational semantics of an imperative programming language,
we must specify how a program will transform the state of a system [3]. The pro-

gram state, which is denoted by s, is a map between variables and values.

The big-step semantics take the form of a relation denoted by the symbol .

The type of | is:
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Y (s, @) 4w

-

where expression e is evaluated to value v under state s. The rules defining the

relation consist of two axioms and 5 inductive rules:

EVAL —— EVAR
s,w b w s, v d s(v)
s.e1 4wy s, e9 4w Wy = Wy + Wa
EADD

$, €1t€s U W3

s,ep wy s, ea | wo Wy = Wy — Wo

ESUB
s,e1-e9 L ws

s.ep 4wy $, e 4 wo Wy = U N Wo
EAND

s,ep and ep § ws

5, €1 u Wiy 8, €9 ~U« W» W3 = U < wo
ELEQ
s.e1 <= eg | wy
s,elw W =-—w

ENoOT

s, not el w

Figure 2.1: Big-Step Semantics for Expressions of Ly

The rules defining expressions are pretty straight-forward. The axiom rule EVAL

express the fact that values do not need to evaluate further.

The rule EADD states that if an expression e; can be evaluated to a value wy
under state s and similarly an expression e, can be evaluated to a value wp under
the same state s, then the expression e; + ey can be evaluated to a value wy under

s. The rules ESUB, EAND and ELEQ behave similarly to EADD.

The rule ENOT, relies on the premise that an expression e, is evaluated down to

7
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a boolean value w. If the premise is satisfied, then we can deduct that the negation

of e can also be evaluated down to a boolean value /.

The rule EVAR differs from the other rules since we need the state to evaluate
the expression. Rule EVAR states that a variable v under the state s can evaluate

down to the value present in the stack that is assigned to that particular variable.

2.2 Small-Step Semantics

Small-step semantics is mainly concerned on how the individual steps of computa-
tion take place rather than the final result. To be exact, we are concerned about
how the state of a program is modified during execution. In this dissertation, the
small-step semantics take the form of a relation, denoted by the symbol —. In

an imperative programming language, the most basic type of — is:
—: (s, ¢c) — (s, ¢)

whereas s represents the program state and ¢ represents a command. After
several computational steps, every command reduces down to a skip once it ter-

minates.
<Sl, C1> — <Sg, C2> — e . — <S77,, Sklp)

P . . *
The multi step reductions can be denoted by the symbol —, where * represents

0 or more steps. Each command that terminates can be represented as:
*® .
(s, ¢y — (¢, skip)

When describing commands in L;, we are more interested on how the program
state is updated after every step of execution and not what the final value is. Thus,

the semantics for commands will be given in terms of a small-step semantics.
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In small-step semantics, the axiom rules describe reductions involving com-
mands that are already evaluated down to skip. On the other hand, the inductive
rules describe how reductions occur inside larger expressions. The rules defining

the relation are shown in Figure 2.2

7
8,01 — §,C3

RSEQ1 e
o - RSEQ2
s,skip;c —> s,¢ 5,110y s 5 eq; 0
s,ep v s, e b w
RASS
s, €1 :1=es — (s[v — w]), skip
s,e | true 4 s,e | false )
RIF . RELSE
s,i1f e¢ then ¢ else ¢ — 5, s$,1f e then ¢; else ¢ —> 8,¢9
s,e | true
RWHILEL

s,while e do ¢ — s,¢;while ¢ do ¢

s,el false )
RWHILE2

s,while ¢ do ¢ — s,skip

Figure 2.2: Small-Step Semantics for Commands of L4

2.2.1 Sequencing

The behaviour of the sequencing operator can be defined using the rules RSEQ1
and RSEQ2. These rules state that to execute ¢y ;co, in state s, we must first exe-

cute ¢; one step from s.

If after one step, execution of ¢; has not yet terminated, we must fivst complete
it before starting execution of c¢o. This case is captured by the rule RSEQ2. If

after executing one step of (s, ¢1) we get the intermediate configuration (¢

, 3,
then the next configuration would be (¢, ¢3; ¢2) This shows that in order to begin

executing ¢y, we must first complete execution of ¢;.

9
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On the other hand, if execution of ¢; has been completed, then we can start
executing ¢y. This is captured by the rule RSEQL. If the result from executing the
first step of ¢; from state s is the intermediate configuration (s, skip), then the

next configuration would be (s, ¢) so that we start executing cs.

2.2.2 Assignment

The assignment operator e; := e requires that e; is evaluated down to a variable v
and ey is evaluated down to a value w. If both of these premises are satisfied, then

the value w can be assigned to the variable v and stored on the stack s.

The rule RASS captures the behaviour of the assignment command. After one
step of execution the assignment statement is fully executed. The next configura-
tion would be (s[v — ], skip). In this case the state s[v — w] is the same state

s except that v now has a value w.

2.2.3 Branching

The rules RTHEN and RELSE describe the behaviour of the branching construct.
If the boolean expression e is true in the current state $, then the first branch is
executed. On the other hand, if the value of e is false, then the second branch is

executed.

2.2.4 Looping

Similar to the branching command, the looping command relies on a boolean ex-
pression that determines the path of execution. The two rules that describe the
looping command are RWHILEL and RWHILE2. There are two possible cases in

the construct while ¢ do ¢:

e If the expression e, evaluates to true in the program state s, then we must

first execute the body of the while loop. After execution of the body of the

10



Chapter 2. Operational Semantics

loop, we must continue with the loop itself from the new state obtained.

e If the expression e, evaluates to false in the program state s, then the loop

must terminate

The rule RWHILEL captures the behaviour of the first case where the expression
e is evaluated to true. The next configuration would be (s, ¢;while e do ¢) where

the loop body ¢ is executed first and it is then followed by the while loop again.

On the other hand, the rule RWHILE2 formalizes the second case where the
expression e is evaluated to false. This causes the loop to terminate while leaving

the state unchanged.

2.3 Conclusion

The aim of this chapter was to explain how to use operational semantics as a
method to describe a programming language formally. First we started by explain-
ing the use of operational semantics. Then, we distinguished between the two main
categories of operational semantics, Big-Step and Small-Step semantics. Finally, we
constructed a set of rules that describe formally a simple imperative programming

language.

11



3. Error Recovery and

Compensations

The demand for highly-reliable systems led to fault tolerance mechanisms. A fault-
tolerant system allows certain errors to exist by applying error recovery techniques
to restore normal computation [4]. Error recovery mechanisms can be divided into

backward and forward recovery [5].

3.1 Backward and Forward Error Recovery

Backward recovery refers to strategies that first revert the program to a previous
sane state before further continuing operation of the system, while forward recovery
tries to recover the fault by correcting the state. The main difference between both
strategies is that backward recovery depends on recovery points, which are points
in time at which the state is saved in case it is required for future use [6]. On the
other hand, forward error recovery makes further use of the faulty state and tries

to correct it. Both strategies try to obtain an error-free state.

A simple and commonly used approach of forward error-recovery is the use of
exception handling. A try-catch block is placed around parts of the code which

might generate an error.



Chapter 3. Error Recovery and Compensations

1 try {
2 int array({] = new int{2];
3 System.out.println(array[3]);

1+ } catch(ArrayIndexOutOfBoundsException e) {

bl

System.out.println("Error!");

6 F

A program fivst tries to execute a try block. If execution fails, the catch block
is executed which tries to repair the state of that program. In the following ex-
ample, the program tries to access an element in an array that does not exist.
The program will terminate with an error message instead of crashing. Note that

exception handlers are simply aware of a failure since no historic data is available.

On the other hand, backward recovery requires additional data to repair the
state of a program. One approach of backward recovery is rollback [7] which is a
perfect reversal of a previous action which leaves no evidence of said action. All
past actions must be saved in the case an error occurs and these actions must be
reverted back perfectly. After the application of a rollback, it is like the error never

happened.

However, perfect reversal is not always possible. Example, errors may arise
while recording transactions. In accountancy, errors are not corrected by undoing
the incorrect transaction but rather by making other entries to set off such errors.
In this case, a rollback would not be possible. A compensation mechanism works

very similar to the technique used to correct errors in accounting.

A compensation is executed to try and undo an error as much as possible.
Unlike rollback, it does not cancel the error but simply works on the state to try
and correct it. Compensations can be used as a mean of failure handling whereas
a compensating activity is associated with an activity. If a failure happens in the

system, the compensating activity is executed to repair the state of the program.

13



Chapter 3. Error Recovery and Compensations

Both compensations and exception handling are forward error recovery tech-
niques. However, their mechanism is completely different. One difference between
exception handling and compensations is that a compensation can only be per-
formed on an activity that has completed successfully, not one that is in its faulting
state. Additionally, compensations are history dependent. Whereas exceplion han-
dlers only know about the occurrence of an ervor, compensations are aware of when
the error occurred. Occasionally, the occurrence of an error is not enough to re-
pair it. Therefore, many formalismms decide to implement both compensations and
exception handlers, where the compensating activity can be executed in the catch
block. Thus, when an activity throws an exception, the compensating activity is

executed.

14
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3.2 Compensations

Compensations are a form of forward error recovery mechanism [8]. A compensa-
tion is associated to another activity, such that when executed it cancels the effects

of the activity to which it is associated.

For example, consider a party-planning system in which a user selects the venue
and catering according to his preferences. For a transaction to be successful, it
must succeed in full. Therefore, the user must book both catering and venue for
the transaction to be successful. If the user declines either the venue or the cater-

ing, the whole transaction fails.

Upon receiving a request from a user, the system tries to book a venue and
catering according to the users preferences. If the user accepts both choices, the
gystem then charges the user’s bank account and an email is sent to the user con-
taining all details. Figure 3.1, represents the party planning system. The arrows

represent the flow of execution while the boxes represent the forward action.

P Accept Venue
i
~~~~~~~~~~~ B Accept Client Debit Account. b
Request
&
wi Accept Catering
Figure 3.1: Party Planning System Forward Action
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The system accepts a request from the client and makes the necessary reserva-
tions. When the user accepts both options, the system tries to debit the client’s
account. Should this process fail, the system must cancel the whole transaction.
At the moment, the forward actions do not present a means by which this can be
done. However, compensations do. Compensations can be associated with the for-
ward actions shown in Figure 3.1. If a failure oceurs in any of these activities, the
previously completed activities must be compensated. Below is a list of activities

together with their associated compensation.

e If the user declines the choice of venue, the reservation of the venue must be

cancelled and an email is sent to notify the user about the cancellation

o If the user declines the choice of caterer, the catering order must be cancelled.

Similarly an email is sent to the user to notify him/her about the cancellation

Agcemt
M
Accept Dabit
~ Client ‘ct%im& o
&Y
Raasst
-y

Acrept

Catering

Figure 3.2: Party Planning System with Compensations

16
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e If the user has insufficient funds in his bank account, both venue and catering
must be cancelled and an email is sent to the client informing him that the

transaction failed

e If the user cancels the whole reservation after he has already paid, both venue
and catering must be cancelled. The system must also credit the user’s bank
account. Additionally, the user is charged a fee and an email is sent notifying
the user about the cancellation. On the other hand, if it is too late to cancel

the reservations, an email is sent to the user explaining the situation

A representation of the party planning system enriched with compensations is
shown in Figure 3.2. The top part of the boxes represents the forward action. On
the other hand, the bottom part of the boxes represent their associated compen-
sating action. The normal arrows represent the flow of execution when an action

executes successfully. The dashed arrows represent a fault.

Using this approach, if debiting the client’s account fails, the whole process
may simply be reversed by executing the compensations for the completed actions.
Generally the order of executing compensating activities is in reverse order (as
shown by the arrows in Figure 3.2). Thus, if debiting the client’s account fails, the
system first cancels both reservations and then notifies the client. After executing
all the compensating actions, the system is restored to a state similar to the state

that the system was before the transaction that was compensated, was executed.

3.3 Conclusion

This aim of this section was to give an overview of existing error recovery tech-
niques while focusing mainly on the compensation mechanism. The differences
between these techniques were highlighted. Lastly, a practical example where the

compensation mechanism would be a useful error recovery technique was presented.

17



4. A Compensation Language

The language studied in this FYP [9] is an imperative programming language

that uses compensations as part of its error handling mechanism. It assumes the

usual constructs found in an imperative programming language plus an extra four

constructs which handle compensations.

4.1 Syntax

, In

v

m M m

ScopeName

VarName

Expression

X|not ele and ele + e
Command

skip | ¢;ec|x:=e | if e then ¢ else ¢

| while e do ¢ | try ¢ catch c¢ | scope nc
| undo ¢ with ¢ | compensate n | purge n

e - el..

Table 4.1: Language Syntax

In Vella’s language, each expression represents a value. Expressions do not

modify the state and are side-effect free.

A command ¢ can be the no-op command skip; a sequential composition of

two commands c;c; the assignment operator z := e, which assigns the value of e

to variable ¥; the conditional operator if e then ¢ else r, which executes the first

18



Chapter 4. A Compensation Language

command if e is true or the second command if otherwise; the looping operator
while e do ¢, which repeatedly executes command ¢ until e becomes true; and the
exception handling operator represented by try ¢ catch ¢ such that if ¢; termi-
nates abnormally, ¢, is executed to repair the state of the program. Additionally,

the language has four other constructs that handle compensations.

Compensation Installation

undo ¢; with ¢

This construct associates the compensating block of code ¢, with the block of code
¢y such that if the program fails, ¢; can be reversed. The compensating activity ¢

is installed once ¢; has terminated successtully.

Scoping

scope N ¢

This construct creates a new compensating scope with the name n, such that all
compensations installed during execution of ¢, belong to that scope. In our lan-
guage the scope name has two roles. First, it acts ag an identifier for a group of
compensations. For this reason, scope names must be unique. Second, it acts as a

marker up to which point we have to compensate.

Compensation Activation

compensate 7

Using this construct, the programmer can explicitly execute compensating activ-
ities belonging to scope name n. Compensations are executed in reverse order of

installation. The use of compensate n outside of scope n must not be permitted.

19



Chapter 4. A Compensation Language

Compensation Deletion
purge n

Similar to the compensate construct, the programmer can explicitly discard in-
stalled compensations. When using this construct, all compensations belonging to
scope n are deleted. The programmer must use this construct only within scope

name n.

We shall now present a simple program that uses the compensation constructs:

1 scope transaction

2 {

3 account := 100;

1 price := 10;

5

6 undo {

7 account := account - price;
8 ¥

9 with {

10 account := account + price;
11 ¥

12

13 if(error == true)

14 compensate transaction;

15 T

Figure 4.1: Practical example using compensation constructs

In the above program, the compensation account := account + price is as-
sociated with the activity account := account - price. If the variable error is
true in the program state, all compensations belonging to scope transaction must
be executed. In the next section we will use the same example and show how the

stack is affected with these comunands.

20



Chapter 4. A Compensation Language

4.2 Compiling Compensations

Compensations must be stored in the appropriate data structure which allows us
to effectively execute the compensations in reverse order of installation. Being a

LIFO data structure, the stack was considered the best option.

The stack can contain either a string representing the scope name or a block
of code representing a compensation action for a previously executed action. The
different instructions supported by our language affect the compensation stack in

different ways

e Normal imperative language instructions leave the stack unaffected

e undo ¢ with d': the compensating action o' is pushed onto the stack when

the action a has terminated successfully.

e scope n ¢: upon entering a new scope, a string containing the scope name n,
is pushed onto the stack. This string acts as a delimeter up to which point
we have to compensate. When the sub-program ¢ terminates, the string
containing the scope name is popped from the stack. Any compensations

that were installed during execution of ¢ are not removed from the stack.

e compensate n: all compensations found on the stack are popped and executed
until scope name n is encountered at the head of the stack. Since the stack
is a LIFO data structure, the last pushed compensation is the first to be

executed. Any scope names found on the stack are not removed.

o purge n: this construct affects the stack exactly like the compensate con-
struct. The only difference is that when using the compensate construct, the
compensations are executed. On the other hand, the purge construct simply

pops the compensations from the stack.

We shall now take the example shown in Figure 4.1 to see how the constructs

affect the compensation state.
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1 scope transaction [<transaction>]
2 {

3 account := 100;

4 price := 10;

5

6 undo { [c::<transaction>]
7 account := account - price;

8 H

9 with {

10 account := account + price;

11 }

12

13 if(error == true)

14 compensate transaction; [<transaction>]
15 } [1]

where ¢ is equal to account := account + price. The right hand side of the

example above represents how the stack is updated by the compensation constructs.

In line 1, the scope name is pushed onto the stack. The scope name will act
as a marker up until which the compensations will be executed. The assignment
statements in lines 4 and 5 leave the stack unaffected. Once we finish executing
the command in line 7, its associated compensation is pushed onto the stack. Let
us assume that the variable error in line 13 evaluates to true. Therefore, we can
proceed to execute the compensate command. This forces all compensations in the
compensation stack to be executed up until the scope name transaction is found
at the top of the stack. Finally, when we reach the end of the scope, the scope

name must be popped out of the stack. Thus, leaving us with an empty stack.



5. Problem Definition

Many programming languages that we are familiar with nowadays are described
using a natural language. These descriptions usually take the form of a manual
which consists of hundreds of pages. The ambiguity and incompleteness of natural
language descriptions led to problems with understanding the specification of a
programming language. For example, the semantics of Java threads, which were

written in English, were difficult to interpret [10].

At the moment, the language designed by Lydia Vella lacks a formal semantics
and only a written documentation is given of the language. It is usually very hard
to write precise natural language descriptions. These usually end up being very
large, ambiguous and incomplete. We need our language to have clear and precise
definitions. An ambiguous specification usually leads to different implementations

due to lack of common understanding between the language designers and the users.
The aim of this FYP is to develop a formal semantics for the said language. This

will be used as a precise and unambiguous description of the language. To illustrate

more the need of a formal semantics, we shall consider the following example:
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2 scope tramsaction {
3 price := b;

4 undo

5 pay (price);
6 with

~k

refund(price);

3 price := 10;

9 compensate transaction;
10 }

11

This example represents a simple transaction that allows the user to pay for
a single item. The variable price is being used to hold the monetary value of an
item that the user is buyving. The compensating activity refund(price) is asso-
ciated with the activity pay(price) such that if the program fails, the action can
be reversed. Therefore as soon as we finish executing line 5, its associated com-
pensation must be pushed on the stack. When we reach line 9, the compensating
activities belonging to scope transaction must be executed. In this case only one

compensation will be executed

Vella’s syntax allows us to construct programns such as the one above where a
rariable is bound more than once. At this point there can be two different inter-
pretation of this program. The most intuitive way is to bind the variable price to
the value 5. This is because we would want to refund the user’s account with the

amount that he paid for.

Another interpretation of the above program is to bind the variable price with
10. This is not an ideal interpretation since we would end up refunding the user’s
account with a value that is bigger than the amount he paid for. However, some

might argue that it is the correct way to interpret this program.
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This example is very similar to the let construct

let x = 10 in
let y =x +5 in

2 in

[}

let x

y + 4

Some programming languages bind the value of = in the expression y = = +
5 to the value 10. On the other hand, other programming languages might bind

the value of z in the expression y = z + 5 to 2. This will lead to two different outputs.

In this FYP we will try to create a formal semantics that describes the behaviour
of the language constructs while at the same time eliminate any ambiguities present

in the language.



Part 11

Semantics
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6. Overview

In this part, we shall present one possible semantics for Vella’s syntax. In Chapter
7, the preliminary operational semantics will be presented. The output of the re-
duction rules should behave the samne way as the output of the language compiler.
In Chapters 8, 9 and 10, three edge cases will be explained while discussing various

solutions to each edge case.

In Chapter 8, we will focus on how variables are handled in compensations.
Firstly, we will start by discussing how Vella’s compiler handles variables inside
compensating activities. Then we will present a set of reduction rules to remove
any ambiguities with variable handling. Chapter 9 deals with the problems brought
with nested compensations. Chapter 10 focuses mainly on compensation scopes.
Lastly, in chapter 11 we will tackle the notion of local variables inside the com-
pensation mechanism. At the moment, this is not supported in Vella’s language.

However, we shall explore the difficulties presented by local variables when using

compensations.
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7. Semantics

In this section, we will illustrate a method of giving the operational semantics for
our compensation language. The semantics will take the form of reduction rules
that model the behaviour of the language constructs. The syntax for Vella’s lan-

guage is summarized in Table 4.1.

For Vella’s language, the meta-variables are as follows:
n, m will range over scope names, Scope
x will range over variables, Var
w will range over values, Val
s will range over stacks, Stack
e will range over expressions, Exp

¢ will range over commands, Cmd

Note that a value can either be a boolean b, an integer i , null or an exception
exc. The stack will be used in all the reduction rules to hold all installed compen-
sations. Lastly, the meta-variables can also be subscripted or primed. So, both s;

and ¢ will also represent a state.

The semantics will take the form of reduction rules that model the behaviour of

the commands and expressions of the language. Vella’s language is a very simple
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imperative programming language that operates on the state. The state consists

of a number of locations used to store variables.

The semantics will be partitioned in two:

1. Expressions: the semantics for expressions will be given in terms of a big step

gsemantics

2. Commands: the semantics for commands will be given in terms of a small-

step semantics

While the semantics for expressions only inspect the state to determine the
alue of variables in an expression, the semantics for commands will change the
state as well [2]. The program state will be used in all the reduction rules. Vella’s
language does not have a notion of local variables. Since all variables are declared
globally, they can be used inside expressions even if they are not initialized. There-

fore, in the domain of the initial state, all free variables contain the value null.

7.1 Evaluation Semantics for Expressions

The big-step semantics will take the form of a ternary relation between states,

expressions and values.

(s, e) v

Here, the expression e is evaluated in state $ to the value v. In expressions, the
state is only used to evaluate variables (rule EVAR). At the moment, there is no
type system for Vella’s language. Thus, expressions like true + 5 are allowed.

However, we are assuming that all expressions type check.
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An alternative relation would be to include the final state on the right hand

side of the relation

(s, e) I (¢, v)

However, expression evaluation in Vella’s language have no side eflects. Thus, ¢
is always identical to s. Since after expression evaluation, the state remains un-

changed, a three tuple relation is enough.

The rules defining expressions are exaclty the same as the rules presented in

Figure 2.1.

7.2 Reduction Semantics for Commands

When describing commands formally, we needed a more detailed description than
a simple relation between the starting state and the final value. Therefore, we
opted for a small step semantics. The program state will be needed in both the
left hand side and the right hand side of the relation as certain commands update
the state. Apart from commands and states, another element was needed in the
relation to store compensating activities. We opted for a stack so as to be similar

to the implementation.

Our small step semantics for commands will be phrased in terms of a transi-
tion system whose configuration is a tuple consisting of a compensation stack, the

program state and a command.

{t, s, ¢

where ¢ is the next command to be executed and s describes the current state
of the program. The compensation stack, ¢ is particularly needed in the rules

regarding the compensating constructs since any installed compensating activities
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are stored in a stack. The stack can either hold a string representing a scope name

or a command.
t € Stack: Scope x Cmd

The transition relation will then describe how execution of commands takes

place. For example:
(t,s, c) — (, 9,

Unlike in a big-step semantics, execution of command ¢ is not completed. In this
rule, only a single step of execution is shown and the remaining computation of ¢ is
expressed by the intermediate configuration (¢, ¢, ¢/). Note that every command

eventually reduces down to skip in 0 or more reductions.

Vella’s language contains the same constructs presented in L; together with
additional constructs for ervor recovery. The reduction rules are exactly the same
as the ones describing the behaviour of L;, with the exception of a new element
in the relation representing the compensation stack. Being the usual imperative
language constructs, the stack remains unaffected in these reduction rules. The

full set of reduction rules can be found in Appendix A.1.2.

7.2.1 Exception Handling

Four rules are present for dealing with exception handling. Firstly, we must execute

the try block, one step from s. In this case, there are three possible outcomes:

e The execution of the try block terminates

e The execution of the try block has not yet completed, however we have

reached an intermediate configuration

e The execution of the try block throws an exception
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- - RTRY1
t,s,(try skip catch ¢) — ¢, s, skip

o A P A
t,5,¢0 — t,8,¢

RTRY2
t,s,(try ¢y catch ¢) — t/, ¢, try ¢| catch ¢
¥y 1

The rule RTRY1 formalises the first case. When the try block is terminated
without throwing an exception, the catch block is ignored. Neither the program

state nor the compensation stack are changed.

On the other hand, the second case is captured by the rule RTRY2. In this
cagse, if after executing the first step, the result is an intermediate configuration,
(t. ¢, c}), then we must continue execution from this intermediate configuration.

This is repeated until the whole try block reduces to skip.

ROATCH
t, s, (try throw exc catch ¢) —> ¢, 8,¢

RTHROW
t.s, (throw @:z:c;c} —> ¢, 8, throw exc

The last case is captured by the rule RCATCH. If during execution of the try
block, an exception is thrown, the execution of the try block must be aborted and

we start executing the catch block instead.

Lastly, the rule RTHROW states that when an exception is thrown, everything
that is followed by it is ignored. Note that the command throw forces the program

to terminate immediately, if it is not surrounded by a try-catch block.
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7.2.2 Compensation Installation

A compensation is an activity that is associated with another activity, such that
when said activity fails, the compensating activity is executed to repair the state
of the program. The following rules describe the behaviour when a compensation

is pushed on the stack.

: : - rUNDO1
t,s,(undo skip with ¢) — c:: t, s, skip

tos,cp — s,

RUNDO2
t,s,(undo ¢y with ¢) — t/,¢',undo ¢ with ¢

Before installing a compensating activity ¢ which is associated with activity
¢y, we must first execute successfully ¢;. Since small-step semantics focuses on
the intermediate steps of a computation, we first execute one step of ¢ from the
starting state s. These rules are very similar to the rules capturing the behaviour
of the sequence operator. After executing one single step, there are two possible

outcomes:
e The activity ¢; has terminated successtully

e The activity ¢; has not yet completed, however we moved one step of execu-

tion

The rule RUNDO1 describes the first case. When ¢; terminates, the associated
compensating activity must be pushed on the stack. Note that the program state

remains unaffected.

The second case is captured by the rule RUNDO2. If ¢; has not yet termi-
nated, we must first complete it before pushing ¢, on the stack. This shows that
a compensation can only be installed once the activity it is associated with has

terminated successfully.
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7.2.3 Compensation Activation

The construct compensate n pops and executes all compensating activities present
on the stack until scope name 7 is encountered. Note that any scope names found
on the stack including n must not be removed. The following reduction rules

describe formally the behaviour of the compensate construct.

- RCOMP1
n:: t, s, (compensate n) — n :: f, 5, skip

RCoOMP2
1,8, {compensate n) — t,‘_ S, ¢; compensate n
’ 325 b

where
t' = popfirst_c t n
¢ =get_first ctn

Whenever n is found at the head of the stack, we must stop executing com-
pensations. This case is captured by the rule RCOMP1. When this happens, we
immediately reduce the command to skip to denote termination. Both the state

and the stack are not affected.

When either a command is found at the top of the stack, we must first pop the
command and execute it. Afterwards, we must continue compensating scope n. On
the other hand, when a scope name that is not equal to n is found, we must ignore
that scope name and continue compensating scope n. Two options were considered

to describe this behaviour:

e One option was to include a temporary stack, where any scope names found

on the stack while compensating, are pushed on it. Finally, when n is found,
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the temporary stack and the compensation stack are merged

e The other option was to use two recursive functions that work on the com-
pensation stack. The first function returns the first command in the stack,
while the second function returns the compensation stack after removing the

first command from it

We decided to use the second option as it was unfeasible to add an extra element
to the relation, which will only be used for the compensate and purge constructs.
We decided to make use of two recursive functions that work on the compensating

stack:

e get_first_c: a function that takes a stack ¢, and a scope namme n, and returns
the first command that appears inside the stack.
get_first_c:: Stack — Scope = Cmd
get_first_c (n:t) n = skip
get_first_c (m:t) n = get_first_c t n
get first_c (cit) _= ¢

If at the top of %, the scope name n is found, the function returns skip.
This is the case when all compensating activities belonging to n were already
executed. If at the head of the stack, a command ¢ is found, ¢ is returned.
Finally, if a scope name is found which is not equivalent to n, it removes
the head of the stack and performs the function get_first_c again on the

remaining stack.

e pop_first_c: is a function that removes the first command in a stack and
returns the remaining stack.
pop_first_c:: Stack — Scope = Stack
pop_first_c (n:t) n = n:t
pop_first_c (m:t) n = m:pop_first_c t n
pop_first_c (c:t) n=t¢
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This function is inputted the compensating stack and a scope name n. When
n is found at the top of the stack, the whole stack is returned. This is the
case when no compensating activities pertaining to that scope were found in

the compensating stack.

When a scope name m, that is not equal to n, is found at the top of the stack,
we must continue to search the stack for a command. Therefore we remove m
from the stack and apply the function to the remaining stack. Note however

that m must not be removed from the stack.

Lastly, when a command is found at the top of the stack, we pop the command

and return the remaining stack.

7.2.4 Compensation Deletion

The construct purge n is similar to compensate n. However, it deletes all com-
pensating activities belonging to scope n instead of executing them. Similar to

RCOMP2, the rule RPURGE makes use of a recursive function super_pop.

RPURGE

t.s, (purge n) — t’, s, skip

where

t' = super_pop t n

The rule used to describe the behaviour of the compensate construct makes use
of a recursive function super_pop:

super_pop:: Stack — Scope = Stack

super_pop (mt) n = n:t

super_pop (m:t) n = m:super_pop t n

super_pop (c:t) n = super_pop t 1
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The function super_pop works very similar to the function pop_first_c. How-
ever, instead of popping the first command in a stack, it pops all the commands

until scope name n is found.

7.2.5 Compensation Scope

The command scope n ¢ is used to create a scope having scope name n, such that
any compensating activities installed during execution of command ¢ belong to
said scope. n must be pushed on the stack when we enter the scope and popped

out when we finish executing c.

: . RScoPEL
t,s,scope nc¢—>n:it, s, cend n

RSCOPE2

t,s,end n — t/, s, skip
where

t' = popm tn

To describe the behaviour of the scope construct, we needed a mechanism to

determine when we reach the end of the scope. We considered two options:

e Include a reduction rule, where the contents of a scope is executed up until
it reaches the command skip. When this happens, the scope name is then

popped out of the stack
o We use a marker to denote the end of the scope

The first option behaves very similar to the rules describing the sequence oper-

ator. Firstly, we push scope name n on the stack and start executing the contents
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of the scope. If after one step, ¢ reduces to skip, we pop n out of the stack and
proceed to execute the next command. On the other hand, if after one step of
execution, we reach the intermediate configuration (t', ¢, ), then the next con-
figuration would be (t, ¢, scope n ). With this approach, after every step of
executing the contents of a scope, we would end up pushing the scope name on the

stack.

The other option was to add a marker at the end of a scope. When we reach
the marker, the scope name is popped out of the stack. With this method, we
eliminated the problem of pushing the scope name on the stack multiple times

while at the same time, the reduction rules are very easy to understand.

The rule RSCOPE]L deals with when we enter a new scope. In this case, the
scope name must be pushed on the stack. Additionally, we must execute the con-
tents of the scope. The command end n is added at the end of the scope to denote

scope termination.

After the scope is successfully executed and we reach end n, the scope name
must be popped from the stack. This is described in the rule RSCOPE2. A function
pop-n was defined that given a stack, ¢ and a scope name n, pops n out of ¢ and
returns the remaining stack.
pop_n:: Stack — Scope = Stack
pop_n (1:x8) n = X8
pop-n (m:xs) n = m:pop_n Xxs n

pop-n (c:ixs) n = c:pop-n x5 1
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7.3 Evaluation

In this section, we will use the example presented in Figure 4.1 and use the reduc-
tion rules to deduce the final output of the program. The output is then compared

with the output of the language compiler.

RSCOPEL
0, [(error — true)], scope transaction{account :=100;...} —

[transaction], [(error — true)], account :=100;. . .;end transaction
(7.1)

When we enter scope transaction, the scope name is pushed on the stack and we
immediately proceed to execute the contents of the scope. Additionally, the marker
end transaction is placed at the end of the scope to denote scope termination.

. EVAR EVAL
[(error — true)}],account § null [(error — true)], 100 § 100

RASS
[transaction], [(error — true)], account :=100; ... —

[transaction], [(error — true), (account — 100)], skip;...

RSEQL
[transaction], [(error — true), (account — 100)], skip;price := 10 —

[transaction], [(error — true), (account — 100)], price : =10
(7.3)

After executing the assignment statement, the program state is updated with the
new values for variables price and account. From the next rule, let’s assume that
s = [(error — true), (account — 100)]

$ = [(error — true), (account — 100), (price — 10)]
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VAR e BV
s, price | null VAR $,10 4 10 EVAL

[transaction], s, price :=10; ... — [transaction], s9, skip; . ..

rRSEQL (7.5)

[transaction], o, skip;undo{...}with{...} —
[transaction], s, undo{...}with{...}

After executing the command account := account - price, the state will be up-
dated to s3 where

s3 = [(error — true), (account — 90), (price — 10}

EVAR - EVAR
s9, account J} 100 s9, price | 10 } -
BSUB (7.6)
s9, account - price |} 90
EVAR - subproof (7.6)
so,account { 100 s9, account — price § 90
RASS
{transaction], s, account : = account - price —
transaction), 53, skip )
RUNDO2Z
{transaction]. s2,undo{account := account - price} with{...} —
{transaction], s3, undo{skip} with{...}
(7.7)

When we reach the undo-with command, we must first execute the contents of

the undo block before pushing the compensation of the stack.

RUNDOL

[transaction], s3, undo{skip} with{account :=account + price}

— [¢ :: transaction], s, skip;if(error == true) then {...}
(7.8)
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As soon as the contents of the undo block is evaluated to skip, the compensation
can be pushed on the stack. From the sub-proof (7.7) onwards, let’s assume that

¢ = (account := account + price)

rSeQl (7.9)
[c :: transaction], s3,skip; if (error ==true) then {...} —

[c :: transaction], s, if (error ==true) then {...}

EVAR
s3,error | true
RTHEN
[c :: transaction], 83, if (error == true) then{compensate transaction}
— [c:: transaction], s3, compensate transaction
(7.10)
rRCOMP2 (7.11)

[c :: transaction], s3, compensate transaction —

[transaction], s3, ¢; compensate transaction

When we reach the compensate construct, we must first pop the first command
present on the stack and start executing it. From this sub-proof onwards,

4 = [(error — true), (account — 100), (price — 10)]

EVAR : EVAL
33, account { 90 s3, price 10

$3, account + price | 100

EADD (7.12)
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EVAR - . sub-proof (7.12)
s3,account { 90 s3,account + price { 100 RASS

[transaction], s3, account := account + price

— [transaction), s, skip ‘
RSEQ2

itransactionj; $3, account :=account + price; compensate transaction

— {transaction], s, skip; compensate transaction
(7.13)

RSEQL (7.14)
[transaction], sy, skip;compensate transaction —

[transaction], sy, compensate transaction

rCompPlL

[transaction], s, compensate transaction;end transaction —

{transaction], s4,skip;end transaction
(7 .15)

In sub-proof (7.15), the scope name transaction is found at the top of the stack.
Moreover, we need to compensate up until the scope name transaction is present
at the head of the stack. Therefore, we need to stop executing compensations and

proceed to the next command.

RSEQL
[transaction], s4, skip;end transaction — [transaction], s4, end transaction
(7.16)
RSCOPE2
[transaction], s4, end transaction — [transaction], s;, skip
(7. 1‘7)
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When the whole program is reduced down to skip, we can examine the final
state of the program. Note that the final state s4 is equal to so which was the state
at which the program was before executing the command account := account -
price. Therefore, by executing the compensations present in scope transaction,
we managed to cancel the command account := account - price. The final state

produced by the language compiler is shown in Figure 7.1
§

13

scops ransaciion
{
account = 100, : sz
price = 10; Compiled Successfully =
srror = true;
account -» 100
undo { = price -» 10
accaunt = account - price; s
)
with {

account = gocount + price;
H

iflerror == true}
compensate transaction;

o
e

Figure 7.1: Output generated by Vella’s Compiler

The current version of semantics conforms to the textual description of the
language. The output generated by the reduction rules is the same as the output

produced by the language compiler.



8. Variable Handling

Since compensating activities are installed and executed at different times in a pro-

gram, variable handling might be a fairly complicated task. Consider the following

programs:

1

2 scope S { scope S {

3 account := 100; account := 100;

1 price := 10; price := 10;

5 fee := 1;

6 undo { undo {

7 account := account - price; account := account - price;
3 b ¥

9 with { with {

10 account := account + price; account := account + price;
11 T account := account - fee;
12 }

13 price := 20; price := 20;

14 fee := 2;

15 compensate S; compensate 3;

16 } t

7

In the first example, the compensating activity account := account + price

is associated with the activity account := account - price such that if an error

4:4
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occurs in the program, the action can be reversed. We will use the current version
of semantics to derive the final state of the program. The first part of the proof
is exactly the same as the one presented in the evaluation section of chapter 7
(sub-proofs 7.1-7.9). The difference occurs in line 13, when the variable price is
updated. Note that the state s represents the state that the program was before
executing the command account := account - price while state s, represents the
program state after the compensation c, is pushed on the stack.

s = [(account — 100), (price — 10)]

s = [(account — 90), (price — 10)]

> = account := account + price;

EVAR ———— EV.
se.price J 10 0 520020 VA

RASS
[c :: transaction], so, price :=20; ... — [c:: transaction], s3, skip; . .
(8.1)

After executing the assignment statement, the state is updated to s3 where

s3 = [(account — 90), (price — 20)]

rRSEQL  (8.2)
[c :: transaction], s3, skip; compensate transaction —

[c :: transaction], $3, compensate transaction

RCOMP2 (8.3)
[c :: transaction]|, s3, compensate transaction —

[transaction], s3, ¢; compensate transaction

When we reach the command compensate transaction, we are required to reverse

the whole transaction. The first compensation found on the stack is popped and
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executed.
EVAR - EVAL
s3, account { 90 s3, price { 20
: — EADD (8.4)
s3, account + price |} 110
T T o0 EVAR T orice 110 sub-proof (8.4)
83, acCo &3, accoun rice 1.
saceomm 2 P RASS
[transaction], 53, account := account + price
~— [transaction}, sq, skip )
RSEQ2
{transaction], s3, account :=account + price; compensate transaction
— [transaction), s4, skip; compensate transaction
(8.5)

After executing the compensation, the state is updated to s; where

sy = [(account — 110), (price — 20)]

RSEQL (8.6)
{transaction], S4, skip;compensate transaction —

[transaction}, 54, compensate transaction

rComP1

[transaction], s4, compensate transaction;end transaction —

[transaction|, sy, skip;end transaction
(8.7)

RSEQL (8.8)
[transaction], s4, skip;end transaction —s

[transaction], sy, end transaction



Chapter 8. Variable Handling

rSEQl (8.9)
[transaction], s4, end transaction — [transaction], s4, skip

When we compare the program state before executing the undo~with command
s, and the program state after executing the compensation s,, we can notice that
the value held by the variable account is different. This is because we executed
the compensation with the new value of price. Ideally, the value of price when
executing the compensating activity should be the same as its respective value at
the time of installation of said compensating activity. However, with our current

semantics, the user will end up being refunded with the newly updated price.

The second program behaves very sim.ilé,r to the first one. However when re-
funding the user’s account, an additional fee is charged to the user’s account. We
will use the existing reduction rules to derive the outpAut of the second program.
We will skip the first part of the proof as it is very similar to the one shown in the
Evaluation Section of Chapter 7 (sub-proofs 7.1 - 7.9). We will use s to denote the
state at which the program was before executing command account := account
- price, s to denote the state after pushing the compensation on the stack and ¢
to denote the compensation

s = [(account — 100), (price — 10), (fee — 1)]

s, = [(account — 90), (price — 10), (fee — 1)]

¢ = account := account + price;account := account - fee;

EVAR  ——————— EVAL
59, price {4 10 52,20 1 20
2, price | 2,20 § RASS
[c:: transaction], so, price :=20; ... — [¢:: transaction], s3, skip; . ..
(8.10)

After executing the assigniment statement, the program state is updated to s3 where

g3 = [(account — 90), (price — 20), (fee — 1)]
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. - - - RSEQL

[c :: transaction], s3, skip;fee :=2 — [¢ :: transaction], s3, fee :=2
(8.11)

—  BVAR ———— EVaL
Sa, fee U» 1 83, 2 U 2

RASS

[c :: transaction], s3,fee :=2; ... — [¢ :: transaction], sy, skip; . . .
(8.12)

Similarly, after executing the assignment statement, the program state is updated
to s4 where

sy = [(account — 90), (price — 20), (fee — 2)]

rSeql  (8.13)
[c :: transaction], sy, skip; compensate transaction —»

[c :: transaction], s4, compensate transaction

RCOMP2 (8.14)
[c :: transaction], 54, compensate transaction —

[transaction], s4, ¢; compensate transaction

EVAR . EVAR
s4,account | 90 54, price { 20

$4,account + price | 110

EADD (8.15)
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EVAR - — sub-proof (8.15)
54, account 4 90 $4,account + price § 110 RASS

transaction], si, account := account + price
¢ N

— [transaction), s5, skip

RSEQ2

[transaction], s3, account :=account + price; compensate transaction

-— {transaction], s5, skip; compensate transaction
(8.16)

After executing the first part of the compensation, the state is updated to s5 where

s5 = [(account — 110), (price — 20), (fee — 2))

RSEQL
[transaction]|, s5, skip;fee :=2; compensate transaction —

[transaction], s5, fee :=2;compensate transaction
(3.17)

— EVAR ———— EVAR
85, account | 110 55, fee || 2

s5, account — fee || 108

ESUB (8.18)

EVAR — sub-proof (8.18)
g5, account | 110 85, account — fee § 108 RASS

{transaction], s5, account := account - fee

— [transaction], s¢, skip )
RSEQ2

[transaction]; s5. account := account - fee; compensate transaction

— {transaction], s,skip; compensate transaction
(8.19)

After executing the last part of the compensation, the state is updated to sg where

ss = [(account { 108), (price |} 20), (fee | 2)]
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RSEQL (8.20)
[transaction], ¢, skip;compensate transaction —

[transaction], s¢, compensate transaction

The final part of the proof is exactly as sub-proofs 8.7 - 8.9. If we compare s,
which is the state at which the program was before executing the command ac-
count := account - price, and the final state sg, we can note that the variable

account holds a different value than what was expected.

Like the previous example, when compensating the scope transaction, we want
to refund the user with the same amount that he has paid. However, we want to

charge the user with the latest value of fee.

With the following examples, we showed that both the current state and the
state at compensation installation are needed to compensate correctly an activity.
At the moment, our semantics only allows us to execute compensations with re-

spect to the current program state.

A solution to this problem is to save a copy of the state at which the program
was when the compensation was being installed. Both the compensating activity
together with the state are pushed on the stack. We also introduce a new ele-
ment, s in the relation, representing the state at which the program was when
the currently executing compensation was installed. Thus, before executing a com-
pensation, we will update s~ with the value found on the stack. To support this

change, the stack will be updated as follows:
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t € Stack
= €| (e8)t | nut

Table 8.1: Syntax of the Compensation Stack

The stack can either hold a scope name or a tuple containing a compensation
and its respective program state at compensation installation. Note that in this
version of semantics, we are storing two separate memories in the relation. Thus,
when using a variable, we can access the current value or the value held in state

s7. The semantics of expressions are updated as follows:

e € Exp
m= n|v|vback|not e|le and e|e +ele-e

Table 8.2: Syntax of Expressions

With the expressions v.back and v, the user has the option to choose explicitly
whether to use either the current value of a variable or else the value of that same

rariable held in 7.

The evaluation semantics for expressions will remain exactly the same with the
exception of a new element s representing the state at which the program was
when the currently executing compensation was installed. The current state will
be represented by s7. Initially, s will be identical to s i.e. it will contain all the

free variables pointing to the value null.

The only major difference in the evaluation semantics is:

1. The inclusion of a new rule EVARB that evaluates a variable with respect to

S{—

2. Rule EVAR is renamed to EVARF. It evaluates a variable with respect to the

current state s
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EVARF EVARB
57,870 sT () s, 57, vback § s7(v)

Figure 8.1: Big-Step Semantics for Variable Evaluation

Similarly, most of the semantic rules describing the behaviour of commands
remain the same with the exception of a new element, s in the relation. Only, the
reduction rules regarding the compensating constructs need to be changed. The

full set of reduction rules can be found in Appendix A.2.

rRUNDOL

t,57, 57, (undo skip with ¢) — (¢, 87) 1 t,57, 57, skip

t,s . s, 0 —t s 57
RUNDO2

t.s7 .57 (undo ¢; with ¢9) — #,s7/, 57, undo ¢, with o
: s 1 3 1 2

When the undo block is reduced down to skip the compensation ¢ must be

pushed on the stack together with the current state s7.

RPURGE

57,87, (purge n) — t', s, s7, skip

where

! = super_pop t n
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RSCOPEL
t, 85,87, scope nc—rmn:t,s,57,¢;end n
RSCOPE2
t,s7,s7,end n — t/, 57,57, skip
where
t' = popmn tn
RCOMP]

n ot 87,87, (compensate n) — n i t, s, 57, skip

rCoMP2

t,57,57, (compensate n) — t', ', s7,¢; compensate n

where
t = pop_first_c t n
¢ = snd (get_first_c ¢ n)
¢ = fst (getfirst_c ¢t n)

Since we are saving both the state and the compensation inside the compensat-
ing stack, the function get_first_c now returns a pair instead of just one element.
Two functions were needed to get the first and second items of the pair returned.
The function fst returns the first item of the pair which corresponds to the com-

pensation part. On the other hand, the function snd returns the second item of

the pair, which is the state.
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The newly added element in the relation, s

, will only be used when execut-
ing the compensate construct. When executing a compensating activity, s must
be updated with the state at which the program was when the compensation was
installed. This state is saved on the compensation stack together with the com-

pensating activity. Therefore, before we start executing a compensation, we must

first update the value of s with the state present on the compensation stack.

8.1 Evaluation

The issue of variable handling inside compensations is quite complicated. Since
compensation installation and activation happens at different times in a program,
it is unclear which value of a variable is to be used to successfully compensate
a sub-program. In this chapter we have presented a solution to overcome the
shortcomings presented with variable handling. We will now use the new reduction
rules to derive the final state of the second program presented in the beginning of
the chapter. Since, we introduced a new expression v.back, the program has to be

updated as follows

t scope S {

2 account := 100;

3 price := 10;

4 fee 1= 1;

5 undo {

6 account := account -~ price;
7 }

8 with {

9 account := account + price.back;
10 account := account - fee;
11 1

12 price := 20;

13 fee := 2;

14 compensate S;

15}
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Initially s and s7 contain the free variables pointing to the value null.

RSCOPEL
0,5, s, scope transaction{account :=100; ...} —
[transaction], s, s7, account :=100; .. . ;end transaction
(8.21)
BVARF EVAL
7,87, account | null s7,57,100 | 100
RASS
[transaction], s7, 7, account :=100; ... —
[transaction], s, [(account — 100)], skip; . ..
(8.22)

rSeql  (8.23)
[transaction], s, [(account — 100)], skip; price := 10 —

[transaction], s, [(account — 100)], price := 10

After executing the assignment statement, the program state is updated with the
new values for the variables price, fee and account. From the next rule, lets
assume that

s = [(account — 100)]

sy = [(account — 100), (price — 10)]

s = [(account — 100), (price — 10), (fee — 1)]

BEVARF EVAL
57, s, price || null 59,5,10 4 10

RASS
transaction , 8,8, rice := 10, ... — [transaction|, s 3y 81, Skip; e

(8.24)
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RSEQL (8.25)
[transaction]|, s, s;, skip;fee := 1 —
[transaction], s, s, fee := 1
EVARF EVAL
s, 51, fee | null s7,5, 1401
RASS
[transaction], s, 1, fee :=1; ... — [transaction], s, s, skip; ...
(8.26)
RSEQ1L (8.27)

[transaction], s7, s, skip;undo{. .. }with{...} —

[transaction], s, g5, undo{. .. juith{...}

After executing the command account := account - price, the state will be up-
dated to s3 where

83 = [(account — 90), (price — 10), (fee — 1)]

EVARF ; EVARFE
. 89, account { 100 s, 8o, price | 10
ESUB
$7, 89, account - price |} 90
(8.28)
EVAR subproof (8.28
$7, $2, account § 100 4, 80, account — price § 90 ! ( ) .
RASS
{transaction], 57, 82, account := account -~ price
— {transaction}, s, 3, skip
rUnNDO2
[transaction], s, 2, unde{account := account ~ price} with{...}
—+ {transaction}, s, 53, undo{skip} with{...}
(8.29)

(11
D
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rUnpO1

[transaction], s3, undo{skip} with{account :=account + price} —
[c:: transaction], s3, skip; price :=20
(8.30)
As soon as the contents of the undo block evaluates to skip, the compensation
together with the program state must be pushed on the stack. Lets assume that
¢ = ((account := account + price; account := account - fee;),

[(account — 90), (price — 10)])

- EVAR - : EVAL
s, 83, price | 10 $%,85,20 4 20

RASS

[c :: transaction], s7, s3, price :=20 — [c :: transaction], s, sy, skip
(8.31)

After executing the assignment statement, the program state is updated to sy where

sy = [(account — 90), (price — 20), (fee — 1)]

RSEQ1 (8.32)
[c :: transaction], s, sy, skip;fee :=2 —
[c :: transaction], s, s4,fee := 2
VAR EVAL
s, 54, fee | 1 57,584,202
RASS

[c :: transaction], s, sy, fee := 2 — [¢ :: transaction], s, s;5, skip
(8.33)

Similarly, after executing the assignment statement, the program state is updated
to s5 where

s5 = [(account — 90), (price — 20), (fee — 2)]
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rRSEQL (8.34)

[c :: transaction], s, s5, skip; compensate transaction —»

[ transaction], s, 55, compensate transaction

rComp2  (8.35)
[c :: transaction], s, s5, compensate transaction —

[transaction], ', s5, ¢’; compensate transaction

We know that ¢ is a tuple containing a compensation together with the state at
compensation installation. Therefore, we must take the first element ¢ to denote
the compensation, and the second element s’ to denote the state where

¢ = account := account + price.back; account := account - fee

¢ = [(account — 90), (price — 10), (fee — 1)]

EVARF 7 - EVARB
s, $5, account | 90 s, 85, price.back | 10

s', 85, account -+ price.back { 100

EADD

(8.36)

In the compensation, it is explicitly stated that we must use the value held by the
variable price at compensation installation. Therefore we must use state s’ to get

the value of price.

— EVARF - - — sub-proof (8.36)
§', 85, account § 90 §', 55, account + price.back | 100 ,
RASS
itransaction], s', s5,account := account + price.back
— [transaction], s¢, skip
[transaction], 5', 55, account :=account + price.back;compensate transaction
—+ {transaction], s, s, skip;compensate transaction
(8.37)

t
x

RSEQ2
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After executing the first part of the compensation, the state is updated to sg where

s¢ = [(account — 100), (price — 20), (fee — 2)]

rSEQl  (8.38)
[transaction], ¢/, s, skip;account := account - fee —»

[transaction], ', sg, account := account - fee

- EVAR EVAR
s', 56, account { 100 s'sg, fee || 2

2SI 8.39
', 6, account — fee | 98 BSUB ( )

On the other hand, we want the most recent value of variable fee. Therefore we

must use the current state to get its value.

EVAR

s, sg.account § 100

sub-proof (8.39)

$', 8¢, account — fee § 98

RASS
[transaction), ¢, s, account := account - fee

— [transaction], s, s7, skip

RSEQ2

{transaction}, s', 85, account :=account - fee;compensate transaction

— [transaction], s’, s7, skip;compensate transaction
(8.40)
After executing the last part of the compensation, the state is updated to s; where

s; = [(account — 98), (price — 20), (fee — 2)]

RSEQ1L (8.41)
[transaction], s;, skip; compensate transaction —

[transaction], s;, compensate transaction

o
el
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[

If we compare the state before executing command account := account -
fee, s, with the final state s7, we notice that there is a descrepancy of 2 in the
variable account. This is because, to successfully compensate the activity, we had
to charge the user a fee of 2. By storing both the current state and the state at
cbmpensation installation, we managed to successfully compensate the command

account := account - fee.



9. Nested Compensations

Nested compensations present another difficulty in our formal semantics. Consider
the following example

1 scope Z {

2 x =0

3 undo ¢y with {

4 x = b

5 undo ce with {
6 x = 10;

7 +

8 compensate Z;
9 x = X.back + 1;
10 }

11 compensate Z

12 }

In this case, the variable x is present in all nested compensations while holding a
different value in each compensation. After successtully executing command ¢y, its
associated compensation together with the current state are pushed on the stack.
Let’s assume that the stack t is equal to [(¢//, s1):Z] where

ci' =z :=5;undo ¢ with{ z := 10};compensate Z;z := z.back + 1;

s1 = [(z = 0)]

61
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RCOMP2
t,s, $1, compensate Z —, [Z], 8, 81,2 :=5; ...
EVARF ——— EVAL
S1, 81, x40 51,81,04 5
RASS

(2], 81, 51,2 :=5 — [Z], 81, 89, skip

(9.1)

(9.2)

After executing the assignment statement, the current state is updated to s, where

s = [(z — 5)]

[Z], 81, 82, skip;undo ¢y with{...} — [Z], 5,89, undo ¢y with{...}

(9.3)

In this example we are not interested in how ¢y is executed, therefore we will

immediately reduce c, to skip

[Z], 51, s, undo skip withax :=10 — ¥/, 81, 59, skip

(9.4)

After pushing the compensation on the stack, the stack is updated to ¢ which

contains [(ce, $y)::Z] where
(g = = 10;

s = [(z = 5)]

7 - 7 RSEQ1
t', 81, 89, skip; compensate Z — t', 51, §9, compensate Z

RSEQ1
t', 81, $2, compensate Z — [Z], 5o, $2, ¢2; compensate Z

(9.5)

(9.6)
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Recall that at the head of ¢/, we have the tuple (¢o, s3) where
cg = x 1= 10;

So = [(:‘T) - 5)]

EVARF EVAL
S9, 80,2 4 D $9, 82,10 4 10

RASS (9.7)
{Z] 89,89, = 10 — {Z} 389, 83, Skip

. 9.8
[Z], s9, 53, skip;x :=x.back +1 —> [Z], 59, 53,2 :=x.back +1 (98)

Ideally, when executing the command z := z.back + 1, we would want to eval-
uate r.back with respect to the state at compensation installation i.e. s;. However,
our current version of semantics allows us to store only the state of the currently

executing compensating activity. Thus s; was overwritten by s.

One solution to this problem is to store an additional stack of states. Every
time a compensating activity executes successfully, the state belonging to that com-
pensation is pushed on the stack. Once the compensating activity terminates, the

state is popped out of the stack.

To support this change, our evaluation semantics for expressions will be un-
affected. Ilowever, the semantics regarding commands will have to change. The
relation will now consist of five elements. An additional element containing the

stack of current nested scopes activated will be needed.

The only change that is needed in the majority of the reduction rules is the in-
clusion of another element in the relation, namely the stack containing the nested
compensations currently activated. This new element r, will only be used in the
rules regarding the compensate construct. For this reason, only the rules regarding

the compensate construct will be presented. The full set of reduction rules can be
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found in Appendix A.3

r is a stack of pairs similar to the compensations stack ¢ Each pair contains
the next command to be executed after the current compensation is terminated,

together with the state of its parent compensation.
g

RCOMP1
n:t,r s, 87, (compensate n) — n :t,7, 57,87, skip

The only difference in the rule RCOMP1 is the inclusion of a new element 7

This rule is used to to show termination of the compensate construct.

RCOMP2
t, 7,87, 57, (compensate n) — t', (compensate n,s7) 1.8, 57, ¢

where
t' = popfirst_c t n
¢ = snd (get_first_c ¢ n)
¢ = fst (get_first_c t n)

When executing a compensating activity, we may need to refer to the values
of variables at compensation installation. Thus s™ must be updated with the
value present in the stack. However the value of s may still be needed after ¢ is
executed successtully. Thus, s is pushed on top of r together with the command
to be executed after ¢ terminates. Additionally, the compensation must be popped

from the compensating stack.

(@]
[e=Sy
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RCOMP3

t, (compensate n,s) 7,87, 57, skip — ¢,7, 8,87, compensate n

When the compensation terminates, we must go back to the outer compensating
activity, in the case of nested compensating activities. In the previous rule, we
noted that the next command to be executed was stored in the new stack r. Thus,
after successful execution of the command ¢, the command found at the head of r
must be executed next. Since ¢ terminated, the state when it was installed is not

needed anymore. Thus, s is updated with the value found on top of

o)
ot



10. Scope Handling

In the textual description of our programming language, it is stated that the com-
mands compensate n and purge n can never be called from outside scope n. When
the user explicitly calls these constructs outside scope n, the compiler displays an

error stating that it cannot compensate that scope.

However, since compensation installation and activation do not occur at the
gsame time, there may be cases where this is allowed by the language compiler.

Consider the following example

2 undo a with a’;
3 scope one {
1 undo b with b’;

scope two {

pozl

6 undo ¢ with c¢’;

7 undo d with compensate two;

8 ¥

9 compensate one;
10

1 }

12

In this case after successfully executing scope two, the stack, ¢t will hold the

following items.
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t = [(compensate two, s1):(¢, s9):(D', 83):: (one):(d, s4)::7]

$1, S2, 83 and s, represent the state at compensation installation. In this exam-

ple, the state is not used.

The element ¢ at the end of the stack is used to denote the remaining part of
the stack. Note that the scope name two is not present on the stack since after

successfully executing the contents of a scope, the scope name is popped.

rCOMP2 (10.1)

t,s7,s7, compensate one —

t9, 81, 87, compensate two; compensate one

After popping the first compensation from the stack, the stack is updated to to
where

to = [(, s2)::(D', s3):: (one)::(d, 84)::7]

The next command forces all compensations to be executed until scope name two
is found at the head of the stack. Recall that two was popped when scope two

finished executing.

RCOMP2 (10.2)
ts, 81,8, compensate two —

t3, 89,5, ¢ ;compensate two
3s ;

We will assume that command ¢ is equal to skip. Additionally, the stack is
updated to t3 where

ts = [(U/, 83):: (one)::(d, s4)::]
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' 10.3
t3, 81,87, skip; compensate two — f3, 51,5, compensate two ( )

RCOMP2 (10.4)
ts, S, 87, compensate two —>

ty, 83,8, b ; compensate two

Similarly, we will assume that command ¥ is equal to skip. The stack is updated
to t4 where

ty = [{one)::(d, s4)::7]

- 10.5
ty, 87,87, skip; compensate two — 4, 57, s, compensate two ( )

This will force the system to keep executing all compensations present on the
stack until scope name two is found. Since it is not present on the stack, the

program will fail.

There are a number of solutions present to solve this problem. One alternative
is to not allow the constructs compensate and purge to break out of a with block.

However, this can rule out certain valid programs example:

1 scope A

2 {

3 undo a with a’;

4 unde b with compensate A;
5 compensate A;

6 }

Another way how to solve this problem is to search through the stack for the

scope name before beginning to execute the compensating activities. If the scope
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name is not found, an exception is thrown. To accommodate this change, the rules

RCoMP2 and RPURGE need to be modified as follows:

rRCOMP1L

n:t,r, 87,87, (compensate n) — n i t,r, 5,57, skip

t,r.8%, 57, (compensate n) — t', (compensate n,s7) =1 ¢, s RCOMP2
where
t' = pop_first_c t n
s/ = snd (getfirst_c t n)
a=findntn
¢ = fst (get_first_c ¢ n)

Before starting to execute the compensation at the head of the stack, a recursive
function find_n is called to search through the stack for the scope name n. The
function is defined as follows

find n :: Stack — Scope = Scope

find_n n:t n = skip

find n m:tn=findntn

find n (¢s):tn=findntn

find_n e n = throw exc

If n is found on the stack, then the skip command is returned. This will cause
the gystem to automatically start executing the compensations on the stack. On
the other hand, if any element apart from n is found at the head of the stack,
we must continue to search for scope name n in the remaining part of the stack.
Lastly, if n is not found, an exception is thrown. In this case it would be ideal if
the compensate command is surrounded with a try-catch block so that execution

is not aborted.
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RPURGE

t,r, 57,57, (purge n) — t',r, 85,57, a; skip

where
t' = super_pop t n

a="fndntn

The changes applied to rule RPURGE are the same as those in RComp2. The

same function find_n is used to check whether a scope name is present on the stack.

An optimized algorithm would be to check whether the scope name is being
referenced in the compensation stack before you pop it. Consider the following
example

1 scope one {

unde a with a’;

3 scope two {

4 undo b with b’;

5 . undo ¢ with compensate two;
6 }

7 compensate one;

9 }

10

After successfully executing command ¢, the stack will contain the following

elements

[(compensate two, 5 )::(V, s2):: (two)::(d, s3):: (one)::t]
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The next step would be to check whether the scope name two is being referenced
in the compensation stack. There is no way that scope name two is called before
two was pushed on the stack. Thus, we only need to search up until we find scope
name two. If scope name two is being called in any of the compensating activities,
we change that command to throw an exception. In this example, the stack will

be updated as follows
[(throw exc, s1):(V, $2):(d, s3):: (one)::t]

When we move on to execute the compensating activities on the stack, an ex-
ception will be thrown. This would be more suitable to implement since searching
through a stack every time before executing a compensation would be very time

consuming.
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11. Local Variables and

Compensations

In Vella’s language, all variables are declared globally. The reason for declaring each

ariable globally was that compensation installation and activation is performed
at different times. Thus, the use of local variables would cause a lot of difficulties.
Consider the following example

¢ scope 4 {

2 x = 10;

3 declare y in {

4 scope B {

5 ¥y o= x;

6 undo {

7 X 1= X +y;
5 }

9 with {

10 X=X - y;
11 }

12 }

13 }

14 compensate A;
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In this example, the variable y is declared only for scope B. When we try to
execute the expression z - y outside of scope B, the program will fail since y is
not an element of the current state. Hence, declaring all variables globally will

eliminate this problem

In this section, we shall explore the use of compensations in a language that
has both global and scope variables. A new construct will be needed that will act

as a local scope for a variable

declare z in ¢: This construct will limit the variable x only to exist in ¢. Any

references made to variable z outside of ¢ will fail the program.

The difference between the constructs declare-in and scope will be that
declare-in will represent a chunk of code where the variable may be accessed.

On the other hand, scope acts ag an identifier for a group of compensations.

In previous sections, we mentioned that all the free variables are contained in
the domain of the initial state. When using local variables, the starting state is

empty. The semantic rules for the declare-in construct will be as follows

. — RDECL1
t,r,s,87,declare z in ¢ — t.r, s, s [;1: —)null},c;end T

When the command declare 2 in ¢ is encountered, we must add the new
variable z in the program state. We shall assign the value null for the moment.
Additionally, we must start executing command c¢. The command end x will be

added after ¢ to denote the point up until which z can be accessed.
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P I

rRDECL2

t,r,8 <,87, end 2 — t,87, ¢, skip

where ¥ =57 / ¢

When we reach the command end z, we must remove the variable z from the
program state. This rule cannot be used if we allow the same variables to be named
in different scopes example:

t scope A {

declare x in {

w

3 x = 0;

4 declare x in {
5 scope B {
6 X = 2;
T ¥

8 ¥

9 x =x + 1;

10 }

11 }

The inner declare~in removes z out of the current state as soon as we finish
executing line 8. However, z was also declared for line 9. This problem is known
as variable shadowing. At this stage, we will limit our programs to use unique

variable names.

Additionally, the reduction rules for the assignment statement need to be changed.

5,87 v sTsT e lw e €57

tr 8,857, (eri= ea) — t,7, 87, (s v —= w]), skip

RASS

A value can only be assigned to a variable, if that variable is already found in

the state. Thus, we can never assign a value to a variable, if it has not yet been
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declared.

This will bring up similar problems that were discussed in the previous chap-
ters. Since compensation installation and activation happens at different times in
a program, there may be cases that we will end up executing scope variables from

outside their scope.

2 declare x in {

3 scope 4 {

4 x = 10;

5 declare y in {
6 scope B {
7 ¥y o= X;
8 undo {

9 X =X +y;

11 with {

i

12 X

X-y;

15 }

16 compensate 4;

In this example when we finish executing scope B any local variables pertaining
only to that scope are removed from the current state. In this case the variable y
is removed. When we try to execute the compensation z := z - y, the program

will fail since the variable y is not present in the program state.
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Additionally, there are cases where the program does not fail. However an
incorrect output is produced.

1 scope A {

2 declare x in {

3 scope B {

4 x = 10;

5 undo {

6 X = x + 1;
7 ¥

8 with {

9 x :=x - 1;
i }

11 }

12 }

13 declare x in {

14 scope C {

15 x : =5

16 compensate A;
7 }

18 +

19 }

In this example, when scope B terminated, the variable x is removed out of the
current state. When we enter scope C, a new variable, z, is added to the current
stale. When we start executing the compensating activity z := x - 1;, the value
of z in the compensating activity would be the new value agsigned to x in scope

C.

There are a number of options to solve this problem. One solution is to add
another reduction rule, RASS2, that throws an exception every time a variable is
not present in the current state. It would be ideal to surround the compensation

with a try-catch block so that the program does not end with an exception. The
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reduction rule would be very similar to RASS.

s.57ep v sTsT e lw e €87

rRASS2
t,r, 8,57, (er:= ex) —> t,1, 87,87, throw exc

An alternative solution is to use the same technique that was used when we
handling scopes. Before removing a variable from the current state, we must first
check the compensation stack to see if this variable is being referenced. If the vari-
able is being accessed in a compensating activity, we change that activity to throw

an exception.

The final solution is to update any referenced variables in the stack with the
value held by them, before removing them from the state. Consider the following
example:

1 scope A {

2 x = 10;

3 declare y in {

4 scope B {

y 1=

6 undo

T x =y + 1
8 y = X5

9 with

10 XEY"L
11 }

12 }

13 compensate (4) ;

14 ¥

After successfully executing the activity y := 2 + 1, the stack and state would

contain the following elements:

Stack: [(z 1=y - 1, s1)= (B):: (A)]
State: [y — 11, z — 11]
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When scope B terminates, variable ¥ must be removed from the current state.
Before doing so, any references made to y are updated to the value that y holds in

the state. The stack and state are updated as follows:

Stack: [(z :=11 -1, 8):: (A)]

State: [z — 11]

After executing the compensating activities belonging to A, no exceptions will

be thrown and the program will terminate successfully.

11.1 Ewvaluation

In previous sections we mentioned the issues brought up when we try to handle
variables inside compensations. The introduction of local variables complicates
things even more. Problems like variable shadowing are only brought up with the
introduction of local variables. Additionally, local variables inside compensations

can be very tricky since a compensation can he executed any time in a program.

In this section, three solutions were presented to overcome most of the prob-
lem brought with local variables and compensations. The best solution out of the
three is the last one whereas, if a local variable inside a compensation is accessed
outside its variable scope, we use its most recent value. However, it is up to the
programmer whether to allow local variables inside a compensation to be accessed

outside of their scope.

In this section, we came up with a set of reduction rules that handle local
variables ingide compensations. The rules are not finalized and more work is needed

to overcome all the problems.



12. Related Work

Along the years, many formalisms have emerged which handle compensations. In
this section we will review two notations namely StAC and Sagas. Additionally we

will compare both formalisms with our solution.

The main reason for choosing StAC and Sagas is because both of them provide
a formal description of compensations by using operational semantics. The sim-
ilarities and differences with our formal semantics will be provided as we discuss

more about each formalism.

12.1 StAC

In StAC [12], compensations are not only associated with failures. StAC stores the
accumulated compensating activities in a stack. Thus compensations can be in-
stalled, executed and deleted using the usual stack operations. Additionally, StAC

supports both exception handling and compensations.
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12.1.1 Syntax

StAC; is an extension of StAC which supports concurrent compensation stacks.
Thus several compensations can be maintained concurrently. The syntax for the

compensating constructs in StAC; is presented in Table 12.1.

new(i).P; used to create a new compensation stack

| X, indexed reverse
| @ indexed aceept
| T.P push

| J>?71  merge

Table 12.1: StAC Syntax

In StAC;, each compensation task must have a compensation stack of its own
where compensations are added to it. The new(i).P; construct is used to create a
new compensation stack ¢, where tasks are added in it throughout the execution
of P. The 1,P operator is used to push tasks onto the stack. Thus a compensation

pair can be defined using the push construct
Psi1:Q

In the following example, @ is pushed onto stack i after successful conclusion

of P.

In StAC; execution of compensations must be programmed explicitly. Thus the
M, must be used to reverse the order of execution of stack 4. The accept construct

Z; is used to discard all tasks residing in stack 1.
Lastly, StAC has a merge construct J >7 ¢ which allows multiple compensation

tasks to be merged with one another. For example ¢ 7 s merges all the processes

belonging to ¢ into the compensation stack of task s.
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12.1.2 Semantics

The semantics of StAC is given in terms of a small-step semantics that describe
the language constructs. We shall only focus on the constructs regarding compen-

sations.

Clk)y=1
(new(i).P,, C, o) = (Py, Clk == skip], o)

Create Compensation Task: in this rule we must first check whether the new
compensation task, & is not in use. If this premise holds, we create a new compen-

sation task and set it to skip.

(1: Q. C,a)—(skip,C[i :== (Q; C(¥))], o)

Push: this operator, adds the compensation @, to the compensation function
C. Similar to our compensation language, ' is added in sequence with the previous

compensations such that the compensations will be executed in reverse order.

(K, C,a)—(C(#), Cli := skip|. o)

Reverse: the I, operator is very similar to the compensate construct. In this
rule we are formalizing the behaviour when a compensation task 4, is to be executed.

After execution of ¢ the contents of the compensation task is set to skip.

(d;, C, 0)—>(skip, C[i := skip|, o)
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Accept: the @; operator works very similar to the purge construct. Whenever

we reach @;, the whole compensation task 4 is discarded and i is reset to skip.

(J>?4, C, 0)—>(skip, Cli := (||jes.C()): C(¥),J == 1],0)

Merge: all compensation tasks of J are merged in parallel on the front of the
compensation task 2. The value of J is set to L meaning that the tasks in J are

no longer in use.

Similar to our approach, small-step semantics are used to describe the behaviour
of commands. The rules take the form of a relation between two configurations,
where the configuration is a tuple containing a compensation stack, a command
and the current state. This is very similar to the the reduction rules specified for

Vella’s language.

Ome difference is that in StAC, each compensation task has a compensation
stack of its own. In this project, we use a single stack where all compensations are
stored. Additionally, StAC, does not save the state at which the compensations
are installed. On the other hand, the current state is always used when executing

compensations.

12.2 Sagas

Sagas [13] is a flow composition language based on the idea of saga. A saga is a
transaction composed of a sequence of activities which either all of them succeed

or else all activities should be compensated.
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12.2.1 Syntax

X = 0]A]JA+B step
P == X|P;P|P|P process
S == {P} saga

Table 12.2: Sagas Syntax

A saga S, consists of a process enclosed in a scope. Each step in P may refer
to either the inert process 0, or an activity A or a compensated activity A + B.
Processes may be composed of a single process X, a sequential composition of pro-

cesses PP, or a parallel composition of processes P|P.

A transaction may terminate in three different ways. [ signifies that a transac-
tion has terminated successfully. I signifies that the transaction was aborted and
then it was successfully compensated. Lastly, B signifies a transaction that was

aborted but not successfully compensated.

12.2.2 Semantics

The semantics of Sagas is given as big-step semantics. Unlike StAC, activities in
Sagas operate under a context I', which determines the success or failure of the
activity. T' is a partial function that maps any activity A, to the result obtained

from execution
I': 4—{& X}
The semantics of saga is given by the relation
[43
'S —=no

We shall now consider the semantic rule in the case of a successful completion

of a step

83



Chapter 12. Related Work

A—@,T+{A+B, 8) 5 (@,B;3)

This rule states that if A terminates successfully, then so does A + B and thus
it evolves to . Additionally 3 evolves to B ; § where the compensation B is added

in sequence to the previous compensations. We will now consider the semantics

rules of the compensating mechanism.

' (3,003 (@0

F(3,0) 3 (K,0)
A5 RTITFA=BA S (K0)

A—=RTH{A+B, A S (®0)

The first rule above is saying that when the compensation succeeds, if g, the
compensation, progresses to [, when A fails, A + B evolves to K. Otherwise,
if we look at the second rule, when the compensating activity fails as well i.e. 3

progresses to X, then if A fails, 4 = B evolves to
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13. Conclusions

The aim of this FYP was to create a formal description for an imperative pro-
gramming language that is enriched with the compensation construct. The use of

a formal description would help us to prove the correctness of the language.

Initially, we started by creating a preliminary operational semantics that de-
scribed the behaviour of Vella’s language. The output of the reduction rules was
~then compared with the output generated by the compiler. Moreover, we became
familiar with the programming language and came up with a number of edge cases
that caused our programs to terminate abnormally or produce incorrect outputs.
Starting from the formalization of our language constructs, we have progressively
enriched our language to deal with variable and scope handling. Careful analysis

of both variable and scope handling were needed to give a convenient solution.

The main problem with the use of compensations as a fault handling mechanism
was that compensation installation and activation happens at different times in a

program. This caused a lot of problems when handling both variables and scopes.

Finally, We have given a precise operational semantics of our programming lan-
guage which is adequate with respect to the textual description available. Addition-

ally the reduction rules provided a way to solve the problems that were unforeseen
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when implementing the programming language.

13.1 Future Work

The principal focus of this dissertation was to present a formal description for
Vella’s language. Additionally, we explored the use of local variables within the
compensation mechanism. Due to lack of time available, we did not manage to
come up with a set of rules that describe the behaviour of local variables. Extend-
ing the rules with the declare-in command would definitely be a great addition

to our formal semantics.
Currently, Vella’s compiler does not detect the erroneous programs presented

in the previous sections. Ideally, the compiler is optimized to handle the anomalies

brought forward by the reduction rules.
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A. Appendix

A.1 Preliminary Semantics
A.1.1 Big-Step Semantics for Expressions

EVAL ————— EVAR
s,wih w s,vd s(v)

s,eq 4wy 5,0 | wo Wa == W + Wo
EADD

s, errey §owy

s.e1 4wy 8,69 4wy Ws = Wy — Wy
ESUB

s,e1—eg b ws

s.e1 4wy s, 69 Y wo wy = wy A wa

EAND
5,61 and e 4wy

s.eq 4 un $, €9 4} we Wy = Wy < W
ELEQ

8,61 <= ey wy

s,edw w = —w

ENOT
s, not e | w'
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A.1.2 Small-Step Semantics for Commands

- RSEQ1
t,s,8kip;c — ¢, 5, ¢
t,8,¢1 — t,, S/, Ca
— RSEQ2
t,s, 1500 —> 1, 8,035C
s,er v s,e9 Jw
RASS

t,s,e1:=ea —> t, (s[v — w]), skip

s,e ) true
RIF

t,5,if e¢ then ¢ else ¢o — £,5,¢1

s,ell false

RELSE
t,5,1f ¢ then ¢ else o — 1,5,

s.e ) true
RWHILEL

t,s,while ¢ do ¢ —{,8,c;while e do ¢

s,e | false
RWHILE2

t,s,while ¢ do ¢ —> 1, 5,skip

RTRY1
t,s,try skip catch ¢ — {, 5, skip

t,s,cp — t', 8. ¢}

RTRY?2
t,s,(try ¢ catch ¢) — ¢/, ¢ try ¢| catch ¢
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RCATCH

t,r,87,87, (try throw exc catch ¢) —»

RTHROW

t, s, (throw e;‘cc'f;c:) — 1, 5, throw exc

rUNDO1L

t,8,(undo skip with ¢) —> ¢ ¢, s,skip

t,s,00 — t', 8, ¢}
t,s,(undo ¢; with co) — ¢/, ¢, undo ¢} with ¢,

RUNDO2

- rRCoMP1
n :t, s, (compensate n) — n i t, s, skip
; rCompP2
t, s, (compensate n) — ', s, ¢; compensate n
where
t' = pop_first_ c t n
c =getfirst.ctn
RPURGE

t,s, (purge n) — t/, s, skip

where

t' = super_pop t n
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RScoPEL

t,s,scope nc—n:ut, s,¢;end n

- RSCOPE2
t,s,end n — t'. s, skip

where

t' = popm tn
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A.2 Variable Handling
A.2.1 Evaluation Semantics for Expressions

sTos7 e w57, e e wy = wy s

EADD
$7, 8,61 + e b wy
$,87,er J wn s,87 e Jwe  wy = 1wy — we 5
ESUB
§,87 er -ex Jws
s7.87, e Y S, 8T, e Ywe b=wyp <ws
p— ELEQ
57,87, e <= ey | wy
s, 57, e1 4 by s7,87, 60§ o b3 =0y and be \
EAND
$7,87, ¢y and ep { by
s7,87 el W =-b N v
ENOT EVAL
57,57, not e O s,87w b w
EVARF EVARB
s s vl s7(v) 5,87, v.back § s7(v)
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A.2.2 Reduction Semantics for Commands

- RSEQL
t, s, 87, (skip;c) — t,857,87, ¢

t.sT, 87,0 — s 87
!

RSEQ2

ts T, 87 0 — 5 5T e

sTosTerdr T, e w N
RASS
65,857 (er:= ea) — £,55,(s7[v = w]), skip
57,87, el true
p— P RTHEN
t, 8,87, (if e then ¢ else ¢3) — t,57,57, ¢4
s .57 el false
pE— N R RELSE
t,s,87,(1f e then ¢ else ¢y) — £,.87,57, ¢
s,87, e | true
p— - pE— - RWHILE]L
t,s, 87, (while e do ¢) — ¢,s7,57,¢;while e do ¢
s, 87, e | false .
pE— - p— - RWHILE2
t,$7, 57, (while e do ¢) — £, 5,57, skip
RTRY1

t,s,s7, (try skip catch ¢) — t,s%, 87, skip
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t,s,87,c0 —t, s, 57,4
- Ioatt o / RTRY2
,(try ¢ catch ¢) — t/,s7, 57 try ¢ catch ¢

t, 8,8

: RCATCH
t,s7,s7, (try throw exc catch ¢) — ¢, 57,57, ¢

RTHROW
t,s7, 87, (throw exc;c) — t, 5,57, throw exc

’ rUNDOL
t,s7, 57, (undo skip with ¢) —> (¢,s7) ¢, 87,57, skip
t,s T, 87,0 — s, 57
RUNDO2

t, s, 87, (undo ¢y W:Lth C2) ——>t',$‘—’,3_”;undo ¢, with ¢

rCoMP1

nt, 87,87, (compensate n) — n it 57,87, skip

rRCOMP2

t, 57,57, (compensate n) — t', ¢, 87, ¢; compensate 7

3 ®

where
t = pop first_ctn
¢ = snd (get_first_c ¢ n)
¢ = fst (get_first_c t n)
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where

RPURGE
t,s7,87, (purge n) — t/, 5", 57, skip
' = super_pop t n
: RSCOPEL
t, .87, scope nc—t,87,57,¢;end n
RSCOPE2

t,s7,s7, end n — ¢, 57,57

where

t =popmntn
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A.3 Nested Compensations
A.3.1 Evaluation Semantics for Expressions

.87 e by 87,87 e Jwe ws = wy 4wy

EADD
57,85, e+ eg Y ws
§7,87, ey Jun sTos7 e we  wsg = wy — un -
s¥,857, 61 - eo | ws "
sT.s7, e Jowy S, 87 e Yws  b=wy <wo sLEG
S{“, $7, €1 <= €3 *U’ ws
S<—, .9“%, €1 J\,L b1 Sé-, S-+, €9 U l’)g b;:; = bl and bQ EAND
TAN
.S’%_, 8“)? €1 and €o U bg
7,87, el b =-b N v
ENOT EVAL
s, 87, not e b s w bw
- EVARF EVARB
s, 87 v L s7(w) s, 57, v.back | s7(v)
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A.3.2 Reduction Semantics for Commands

- RSEQL
tr, s, 87, (skip;e) — £, 1,85,87, ¢

trsT, 870 — s s

RSEQ2
t,s T, 87 e — T s s e

s, er v 5T, s ey Jw N
RASS
£, 87,857, (eri= ea) —> £, 7, (s7[v = w)), skip

s,87, el true

RTHEN
t,7,87,87,(1f e then ¢ else ¢) — t,7,87,57, ¢
s7,57, el false
PR pE— RELSE
t, 78,87, (1f e then ¢ else o) —> £, 7, 8,587, ¢y
$,87, ¢ ) true o
P ; PR . RWHILEL
t.r, 57,87, (while e do ¢) —> £,7, 87,87, ¢;while e do ¢
s, 57, el false WiiLED
- - RWHILE:
t,r,57,57,(while ¢ do ¢) ) t,r, 8,57, skip
RTRY1

t,r,$7,87, (try skip catch ¢) — ¢, 7,57, 57, skip
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tr, s, 87,00 —thr s+ 57
~ NN +—/ s ! RTRH’Z
t,r,s ¢, 87, (try ¢ catch ¢) — ', ¢, s, 57 try ¢} catch ¢

5 pRE— RCATCH
t,r,s,s7, (try throw exc catch ¢) — t,r,s7,57,¢
RTHROW
t,r, 57,87, (throw exc;c) — t,7, 8,87, throw exc
RUNDOL

t.r, 8,87, (undo skip with ¢) — (¢, s7) = £,7, 55,87, skip

s s e — o st s
: RUNDO2

t.r,s7,87, (undo ¢; with ¢o) — ¢, 7', s, 57 undo ¢, with o
s 1y 3 1 s 3 1 2

rRCoOMPL

n o t,r,s7, 57, (compensate n) — n v, 87, 87, skip

rCoOMP2

t, 7,87, 57, (compensate n) — ¢/, (compensate n,s7) 17, 8,57, ¢
i ¥ bl

where
t = popfirst_c tn
¢ = snd (get_first_c t n)
¢ = fst (get_first_c ¢ n)
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rRCOMP3

t,(compensate n.s) 1,577,587, skip — £, 7, 5,57, compensate n

- RPURGE
t,r,s7,87, (purge n) — /.7, 87, 87, skip
where
t' = super_pop t n
; RSCOPE]L
t,r,s7,8 7, scope nc—>t,7,87,87,¢c;end n
RSCOPE2

t,r,s5, 57, end n — ¢/, 5%, 87, skip

where

t = popn tn
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A.4 Scope Handling

A.4.1 Evaluation Semantics for Expressions

sT.sep Py s, s e bwe ws = wy +ws \
EADD
57,87 er + e dws
sTosTer b w5, s e dwe wy = 1wy —we .
ESUB
§7,87,e1 - e Jws
55,87, e § wy S 87, e Ywe  b=w <wy L
57,87, er <= e | ws
s, 87, e 4 by s7,87,ea 4 by b3 =0by and by \
EAND
s7,87, ey and es | b3
s.87,edb b W =-b N v
ENOT EVAL
57,87, not el V 757w bw
EVARF EVARB
s vl sT(v) 57,87, v.back § s (v)
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A.4.2 Reduction Semantics for Commands

- RSEQI
b, s, 87, (skip;e) — 6,1, 85,87, ¢

tor,s7, 87,0 — 1 s 87

£, 87 e 00— U0 55 5T e

RSEQ2

s, e v s, 5T e Jw

— — - RASS
tr,s7, 87, (eg:= ex) — 6,1, 55, (s7[v — w]), skip
s, el true
pRE—— p— RTHEN
Y A, D SN 8 @ 1 9 LTS, 8 T, 0
tr, .(if e then c¢; else &) — 6,757,577,
s.s7, el false
p——— - ey RELSE
£,7, 85,87, (1f e then ¢ else o) —> ¢, 1,877,587, ¢
5,87, el true WL
RWHILE
t,r, 87,87, (while e do ¢) —> t,7, 5,57, c;while e do ¢
s, 87 el false WriLED
RWHILES
t,r,8,87, (while e do ¢) — t,r, s, s, skip
RTRY1

t,r, 85,87, (try skip catch ¢) — t,r, 87,57, skip
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trys s, 0 — s+ 57
RTRY2

t,r, 8 <, 87, (try ¢; catch ¢) — t/,7', 8", 57 try ¢ catch ¢

RCATCH

t,r,s%,s7, (try throw exc catch ¢) — t,r,s7,57, ¢

RTHROW
t,r, 87,87, (throw exc;c) — t,r, s, 87, throw exc

rUNDOL

t,r,s7,s7, (undo skip with ¢) — (¢, 57) = t,7, 87,87, skip

t.r, s, 87, 0 — 0 s s
3 : 3 : (S | .
- RUNDO2

t.r, 87,87, (undo ¢; with ¢o) — .77, 8", 57 undo ¢| with ¢

pR— PE— - rComprl
n:t,r,s%,s7, (compensate n) — n :: t, 7,87, 87, skip

RCOMP2

t, 7,87, 57, (compensate n) — t/, (compensate n,s) 1,

where
t' = popfirst_ c t n
sr = snd (get_first_c ¢ n)

a=1findntn
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¢ = fst (get_first_c t 1)

- rRCOMP3
t, (compensate n,s) =1, s, 57, skip — ¢, 7, 5,87, compensate n
rRPURGE
t,r, 87,87, (purge n) — t/,r, 87,87, ¢; skip
where
t = super_pop t n
a="findntn
RSCOPEL
t,r,87,87,scope nec—t,r, 87,87, ¢c;end n
- - RSCOPE2
t,r,s7, 87, end n —> ¢/ 1, 57,87, skip
where

t' = popntn
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