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Abstract

In the thesis, we explore reasoning about and handling of algebraic effects. Those
are computational effects, which admit a representation by an equational theory.
Their examples include exceptions, nondeterminism, interactive input and out-
put, state, and their combinations.

In the first part of the thesis, we propose a logic for algebraic effects. We
begin by introducing the a-calculus, which is a minimal equational logic with
the purpose of exposing distinct features of algebraic effects. Next, we give a
powerful logic, which builds on results of the a-calculus. The types and terms
of the logic are the ones of Levy’s call-by-push-value framework, while the rea-
soning rules are the standard ones of a classical multi-sorted first-order logic
with predicates, extended with predicate fixed points and two principles that de-
scribe the universality of free models of the theory representing the effects at
hand. Afterwards, we show the use of the logic in reasoning about properties of
effectful programs, and in the translation of Moggi’s computational A-calculus,
Hennessy-Milner logic, and Moggi’s refinement of Pitts’s evaluation logic.

In the second part of the thesis, we introduce handlers of algebraic effects.
Those not only provide an algebraic treatment of exception handlers, but gen-
eralise them to arbitrary algebraic effects. Each such handler corresponds to a
model of the theory representing the effects, while the handling construct is in-
terpreted by the homomorphism induced by the universal property of the free
model. We use handlers to describe many previously unrelated concepts from
both theory and practice, for example CSS renaming and hiding, stream redirec-

tion, timeout, and rollback.
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Chapter 1

Introduction

1.1 Historical background

Few areas of computer science are as influential as the study of the A-calculus,
whose results range from the purest theory to mainstream applications. It lead to
new fields such as domain theory [GHK™ 03]; it provided a base for most program
logics such as LCF [Sco93]; and it inspired functional programming languages
such as ML [MTHM97] or HASKELL [PJ03], which started as academic projects,
but matured and are becoming more and more popular and influential.

However, the main obstacle to the widespread adoption of the A-calculus in
programming languages lies in the lack of treatment of computational effects
such as user interaction, memory management, runtime errors, and so on.

Many approaches tried to bring theory closer to practice, but usually fo-
cused on a single kind of effect. Examples are Hoare logic [Hoa69] for state
or Hennessy-Milner logic [HMS85] for concurrency. Such specific approaches to
effects are double-edged: they do yield very elaborate results, for example proofs
of correctness of algorithms, but those results are almost impossible to combine
when one wants to treat more than one effect.

Then, in seminal work [Mog89], Moggi proposed a uniform representation of
all computational effects by monads [Mog91, BHMO0O]. This paved the way for
more general program logics, for example Pitts’s evaluation logic [Pit91], and
gave an elegant method to introduce computational effects to HASKELL, oth-
erwise a pure functional language. Still, with their encapsulation of effects,
monads abstract away from many valuable details, and combining monads for

different effects is a nuisance.
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To account for the sources of effects, Plotkin and Power suggested the repre-
sentation of effects by equational theories [PP01, PP03, PP04]. Intuitively, each
occurrence of an effect can be seen as a branching point in the execution of a
program, with as many branches as there are possible outcomes of an effect.
Each source of an effect is then represented by an operation, whose arity is the
number of outcomes and whose arguments represent the branches. The prop-
erties of those sources are described by equations between terms built from the
corresponding operations.

For example, nondeterminism is represented by a binary operation, which
represents the nondeterministic choice, and by equations, which state its idem-
potency, commutativity, and associativity. With the notable exception of contin-
uations [FSDF93], almost all computational effects have such a representation,
and those we call algebraic effects.

So far, the approach proved to be successful: it gave an elegant denotational
semantics of effectful programs in terms of Lawvere theories [PP03], it demon-
strated how such representation induces the usual monadic one [PP02], and it
provided simple ways of combining effects [HPPO0G6].

However, the approach lacked a logic, which would account for the algebraic
nature of effects, and was unsuccessful in providing a treatment of exception

handlers, which fail to be algebraic effects [PP03].

1.2 Aims of the thesis

The first aim of the thesis is to give a comprehensive and powerful logic of al-
gebraic effects. To capture the distinct features of effects, we first introduce a
minimal equational logic, and then expand it into a rich first-order logic with
predicates. To show the power of the resulting logic, we use it to derive proper-
ties of effectful programs, and to embrace other approaches by translating their
syntax into ours and deriving the translations of their axioms in our logic.

The second aim of the thesis is to give an algebraic treatment of exception
handlers. As it turns out, each such handler corresponds to a (not necessarily
free) model of the equational theory for exceptions. This idea is then further
expanded to handlers of arbitrary algebraic effects. In order to emphasise the
importance of generalised handlers, we show how they describe previously unre-

lated concepts from both theory and practice.
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The last aim of the thesis is to consolidate the findings into a logic for ef-
fects and their handlers, and use it to derive the known properties of exception

handlers and discuss their generalisation to arbitrary effects.

1.3 Structure of the thesis

In Chapter 2, we give standard definitions of multi-sorted equational theories
[Gra79, Jac99], multi-sorted first-order theories [End00, Jac99], and Lawvere
theories [Bor94, Pow06]. Then, we describe the algebraic representation of ef-
fects, and provide examples of algebraic effects and the corresponding theories.

In Chapter 3, we introduce the a-calculus and use it to point out the basic
properties of algebraic effects. The a-calculus is a minimal equational logic with
a clear separation between values, effects, and computations, along the lines of
Levy’s call-by-push-value approach [Lev06a]. After giving a denotational seman-
tics in terms of models of Lawvere theories, we give the reasoning rules of the
equational logic, and show how each term is equivalent to one in canonical form.
Finally, we use this result to prove some simple properties of programs and show
the completeness of the equational logic.

Afterwards, we start developing the general logic, and in Chapter 4, we de-
scribe its language. We generalise the description of effects by extending the
operations with parameters and binding, and by equipping the equations with
side conditions. The term language of the logic is an extension of the a-calculus
with other call-by-push-value primitives and computation variables, while the
propositions and predicates of the logic are the ones of first-order logic, together
with predicate fixed points and quantifiers over both values and computations.
The interpretation of the logic builds on countable Lawvere theories and their
models in the category of sets.

In Chapter 5, we list all the reasoning rules of the logic: the structural reason-
ing rules, rules for connectives and predicates, equations for call-by-push-value
constructs, a principle of computational induction, and a free model principle,
with the last two expressing the universal property of the free model. In addi-
tion to providing the reasoning rules of the logic, we also show their soundness
with respect to the semantics of the logic in sets.

Chapter 6 further develops the logic and describes how to obtain translations

of other approaches. We generalise the results obtained in the a-calculus, explore
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the properties of the free model principle, and define local and global modali-
ties. Then, we give a translation of Moggi’s computational A-calculus [Mog89], of
Hennessy-Milner logic [HM85], and of Moggi’s variant [Mog95] of Pitts’s evalu-
ation logic [Pit91]. For the latter, the translation preserves the provability only
for a well-behaved subset of algebraic effects.

With Chapter 7, we shift our focus to the study of handlers. We give an alge-
braic treatment of exception handlers in terms of induced homomorphisms from
the free model, and generalise the approach to arbitrary effects. This introduces
a novel difficulty: such handlers have to obey the same equations as the effects
they handle. We try to resolve this by giving two separate language for describ-
ing and using the handlers, thus delegating the control of correctness to the
meta-level. We conclude the chapter with a list of various examples of handlers
from both theory and practice, for example stream redirection, CCS renaming
and hiding [HM85], timeout, and rollback.

In Chapter 8 we bring the two parts of the thesis together, showing how to
extend the logic with handlers, in particular how to relate handlers to the free
model principle, and how to generalise the existing properties of sequencing and
exception handlers to ones of the handling construct.

Then, in Chapter 9, we extend our development with recursion. We extend
the description of effects with inequalities, introduce computation fixed points
to the term language, and generalise the semantics to one in terms of w-chain
complete partial orders. Then, we single out admissible predicates, which can be
interpreted in terms of sub-cpos, limit the principle of computational induction
to admissible predicates, and add the principle of Scott induction, also limited to
admissible predicates.

Finally, in Chapter 10, we summarise our results and discuss future work.



Chapter 2
Technical preliminaries

We begin by summarising multi-sorted equational [Gra79, Jac99] and first-order
theories [End00, Jac99], Lawvere theories [Bor94, Pow06], and the algebraic rep-
resentation of effects [PP01, PP03].

In the technical preliminaries, we also introduce a number of abbreviations
that will be used throughout the thesis. We introduce each notation only once,
but use it in numerous variants. For example, although we only say that s abbre-
viates a sequence of sorts s1,...,s,, we shall use the same notation to abbreviate

a sequence of terms ¢1,...,¢, by £, and other sequences in a similar way.

2.1 Equational theories

All effects treated in the thesis are representable with countable equational theo-
ries. However, to grasp the underlying ideas, the a-calculus is built in the frame-
work of finitary equational theories, which we introduce first. In Section 2.1.2,
we are going to generalise those to countable theories, and in Section 4.1, we
are going to provide a convenient finitary syntax for describing such countable

theories.

Definition 2.1 A signature X of a (multi-sorted) equational theory consists of:
* a set of sorts s,
* a set of function symbols f,

* an assignment f:(sq,...,8,) — s of argument sorts s1,...,s, and a result sort

s to each function symbol f.
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When the list of argument sorts is empty, we write f:s instead of f:() — s, and

call f a constant symbol. We often abbreviate s1,...,s, by s.

Definition 2.2 Take a countably infinite set of variables x. Then, the set of

terms t is given by the following grammar:
tu=x| f(#).

When the list of arguments is empty, we sometimes write f instead of f(). In
addition to f(#), we shall abbreviate f(¢4,...,¢,) by f(¢;);.

For distinct variables x1,...,x, and terms ¢1,...,¢, and ¢, we define the term
tlt1/x1,...,tn/x,], sometimes abbreviated by t[#/x] or t[¢;/x;];, to be the term ob-

tained by the standard simultaneous substitution of x; by #; in ¢ [End00].

Definition 2.3 A context I is a finite list x1:81,...,%,:8,, sometimes abbreviated

by x:s or (x;:s;);, of distinct variables x;, each paired with a single sort s;.

Definition 2.4 A typing judgement I' - t:s states that a term ¢ has a sort sin a

context I'. The typing judgements are given inductively by the following rules:

I'kt:s
(x:s€l), —— (fi(8)—s€),
I'-x:s I'-f(#):s

where for t =t¢4,...,¢, and s = s1,...,S,, the typing judgement I' - £:s states that
I'¢;:s; holdsforall 1<i<n.

Note that given I' and ¢, there is a unique sort s such that I' - ¢:s holds, and
that the typing judgement has a unique derivation. We shall usually talk about
aterm I' - ¢:s, by which we shall mean a term ¢ such that I' - ¢:s holds.

Lemma 2.5 (Substitution) Take a term x:st+ t:s and terms '+ t:s. Then, we

have

I't[t/x]:s.

Definition 2.6 A (multi-sorted) equational theory T over a signature X is a set
of equations ' -t =; ' between terms I' - #:s and I' - ¢':s, closed under the

following rules:
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* replacement:

F|_‘J'ti:si t,i (1<i<n)
(x:skt:s),

I o tlt/x] =, t[t /x]

e substitution:
x:skgt=¢t

TkEt:s),
I g tlt/x] =, t'[#/x]

¢ reflexivity, symmetry, and transitivity of equality:

THyt=ct IFFgt=gt' Thrgt'=.t"

Tkt:s), ,
Ihgt=4t Tyt =t IFHyt=¢t"

K

where I' - t = t/ means that the equation I' - # =¢ #' is in the theory T. If T is
obtained by closing a set A under the above rules, we call A the axiomatisation
of T.

We write

F|_‘J't1 =sloa=s' ' =stn-1=stn

for the sequence of equations
gty =gt Ihgtp-1=stn,
which by transitivity imply the equation I' Fq #1 = ¢,,.

Definition 2.7 Let 7 and 7’ be equational theories over the same signature X.

We say that 7’ is an extension of T, if T < J'. If T < 7', we call the extension
proper.
Definition 2.8 An equational theory 7 is:
* trivial, if it contains only equations of the form I' - ¢ = ¢,
e consistent, if there exists a sort s such that
x:8,x :skgx=¢x'
does not hold,

* Hilbert-Post complete, if it is consistent and has no consistent proper exten-

sions.
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Definition 2.9 Let C be a category with finite products. An interpretation J of a

signature Z in C is given by:
* an object [s]y in C for each sort s€ Z,

* and a morphism

[flg: [s1lg x -+ x [splg — [s]y

for each function symbol f:(s1,...,s,) > s€ Z.
We can extend an interpretation to:
* contexts I'=x1:51,...,%,:5, with objects

[Ty = [s1ly x---x [salg,

¢ typing judgements I' F ¢:s with morphisms
[T'F2:slg: [Ty — sy,
given recursively on the (unique) derivation of the judgement by
[T'Fx;:s;]5 =pr;,
[T f(2:)i:slg = [flgo(IT F ¢;:sil9)i,

where pr; denotes the i-th projection morphism and (f;); denotes the tuple

of morphisms f1,...,fx.

When we are dealing with a single interpretation J, we write [—] instead of [—]5.

Definition 2.10 Let T be an equational theory over a signature X, and let € be

a category with finite products. An interpretation M of Z is a model of T if
I'kgt=g t' implies [l = ﬂt/]]jv[: [Tlne — [sly -

A homomorphism 9 between such models M and M’ is a family of morphisms

9s: [sln — [sly for each sort s, such that

51 X'”Xasn

[s1lov % --- x [splm [s1lov X -+ % [spll

(LEYS [l

[sln [sl

s

commutes for each f:(s1,...,8,) > s€X.
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Models of T in €, together with homomorphisms, form a category Mody(C) in
the obvious way [Bor94].

Proposition 2.11 Take a signature X, its interpretation M, and a theory T over
2 with an axiomatisation A. If [t1] = [t2] holds for all equations I' - t1 =5 t9 € A,
then M is a model of 7.

2.1.1 Single-sorted theories

When a signature X contains only a single sort s, we drop any mention of it in
bindings, type assignments, or equations. Then, we refer to function symbols as

operation symbols op, and write their arity as op:n instead of as

op:(s,...,8) —s.
N——

n
For a given model M, we call [s]y; the carrier of M.

Given a set A, we can construct the free model F A of a theory T over a signa-
ture X. Let 2 be the signature X extended with a constant a:0 for eacha € A,
and let Ta be the theory over the extended signature, with no non-trivial equa-
tions other than the ones that follow from 7. For the carrier of FA, we take the

set of all equivalence classes [~ ¢] of closed terms - ¢ over X4, factored by the

equality of Ta. Then, [op]ra is given by
loplra(lF t1],...[F £,]) =ger [F Op(t1,...,t0)].

Since the provable equality is a congruence, this defines an operation on equiva-
lence classes, and it is straightforward to check that such a family of operations
gives a model of T. A similar construction can be done in any locally finitely

presentable category with finite products [Bor94].

Proposition 2.12 Take a set A ={a1,...,a,} and a single-sorted equational the-

ory J. Then,

X1yeoyXn Fot=1t if and only if tlai/xililra = [t'[a;/x;i1Fa -

Proof The proof follows from the construction of the free model on A. O
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2.1.2 Countable theories

Definition 2.13 A signature X of a countable (multi-sorted) equational theory

consists of:

* a set of sorts s,
* a set of function symbols f,

* an assignment f:(s) — s of a countable list of argument sorts s and a result

sort s to each function symbol f.

Note that when discussing countable theories, we use s and similar notations to
denote countable lists.

Terms, contexts, typing rules, and substitution, are routinely adapted to the
countable case. Terms are countably branching, as function symbols have a
countable number of arguments, and well-founded, as they are built inductively.
Since terms can contain a countably infinite number of variables, the contexts
are also infinite. An interpretation of a signature X now has to be given in a
category with countable products.

A countable version of an equational theory is, as before, defined to be the set

T of equations, closed under the following infinitary rules:

* replacement:

't =s; t/i 1<i)
(x:skt:s),

I o tlt/x] =, tlt /x]

* substitution:
x:skyt=¢t

T'k+t:s),
I g tlt/x] =, t[t' /x]

¢ reflexivity, symmetry, and transitivity of equality:

Thgt=g¢ IFHyt=t' Iyt =t

TFt:s), ,
IFHyt=gt Iyt =4t IHyt=gt"

Models of T in a category C with countable products, together with homomor-
phisms, both defined similarly as before, again form a category Mod+(C), and if
an interpretation makes all the equations in A sound, it is again a model of the
theory. Similarly, we can construct free models in the category Set of sets or any

locally countably presentable category with countable products.
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2.2 First-order theories

Definition 2.14 A signature X of a (multi-sorted) first-order theory consists of:

a set of sorts s,

a set of function symbols f,

* an assignment f:(s) — s of argument sorts s and a result sort s to each

function symbol f,

a set of relation symbols rel,

* an assignment rel:(s) of argument sorts s to each relation symbol rel.

Definition 2.15 Taking a countably infinite set of variables x, terms ¢ are given
in the same way as for an equational theory, while formulae ¢ are given by the

following grammar:

pu=rel®) | ti=sto | T @1Ap2 | L1 @1V | @1=>@2 | Vxis.@ | Ix:s. .

We define negation by - =ger o = L.

For distinct variables x, terms £, and a formula ¢, we define @p[#/x] to be the
formula, obtained by the standard capture-avoiding simultaneous substitution

of variables x; by ¢; in ¢ [End00].

We define contexts I' = x:s and typing judgements I' - ¢:s in the same way as

in multi-sorted equational theories.

Definition 2.16 A formula typing judgement I' ¢ :form states that a formula

@ is well-typed in a context I'. The formula typing judgements are given induc-
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tively by the following rules:

T'Ht:s T'kt¢:s T'++¢:s
(rel:(s)e ),

I+ rel(#):form I'+t=,t:form I'+ T:form

' ¢1:form ' ¢po:form

>

' @1 A @o:form FI—J_:form’

' @1 :form ' @o:form

' ¢1:form ' ¢g:form

'+ @1V @y:form ' @1 = @g:form

I x:st+ ¢:form I x:st+ ¢:form

'k Vx:s. p:form 'k 3Jx:s. @:form

Lemma 2.17 (Substitution) Take a formula x:s+ ¢:form and terms ' ¢:s.
Then, we have

'+ @lt/x]:form.

From the formulae, we build judgements I' | ¥ - ¢, where V¥ is a set of hy-

potheses ¢1,...,¢, such that I' - ¢; :form holds for 1 <i <n, and I' - ¢:form is
the conclusion.

Definition 2.18 A multi-sorted first-order theory J over a signature X is a set of

judgements, closed under the following rules [Jac99]:

* hypothesis:

I N7 7

* replacement:

TIWhyti=g,t, (I<i<n) T|Vkqolt/xl

(x:sF ¢:form),
TV HFg@lt/x]

e substitution:

x:s|VYkg0

Tkt:s),
T | Y[t/x] - lt/x]
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¢ reflexivity, symmetry, and transitivity of equality:
IFNWYhyt=4t
(T'kt¢:s), _—
IFWhyt=t IFNWYhyt' =t
FNYhyt=st T|Whkqgt =4¢"
IFNYhyt=st"
¢ truth and falsehood:
I'vYres T 'Y, Lkgo
¢ introduction and elimination of conjunction:
F¥Yhrep1  TI¥YEre LW Er@1A@2 Y Er@1Ape
I A WA INR A 31 I S )
¢ introduction and elimination of disjunction:
['YEger 'Y Eg @2 'Y,p1Fg¢ 'Y, p2t5¢

FYEg@1ver LYy @1V LY, p1Veebgo
¢ introduction and elimination of implication:

LY, ¢1F7 @2 ['YEye1= @2 'Yy

b

'Yy @1= @2 I'YEg 2

* introduction and elimination of universal quantification:

Nx:s|VWhEro 'Yy Vx:s. @

, T'kt:s),
'YHEkgVx:s. @ ['|Y g plt/x]

¢ introduction and elimination of existential quantification:

T|¥ kg glt/x] FIWhy3rs.g)  Tais| W9 Fyo

Tkt:s),

[|Why3x:s.@ I S X

¢ reductio ad absurdum:
Y, gty L

)

r|\P|—g~(p

2

K
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where I' | ¥ 5 ¢ means that the judgement I' | ¥ I~ ¢ is in the theory T. If T is
obtained by closing a set A under the above rules, we call A the axiomatisation
of 7.

Throughout the thesis, we omit any conditions on the freshness of bound vari-
ables, as they are guaranteed by the restrictions on the contexts. For a more

elaborate discussion of such restrictions, see Remark 3.22

Definition 2.19 An interpretation J of a signature X is given by:
¢ a set [s]y for each sort se X;

* amap

[flg: [s1lg x -+ x [splg — [s]y

for each function symbol f:(sq,...,s,) > s€Z;

¢ and a subset

[relly € [s1lg x -+ x [spl9y

for each relation symbol rel:(s,...,s,) € 2.

We extend the interpretations to contexts and typed terms just as in multi-
sorted equational theories, while formula typing judgements I' - ¢ : form are
interpreted by subsets [I'F ¢:form] < [I'] according to Tarski’s semantics, given

recursively on the (unique) derivation of the judgement by:

[rel@1,..., )1 = {y € [T] [<[¢10CY),..., [£n0(y)) € [rell},

[¢1 =5 t2l ={y € [T1 | [£11(y) = [£20 (1)},
[Tl =I1T,

lp1 A2l = o1l N2l
[Ll=9,

lp1 V@2l =lpil Ulpal,

[p1= @2l ={y € [Ty € [1] implies y € [p2]},

[Vx:s. @]l ={y € [Tl | {y,y) €l',x:s+ ¢:form] for all y € [s]},

[Fx:s. @l ={y €Il [ (y,y) € [[,x:s ¢:form] for some y € [s]},

where we abbreviate [['+ ¢:form] by [¢].
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Definition 2.20 Let T be a multi-sorted first-order theory over a signature X.
An interpretation M of X is a model of T if

Cloi,...,onF7 ¢ implies loiln NN lnln € [l -

Proposition 2.21 Take a signature X, its interpretation M, and a theory T over

> with an axiomatisation A. If

[p1lne NN l@nln € [@la

holds for all judgements I | ¢1,...,¢, F @ in A, then M is a model of 7.

2.3 Lawvere theories

Definition 2.22 Take small categories € and €’ and a functor F: C — €. We say
that F is bijective-on-objects, if its object-component is a bijection.
Assuming that both € and €’ have finite products, we say that F is a (strict)

product preserving functor if the image

F F
FA 2P paxp) 222, pp

of a (specified) product diagram in € is a (specified) product diagram in €'

Definition 2.23 A Lawvere theory is a small category L with finite products,
together with a strict product preserving bijective-on-objects functor o : ng - L,
where the category Xy is a skeleton [ML71] of the category of all finite sets and

maps between them [Pow06].

The objects of Xy are [0],[1],[2],..., where [i] is the representative of a finite
set with i elements. A morphism p: [m] — [n] can be represented by a m-tuple
{(P1,.--,Pm), Where 1< p;<nforeachl<i<m.

The category X has finite sums, in particular, the sum of objects [m] and [n]
is the object [m +n]. Hence, its dual X" has finite products, in particular, the

object [n] is equal to a product [1] x --- x [1] of n copies of [1].

Remark 2.24 Usually, a Lawvere theory is defined to be a small category with
finite products and with objects Ag,A1,..., such that A, is equal to (A1)" [Bor94].

Although we prefer to give the definition of a Lawvere theory in a different way,
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which is easier to generalise, the two definitions coincide. (If we want a corre-
spondence with Lawvere theories where A, is isomorphic to (A1)"”, we have to
omit the strictness condition in Definition 2.23.)

On one hand, take a small category L with finite products and a strict prod-
uct preserving bijective-on-objects functor o/ : ng — L. Since ¢ is bijective-on-
objects, the objects of L are exactly the objects J[0],J[1],J[2],.... As o is strict
product preserving, J[n] is equal to (J[1])". We usually identify J[n] with [n].

On the other hand, taking a small category with finite products and objects
{A;}ien, we define J as the functor that maps an object [n] to A, and a morphism
p:Im]l—I[nltodp: A,, — A,, defined by

Because [m] x [n] = [m + n], we have
J(ImIx[n)=Amin =AD" =AD" x(A1)" =Ap x Ay =JIm] x J[n],

hence J is strict product preserving, and it is obviously bijective-on-objects.
It is easy to check that the two constructions yield an isomorphism of cate-

gories.

Definition 2.25 A model of a Lawvere theory L in the category C with finite
products is a finite-product preserving functor M : L — €, and a homomorphism
between models M and M’ is a natural transformation A: M — M'. Models of L

in C, together with homomorphisms, form a category Mod (C).

Definition 2.26 For models M, and My, the product model M1 x My is defined
by

(M1 x M2)[n]=Mi[n] x Ma[n],
(M1 xMso)p=MipxMsp.

If for an object A, the exponent (M[1])* exists, the exponent model M# is defined
by

(M™)[nl=M[n)?,
(M*p =(Mp)* .
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It is easy to check that if (M[1])4 exists, so does (M[n])4 = (M[1])4)", and
that both the product and the exponent models are finite-product preserving
functors.

The category Mod. (C) is equipped with a forgetful functor U : Mod.(C) — C,
which maps a model M to an object UM = M[1] and a homomorphism A: M — M’
to its component Ay;: UM — UM'.

When C is locally finitely presentable (see [Bor94] for the definition), the free
model construction, sketched in Section 2.1.1, gives a functor F: € — Modg (C),
which is the left adjoint of U [Bor94].

Example 2.27 The category Set of all sets and maps between them is a locally
finitely presentable category.

The functors U and F form a strong (see Definition 2.28 below) monad T on
C. We write n and ¢ for the unit and the co-unit of the adjunction, and u for the

monad multiplication.

Definition 2.28 A strength of a monad (7,1, u) is a natural transformation
stap: AxTB—T(AxB),

that is natural in both components and makes the following diagrams commute:

st1,4 staxB,c

1xTA T(1xA) (AxB)xTC T((AxB)xC)

W

1

pry QQW

TA Ax(BxTC) AxTBxC)

- T(A x (B x(C))
idg x stp ¢ sta BxC

sta B sta B

AxTB T(A x B) AxTB T(A x B)

idA X 1B _& \6}’ HAxB
'\

A xB A xT?B T(A x TB)

2
sta,TB Tstap T™(AxB)

Definition 2.29 Take objects A and B, and a model M. Then, for every mor-
phism f: A x B— UM, we define its lifting f' to be the morphism

UeyoUFfostap: AxUFB—UM.
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Lemma 2.30 For any morphism f: A xB — UM, we have

ffoGdaxnp)=f.
Proof We have

fTo(ida xng)
=UeyoUF[fostypo(idga xng) (by definition)

=UeyoUFfonaxp (by definition of strength)
=Ueyonumef (by naturality of 1)
=f (as Ueys and nypr are inverse [ML71]) .

2.3.1 Algebraic operations

Definition 2.31 Let L be a Lawvere theory and let C be a category with finite
products such that the forgetful functor U: Mod. (C) — € has a left adjoint F. A
family of maps apa: (UFA)* — UFA, where A ranges over all objects of C, is an
algebraic operation of arity n, if for any morphism f: A xB — UFC, the following

diagram commutes.

(fTo(idg x pr;))?

A x(UFB)" =L (UFC)"
idg xaFB arc
AxUFB UFC
fT

The forgetful functor has a left adjoint if the category C is locally finitely pre-
sentable.

Let 9t be the smallest set of models that contains all the free models FA,
where A ranges over the objects of €, and is closed under products and exponen-
tials. Given an algebraic operation {aFa}a, we can recursively extend it to other

models from 91 by

A
QM x My =def @M, X @M, and a4 =qer(apm)” .

Then, such a family behaves as an algebraic operation.
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Proposition 2.32 Let L be a Lawvere theory and let C be a category with finite
products such that the forgetful functor U: Mod.(C) — C has a left adjoint F.
Take a family of maps apr: (UM)* — UM, where M ranges over all models in the
family )t defined above. Then, for any morphism f: A x B— UM, the following

diagram commutes.

(fTolida x pr;)?

A x (UFB)" =L wumy
idg xapB am
AxUFB UM
fT

Proof We proceed by an induction on the construction of M. The proof is

routine. U

Lemma 2.33 Assume that the category C is cartesian closed and that the for-
getful functor U : Mod; (C) — C has a left adjoint F'. Then, the family of maps

{(FA)p: UFA)' - UFA}a

is an algebraic operation for all morphisms p: [n] — [1].

Proof Take an arbitrary morphism f: A x B — UFC. By transposing it, we
obtain a morphism B — (UFC)4. Since (UFC)4 = U(FC)4, the adjunction yields
a homomorphism f: FB — (FC)”. Because of the naturality of f, the diagram

FB)n1 1L (FyALn)

(FB)p (FCYp

(FB)[1] — (FC)A[1]
fiu

commutes, from which it follows that the family {(F*A)p}4 is indeed an algebraic

operation. a

In Set and other suitable categories, the Yoneda embedding induces a bijec-
tion between algebraic operations and maps in the Kleisli category of the monad
UF [PPO03]. In particular, each algebraic operation {agpa: (UFA)" — UF A}4 cor-
responds to a map gen,: 1 — UFn, called the generic effect of a, where the set

n=1+---+1is the disjoint sum of n terminal objects 1.
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2.3.2 Relationship to equational theories

Each single-sorted equational theory T induces a Lawvere theory L+ in a canon-
ical way [Bor94]. First, fix a sequence of variables x1,x9,.... Then, for the objects
of Lg, we take the objects [0],[1],[2],... of the category ng.

Because [m] is isomorphic to [1]™, each morphism [n] — [m] is equivalent
to a m-tuple of morphism [n] — [1]. For those, we take equivalence classes
[x1,...,x, F t] of terms, modulo the equality in 7.

The composition of morphisms
(x1,...,xn Ft1],...,[x1,.. ., xn E tn ) [R]— [m]
and

<[x1,---7xm l_ tll]a"'a[xlr",xm l_ t;€]>' [m] - [k]

is defined to be
([x1,..., 20 & 810t/ 1i), . [, 20 b 8 (83723 030) : [n] — [R],
and the identity morphism on [n] is defined to be
([x1y. s F ol e, B ap]) .

The identity laws are easy to check, while the proof (and statement of) associa-
tivity is much more cumbersome.

For an arbitrary single-sorted equational theory 7, the categories Mody(C)
and Mod. . (C) are equivalent [Pow06].

2.3.3 Countable theories

Definition 2.34 A countable Lawvere theory is a small category L with count-
able products and a strict countable-product preserving bijective-on-objects func-
tor o/ : Nip — L, where X1 is a skeleton [ML71] of the category of all countable sets

and maps between them [Pow06].

Definition 2.35 A model of a countable Lawvere theory L in a category C with
countable products is a countable-product preserving functor M: L — C, and

a homomorphism between such models M and M’ is a natural transformation
h:M—M'.
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Models of L in C, together with homomorphisms, form a category Mod (C).
As before, each countable single-sorted equational theory T induces a canonical
countable Lawvere theory Lg such that the categories Mody(C) and Mod,.(C)
are equivalent [Pow06].

If € is locally countably presentable, the forgetful functor U: Mod.(C) — C
has a left adjoint F': € — Mod(C), and the two functors form a strong monad
UF: C— C [PowO06].

Example 2.36 An w-chain complete partial order (A,<) (or an w-cpo) is a set
A, equipped with a partial order <, such that any countable increasing chain
a1<as<... has a supremum V;a; [GHK"03].

For w-cpos (A,<4) and (B,<p), we say that a map f: A — B is continuous, if:
* it is monotone, that is a <4 a’ implies f(a) <p f(a);

* it preserves suprema of increasing chains, that is f(\/;a;) =V, f(a;) (since

f is monotone, the elements f(a;) form a chain).

Then, w-cpos and continuous maps between them form a category w-Cpo,

which is locally countably presentable.

2.4 Algebraic effects

As suggested by Plotkin and Power, computational effects may be represented
by single-sorted countable equational theories [PP01, PP02]. For each effect,
we give a set of its sources, which we represent by operation symbols. Then,
each occurrence of those sources represents a branching point in the execution
of the program, where the number of branches reflects the number of possible
outcomes, and is captured in the arity of the operation representing the source.
Finally, the properties of effects are described by an equational theory.

To distinguish this use of equational theories from the standard use in de-
scribing the values of the underlying system, we adopt a different syntax, which
we will also use in the remainder of the thesis when describing effects. The vari-
ables are labelled by z and the contexts by Z. Finally, the terms of the theory are

called effect terms e. The algebraic representation is obtained as follows.
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2.4.1 Exceptions

Take a set E of exceptions. Since the evaluation of a program stops when an
exception is encountered, we take a signature containing a nullary operation
symbol raiseeyc : 0 for each exception exc € E. For the theory, we take the trivial
theory. The induced monad T then maps a set A to the set A + E, the disjoint
sum of sets A and E.

A notion that accompanies exceptions is exception handling. In its simplest
form, it is represented by a handling construct handlee(e1,e2) for each exception
exc, which intuitively evaluates as e, unless its evaluation raises exc, in which
case it evaluates as es.

However, exception handling is not an algebraic effect, as the handling con-
struct is not an algebraic operation. If any family of maps {hra}a were to repre-
sent exception handling, a map hp4: (A + E)?> — A + E should obey the following

two equations:

(hra)ini(a),2) =iny(a),

(hFa)(ing(exc),z) =z,

whereini: A—-A+E and ing: E — A + E are the inclusion maps.

Now take A to be {a,b} and set f(a) =ing(exc) and f(b) =iny(b). Then, we get

(hpao(fH)(ini(a),ing (b))
=hpa(fTin(a)), £ in1(b)))
= hra(ing(exc),iny(b)) (by Lemma 2.30)

=1ini(b) (as h represents the handling construct) .

However, if the family {Ara}a is an algebraic operation, we have

(hpa o (fH?)(ini(a),in1 (b))

=(fTohpa)(ini(a),iny (b)) (since {hrala is algebraic)
= fT(hpa(ini(a),iny (b))
=f T(in1(a)) (as h represents the handling construct)

=ing(exc).
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Although exception handling fails to be an algebraic effect, it has an algebraic
treatment in terms of handlers of algebraic effects, a novel concept we discuss in
Chapter 7.

2.4.2 Nondeterminism

To describe nondeterminism, we take a signature containing a binary operation
symbol or:2, which represents nondeterministic choice. We write or(e1,ez) in the
infix form e Ueg. The theory for nondeterminism is the theory of semi-lattices,

given by the following axiomatisation:

zkFzUz=2z,
21,29 2z1Uz9=29U271,

21,292,283 (21Uz9)Uz3 =21 U(22U23).

The induced monad for nondeterminism maps a set A to the set F*(A) of finite
non-empty subsets of A.

To show that the given theory accurately describes nondeterminism, we first
observe that nondeterministic choice satisfies all the semi-lattice equations. To
show that it cannot satisfy any other equation, we prove that the theory is
Hilbert-Post complete: an addition of any other equation, not already present

in the theory, would make the theory inconsistent.

Proposition 2.37 (Plotkin) The theory for nondeterminism is Hilbert-Post com-
plete.

Proof We first observe that due to the semi-lattice equations, each effect term
e can be put in a canonical form z; U---Uz,. Now take an arbitrary extension
T’ of the theory 7 for nondeterminism, and an arbitrary equation Z+e=¢'€ 7,
where, without loss of generality, both e and e’ are in canonical form.

If both sides of the equation contain exactly the same variables, then the
two sides are equal and the equation is already present in T. If not, there is a
variable z, present only on (say) the left hand side. We take a fresh variable 2/,
and substitute all variables except z by z’. If z is the only variable present on the
left hand side, we get

2,2 Fpz=2",
if it is not, we get

! !/ !
2,2 FqzUuz =2,
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which by a simultaneous substitution of 2’ for z and z for 2’ entails
!/ !/
2,2 FzUz=2z2,

and so
Z,Z, |—j'/ z2=2.
Hence the extension 77 is inconsistent, therefore the theory for nondeterminism

is Hilbert-Post complete. O

2.4.3 Interactive input and output

To describe interactive input and output on a countable alphabet A, we take
a signature containing an operation symbol input:|A| and an operation symbol
output,:1 for each character a € A, and the trivial equational theory.

The meaning behind the operation symbols is as follows: input(e,), repre-
sents a computation that waits for user’s input, and proceeds as e, if the user
entered the character a, while output,(e) represents a computation that outputs

a and proceeds as e. For example,
input(output,(output,(2))),

represents a computation that waits for the user’s input, repeats it twice and
then proceeds as z. Above, the term input(e,), abbreviates the countably branch-
ing term

input(ey,); = input(eq;,eqy,...),
where a1,a9,... is some injective enumeration of elements of A. We use a similar

convention for other suitable index sets.

2.4.4 Time

To describe the passing of time, we take a signature containing a unary operation
symbol tick:1, which represents the passing of a fixed amount of time, and the
trivial theory. The induced monad maps a set A to the set A xN.

An alternative would be to take a signature consisting of a unary opera-
tion symbol tick,:1 for each non-negative real number r € R* (or other suitable

monoid), and the theory, generated by equations
zktickg(z) =2z,

2 b ticky, (ticky, (2)) = ticky, 47,(2) .
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In this case, the induced monad maps a set A to the set A xR (or A x M for a

more general monoid M).

2.4.5 State

To describe state with a finite set L of locations and a countable set D of data,
we take a signature containing an operation symbol lookup,:|D| for each location
¢ € L, and a unary operation symbol update, ;:1 for each location ¢ € L and datum
deD.

If we took an infinite set L of locations, the induced monad would not be the
standard one for state. Since the elements of the free model are built inductively
from operations, they represent computations that only update a finite number
of locations at a time. In contrast, the elements of the standard monad represent
computations that can perform an arbitrary modification of the state.

The effect term lookup,(ey)q represents a computation that looks up the con-
tents of location ¢ and proceeds as e if the stored contents is d. The effect term
update, ;(e) represents a computation that updates the location ¢ with d and

proceeds as e. For example, an effect term

lookup,(update, ;(2))q

represents a computation that copies the contents of ¢ to ¢’ and proceeds as z.
State is represented by a theory 7, generated by the following seven families

of equations, where for the sake of clarity we omit the contexts:

lookup,(update, ;(2))q = 2,
lookup(lookup,(244/)q')a = lookup,(244)a ,
update, ;(lookup,(z4)q') = update, 4(z4),

update, ;s(update, 4(2)) = update, 4(2),

lookup(lookup,(2441)q)a = lookup s (lookup(zg4q/)q)ar (e#7),
update, ;(lookup,(24)q') = lookup,(update, ;(z41))q’ (ez0),
update, ;(update, 4/(2)) = update, z(update, 4(2)) (e#0).

Then, the induced monad maps a set A to (S x A)°, where S = DL.
The first four equations describe the behaviour of operations on a single lo-

cation: the first one says that updating a location with its current contents does
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not modify the state; the second one says that state does not change between two
consecutive lookups; the third one says that state is determined immediately af-
ter an update; and the fourth one says that the second update overwrites the
first one. The last three equations state that operations on different locations
commute.

Like the theory for nondeterminism, the theory for state both describes prop-
erties of state and is Hilbert-Post complete. As before, the proof proceeds by first
showing that each term has a canonical form, and then analysing equations be-
tween terms in canonical form. For the sake of simplicity, let us assume a single

location ¢, and write lookup and update, instead of lookup, and update, ;.

Proposition 2.38 For every term Z + e, there exists a map f: D — D and a

collection of variables (z4)4ep such that zg € Z for all d € D and

Z b e = lookup(update ;) (z4))q -

Proof Let us proceed by an induction on the structure of e:
¢ if e = z for some variable z, then f(d)=d and z; = z, and we have

Z g z = lookup(update,;(2))q ;

* if e = updatey/(e’) for some €', then by the induction hypothesis, we have
Z t-g e’ =lookup(update 4y (24))q
and

Z 3 updatei(e)
= updateg(lookup(updates(gy(24))d)
= updateg/(updatesgn(241))
= updates(g1y(24)

= lookup(updateg1(2a))d ;

¢ if e = lookup(ey)q for some family of effect terms (e4)4ep, then by the induc-

tion hypothesis, we have

Z b eq =lookup(updates, (g(2qa/)ar
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for all d € D and

Z g lookup(eq)g
= lookup(lookup(update (1(244'))a')a

= lookup(updatey, (4)(zdd))d -

O
Lemma 2.39 IfZ \-y update,, (2) = updatey, (2'), then Z gz =2'.
Proof By substituting update,(z) for z and update,(2’) for 2/, we get
Z t-g updatey(2) = updatey, (update,(z)) = updatey, (update,(2)) = update,(2")
for all d € D. Hence
Z g z = lookup(update;(2))4 = lookup(update (2')g = 2'.
O

Proposition 2.40 (Plotkin) The theory for state is Hilbert-Post complete.

Proof Take an extension 7’ of the theory for state, and an arbitrary equation

ZF e=¢'in T'. Without loss of generality, this equation is of the form
Z + lookup(update(4)(24))a = lookup(updates(gy(2,))q -
Then, for all d € D, we have

Z g1 updateggy(z4)
= updateg(updatesgy(z4))
= updateg(lookup(updates(g1y(za/))a)
= updatey(lookup(update (g (27;))qr)
= update,(update/(4)(z;;))
= updatep(gy(2))

and from Lemma 2.39, we get Z kg1 24 = 2.
If f(d) = f'(d) and z4 = 2/, for all d € D, the additional equation is already in

the theory 7. Otherwise, the equations fail for some d’. On the one hand, if z4

and Z;z' are distinct variables, the resulting theory is inconsistent, since we have

!

Z 3124 =2, for all d € D, including d'.
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On the other hand, we have f(d’) # f'(d’). Take a fresh set of distinct vari-

ables {z);}qep and substitute lookup(z)))g for z4' and 2;,. Then, we get

{zg}aep o updater (2t gn)
= update g (lookup(z};)q)
= update s gn(zq)llookup(z))a/zq, lookup(z)))a/z,]
= update /(g (z;llookup(z)y)a/zq, lookup(z))a/z,]
= update g (lookup(z}})q)

= updatef/(d/)(zsc'r(d/)) .

Similarly as before, we get Z Fq z;ﬁ and the extension 7’ is inconsis-

@) = Zfrary
tent. Hence, the theory for state is Hilbert-Post complete. O

In the case of multiple locations, the canonical form is a series of lookups,
which read all the locations, followed by a series of updates, which set the loca-
tions to their final state, followed by a variable. In order to get a fixed ordering of
operations in the normal form, we use the equations for commutativity between

operations on different locations. The rest of the proof generalises accordingly.



Chapter 3
The a-calculus

We start our study with the a-calculus. It is a minimal calculus, which builds
on the algebraic representation of effects, and which describes the most basic
features of effectful computations: caused effects, returned values, and evalua-
tion order. The latter is especially important: as the evaluation of computations
depends on the environment (computer memory, user input, ...), different eval-
uation orders cause different results.

For that reason, we base the structure of the a-calculus on Levy’s call-by-
push-value approach, which has a clean syntactic separation between values,
where the evaluation order does not matter, and computations, where it does.
However, we add a third layer for effects, and expand Levy’s slogan: “A value
is, a computation does,” with a third statement: “an effect occurs.” This reflects
a view of values as interchangeable timeless entities, passed around in execu-
tion; of computations as instructions setting the path of the execution, including
triggering of effects; and of effects as the consequences of execution on the envi-
ronment.

Although the a-calculus could easily be generalised to account for countable
equational theories, we limit it to finitary ones for the sake of simplicity of expo-

sition.

3.1 Syntax

Since the a-calculus focuses on computations, we restrict its values to ones de-

scribed in terms of an equational theory.

Definition 3.1 The base theory Ty ,¢e is a multi-sorted equational theory over a

29
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base signature Zpage. Its sorts are called base types B, its variables base variables

x, its contexts base contexts I', and its terms base terms b.

Example 3.2 To describe natural numbers with addition and multiplication, we
take a base signature, consisting of base type nat and function symbols zero:nat,
succ:(nat) — nat, plus:(nat,nat) — nat, and times:(nat,nat) — nat, which we
write in the usual notation.

Then, we take a base theory, generated by the following axiomatisation:

O+x=x, 0-x=0,

succ(xq) + x9 = succ(x1 +x2), succ(x1) - x9 =x1-x9 +x9 .

The effects at hand are also given by a finitary equational theory, in the way

described in Section 2.4.

Definition 3.3 The effect theory Tqtr is a single-sorted equational theory over
an effect signature Zq. Its variables are called effect variables z, its function
symbols operation symbols op, its contexts effect contexts Z, and its terms effect

terms e.

By building on this description of values and effects, the a-calculus describes

the computations that return those values and cause those effects.

Definition 3.4 The sets of computation types 1 and computation terms t are

given by the following grammar:

1u=Fp,

t::=op(t) | returnd | ttox:p. ¢,

where in ¢tox: . ¢/, the variable x is bound in ¢, according to the usual conven-
tions [End00].

The computation type F'f is the type of computations that return values of
type B, and is named so because it is interpreted by a free model of the effect the-
ory Jefr. The grammar of computation terms reflects the three basic properties
of effectful programs: operations op(#) reflect caused effects, returned base terms
returnd reflect returned values, and sequencing ¢tox: . t' reflects evaluation or-

der.
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We do not give a formal operational semantics of the a-calculus. However,
the intuitive computational meaning behind computation terms is as follows: a
term op(¢;); represents a computation that triggers the effect, represented by an
operation symbol op, and then, depending on its outcome 1 < i < n, proceeds as
t;; a term returnd represents the computation that returns the value b; and a
term ttox: .t represents a computation that evaluates ¢, binds the result to x
and proceeds as t'. To get an idea about a formal operational treatment, one can
take a look at the operational semantics of call-by-push-value [Lev06a] and of

PCF with algebraic operations [PP01].

Example 3.5 An example of computation term is

or(return2,return3)toxy :int. (
or(return5,return 7)toxg:int.
return(xq - x9)),
representing a computation that first nondeterministically chooses between 2
and 3, binds the result to x1, then chooses between 5 and 7, binds the result to

x9, and finally returns x1 - x9. Intuitively, the computation nondeterministically
returns one of 10, 14, 15, or 21.

Definition 3.6 For distinct base variables x, base terms b, and a computation
term ¢, the computation term #[b/x] is the term obtained by the standard simul-

taneous capture-avoiding substitution of x; by b; in ¢ [End00].

Effect terms serve as templates for computation terms. One obtains a compu-
tation term from an effect term by replacing its effect variables by computation

terms.

Definition 3.7 Let e be an effect term with free variables z1,...,2z,, and let
t1,...,t, be computation terms. Then, the instantiation elt;/z;]; is defined re-

cursively on the structure of e by:
zjltilz;li =t;,
op(e;);lti/z;1; = op(e;lt;/zil;); .

Example 3.8 The computation term or(or(return1,return2),return3) is a result of

an instantiation

or(or(z1,29),z3)return1/z1, return2/z9, return3/z3] .
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Note that a term can be a result of multiple instantiations. For example, the

above term can also result from the instantiation

or(z1,z9)lor(return 1, return2)/z1,return 3/z9] .

Definition 3.9 A typing judgement I' - t:1 states that a term ¢ has a type rin a
context I', which consists of distinct base variables x;, each paired with a single

base type ;. The typing judgements are given inductively by the following rules:

'H¢:t (I<i<n) I'b6:p
(op:m € Zefr), ;
I'Fop(ty,...,th):T 'k returnb:Fp

'kt FpB Cx:pHt':T

['Fttox:B.¢:1

Note that the computation term raiseec can have an arbitrary computation
type 7, because the typing hypotheses are vacuously satisfied — this behaviour
can be observed in strongly typed functional programming languages such as
ML or HASKELL, where exceptions can be raised at any point in the program, no
matter what type the surrounding expression expects.

Given a context I', a computation term ¢, and a computation type 7, the
derivation of I' - ¢:7, if it exists, is uniquely determined, and hence so is its inter-
pretation. For this reason, the bound variable x in sequencing ttox:f. t' has to
be explicitly typed. Usually, its type is determined by the type of ¢, but since ¢ can
have an arbitrary type, I' - ¢tox. ¢ : 7 could have more than one typing deriva-
tion, and its semantics would not be uniquely defined. Informally, however, we

often abbreviate ttox:f. ¢ by ttox. ¢'.

Lemma 3.10 (Substitution) Take a computation term x: f + ¢t:1 and base
terms '+ b:p. Then, we have

I't+t[b/x]:T.

Proof We proceed by an induction on the structure of t. The proof is straight-

forward. U
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Lemma 3.11 (Instantiation) Letz,...,z, | e be an effect term and letT'F ¢;:1

be a computation term for all 1 <i <n. Then, we have

I'+elt/z]:T.

Proof We proceed by an induction on the structure of e. The proof is straight-

forward. O

3.2 Semantics

Fix a model M of the base theory Jpase in Set and let £ be the Lawvere theory,
induced by the effect theory Teg. Then, each operation symbol op:n € Zqf is
interpreted by a morphism [opl] : [n] — [1]in L.

Each computation type Ff is interpreted by the free model F[B], where F is
the free model functor. Note that while [f] is a set, as given in Definition 2.9,
the interpretation [z7] of a computation type 7 is a model, hence a functor, which
maps morphisms in L into operations on U[z]. In particular, for each computa-

tion type T and each operation symbol op:n € Zq, we get a map
[z1(lople): Ulzl" — Ulzl .
A typing judgement I' I- ¢:7 is interpreted by a map
[TH¢:z]: [T —=Ulzl,
defined inductively on its derivation by:

[T+ op(ty,...,t,):2] = [zl(loplg) o (211, ..., [£,]),
[T returnb:z] =nyp o [0],
[T+ ttox:B. t':7] = [¢']T o Gdr, [2])

where, judgements are abbreviated to terms on the right, interpretation [I'] is

defined component-wise as in multi-sorted theories, and
[£17: [T1 x UF ] — Ulz]

is the lifting of
[t']: [T1 = [Bl = Ulzl,

as given in Definition 2.29.
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Lemma 3.12 Take a computation term x: B+ ¢:1 and base termsT' - b:f. Then,
we have

[2[b/x]1] = [2] o <[;]); -
Proof We proceed by an induction on the structure of t. The proof is straight-

forward. O

Lemma 3.13 Let I' - ¢;:17 be a computation term for all 1 <i < n and take an

effect term z1,...,z, F e. Then, we have

lel¢:/z;1;] = [zl (Tel) o CIZ;:1); -
Proof We proceed by an induction on the structure of e. The proof is straight-

forward. (.

Note that the semantics of the a-calculus can easily be given much more gen-
erally in any locally presentable and cartesian closed category C. We need the
local presentability to guarantee the existence of the free model construction,
finite products to interpret contexts, and exponentials to ensure that operation

symbols are interpreted by algebraic operations (see Lemma 2.33).

3.3 Equational logic

Definition 3.14 The equational logic of the a-calculus is the smallest set of
equations I' - t =; t' between computation terms I' - ¢:7 and I' - ¢': 7, closed

under the following rules:

¢ reflexivity, symmetry, and transitivity of equality:

Fhot=.t Fhogt=rt Thret' ="

K

Thot=;t Thot' =t Thot=t"
* congruence for operations:

Fhoti=ct; (I<i<n)

(op:n € Zeg) ,
I b, op(#) =; op(¢)

* congruence for sequencing:

[hoti=rpt) [,x:flqto =1ty

2

Ibq titox. tg = thtox. th
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inheritance from the base theory:

F |_‘Tbase b :ﬁ bl

b
[k returnb =pg returnd’

inheritance from the effect theory:

!
Z1,..,2n kg ,e=¢

TkHti:r (I<i<n)),
I'bqeltilzili =1 €'[ti/zi];

B-equivalence of sequencing:

I'q returnbtox. t =; t[b/x]

algebraicity of operations:

(op:n € Zefr),
I' g op(t;);tox. t =; op(¢; tox. t);

where I' b, t =; ¢ means that the equation I' - ¢ =; ¢’ is in the equational theory
of the a-calculus. In the rules, we have omitted the hypotheses that ensure that

equations are well-formed.

Lemma 3.15 (Substitution) For any equation x:f +, t =; t' and base terms
'k b:pB, we have
['Fq tlb/x] =, t'[b/t].

Proof We proceed by an induction on the derivation of x: - t =; ¢'. The proof

1s routine. O

Since the a-calculus has no variables for computation terms, we cannot use
the replacement rule as in the multi-sorted equational logic. Instead, we have to
write out the congruence rules for each constructor.

In addition to those rules, we have two rules, used to inherit equations from
the base and effect theories, and two equational schemas, which describe the
behaviour of sequencing. The first one is the usual f-equivalence, while under-
standing the second one requires some computational intuition.

Intuitively, the evaluation of op(¢;); tox. t starts by evaluating op(¢;);. This

begins with an occurrence of the effect represented by the operation op:n. Then,
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depending on the outcome of this effect, say i, the term ¢; is evaluated. The
resulting value is bound to x, and then, ¢ is evaluated.

On the other hand, the evaluation of op(¢;tox. t); begins with an occurrence
of the effect represented by the operation op:n. Then, depending on the outcome
of this effect, say i, the term ¢;tox. ¢ is evaluated. This proceeds by evaluating ¢;,
binding the resulting value to x, and evaluating in ¢. Since the two evaluations
proceed in the same way, we deem them equivalent, which is exactly what the

second schema states.

Proposition 3.16 (Soundness) IfT'\, ¢ =; ¢, then [¢] = [¢'].

Proof We do an induction on the derivation of the equation. For the congru-
ence rules and the inheritance from the base theory, the proof'is straightforward.
For substitution rule, we employ Lemma 3.12, while for inheritance from the
effect theory, we employ Lemma 3.13.

For the B-equivalence of sequencing, we have

[returnbtox. t]

=[t]"o (idr,ngg o [6]) (by definition)
= [¢] o (idr, [6]) (by Lemma 2.30)
= [¢[b/x]] (by Lemma 3.12) .

And for the algebraicity of operations, we have

lop(t;);tox. t]

= [¢17 o (idr x [F B1([op])) o (dr, ([#;1):) (by definition)
= [z](TopD) o ([£]" o Gdr, [£:1)); (by Lemma 2.33)
= [op(t; tox. t);] (by definition) .

O

The majority of results in the a-calculus follow from the properties of the free
model, and are obtained by observing that computation terms can be put in a
canonical form, composed only of operations and returned values. This is possi-
ble only due to the simplicity of the a-calculus. In a more powerful calculus such
as the term calculus of the logic, discussed in Chapter 4, such a canonical form
does not exist. For that reason, the logic, discussed in Chapter 5, includes a prin-
ciple of computational induction, which generalises the approach with canonical

forms.
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Definition 3.17 A computation term I' - ¢:7 is in canonical form, if it is of the

form:
* 't returnb:F B for some base term I' - b:;

* '+ op(t;); : 7, where computation terms I' - ¢; : 7 are in canonical form for

all1<i<n.

To simplify the proof that all computation terms are equivalent to a term in
canonical form, we first consider a special case of a sequencing with both terms

already in canonical form.

Lemma 3.18 IfT'+t1:FfB and I',x: B} to:T are in canonical form, there exists a

term I' - t:7 in canonical form, such that

I'k, t1tox. tg =l

Proof We proceed by an induction on the canonical form of ¢;:
e if t1 =return b for some base term b, then
['q returnbtox. tg = talb/x],
and it is easy to show that if ¢5 is in canonical form, so is #9[b/x];

o ifty = op(t’i ); for some operation symbol op:n € 2. and computation terms

t' in canonical form, then
I'Fq 0p(t)); tox. tg =7 op(¢] tox. ta); .

By the induction hypothesis, there exist computation terms t’i’ in canonical

form such that I' -, #; tox. tg =; ¢ for 1<i <n, hence

I't, op(t’i)itox. to :Lop(t'i')i .
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Proposition 3.19 For each computation term I' - t: 1, there exists a computa-

tion term I' - t':1 in canonical form, such thatT +, ¢ =7 t.

Proof We do an induction on the derivation of I' - ¢:7:

¢ if ¢ = returnb for some base term I' - b: 3, then ¢ is already in canonical

form,;

e if t = op(¢;); for some operation symbol op:n € Zq¢ and computation terms
t;, then by induction hypothesis, there exist computation terms t’i in canon-

ical form such that ', ¢; =; t’l. for all 1 <i <n, hence
r |_a t zlop(t,i)i ’
and op(¢}); is in canonical form.

e if t = t;tox. to for some computation terms I' - ¢1: 6 and I'x: B+ ta2: 7,
then by induction hypothesis, there exist computation terms t’1 and t’2 in
canonical form, such that I' b, ¢1 =pp ¢ and I',x: B -, t3 =; t;. Then, by

Lemma 3.18, there exists a term ¢’ in canonical form such that
[bqtitox. ty=,1",

hence
['bot=;t1tox. tg =1 titox. ty =, 1.
O

Note that the canonical forms are not unique unless both the base and the
effect theories are trivial. Still, the existence of canonical forms leads to proofs,
simpler than the ones by structural induction. Examples are proofs of n-equiva-
lence and associativity of sequencing — two schemas that are usually taken as
axioms [Mog91, Lev06a].

Proposition 3.20 (n-equivalence of sequencing) For any computation terms
'+ t:FpB, we have

['Fq ttox. returnx =pgt.
Proof According to Proposition 3.19, we can assume without loss of generality

that ¢ is in canonical form. Let us proceed by induction on the structure of that

canonical form:
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¢ if ¢t =returnb for some base term I' - b: 3, then

'k, returnbtox. returnx
=pp (returnx)[b/x] (by B-equivalence)

=ppreturnd (by definition of substitution) ;

e if t = op(¢;); for some operation symbol op:n € Z.¢ and computation terms
'k t;:Ff in canonical form for 1 <i <n, then
'k, op(t;); tox. returnx
=ppop(t;tox. returnx); (by algebraicity of operations)

=rpop(t;); (by the induction hypothesis) .

Proposition 3.21 (Associativity of sequencing) The equation schema
', t1toxy. (tatoxs. 1) zl(tltoxl. to)toxg. t

is derivable for allT' - t1:FfB1, T,x1:B1F to:FBg, and I',xo: Bt ¢:1.

Remark 3.22 The usual condition that x; does not appear free in ¢ is imple-
mented by the restrictions on contexts. Since each context contains at most one
occurrence of each variable, x; does not appear in I', otherwise t2 would not be
well-typed. Similarly xo does not appear in t9, otherwise ¢otoxs. ¢ would not be
well-typed, hence x; and xo are distinct, and x; does appear free in . We use
the same reasoning throughout the thesis and omit explicit restrictions on free
variables.

Proof According to Proposition 3.19, we can assume without loss of generality
that ¢ is in canonical form. Let us proceed by induction on the structure of that

canonical form:
¢ if ¢ =returnb; for some base term I' - b1:81, we have
I't, returnbtoxy. (¢atoxs. t)
=7 (tatoxg. t)[b/x1] (by B-equivalence)
=1 tolb/x1]toxs. t (since x1 does not appear in t)

= (returnbtox. t2)toxs. t (by B-equivalence) ;
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* if t; = op(t}); for some operation symbol op:n € Z¢ and computation terms

['+¢.:F B in canonical form for 1<i <n, we have

I'tq op(t));toxy. ((gtoxa. )

=7 op(t'i toxi. (tgtoxs. t)); (by algebraicity of operations)
=, op((¢} tox1. ta)toxs. t); (by induction hypothesis)

=7 (op(t; toxy. te);)toxg. t (by algebraicity of operations)
= (op(t;)i toxi. te)toxs. t (by algebraicity of operations) .

d

As seen in the last proof, associativity of sequencing is a consequence of the
algebraicity of operations. There are other properties of operations, which are
reflected in sequencing, for example commutativity is derivable when the effect

theory is commutative.
Proposition 3.23 If the effect theory Tqsr is commutative, that is
Z b, 0p(op'(z7);); = op'(op(zi;);)
holds for all operations op:n,op:n’ € Zqg, then
['Fq t1toxy. (f2toxg. t) =; tatoxg. (£1t0x1. 1)

holds for allT - ¢1:FB1, '+ to:F o, and I',x1:B1,x2: B2+ t:F1.

Proof The idea of the proof is that we use algebraicity of operations to move
operation symbols to the outside of the computation term, where we can reorder
them due to commutativity of the effect theory. Then, using the induction hy-
pothesis, we can reorder the arguments, and finally we move the operation sym-
bols back to the inside.

According to Proposition 3.19, we can assume that #1 is in canonical form and

proceed by induction on its structure:

¢ if ¢ =returnb; for some base term I' - b1:81, we have:

I', returnbtoxy. (¢2toxs. t)
=1 (tatoxsa. t)[b/x1] (by B-equivalence)
= tatoxg. t[b/x1] (since x1 does not appear in t9)

= tatoxy. (returnbytoxy. ¢) (by B-equivalence) ;
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* otherwise, we have ¢1 = op(¢1;); for some operation symbol op:n € Z ¢ and

computation terms I' - ¢1;:F 81 such that
', t1;tox1. (Potoxg. ) =7 tatoxa. (t1;tox1. 1)

holds for all ¢5. Next, assume that t9 is in canonical form and proceed by

induction on its structure to show that
', op(t1;);toxy. (tgtoxs. ) =7 tatoxg. (op(tq1;);toxy. t)

holds:

— if tg =return by for some base term I' - by: 2, the argument is similar

as in the base case for #1;

- otherwise, we have ¢ = op(¢g;); for some operation symbol op’:n' € Zqg

and computation terms I' - ¢g; : F 2 such that
I't, op(tli)itoxl. (t2jtox2. t) =7 l2jtoxa. (Op(tli)i toxy.t)
holds. Then, we have

It op(t1i)itoxs. (op'(tgj)jtoxa. £)

=7 op(f1;tox. (op'(t2j)jtoxs. )); (by algebraicity of operations)
:lop(op'(tzj)j toxo. (f1;tox1.t)); (by hypothesis of induction on #1)
:zop(op'(tzj toxs. (¢1;tox1.¢));); (by algebraicity of operations)
:zop’(op(tzj toxg. (¢1;tox1. 1));); (by commutativity of Tes)
:Iop'(op(tli toxy. (tg;toxz. 1));); (by hypothesis of induction on #1)
=z op'(op(t1;); tox1. (tgjtoxs.1)); (by algebraicity of operations)
:Iop’(tzj toxs. (op(t1;)itox1.1)); (by hypothesis of induction on ¢3)

:IOP/(tQj)j toxg. (op(t1;);toxy.t) (by algebraicity of operations) .

Note that we could also proceed by induction on the sum of sizes of £; and g,
and that the resulting proof would be shorter. However, an advantage of a proof
with structural induction is that it easily adapts to a proof with the principle of

induction in the logic. |
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Example 3.24 The effect theory for nondeterminism is commutative, as we have
g or(or(z11,212),0r(221,222)) = or(or(z11,221),0r(z12,222)) -

Hence, in absence of other effects, the order of evaluation of nondeterministic
computations does not matter. Note that commutativity of the effect theory is a

consequence of both commutativity and associativity of or.

Theorem 3.25 (Completeness) If for computation terms '+ t:7 and T+ ¢':1,
we have [t]y = [t']5 for all models M of the base theory Tygase, thenT' g t =, t'.

Proof First, assume that the effect theory T is consistent. If not, we imme-
diately get I' -, t =; ¢’ using the rule for inheritance from the effect theory.

Now, take a model M of the base theory, defined by setting [B], to be the set
of equivalence classes [I' - b:f] of base terms b of base type f in the context T,
modulo the provable equality of T ge.

Due to Proposition 3.19, we can assume without loss of generality that both
t and ¢’ are in canonical form. Furthermore, say that 7 = F 8 for some base type
fB. Now, we can construct effect terms (z;); - e and (2;); I €', and base terms
'k b;:B such that

I'kq t =ppelreturnd;/z;];,

Ik, t =Fp e'[returnb;/z;]; .

Note that we instantiate two different effect terms with the same set of compu-
tation terms returnd;. Furthermore, we may assume that [b;]y # [b] for i # j,
as otherwise, the definition of the model M implies I' -7, b; =g b, and we may
replace b; by b;.

Next, let A ={[b;ln}; < [Bln. By Lemma 3.13, we have

[£1v
= [elreturnb;/z;1;1n
= [FBlai([elc) o ([returnd;ln);
=jolellb;ln/zi1i1Fa ,

where j is the canonical embedding of the carrier U[F A] into the carrier U[F f].

A similar equality holds for ¢/, hence we get

jolellbilnt/zililra = [l = [¢']n = jo le'[1b;1n/zi il Fa -
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Since the effect theory is consistent, j is injective. Thus, Proposition 2.12 implies
(zi)i |—g‘eff e=e.

Using the rule for inheritance from the effect theory, we get I' -, ¢ =; t. a






Chapter 4

Language of the logic

The main purpose of the a-calculus is to emphasise the distinct features of al-
gebraic effects: the layered structure, the interpretation of computations with
models of Lawvere theories, and the algebraicity of operations. Now, taking these
observations into account, we extend the a-calculus to a more powerful logic for

algebraic effects.

We start by giving the language of the logic, which we build in three stages:
first, we represent the values and effects of the underlying system; then, we
introduce the terms of the logic; and, finally, we give the propositions and the

predicates of the logic.

We give the semantics of the logic in the category Set. It is locally countably
presentable, hence we can interpret free models of countable Lawvere theories.
It is cartesian closed and cocomplete, so we can interpret the rest of the type
system. And it gives a simple semantics to propositions and predicates, even

with their fixed points.

The question of a logic over a general category is beyond the scope of this
thesis. Still, if we want to model recursion, the semantics easily adapts to one in
the category w-Cpo, as shown in Chapter 9. Furthermore, a substantial amount
of development has been done on combining call-by-push-value with polymor-
phism [MS09], or representing local state with Lawvere theories [PP02], and

both could be used to introduce these features to the logic.

45
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4.1 The effect theory

We generalise the approach taken in the a-calculus and describe the built-in

values with a first-order rather than an equational theory.

Definition 4.1 The base theory Tpase is a multi-sorted first-order theory over a
base signature Zpase. Its sorts are called base types B, its variables base variables
x, its contexts base contexts I', its terms base terms b, and its formulae base
formulae ¢. Out of the base types, we select a subset of arity types a, which are

the types of outcomes of effects.

As in the a-calculus, the interpretation of the base theory completely deter-
mines the interpretation of the rest of the logic. However, in order to get an
interpretation of operations in countable Lawvere theories, we have to restrict

their outcomes to countable sets.

Definition 4.2 A model M of the base theory Ty.se is a model of the logic, if it

maps arity sorts to countable sets.

In the development of the logic, we assume a fixed model M.

The effects at hand are also given by a modification of a single-sorted equa-
tional theory, which provides a finitary notation for describing effects that are
given by an infinite family of operations, have an infinite number of outcomes, or

are described by an infinite number of equations [PP03].

Definition 4.3 An effect signature X4 consists of a finite list of operation sym-

bols op, together with a (possibly empty) list of parameter base types B, and a

(possibly empty) list of lists of argument arity types a1,...,a,, written as
op:f;ay,...,a,.
We omit the semicolon when B is empty, and we write n instead of ay,...,a,

when all the a; are empty.

The intuition behind the generalised operations is as follows. Instead of hav-
ing a set of nearly identical operations, for example update, ;:1 for each location
¢ and datum d, we take a single operation update:loc,dat;1 with parameter
types loc of locations and dat of data. Next, if we were to describe a memory
holding an infinite set of data by routinely generalising the operations to count-

able ones, we would be left with an infinitary syntax [PP01]. Instead, we allow
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arguments of operations to be dependent on values of arity types. For exam-
ple: lookup:loc;dat has, in addition to a location parameter, an argument that

depends on the datum, stored in the location.

Remark 4.4 The choice of the operation symbol signature seems arbitrary —
why have a single list of parameter types, but multiple lists of argument types?
In seeking generality, one might consider arbitrary first-order combination of
base types. Due to the distributivity of products over sums, each such combi-
nation is equivalent to a sum of products of base types. Hence, the argument
types of operations are already in the most general form, just expressed in a no-
tation without products and sums. Now, suppose we have an operation op with a

parameter type
[1Bi+-+]18i,-
i1 im

To give such a parameter is the same as to give an index j and a parameter from
Hij Bi,. Thus, op can be represented by m operation symbols op; with parameter

types ]_[ij Bi,, which is again the generality achieved in our syntax.

Definition 4.5 Take a countably infinite set of effect variables z. Then, the set

of effect terms e is given by the following grammar:
e :=2z(b) | opp(x1.e1,...,%,.€5)

When the list x; is empty, we write e; instead of x;. e;.
To reflect the dependency on values, we type effect terms in a base context I'
and an effect context Z, consisting of effect variables z: (@), each associated to a

list of arity types.

Definition 4.6 An effect typing judgement I';Z - e states that an effect term e
is well-typed in I' and Z. Effect typing judgements are given inductively by the

following inductive rules:

I'-b:a
— (z:(@)eZ),
I''Z+ z(b)

I'b:p INx;:a;; ZFe; (1<i<n)

(op:f;@i,...,an).
I'Z - opg(x1.€1,...,%,. €5,)
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To describe the case when an equation holds only for a particular subset of
parameters, we equip equations between effect terms with side-conditions, which

are base formulae, as defined in Section 2.2.
Definition 4.7 An effect theory T is a finite collection of conditional equations
I;ZFe=é'(¢),

between effect terms I'; Z e and I'; Z + e’ with a side condition T ¢:form. We
write I'; Z Fq_. e = ¢/ () if the equation T'; Z - e = e’ (¢) is in Tegr.

Altogether, this allows us to limit ourselves to a finite list of operations and
a finite list of equations describing them, which then allows finitary rules in the

logic.

Remark 4.8 Note that the effect theory is just a collection of conditional equa-
tions rather than a reasoning system. Although there is a way of stating the
effect theory in terms of a conditional equational theory [Plo06], we choose a

simpler path and move all the reasoning into the logic.

Now, we take another look at the examples of effect theories for various effects

in the a-calculus, and adapt them to the presentation in the logic.

Example 4.9 (Exceptions) To describe a set of exceptions E, the base signa-
ture Zpase consists of a base type exe and a constant symbol exc:exc for each
exc € E, while the base theory JTpase is trivial.

The effect signature Z. contains a nullary operation symbol raise : exc;0,
while the effect theory Tesr is empty. Then, an effect term raiseey represents the

computation that raises exception exc.

Example 4.10 (Nondeterminism) The description of nondeterminism is the
same as before, except that for the effect theory, we take the three equations
which state that or:2 is associative, commutative, and idempotent. To justify
that this collection of equations is an accurate description of nondeterminism,
we observe that it describes properties of the nondeterministic choice and that it

abbreviates an equational theory, which is Hilbert-Post complete.

Example 4.11 (Interactive input and output) To describe interactive input

and output on a (now not necessarily finite) alphabet A, we take a base signature
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Zpase, consisting of a base type char and appropriate constant symbols a:char

for each a€ A, and the trivial base theory Tpase-

We take an effect signature Z.¢, containing an operation symbol input:char

and an operation symbol output:char;1, together with the empty effect theory.

Then a computation that waits for the user’s input, repeats it twice and then

proceeds as z is represented by the effect term

input(a. output, (output,(2))) .

Example 4.12 (Time) We can represent time with a unary operation symbol
tick:1 as before. Alternatively, we can first represent integers (or other suitable
monoid) with the base signature and theory as in the a-calculus. Then, we take
an effect signature Z.f, containing a unary operation symbol tick:int;1 and an

effect theory T, containing the following two equations:

2z tickg(z) =z,

x1:int, xg:int; z - tick,, (ticky, (2)) = ticky, 1,(2) .

Whereas in the a-calculus, the arithmetic in the representation of time had to be
done on the meta-level, the current presentation allows arbitrary base terms as

parameters.

Example 4.13 (State) For state, the base signature Zj,5. contains a base type
loc of memory locations, an arity type dat of data, and appropriate function and
relation symbols to represent the locations and data, while the effect signature

> ofr consists of operation symbols lookup:loc;dat and update:loc,dat;1.
Then, a computation that copies the content of ¢ to ¢ and proceeds as z, can

be represented by an effect term

lookup,(d. update, 4(2)).

The effect theory comprises the following conditional equations, again omit-
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ting the context [Plo06]:

lookup,(d. lookup,(d’. z(d,d")) = lookup,(d. z(d,d)),
lookup,(d. update, 4(2)) =z,
update, ;(lookup,(d'. z2(d")) = update, 4(2(d)),
update, ;(update, 4/(2)) = update, 4/(2),
lookup,(d. lookup,(d'. z(d,d"))) = lookup,(d'. lookup,(d. z(d,d"))) (¢ #¢),
update, ;(lookup,(d'. z(d")) = lookup,(d'. update, 4(2(d"))) (e#0),
update, ;s(update, 4(2)) = update, g(update, 4(2)) (e#0).
Although the effect theory T is not an equational theory, it is an abbrevia-
tion for a countable one as follows.
For each operation symbol op: f;a1,...,a, € Zsr and each tuple a € [B], take
an operation symbol op, of countable arity ) ; |[e;]|. Then each I';Z |- e and each

y € [T'] gives rise to a term Z' - e¥, where Z’ consists of variables z® for each

z:(@)e Z and a € [a], and e? is recursively defined by

(b)Y =011 |

(opp(x;.e;)) = opﬂb]](y)((e]i/[ai/xi])aiellai]] )i -

Example 4.14 To clarify the construction, take the effect theory for state, as

described in Example 4.13. If we have an effect term
¢:loc;z:(dat) - lookup,(d. update, ;(2(d)),
an element [ € [locl, and if [dat] = {d1,ds,...}, then Z' =z4,,24,,... and
(lookup,(d. updateg’d(z(d)))l = lookup,(update; 4,(z4,),update; 4,(z4,),-..) .

In the case of operation symbols with multiple lists of argument types, we pro-

ceed similarly.

The equational theory is generated by equations Z' - e, = e’y for any equation
I';ZFe=¢é (¢)in Ter and any y € [¢] < [T].

Note that for the sake of simplicity, we will see each model M of the induced
Lawvere theory L as a set UM, together with a map

opy: [Bl x UM x...x UM} UM
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for each op: f;1,...,a, € Zqf, defined by
opy(@, f1,---,fn) =det M(0pa)(f1(@1)a;clasls- - > frl@n)a,elan]) -
Then, the following naturality result, analogous to Lemma 2.33, holds.

Proposition 4.15 For any op:f;a1,...,&, € Zor and any map f: AxB - UFC,

the diagram

n n
A x [B] x [J(UFB)#i! 1 Bl x [[WFC)!*!
i=1 i=1
idg x oppp OPFrc
AxUFB UFC
f’r

commutes, where

fla,a,fi,...,fn) = (@,a1~ '@, fi(@),...,a, — fi(a, ful@,))) .
Proof Take arbitrary a € [B] and f; € UFB)!%! for 1 <i < n. By a straightfor-

ward countable generalisation of Lemma 2.33, we show that the family

g el

{FAlopgl: (UFAY; L UFA}4

is an algebraic operation. Hence, the following diagram commutes

. pampi Al
(fTolidg xpry)iy "

A x (UFB)Z;LI ;] (UFC)Ei=1laill
ida x FBJop,l FClop,l
AxUFB UFC
fT
and the proposition holds. a

This result can be extended to other models M, obtained by products and

exponentials of the free models.

4.2 Term language

The term language of the logic for algebraic effects is based on Levy’s call-by-

push-value approach [Lev06a]. A minor difference is that in call-by-push-value
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one has no base types, but compensates for them with indexed products and
sums, which our language does not have. A more significant difference is that for

the purpose of the logic we allow variables over both values and computations.

Definition 4.16 The sets of value types 0 and computation types T are given by

the following grammar:

cu:=p11|o1x0210|01+02| Uz,

tu=Fo|l|1,x15|0—7T.

The meaning behind value types is the usual one, except for Uz, which rep-
resents the type of thunked (or frozen) computations of type 7. One can imagine
storing the code of a computation for the purpose of executing it later. The com-
putation type F'o has the same meaning as in the a-calculus: it is the type of
computations that return values of type o. As for finite products, 1 is the unit
type, and 7, x T, is the type of pairs of computations. Those do not evaluate se-
quentially, as one might expect, but only after selecting one of the components
with a projection. The function type o — 7 is the type of computations of type 1
that expect a value of type o before evaluating. We abbreviate 0y —---— o0, — 1

by o — 1.

Definition 4.17 Take disjoint countably infinite sets of value variables x and
computation variables y. The sets of value terms v and computation terms t are

given by the following grammar:

vi=x|f(v) | x| {vy,ve) | fstv | sndv | inlv | inrv | thunkt,
t:=y | forcev | op,(®1.%1,...,%,.t,) | ifrel(v)thent;elsets |
returnv | ttox:o.t | zerov | matchvwithinlxy:o1. ¢1,inrxg:09. to |

* | (t1,t9) | fstt | sndt | Ax:0.t | tv,

variables x; in operation application are bound in ¢;, where variable x in se-
quencing is bound in #', variables x1 and x9 in pattern matching are bound in
t1 and t9, respectively, and variable x in lambda abstraction is bound in ¢, all
according to the standard conventions of a-equivalence and renaming of bound

variables in order to avoid clash of variables.

The meaning behind most of the value and computation terms is again stan-

dard. The value term thunk¢ represents the thunk of the computation term ¢,
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while the computation term forcev represents the inverse procedure. Although
we form sums of value terms, we match them in computation terms. In partic-
ular, zerov is a computation term that represents the unique map from the zero
type, while matchvwithinlxy:07. t1,inrxg:09. to is the binary pattern matching
construct. Often, we write conditionals of the form ifv; = vothent;elsety. This
is an abbreviation for if eq(v1,v9)thent;elsets, where we have assumed that the
base signature contains a relation symbol eq: (8, f) for an appropriate base type

B and that the base theory contains the axiom
x1:6,x2: P eqlxq,x2) © (x1 =B x9) .

As in the a-calculus, bound variables in sequencing and pattern matching
construct have to be explicitly typed in order to ensure a unique derivation of
typing judgements. However, we often omit those types and write ¢tox. ¢ and
matchvwithinlxy. £1,inrxs. tg instead. Bound variables in operations do not have
an explicit type assignment because their type is determined by the arity of op-
eration symbols.

Instead of Ax1:01. ... Ax,:0,. t, we write Ax:o. t, and instead of (...(¢v1)...)v,
we write tv. By using nested binary sums and zero type, we can define arbitrary
finitary sums of n values, with injections inj; for 1 <i < n, and a pattern matching
construct

matchxwith(inj; x;. £;);

as an abbreviation for nested binary pattern matching constructs and zero maps.

A value context I is a list
X1:01,...,Xp:0p,

of distinct value variables, each paired to a single value type, and a computation

context A is a list
Y1:T,...,Ym: T,

of distinct computation variables, each paired to a single computation type.

Definition 4.18 A value typing judgement I';A F v:o states that a value term
v has a value type o in a value context I' and a computation context A, while a
computation typing judgement I';A - t:1 states the analogue for a computation
term ¢ and a computation type 7. The typing judgements are given inductively

by the following rules:
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AR B
_ (x:aEF), _— (fi(ﬂ)_’ﬁezbase)a - >
AFx:0o A f(v):B AR %:1

I'AFvy:i0q I''AFvg:o9 I';AFvior xo9 I''AFv:or xo9

2 ) M

AR (v1,v9):01 %09 AR fstv:oq I';AFsndv:os

I'N'Abvioq AR vioe ARt

K

AR inlv:oq +09 I'’Abinrvior + 09 ;A thunkt:Ut

I ARV:UT

— (:zel), ;
ARy ;A forcev:T

IARv:p Mxj:aj; ARt (1<i<n)

(op:Bsa1,...,a, € Zefp)
A Fopy(x;. ti)i:

I

'k ¢:form ARt ARt I'’Ablvio
;A F ifrel(v)thentielsetg: T I';A b returnv:Fo
[;AFt:Fo  T,x:o; At [;AF:0
;AR ttox:o.t':T [;A+ zerov:t

I''AFvior+02 Ixj:01; AFt1:T I xg:09; A-to:T

K

I';AF matchvwithinlxg:oyq. ¢1,inrxe:09. ta: T AR x:1

LA-#1:74 AR t2:1, ARty %1, ARty %1,
LA F(t,t2) 1T, X Ty A fstt:z, I;AFsndt:T,
Ix:o;AFt:T IAFtio—1 IAFvio

AR Ax:io. t:o—1 ARttt
For each operation op: f;a1,...,&,, we define a computation term gengp,

called the generic effect of op [PP03], defined by
gengp, =def AX: . 0p,(x;. returninj; (x;));:p— F([[ar+---+ [ an),

where [] @ abbreviates a1 x --- x a,.
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Example 4.19 Corresponding generic effects for state are
8eNjookup =def A€ :10€. lookup,(d. returnd):loc — Fdat

and

geNypdate =def A¢:10¢,d :dat. update, 4(return x):loc — dat — F1.

Usually, one writes !¢ instead of gen)yqy,, ¢ to denote a computation that returns
the datum stored in 4, and ¢ := d instead of (gen,;pqate £)d to denote a computation

that sets the location ¢ to d and returns an element of the unit type.

Value types o are interpreted by sets [o], while computation types T are inter-
preted by models [7] of the countable Lawvere theory £, induced by the infinitary
equational theory, generated by the effect theory Te¢r.

The value types are interpreted in the obvious way, with the type Uz being
interpreted by Ul[z], where U: Modg (Set) — Set is the forgetful functor. The

computation types are interpreted by

[Fol =Flol,
=1,
[T, x75] =741 x [1,],

[0 — ] =[z]'?,

where F is the free model functor, 1 is the final model, and the models M7 x M5

and M# are defined as in Section 2.3.

Contexts x1:071,...,%,:0, are interpreted by a set [01] x --- x [0,], while con-
texts y1:74,...,yn:Z, are interpreted by a set U[z;] x---xUlz,].

Value terms I'; A F v:o are interpreted by functions [v]: [I'] x [A] — [o] and
computation terms I'; A F ¢:7 are interpreted by functions [¢] : [I'] x [A] — Ulz].
all defined mutually recursively on the typing judgement by:

[x1:01,...,%:0,; AF x;:0;] =pr;opry,
[T;AF f(v): ] = [fl o[v],
[T;AF %:1] =Ty <qa] »
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where !jry<qap: [T'] x [A] — 1 is the unique map to the final object,

;A F (ui,v2):01 x 02] =([v1l, [val),
[T;AFfstv:oq] =pryolvl,
[T;AF sndv:og] =pryofv],
[T;AFinlv:or +02] =ingo[v],
[I;AFinrv:o1+02] =ingo [v],
[T;A+ thunkt:Uz] = [¢] ,
[T;A+ forcev:1] = [v],
[5y1:2q,. 0,002, F yitT;] =pr;opry,
[T;A & opy (. t3);:7] = (¥, 8) — opy (101 (y, 8), [t1l,.., [ta]),

where [#;] € U[[l]]““i]] is the transpose of [¢;](y,—,0): ;] — Ulzl,

_ [t11(y,6) if [vl(Ky,8)) € [rel]
[T;AF ifrel(v)thent;elsets: 1] = (y,8) —
[t2](y,6) otherwise

[T;AF returnv:Fol =ngp o [vl,
[T;AF ttox:o. t 7] = [¢']7 o (idryxqag, [£1)

[T;A+ zerov:Tl = iy o [vl
where iU 0— Ulz] is the unique map from the initial object,

[T; A+ matchvwithinlxy:o1. t1,inrxe:09. to: 1] =[[t1], [¢2]l1ow o {prjq, [v],pria) ,

where [[¢1],[¢2]1: [o1] + [o2] — Ulz] is the co-tuple of [¢1] and [¢2], and v is the

canonical isomorphism

[T x([o1] + [o2]) x [A] — [T'] x [o1] x [A] + [T'] x [o2] x [A],

[T;AF %11 =lry«qar
[T;AF (E1,t2): 71 x Tyl =([21], [£2]),
[T;AFfstt:z;] =pryolt],
[[;AFsnd¢:1,] =pryolt],

[TAF Ax:o. t:0 — 1] = [¢],

[T;AF tv:T] = evieyug o ([t [v])
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where ev(q) y7: Ulzl [91 x [o] — Ulz] is the evaluation map.

Remark 4.20 Computation terms can also be interpreted by morphisms in the
co-Kleisli category of the adjunction F' 4 U, as their interpretations are of the
form AxUM — UN, where A =[];lo;] and UM = U]_[j[[zj]] = l_[lelzj]]- By trans-
position, we get a morphism of the form UM — U(N*), and by adjunction to one
of the form FUM — N4, which is a morphism in the co-Kleisli category. This
differs from the standard interpretation of effectful call-by-value computations,

which uses the Kleisli category [Mog91].

4.3 Judgements

Approaches to reasoning about computations can be grouped into two different
classes [Pnu77]. On one hand, we have endogenous approaches, where the valid-
ity ¢ E ¢ of propositions ¢ is studied with regard to a computation ¢, for example
as in Hennessy-Milner logic [HM85]. On the other hand, we have exogenous ap-
proaches, where computations occur inside propositions, and the validity F ¢ is
global, for example as in Pitts’s evaluation logic [Pit91].

Because we strive to obtain a very general logic, we take the exogenous ap-
proach: it can express the endogenous one by translating ¢ = ¢ to - ¢*(¢) for a
suitable predicate ¢*. For that reason, we find it convenient for our logic to have

predicates in addition to propositions.

Definition 4.21 Take a countably infinite set of predicate variables P. Then the

sets of propositions ¢ and predicates m is given by the following grammar:

@p=mn(v;t) | rel(v) | vi=gv2 | t1 =122 |
Tloingz | L1@ives | g1=¢2 |
Vx:o.p | Ix:o. ¢ | Vy:T.¢ | Ay:T. 0 |,
n:=P | (x:0;y:71). ¢ | VP:(0;1). 71 | pP:(0;7). 70 .

Most of the propositions and predicates represent standard logical construc-
tions. A proposition n(v;t) represents an application of a predicate m to value
terms v and computation terms ¢, while rel(v) represents an application of a re-

lation symbol rel:(f) € Zpase. We define negation by -1 =gerp = L.
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Predicates are constructed using predicate variables, abstracted propositions,
or fixed point constructors. The main purpose of the latter is to express various
global modalities.

For distinct predicate variables P, predicates s, and a proposition ¢, we de-
fine ¢[7/P] to be the proposition, obtained by the standard simultaneous substi-
tution of variables P; by 7; in ¢. A predicate n[x/P] is defined analogously.

Definition 4.22 A variable P is positive (negative) in ¢, if:

it does not occur in ¢;

@ is of the form n(v;t), and P is positive (negative) in 7,

@ is of the form @1 A @2 or 1V @9 and P is positive (negative) in ¢; and ¢g;

@ is of the form ¢; = @9 and P is negative (positive) in ¢; and positive

(negative) in @q;

@ is of the form Vx:0.¢', Ix:0.¢', Vy:1.¢', or Jy:1. ¢’ and P is positive

(negative) in ¢';
and positive (negative) in 7, if
* it is equal to 7;
* 7 is of the form (x:0;y:7). ¢, and P is positive (negative) in ¢;

* 7 is of the form vP':(o;7).n’ or uP':(c;).n’ for some P’ # P and P is

positive (negative) in 7’

A predicate context 11 is list of distinct predicate variables P :prop(o;T), each

paired with a list of value types o and a list of computation types t.

Definition 4.23 Proposition typing judgement I';A;I1F ¢ :prop states that in a
value context I', a computation context A, and a predicate context I, a proposi-
tion ¢ is well-typed. Predicate typing judgement I'; A;I1+ n:prop(o; 1) states the
analogue for a predicate n. The typing judgements are given inductively by the

following rules:
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IAlFv.io AFE:T I A I - m:prop(o;T)

b

;AT E (v ¢) : prop

AR v:B AR vi:io AR uvg:o
(reI:(ﬁ)E Zbase)a ’
;A ITH rel(v) : prop AT vy =45 vo:prop

IAFtiT IAFta:T

b

A I t1 =; t2:prop A ITE T:prop

;AT @1 :prop [ AITH @2 :prop

>

[ AITE @1 A @2 prop AT F L:prop

AT E 1 :prop AT F @2 : prop

K

[ AITE @1 V @2 prop

AT E 1 :prop AT E o : prop I'x:0; A;IT- @ :prop
AT E @1 = @2 :prop A I E Vx:o. @:prop

I x:0;A;I1F ¢ :prop A, y:17; I+ @ :prop

A IIE 3x:0. ¢ :prop IAITE Vy:T. @ :prop

;A y:7; IIF ¢ :prop

, (P:prop(o;T)ell),
[;A;T1- 3y:1. @ :prop [;A;TT+ P:prop(o;T)

I'x:o; A,y:7; I+ @:prop

A - (x:0;y:7). @:prop(o; T)

;A IL P :prop(o; T) - n:prop(o; )

(P is positive in 7),
I;A;ITE vP:(o;T). m:prop(o; T)

I'; A;IL P :prop(o; ) - n:prop(o; 1)

(P is positive in ).
A ITE puP:(o;T). n:prop(o;T)

When any of the contexts is empty, we also omit the corresponding semicolon.
Note that there is an evident inclusion taking I' - ¢:form into I'; A;I1 + ¢ :prop,

hence we treat base formulae as a subset of the propositions of the logic.
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Having given the syntax of propositions and predicates, we describe judge-

ments of the logic. These are of the form
LAY E g,

where WV is a set of hypotheses ¢1,...,¢, and ¢ is the conclusion, with all well-
typed propositions in the contexts I';A;I1. We write I';A;I1F ¢ when the set of
hypotheses is empty.

We interpret predicate contexts
[1=Py:prop(o1;T,),...,Py:proplo,;z,)

by sets
] =P(o1] xUlz D x--- x P(lo,] xUlz,1).

To interpret predicate fixed points vP:(0;1). ¢ and puP:(o;T). ¢ we are going
to employ an easy adaptation of Tarski’s theorem with parameters, which states
that every monotone map on a complete lattice has a greatest post-fixed point

and a least pre-fixed point [Tar55].

Theorem 4.24 TakeamapF: P(A1)x---xP(A,)xP(A) — P(A), monotone in the

last argument. Then, there exists maps
vi: P(A) x - xP(A,) — P(A),

and
pr: PA7) x - xP(A,) — P(A)

such that:

e foranyU € P(A1)x---xP(A,), the map F(U,-): P(A) — P(A) has a greatest
post-fixed point vg(U) and a least pre-fixed point up(U);

e if F' is monotone (anti-monotone) in P(A;), then so are vr and ur.
Then, we interpret propositions I'; A;I1 F ¢:prop by subsets
[l < [T] = [A] x [I1],
and predicates I'; A;I1 - m:prop(o; T) by maps

[l : U] x [A] x [TT] — P(la] xUlzl),



4.3. Judgements 61

defined recursively on the derivation of the typing judgement.
Propositions are interpreted as in multi-sorted first-order theories in Sec-

tion 2.2, with the predicate application interpreted by
[T;A; 1T n(w; 8):propl = {(y,6,U) € [T] x [A] x [I1] [ <[], [£])(y, ) € [7](y,6,U)},

while predicates I';A;(P; : prop(o;;T j)) j = m:prop(o;T) are interpreted as fol-
lows:
[P;i] =pr;oprs,
[(x:053:T). 9] = (y,6,U) — {y',8") | <y,Y',8,6',U) € [9l},

v sU,—) if [7l(y,8,U,-)is monotone,
[vP:(o;1). ] = (y,6,U) — [x(y.6,U,-) Y

@ otherwise ,

Piniy.o,U~ if [7](y,8,U,-) is monotone,
[uP:(o;7). 7] =y, 8, Uy —{ "

[e] xUlzr] otherwise.
Lemma 4.25 If a predicate variable P is positive (negative) in
[;A;TLP:prop(o;T) - n:prop(o’;T),
then for any (y,6,U) € [I'] x [A] x [I1], the map
[71(y,8,U,-): P(lal xUlzxl) — P(le’] xU[x'])

is monotone (anti-monotone).

Ifin addition, 0 = ¢', T =1', and P is positive in 7, then
[vP:(o;7). nl(y,6,U) and  [uP:(o;7).7l(y,8,U)

are the greatest and least fixed points of [7](y,6,U,-).

Proof The proof proceeds by a straightforward induction on the structure of
the predicate in question, employing Theorem 4.24 to show that the condition of
monotonicity in the definition of interpretation of predicate fixed points is indeed

satisfied. O

Definition 4.26 A judgement I';A;IT| @1,...,¢, F @ is sound if

Nlg:l < [l .
i=1






Chapter 5
Reasoning rules of the logic

The logic for algebraic effects is the smallest collection of judgements closed under
the reasoning rules listed in this chapter. We write [';A;IT| V¥ 7 ¢ when the
judgement I'; A;IT| W I ¢ is in the logic for algebraic effects.

For clarity, we split the reasoning rules into the following groups:
* reasoning rules for propositions and predicates,

* reasoning rules describing equality,

equations for call-by-push-value constructs,

two algebraic principles describing universality of the free model.

In all the rules, we omit the hypotheses that ensure that judgements are well-

typed.

5.1 Propositions and predicates

First, we give the standard reasoning rules for a classical first-order logic with

fixed points:

* hypothesis:

AN Y, @b @
¢ gsubstitution of value terms:

x0T Y L@
O IR v0),

;AT | Wlo/x] L elv/x]

63
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substitution of computation terms:

Ly:mIlYhrL g

;AT ¢E:1),
T AT | W/ yl -1 ol #/y]

substitution of predicates:

[;A;(P;:prop(o;T,)); |V L@

(T; 01T 7 proplo;x;) (1<i<n)),
AT | Yw/Pl - ola/P)

truth and falsehood:

;NI WEL T AT Y, L@
* conjunction introduction and elimination:

AT Y B [ 0T Y Fr oo TN W L 1 Ao

LAY b o1 A g LAY 1

;AT Y L1 Ao

>

0T Y Fr oo

¢ disjunction introduction and elimination:

NI Y Frogr [0 ITY Frogg

F;A;H|\P|—L(p1V(p2 F;A;H|\P|—L(p1V(/)2

LAWY, 01 L@ LAWY, 2 L @

K

NI Y01 Vo L@

¢ implication introduction and elimination:

| BAVS BRI N/ o 7700 NI Y R = @2 AT Y R ogr

2 )

AT Y L1 = @2 ;NI Y R 2
* introduction and elimination of universal quantification over values:

Ix:o; ;T Y L@ AL WL Vx:o. @
T;AFv:0),

LAWY EL Vx:o. @ AT Y B glu/x]
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¢ introduction and elimination of universal quantification over computations:

LAy WY EL @ AT YL VYVy:To9

; A y:i1),
NI Y HL Yy T, NI Y B ooltly]

* introduction and elimination of existential quantification over values:

AW Frglu/x]
T;AFv:0),

AT YL 3xco. @

OA | Wy 3x:o. ¢f Cx:0; AT, ¢ o

>

NI YR @

* introduction and elimination of existential quantification over computa-

tions:

[0 IT Y Frogltly]

IGAF D),
AW EL Ayt

LAy Y0 Fre LAY ELIy:T.¢f

M

IBAS I O o N7

¢ reductio ad absurdum:
AT Y, g L

LAY EL @

¢ application of abstracted propositions:

LAY B (:055:7). )03 8) © glu/x, ty] ’
where ¢ < ¢’ =ger (9 = @) A (@' = @),

¢ greatest fixed point of a predicate:

AT (vP (o T). m)(v; 8) B wlvP :(o;T). n/P(v; t) ,

[,x:0; A, y:T; 11| 7'(x; 9) - nln'/P1(x; y)

[,x:0;A,y:7; 11| 7' (a;9) b (VP (05 7). )3 y)
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* least fixed point of a predicate:

;0 n[pP:(o;T). n/Pl(v;8) Fr, (UP:(o;T). m)(v; ) ’

[,x:0; A, y:7; 1| nln'/Plx; y) b 7' (x5 y)

L0 A, y:z; 1 (P (0;7). 1) 9) b 7' ()

5.2 Equality

Then, we state the usual structural properties of equality:

¢ reflexivity, symmetry, and transitivity of value equality:

AT YELv=65v CAITYFLv=40
;NI Y Evio), ,
AT YL =50

LA YHLv=40 CAIT YL =, 0"

)

CAITY L v=40"

¢ reflexivity, symmetry, and transitivity of computation equality:

;AT W I—Lt:It'

(I;AF 1), ;
AN WL t=¢t F;A;HI‘PI—Lt’zlt

F;A;HI‘I’I—Lt:It’ F;A;HI‘I’I—Lt':Zt"

2

AT \I’I—Ltzzt"

* replacement for values:

CATTYhLv=40 AT Y Froglu/x]

>

LT W 7 glu'/x]

* replacement for computations:

F;A;HI‘PI—Lt:lt' ;NI Y Froolt/y]

;0T W glt'y]

Since the context remains fixed in the replacement rules, we have to give an

extensionality rule for each construct that employs variable binding:
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¢ extensionality of operations:

Ixj:a;j; A;ITI W L 8 :Lt,i (I1<i<n)

(op:B;ae,...,ay),
T3 05T W b1, opy (% £7); =1 0py (. 1)

¢ extensionality of sequencing:

Tx:o; A TT| W Hp 8 =1 ¢’

A WY kg ttox:o. ¢ =, ttox:o. ¢
¢ extensionality of pattern matching:

Iaxiio; 1TV Bzt :lt'1 I,x0:09; A;IT| W b1, to :lt'2

2

[;A;IT| W b7, matchvwithinlxy. £q,inrxe. t9 =; matchvwithinlx;. £, inrx. ¢

¢ extensionality of abstraction:

Ix:o; A;IT| W g 8 :zt’

O Y b Axio. t =g—r Ax:0. ¢

As in the a-calculus, we inherit propositions from the base theory Jpase and

instantiate equations from the effect theory Te¢r:

* inheritance from the base theory:

r | \P l_"Tbase ('0

LAY Frg)
* inheritance from the effect theory:

T;(zi:(@;)i by e=e (¢)

, (Oxjrai; A1),
ON T Y, @ brel(a). ti/2;]; =1 €'[(x;). £i/2;];
where the instantiation I';A | el(x;). t;/z;]; : T of an effect term I';Z I e by com-

putation terms I',x;:a;; AF t;:1, for each z;:(a;) € Z, is defined structurally
by

zj(0)l(x;). t;/z;1; = tjlv/x;],
opy (. £1);1(x:). tilzi); = opy(x;. £[(x:). ti/2:1); -
Note that in the a-calculus, we combined the rule for inheritance from the
base theory with the congruence rule for the return construct, as the base theory

consisted of exactly all equations between base terms. Now, there are more value

terms than just the base terms, so the two rules have to be split.
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5.3 Call-by-push-value constructs

All the value and computation terms, except for conditionals and sequencing, are

described by the standard call-by-push-value equations [Lev06al]:

n-equivalence for the value unit:

AT WEL =1 %

B-equivalences for value products:

K b

[ AT Y b fst(ug,ve) =4, U1 [ AT Y Frosnd(uy,v2) =4, U2

n-equivalence for value products:

K

AT W g (fsto,sndv) =5, x5 U

n-equivalence for the computation unit:

TyATT W g b=y %

B-equivalences for computation products:

2

AT | W b fst(t, to) =1, t1 ;AT | W Erosnd(Eq,22) =1, to

n-equivalence for computation products:

)

D AT W bp (fstt,sndt) =1 xq, ¢

B-equivalence for thunks:

;AT WY b force(thunk?) =; ¢ ,

n-equivalence for thunks:

K

;AT Y thunk(forcev) =y v
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B-equivalence for functions:

AN YL (Ax:o. H)v =, tlv/x] ’

n-equivalence for functions:

AN WL Axio. tx =51 ¢

* emptiness of the zero type:

AT WL V0. L

B-equivalences for value sums:

[; A IT| Wz matchinlvwithinlxy. ¢1,inrxg. t2 =; £1[v/x1]

b
[;AIT| Wz matchinrvwithinlxy. £, inrxs. to = tolv/xa]

cases of value sums:

LA WL (3x1:01. U =g 40, inlx1) V(3x2:02. U =4, 40, INrx2)

B-equivalences for conditionals:

AT Y g rel(v)

;A I Wk if rel(v)thent elsets = ¢

;AT WY g —rel(v)

[;ATT WY if rel(v) thentyelsets =; o

Note that n-equivalence for conditionals, which states

;A I Wk ifrel(v)thentelset =, ¢

is provable using reductio ad absurdum.

Then, we specify the behaviour of operations on computation types:
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* operations on product types:

(op:B;aq,...,ay)

2

DS AGITT W b r (opy(®i. £10)i, 0Py (%5 £2i)i) =1, x7, OPp(Xi. (t1i,£2i))i

* operations on function types:

(op:f;ay,...,an).
LAWY b Ax:o. opy (. 2); =g—1 0Py (%;. Ax:0. £);
Note that the trivial behaviour of operations on the unit computation type 1 is
already determined by n-equivalence I'; A;IT| W - ¢ =1 *.
Finally, we describe the behaviour of sequencing with equational schemas,

which are a generalisation of the ones in the a-calculus:

* f-equivalence of sequencing:

[ AT W b returnvtox:o. t =¢ tlv/x]

* algebraicity of operations:

(op:f;@y,...,ay).
[ AT W b opy(x;. ti)i tox: 0. t =; op,(x;. titox:0. t);
We omit n-equivalence for sequencing from the axioms as it is derivable (see

Proposition 6.1).

5.4 Algebraic principles

In contrast to the a-calculus, the logic is complex and its terms do not have a
canonical form. Hence, instead of structural induction on canonical forms, we
employ a principle of computational induction, which is motivated by Proposi-
tion 3.19 and states that every computation term of type Fo is either a returned
value, or built from other computation terms using operations.

Then, for a predicate I';A;I1+ 7:prop(F o), we have:
¢ principle of computational induction:

I',x:0;A;I1 - m(returnx) Cop (op:f;aq,..., @y € Zegp)

T;AFt:Fo),
;AT g m(2)
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where the induction case €y is an abbreviation for
Lx:B; A, (yia; — Fo)i; T (Vi@ w(yix;)); b m(opy(x;. yixi);) .

The induction hypotheses Vx;: ;. n(y;x;) state that all the continuations y; of

op,(x;. yix;); satisfy 7 for all outcomes x; of the triggered effect.

Example 5.1 For exceptions, the effect signature X.¢ contains a single nullary

operation raise:exc, thus computational induction is of the form

I'x:0;A;I1 7, n(returnx) I',exc:exec; A;I1| - b, m(raiseexc)

;AT p o (2)

and states that if 7 holds for all returned values and for all raised exceptions,

then it holds for all computations.

Example 5.2 For nondeterminism, the effect signature X.¢ contains a single

binary operation or:2 with the corresponding induction case €,
A, y1:F 0, y2:Fo; T n(y1), n(y2) i, wlor(y1, y2)) -
This states that if 7 holds for both y; and ys, it holds for or(y1, y2) as well.

Example 5.3 For global state, the induction case €jookyp for lookup:loc;dat is of

the form
I',¢:1oc;A,y:dat — Fo;I1| Vd:dat. n(yd) 1, n(lookup,(d. yd))

and states that if 7 holds for y d for any outcome d, then it holds for lookup,(d. yd)
for all locations ¢.

The case € pdate for update:loc,dat;1 is of the form
[',¢:1oc,d:dat;A,y:Fo;11| n(y) b n(update, 4(y))

and states that if 7 holds for y, it holds for update, ;(y) for all locations ¢ and
data d.

Note that the finiteness of the signature X is crucial in the formulation of
the induction principle, as an infinite signature would lead to an infinite number
of hypotheses &, in the induction rule.

We next present a free model principle that expresses the universal property

of the free model: for any set A, any model M, and any map f: A — UM, there
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exists a unique homomorphism f : FA — M such that Uf ona =f. To state this
in our logic, we first describe models and homomorphisms.

To express the existence of a homomorphism in the logic, we employ the ex-
istential quantifier over the function type. But as function types have compu-
tation types for codomains, we have to limit the models to ones with carriers of
the form Uz rather than arbitrary sets. Although this is cumbersome, Proposi-
tion 6.6 shows that if we give a model on F'o, where operations map returned
values into returned values, and if we have a map into Fo, with the image re-
stricted to returned values, then the image of the induced homomorphism is also
restricted to returned values. This enables us to simulate a model on some sets,
for example the one used in Lemma 6.18. It is unlikely, however, that all models,
in particular the ones with infinitary operations, can be simulated in this way.

Fix contexts I' and A, which will serve as parameters. Recall that a model is

given by its carrier UM together with appropriate maps
opy: [Bl x [J[UM'"™ — UM
i
for each op:B;a1,...,a, € Zef. Such a map is described by a computation term
Fox:f; A (yita; = 1)i - top:T.

Next, we state when a given family of terms {t,p}op satisfies all the equations
I'";Z' - e = e’ (¢) of the effect theory Tog. Take any effect term I';Z' - e and a
context A’ consisting of computation variables y} :aj — 1 for each effect variable

z; :(aj)€Z'. Then, we define a computation term I',I'; A, A" - e[¢op/0plop : T by

z}(v)[top/op]Op = y}v ,
opy(x;. e;)iltop/oplop = toplv/x, (Ax; : a;. ei[top/oplop/yidil .

Then, we define the proposition {¢,p:T}opes  Models Tesr to be the conjunction

eff

N @ =>Vy'. eltop/oplop =1 €'[top/OPlop -
F’;Z’l—greffe:e’ (o)

For y:0 — 17 and y:UFo — 1, we define the proposition y extends y to be
Vx:o. y(thunkreturnx) = yx,
and the proposition y homomorphism to be the conjunction
A\Vx:B.V(y;: @1 — 1);. (thunkop (). yix});) =1 topl(Ax] : @;. F(thunky.x)))y;]; .

op:f;&1,...,@n €Zefr

Then, we have
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¢ free model principle:

AW Vy:o — 1.39:UFo — 1. y extends y A  homomorphism

As in the case of principle of computational induction, the finiteness of both the
signature Z.¢ and the effect theory T is crucial in the formulation of the free
model principle.

One might expect the statement of the uniqueness of the induced homomor-
phism. However, as Proposition 6.5 shows, this is a consequence of the principle

of computational induction.

5.5 Soundness

Proposition 5.4 IfT;A;I1| ¢1,...,¢, FL @ holds, then

[pil(y,8,0) < [¢l(y,8,0)
i=1

for all (y,8,U) € [I'] x [A] x [II].
Proof We proceed by an induction on the derivation of I'; A;I1| ¢1,...,¢0, FL .
We omit the standard cases where we have used a reasoning rule for equality,
or any of the standard rules for propositions and predicates. Next, the rules
for the greatest fixed point are sound since [vP :(o;T). 7] is defined to be the
greatest post-fixed point, and hence the greatest fixed point of the operator on
P(lo] xUlz]), induced by [r]. A similar argument holds for the least fixed point.
Then, it is straightforward to show the soundness of most of the equations for
call-by-push-value constructs [Lev06al. To show the soundness of the equation
that describes the behaviour of an operation op: ;a1,...,a, on product type

T, X I,, we take an arbitrary (y,6) € [I'] x [A]. Then, we have

[{opy(x;. t1i)i,0py(x;. t2i)i)1(y,6)
= (0p(y,) (I01(Y, 8), [£1iDi, 0Py, ([01 (, ), 2] (by definition)

= 0Py, I x[r,1 (101 (Y, 0), (Tt10, TEi])); (by product model structure)
= [opy(x;. (t1;,t2i));:1(y,6) (by definition) .

The case for the definition of operations on 0 — 7 proceeds similarly.
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The case of B-equivalence for sequencing is the same as in the a-calculus,
while the proof of algebraicity of operations proceeds as in the a-calculus, except
that we employ Proposition 4.15 instead of Lemma 2.33 to show that operations
commute with liftings.

To show the soundness of the induction principle for a predicate
A E m:prop(Fo),

we fix (y,6,U) € [I'] x [A] x [II]. Then, the base case of the induction principle
shows that n: [o] — UF[o] is a composition of i: [o] — [7](y,d8,U) and the in-
clusion j: [n](y,8) — UF[o]. The step case shows that [7](y,8,U) has a model

structure, inherited from UF [o].

lo] : [71(y,6,U)
Because F'[o] is the free model on [o], there exists a unique
i: UF[o] — [nl(y,6,U)

such that i =7on. Since we have joion=joi=mn, we get jol =idyFr[s from the
universality of the model. Since j is a retraction and a monomorphism, it is an
isomorphism, and [7](y,6,U)=UF|o].

Finally, the free model principle is, following its derivation, a direct translit-
eration of the universality of free models (without the guarantee of the unique-

ness), hence the proof of its soundness is straightforward. d

Proposition 5.5 The equational theory, induced by the effect theory Te¢s, is non-

trivial if and only if the consistency proposition
Vx1,x9:0. returnx; =g returnxg = x1 =4 X2

is sound for all value types o.

Proof If the induced equational theory is non-trivial, the construction of the
free model implies that the unit map nys: [o] — UF[o] is a monomorphism,
hence

[returnxi1] =Ny o [x1] = Nyop © [x2] = [returnxa]
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implies [x1] = [x2]. On the other hand, if the effect theory is trivial, the free
model collapses to a single point, and if [o] has more than one point (if 6 =1+1,
for example), the unit map fails to be injective and the consistency proposition is

not sound. O






Chapter 6

Development and applications of

the logic

After describing the logic, we collect a few examples of its use. We first go through
the properties of sequencing we proved in the a-calculus, restate them in a non-
schematic way and prove them using the principle of computational induction.
Next, we show some additional properties of the free model principle and define
local and global modalities. Finally, we give a conservative translation of Moggi’s
computational A-calculus [Mog89], Hennessy-Milner logic [HM85], and Pitts’s

evaluation logic [Pit91] into our logic.

6.1 Sequencing

As in the a-calculus, n-equivalence and associativity of sequencing are derivable.

In addition, those properties can be stated in a stronger, non-schematic way.
Proposition 6.1 The following holds:

y:Folp ytox. returnx =ps y .

Proof We proceed by the principle of computational induction. Take
7T =g4ef (y:F0). ytox. returnx =g, y .
Then, the base case x':0 Fr, ni(returnx’) is equivalent to
x':0 b1 returnx’tox. returnx =g, returnx’,
which is derivable by the B-equivalence of the sequencing.

77
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For the step case for an operation op: ;«1,...,a,, we have to show the valid-

ity of the judgement

x:B;(viia; = F0)i | 9hy .., 9k L (0P, (i yi%:):)

where

(pép =def VX ;. y;x; tox. returnx =gy y;x; .

Then, we get

I'; Abr opy(x;. yix;); tox. returnx

=pg Op,(x;. y;x; tox. returnx) (by algebraicity of operations)
=Fg OP,(Xi. ¥ix;) (by the induction hypotheses).
Hence, by the induction principle, we get y:Fo b1, n(y). d

We can see that the proof resembles the one of Proposition 3.20, except that it
uses the principle of computational induction rather than the induction over the
structure of canonical forms. Similarly, we can prove a non-schematic version of

Proposition 3.21.
Proposition 6.2 The following holds:

yi:Fo1,y2:01—Fog,y:00— 1Tk

y1toxy. (yexitoxa. yxa) = (y1toxy. yax1)toxs. yxg.

In the a-calculus, the commutativity of sequencing is a consequence of the
commutativity of the effect theory. But in the logic, the effect theory is just a set
of equations. For that reason, it is possible that the induced equational theory
is commutative even though the effect theory does not contain all the equations
describing commutativity between operations. But since we cannot observe this
in the logic, we simplify things and restate the commutativity condition at any
given computation type. Then, the proof proceeds as in Proposition 3.23. In the
case that all the necessary commutativity equations are present in the effect the-

ory, this assumptions follow immediately by inheritance from the effect theory.
Proposition 6.3 If

/ !
x:p,x": B (yiy @ — &) = Dici<n,1<ir<n' FL

! / / ! / /
OPx (% 0P (1. ¥ii%iX}1)ir)i =7 OP (%X, OPL(%. ;i1 %;);)ir
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holds for all operations op:f;a1,...,&, andop’:p';a},..., a,, then

y1:Fo1,y2:Fog,y:01— 02 —1k[

y1tox:. (yatoxs. yx1x2) =; yetoxs. (y1toxy. yx1x2)
is derivable.

In particular, the commutativity condition holds when the effect theory Tes

contains the equation

x:B;x p5(zii (i, @) 1<i<n,1<ir<n’ F
0P (X;i. OpL(&],. 2;i1(21,%))ir); = 0P (X},.0p (%7 Zi30 (x5, %7,);)r
for all operations op:B;ay,...,a, and op’: ;.. 0, in Zef.
Finally, we show a logical counterpart to the fact that algebraic operations are
recoverable from their generic effects [PP03]. Although operations seem more

general, this is not surprising because the generic effect captures both the effect

and its outcome.
Proposition 6.4 The equation
;A FL opy(xi. ti); = geng, vtox. matchxwith(inj; (x;). t;);

holds for an arbitrary operation symbol op: f;a1,...,a&, € Zq.

Proof We have:

[;A b gengpvtox. matchxwith(inj; (x;). £;);
=7 0py(x;. returninjj(xj))jtox. matchxwith(inj; (x;). t;);
=1 0p,(x;. returninj;(x;) tox. matchxwith(inj; (x;). ¢;););
=7 0py(x;. matchinjj(xj> with(inj; (x;). £;)i);

:Zopv(xj. tj)j .

6.2 Free model principle

The free model principle does not state the universal property of the free model
in its entirety: it omits the uniqueness of the induced homomorphism because it

follows from the principle of induction.
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Proposition 6.5 Take A containing y:0 — 1, y1:UFo — 1, and y2:UFo — 1. As

in the statement of the free model principle, define

Pm = {top :Z}opezeff models ‘J'eff ,
@1 = J1 extends y A §1 homomorphism

@2 = J2 extends y A §2 homomorphism .
Then, we have

DA Y, @, 01,02 1, Yy :Fo. $1(thunk y') :Lyg(thunky/)

Proof We proceed by the principle of computational induction. For the base
case, we take y' = returnx for some x:0. By the definition of J; extends y for

j€{1,2}, we get
LA I Y, m, 1, @2 B §1(thunkreturnx) =; yx =; Jo(thunkreturnx).
Next, take an operation op:f; @;,..., @, and assume that
F1(thunk(y;a;)) =1 Jo(thunk(y;x;))

for all yé:ai — Fo and x;:a; for 1 <i <n. Then, by y;homomorphism for j € {1,2},

we get
F1(thunk(op,(x;. y;x;);)
=7 top[/lxi:ai. 5/1(thunky2xi)/yi]i
=1 toplAx;:a;. j/g(thunkygxi)/yi]i
=1 Ja(thunk(op,(x;. y;x:);)),
which proves the step case. O

Although we can only give models on sets of the form U[z] for some 7, we can
simulate a model on a set [¢']. To do so, we give a model on UF[o’] for which

the set of returned values from [¢0] is closed under operations.

Proposition 6.6 Take A containing y:0 — Fo' and 3:UFo — Fo'. As before,
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define
Pm = {top:F0'}opes ; models Tegr,
¢ = y extends y A y homomorphism,
¢ =Vx:0.3x":0". yx =py returnx’,
$op=Vx:P;y1:@1 —Fo',...,y,:a, = Fo'.
n
/ ! / !
i1@;. X0 . YiX; =F¢ i 10 . top =Fo¢ .
/\(‘v’x i@ 3x;:0. yix; =g returnx;) = 3x' 10 . top =F, returnx
i=1
Then, we have

LAY, @, 0,9, \@op FL VY :Fo. 3x':0”. 9(thunky’) = returnx’.
op
Proof For the base case, we take y’' = returnx for some x:0. By § extends y, we

get
y(thunk(returnx)) =gy yx ,

hence by ¢/, there exists x’:¢’ such that
yx =pq returnx’ .

For the step case, take an operation op: f;a1,...,a, and assume that for

1<i<n,y):«; — Fo'and x;:a;, there exists a x!:0' such that
F(thunk(y;x;)) =py returnx; .
Then, by  homomorphism, and by ¢op, there exists x’:0 such that

F(thunkop(x;. ¥.%:)) =Fq toplAx;: @;. F(thunk y.x;)/y;1; =p, returnx’.

6.3 Modalities

We define local modalities in order to reason about the structure of computations.
Note that because of the exogenous approach to logic, modalities are operators

on predicates, rather than propositions.

Definition 6.7 For a predicate n:prop(o), a pureness necessity modality [|] and

a pureness possibility modality (|) are defined by:

[11() =ger (y:F0). VYx:0.y =y returnx = n(x),

(M) =ger(y:Fo).Ax:0.y =g returnx A m(x) .
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A pureness modality transforms a predicate on a value type o into a predicate
on a computation type Fo. The notation for the pureness modality follows the
notation for Moggi’s pureness predicate ¢ | 0, which is expressible in terms of the

pureness modality as (|)((x:0). T)(?).

Definition 6.8 For an operation op:f;ay,...,a, and a predicate
m:prop(f;a; —1,...,a, —1).

an operation necessity modality [op] and an operation possibility modality (op)

are defined by:

[opl(7) =gef (y:7). VX: B, y1:@1 = T,..., Y0 @y = T. Y =1 OP4(x;. ¥ix;); = m(x;y),

(o)) =gef (¥:T). FX: B, y1:@1 = T,..., 0 &y = T.y =1 OPx(x;. yixi); AT(x;y) .

Example 6.9 If we take the effect theory for exceptions, then [raisel((y: 7). L)(¢)
is equivalent to Vexc:exe. 7(¢ =; raiseexc) and hence states that ¢ does not raise
an exception. On the other hand, (raise)((y:1). T)(¢) states that ¢ does raise an

exception.

For a predicate n:prop(r), we define [-](r) to be

(y:D). A loplw:Byriar =T,y @, — D). \ Vaiia;. 7(yix))y),

op:f;ai,..., &, EZefr i=1

and (—)() to be

(y:7). \/ (op)(x:B,y1:@1 = T,...,¥n:®y — T). \n/EIxi:ai.n(yixi))(y).
op:B;@1,..., @ € ey i=1

Informally, we say that computation terms ¢; are immediate continuations
of op,(x;.¢;);. Then, we get the notion of a continuation by taking the reflexive
and transitive closure of the notion of the immediate continuations. A run of a
computation term ¢ is a sequence of computation terms ¢ = ¢1,t9,...,t, such that
t; is an immediate continuation of ¢;_1. These notions serve only to illustrate the
meaning of modalities, and should not be confused with continuations [FSDF93].

Then, intuitively, [-](7)(¢) states that all immediate continuations of ¢ satisfy
7, no matter what the outcome of the effect was, while (-)(7)(¢) states that there

exists an immediate continuation of ¢ that satisfies 7.
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Remark 6.10 The (immediately) derivable two-way introduction and elimina-
tion rules for necessity and possibility modalities are
LA y:Fo, ITTY B [00(y)
[x:0;A;11| Wlreturnx/yl g, m(x) ’

A y:Fo; ITIY (D(m)(Y) Lo

[x:0;A;11| Wlreturnx/y], m(x) Fr, @lreturnx/y]

for pureness modalities, and

LA y:7, 1T W Fr [opl(m)(y)

T,x:B;0,y1:@1 — T,...,¥n: @y — T; 11| Plop,(x;. yix;)i/yl Fr n(a;y)

LA y:m I, Copy(m)(y) Fr ¢
Fx:f;Ay1:a1— 1,900, — T; 11| Wlopy(x;. yix;)i/yl, m(x; y) Fr plop(x;. yix;)i/y]

for operation modalities, corresponding to op: B; @1,..., @, € Zest.
From the adjoint form of those rules, one can see that in the categorical ap-
proach to logic [Jac99], pureness and operation modalities are quantifiers corre-

sponding to the returning of values and to operations, respectively.

To extend local to global reasoning, we use predicate fixed points to define

global modalities.

Definition 6.11 For a predicate 7 :prop(z), the global necessity modality [ is
defined to be

O =ger VP : (7). (v:7). m(y) A[-1(P)(y),

while the global possibility modality ¢ is defined to be
O =gef uP (7). (y:7). T(y) V (=)(PXy) .

From the introduction and elimination rules for predicate fixed points, we can
immediately derive the following rules for global modalities:
U0 7' (y) b w(y) A -1 )(y)

>

;AT | 7' (y) g, On(y) T 0311 | D) Fr, 26 AL-107()

T AT () v (=) () ) b 7' ()

;AT O(y) - 7'(y) T30 TT | 71(8) v (=) (Om)®) Fr (Om)()




84 Chapter 6. Development and applications of the logic

Intuitively, (Jz(¢) states that all continuations of ¢ satisfy 7, while () states
that there exists a continuation of ¢ that satisfies 7. Since continuations are
obtained by a reflexive and transitive closure of immediate continuations, we

may expect that the global modalities satisfy the rules of S4 modal logic.

Proposition 6.12 The following rules are derivable:

. (K)
T3 0511 Oy D). 1) = 7))@ b1, Oy (8) = Ohrg(e)
. (N)
;AT | Vy:z. 2(y) Fr Vy:z. On(y)
. (T)
T3 AT Ot g, 7(t)
. (@)

T A:TT | D) b, O0n(t)

Dual properties, of course, hold for the possibility modality.
Proof

¢ (K) Take
7'(y) =det Oy : 7). m1(y) = m2(y))(y) AD71(Y)
and assume that 7/(y) holds. To show that [m2(y) holds, we have to show
that 7/(y) implies both m2(y) and [-1(#')(y). On one hand, Oz(y) implies
7(y) for any 7, so we immediately get m2(y). On the other hand, [In(y) also
implies [-]1007(y), hence 7/(y) implies

[-1E(y: D). m1(y) = 2N A L=1Em () -

Since necessity modalities commute with conjunctions, we get [-1(7)(y).

Thus 7/(y) implies [(Jno(y). We finish the argument by substituting ¢ for y.

* (N) Assume Vy:1.7(y) and define 7’ to be (v': 7). Vy:1.7(y). Since 7'(y)
implies both 7(y) and [-1(z')(y), it implies Cz(y).
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¢ (T) Next, assuming that [1n(y) holds, we immediately get that n(y) holds
as well. We prove the judgement by substituting ¢ for y.

* (4) Assume that [z(y) holds, and define 7'(y) to be On(y). Since Ou(y)
implies both [n(y) and [-]1C0n(y), we have

L; AT 7' (y) b On(y) Al=-107(y),

hence I';A;IT | 7/(y) Fr, OOn(y). We finish the argument by substituting ¢
for y.
O

We can also define other global modalities known from computational tree

logic [HR04], for example
AF7 =ger P (D). (y:7). 7(y) vV (=) (y:2). @) A[=1P))),
which states that for any run of the computation, 7 holds at some point, or
EGr =ger VP :(2). (y:7). a1() A([=1((y: 7). L)(y) vV (=}(P)(¥)).

which states that a computation has a run for which 7 continues to hold.

6.4 Computational 1-calculus

We now give a conservative translation of a reasonable restriction of Moggi’s com-
putational A-calculus [Mog89]. We shall translate its types, terms, propositions,
and judgements into the ones of the logic, and show that translation preserves

provability.

6.4.1 Definition

Moggi’s computational A-calculus is an equational logic, equipped with a pure-
ness predicate. Given a signature Z; of base types f, the types o are given by the

following grammar:
o:=pB|1|o1x09 | To|o1—032.

Then, given a signature Z¢ of function symbols f:01 — 09, the terms ¢ are given
by:

tu=x | f() | [£] | u@) | * | {t1,t2) | m1(t) | ma(t) | letxbetint' | Ax:o.t | ¢t .
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Terms are typed as I't-,_ t:0 in a context I' = x1:071,...,%,:0,, according to

the following rules:

Iy ti01 'y tio
— (x:0€l), — (f:01—02€Zp), _
Iy x:0 ['F)p f(8):02 a1 To
') t:To 'y t1:01 ') t2:02
[ pw@):o 'y, *:1 '), (E1,22):01 x 09
[hy, t:o1 x 09 [y, t:o1 x 09 [y tio [x:oby, t:0
[y, m1(8):01 [ k), ma(t):09 [, letxbetint:o’
[,x:0), t:0' [y tio—a Thyt:o
[ g, Ax:o.t:0 — 0o’ [ by, tto

To differentiate between values and computations, the computational A-cal-
culus has a pureness predicate ¢ | o, which states that a computation ¢ of type o

causes no effects. The rules for the pureness predicate are

[y tlo Txioby t'o

b

Ty, £1t/x]] o' Thyxlo Tho 611 T7

)

[y x |1 [Fp, (x1,22) | T1 x T2 [y mi(x) | 71 ['Fp, mo(x) | T2

b

[ Axio.tlo—71

while the rules for equality are the ones stating that it is a congruence, and

* (=-subst)
=) tlo Ix:obp t1=¢t2
Tha, t1lt/x] =g toltic]
* (unit)
'), letxbetinx=,¢ ,
* (ass)

I'F), letxgbe(letx;betyintg)int =, letxqbetqin(letxgbetaint)
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¢ (let-p)

[+, letxbex'int =, t[x'/x] ’
* (let-f)

Tbp, f(t) =0, letxbetinfz)
* (T-p)

[p p(tD =4t
* (T-n)
I [p@)] =106 x
* (1-n)
Iy x=1% ,
o (let-(-))
r Fa. (t1,2) =g %09 letxqbetqinletxgbetgin{xy,xo) ,
* (x-p)
1<i<?2),
I'Fa, mi(Cx1,x2)) =g, i

* (x-n)

[, (m1(x), 12(x)) =gy xoq X
* (let-1)

[k, tt' =5 letxbetinletx’ bet'inxx’ ’
* (P)
'), Ax:o. t)x =4t ,

* (m)

(x#x").

I'2, Ax:o.x'x =5 x'

Note that because of the lack of distinction between values and computations,
the evaluation of pairs and applications has an implicit order, determined by

equations (let-(—)) and (let-A), in which the left subterm is evaluated first.
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6.4.2 Translation

Before giving the translation, note that in the computational A-calculus, prim-
itive functions f:0 — o’ are not limited to base types, but accept arguments of
arbitrary types and return computations that can cause effects. We are not go-
ing to give a translation of the calculus over such general signature, but for one
where the signature ¢ is restricted to pure functions f:[] —  and generic ef-
fects geng,: [1 — T(l ) (for more general generic effects, one would add sum
types to Moggi’s language). This restriction is in the line with the main premise
of our approach, which is that algebraic operations give an adequate representa-

tion of effects.

Then, we take a base signature, consisting of all the base types p € X, and
of function symbols f:(f) — p for each pure function f:[][f — f € Z¢. Next, we

take an effect signature, consisting of operations op: f; @ for each generic effect
geng, JIp—-T(la) € Z.

For translating types, we first observe that, unlike in our approach, terms
I' -, t:o represent computations that return values of type o. Hence, we trans-

late types o to value types ¢* as

=8,

(01x02)" =07 %03,
1°=1,

(c—-0d)' =U(0*—-Fd"™),

(To)*=UFo™,

and contexts I'=x1:01,...,x,:0, as

I =x1:07,...,xn:0, .
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Then, we translate terms ¢ to computation terms #* as

x* =returnx,
f(#)* =t tox. returnf(prj; x); ,
genop(t)” =" tox. returnthunk(gen,, x),
[t]* = returnthunk¢™,
()" =t*tox. forcex,
** =returnx ,
(t1,t2)" = t] toxy. tytoxa. return{xy,xa) ,
m1(t)* =t tox. returnfstx,
mo(t)* = ¢" tox. returnsndx,
(letxbetint’)* = ¢t* tox. t"",
(Ax:0.t)" =returnthunkAx:0™. t*,

(tt)* =t*tox. ¢ tox’. (forcex)x’ .

Proposition 6.13 IfT'\-, t:0 thenI* Ft*:Fo*.

Proof We proceed by a routine induction on the derivation of the typing judge-

ment. a
With the typing judgements preserved, we show how the logic of the compu-

tational A-calculus is embraced in our logic.

Lemma 6.14 If there exists a value term v such thatT' -, t* =g, returnv, then
I'r Tt/xD)* =pgr " [v/x].

Proof We proceed by a straightforward induction on the structure of ¢'. a

Proposition 6.15 IfI' -, t| o, then there exists a value term I'* - v:0™, such

thatT' b1, t* =g+ returnv.

Proof We proceed by an induction on the derivation of I' -, ¢|o. If we consider
any axiom of the form I' ), ¢ | o, we observe that ¢* is always equivalent to
returnv for some value term v. Next, consider the case when the last applied rule

was
[y tlo [,x:ob t' o

[y, t'Tt/x] ] o

By the induction hypothesis, we get value terms v and v’ such that

T* b t* =pg+ returnv and T*,x:0% bt =g, returnv’.
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Then, by Lemma 6.14 and by value substitution, we get

T* b (t'[t/x])* =g returnv’Tv/x].

Theorem 6.16 IfI'\-) t1 =, t2, then™ - t] =po~ t;.

Proof We again proceed by an induction on the derivation of I' - _ ¢1 =4 to.
The case, when the last applied rule was (=-subst) proceeds similarly as the step
case in the proof of Proposition 6.15, while the cases of (let-(-)) and (let-1) are

routine. We consider the other cases in turn.
¢ For (unit), we have
' k1 (letxbetinx)” =g + t* tox. returnx =gg« t*
by Proposition 6.1.
* For (ass), we use Proposition 6.2 to show

I'* 7 (letxgbe(letx; betiintg)int)*
=g+ (t]tox1. t5)toxg. ¢
=g+ t1toxy. (t5toxg. t*)

= (letx1betiin(letxgbetaint))™.

¢ For (let-B), we have

I'* k7 (letxbex'int)*
=ps+ returnx’tox. t*
=po+ t [x/x]

=po+ (tx'/x])* .

¢ (let-f) For a pure function f: [[f — B, we have:

I Frf)*
=pt" tox. returnf(prj; x);
=p ¢" tox. returnxtox’. returnf(prj; x); (by B-equivalence)

:ﬁ (Ietx bet|nf(x))* )

while the case with a generic effect proceeds similarly.
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¢ For (T-p), we have
I b (uleD))*
=po+ returnthunk¢* tox. forcex
=g+ forcethunkt™
=Fo+ ¢ .
¢ For (T-n), we have
" Fr (o]
=rUFo+ returnthunk(returnxtox’. forcex’)
=FUFo* returnthunkforcex

=FUFo* returnx.

* (1-n) From I' =), x =1 *, it follows that I' =3, x:1 holds, hence x:1 €T'. This

implies x:1€I'*, thus I'* 1 x =1 % and

I'* b7, returnx =pq return % .

* For (x-B), we have
I br (e, x2))"
=Fo: (returnxy tox]. returnxgtoxy. return{xy,xp))tox. fstx
=Fo: returnxy, xg) tox. return fstx
=Fo: return fst{x1,x9)
=Fo} returnxy ,

for the first projection, while the case of the second projection proceeds

similarly.
* For (x-n), we have
I b (mi(x), o))
=F(oyxoq)* (Feturnxtox]. returnfstx)toxs.

(returnxtoxy. returnsndxj)toxs. return(xy,xs)
=F(o,x09)* returnfstxtox;. returnsndxtoxs. return{xy,xg)
=F(oqx09)* return{fstx,sndx)
=F(o1x09)* r€turnx

*
=F(o1xo9)* X -
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¢ For (B), we have

I'*Fr ((Ax:o. H)x)*
=g+ return(thunk(Ax:o*t*.))tox;. returnx’toxs. (forcexy)xsy
=,+ (force(thunk(Ax:0*. t*)))x’
=g Ax:0™. t*)x'
=g+ t"[x'/x]

=g+ (t[x'/x])* .

¢ And for (1), we have

I+ (Ax:0. x'x)*
=s_o" return(thunk(Ax:o*. returnx’tox;. returnxtoxs. (forcex)xs))
=, return(thunk(Ax:o*. (forcex’)x))
=y,_o" return(thunkforcex’)
=y returnx’

_ %
=og—0g'* X .

6.5 Hennessy-Milner logic

6.5.1 Definition

Hennessy-Milner logic [HM85] is an endogenous logic, which examines whether
a given CCS process p satisfies a certain property ¢. The processes and properties

are given by the following grammar,

p,q,r::=0]a.p|p+gq
=T | LlpiApa | @1V | lalle) | (a)e),

where a ranges over a set of actions A. In the above grammar, we have omit-
ted renaming, hiding, and parallel composition. As seen in Section 7.4.3, the
first two can be described using handlers, while the third poses problems for our
framework. We have also omitted recursion, which could be done along the lines,

presented in Chapter 9.



6.5. Hennessy-Milner logic 93

Note that the properties of Hennessy-Milner logic are usually given by truth,
conjunction, possibility modality (a), and negation, while falsehood, disjunction,
and necessity modality are defined. We take an equivalent approach, which

proves more suitable for our logic, and recursively define negation —¢ by

~T=1,
-1=T,

(1A p2) =1V g,
Q1 V@2) =91 A2,
lal(g) = (a)(~g),
a) (@) =[al(ng).

In terms of the transition relation p — ¢, given inductively by

a a
p—r q—r
a ’ a '’ a ’
a.p—p p+qg—r p+q—r
we define satisfiability p E ¢ by

pET always,
pEL never,
PEQLAP2 ifpF¢iand pF s,
PEQ1V @2 ifpE@iorpFog,
p Elal(p) if ¢ = ¢ for all ¢ such that p =g,
p E(a)(p) if g E ¢ for some q such that p E»q.

6.5.2 Translation

Take the base signature X}, with a base type of actions act, and appropriate
constant symbols a :act for all the actions a € A. We interpret act by A, and
constant symbols a by the corresponding actions. For the base theory, we take

standard first-order logic without any additional axioms.

Then, take the effect signature Z.¢, consisting of operations nil:0, act:act;1,
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and or:2; and the effect theory, given by the following equations:

or(z1,0r(zg,23)) = or(or(z1,22),23) ,
or(z,z) =2z,
or(z1,29) = or(z9,21),

or(z,ni)=z.
We then translate each process p to a computation term  p*:F0, given by:

0* =nil,
(a.p)* =acty(p™),
(p+q) =or(p*,q").

Take any two processes p and g, composed using the three given operations.
Then, they are bisimilar, which we write as p = ¢, if and only if they are provably
equal in the equational theory, given by the above four equations [HM85].

We translate each property ¢ into a predicate - ¢* :prop(#0), given by

T*=(y:F0). T,
1*=(y:F0). L,
(1A p2)" =(y:FO0). p1(0) A p3(y),
(p1V 92)* = (y:F0). o1 (y) Vo3 (»),
([al(p))* = [orl((y1:F0,y2:F0). [act,1(¢")y1)),
(aX(@)* = (e ((y1:F0,y2:F0). (acta)(9")(y1)) .

To show the derivability of translated judgements of Hennessy-Milner logic,

we first have to prove a couple of technical lemmas.

Lemma 6.17 If we have p — g for processes p and q, there exists a process r
such that

FLp” =rola.q+7)".
Proof We proceed by induction on the derivation of p = gq. If a.p — p, we have
b a.p* =po(a.p+0)*. If p+q = r because p — r, we get bz, p* =pg (@.r +s)* by
the induction hypothesis, hence 1, (p + q)* =p¢ (a.r + (s + q))*. In the other case,

we proceed in the same way. d
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Lemma 6.18 For any process p =3."" ,a;.p; and an action a we have

y1:F0,y2:F0| p* =pg or(acty(y1),¥2) Fr. \/ ¥1=ro P} .

a;=a

Proof We proceed by a proof by contradiction inside the logic. We are going to
assume that both p* =pg or(acty(y1),y2) and Ag;=q (¥ =Fo p;) hold. Next, using
the free model principle, we are going to construct a (rather contrived) model of
the effect theory. Then, we are going to show that the induced homomorphism
from the initial model maps p* and or(act,(y1), y2) into different elements, which
is in contradiction with the assumptions.

To gain some intuition, we describe the model before employing the free
model principle. First, take an action w that does not occur in p. Then, for the
carrier of the model, take the (finite) set of all bisimulation equivalence classes
[g1+---+qm], where each g is either a subterm of p or of the form w.nil. This set
has evident semi-lattice with a zero structure, while a.[q1+---+q,]is defined to
be [a.(q1+ - +qm)lifa.(q1+- -+ qn) is a subterm of p and [w.nil] otherwise.

The same construction in the logic goes as follows. Let 7 be the computation
type F Zlilzllllll 1, where UM is the carrier set of the above model. We are going to
label closed terms by the appropriate equivalence classes [q1 + -+ ¢;;]. Using
nested pattern matching constructs and injections, we first define the operations
on Zlizzlwl 1. Using sequencing, we extend those to operations on FZL.ZZIW 1. The
definition of those operations on terms other than returned values is a bit arbi-
trary, but that is not important because Proposition 6.6 allows us to ignore them.

Next, take the unique homomorphism y from F0 to M, which extends the
zero map from 0 to M. Then, the free model principle yields -7, yp* =; return[p]

and
k1 yor(acta(y1), ¥2) =1 tor(tact,(¥¥1), I y2)
hence

Fr returnlpl = tor(tact, (931),Jy2) .

Now, as the two sides are equal, we use the definition of ¢,¢;, and ¢, together
with the standard rules for value sums to show that yy; has to be equal to [p;]

for some a; = a. However, this is in contradiction with our assumption. O

Theorem 6.19 Take a process p and a property ¢. Then, p & ¢ holds if and only
if -1 @*(p*) holds.
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Proof First, assume that p E ¢ holds and proceed by induction on ¢. The
cases when ¢ =T and ¢ = L are trivial. If ¢ = @1 A @2, we have p E ¢ if and only
if p F @1 and p F ¢2. By induction hypothesis, we get -1 ¢](p*) and k1 ¢5(p*),
hence also 1, ¢*(p*). For the disjunctive case, we proceed similarly.

If ¢ =[al(¢'), we have p = Z?zlai.pi for some actions a; and processes p;,

such that p; F ¢’ if a = a;. By Lemma 6.18, we get

y:F0,y":FO|p* =pg or(acty(y),y) . \/ ¥ =rop},

a;=a

which together with the induction hypothesis implies
y:F0,y":FO|p* =po oracta(y),y) 1 9™ (),

which is equivalent to k7, ¢*(p™).

And if ¢ = (a)(¢') holds, there exists a process ¢ such that p = ¢q and q E ¢'.
Then, by Lemma 6.17, there exists a process r such that 7 p* =p¢ a.q +r7,
while from the induction hypothesis, we get 7, ¢*(g¢*). Together, this implies
FL @™ (P7).

Next, assume k7, ¢*(p*). From soundness of interpretation, we get that
[o*(p*)] = 1. Let us show by induction on ¢ that [¢*(p*)] = 1 implies p F ¢.
The cases with truth, falsehood, conjunction, and disjunction are immediate. In
the case when ¢ = L, we use the fact that the effect theory is consistent to show
that [p*(p™)] is the empty set.

If ¢ =[al(¢'), take an arbitrary g such that p 4. By Lemma 6.17, there
exists a process r such that -7, p* =p¢ (a.q +r)*. From the soundness of interpre-
tation, we get [p* =p¢ (a.q +r)*] = 1, which together with [¢*(p*)] =1 implies
[¢"*(g*)] = 1. By the induction hypothesis, we get g F ¢’, and so p F ¢.

Finally, if ¢ = (a)(¢’), the soundness of interpretation implies that there exist

two processes q and r such that

[p* =poor(acty(¢g™),r") =1,
[ (@)l =1,

hence p =a.q +r and q F ¢/, therefore p F ¢. O

6.6 Evaluation logic

Evaluation logic [Pit91] was introduced by Pitts as a way of reasoning about

computations in terms of values they return. We are, however, not going to focus
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on this logic, but on one of Moggi’s suggested refinements [Mog95], because its
semantics is uniform and as such comparable to ours, and because the axioms
for necessity are stronger than the ones of Pitts. Moggi also suggested a more
general variant of evaluation logic [Mog94], however we omit it from our discus-
sion because it has a weaker set of axioms and a semantics that does not apply

to w-cpos.

6.6.1 Definition

Evaluation logic builds on Moggi’s computational metalanguage [Mog91], but
fixes a single monad 7. Given a signature X of base types f, the types o are
given by:

o= |1|oy1x09 | To|o1—o03.

Next, given a signature X¢ of function symbols f:01; — g9, the terms ¢ are given
by:

tu=x | @) | [t) ] * | (¢t1,t2) | m1(t) | ma(?) | letxbetint' | Ax:o.t | tt'.

Terms are typed as I' ey ¢:0 in a context I' =x;:071,...,x,:0, according to the

same rules as in computational A-calculus, with the following exception:

Itewt:To T,x:0bet':To'

I'Feyletxbetint’:To’

Note that the meaning behind ¢:0 differs. In the computational A-calculus, ¢ is a
computation that returns values of type o, while in the computational metalan-
guage, it is a value of type T'o.

Then, building on the computational metalanguage, the propositions ¢ of

evaluation logic are given by the following grammar:

pu=t1=to | T| 1A | 1= @2 | Vx:0.¢ | [letxbetl(yp),

where in the last two propositions, x is bound in ¢.

Informally, the (necessity) evaluation modality [letxbet](¢) states that every
value computed by the computation term ¢ satisfies ¢. For example, if the effect
at hand is nondeterminism, then [letxbe#](¢) holds if and only if all values com-
puted by ¢ satisfy ¢; if it is exceptions, then [letxbet](¢) holds if and only if ¢

satisfies ¢ when it does not raise an exception.



98 Chapter 6. Development and applications of the logic

In addition to the necessity modality, Pitts’s evaluation logic [Pit91] gives
a possibility modality (letxbet)(¢), which states that ¢ can return a value that
satisfies ¢. We follow Moggi and omit it from our discussion, as we can define it
as

(letxbet)(p) =ger Tlletxbet]l(n¢)

and translate it accordingly. For the same reasons, we omit the discussion of
falsehood, disjunction, and existential quantifier.
Proposition are typed as I' ¢y ¢ :prop in the standard way, with the modality
typed by:
Nkeyt:To I'x:0 Fey @ :prop

I'Feylletxbetl(p): prop
Judgements of evaluation logic are of the form I' | ¥ - ¢, where V¥ is a set
of hypotheses T' - ¢; :prop and I' F ¢ :prop is the conclusion. If a judgement
I' ¥ I ¢ is derivable in evaluation logic, we write I' | ¥ Foy 9. We write an
equivalence I' | ¥ ¢y @ when both I' | W Fy ¢ holds and I' | ¢ Fey ¢; holds for
any @p; € V.
Omitting the standard reasoning rules of first-order logic (as presented in

Section 2.2) together with weakening, the reasoning rules for modalities are:

. @)
Ix:0|¥,@bev g
T | W, [letxbe 1) ey lletxbetl(p))
e (U-n)
T,x:0 | @ Aoy [letxbelxll(p)
o ([O-let)

[|[letxbetillletxgbetal(p) dtey [letxgbe(letx betyinta)l(¢p) ’

(WD)

T[T ko [letxbetl(T)

©-n)

T [ lletzbetl(@r), lletxbe (@) "oy [letabetl(@1 A gg)
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e (U-=)

T'|[letabe (1 = @2) 4oy @1 = [letaxbetl(@g)
. (O-V)

T'|lletxbetl(Vx':0". @) ey V' :0". [letabel(p)
. (O-=)

T | [letaxbetl(f1 = £2) Foy (letxbetinty) = (letxbetinty)

The above rules are slightly different than the ones given by Moggi. In particular,

we omit the rules

e (U-p)

T [[letx; betqlllet xp bex; (@) "oy [letas be(letxy betyinx)l(g)

* (U-1)

T | lleta; betlglta/xa] 4oy [etxs be(letx; bet in[£2]))(@)

e (O-st)

[ |[letxbetlpl(x1,xo)/x'] Ak oy [letx’ be(letxbetin[{x1,x2)1)1(¢) ,

as they are derivable. First, (L-u) is an instance of (LI-let) if we set £5 to be x7.

Then, if we substitute ¢2 for x in ([J-n) and apply (UJ-+) in both directions, we get

T [ lletx; betqlglea/xa] 4oy [letx bet11lletas beltzlle

which together with ([J-u) implies (J-7'). Finally, ([J-st) is an instance of (LJ-T')
if we set t9 to be (x1,x9).

Note that Moggi gives a variant of some rules, marked by an asterisk, where
a one-way judgement is replaced by an equivalence. Wherever possible, we gave

a variant with an equivalence, therefore we omit the asterisks from the labels.
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6.6.2 Translation

As in the translation of the computational A-calculus, we limit our translation
to ones where signatures are restricted to pure functions f:[[f —  and generic
effects geng, :[1f — T([1@). Furthermore, since function types of our logic have
computation types for codomains, we restrict the function types in the metalan-
guage to ones of the form o — T'¢’. An alternative would be to add a value type

of functions ¢ — ¢’ with value type codomains to our logic.

Then, we take a base signature, consisting of all the base types p € X, and
of function symbols f:(f) — B for each pure function f:[[f — f € Z¢. Next, we
take an effect signature, consisting of operations op: f; @ for each generic effect

geng,:I1B — T(I1@) € Z¢, and the empty effect theory

We translate types of evaluation logic to value types as:

=8,
(01x09)" =07 x05,
1" =1,
(0 —>Td") =U(c* —Fo'™),
(To)*=UFo™,

terms to value terms as:

X" =x,
ft)" =ft"),
genop(t)* = thunk(genop(t*)) ,
[t]* = thunk(returnt™),
** =%,
(t1,t2)" = (t1,t5),
m1(t)* =fstt™,
ma(t)* =sndt™,
(letxbetint’)* = thunk((forcet™)tox. (forcet’™)),
(Ax:0.t)" =thunkAx:0™. ¢t*,

(tt")* =force(t*)t'™",
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and propositions as:

(t1=t2)" =(t] =1¢3),
T =T,
(p1A@2)" =i Ay,
(1= @2)" =] = o3,
(Vx:0.¢)" =Vx:0". @™,
([letxbetl(@)* = 1(x:07). ™ )forcet™).

To prove the soundness of the translation, we are going to use the fact that
the satisfiability of a necessity modality propagates to all subcomputations and

returned values.
Lemma 6.20 The pureness balance proposition
;AT O I )(returno) B w(v)
and the operation balance proposition
;AT ([ Im)(opy, (2. £)i) FLL /\inlai- O I 2)
i

both hold.

Proof The proofis immediate from the definition of the modalities. a

Proposition 6.21 The translations of (LI-+), (J-T), (L-A), (0-=), (J-V), and

(L-=) are derivable in our logic.

Proof
¢ To show that the translation of ((J-+) is derivable, we observe that
Vx:o. m(x) = ' (x)
implies
Vy:Fo.([l1m)(y) = [} )y).
Together with Proposition 6.12, this implies

Vy:Fo.O(1n)(y) = O0117)(y)

and so the translation of ((J-F).
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* The proofs of the cases (LI-T), (LJ-A), (L-=), and ([J-V) are all alike, so let

us give only the one for ([J-A). Set 7; =gef (x:07). @] for i =1,2. Then, ([J-A)

gets translated as
' 1O 1) (forcet™), ([ | 1) (force ™) = ([ | 1(x:07*). (m1(x) Ama(x)))(forcet™)

and its converse. First, assume that LI([|]71)(y) and LI([|]72)(y) hold. To
show the conclusion, we use the introduction rule for the predicate fixed

point defining [ 1. Hence, we need to prove that

[1((x:0™). m1(x) A w2(2))(y)
and
[1((y:Fa™). O 1m1)(y) AD[ ] 1m2)(0))(y)

hold. As LI([|1m;)(y) entails ([|]7;)(y), we immediately get the first con-
dition. For the second condition, LI([|]1r;)(y) entails [—1(CI([|17;))(y). It is
straightforward to check that the modality [-] commutes with the conjunc-

tion, hence

[=1EC D)) A =IO T2))(y)

entails

[-1(y:Fa™). O 1m)(y) AD[ 1) (0))(y) -

The other direction follows from ([J-F) and the elimination rules for con-

junction.
([J-=) gets translated as

I |0 1(x:07). forcet] = forcets)(forcet™)

- ¢* tox. forcet] = forcet™ tox. forcets .
To show derivability, take

7T =gef (¥ :F o). O([|1(x:0™). forcet] = forces)(y)

= ytox. forcet] = ytox. forcet;

and proceed by the principle of computational induction on y.
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— For the base case, we have

O 1(x:07"). forcet] = forcets)(returnx)
= forcet] = forcet,
(by the pureness balance proposition)
= returnxtox. force¢] = returnxtox. forcet;

(by B-reduction for sequencing).

— For the step case, take op: f;@1,...,a, € X and assume that 7(y;x;)

holds for all y;:(a;) — Fo and x;:a;. Then, we have

O )(x:07). forcet] = forcets)(op,(x;. yix;);)
= AV a;. (O 1(x:0™). forcet] = forcety))(yix;)

(by the operation balance proposition)

= A\ Vxi:a;. yix;tox. forcet] = y;x; tox. forcet;
i

(by the induction hypothesis)

= op,(x;. yix;tox. forcet]); = op,(x;. yixitox. forcets);
(by congruence)

= op,(x;. yix;)i tox. forcet] = op,(x;. yixi); tox. forcets

(by algebraicity of operations).

Hence, n(y) holds for all y:Fo. We finish the proof by substituting force¢*
for y.
O

Unfortunately, the translations of axioms (LI-n) and ([-let) are not derivable

in our logic.

Example 6.22 Take the base theory T} ,5e of natural numbers, equipped with a
relation symbol iszero:(nat) and the expected axioms, and the effect theory Tesr

for state. Then, we have

b1, return0
=Fint lookup,(d. return0)

=pint lookup,(d. lookup,(d’. ifd = d'thenreturnOelsereturn1)).
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Now, although we have I, iszero(0) holds, the proposition
([letx bereturn0](iszero(x)))*

fails because -, iszero(1) fails, while the translation of ([J-n) states that iszero(x)

holds for all possible returned values x.

Hence the translation of the axiom ([J-n) is even refutable in our logic for
some base and effect theories. The reason for the failure of translation lies in the
fact that we could contaminate a term with values that would never be returned
in its evaluation. For this reason, we limit ourselves to a well-behaved subset of

equational theories where such contamination is not possible.

Remark 6.23 An alternative is to define the translation of the evaluation modal-

ity as

uX:(Fo).(y:Fo).[|1(m)(y)Vv
\V (opY(x:B,y1:@1 — T,...,Yn 0, — T). /n\ Vo, ta;. X(vix)(y).
OP: B @10y @ €y i=1
Then, the translation of [letx be ¢](¢) states that there exists a computation, equiv-
alent to t, whose leaves all satisfy ¢. This does give the correct semantics for
all effects mentioned above. Unfortunately, it does not help us in the embrace
of evaluation logic, as most of the translated axioms end in a form where no

progress can be made by applying rules of the logic.

6.6.3 Balanced theories

Definition 6.24 An equation Z - e; = eg of a (countable) single-sorted equa-
tional theory 7 is balanced, if a variable z € Z occurs in e if and only if it occurs
in eg. A theory T is balanced if all the equations Z 5 e = e9 are balanced.

For a given model of the base theory T},¢e, an effect theory T is balanced
if the induced countable equational theory, constructed as in Section 4.1, is bal-

anced.

The theories for exceptions, nondeterminism, interactive input and output
and time are all balanced. Furthermore, if two theories are balanced, so is their
sum and tensor product [HPPO6]. Also, note that the reasoning rules of equa-
tional theories preserve balanced equations, hence a theory is balanced if all its

axioms are balanced.
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Remark 6.25 The restriction to balanced theories is related to the restriction
to simple monads in HASCASL [SMO04] and global evaluation logic [GSMO06]. In
particular, if an equational theory is balanced, the induced monad is simple, but
note that the state monad is simple even though the effect theory for state is not
balanced.

Also, monads induced by balanced theories correspond exactly to collection
monads [Man98], which are used to model various collection classes such as lists,

sets, trees, or bags.

Lemma 6.26 Ifan equational theory T is balanced, it is equationally consistent.

Proof If the equational theory 7 is balanced, we cannot have x1,x9 Fg x1 = x9

as both x1 and x5 occur on only one side of the equation. a

Recall that for a given set X, the set TX is constructed as the set of equiv-
alence classes [ e] of closed terms F e, built using operations from Z. s and
generators from X, modulo the equality of the infinitary equational theory T,
generated by the effect theory Tesr.

For such a term e, we can define its support supp e € X by

suppa ={a} (aeX)

supp op(a; f1,..., fn) = Jsupp i,
l

where for a function f: [a] — TX, we define supp f =gef Uac[a] SUPP f @.
If the effect theory is balanced, we have supp e = supp ¢’ whenever -y e =¢'.
Thus, for 6 € TX, we can define supp 6 to be supp e for any e such that [e] = 6.

By the construction of TX, such e always exists.
Lemma 6.27 Take a set X and A € X. Then, for any [e]€ TX, we have

supplel]c A ifand only if [e]le TA.

Proof We proceed by induction on the structure of terms of the infinitary equa-

tional theory.

* For the base step, we have supp [a] = {a}, hence supp [a] € A if and only if

a € A, which is equivalent to [a] € T A as the theory is consistent.

* For the induction step, assume that supp [op(a;f1,...,f2)] € A. Since we

have supp [op(a; f1,...,[»)] =U; supp[fil, we have supp [f;] < A for all i. By
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the induction hypothesis, we get [f;a;]1€ TA for all 1 <i <n and a; € [«;],
hence [op(a;f1,...,fn)1€ TA. On the other hand, if we have

lop(a; f1,...,f)le TA

then by the construction of op(a; f1,..., ), it follows that

supp [op(@; f1,...,fr)ISA.

Lemma 6.28 Assume that the effect theory T is balanced, and take a predicate
AL E m:prop(o).

Then for any (y,6,U) € [I'] x [A] x [II], the set [LI([|1m)](y,6,U) is equal to the
free model T'([7](y,8,U)) of the equational theory, generated by T, over the set
of generators [7](y,d,U).

Proof To simplify the proof, we write [—] instead of [-](y,6,U). Since
L[ m) =gt vP :(F o). (y:Fo). (L1m)(y) A[-1(P)(y),
the set [LI([|]7)] is defined to be the largest set U < T'[o] such that:
1. if nygp(a) € U for some a € [o], then a € [n];

2. if for any op: B;a1,...,a,, any a € [B], and any f;: [a;] — T'lo], we have

oprs(@;fi,...,fn) €U, then fi(a;) €U for any 1<i<n and all a; € [a;].

We first show that T'[x] satisfies the two conditions. Since nyj(a) = [al, we
have nsj(a) € T[n]. From Lemma 6.27, it follows that supp n(sj(a) = {a} < [7],
hence a € [x].

Then, assuming opg,(@;f1,...,fn) € Tlx], we get
supp oppy(@; f1,..., fa) =Jsupp fi < [71,
l

which implies supp f; € [7], hence f;a; € T[n] for all a; € [a;] and 1 <i <n.

On the other hand, take a set U < T'[o] that satisfies the above two con-
ditions. Let us show by induction on e that [e] € U implies [e] € T'[x] for any
lele To].
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First, if [a] = njs)(e) € U holds for some a € [o], the first condition implies
a € [n], which further implies [a] € T'[n].

Next, take [op(a;f1,...,fn)] € U. The second condition implies [f;(a;)] € U
for any 1 <i <n and all @; € [a;]. By the induction hypothesis, we get that
[fi(a;)]e T'[n] for any 1 <i<n and all a; € [«;]. And as T'[n] is a free model, we
get

oprg(a;lfil,....[fn]) = lop(a; f1,..., f)l € Tlnl .

Thus, T[] is the greatest set that satisfies the above two conditions and is as

such equivalent to [LI([|]7)]. O

Corollary 6.29 Ifthe effect theory T is balanced, the converse
;AT (o) = O I)(returnov)
of the pureness balance proposition, and the converse
AT /_\in!ai- LI 1)) = L 1) (op, (%5 £:);)
i
of the operation balance proposition, both defined in Lemma 6.20, are both sound.

Remark 6.30 Note that the converse of the pureness balance proposition entails

the consistency proposition
Vx1,x2:0. returnxy =returnxg = x1 = x2,
given in Proposition 5.5, if one takes v =gerx2 and 7 =ger (x1:0). X1 =4 x2.

Since the balance propositions are sound for balanced effect theories, we may

add them to our logic to obtain a translation of evaluation logic.

Theorem 6.31 Assume the converses of pureness and operation balance propo-
sitions. Then, if T' | ¥ by ¢ holds, so does T* | V* 1, ¢*.

Proof We proceed by induction on the derivation of I' | ¥ Iy ¢.

* The proofs of the cases (LI-+), (LI-T), (LJ-A), (-=), (1-V), (U-=) were al-
ready treated in Proposition 6.21.

¢ (L-n) gets translated as
I | ¢*(x) F O[T )returnx)

and its converse. The second direction follows from the pureness balance

proposition, while the first direction follows from its converse.
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¢ ([-let) gets translated as
I 1011 :01). O 19 ™ )(force ) (force t7)
F O[] g™ )(forcet] toxy. forcets)

and its converse. To show the equivalence, take

7 =gef (y :F o). O([1(x1:01). O 1™ )force t5))(y)
< O([1p*)(ytox;. forcets)

and proceed by the principle of computational induction on y.

— For the base case, we have
O 1(x1:01). O g™ )force ty))(return x)

< O([{ 1™ )(forcets)x/x1]

(by the balance proposition and its converse)
< O([}1¢* (force £ [x/x11))

(since x7 is not free in ¢)

< O[] 1¢" )returnxtox;. forcets)

(by B-reduction for sequencing).

— For the step case, take op: f;@1,...,a, € Zq and assume that n(y;x;)

holds for all y;:(a;) — Fo and x;: ;. Then, we have

O 1Cx1:01). O o™ )(force t))opy(x;. yix;);)
2= /\ Vao;ra;. O([11(x1:01). O 1™ )force ¢5))(yix;)

(by the balance proposition and its converse)

o /\in ra;. O 1p™)(yix; toxy. forcets)

(by the induction hypothesis)
< ([ 1p")opy(x;. yix; toxs. forcets);)
(by the balance proposition and its converse)
< O 1p™ Nop,(w;. yix;); toxy. forcets)
(by algebraicity of operations).
Hence, 7(y) holds for all y:Fo. We finish the proof by substituting forcet*

for y.
O



Chapter 7
Handlers of algebraic effects

We now turn to the other aim of the thesis: giving an algebraic treatment of
exception handlers. We shall first relate each exception handler to a model of
the effect theory for exceptions, and describe handling in terms of induced ho-
momorphisms from the free model. Then, we shall generalise this treatment to
other algebraic effects, note the difficulties that arise with the generalisation,

and suggest a possible solution.

7.1 Exception handlers

We start our study with exception handlers, because they are an established con-
cept [BKO1, Lev06b] and also because exceptions provide the simplest example
of algebraic effects. Note that in this section, we do not present a calculus of
handlers, but work informally in the context of the a-calculus in order to focus
on the exposition of ideas.

Recall that we represent a finite set of exceptions E by a finite effect signature
Zoff, consisting of a nullary operation symbol raisec :0 for each exc € E, and by
the trivial effect theory Jeg. Then, a computation term I' - ¢:Fo is interpreted
by a map [¢]: [['] — [o] + E. In particular, we have [returnv] = inj o [v] and
[raiseexc] = ing o Keyc, Where keyc: [I'] — E is the constant map that maps each
a€[l'] toexceE.

Let us extend computation terms with an exception handling construct
try twith{exc; = ¢;};,
where ¢ is the handled term and {exc; = t;}; is the handler. The handling con-

109



110 Chapter 7. Handlers of algebraic effects

struct evaluates as ¢, unless its evaluation raises an exception exc; for some i, in
which case, it evaluates as ¢;.

The behaviour of the handling construct is thus described by the following:

I' F tryreturnv with{exc; = t;}; =f, returnv,
'k try raiseexcj with{exc; =t;}; =ro t;,

I' F tryraiseeyc With{exc; = ¢;}; =pq raiseexc  (exc & {exc;};) .

Semantically, for any y € [I'], the family of computation terms {¢;}; provides
a model M, of the effect theory Tes on the set [o] + E. For all i, the operation
symbol raisee.c; is interpreted by [¢;](y), while other operation symbols raiseexc
are interpreted as in the free model.

Then, the above equations respectively state that the handling construct ex-
tends the inclusion of values, and that it acts homomorphically on exceptions.

Hence, the interpretation of the handling construct is given by
[T = try twith{exc; = £;};] =gqery — (U )([E1(Y)),

where 0, is the unique induced homomorphism F'[o] — M, for which the follow-

ing diagram commutes.

ol

2
A
Mol 4

UFlo] 375+ UMy =UFlo]

Benton and Kennedy [BKO1] generalised the handling construct to one of the

form (for reasons discussed in Section 7.3, we use a different syntax)
try twith{exc; = t;}; asxint’,

typed as
I't:Fo Tkt;:t (foralli) T,x:okt':T

' trytwith{exc; = ¢;};asxint’:1T
Here, an exception exc; may be handled by a computation term ¢; of any given
type 7, while returned values are “handled” with the computation term #. As
remarked by the authors, this handling construct allows a more concise pro-
gramming style, program optimisations, and a stack-free small-step operational

semantics [BKO1].
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The behaviour of the extended handling construct is described by:

'k tryreturnvwith{exc; = ¢;};asxint’ =, t'[v/x],
I'Ftry raiseexcj with{exc; = t;};asxint’ =rtj,

I b tryraiseecc With{exc; = ¢;};asxint’ = raiseexc  (exc & {exci};) .

Semantically, for any y € [I'], the family of computation terms {exc; = ¢;};
provides a model M, of the effect theory as before, except that its carrier is now
Ulz]. Then, the above two equations again state that the handling construct acts
homomorphically on exceptions, but now extends the map [t'|(y,-): [o] — M,.

Hence, the interpretation of the handling construct is given by
[try twith{exc; = ¢;}; asxint’] =gery — (U0, N [£1(y)),

where 0, is the unique induced homomorphism F'[o] — M,, for which the follow-
ing diagram commutes.

[o]

Ve
.
Mol 2N

UFlo] g75= UMy =Ulz]

The universal property of the free model F[o] states that each homomor-
phism F[o] — M is induced by a map [o] — UM, hence Benton and Kennedy’s
approach to the handling construct is the most general one possible from the
algebraic point of view.

We can now see how to give handlers of other algebraic effects. An excep-
tion handler on a type 7 is given by a computation term ¢;: 1 for each exception
exc; € E we wish to handle. Likewise, a generalised handler is given by a compu-
tation term y1:7,...,y,:T I ¢op:T for each operation symbol op:n € Z.¢ we wish to
handle (we are still considering the standard single-sorted equational theory at
this point). As the effect signature is finite, the handler can contain all the oper-
ation symbols. For those that we do not wish to handle, we set to, = op(y1,...,yx).

The behaviour of the handling construct is determined by two equations:

I' = tryreturnvwith{op(y;); = toplop:nes s =Fo returnv,

eff
I'- tryOp(tj)j with {Op(yi)i = top}op:nezeﬁ«

=Fo top[try lj with{op(y;); = top}op:nEZeff/yj]j )
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and we could analogously describe the extended handling construct of Benton

and Kennedy.

However, in order to interpret handlers with models as before, the replace-
ment maps on U[z] have to satisfy the equations of the effect theory. We say that
a handler has to be correct, a notion we shall define more precisely after we give

the calculus.

Exception handlers are usually described and used within the same language:
for each exception, we give a replacement computation term, which can contain
further exception handlers. This is possible because the effect theory for excep-
tions is trivial, hence every exception handler is correct. The same holds for time,
or interactive input and output. But for arbitrary algebraic effects, this causes a
complex interdependence between the typing relation and the equational logic,

which guarantees that all well-typed handlers have a sound interpretation.

Even worse, determining whether a given assignment of computation terms
to operation symbols yields a model of the effect theory is in general undecid-
able [PP09]. The proof of this fact is long, technical, and not too relevant to the

development in the rest of the thesis, hence we shall not pursue it.

Instead of equipping the calculus with a mechanism that ensures the correct-
ness of handlers, we are going to provide two languages: one to describe handlers,
and another one to use them. In this way the selection of correct handlers is del-
egated to the meta-level. This approach is similar to the one taken in HASKELL,
where a programmer is given access to the effects only through the use of built-in

monads, which had their monadic laws checked by the language designers.

The two languages will be very similar and will both build on the term lan-
guage of the logic. To describe handlers, we are going to extend the term lan-
guage with type variables; this will allow handlers to be polymorphic. To use
handlers, we are going to extend the term language with the handling construct.
When referring to the first language, we are going to use the “handler” quali-
fier, for example handler value types, while for the second language, we shall use
the “program ” qualifier. Furthermore, we shall use the same meta-variables for

their types and terms, with any ambiguities resolved from the context.
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7.2 The handler language

Definition 7.1 Take a countably infinite set of type variables X. The sets of
handler value types o, handler value terms v, and handler computation terms t
are given by the same grammar as their counterparts in term language of the
logic, given in Section 4.2, while handler computation types T are given by the

grammar for computation types, extended by
T= X | ve

Contexts and typing judgements are given exactly as in the term language of the
logic. Note that for any assignment of computation types to type variables and
for any handler type or term, we get a counterpart in the term language. For
example, given a handler computation term ¢, we get a computation term ¢[7/X]
by substituting each type variable X; by a computation type 7.

A handler is given by a handling term for each operation, which may further
depend on additional parameters, passed to the handler by the handling con-

struct. This can also be used to pass additional handling constructs to a handler.

Definition 7.2 The set of handlers h is given by the following grammar:
hi=@pi0p;y, 5Ip)- {opx(9) = toplopess -

The handlers are typed as - A:(0 ;T p) — 7 handler by the following rule:

Xp:0p,X: 03,7, (yite; = 1)iFtop:T (op:fi@,...,an € Zefr)

EXp:0p;y,:T,). (0px(Y) = toplopez:(0p;T,) — T handler

When op,(y) = top is omitted, we assume that #,, = op,(x;. y;(x;));, so that op is
not handled, so to speak. We omit the semicolon in handlers when either o, or
z, is empty, or write ~:7 handler when both are empty.

A handler may be polymorphic because type variables may occur in o, T p» OF
7. We say that a handler - h:(0,;7,) — 7 handler is uniform when 7 = X, and
parametrically uniform when 7 = 0 — X for some type variable X.

For each model of the logic (a model of the base theory that maps arity types
to countable sets), and each assignment p of models p(X) to type variables X,
handler value types o are interpreted by sets [o],, given by [Uz], = Ulz], and

in the obvious way for the other handler value types, while handler computation
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types 7 are interpreted by models [7],, given by

[X1p = p(X) [Fol,=Flol, [1,=1
[, % Tolp = [73]p % [25], lo—1l, =zl " .

Then, contexts and terms are interpreted as in the term language of the logic,
while a handler 4:(o,, T T handler is interpreted by a parameterised family
[A1,(y,,6p) of interpretations of Zesr, where v, € [o], and 6, € Ulz],. Each such
interpretation gives a model of the effect signature Z.¢ with a carrier U[z],, and

operation symbols op: f; @1,..., a, interpreted with maps

opx(Y,0) =ger [zopl (Yp7Y’6p76) .

We say that A is correct (with respect to a given model of T if for all assign-
ments p, and for all y, € [o], and 6, € Ulzl,, the interpretation [A],(y,,6p)
defines a model of the effect theory Tegr on Ulz],.

7.3 The program language

Now, assume a handler signature Xy anq of handler symbols
H:(0p;7,) — 7 handler,

each of which will be interpreted by a correct handler. The sets of program value
types o, program computation types T, and program value terms v are given by
the same grammar as their counterparts in term language of the logic, given in
Section 4.2, while handler computation terms t are given by the grammar for

computation types, extended by the handling construct
t=trytwithH(vp;t,)asx:oint’ | -+ .

Similar as in sequencing, the handled term ¢ does not have a unique type, hence
the variable x has to have an explicit type (although we often omit it) in order to
ensure the uniqueness of the typing derivation.

When the full handling construct is not necessary, we write try twith H(v,;#,)
instead of trytwith H(v,;¢,)asx:oinreturnx.

Note that the syntax of the handling construct differs somewhat from the one

introduced by Benton and Kennedy [BK01], which is of the form

tryx < tint’ unless{exc; = t;}; .
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As noted by the authors themselves, this syntax is confusing when used in pro-
gramming: it does not make it obvious that ¢ is handled whereas # is not. This is
particularly confusing when ¢ is large, which is the usual case in programming.

An alternative they propose is
tryx < tunless{exc; = t;};int’,

but then it is not obvious that x is bound in #’, but not in the handler. The syntax
of our construct addresses those issues and clarifies the order of evaluation: after
t is handled with H, the results are bound to x and used in ¢#'.

Given an assignment of program computation types z; to type variables X;,
the handling construct for a handler symbol H : (o ; Ip) — 7 handler € 2,4 is

typed by

I'NARt:Fo
DA v,0p[1,/X]; A7 [1,/X5); Ix:0; AF¢:2l1,/X;];

[;AF trytwithH(vp;tp)asx:oint' 71,/ X;];

Note that since the types are given inductively, we can show by induction on the
structure of 7 that 7[7,/X;]; = z[7}/X;]; implies 7, = 7 for all variables X; that
occur in T.

To interpret the handling construct, we assume given a handler definition H,
mapping each handler symbol H:(o; Ip) — 7 handler € X} ,,4 to a correct han-
dler - H(H): (o p; z,) — Z handler. Then, the handling construct is interpreted
as follows.

Take y € [I'] and 6 € [A] and let p be an assignment that maps X; to [z,].

Since each handler H(H) is correct, the Z ¢ interpretation
[HED (vl 5y, 8), [E5]1,(y,6))

gives a model M of the effect theory Tegr with carrier U[z],. By the universality of
the free model F'[o], there is a unique homomorphism 0y 5: F[o] — M extending

[£'1(y,—,8), in the sense that the following diagram commutes:

lo]

Ve
2.
Nio] ®
y I
Ue
UF[o] —X° UM
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The handling construct I'; A + try¢with H(vp;¢p)asx:oint’: 7[z/X] is then in-
terpreted by the map

(y,0) — 0, 5([t1(y,8): [I'] x [A] = Ulz[z/X]1],

where [7], and [7[z/X]] are equal by the definition of p.

Note that in a single term, multiple instances of a single handler symbol can
be used with different assignments of computation types to type variables. To do
so, we only have to start applying the substitutions to the innermost handling

constructs.

7.4 Examples

7.4.1 Exceptions

The standard uniform exception handler
Hgy:(exe — X) — X handler
is given by
(y:exc — X). {raise, = ye}:(exc — X) — X handler.

Since the effect theory for exceptions is trivial, it is correct.

Benton and Kennedy’s construct tryx < ¢int'unless{fe; = ¢1|---|e, = t,} can
be written as trytwith Heyc(texc)asx:oint’ for suitable o and teyc:exe — 7. Our
construct is actually a bit more general because E may be infinite and because

we are in a call-by-push-value framework rather than a call-by-value one.

7.4.2 Stream redirection

Shell processes in UNIX-like operating systems communicate with the user using
input and output streams, usually connected to a keyboard and a terminal win-
dow. Such streams can be redirected to other processes so that simple commands
can be combined into more powerful ones.

One case is the redirection proc > outfile, which takes the output stream of
a process proc, and writes it to to a file outfile for later, whereas proc > /dev/null

writes it to the null device, which acts as a black hole. This effectively discards
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the standard output stream, for example when the user does not want to fill his
terminal window with unnecessary output.

Another case is the pipe proc1|proc2, where the output of proci is fed to the
input of proc2. This is crucial in implementing the UNIX philosophy of “writing
programs that do one thing and do it well,” because it allows the chaining of

multiple simple processes into a more complex one. For example
latex thesis.tex|grep full

runs LaTeX on the file thesis.tex, and passes its output messages to the command
grep, which selects only the lines that contain full. Hence, the user is not pre-
sented with the whole LaTeX output, but only with the warnings about overfull
and underfull boxes.

A simpler example of a pipe is yes|proc. The command yes outputs an infinite
stream made of a predetermined character (the default one being y). Such pipe
then gives a way of routinely confirming a series of actions, for example deleting
a large number of files. This is not always the best way, since commands usually
provide a safer means of doing the same thing, but is often useful when they do
not.

If we represent interactive input and output as in Example 4.11, then for
a computation £, we can express yes|t > /dev/null by trytwith Hyeq(y), where the
handler symbol H,.q:(char) — X handler is defined to be

(a:char). {out.(y) = y,in(y) = y(a)} .

This again gives a correct handler because the effect theory for interactive input

and output is trivial.

7.4.3 CCS renaming and hiding

The representation of CCS processes [Mil80] from Section 6.5 treats only pro-
cesses, given by action prefix and sum. However, process renaming and hiding
can be represented by handlers. This makes sense, as operations construct the
effects, while renaming and hiding are deconstructive operations.

The renaming t[b/a] can be written as try¢with Hyen(a,b), where the handler
symbol H,ep:(act,act) — F0 handler is defined by:

Hien = (a:act,b:act). {act,(y) = ifa’ = athenacty(y)elseacty (y)},



118 Chapter 7. Handlers of algebraic effects

while hiding #\{a} can be written as try¢with Hy;q(a), where the handler symbol
Hy;q:(act) — FOhandler is defined by:

Hyiq = (a:act). {acty(y) = ifa’ = athennilelseact,(y)}.

Note that handling terms for nil and or are omitted, hence the two operations are
handled by themselves. The equations of the effect theory for CCS refer only to
nil and or, hence both handlers are correct.

However, the implementation of parallel composition in our setting remains
an open problem. To observe the difficulties of using handlers in describing it,
let us first take a look at the simpler case of a synchronisation operator | [VGP].
This is defined by:

nil |l y =nil,
or(x1,x2) lly =or(x1 1l y,x2 1),

acts@) ly=x"y,
where ||? is defined by:

x|%nil = nil,
x 1% or(y1,y2) = or(x | y1,x 1* y2),

actg(xlly) ifb=a ,
x||%acty(y) = ¢

nil otherwise.

Now, the difficulty is not in the fact that we have two recursive definitions, the
second one being parametric; this can be resolved using mutually defined and
parameter-passing handlers, given in Section 7.4.6. The difficulty lies in the fact
that the operator is defined recursively on the structure of both its arguments,
and this is not primitively recursive.

The problems with expressing the parallel composition are very much the
same, except that we need to add complementary and silent actions and that its
definition is a bit more complex because the parallel composition allows unsyn-

chronised actions as well.

7.4.4 Explicit nondeterminism

The evaluation of a nondeterministic computation usually takes only one of all

the possible paths. But in logic programming [CM87], we do an exhaustive
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search for all solutions that satisfy given constraints in the order given by the
solver implementation. Such nondeterminism is represented slightly differently.
We take an effect signature, consisting of operation symbols fail: 0 and pick:2,
with the effect theory consisting of the following equations, which state that the

operations form a monoid:

z - pick(z,fail) =z,
z k- pick(fail,z) =z,

21,292,283 - piCk(Zl, piCk(ZQ,Zg)) = piCk(piCk(zl,Zz),Zg) .

The free-model monad maps a set to the set of all finite sequences of its elements,
which is HASKELL’s nondeterminism monad [PJ03].

A user is usually presented with a way of browsing through the solutions,
for example extracting all the solutions into a list. Since our calculus has no
polymorphic lists (although it could easily be extended with them), we take base

types a and list,, function symbols

nil:list, , cons:(a,list,) — list, ,
head:(listy) — «, tail: (list,) — list, ,

append:(list,,list,) — list, ,

and an appropriate base theory. Then, all the results of a computation of type

Fa can be extracted into a returned value of type Flist, using the handler

{fail = returnnil ,

pick(y1,y2) = y1toxy :list,. yatoxg:list,. returnappend(xyi,x2)}.

Since append is associative and we have append(nil,x) = x = append(x, nil), it is

easy to check that the handler is correct.

7.4.5 Optimal result

Another possibility with the ordinary nondeterminism, when the datatype per-
mits it, is to select the result, optimal to some criterion. For example, we could

choose the greatest integer returned by a computation using a handler

{or(y1,¥9) = y1tox1. yatoxs. returnmax(xy,xs) .}
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Since both max and sequencing (for nondeterminism) are associative, commuta-
tive, and idempotent, the handler is correct.

Although this handler gives an elegant and concise way of finding an opti-
mum, it is not particularly efficient as it has to traverse all possible returned
values. Even more: if we consider the usual interpretation of nondeterminism, it
is not even possible to implement such a handler. A similar remark applies to the
handler in Section 7.4.4. This also serves to show that equipping a calculus with
a mechanism to check the correctness is not enough, as some computational limi-
tations cannot be captured with equations, and an intervention on the meta-level

1S necessary.

7.4.6 Parameter-passing handlers

Sometimes, we wish to handle different instances of the same operation differ-
ently, for example to suppress output after a certain number of outputted char-
acters. Although a handler prescribes a fixed replacement for each operation, we
can use handlers on a function type o — 7 to simulate handlers on 7 that pass

around a parameter of type o.

Instead of
(x%p:0p;5, 3Ip)- {op,(y)=Ax:0. top}opezeﬁ:(ap;zp) — (0 — 1) handler.

where all the occurrences of y; it ¢,, are applied to some v:o, the changed pa-

rameter, we write
(%p:0p;5p :Ip). {op,(y)@x:0 = tgp}opezeff:(ap;zp) — 171@o handler,
where tgp results from substituting y; @v for y;v in ¢,,. We also write
trytwithH(v,;t,)@uasx’:0' @x:aint’

instead of

(trytwithH(v,;¢p)asx’:0’ inAx:o. ).

We could similarly simulate mutually defined handlers by handlers on prod-

uct types, however there are so far no interesting examples of their use.
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7.4.7 Timeout

When the evaluation of a computation takes too long, we may want to abort it
and provide a predefined result instead, a behaviour called timeout. Take the
base theory of integers, together with the relation symbol >:(int,int); and an
effect theory for time, described in Section 2.4.

Then, timeout can be described by a handler which passes around a parame-
ter T':int, which represents the amount of time we are willing to wait before we

abort the evaluation and return y,. The handler is defined by:
(yp:X). {tick(y)@T':int = tick(if T > Othen y @(T - 1)else y,)} .

The handling term is wrapped in tick in order to preserve the time spent during
the evaluation of the handled computation. Since the effect theory for time is
trivial, we could also give a correct handler without tick wrapped around it. But
then applying the handling construct to a computation, which takes a certain
amount of time, results in a computation that takes no time at all, and if tick
represents the actual passing of time, such handler has no known implemen-
tation. This is similar to nondeterminism as presented in Section 7.4.5, where

equations fail to describe the physical limitations of the computational model.

7.4.8 Input redirection

With parameter passing, we can implement the redirection proc < infile, which
feeds the contents of infile to the standard input of proc. If we extend the base the-
ory for interactive input and output with the base type listchay and appropriate
function symbols from Section 7.4.4, then a handler H;, : X @listcha, handler,

which passes a string to the input stream of a process, is defined by
{input(y) @ ¢ :listchar = if £ = nil then input(a. y(a)@nil) else y(head(#))@tail(£)}.

Because the effect theory for interactive input and output is trivial, the handler
is correct.

Unfortunately, there is no obvious way of implementing the pipe ¢1|¢2: the
difficulty is very much like that with the CCS parallel combinator. A possible
approach, used in so called pseudo-pipes in DOS is to write the output of #; to
a temporary string and then pass that string to the input of ¢o. But unlike in

piping, the two processes do not ran in parallel, and if the first one outputs an
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infinite stream of characters (like yes, for example), the evaluation never termi-

nates.

7.4.9 Read-only state

When we have a restricted access to a database, we can describe the state op-
erations by taking a signature, consisting of a single operation symbol lookup:

loc;dat, and the effect theory, generated by the following equations:

lookup,(d. lookup,(d’. z(d,d")) = lookup,(d. z(d,d)),
lookup,(d.z)=2z,
lookup,(d. lookup,(d'. z(d,d"))) = lookup,(d'. lookup,(d. z(d,d")) (¢ #£7).

Now, even though we cannot change the state, we may run a computation,
intercept all the lookups, and provide a replacement value instead. Assuming a

single memory location ¢, this may be done with a handler, defined as
(d :dat). {lookup,(y) = y(d)} .

We are going to postpone the proof of correctness of the handler to Exam-
ple 8.3, where we are going to construct equations that correspond to the ones of
the effect theory and prove them in the logic. Then, the correctness will follow

from the soundness of the interpretation.

7.4.10 Rollback

When a computation raises an exception while modifying the memory, for exam-
ple, when a connection drops half-way through a database transaction, we want
to revert all the modifications made. This behaviour is termed rollback.

We take the base and the effect signatures for exceptions as in Example 4.9
and state as in Example 4.13, and the effect theory for state, together with the
equation update, j(raiseexc) = raiseexc for each exception exc € E [HPP06]. Then,
the exception handler, defined in Section 7.4.1, is no longer correct. For example,

if we fix different d1,do:dat and set
to =def Ae:exc. lookup,(d. if d = djthenreturndjelsereturnds),

then
update, 4 (try update, 4, (raiseexc) withzo)



7.4. Examples 123

evaluates to

update, 4, (returndys),

while

update, g, (try raiseexc with#o)

evaluates to

update, 4, (returndy).

Instead, we use a handler that resets the state to a predefined value, for
example the one before the evaluation, if an exception occurs. In the case of a

single location ¢, the handler H,ypack : (dat;exe — X) — X handler is defined by
(xp:dat;y,:exc — X). {raise, = update, , (ype)}.
Then, we may store the initial state and use the handler on ¢:Fo by
0tod,. trytwith H gipack(dp;tp)

for some ¢,:exc — Fo.

An alternative is to use a parametrically uniform handler, which does not
modify the memory, but keeps track of all the changes to the location ¢ in the
parameter, and commits them only after a computation has returned a value,

meaning that no exceptions have been raised. This handler is:

(yp:exc — X). {
lookup(y)@d = yd @d
updatey(y)@d = y@d’

raiseexc()@d = yp exc

and is used on programs ¢ by
0tod,. trytwithH(t,)@d,asx@d inupdatey(returnx).

The second handler can be generalised to the case of multiple locations. Then,
the parameter is a list of all the modified locations, together with their current
state. Computationally, this is preferable to passing around the entire state.
However, such handler is not correct and behaves as expected only when its ini-

tial parameter is an empty list. A similar failure occurs with a handler whose
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passed parameter is a function that rolls back the state in case of an excep-
tion [PPO9].
As in the case of read-only state, we are going to postpone the proof of cor-

rectness of the rollback handlers to Examples 8.4 and 8.5.



Chapter 8
Extending the logic with handlers

Finally, we bring the studies of logic for algebraic effects and handlers of alge-
braic effects together, and adapt the logic to account for handlers. This is rel-
atively straightforward: we interpret handlers with models of the effect theory
and the handling construct with induced homomorphisms, and those notions are
already present in the logic.

Just like we introduced two calculi for handlers, one to describe them and one
to use them, we give two separate logics, one to reason about handlers, and one
to reason about computations that use them.

For the first logic, referred to as the handler logic, we take the logic for alge-
braic effects, except that instead of value and computation types and terms, we
take their handler counterparts. That is, the only difference from the logic for
algebraic effects is that the types of the handler logic may contain type variables.
Note that this polymorphism serves only as a parametrisation of the logic, and
adds no new reasoning rules.

We write ['; A;I1 | WY Fg @ when the judgement ['; A;IT | W F ¢ is derivable in
the handler logic.

Proposition 8.1 Assume that
LAY Ea e

holds. Then, for any assignment of computation types T to type variables X, we
have
T[/X); Alr/X 1 TM[/X 1| WIz/X ] ple/X],

where the substitution [t/X] in contexts and propositions is defined in the obvi-

ous way.

125
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Proof We proceed by an induction on the derivation of I'; A;IT| W kg ¢. Since
the handler logic contains no additional reasoning rules, the proof is straightfor-

ward. O

For the second logic, referred to as the program logic, we also take an exten-
sion of logic for algebraic effects, parametric with regard to the same base and
effect theories as the handler logic. In addition, we parametrise it with a handler
signature Zyanq and a handler definition H. Then, we extend computation terms
with the handling construct, which we describe with two equational schemas:
the first one states that the interpretation of the handling construct extends a
given map, while the second one states that it is homomorphic. Finally, we add
an axiom that internalises the correctness of handlers in the logic. We write
;AT ¥ Fp @ for judgements, derivable in the program logic.

For any given handler symbol H:(o ;T p) — 7 handler, handler definition
HH) = (xp O0p;¥p :Ip)- {op,(y) = toplopeSe »

assignment of program computation types T to type variables X, program value
terms I'; A+ v, :0,[7/X], and program computation terms I';A - £, T, [z/X], the

additional schemas are:

* f-equivalence for the handling construct:

[;A I W Ep tryreturnvwith H(vp; 8p) asx:oint =q4/x) tlv/x]

* homomorphic nature of the handling construct:

[ AT W Fp tryopy(x;. ¢); with H(vp;tp)asx:oint
=1[w/X] LoplUp/xp, /%, t,/y,, (A% @;. tryt; withH(vp;tp)asx:oint/y;)1[z/X]

e correctness of handlers:

HH) = (xp:0p;5,:T,). 10px(¥) = toplopez

Top:0p5 A,3,:7 5 THY Fp {toplT/X Tbopes, models Tegr

As the handler definition H{ maps each handler symbol to a correct handler, the
three schemas are sound. It seems as if the last schema could be a consequence of
inheritance from the effect theory and the homomorphic nature of the handling

construct. However, this is not the case.
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For example, take the effect theory for nondeterminism and a handler H, de-
fined by H(H) = to, for some y;:Fo,ys:Fo t to:Fo. Inheriting the idempotency

equation z - or(z,z) = z gives us an equation
A, y:Fo,l1|YFpor(y,y)=rs y .
By applying a handler to both sides of the equation, we get
A, y:Fo,IT| VY Fp to[try ywith H/yq,try ywith H/y9] =p4 try ywith H .
Unfortunately, this does not seem sufficient to prove
DA, y:Fo; T Y Ep toly/yi, ¥/y2l =ro v,

and we have to assume such equations as axioms. It would be interesting to see

if some proof of such equations is possible within the program logic.

8.1 The handler logic

The main use of the handler logic is in showing that a given handler is correct.
In particular, if for a given collection of handler computation terms ¢,,, we show
that {toplopes,; models Tefr holds, we may use the soundness of the interpretation

to prove that such collection gives a correct handler.

Proposition 8.2 Take a collection of handler computation terms

and assume that x, 0P YT, Fa {toplopez, ;s models Tegr holds.

Then, the handler (x,:0p;y, :Ip). {op.(¥) = toplopes s 18 correct.

Example 8.3 The handler for read-only state, given in Section 7.4.9, is defined
by
(dp:dat). {lookup,(y) = yd,}.

Following the procedure described in Section 5.4, we obtain the following corre-
sponding equations:
(Ad.(Ad'. ydd"dp)d, =x (Ad. yd d)d,,
Ad.y)dp=xy.

The two equations obviously hold, hence g {¢50kup : X} modelsTefr is derivable

and the read-only handler is correct.
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Example 8.4 Similarly, we can prove the correctness of the rollback handler,

given in Section 7.4.10 and defined by
(dp:dat;y,:exc — X). {raise, = updatedp(yp e)}.

Operation symbols lookup : dat and update:dat;1 are not handled, hence the
corresponding handler terms for lookup, update, and raise, are:
dp:dat;y,:exc — X,y:dat — X I lookup(d. yd)
dp:dat,d:dat;y,:exc — X, y:X - update,(y)

d,:dat,e:exc;y,:exc — X updatedp(y e),
while the equations corresponding to the equations of the effect theory are:

lookup(d1.(Adg. lookup(ds. (Ad4. ydad4)ds))di) =x lookup(ds. (Adg. ydgde)ds),
lookup(d1. (Adg. updatey, (y))d1) =x v,
updatey, (lookup(ds. (Ads. yd3)ds)) =x updatey,(yd4),
updatey, (updatey, (y)) =x updatey, (y),
updatedl(updatedp (ype)) =x updatedp(yp e).
After B-reducing the ‘administrative’ A-abstractions, the first four equations ex-
actly correspond to the equations inherited from the effect theory, while the last

equation is an instance of the fourth one. Hence, we have g {top: X}opes 4 F Tetr

and the rollback handler is correct.

Example 8.5 For the second rollback handler, the handler terms for lookup,
update and raise are

yp:exe — X, y:dat — (dat — X) - Ad:dat. (yd)d :dat — X

d':dat;y,:exc — X,y:dat — X  Ad:dat. yd':dat — X

exc:exc;yp:exc — X - Ad:dat. y,exc:dat — X .
The equations corresponding to the equations of the effect theory are:
Ady. (Adg. Ad3. (Ady. ydad4)d3)d3)d1)d1 =qat—x Ad5. (Ads. ydede)ds5)ds,
Ad1.(Adg. Ad3. yd2)d1)d1 =gat—x ¥,
Ad1. (Adg. (Ads. yd3)d2)d2)d =qat—x Ad4. (yd)d ,
Ad1.(Ad2. yd')d =dat—x Ads. yd',

Ad1. (Ad2. ypexc)d =dat—x Ad3. ypexc,
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where we have omitted the contexts and types when writing abstractions.
All five equations can be proved using - and n-equivalence, hence the second

variant of rollback handler is also correct.

8.2 The program logic

In the program logic, we have two slightly different means of describing the in-
duced homomorphism from the free model: the free model principle and the han-
dling construct. The free model principle provides on the fly construction of both
models and homomorphisms inside the logic, while the handling construct re-
quires a fixed handler definition and provides a term constructor to obtain homo-
morphisms. However, the two describe the same concept and are related through

the logic.

Proposition 8.6 Take a handler symbol H : T handler and a handler definition

H, which maps it to a correct handler
g_C(H) = {Opx(y) = top}opeZeff ’

and a computation term ;A t':0 — 1.

Then, we have

A |YEpIY:UFo — 1.
yextendst’ A §homomorphism Atrytwith Hasxint'x =; §(thunk?).

Proof From the correctness of handler H, we get
I AT Y Fp {Eoplx/ X Bopes, models Tegr

and the free model principle entails the existence of a computation variable

y: UFo — 1 such that
yextendst’ A ¥ homomorphism

holds. We proceed by the principle of computational induction. Define the predi-

cate 7 as

(y':Fo). tryy' withHasxint'x =; §(thunky’) .
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Then, for the base case n(returnx’), we have

;AT W p tryreturnx’ with Hasxint'x

=t'x’ (by B-equivalence)
= §(thunkreturnx’) (because yextendst’) .
For the step case, take an operation symbol op: ;a1,...,a,. Then, we have

to show 7(op,(x;. y;x;);), assuming n(y;x;) for all i and x;. We get

;AT W Fp tryop,(x;. yix;); with Hasxint'x
=Fo topltry yix; withHasxint'x/y;1; (by definition of H)
=Fo toplP(thunk y;x;)/y;1; (by the induction hypotheses)

=rg Y(thunk(op,(x;. y;x;);)) (because $ homomorphism holds) ,

and by the induction principle, we get I'; A;I1 | W Fp n(¢) for all program compu-

tation terms ¢. O

We could also write a (slightly more complex) variant of the above proposition for
handlers with parameters.

As a basis for studying further properties of the handling construct, we take
axioms for exception handlers, suggested by Levy [Lev06b] (we transcribe the

axioms to our syntax):

tryreturnv with{exc; = t;}; asxint’ = ¢'[v/x]

tryexc;with{exc; = ¢;}; asxint’ = ¢;

try twith{exc; = exc;};asxinreturnx =¢

try(try t1 with{exc; = ¢;}; asxqintg)with{exc; = t}}j asxgint =
try ¢1 with{exc; = try ¢; with{exc; = t}}j asxgint}; asxyin

try tawith{exc; = t}; asxgint,

and “commuting conversions”, suggested by Benton and Kennedy [BKO01] (also

transcribed to our syntax):

fst(try twith{exc; = t;}; asxint’) = try t with{exc; = fst¢;}; asxinfstt’,
snd(try twith{exc; = ¢;};asxint’) = try twith{exc; =snd¢;}; asxinsnd¢’,

(try twith{exc; = ¢;}; asxint")v = tryt with{exc; = tjv};asxint'v .
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Benton and Kennedy suggested an additional conversion, which corresponds to
Levy’s last (associativity) equation, and two more conversions that describe the
relationship between pattern matching and the handling construct. Since Ben-
ton and Kennedy worked in a call-by-value setting, the proper translation of their
equations involves an explicit sequencing. Then, all the equations translate to an
instance of the associativity equation. However, unlike the conversions for pat-
tern matching, the above three equations remain valid and serve as a motivation
even if we directly transcribe them in the call-by-push-value framework.

Levy’s first two equations are f-equivalence equations, and are instances of
the two axiom schemas that describe the handling construct in our logic. The

third equation is n-equivalence, and can be generalised to

[;AFptrytwithHasxinreturnx = ¢ (H(H) ={}).
This follows from Proposition 8.7 and n-equivalence for sequencing.
Proposition 8.7 If H(H) = {}, we have

[;Abp trytwithHasxint' = ttox. t'.

Proof We proceed by the principle of computational induction. Define the
predicate 7 to be

(y:Fo). tryywithHasxint' =; ytox.t'.
The base case I',x':0; A +p ni(returnx’) is equivalent to
[,x":0; Abp tryreturnx’with Hasxint' =; ¢'[x'/x] =; returnx’tox. ',

which is derivable by the f-equivalence for the handling construct and sequenc-
ing.
For the step case, take an operation op:f;a1,...,a,. Then, we have to show

nm(op,(x;. yix;);), assuming n(y;x;) for all i and x;. Then, we get

Fp tryop,(x;. yix;);withHasxin¢'

=1 0p,(x;. try y;x; with Hasxint') (by definition of H)
=1 Op,(x;. yixitox. t') (by the induction hypotheses)
=7 opy(x;. y;x;)tox. t (by algebraicity of operations) .

By the induction principle, we get I'; A p 7(¢) for all computation terms ¢. a
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Levy’s fourth equation, which states associativity of the exception handling

construct, unfortunately has no valid generalisation of the form

try (try ¢y with H(vp;2p)asxy :o1intp) with H'(v),;#))asxg :ogint

=tryt; WithH"(tg;vg)asxl :oqin(tryty withH'(v;,;t;))asxgzaz int),

for some H" :(O'Z;Ig) — 7 handler. First, since the handler definition X is fixed,
an appropriate handler symbol H” might not exist. Even worse, there may even

be no possible model for it to denote.

Example 8.8 For a counterexample, take: the base theory of integers; an effect
signature with a single unary operation symbol f; the empty effect theory; a han-
dler signature of symbols H, H', and H", all of type Fint handler; an arbitrary
handler computation term y:Fint - t7:Fo; and a handler definition }, such

that

HH) ={f(y) = ytox. if x < 2thenreturn(x + 1)elsereturn 0},
HH) =1,
HH ) ={f(y)=tf}.

Next, take t9 to be returnx, and ¢ to be return(x mod 2), where mod is the modulo

operator. Then, the above equation simplifies to
(try 1 with H)tox. return(x mod 2) =pjn¢ try t1 with H” asxinreturn(x mod 2) .
If t1 = f(return0), we have
return1 =pgin¢ tlreturn0/y],
but if we take t1 = f(return2), we have
return0 =gin¢ tlreturn0/y].

Hence, there is no such ¢y because the effect theory is empty and as such consis-

tent.

However, the associativity equation for the exception handler, just like the
three conversions suggested by Benton and Kennedy, turns out to be an instance
of Proposition 8.10, which describes the commutativity between the handling

construct and certain homomorphisms.
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Definition 8.9 Take handler symbols

H:(0p;7,) — 1 handler,

T )t / .
H .(ap,zp) — 7' handler;
a handler definition H, given by

}C(H) = {Opx(.’)’) = top}OPEZeff ’
FH(H") = {op(®) = toplopesey ;

handler value terms

IAtv,:0, and T;Akv,:0,;

and handler computation terms
. . . -
LA t,:T, and LAEE,:T,.

We say that a handler computation term I'; A, y:T & ¢,:17 is a homomorphism

between H(vy;t,) and H'(v),; ), if
T;AFp thltoplvp/xp; 8p/y, Vvl =1 to [0 /% p3 8,1y, (AXi @i thlyii/y)y:)i]
holds for all operation symbols op: f; a1,...,a,.

Proposition 8.10 Take handler symbols, handler definition, program value and

computation terms as in the statement of Definition 8.9, and let ¢ state that
DA y:thty:1
is a homomorphism between H(v,;t,) and H'(v},;t},). Then, we have

AT W, @ bp tpltry twith H(vpstp)asxint'/yl =p trytwith H' (v, ) asxint,[2'/y] .
Proof We proceed by the principle of computational induction on the handled

term. For the base case, where the handled term is a returned value, we have

Fp tpltryreturnvwith H(v,;8p)asxint'/y]
=p t4[t' To/x]/y] (by B-equivalence)
= (¢4 [¢/yDIv/x] (because x is not free in ¢)

=y tryreturnvwith H'(v),; ) asxin¢,[t'/y]  (by B-equivalence),
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while for a step case for an operation symbol op:f;a1,...,a,, we have

Fp tpltryop,(®;. yix;); withH(v,;8p)asxint'/y]

= thltoplvp/ap; tply,, (Ax;. try yix;withH(vp; ) asxint'/y;);1/y]
(by definition of H)

= (thltoplvp/ap;tply, VyDIAx;. try yix; with H(vp; #5)asxint'/y;];
(because y; are not free in ¢},)

= tgp[v;/xp; t;)/yp;(/lxi ra;. tplyixi/yly)illAx;. try y;x; WithH(vp;tp)an in tl/yi]i
(because tj is a homomorphism)

= toplU, /%58y s A% e tyltry yixc; with H(v s 8p)asxint'/yly;];
(by substitution and because y; are not free in vl'o, t;,, and ¢p)

= toplU, /%58y s A% e try vy with H' (v 8))) asxin g5t /yVy;];
(by induction hypothesis)

= tryop,(x;. yix;); with H'(v},;8))asxint[2'/y]

(by definition of H'.)

Corollary 8.11 Take handler symbols

H:(ap;zp)—>F02 handler,
H':(s},;7,) — T handler,

"o 1,1 .
H .(ap,zp) — 7 handler;
a handler definition H, given by

HH) = {op(¥) = toplopess »
}C(H,) = {Opx(y) = tlop}opEZeff ’
FH(H") = {0p,(¥) = toplopesey s

program value terms v, :0p, V), :0",

p-%p
. - )
tp:T,, t,:T,, and t;:T,.

Furthermore, let ¢ state that

"". and program computation terms

.
and Vpi0p;

[;A,y:Fog b tryywith H'(v),;8),)asxg:02int: 7
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is a homomorphism between H(v,;t,) and H"(v),;¢}). Then, the associativity

equation

;A | @p Fp try(try tywith H(v;#)asxq:oqinto)with H'(v';#)asxs:09int

=, trytiwithH"(#";v")asx1:01in(trytawith H'(v';#)asxg:02int),
holds.

Corollary 8.12 Take the effect theory for exceptions and a handler symbol H ¢y,

defined as in Section 7.4.1. Then, we have

[;AFp try(try t1 with Heg(texc)asx1:01inte)with H'(v';#)asxe :02int
=; tryt; with Hexc(Ae:exe. trytecewithH'(v';#)asxg:09int)asxy:oqin

trytowith H'(v';#)asxg:09int

for any I'; A teyc:€XC — T.

Proof Since
H(Hexe) = (y:exe — X). {raise, = ye}:(exec — X) — X handler,
we immediately have
try Yexcewith H'(v';#)asxg:09int = (le:exe. try yexcewith H'(v';#)asxs:02int)e .

Thus,
y:Fog b tryywithH'(v';#)asxg:09int

is a homomorphism between Heyc(Yexc) and
Hey(Ae:exe. try yexcewithH'(v';#)asxo:09int).

The associativity follows from Proposition 8.10. a

Unlike associativity, the three conversions suggested by Benton and Kennedy
hold not only for exception handlers, but for a wider class of handlers, defined by

effect terms.
Definition 8.13 A uniform handler

®p: By (ypi:@pi = X)i). {op(¥) = Loplopez q:(By;(api — X)) — X handler
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is simple, if for each op: f;a1,..., @, € Zqf, the handling term ¢, is obtained by
instantiating an effect term
Xp:P,,%:P; (zpi:(api))i,(zj: (@) eqp .

In particular, we replace each z:(a) in e, by (x;). yx; for some y:a — X.

Example 8.14 Exception handler and stream redirection handler, as defined in
Section 7.4.2, are both simple. CCS hiding and renaming are not simple because
their definition includes conditionals. However, one could straightforwardly ex-

tend effect terms with conditionals and the following results adapt routinely.

Proposition 8.15 Assume that H(H) is a simple handler and take a computa-
tion term T';A,y:1 |+ t;,:1'. Next, for all operation symbols op: f;a1,..., &, € Zef,
define ¢, to be

trlop,(x;. ijj)j/y] =y opy(x;. th[ijj/y])j
and let ¢, state that ¢, is a homomorphism between handlers H(xp;y,) and

H(xp;(Axpi:@p;. tplypixpi/y]);). Then, we have

Lx:8;0,(yj:a; =0 1Y, N\ @optpron.

OpEZefr

Proof First, note that
x:B; (ypizapi — )i Fp tplel(x;). yixi/zililyl =p el(x;). tplyixilyl/zil;
holds for all effect terms x: §; (y,; : (@pi)); F e, in particular the ones that de-
fine H. The proof proceeds by induction on the structure of e: the base case is
immediate and the step case follows from the assumption of the proposition.
Then, we have:
Fp thltop/yl
=def tnleopl(x;). yixi/zilily]
=1 eopl(a). talyixi/yVz;l;
(by assumption)
=y eopl(x;). (Ax;:@;. tplyixi/yDx;/z;];
(by n-equivalence)
= eopl(xy). yixilzililAx;: a;. tplyi(x;)/ y)y;l;
(by substitution)

=def toplAx; ;. tplyi(x:)/yVyil;
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where y; ranges over both arguments of the operation and parameters of the

handler. Thus, ¢, is a homomorphism between H(x;y,) and
H(xp;(Axpi@pi. tplypixpi/yD;).

a

It is easy to check that the condition is satisfied if we define ¢; to be fsty,
sndy, or yv, hence simple handlers satisfy generalisations of equations suggested

by Benton and Kennedy.
Corollary 8.16 Let H(H) be a simple handler, given as above. Then, we have

T;Abp fst(trytwith H(vp; tp)asxint’) =; trytwith H(vp; (fsttp;);)asxinfstt’,
[;Abp snd(trytwith H(vy; 8p)asxint’) =;, try twith H(vp;(snd;);)asxinsnd ¢’

;A Fp (trytwith H(vp; Ep)asxin)v = trytwith H(v,;(¢p);v)asxint’v .






Chapter 9
Recursion

Now that we have developed our approach, we extend it with recursion. For that
reason, we turn from the category Set of sets to the category w-Cpo of countable-
chain complete partial orders (w-cpos) and continuous maps between them (see
Example 2.36 and [GHK*03]). We first extend the representation of the underly-
ing system, then introduce a least fixed point constructor to computation terms,
and observe the impact that the recursion has on the reasoning rules of the logic.

Finally, we note the differences in the presence of handlers.

9.1 Base and effect theories

To adapt the base theory to recursion, we first extend its formulae with inequa-

tions vy <p vg, typed as

I'Fvy:p I'Fuvg:pB
I' vy <gve:form

Then, we demand that the base theory is closed under the following additional

rules:
¢ reflexivity, transitivity, and antisymmetry of inequality:

r | ¥ l_Tbase U1 Sﬁ U2 r | b4 |_Tbase (%) sﬁ Us

K >

1—‘I|\;[Jl_7basev<ﬁv r|\1l}_7base U1 Sﬁ Us

Fl\PF‘Tbase U1 Sﬁ U2 r|\Ij|_Tbase U9 sﬁ U1

'y Fg‘base U1 =p U2

139
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Finally, we select a subset of computable relation symbols and for each of the
non-computable relation symbols rel: (), we specify a subset of its arguments
Bi as admissible. We take all arguments of computable relation symbols to be

admissible.

Definition 9.1 An interpretation J of the base signature X, in w-Cpo is given
by:

* an w-cpo [B]y for each base type f, such that [a]s is a countable set (w-cpo,

equipped with the discrete partial order) for each arity type a;

® a continuous map

[fl: [B1lg x -+~ x [Brly — [Blg

for each function symbol f:(B1,...,8,) — B € Zpase;

* a subset

[rellg € [B1lg x -+ x [Brlg

for each non-computable relation symbol rel:(f1,..., ) € Zpase, for which

[rells is a sub-cpo when one fixes all of its non-admissible arguments;

¢ a subset

[rellg € [B1lg x --- x [Brlg

for each computable relation symbol rel:(f1,..., Br) € Zpase, such that there

exists a continuous map

Xirely : [B1lg x - x [Bnly —1+1,
such that yyrei,(y) = inj;(x) if and only if y € [rel]5.

We extend the effect theory with conditional inequations I';Z F e < eg (),
where I';Z F e; and I';Z F eg are well-typed effect terms, and I' - ¢ :form is a
well-typed base formula.

In addition, we assume that the effect signature X.¢ contains an operation
symbol Q:0, and that the effect theory To¢ contains an inequation z - Q < z,
saying that Q is the least element [HPPOG6].
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Example 9.2 The effect theory given by the equations for a semi-lattice de-
scribes the convex powerdomain in the presence of recursion. To describe other

types of powerdomains, the effect theory has to be extended with
21,29 F 21 <or(z1,292),

for the lower powerdomain, or with
21,29 For(z1,29) <21

to get the upper powerdomain [HPPO06].

The effect theory gives rise to a countable discrete Lawvere w-Cpo-theory L

and an adjunction F 41U : Mod (w-Cpo) — w-Cpo in a standard way [HP06].

9.2 Terms and predicates

In the term language, we keep the same value and computation types, except
that we limit relation symbols in conditionals to computable ones. We add recur-

sion with a least fixed point construct puy:z. ¢:7, which is typed as

Ayttt

AR py:T. t:T
Note that the fixed point construct is not limited to functions, and can be used

on arbitrary computation terms.

Example 9.3 A computation term
wy:F1.or(return %, out,(y)):F1

represents a computation that nondeterministically chooses between returning
*, or outputting the character a and then recursively calling itself. Thus, it can
output a finite number of characters and then return x, or diverge, outputting

an infinite number of characters.

We extend the propositions of the logic with two additional atomic proposi-

tions: vy <, vg and ¢1 <; tg, which are typed as

INARvyio INARvg:o ARt ARt

2

A ITE vy <5 vg:prop [ A It <; t2:prop

We additionally specify a subset of predicate variables as admissible.
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Definition 9.4 A value variable x is admissible in a proposition ¢:prop if:
* ¢ does not contain x;
* ¢ is of the form 7(v;#) and 7 is an admissible predicate;

* ¢ is of the form rel(v) and all terms v; that contain x are admissible argu-

ments of rel;
* @isof the form vy =5 vg, t1 = t2, V1 <y U2 OF 21 <; tg;
* @isofthe form T, L, @1 A2, or @1V @2, and x is admissible in ¢; and ¢g;

* ¢ is of the form ¢ = @92, and x does not appear in ¢; and is admissible in

p2.
* ¢ is of the form Vx':0. ¢’ for x #x' or Vy:1. ¢, and x is admissible in ¢'.

For computation variables, the definition is analogous. A predicate 7:prop(o;T)

is admissible, if:
* 7 is an admissible predicate variable;
¢ 7 is of the form (x:0;y:7). ¢, and all the variables x are admissible in ¢.

* 7 is of the form vP:(o;T). n/, where P is an admissible predicate variable

and 7’ is an admissible predicate.

As before, we extend the interpretation to value types, which are interpreted
by w-cpos, and to computation types, which are, due to the presence of the in-
equation z - Q < z in the effect theory, interpreted by w-cppos, that is w-cpos
with a least element L.

It is routine to show that for each computation term I';A,y:7 + ¢:7, the inter-
pretation [¢]: [I'] x [A] — Ulz] yields a continuous map, hence we can interpret
the computation fixed point construct as a least fixed point construction, which
also yields a continuous map. As before, propositions I'; A;I1 F ¢ :prop are inter-
preted by subsets

[l < [I'T x [A] x [I1]

while predicates I'; A;I1 + n:prop(o; 1) are interpreted by maps

[7]: [T] x [A] x [IT] — P(le] x Ulzl) .
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Proposition 9.5 Take any proposition I'; A;I1 + ¢ :prop, any a € [I'], and any
U € [I1] such that U; is a sub-cpo of [o;] x Ulx;] for any admissible predicate
variable P;:prop(o;;t;) € Il. Then, the subset

{y,6) €Il x [Al [ (y,8,U) € l¢] and

for all i € {1,...,n}, either y; = a; or x; is admissible in ¢}

is a sub-cpo of [I'] x [A]. Above, we effectively fix all value variables except for
some admissible ones.

Take any predicate I'; A;I1+ 7 :prop(o; ), and any (y,0,U) € [I'] x [A] x [IT]
such that U; is a sub-cpo of [o;] x U[z,] for any admissible predicate variable

P;:prop(o;;T;) €Il. Then, the subset [7](y,8,U) is a sub-cpo of [a] x U|[z]

Proof We proceed by structural induction. All the cases proceed routinely. O

Example 9.6 Existential quantifiers cannot be used when constructing admis-
sible propositions and predicates. For example, take a base type nat.,, together
with the base theory of integers, and an additional element co:nat,, such that

n < oo for all integers n. Then, take the admissible predicate
T =gdef (x1:matx). X1 Spat,, X2 A X2 #00.

For any assignment of an integer n to xg, we get a finite sub-cpo {0,1,...,n}.

However, the interpretation of the predicate
(x1:naty,). Ixo :naty,. m(xq)
is the subset of all integers, and is not a sub-cpo.

Example 9.7 We also cannot use least fixed points of predicates to construct
admissible predicates. Again, take the base signature and theory as in Exam-

ple 9.6, and take the admissible predicate
(x:naty,). P(succ(x)) AP(0),
where P is an admissible predicate variable. The interpretation of
UP :(naty,). (x:naty,). P(succ(x)) A P(0)

is again the subset of all integers and as such not a sub-cpo.
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9.3 Reasoning rules

To the logic, we add the reasoning rules for the two inequalities and for the

computation fixed point construct:
¢ reflexivity, transitivity, and antisymmetry of value inequality:

AN WY R v <g 09 AT WY R vg <gv3

AT WYL AT WY B v <4 U3

AT Y R vg < 2 AT Y R vg <501

2

AT W R vy =4 02

¢ reflexivity, transitivity, and antisymmetry of computation inequality:

LAWY Lty <: t2 AW ta<:t3

b

LA Whpt<et AN WLt < 23

F;A;H|\P|—Lt1$zt2 r;A;H|\P|—Lt2Slt1

b

A WLty =1t

* least pre-fixed point of a computation:

DA g Huy:T. t/yl<py:t.t

¢ principle of Scott induction:

LA [ 7(Q),Vy:T. 1(y) = a(t) b n(uy:z. t) .

In the principle of Scott induction, 7 is restricted to be admissible. Other rules of
the logic remain the same, except that the predicate in the principle of induction
over computations is also restricted to be admissible.

The proof of soundness of the modified rules is straightforward for the re-
flexivity, transitivity, and antisymmetry of the inequalities. Then, the rule for
the least pre-fixed point construct of a computation is sound by the definition of
py:1.t. The principle of Scott induction is sound because 7 is admissible, hence

[] yields a sub-cpo. For the principle of computational induction, we show that
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[7] is a sub-cpo because 7 is an admissible predicate. Then, we get a continuous
map j: [7] — UF[o] and proceed as in Proposition 5.4.

All the uses of the principle of computational induction in Chapter 6 were for
admissible predicates, hence those results continue to hold in the presence of re-
cursion. This, however, does not give the translation or guarantee its soundness
when recursion is already featured in the source logic, for example in Hennessy-

Milner logic for CCS with recursively defined processes.

9.4 Handlers

Handlers can be extended with recursion along the same lines as the logic. All of
the uses of the principle of computational induction in Chapter 8 were again only
for admissible predicates, hence all the obtained results continue to hold. Note
that correct handlers cannot redefine (2 because of the inequation (2 < z, hence

the handling constructs are interpreted by strict homomorphisms.






Chapter 10

Conclusions

10.1 Accomplishments

We started with the a-calculus, a minimal equational logic with the purpose of
emphasising the distinguishing features of effectful computations. This purpose
was fulfilled as almost all observations in the logic were made in the a-calculus
already: the fundamental nature of sequencing; algebraicity of operations; the
principle of computational induction, though described in terms of normal forms;
derivability of n-equivalence and associativity for sequencing; and commutativ-
ity of sequencing for commutative effect theories. In addition, the a-calculus is
complete with regard to a fairly general denotational semantics.

The first aim of the thesis was to propose a powerful logic of algebraic ef-
fects. The proposed logic builds on Levy’s versatile call-by-push-value approach,
which describes both call-by-name and call-by-value, and extends it with a com-
prehensive set of logical rules, including two algebraic principles which capture
the essence of free models. The logic has a sound semantics in terms of sets,
and can easily be adapted to incorporate recursion. The resulting logic is in-
deed powerful, as seen in its use in generalising the results of the a-calculus and
in translating three different program logics: Moggi’s computational A-calculus,
Hennessy-Milner logic, and Moggi’s variant of Pitts’s evaluation logic, restricted
to effects that admit a representation with balanced theories.

The second aim of the thesis was to give an algebraic treatment of exception
handlers. We achieved this aim by interpreting exception handlers as models
of the theory for exceptions and the handling construct using the induced ho-

momorphism from the free model. This approach leads naturally to handlers of
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other algebraic effects, which is a completely novel programming concept. We
identified the handler correctness issue that arises with this generalisation, and
proposed a reasonable solution, which introduces two languages: one to define
handlers and one to use them. Then, we presented the flexibility of generalised
handlers by using them to describe many unrelated computational concepts from
both theory and practice. Finally, we extended the logic for algebraic effect with
handlers. Doing this was straightforward, which highlights both the modular

structure of the logic and the naturalness of the concept of handlers.

10.2 Future work

On the topic of the a-calculus, there is little to be done, except giving an opera-
tional semantics. Another option would be to formalise it in one of the theorem
provers such as Coq [Teal, Isabelle [NPWO02], or Twelf [PS99]. This would also
serve as a base for the formalisation of the logic.

Instead, it would be interesting to develop the term language of the logic into
an independent equational logic. To do so, one would first have to state the effect
theory in terms of a conditional equational theory, closed under a suitable set of
rules [Plo06], rather than a collection of conditional equations. Then, we could
also extend semantics to a more general category and seek a possible proof of
completeness.

The presented logic seems hard to grasp due to its size. This comes as no
surprise as we wanted a powerful and comprehensive logic. We could make some
simplifications, however. For example, we could eliminate computation variables
in favour of value variables over thunks, or allow arity and parameter types of
operations to be first-order types. This would allow us to express almost all of
the logic without the use of sequences, which are all too prevalent in the current
presentation. Another possibility is to study a fragment of the logic such as
the equational logic mentioned above, or a modal fragment without first-order
connectives and with modalities taken as primitives.

Although the successful translation of Moggi’s computational A-calculus, of
Hennessy-Milner logic, and of Moggi’s variant of Pitts’s evaluation logic pro-
vides some evidence of the expressiveness and versatility of the logic, there are
many other logics still to be embraced. On one hand, we have various logics

based on evaluation logic, for example global evaluation logic [GSMO06] or dy-
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namic logic [SM04]. And on the other hand, we have state logics as the Hoare
logic [Hoa69] and separation logic, whose translation would probably require the
logic to be adapted to a coalgebraic treatment of effects, which seems more natu-
ral for state [PS04].

Finally, the logic has been developed only over the categories of sets and of
w-cpos. There is an open question of what the logic should be over a general
category, and a more immediate question on how to give a logic over the category
of pre-sheaves or sheaves. This would allow the inclusion of new names [GP01]
and local variables [PP02], which should, together with the above mentioned
treatment of state, give way to a translation of separation logic [Rey02].

The concept of handlers of algebraic effects is novel and relatively unexplored,
so there are still many open questions. For example, the language lacks a gen-
eral operational semantics, which should generalise the one, given by Benton
and Kennedy [BKO1]. Then, the work done on combinations of effects should be
extended to combinations of handlers.

However, the most important open problem is how to simultaneously handle
more than one computation. This would allow an algebraic treatment of the CCS
parallel operator or the UNIX pipe combinator. Unfortunately, immediate ideas
such as bi-homomorphisms or thunked computations in parameters fail.

The separation between the language that describes and the language that
uses handlers forms the core of our approach. This has advantages, as it simpli-
fies reasoning and gives the language designer a better control over the handlers
allowed. Still, it would be interesting to explore the option of a single language.
A possible solution would be to give a single language with a suitable type-theory
that limits handlers to uniform or simple ones, and by that ensures that all well-
typed handlers are correct.

Finally, handlers are a programming concept, and their true value can be
seen only after they have been implemented. As a first step, a toy language
eff, is being developed by the author in co-operation with Andrej Bauer at the
University of Ljubljana. As the next step, we could extend HASKELL [PJ03] in
two ways: by enriching the built-in effects with operations and handlers, or by
giving programmers a way to write their own handlers with no direct access to

effects, which can be used to program in an extension of the monadic style.






Bibliography

[BHMOO0]

[BKO1]

[Bor94]

[CMS87]

[End00]

[FSDF93]

[GHK* 03]

[GPO01]

[Gra79]

Nick Benton, John Hughes, and Eugenio Moggi. Monads and ef-
fects. In APPSEM 2000, volume 2395 of Lecture Notes in Computer
Science, pages 42—-122, 2000.

Nick Benton and Andrew Kennedy. Exceptional syntax. Journal of

Functional Programming, 11(4):395-410, 2001.

Francis Borceux. Handbook of Categorical Algebra. Cambridge Uni-
versity Press, 1994.

William F. Clocksin and Chris Mellish. Programming in Prolog.
Springer, 3rd edition, 1987.

Herbert B. Enderton. A Mathematical Introduction to Logic. Aca-
demic Press, 2nd edition, 2000.

Cormac Flanagan, Amr Sabry, Bruce F. Duba, and Matthias
Felleisen. The essence of compiling with continuations. In Confer-
ence on Programming Language Design and Implementation, pages
237-247, 1993.

Gerhard Gierz, Karl Heinrich Hofmann, Klaus Keimel, Jimmie D.
Lawson, Michael Mislove, and Dana Stewart Scott. Continuous Lat-
tices and Domains, volume 93 of Encyclopedia of Mathematics and

its Applications. Cambridge University Press, 2003.

Murdoch Jamie Gabbay and Andrew M. Pitts. A new approach to
abstract syntax with variable binding. Formal Aspects of Computing,
13:341-363, 2001.

George A. Gratzer. Universal Algebra. Springer, 2nd edition, 1979.

151



152

[GSMO6]

[HMS85]

[Hoa69]

[HPO6]

[HPPO6]

[HRO04]

[Jac99]

[Lev06al

[Lev06b]

[Man98]

[Mil80]

Bibliography

Sergey Goncharov, Lutz Schroder, and Till Mossakowski. Complete-
ness of global evaluation logic. In 31st Symposium on Mathematical
Foundations of Computer Science, volume 4162 of Lecture Notes in

Computer Science, pages 447-458, 2006.

Matthew Hennessy and Robin Milner. Algebraic laws for nondeter-
minism and concurrency. Journal of the ACM, 32(1):137-161, 1985.

Charles Antony Richard Hoare. An axiomatic basis for computer
programming. Communications of the ACM, 12(10):576-580, 1969.

Martin Hyland and Anthony John Power. Discrete Lawvere theo-
ries and computational effects. Theoretical Computer Science, 366(1-
2):144-162, 2006.

Martin Hyland, Gordon David Plotkin, and Anthony John Power.
Combining effects: Sum and tensor. Theoretical Computer Science,
357(1-3):70-99, 2006.

Michael Huth and Mark Ryan. Logic in Computer Science: mod-
elling and reasoning about systems. Cambridge University Press,
2nd edition, 2004.

Bart Jacobs. Categorical Logic and Type Theory. Number 141 in
Studies in Logic and the Foundations of Mathematics. North Hol-
land, Amsterdam, 1999.

Paul Blain Levy. Call-by-push-value: Decomposing call-by-value and
call-by-name. Higher-Order and Symbolic Computation, 19(4):377—
414, 2006.

Paul Blain Levy. Monads and adjunctions for global exceptions. Elec-
tronic Notes in Theoretical Computer Science, 158:261-287, 2006.

Ernie G. Manes. Implementing collection classes with monads.

Mathematical Structures in Computer Science, 8(3):231-276, 1998.

Robin Milner. A Calculus of Communicating Systems. Springer,
1980.



Bibliography 153

[ML71]

[Mog89]

[Mog91]

[Mog94]

[Mog95]

[MS09]

[MTHM97]

[NPWO02]

[Pit91]

[PJ0O3]

[Plo06]

[Pnu77]

[Pow06]

Saunders Mac Lane. Categories for the working mathematician.
Springer-Verlag New York, 1971.

Eugenio Moggi. Computational lambda-calculus and monads. In 4t

Symposium on Logic in Computer Science, pages 14-23, 1989.

Eugenio Moggi. Notions of computation and monads. Information
And Computation, 93(1):55-92, 1991.

Eugenio Moggi. A general semantics for evaluation logic. In 9th

Symposium on Logic in Computer Science, pages 353—362, 1994.

Eugenio Moggi. A semantics for evaluation logic. Fundamenta In-
formaticae, 22(1/2):117-152, 1995.

Rasmus Ejlers Mggelberg and Alex Simpson. Relational parametric-
ity for computational effects. Logical Methods in Computer Science,
5(3), 2009.

Robin Milner, Mads Tofte, Robert Harper, and David MacQueen. The
Definition of Standard ML. MIT Press, 1997.

Tobias Nipkow, Lawrence C. Paulson, and Markus Wenzel. Is-
abelle/HOL — A Proof Assistant for Higher-Order Logic, volume
2283 of Lecture Notes in Computer Science. Springer, 2002.

Andrew M. Pitts. Evaluation logic. In 4th Higher Order Workshop,
pages 162—-189, 1991.

Simon L. Peyton Jones. Haskell 98. Journal of Functional Program-
ming, 13(1):0-255, 2003.

Gordon David Plotkin. Some varieties of equational logic. In Es-
says Dedicated to Joseph A. Goguen, volume 4060 of Lecture Notes
in Computer Science, pages 150-156, 2006.

Amir Pnueli. The temporal logic of programs. In 18th Symposium
on Foundations of Computer Science, pages 46-57, 1977.

Anthony John Power. Countable Lawvere theories and computa-
tional effects. Electronic Notes in Theoretical Computer Science,

161:59-71, 2006.



154

[PPO1]

[PP02]

[PPO3]

[PP04]

[PPO8]

[PP09]

[PS99]

[PS04]

[Rey02]

Bibliography

Gordon David Plotkin and Anthony John Power. Adequacy for al-
gebraic effects. In 4th International Conference on Foundations of
Software Science and Computation Structures, volume 2030 of Lec-

ture Notes in Computer Science, pages 1-24, 2001.

Gordon David Plotkin and Anthony John Power. Notions of computa-
tion determine monads. In 5th International Conference on Founda-
tions of Software Science and Computation Structures, volume 2303

of Lecture Notes in Computer Science, pages 342—-356, 2002.

Gordon David Plotkin and Anthony John Power. Algebraic opera-
tions and generic effects. Applied Categorical Structures, 11(1):69—
94, 2003.

Gordon David Plotkin and Anthony John Power. Computational ef-
fects and operations: An overview. Electronic Notes in Theoretical
Computer Science, 73:149-163, 2004.

Gordon David Plotkin and Matija Pretnar. A logic for algebraic ef-
fects. In 23rd Symposium on Logic in Computer Science, pages 118—
129, 2008.

Gordon David Plotkin and Matija Pretnar. Handlers of algebraic
effects. In ESOP 2009, volume 5502 of Lecture Notes in Computer
Science, pages 80-94, 2009.

Frank Pfenning and Carsten Schiirmann. System description: Twelf
— a meta-logical framework for deductive systems. In 16th Interna-
tional Conference on Automated Deduction, volume 1632 of Lecture

Notes in Computer Science, pages 202—206, 1999.

Anthony John Power and Olha Shkaravska. From comodels to coal-
gebras: State and arrays. Electronic Notes in Theoretical Computer
Science, 106:297-314, 2004.

John C. Reynolds. Separation logic: A logic for shared mutable data
structures. In 17th Symposium on Logic in Computer Science, pages

55-74, 2002.



Bibliography 155

[Sco93]

[SMO04]

[Tar55]

[Teal

[vGP]

Dana Stewart Scott. A type-theoretical alternative to ISWIM,
CUCH, OWHY. Theoretical Computer Science, 121(1-2):411-440,
1993.

Lutz Schroder and Till Mossakowski. Monad-independent dynamic
logic in HasCasl. Journal of Logic and Computation, 14(4):571-619,
2004.

Alfred Tarski. A lattice-theoretical fixpoint theorem and its applica-
tions. Pacific Journal of Mathematics, 5(2):285-309, 1955.

The Coq Development Team. The Coq Proof Assistant Reference
Manual. INRIA-Rocquencourt. Available at http://coqg.inria.fr/

coqg/distrib/current/refman/.

Rob van Glabbeek and Gordon David Plotkin. CSP and the algebraic
theory of effects. Available at http://homepages.inf.ed.ac.uk/
gdp/publications/.


http://coq.inria.fr/coq/distrib/current/refman/
http://coq.inria.fr/coq/distrib/current/refman/
http://homepages.inf.ed.ac.uk/gdp/publications/
http://homepages.inf.ed.ac.uk/gdp/publications/

Index

w-cpo, 21, 139 handler, 113

2hase, 29, 46 correct —, 112, 114, 127

2eff, 30 exception —, 22, 109, 116, 130
Thase, 29, 46 simple —, 135

Tefr, 30, 48 uniform —, 113

handler definition, 115
handling construct, 22, 109, 114, 125,

admissibility, 140, 143
algebraic operation, 18, 22, 51

129
call-by-push-value, 29, 30, 51, 68 homomorphism, 8, 16, 20
CCS, 92, 117 — between handlers, 132
context, 6 unique —, 71, 79, 110

base —, 29, 46
computation —, 53
effect —, 30, 47
predicate —, 58

input and output, 24, 48, 116, 121
instantiation, 31, 67
interpretation, 8, 14, 140

—in general category, 45
value —, 53

judgement
— of the logic, 59
first-order theory —, 12

effect
algebraic —, 2
computational —, 1
generic —, 19, 54, 79
exceptions, 22, 48, 116, 122

sound —, 61
typing —, 6, 11, 32, 47, 53, 58

lifting, 17
formula, 11
logic
base —, 46
— for algebraic effects, 63
functor

— of the a-calculus, 34
handler —, 125
program —, 126

bijective-on-objects —, 15

forgetful —, 17, 55

free model —, 17

product preserving —, 15 modality

strength of a —, 17 evaluation —, 97

156



INDEX

global —, 83
operation —, 82
pureness —, 81
model
— of a Lawvere theory, 16, 20
— of a first-order theory, 14
— of an equational theory, 8
— of the logic, 46
carrier of a —, 9
exponent —, 16
free —, 9, 30, 33, 70, 71, 79, 106
product —, 16

nondeterminism, 23, 48, 118, 119

predicate, 57

principle
— of computational induction, 70
free model —, 71

proposition, 57
balance —, 101, 107

consistency —, 74

signature, 5, 10, 11
base —, 29, 46
effect —, 30, 46
handler —, 114
state, 25, 49
read-only —, 122, 127
rollback, 122, 128
symbol
constant —, 5
function —, 5, 10, 11
handler —, 114
operation —, 9, 30, 46

relation —, 11

term, 6, 11

—in canonical form, 37
base —, 29, 46
computation —, 30, 52
effect —, 21, 30, 47
handler —, 112, 113

value —, 52

theory

axiomatisation of —, 6, 12
balanced —, 104

base —, 29, 46
commutative —, 40

consistent —, 7

countable equational —, 10, 50

countable Lawvere —, 20
effect —, 30, 48
equational —, 6
extension of —, 7

first-order —, 12

157

Hilbert-Post complete —, 7, 23, 26

Lawvere —, 15
single-sorted —, 9

trivial —, 7

time, 24, 49, 121
type

arity —, 46

base —, 46
computation —, 30, 52
handler —, 112, 113

value —, 52



	Introduction
	Historical background
	Aims of the thesis
	Structure of the thesis

	Technical preliminaries
	Equational theories
	Single-sorted theories
	Countable theories

	First-order theories
	Lawvere theories
	Algebraic operations
	Relationship to equational theories
	Countable theories

	Algebraic effects
	Exceptions
	Nondeterminism
	Interactive input and output
	Time
	State


	The a-calculus
	Syntax
	Semantics
	Equational logic

	Language of the logic
	The effect theory
	Term language
	Judgements

	Reasoning rules of the logic
	Propositions and predicates
	Equality
	Call-by-push-value constructs
	Algebraic principles
	Soundness

	Development and applications of the logic
	Sequencing
	Free model principle
	Modalities
	Computational -calculus
	Definition
	Translation

	Hennessy-Milner logic
	Definition
	Translation

	Evaluation logic
	Definition
	Translation
	Balanced theories


	Handlers of algebraic effects
	Exception handlers
	The handler language
	The program language
	Examples
	Exceptions
	Stream redirection
	CCS renaming and hiding
	Explicit nondeterminism
	Optimal result
	Parameter-passing handlers
	Timeout
	Input redirection
	Read-only state
	Rollback


	Extending the logic with handlers
	The handler logic
	The program logic

	Recursion
	Base and effect theories
	Terms and predicates
	Reasoning rules
	Handlers

	Conclusions
	Accomplishments
	Future work

	Bibliography

