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assume throughout this translation that a RelJ term translated at some type can
indeed be assigned that type:

Γ `R e : t Â a implies Γ `R e : t

(Trans Null) translates null to its appropriately-typed representative from
the nulln family.

Program variables are left untranslated by (Trans Var), as variable names are
preserved by the translation of methods to pre-methods, given later.

(Trans New) translates the allocation of a new class instance to the invoca-
tion of the appropriate factory’s new method, via the instFacs variable that will be
established in the translation preamble.

Field lookup is translated in the obvious way in (Trans Fld): ckNull is used
to ensure that the receiver is not null (or error) and, where this is not the case,
the receiver is unfolded to expose its labels, and the field’s label is selected.

Field update is translated by (Trans FldAss) in a similar way, with an addi-
tional check to ensure that the new value does not represent error (it is allowed
to be null). The result of the update must also be folded, so that it conforms to
the convention for reference type encodings.

Finally, method call is translated by (Trans Call). We check the receiver is
not null and that the argument is not an error before selecting the method’s label
from the unfolded receiver, and applying the resulting function to the argument.

Translation of relationship-based features

The translation of relationship access is based on find, defined in Figure 5.8. The
find construct takes the name of a relationship, r, and two terms, a and b, which
represent the source and destination of the r-instances to be returned. We allow
b to be left blank, written find(r, a,?), where we only want to fix the source
address.

The evaluation of find(r, a, b) uses query to emulate the function of ρ from
RelJ’s operational semantics. This query fixes the values of the from and to labels
to a and b respectively, and fixes the result objects’ extent labels to extentr .

2 The
query does not fix values for the labels which represent fields, methods, isNull or
isNPE, but we require their presence in the query so that the type makes all the
objects’ features available to the continuing computation.

The result of the query will have type list of [[r]]�, which does not conform
to the typing convention for translated reference types — we require the result
to be passed as [[set<r>]], which is equivalent to list of [[r]]. Therefore, we fold

each member of the resulting list to the [[r]] type using foldall, whose definition
is also given in Figure 5.8. The definition of foldall is based on map, which shall
also be used in later portions of the translation. The map construct takes a list-

2Recall that we assume extentr exists as a variable in scope, which will be established when we
give translations to entire programs.
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find(r, a, b) b= foldall(r,
〈extent : Top= extentr ,
fromr ′ : [[R(r ′)from]] = a r ′ s.t. `Rr≤r ′ ,
tor ′ : [[R(r ′)to]] = b r ′ s.t. `Rr≤r ′ ,
f : [[F+r ( f )]] = ? f ∈dom(F+r ),
m : [[M+

r (m)arg]]→ [[M
+
r (m)ret]] = ? m∈dom(M+

r ),
isNull : boolean,
isNPE : boolean〉)

foldall(r, a) b=map(a,λ(x : [[r]]�)fold([[r]], x), [[r]])

map(a,λ(x : A)b, B) b= [nex t = ς(s : [nex t : list of A→ list of B])λ(z : list of A)
match z : list of A with

cons(y, ys)⇒ cons((λ(x : A)b)(y), s.next(ys)) |
nil⇒ nil].next(a)

Figure 5.8: Query-based implementation of RelJ’s relationship store, with auxil-
liary functions foldall and map

generating term, a function to be applied to the list’s members, and a return type
for that function. Its implementation is standard; an object with a single method
is used to iterate over successive members of the list. In the case of foldall, the
function folds each list member so that they have type [[r]] as required by our
typing convention.

Figure 5.9 gives translations for RelJ’s relationship-based features, most of
which are based on find. The simplest use of the query occurs in (Trans RelInst),
which checks the receiver for error and null, before using find to obtain all r-
instances which relate the receiver to some other object.

A similar strategy is used in (Trans RelObj), but to obtain the objects related
to the receiver through r, rather than the r-instances themselves, we map the
selection of each object’s tor label across the result.

The translations of from and to in (Trans To) and (Trans From) are equiva-
lent to the translation of field access, except that the appropriate label is selected
based on the receiver’s static type in order to obtain the most precise type, as
discussed in Section 5.1.3.

(Trans RelAdd) implements the RelJ’s add operator. After the operands are
checked for error and null, we use find to search for an instance of r between
them. If such an instance exists, it is returned; otherwise, the new method of r ’s
factory is invoked to create a fresh instance.

(Trans RelRem) is structured similarly. Where no r-instance exists between
the operands, then the appropriate null representative is returned. If an r-
instance does exist, then its extent label is modified to none so that it no longer
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(Trans RelInst)

Γ `R e : nÂ a

Γ `R e:r : set<r>Â ckNull x : n= a at set<r> in find(r, x ,?)

(Trans RelObj)

Γ `R e : n1 Â a

Γ `R e.r : set<R(r)to>Â ckNull x : n1 = a at set<R(r)to> in
let ys : [[set<r>]] = find(r, x ,?) in
map(ys,λ(z : [[r]])unfold(z).tor , [[R(r)to]])

(Trans From)

Γ `R e : r Â a

Γ `R e.from :R(r)from Â ckNull x : r = a atR(r)from in unfold(x).fromr

(Trans To)

Γ `R e : r Â a

Γ `R e.to :R(r)to Â ckNull x : r = a atR(r)to in unfold(x).tor

(Trans RelAdd)

Γ `R e1 : n3 Â a Γ `R e2 : n4 Â b
R(r) = (_, n1, n2, _, _) `R n3 ≤ n1 `R n4 ≤ n2

Γ `R r.add(e1,e2) : r Â ckNull x : n3 = a, y : n4 = b at r in
let z : [[set<r>]] = find(r, x , y) in
match z : [[set<r>]] with
cons(z′, zs′)⇒ z′ |
nil⇒ instFacs.r.new(x)(y)

(Trans RelRem)

Γ `R e1 : n3 Â a Γ `R e2 : n4 Â b
R(r) = (_, n1, n2, _, _) `R n3 ≤ n1 `R n4 ≤ n2

Γ `R r.rem(e1,e2) : r Â
ckNull x : n3 = a, y : n4 = b at r in
let z : [[set<r>]] = find(r, x , y) in
match z : [[set<r>]] with
cons(z′, zs′)⇒ fold([[r]],unfold(z′).extent⇐ ς(w : [[r]]�)none) |
nil⇒ nullr

Figure 5.9: Translations RelJ’s relationship-based features



132 Bridging the gap

(Trans Empty)

Γ `R εÂ void

(Trans Exp)

Γ `R e : t Â a Γ `R s Â b

Γ `R e; s Â ckNPE x : t = a at void in b

(Trans For)

Γ `R e : set<n1>Â a Γ, x 7→ n2 `R s1 Â b1 Γ `R s2 Â b2

`R n1 ≤ n2

Γ `R for (n2 x : e) {s1}; s2 Â
ckNPE y : set<n2>= a at void in

ckNPE z : void= for(y,λ(x : [[n2]])b1) at void in b2

for(a,λ(w : [[n]])b)b=[next= ς(s : [nex t : list of [[n]]→ [[void]]])
λ(x : list of [[n]])
match x : list of [[n]] with
cons(y, ys)⇒
ckNPE z : void= (λ(w : [[n]])b)(y) at void in

s.next(ys) |
nil⇒ void].next(a)

Figure 5.10: Translation of statement sequences

appears in the find query — the instance is rendered inactive.

Proposition 5.4. For a well-formed RelJ program, the translation of a well-typed
expression:

Γ `R e : t Â a

will be well-typed in the presence of the assumed environment containing instFacs
and extent objects, combined with the translation of e’s typing environment, Γ:

none : Top, extentr : Top r∈dom(R), instFacs : Factories, [[Γ]] `Qς a : [[t]]

Statements

RelJ statements are translated by the rules in Figure 5.10. Statements are not
explicitly assigned types in the RelJ type system, so the translation relation is
written:

Γ `R s Â a

where we assume s is well-typed in the presence of environment Γ.
In general, individual statements are translated to a Qς term of type [[void]].

Once that void value is checked for error, it is discarded and the remaining state-
ments are left as the continuation. The resulting chain of let-bindings is termi-
nated by the translation of an empty statement to void by (Trans Empty).
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Expressions in statement position are translated as usual by (Trans Exp), but
their results are discarded after being checked for error.

The for iterator is given a translation by (Trans For). The target set is
checked for error, after which the set is processed by for, based on map from Fig-
ure 5.8. Unlike map, for checks the result of each step for error before discarding
it and making the recursive step: if an error has occurred, an error value of void
type is immediately returned and no recursion takes place. Notice also that the
translation of the for iterator’s body is expected to have a free variable, x , which
is then λ-bound when the body is passed to for.

Proposition 5.5. For a well-formed RelJ program, the translation of a well-typed
statement:

Γ `R s Â a

will be well-typed in the presence of the assumed environment and the translation of
the typing environment, Γ:

none : Top, extentr : Top r∈dom(R), instFacs : Factories, [[Γ]] `Qς a : [[void]]

5.3.3 Instance factories

As discussed in the previous section, we enclose all instance factories in a single
object, so that classes and relationships may instantiate one another. This col-
lection of factories will therefore have the following type, where Factoryn is an
n-indexed family of types, one for each n-factory.

Factories b= [c : Factoryc
c∈dom(C), r : Factoryr

r∈dom(R)]

The factories themselves have the following types, which reflect the new methods
that yield fresh instances, and the pre-methods from which those instances are
constructed:

Factoryc b= [new : [[c]],
prem : [[c]]→ [[M+

c (m)arg]]→ [[M
+
c (m)ret]]

m∈dom(M+
c )]

Factoryr b= [new : [[R(r)from]]→ [[R(r)to]]→ [[r]],
prem : [[r]]→ [[M+

r (m)arg]]→ [[M
+
r (m)ret]]

m∈dom(M+
r )]

Recall that there is a pre-method entry for every method contained in the class or
relationship, but that the pre-method defers to the supertype’s pre-method when
that method is inherited.

We now give Qς implementations of factories for RelJ classes and relation-
ships. These are based on the generation of pre-methods, which is specified by
(Trans Meth) in Figure 5.11. (Trans Meth) uses the translation relation of
the previous section to construct pre-methods by translating the method body’s
statement, s, and return expression, e. The statement body’s value is checked for
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(Trans Meth)

Mn(m) = (x , t, t ′,{ s return e; })
{x 7→ t,this 7→ n} ∪L `R s Â a
{x 7→ t,this 7→ n} ∪L `R e : t ′ Â b

n `R mÂ λ(this : [[n]])λ(x : [[t]])ckNPE y : void= a at t ′ in b

Figure 5.11: Translation of RelJ methods, m, to Qς pre-methods, a.

error before the return expression is evaluated. Notice that the free variables rep-
resenting the method’s formal parameter and this are λ-bound in the resulting
pre-method.

The definitions of factories for classes and relationships are given in Fig-
ure 5.12. Factories for classes are defined by (Trans Class). A factory for a class,
c, contains a constructor, new, and a collection of pre-methods, prem for each
(possibly inherited) method m. Where c declares m, the translation of (Trans

Meth) is used to obtain a pre-method; where m is inherited, the pre-method is
imported from the superclass’s factory. When constructing an object, the methods
are let-bound in order to resolve the resulting indirections, before being installed
in the new object alongside labels for fields, null- and error-checking. When a
method label is later selected on this newly-generated instance, the pre-method
is applied to the self-parameter to produce a method which, when given an ar-
gument, will perform the method’s action. The self-parameter must be folded, as
per our typing convention. Fields are given suitable initial values by initSel.

Factories for relationships are derived from (Trans Rel), and have much the
same form as those for classes, with the addition of the from and to labels, and the
extent label which is used by the find query to isolate those r-instances which are
current, and to exclude instances of r ’s sub-relationships from the query result.

Proposition 5.6. For a well-formed (C,R, s), and for all reference types n, the
n-factory:

`R nÂ an

will be well-typed in the presence of the assumed environment containing instFacs
and extent objects:

none : Top, extentr : Top r∈dom(R), instFacs : Factories `Qς an : Factoryn

Programs

We now arrive at the top-level of our translation, which brings together the facto-
ries into a single, translated program, and which is given by (Trans Program) in
Figure 5.13. The class and relationship factories are installed in a single object in
the presence of a preamble which sets up the extent objects none and extentr for
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initSel(t) b=

(

nullt if t = n

nil otherwise

(Trans Class)

C(c) = (c′,F ,M ) ∀m ∈ dom(M ) : c `R mÂ am

`R c Â [new= ς(cFac : Factoryc)
�

let wm : [[c]]→ [[M+
c (m)arg]]→ [[M

+
c (m)ret]]
= cFac.prem in

�m∈dom(M+
c )

[ f = ς(z : [[c]]�)initSel(t) f ∈dom(F+c ),
m= ς(z : [[c]]�)wm(fold([[c]], z)) m∈dom(M+

c ),
isNull= false

isNPE = false],
prem = am

m∈dom(M ),
prem′ = instFacs.c′.prem′

m′∈dom(M+
c )\dom(M )]

(Trans Rel)

R(r) = (r ′, n1, n2,F ,M ) ∀m ∈ dom(M ) : r `R mÂ am

`R r Â [new= ς(rFac : Factoryr)λ(x1 : [[n1]])λ(x2 : [[n2]])
�

let wm : [[r]]→ [[M+
r (m)arg]]→ [[M

+
r (m)ret]]
= rFac.prem in

�m∈dom(M+
r )

[extent= extentr ,
fromr ′ = x1

r ′ s.t. `Rr≤r ′ ,
tor ′ = x2

r ′ s.t. `Rr≤r ′ ,
f = ς(z : [[r]]�)initSel(t) f ∈dom(F+r ),
m= ς(z : [[r]]�)wm(fold([[r]], z)) m∈dom(M+

r ),
isNull= false,
isNPE = false],

prem = am
m∈dom(M ),

prem′ = instFacs.r ′.prem′
m′∈dom(M+

r )\dom(M )]

Figure 5.12: Translation of RelJ classes and relationships into Qς factories
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(Trans Program)

; `R s Â a ∀c ∈ dom(C) : `R c Â ac ∀r ∈ dom(R) : `R r Â ar

`R (C ,R , s)Â let none : Top= [l = ς(x : [l : Top])x .l] in
let extentr : Top= clone(none) in r∈dom(R)

let instFacs : Factories=
[c = ς(x : Factories)x .c c∈dom(C),
r = ς(x : Factories)x .r r∈dom(R)] in






let instFacn : Factoryn = an in

let _ : Factories=
instFacs.n⇐ ς(x : Factories)instFacn in







n∈dom(C)∪dom(R)

...
in a

Figure 5.13: Translation of RelJ programs into Qς

each relationship r. Notice that we install the factories after creation of the inst-
Facs object, so that the factory objects are instantiated only once — if the instFacs
object were to have methods of the form ς(x : Factories)ac , a new factory would
be created for every factory access. Finally, the translation of the program’s ‘main’
statement forms the body of the resulting nest of let-bindings to yield a closed
Qς term that represents the original RelJ program.

Proposition 5.7. For well-formed program (C,R, s):

`R (C,R, s)Â a implies ; `Qς a : [[void]]

5.4 Conclusion

This chapter demonstrated how RelJ programs may be translated to Qς. It is
important to note that whilst RelJ’s model of class-based programming is very
different to Qς’s object-based model — indeed, significant effort was required to
provide an environment in which RelJ’s model could be supported — the imple-
mentation of RelJ relationships was straightforward, using heap query. Thus, we
have shown that the relationship store of RelJ is merely an abstraction of infor-
mation already available in the heap, which may be exposed by query.



Chapter 6

Conclusion

In this thesis, we have seen how relationships are well-represented in models
of object-oriented systems, and therefore in programmer intuition, but not in
object-oriented languages themselves. We conducted a formal exploration of re-
lationships in object-oriented languages with RelJ and Qς.

RelJ introduced relationships in a class-based language with the same status
as classes: relationships in RelJ have fields and methods, they can extend other
relationships, their instances can be referenced and relationships can themselves
take part in other relationships. Relationships in RelJ are implemented using the
relationship store, which is an abstract representation of the heap and encap-
sulates much of the complexity involved in maintaining relationship structures.
This complexity was particularly evident in the demonstration of a semantics of
relationship inheritance that differs from traditional class inheritance.

Based on the observation that the relationship store is derivable from the
heap, we described Qς, a strongly-typed object calculus with heap query. Rela-
tionships are once again reunited with inter-object references, but query elimi-
nates the complex machinery required to encode them. We demonstrated this by
giving a translation from RelJ to Qς. The translation of RelJ’s class-based features
into Qς was rather cumbersome owing to RelJ’s comparatively liberal, nominal
type system and the need to emulate null. However, the relationship-based fea-
tures were easily translated into heap queries.

For both RelJ and Qς, we gave a formal type system and semantics, and
showed that no well-typed programs in either language can get into an unsafe
state.

6.1 Future work

We conclude by reviewing some opportunities for further investigation:

Query and encapsulation Without query, an object must be able to follow a
chain of references to another object in order to access it. Heap query eliminates
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this restriction so that all parts of the heap may be accessed regardless of refer-
ences. As a result, encapsulation of aggregate objects is threatened: techniques
to encapsulate aggregate objects by restricting aliasing [4, 6, 17, 22, 44] lose
much of their power in the presence of query. The issue of encapsulation cer-
tainly deserves more work: in particular, the ability for objects to tag themselves
as ‘unqueryable’, or the division of the heap into disjoint queryable sections as in
Section 4.6.2 may help to preserve encapsulation. How objects are allocated to
such zones — that is, what precisely constitutes an object that ought to be en-
capsulated — remains an open problem, though various concepts of ownership
seem promising [4, 23].

Garbage collection Garbage collectors normally dispose of unreferenced ob-
jects, but these objects may now appear in the results of heap queries. Whilst
better encapsulation will help inform decisions about which objects ought to be
garbage collected, it is also important that the collector does not dispose of ob-
jects that may appear in query results that are still being examined: cooperation
between the query engine and the garbage collector will be required.

Query for class-based languages Willis et al.’s work on run-time heap query
for Java [76] gives an indication of how Qς’s query operator might be mapped
into a more mainstream language. Nevertheless, the formal work of Qς must be
carried over to the class-based world, especially when considering the application
of orthogonal techniques to help restore encapsulation boundaries. It is possible
that hiding queries inside abstractions like RelJ’s relationships might prove less
dangerous to encapsulation in general.

Improving the query language Qς’s query language is relatively simple, but
more complex object-based query languages exist, notably Object Query Lan-
guage (OQL) from the ODMG [20] and native query expressions in LINQ [54].
Whilst filtering mechanisms and joins can be encoded with Qς’s simple queries
combined with iterator objects, a more expressive query language would be de-
sirable in practice.

Accessing databases Language extensions have been proposed that permit
database queries to be expressed natively in object-oriented programming lan-
guages, such as the LINQ and Cω extensions to C# [11, 54]. Alongside native
queries, these provide a more flexible model for supporting the representation of
XML and relational data from databases. It would be interesting to investigate
the rôles of relationships and heap query in strategies for handling data from
object-oriented and object-relational databases.

Development experience Whilst researchers may freely generate new exten-
sions to programming languages and software engineering techniques, it is ul-
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timately the experience of programmers that will decide the usefulness and the
form of relationship abstractions in the field. How developers use relationships in
practice may only be determined by observation, but a flexible formal model is vi-
tal for determining whether features demanded by programmers can be provided
safely.

Implementation Implementations of languages and libraries supporting rela-
tionships exist [2, 59, 62], as do implementations heap query [76]. Whilst RelJ
and Qς could be adopted as formal models for such implementations, it would be
both interesting and useful to implement RelJ and Qς directly. By equipping the
C# run-time environment or the Java virtual machine with relationships/query,
they can be represented natively and securely in bytecode, though established
techniques would undoubtedly be used in the implementation [59, 76]. Further-
more, it is essential that any such implementation be flexible enough that models
can be adjusted as programmer experience is evaluated — such flexibility may
even be desirable at the language level so that programmers may apply their
intuition to select an appropriate implementation of relationships.





Guide to notation

This guide summarizes the notation used in this thesis, divided into three groups:
notation for RelJ, notation for Qς and notation for the translation, which inherits
notation from both the language formalisms.

RelJ (Chapters 2, 3 and 5)

Symbols
Symbol Description
� see Judgements
• Context hole (Fig. 2.10, p. 53)
↑ι see Compound forms
`R see Judgements

 R Execution relation (Fig. 2.13, p. 58)
[−] see Compound forms
〈−〉 see Compound forms
〈〈−〉〉 see Compound forms
t Least upper bound of one or more types (p. 49)

Γ Typing environment (p. 45)

γ Local variable store (p. 55)
ε Empty statement (Fig. 2.3, p. 41)
ι Object identifier/address (p. 54)
ρ Relationship store (p. 54)
σ Heap (p. 54)

C Class lookup table (p. 42)
E Evaluation context (Fig. 2.10, p. 53)
Ee for expressions
Es for statements
F Field lookup table (p. 42)
Fn for reference type n
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Symbols (continued)
Symbol Description
F+n including inherited fields
L Local variable lookup table (p. 43)
M Method lookup table (p. 42)
Mn for reference type n
M+

n including inherited methods
P Abstract program (p. 42)
R Relationship lookup table (p. 43)
T Set of valid program types (p. 42)

R Term (Fig. 2.3, p. 41)

c Class name (Fig. 2.3, p. 41)
e Expression (Fig. 2.3, p. 41)
f Field name (Fig. 2.3, p. 41)
l Assignment target, l-value (Fig. 2.3, p. 41)
m Method name (Fig. 2.2, p. 40)
mb Method body (Fig. 2.3, p. 41)
mc Multiplicity constraint (Fig. 3.6, p. 77)
n Reference type (Fig. 2.3, p. 41)
o Object (p. 54)
p Program (Fig. 2.3, p. 41)
r Relationship name (Fig. 2.2, p. 40)
s Statement (Fig. 2.3, p. 41)
t Type (Fig. 2.3, p. 41)
v Value (Fig. 2.3, p. 41)
w Error (p. 53)
x Variable name (Fig. 2.2, p. 40)

Compound forms
Form Description
− `R − see Judgements
R[x ′/x] Substitution of x with x ′ in term R (p. 53)
φ[a 7→ b] Update map φ such that a maps to b (p. 45)
σ ↑ι f Find f ’s implementation for ι (Fig. 3.2, p. 72)
E[e] Context instantiation (p. 52)
〈σ,ρ,γ, R〉 Configuration (p. 55)
〈σ,ρ,γ, w〉 Error configuration

〈σ,ρ,γ, R〉 R 〈σ,ρ,γ, R〉 Execution step (Fig. 2.13, p. 58)
〈〈c|| f1 : v1, . . .〉〉 Class instance/Object (p. 54)
〈〈r, ι1, ι2|| f1 : v1, . . .〉〉 Relationship instance (p. 54)
〈〈r, ι1, ι2, ι|| f1 : v1, . . .〉〉 with shared inheritance (p. 71)
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Judgements
Judgement Description
`R � The program is well-formed (Fig. 2.9, p. 52)
`R t t is a well-formed type (Fig. 2.9, p. 52)
`R t1 ≤ t2 t1 is a subtype of t2 (Fig. 2.5, p. 45)
Γ `R γ Locals store γ agrees with Γ (Fig. 2.12, p. 56)
Γ `R σ Heap σ is well-formed in Γ (Fig. 2.12, p. 56)
Γ `R 〈σ,ρ,γ, e〉 : t Expression configuration is well-typed (Fig. 2.12, p. 56)
Γ `R 〈σ,ρ,γ, s〉 Statement configuration is well-typed (Fig. 2.12, p. 56)
Γ `R e : t e has type t in environment Γ (Fig. 2.6, p. 46)
Γ `R o Object o is well-formed in Γ (Fig. 2.12, p. 56)
Γ `R s s is well-typed in environment Γ (Fig. 2.6, p. 46)
n `R f f is a well-declared field of n (Fig. 2.8, p. 50)
n `R m m is a well-declared method of n (Fig. 2.8, p. 50)

Qς (Chapters 4 and 5)

Symbols
Symbol Description
? Query wildcard (Fig. 4.4, p. 93)
`Qς see Judgements
B see Compound forms
→ see Compound forms
[−] see Compound forms
〈〈−〉〉 see Compound forms

ι Object address (Fig. 4.1, p. 88)
λ Abstraction binder (Fig. 4.1, p. 88)
µ Recursive type binder (Fig. 4.2, p. 89)
σ Store (p. 101)
ς Self-parameter binder (Fig. 4.1, p. 88)

E Evaluation context (Fig. 4.11, p. 102)

A, B Type (Fig. 4.2, p. 89)
E Environment (p. 96)
FV(a) Free variables in a (p. 91)
O Object type (Fig. 4.2, p. 89)
Q Queryable type (Fig. 4.4, p. 93)
X , Y Type variable (Fig. 4.1, p. 88)

a, b Term (Fig. 4.1, p. 88)
c Configuration (p. 101)
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Symbols (continued)
Symbol Description
l Label (Fig. 4.1, p. 88)
lv List value (Fig. 4.4, p. 93)
m Method definition (Fig. 4.1, p. 88)
o Object (Fig. 4.1, p. 88)
qv Queryable value (Fig. 4.4, p. 93)
v Value (Fig. 4.1, p. 88)
w, x , y, z Variable (Fig. 4.1, p. 95)

Compound forms
Form Description
(a,σ) Configuration (p. 101)
x B a Variable x is fresh for term a (p. 91)
A<: B A is a subtype of B (Fig. 4.8, p. 98)
A→ B Function type (Fig. 4.2, p. 89)
[ f1 : m1, . . .] Object definition (Fig. 4.1, p. 88)
[ f1 : A1, . . .] Object type (Fig. 4.2, p. 89)
φ[ι 7→ o] Store update (p. 101)
〈l1 = m1, . . .〉 Heap query (Fig. 4.4, p. 93)
〈〈z |ψ(z)〉〉 Deterministic list comprehension (p. 103)
a{{x ′/x}} Substitution of x ′ for x in term a (p. 91)
A{{X ′/X }} Substitution of X ′ for X in type A (p. 91)

Judgements
Judgement Description
`Qς E ok E is a well-formed environment (Fig. 4.6, p. 96)
E `Qς A A is a well-formed type in E (Fig. 4.7, p. 97)
E `Qς A<: B A is a subtype of B in E (Fig. 4.8, p. 98)
E `Qς a : A a has type A in the presence of E (Fig. 4.9, p. 99)
E `Qς σ Store σ is well-formed (Fig. 4.10, p. 102)
E `Qς (a,σ) : A Configuration is well-typed (Fig. 4.10, p. 102)

Translation (Chapter 5)

Most notation for the translation is inherited from the formalizations of RelJ and
Qς, with the following additions:

Notation
Description

A Finite collection of types (p. 120)
[[t]] Translation of RelJ type t (Fig. 5.3, p. 123)
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Notation (continued)
Description

[[t]]� unfolded (p. 122)
[[Γ]] Translation of RelJ environment (p. 123)
`R (C,R, s)Â a Program translation (Fig. 5.13, p. 136)
`R nÂ a Class/relationship translation (Fig. 5.12, p. 135)
n `R mÂ a Method translation (Fig. 5.12, p. 135)
Γ `R e : t Â a Expression translation (Figs. 5.7–5.9, p. 128)
Γ `R s Â a Statement translation (Fig. 5.10, p. 132)
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