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ABSTRACT

XML transformation languages, such as XQuery, take an XML
document as input and produce another XML document as output.
It is useful to know statically that such transformations always pro-
duce valid documents, for static debugging of the transformation
program or for eliminating dynamic checks on the output docu-
ments. This gives rise to the XML type checking problem. Type-
and automata-theoretic techniques have been proposed to address
this type checking problem, exploiting XML’s tree structure. How-
ever, existing approaches are not capable of reasoning about dimen-
sional information of produced XML documents, such as that two
locations in the output documents always have the same number of
elements.

This paper presents a type-based analysis for XQuery to discover
dimensional relationships in output documents from XQuery pro-
grams through refined type checking. For example, it can identify
program fragments producing the same number of elements for all
input documents. The novel aspects of our analysis are techniques
to deal with the rich tree structure of XML types, whereas array
analyses (e.g., bounds checking) for languages such as C deal with
flat arrays. In this paper, we present our type system and give a
sketch of its soundness.
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D.3.3 [Programming Languages]: Language Constructs and Fea-
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gram Constructs—Type Structure
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1. INTRODUCTION

Since XML [2] became a W3C recommendation in 1998, XML
has been increasingly accepted as the standard format for electronic
data exchange. XML has also gained acceptance as a format for
data storage because it generalizes relational databases.

Because two parties who wish to exchange data generally orga-
nize their data differently, one or both of the parties must transform
their data so that it is suitable for the other to use. In the context
of XML, “schemas” [18] specify data organization. When data is
exchanged using XML, the recipient specifies a schema to which
all received XML documents must conform. The sender has the
task of writing a transformation program to convert data from his
own schema to the recipient’s schema. If the sender can determine
that his program performs the transformation correctly, no runtime
checks are necessary.

This gives rise to the XML type checking problem. Let T be the
set of all XML documents (7" is a mnemonic for “trees”; all XML
documents have a tree structure). An XML type is a subset of all
documents: = C T, often called a schema. The XML type checking
problem asks, for source and target types 75 and 7+ respectively, and
transformation program P, is it true that Va € 75.P(z) € 7 [21]?
One common approach to answer this question is based on type
inference: an output type 7’ is conservatively inferred based on the
program and the source type: P(rs) C 7'. If the inferred type is a
subtype of the target type, 7’ C 7, then the program successfully
type checks.

We introduce the notion of dimensions in XML documents and
types: a dimension denotes the number of XML elements and/or
scalars in a consecutive sequence under a common parent.> For
a particular XML document, dimensions are always known con-
stants. However, dimensions may not remain constant across all
documents in a single type. In this case, the dimensions of the
type are represented by variables, which may be constrained to al-
low only values valid for some document within the type. When
some dimensions of a type are constrained in terms of other dimen-
sions, we call those dimensional relations. Because of the use of
the Kleene star as a type constructor, we do not seek to discover
the values of dimensions; in general that is impossible. Rather, we
seek to discover relationships among dimensions.

Some practical settings require dimensional information. For ex-
ample, in a document that has parallel lists of movie titles and the
years those movies were made, the length of those lists can vary
provided that they are equal to each other. As another example,
consider a specification manual that must include the same infor-
mation in multiple languages. The number of headings in one lin-
guistic section can vary provided that it equals the number of head-

The term “dimension” alludes to vectors, where a vector of n ele-
ments is an n-dimensional vector.
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Figure 1: Given that each book has exactly one title and one
ISBN, the number of titles in the listing must equal the number
of ISBNs.
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Figure 2: A target type with dimensional relations. Conser-
vatively inferred types using existing techniques cause correct
programs to fail to type check.

ings in every other linguistic section. Dimensional relationships
arise in settings that include parallel or repeated data.

No previous technique for XML type checking can accurately
type check a program when the target type has dimensional rela-
tions and the program output is not confined to a regular subtype of
the output type. In [17], the decidability of XML type checking is
established using k-pebble tree transducers when no dimensional
relations are present. It is unclear how well these automata-based
techniques would work in practice because of their high compu-
tational complexity. Existing type-based approaches [3] provide
more practical solutions, but currently are unable to infer types
with dimensional relations. In this paper, we present a type-based
approach to reason about dimensional relations for transformation
programs written in XQuery.

Several transformation languages have been proposed for XML
transformations including XSLT [7], XQuery [3], HaXml [23], and
Relaxer [9]. Among these, XQuery stands out as a subject for anal-
ysis for two reasons. First, it will soon be a W3C recommendation,
which means that it will be widely used and even more widely sup-
ported. Second, it has a static type system intended to address the
XML type checking problem.

Consider the XQuery program (with modified syntax) shown in
Figure 1. This program takes as input an XML catalog of books and
creates a listing of titles and ISBNSs, perhaps for easy ISBN lookup
by title in a printed listing. Because each book has exactly one
title and one ISBN, the lists rooted at titles and 1sbns must
have the same number of elements—that is, they must have the
same dimension. Because a correspondence is expected between
elements in the lists, the programmer would like to confirm that
this dimensional relationship holds.

Figure 2 gives the output type 7+ (omitting the scalar children of
title and isbn) as the programmer intends it. Using existing
type inference methods, however, the type 7' would be inferred.
Because 7' ¢ T, this correct program fails to type check. Given
the current practice in data transformation, this situation is rela-
tively common.

1.1 Difficulties with Dimensional Inference

At first consideration, it may seem as though inferring dimen-
sional relationships could be accomplished using integer constraints
as done for array analyses in languages such as C, but surprisingly

1 for win children(root) do

Ts = root 2 for x in children(w) do
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l61|}1 4 for y in children(root) do
lew2* 5 for z in children(y) do
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Figure 3: A source type with nested repetitions.
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Figure 4: Two ways to annotate a source type 7s.

it is not that simple. The main problem is that for XML transforma-
tions, we need to deal with a much richer data structure and interre-
late tree sub-structures. On the other hand, standard array analyses
apply to flat structures, namely arrays, and how size information
about these arrays flows in a program.

Consider the source type 75 and program shown in Figure 3. The
semantics of paths in XQuery programs (as on lines 3 and 5 in
Figure 1) can be achieved with nested for expressions alternating
with case expressions.? Lines 1-3 and 4-6 of the program in Fig-
ure 3 have the same semantics as /root/~/~ (where ~is a wildcard
that matches any tag), except line 3 substitutes an S for whatever
the output would have been, and equivalently with T on line 6. If
the alternating case expressions had been included, the two halves
of the program would have had the semantics of /root/levl/lev2,
excepting the substitutions.

Clearly this program produces the same number of S’s as T’s.
However, standard type systems do a modular analysis, using only
the types of subexpressions and the global environment to infer
types. Therefore in discovering a relation, such as dimensional
equality, between two expressions, the type system is restricted to
using information it has available at the time of typing both expres-
sions: the global environment, i.e., the input type. It must discover
relations between the expressions and the input type to relate the ex-
pressions. Suppose that in hoping to discover precise dimensional
relationships of each list, we annotate 7, as in Figure 4b, where 1,
m, and n; are dimension annotations for the corresponding types.

We argue that the precision aimed at cannot be achieved. The
For expression has the form (for = in e; do ez). The ex-
pression e; evaluates to a list, and for each element a in that list,
x gets bound to a and e» gets executed. There are two approaches
to typing the For expression. We first explore the approach used
in XQuery’s type system [3]. Under this approach, x is bound to
the union of the unit types in e1’s type, 71, and ez is typed once
with = having that binding. Type constructors are then added to the
inferred type based on their occurrences in ;.

In inferring a type for the program in Figure 3b, if 75 is annotated
as shown in Figure 4b, the type of expression chi ldren(root)
on line 1 is 7, as shown in Figure 5. Figure 5 also shows the rest
of the types we refer to in this paragraph. Suppose we find the type

2For example, in Figure 14, lines 1-10 match the semantics of
/catalog/book/title.
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Figure 5: Some inferred types in our first attempt to infer all
dimensional relationships precisely.
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Figure 6: Some inferred types in our second attempt to infer all
dimensional relationships precisely.

we will assign to w within the body of the For expression by taking
the union of the unit types in 71, as done in XQuery’s type system.
This yields 7,,. The type of chi ldren(w) on line 2 is then 7,
however, it is not clear what this dimension annotation means. To
add clarity, we rewrite it as shown in Figure 5. We can now find
the unit type to which x gets assigned as 7, and consequently the
body of the inner For expression on line 3 is typed as 72,. We
then go back up and compose the type 72, with *r. When going up
again to find the type of the For expression on line 1, we compose
the type of the nested For expression with *m. The result is 7/ (for
clarity, the constraints have been simplified, so r is not shown).

Unfortunately, all we know about p’s value is that it is confined
to a given range. When the for expression on line 4 is typed, the
result will also be a starred type whose dimension is confined to
the same range. Knowing that two numbers are in the same range is
usually not sufficient to relate the two numbers in any concrete way,
such as describing one as a function of the other. Consequently,
knowing that two dimensions are in the same range would not help
in any of the examples discussed earlier, so we are not interested in
constraints that simply confine dimensions to ranges.

The second approach to typing the for expression is the one
taken in [8]: find a type for the body of a for expression for every
named unit type in 7; and combine them based on the type struc-
ture of 71. Given the annotation for 7, in Figure 4b, the type of
children(root) is again 1, as shown in Figure 5. Because the
number of children (n;) may be different for each of the m lev1’s,
the first unique unit type here is 7., , as shown in Figure 6. The sec-
ond is 7,, the third is 7.4, and so on. Trying to infer a type for the
for expression by inferring a type for ez based on 7w, , Tuy, Tus,
..., iIs cumbersome and requires complicated symbolic reasoning
about summations such as >~ | n;.

Why cannot we get precise dimension information through pre-
cise source type annotations? When a type element in a tree type
has a Kleene star (e.g., levl” in Figure 3), its children in the type
tree (eg., le’u2*) represent uniformly all lists of child elements
of the starred element in an actual document. Adding precise di-
mension annotations to Kleene starred elements (e.g., lev2*”7~’) of
the input type distinguishes within the type tree the concrete lists
that the Kleene starred element represents. After distinctions have
been added to the input type, either the type system “factors out”

the distinctions, resulting in a loss of precision (as shown in Fig-
ure 5), or in addressing the distinctions directly, the type system
faces increased complexity (as shown in Figure 6). In this paper,
we present an approach to overcome problems with these two at-
tempted methods. Next we briefly discuss our approach.

1.2 Our Approach

In XQuery, there is no mechanism to access the elements in a
list non-uniformly. For example, it is impossible to remove the
first element from a given list. We take advantage of this in our
analysis. The key insight of our approach is that the elements of
a list are treated uniformly, both in the type and in the program,
so the only information we need is the total number of elements
in a concrete tree represented by an element (or more precisely, by
a path) in the type tree. We annotate the source type as shown in
Figure 4c. The annotation n on lev2 in Figure 4c denotes the total
number of lev2 elements in the input document that have as par-
ent a levl element and as grandparent a root element. Note the
difference between this annotation and a dimension: the elements
may not all have a common parent. For an alternating sequence
of For and case expressions that have the same semantics as the
path /root/levl/lev2, the body of the innermost case will get
executed n times. Consequently our type system multiplies the in-
ferred dimension of the body of the innermost case expression by
n to find the dimension of the outermost For expression.

Because our annotations do not introduce distinctions into 7,
we avoid the trouble shown in Figure 6. We therefore leverage the
more powerful second approach to typing the for expression in
our type system. The union operation used in the first approach,
which XQuery’s type system uses, loses information whenever an
element type has more than one child type and so cannot achieve
the precision necessary to infer dimensional relationships.

Conditional expressions are often used to select certain elements
of a list and pass over others, so they influence the dimensions
of output types. A solution that leads to dimensions confined to
ranges has the same problems as discussed in Section 1.1, but un-
less all parts of the boolean expression are static, we cannot deter-
mine statically which branch of the conditional will be executed.
To address this we use pair types. Like conditional types [1], pair
types preserve the relationship between the types of the branches
of conditional expressions and true and false evaluations of
the boolean expression. We relate the dimension of a pair type to
the dimensions of the conditional expression’s true and false
branches as well as to the identity of the boolean condition. If, in a
post-processing phase, two boolean conditions can be found to be
equivalent, then it becomes possible to relate the dimensions of the
corresponding conditional expressions.

1.3 The Organization of This Paper

The rest of this paper is organized as follows: We describe for-
mally in Section 2.1 the subset of XQuery we use, and give its oper-
ational semantics in Section 2.2. In Sections 3.1 and 3.2, we present
our type system, discussing its type language and type rules. We
state a soundness theorem for our type system in Section 3.3. Fi-
nally, Section 4 surveys related work, and Section 5 concludes.

2. THE SOURCE LANGUAGE

In this section, we formally define the subset of XQuery that we
consider by giving its syntax and operational semantics.
2.1 Syntax

Figure 7 gives the syntax of the subset of XQuery that we con-
sider in this paper. In practice, XQuery programs are evaluated
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Figure 8: Operational semantics.

tag a

variable x

integer Cing w=---|—1]0]1]---

string cgr =" Mat | b "aa"

boolean  c¢pgq ::= False | true

constant N = Cint | cstr | Cpool

operator op = + | -] and |or | = | < | ---

expression e :=n scalar constant
x variable
ale] element
e , e sequence

if ¢ then e else e conditional
local binding
iteration

let z = e do e

for =z in e do e

case e of z:p => e
|  => e end case

plus, equal, ...

children

element

wildcard

scalar

scalar constant

[d] element

sequence

)} empty sequence

|
|
|
| O empty sequence
|
|
|
|

| e ope
| children(e)
pattern p =a

data d =

Figure 7: Subset of XQuery that we consider.

by first translating them into a fully expressive subset of the lan-
guage known as the XQuery Core. The language we consider here
follows the pattern of XQuery Core with a few omissions for a sim-
pler presentation. Most conspicuously absent is the path expression
(shown in Figure 1 on lines 3 and 5). As mentioned in Section 1.1,
path expressions need not be included because their semantics can
be achieved with nested for and case expressions. Beyond that,
our subset of XQuery does not include, for example, sorting, ex-
plicit type casts, functions, and modules. We do not expect much
difficulty in extending our technique to cover these language con-
structs.

Note that the case expression matches a value against a p, de-
fined by the “pattern” derivation. Also, as shown by the “data”

derivation, we denote XML elements as tag[...] rather than
<tag>...</tag> to simplify notation.

2.2 Dynamic Semantics

An expression e evaluates according to the operational semantics
given in Figure 8. Syntactically, the environment E is defined as:

E:=0|Ev{x — v}
and E maps a variable, z, to a value, v:
E:Var — Val
The mapping operates according to the following rules:

EWw{z—v}) = v ifz =2
E(z') otherwise

Values are defined as data in Figure 7. E + e | v is read: expres-
sion e evaluates to value v when the variables in e have the values
defined in environment E.

The first two rows of Figure 8 are straightforward. The data
model given in Figure 7 shows scalars, elements, and sequences
as being data in addition to being valid XQuery expressions. Unit
values (i.e., elements and scalars) are specified by « as opposed to
v, as in [EQ]. The [LET] rule assigns to = in ez the value to which
e1 evaluates. In the next row, rules [ConD1] and [COND2] show
that the branch of the conditional expression that gets evaluated
and returned depends on the value of the boolean expression. The
[CAsE] rules make use of a Dom() function, which tests whether
or not « is in the domain of the pattern p. The value w is in the
domain of p if:

e pisatag, and w is an element whose tag is p; or
e pisawildcard tag (7), and w is an element; or
e pisascalar type, and w is a scalar of type p.

Otherwise, u is not in the domain of p. On the bottom row, [CHILD]
is the dual of [ELT]. Finally, the last two rules show the evaluation
of the For expression. In the first rule, u is the first unit value in
the list. The expression es is evaluated once for each unit value
produced by e; with z bound to each unit value successively.

3. ATYPE SYSTEM FOR DIMENSIONAL
ANALYSIS



tag a
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| Boolean
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Figure 9: Type language.

constraint.  C:=CU<{n =e} constraint on variable
| Cu{n} path
| 0 empty set
expression e :=cC constant
| n variable
| (I'=(m)) maps 7 to annotation
| (e) parentheses
| e+e plus
| exe times
| e/e divide
path mi=T/a tag
| e empty tag

Figure 10: Constraint language.

3.1 Type Language

Figure 9 gives our type language. The “dim type” shows that
either a constant or a variable can be used as a dimensional annota-
tion to a type. The dimensional annotation denotes the number of
unit values that may be matched to the annotated type. The wild-
card unit type, 7], introduced in [8], is defined such that a[7]
is a subtype of T[] for all tags a.

Among the types z, “sequence” is the type of two values in se-
quence. “Choice” is a union type; a value whose type is either of
the choices may match it. We introduce the “pair” type for the pur-
pose of typing conditional statements. Like the choice type, a value
of either of the two types may match it. Unlike the choice type, the
order of the two types is preserved, i.e, (71 | 72) = (72 | 1),
but <71 , 72> # <79, 71>. Because the order is preserved, it is pos-
sible to reason about the types of different conditional expressions
in relation to each other.

Figure 10 shows our constraint language. The purpose of the
constraints is to allow for reasoning about the dimensions of types
in relation to each other. The first kind of constraints therefore as-
signs to a dimension variable equality to an arithmetic expression.
Unique to these expressions is the mapping using the path envi-
ronment I'r. A valid path is a path where the first tag matches
some root-level tag(s) in 7 by being identical to it (them) or is ™,
in which case it matches all root-level tags, and each successive
tag matches in the same way some element(s) in 75 which are chil-
dren of elements matched by the tag’s predecessor. For example,

/root/levl/lev2 and /root/™ /lev2 are both valid paths for 7, as
given in Figure 4. However, if levl in 75 were replaced with =,
then /root/levl/lev2 would not be a valid path even though in a
valid input tree such a sequence may occur. The path is invalid be-
cause our annotations of 7, tell us nothing about how many lev2’s
ina /root/levl/lev2 path there are. If the path = being mapped
by I'x is a valid path in the source type 7s, I'=(m) returns a sum
of constants and variables from the annotated 75 representing the
number of unit values this path includes. If 7 is not a valid path
in 75, I'=() returns a fresh variable. This is equivalent to return-
ing “unknown” because the variable will not appear in any other
constraints.

Constraints may also include a path which is not explicitly re-
lated to anything else in the constraints or types. Such a path re-
mains in the constraint set while the nested for and case expres-
sions that match the semantics of the path as an expression are be-
ing typed. In the last phase of typing that sequence of expressions,
the path will be extracted from the constraint set and mapped with
the I'; environment. The way that the path and I". get connected
in our type inference algorithm is explained through an example in
Section 3.2.3.

3.2 Type Rules

We use a constraint-based formulation of our type rules. The
type judgment I" e : 7,C is read: in environment I", expres-
sion e has type 7, where the dimension variables in I" and 7 are
subject to the constraints C. Type environments are defined by the
following grammar:

o=0|rw{z:7}| I W {for z:7}

where {for z : 7} is used in typing the For expression. A type
environment, I", maps variables and “for” variables to types:

I' : Var — Type

The mapping operates according to the following rules:

'y {z:7}(z") = T ifr =x'
= TI'(z') otherwise
ry {forz:7}(z') = 7 ifr =2

= TI'(z') otherwise

The complete list of type rules is given in Figures 11 and 12. In
these rules, z, u, and 7 are as in Figure 9: z is a type without
a dimensional annotation, « is a unit type without an annotation,
and 7 is a type with an annotation. The particulars of the rules in
Figure 12 will be discussed in Section 3.2.3.

We explain here the typing of the four most interesting expres-
sions to dimension types in increasing order of difficulty. In Sec-
tion 3.2.1, we explain the type rule for sequence expressions, in
which two subexpressions are put in sequence. In Section 3.2.2, we
explain the type rule plus pre- and post-processing for condition-
als. In Section 3.2.3, we explain the typing of the For expression,
which is the most involved because it is the expression responsible
for producing subtrees of unknown size. In Section 3.2.4, we ex-
plain the case expression, which is often used with for and can
be typed more precisely than normal conditional expressions.

3.2.1 Sequence Expressions
The type rule for sequence expressions is as follows:

7'1:2:?]1 ’7’2:2’2’h
I'tei:m, C I''Fes:m, Cq

I'tFer,ez: (m,2)", Ct U Ca U {n=my +ma}
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Figure 11: Type rules except the rules for the for expression.
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CCUGU{n=m +m} I'w {forz:7}Fex:7/, C
rw{forz:m}trer:r, C re{forz:m}re:()0 C
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'y {forz:mlrer:7), G FL‘G'{fOTxITz]/"‘ezl@
7—1’:z§n1 Th = 2 —3Ir. e Cy2 IrmeC 7' #0 [FORIT4]
{n=bxri+nothxra} [FoRP] rwi{forz:vtkex:7, C
’
FErJ{form:<T1,TQ>n}F62:<T{,T£>n, . .
CtUC U {n=bxri+nothbxra} Fgwféfror.x.nk}l—e.z.lﬂ)c
U {n"=bxm + notb xm} {3 zég},e;éf’
T. T T
: —[FORII5]
'y {forz:7}kex:7, C e {forz:ritey:7, C
=M 7 = —37. C
TEE T =4 ™7 €~ [FoRR] P fforairjbe:r,C InmeC e

Iy {forz:m"}Feg: 7 5N,
{ni=(Mn/mxm} UC

'y {forz:(m)"}Fex:7, C

Figure 12: Type rules for the for expression.



This rule is straightforward: the number of XML elements pro-
duced by the sequence expression as a whole is the sum of the
numbers of XML elements produced by its subexpressions. The
rule adds the constraint that n, the dimension of the sequence ex-
pression, is equal to the sum of the dimensions of the subexpres-
sions, namely m; + mo.

3.2.2 Conditional Expressions

Our type system allows the true and fal se branches of a con-
ditional expression to have different types. The type of the condi-
tional expression in most type systems is a choice type composed
of the types of the branches: (71|72). The loss of precision from
this approach poses a problem: we can determine that the value
of the dimension variable for the conditional expression is within
the range of the dimensions of its branches, but we can no longer
conclude that two dimensions are equal. We address this problem
by means of a pair type, introduced in Section 3.1, plus some post-
processing to relate pair types.

Our type rule for conditional expressions is as follows:

I' Fe,:Boolean!, C,
I' ey :m, Cy I' Fex:m, Co
=z To= 2oM2 if.label =b
I' Fif e, then e; else ey :<rm,n>",
C, UCi UCy U {n=bxn;+ notb xny}

A pre-processing phase labels each conditional expression with a
unique label. The hypothesis “iF.label = b” extracts that la-
bel for use in the constraints. The variables b and notb in the
conclusion cannot simply be fresh variables because in the post-
processing it is necessary to relate the variables to the conditional
expression that produces them.

This rule adds a constraint which equates n, the dimension of the
pair type, to an expression which includes b and notb. Intuitively
these can be thought of as representing the number of times ey, is
true and the number of times it is false across all executions of
the conditional expression in one run of the program. During type
inference, these are considered unbound variables.

The variables b and notb become useful when constraints are
added during the post-processing phase that declares them to be
equal to another pair of variables, b’ and notb’, respectively. The
post-processing adds these constraints as it puts the boolean expres-
sions (ep), which these variables name, into equivalence classes.
Here are the sufficient conditions for putting two boolean expres-
sions into one equivalence class: First, for any input, there exists
a bijective mapping from the true evaluations of one boolean ex-
pression to the true evaluations of the other, and similarly with
false evaluations. Note that this condition ignores order. Second,
if the conditional expressions do occur in the context of iteration,
they must both be at the top of that context. For example, a path
followed by a conditional fits these criteria.

Our formulation of the post-processing finds syntactically equiv-
alent boolean expressions that have equivalently bound variables
and that get executed the same number of times. We first determine
which variables are equivalently bound by finding the congruence
closure [12] of the variables used in all boolean expressions. How-
ever, all variable bindings are not the same. Figure 13 introduces
the For expression, which changes its variable’s binding on each
iteration. The static binding must indicate this to avoid confusion
with Iet and case bindings. We denote the binding of variables
from For expressions using the keyword for. For example, in
Figure 13, x is bound to for /book/~, where ~ is a wildcard
that matches any tag, and x1 is bound to for /book/title.
Leaving off the For in the binding would denote the whole list/tree

7, = Book = book[ author[ Str ]+,
title[ str ],
subtitle[ Str ]7?,
isbn[ Int ] ]
let bookO : Book
for x in children(bookQ) do
case x of
x1l:title => x1
x2 =>
end
=0+, title[ Str 1, O?, O
= title[ str ]

Figure 13: The inferred type for the for expression.

at once rather than one element at a time.

Next, we establish a criterion for saying a boolean expression
can be known to get executed the same number of times as another
boolean expression. If a boolean expression does not meet this cri-
terion, we do not consider it further. The criterion is as follows: In
order for a variable in a boolean expression (or anywhere else) to
have a for binding, it must be in the context of a for expression.
We say that a boolean expression is in its minimum iteration context
if it is nested within the fewest For expressions possible given its
variables’ bindings. If a boolean expression is in its minimum it-
eration context, we can guarantee that another boolean expression,
whose variables are bound equivalently and which is in its mini-
mum iteration context, gets executed the same number of times. If
a boolean expression is in the context of more iterations than re-
quired by its variables’ bindings, we do not consider it further.

The boolean expressions that remain eligible for equivalence are
finally tested for simple structural equivalence, such that variables
at corresponding positions must have equivalent bindings. The
equivalence classes of structurally equivalent boolean expressions
are joined. A more sophisticated analysis could find more equiva-
lences, but since that is not the focus of this work, we do not pursue
it further.

3.2.3 Repetition Expressions

The For expression is the principle mechanism for producing
lists of unspecified length, and is the most involved to type.

In [8], a technique for typing the For expression is introduced,
in which a type for es is found once for each unique unit type in
71 (e1’s type), and those types are composed according to the type
structure of ;. Before going into detail about our type rules for the
For expression, we review the main idea of that technique. Con-
sider the source type and program in Figure 13. The type Book has
a root with tag book, which has some children. Those children are
one or more authors, a title, an optional subtitle, and an
isbn number. Each of those tags has a scalar child. The variable
booka is an instance of Book. The program iterates over the chil-
dren of bookO, and, in the case when the current child isa title,
it outputs the child; otherwise it outputs an empty sequence.

The expression chi Idren(bookO) has four unique unit types,
S0 we type the case expression (e2) with each of the unit types
successively bound to the iteration variable x:

e when X has type author[Str], ez has type Q;

e when x has type title[Str], e; hastype title[Str];
e when X has type subtitle[Str], e has type ();

e when X has type isbn[ Int], e has type Q).
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Figure 15: The input type tree annotated.

7. = Catalog = catalog[ Book™ ]

let cat0 : Catalog

1 titles[ for win children(cat0) do
2 case w of

3 wl: book =>

4 for x in children(wl) do
5 case x of

6 xl:title => x1

7 x2 => ()

8 end

9 w2 => ()

10 end ],

11 isbns[ for y in children(cat0) do
12 case y of
13 y1l: book =>

14 for z in children(yl) do
15 case z of

16 z1:isbn => z1

17 z2 => ()

18 end

19 y2 => ()

20 end ]

Figure 14: A program that makes a list of all titles followed by
all ISBNs from a catalog.

When we replace each of these unit types in 7 with the corre-
sponding inferred types for e2, we get 7, as shown in Figure 13.
After doing some simplification to get rid of the empty sequence
types, we get 7’ = title[Str]. This is accomplished by means
of auxiliary rules, similar to the auxiliary rules in our type system.

Figure 14 shows a program fragment that we will use as an ex-
ample for explaining our treatment of the for expression. The type
Book is as defined in Figure 13. The sequences of nested for and
case expressions have the same semantics as the paths in Figure 1,
so with the exception of the missing outermost doc element, Fig-
ure 14 has the same semantics as Figure 1. Because each book
has exactly one title and one isbn, we expect titles and
isbns to have the same number of children.

Source Type Annotation If two expressions must produce lists
of the same length, unless the output is constant and static, it is
because the expressions are related in the same way to the input
type. More specifically, they both iterate over input-tree-paths of
equal size, and they both output the same number of unit values per
iteration. In order to follow this intuition, we annotate the source
type in a pre-processing phase. The source type pre-processing is a
top-down, breadth-first process. Our goal is to annotate each path
with the number of unit values found by following that path in the
input tree. If two paths specify the same number of unit values,
their annotations should be the same. Figure 15 shows the input

type as a tree before and after the annotation. Consider the type
trees as having levels, and the trees in Figure 15 are drawn such
that the levels are distinguished by height with the first level on
top. When level 4 has been annotated, we annotate level i + 1 as
follows: For the elements a at the end of path 7/a annotated with
n, if all have exactly ;5 children that match a pattern p, then all
such children are annotated with jxn (or simply n if j is 1). If
this relationship does not hold, then the children matching pattern
p are given a fresh annotation. In Figure 15, book has exactly one
child title, so title receives the same annotation as book. The
number of author’s each book has is not specified, so author
receives a fresh annotation.

These annotations are not dimension annotations. However, the
annotations on the inferred type are dimension annotations. This
creates an input/output incongruity. Indeed, we would like to avoid
such incongruities since an intermediate result within an XQuery
program may become the input to another part of the same pro-
gram. However, we have argued in Section 1.1 that basing infer-
ences on the number of unit values in a source path enables a natural
type-based analysis. Additionally, while input type tree annotation
according to paths is top-down and breadth-first, type inference is
bottom-up and modular, so traditional type systems are not well-
suited to the task of annotating inferred results according to paths.
Consequently, this incongruity, though not desirable, is by design.
In the case of output based on intermediate results, we do not risk
unsoundness because expressions that iterate over intermediate re-
sults will not be annotated (by the program annotation in the next
section), so some information will not propagate through.

Program Annotation Next, a pre-processing phase on the pro-
gram is executed. The purpose of this pre-processing is to find and
annotate iteration expressions that can be related directly back to
7s. Our formulation of the pre-processing finds nested for and
case expressions which have the same structure as could be pro-
duced by the translation of a path into XQuery Core. Figure 16
gives the algorithm for this pre-processing. It is called by pass-
ing to it the root of the abstract syntax tree of the given program.
In Figure 14, this structure appears twice: first in lines 1 through
10 and then again in lines 11 through 20. The first half corre-
sponds to the path /books/book/title and the second half
corresponds to /books/book/isbn. The pre-processing auto-
matically adds annotations to the program that will be used by the
type system to infer sizes that can be related to each other. For each
path found, the for at the start is labeled start, and the iteration
variable at the end is labeled with the path . For the program in
Figure 14, the For’son lines 1 and 11 are labeled start, X on line
4 is labeled /books/book/title, and z on line 14 is labeled
/books/book/isbn.

Typing Repetition Expressions Figure 12 gives the full list of
rules and auxiliary rules for typing the for expression. The rules
[FoRr] and [FoORII] type For expressions, and the rest are auxil-
iary rules. When one of the hypotheses includes a type assignment



FINDPATH(node n)
1 ifn.type = for and n.child[l] = root
then ¢2 «— n.child[2]
n.label — start
if c2.type = for
and c2.child[1].type = children
and c2.child[1].child|0] = n.child[0]
then FOLLOWPATH(c2, €)
else n.child[0].label — /
else for each n' in children(n)
do FINDPATH(n')

QWO ~NOOTEWN

[EEN

FOLLOWPATH(node n, path p)
c2 «— n.child[2]
if c2.type = case
then d3 «— ¢2.child[3]
else n.child[0].label — p/~
return
if n.child[0].name = c2.child[0].name
then p «— p/c2.child[2].name
else n.child[0].label — p/~
return
10 if d3.type = for and c2.child[5].type = O
11 thenel « d3.child[l]
12 else n.child[0].label — p
13 return
14 if el.type = children
15 and el.child[0].name = c2.child[1].name
16 then FOLLOWPATH(d3, p)
17 else n.child[0].label — p
18 return

O©COoO~NO O WNPE

Figure 16: Pre-processing on program: label the sequence of
For expressions that follow a path through the input tree with
the path followed. The For expression has the form (for =z
in e; do e2), so syntax tree nodes of type for have 3 chil-
dren: z, e1, and e2. The case expression has the form (case
e of z1:p => e1 | z2 => e2), 50 case nodes have 6 chil-
dren: e, z1, p, e1, T2, and es.

of the form {for z :7}, the auxiliary rules resolve the type of the
expression in that hypothesis. The hypothesis “for.label =

in the hypotheses of [FOR] and [FORII] refers to the result of
program annotation from last paragraph: if the for expression is
the first expression in a sequence that represents a path, it is la-
beled start; otherwise it has no label. The same is true of the
“r.label = ...” in [FORU] and [FORIIU]: if the For expression
is the last For expression in a sequence that represents a path, the
iteration variable is labeled with the path it represents; otherwise
it has no label. In the rules [FORII1] through [FORII5], 7 can be
instantiated to (71,72), (71]72), or <71,72>. The hypothesis
—3r. m € Cy,2 in [FORS] through [FORP] means that there exists
no path constraints in the constraint sets of the preceding hypothe-
ses. Conversely, in [FORII1] through [FORII5], 37. 7 € C means
there is a path constraint in the constraint set C.

We will now explain these rules using the example program in
Figure 14. Figure 17 shows the type derivation for the For expres-
sion on lines 1-10 of Figure 14. The expressions, environments,
and types named in the derivation are shown directly below the
derivation tree. The type 75 is the source type, the path = is the
path this expression iterates over, 7’ is the inferred type, and e, is
the For expression on lines 1-10.

The x on line 5 of Figure 14 iterates over the values represented
by the type of the children of book (the type tree drawn in Fig-
ure 15 shows this type as author[...]", title[.. .]l. o)
The derivation labeled ‘0’ is the root of the uses of auxiliary rules
for the For expression to decompose this type according to its
structure. The derivation branches on the left decompose the first
half (author™, title!, or equivalently author!, author”
titlel) and the branches on the right decompose the rest (ab-
breviated with ). We illustrate the use of the rule [FORITIU]
with the derivation labeled ‘0’. This derivation determines the
type for the body of the inner for expression when x has type
title[String']. Asdetermined by the [CASE] rule, the case
expression has type title[String®]!. It may seem surprising
that 0 says that when x has the unit type title and the case
expressmn has the same type the body of the For expression is
7 =title[Stri ngl] . Although the data produced by the
case expression will always fall into type 7/, 7’ is less precise
than it could be. However, notice that both 7" and 7 are propagated
down from O to the root of the derivation tree. As the root of the
tree, they are linked together with the constraint r = 1 x 'z ().
This constraint is valid because the number of unit values produced
across all iterations of the outer For expression over a path equals
the number produced in one iteration (1) times the number of iter-
ations. In the intermediate stages of the derivation, it may not be
possible to say precisely how many elements are produced by the
particular sub-expression being typed, so we say “there is an un-
known number” by leaving r unbound until the derivation of the
outermost For expression.

The derivation immediately below 0, using the rule [FORII3],
decomposes a sequence type (7s24). It may seem that the two types
of ea, from the hypotheses should be sequenced as the type of ez
in the conclusion. However, the goal is to carry the type derived
from O to the root, so that type goes into the conclusion, and the
()0 gets ignored. Similarly, the derivation using the rule [FORIIR]
right above the root derivation decomposes a starred type. The type
of ez, in the conclusion is not a starred version of the type of ez, in
the hypothesis; it is the same type. Even though a starred version of
the type would be semantically equivalent, the rule [FORII] grabs
the dimension variable that is nested within the outermost star as
the number of unit values produced in a single iteration. If another
star were added, the dimension variable nested below the outermost
star would be an unbound variable, and the constraint produced by
[ForII] would not constrain the dimension of 7’ at all.

The remainder of the auxiliary rules ([FORN] through [FORR])
follow the pattern of the auxiliary rules given in [8] with the excep-
tion of [FORP], since the type system in [8] does not include a pair
type. The structure of a type derivation tree using these rules would
be identical to the structure of one using the rules [FORIIn] (see,
for example, Figure 17). Unlike the rules [FORIIn], these auxiliary
rules do reconstruct the structure of the type they decompose. For
example, the type inferred using [FORS] would be the sequence of
the types in [FORS]’s hypotheses.

3.24 CaseExpressions

The type rule [CASE] relies on a split function. In Section 2.2
the semantics of matching a value against a pattern was given. The
split function follows that semantics in a type setting: split? (1) =
(ut|7") such that if all values of type 7 match pattern B wl =7
and 7" = @; and if no values of type ~ match pattern p, u~ = 0 and
7/ = 1. The complete rules for split are given in Figure 18.

The [CASE] rule produces a choice type with an unbound di-
mension variable. However, the unbound dimension variable does
not prevent dimension inference because in all cases but one, either
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— VAR ) VAR o NIt
T'g -z 1o (0lauthor) = split'**'® (author) I'; - z1: 0 I'st():()

CASE
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x.label = 7
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FORIIR
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CASE
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FORII
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ca=FOr w in ei, do ez r.=catalog[ 7 1% ' =title[String']*"
- M * -
e1a = children(cat0) Te1 = Ts1a 7 = /catalog/book/title
ez, =case w of wl:book => ¢, | w2 => () end Ts1a = DOOK[ Te2 ]1
ep = for x €1y do €2p Teo = (7'52a,7'32b)p
e1p =children(wl) Tera = (Tsze T )é
ez =case x of xl:title => x1 | x2 => () end =7 2's2e»'s2dg
[v) = {CatO-T } Ts2c = (7—329 5 Ts2g )
; e = author[String']*
Iy = ToW {W:Ts1,} Ts2g = authorf[ ring }
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Iy =134 {Xl:TSQd} 7 =1 {Xl:@} TSQE:<SUthtIe[St|{I?g ] s() >
I's = I {x2:0} I's = T'sW {X2:7524} Ts25 = isbn[Integer]

Figure 17: Type derivation for lines 1-10 of Figure 14.
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split®(s) =all] | s
split®(a[t]) =alr] |0
split®(a’[r])  =all]|a'[r] ifa#d
split®(T[r])  =alr] |77
split® (71 | 2) =alr | ) where
| (" |72)  alr] |7 = split*(r:)
split*<Ti, 12> = a1} | 7] where
| <, 79 a[r{] | 7' = split®(r;)
split®(0) =al0] |0
split_(s) ="0] | s
split_(a[r]) =770
split_("[r])  ="1r]10
split (11| 2) =[] | 73] where _
~ | (' |72)  Tlr] = split (7i)
split <T1,72>="[11 | 73] where _
_ | <rllrt> ) 7t = split (r)
split (0) ="10] |0
split®(s") =s"|0 ifs' =s
split*(afr]) =0 alr]
split®(T[r])  =0|"7]
split® (11 | 72) = (s1] s2) where
| (11| 73) si | T = split®(m;)
split® <, 2> = <s1, 82> where
| <t1,75>  8; |7 = split*(m;)
split®(0) =010

Figure 18: Rules for the split function.

ut= 0 or 7 = 0. That one exception occurs when the variable
has type ™ and the pattern is a tag: some values will match the pat-
tern and some will not. In this case our analysis is unable to infer
dimensional relationships for this expression. However, such a con-
struct leads to an invalid path, for which our input type annotations
will not help. By refining the definition of a “valid path” and the
input type annotations, we can have a more precise analysis. The
inferred type in the hypothesis that has a variable of type ( in its en-
vironment drops out from the inferred type in the conclusion. The
remaining type has the same constraints as it has in the hypothesis.

3.3 Type Soundness

In this section, we state a soundness theorem for our type system.
The proof of the theorem is through subject reduction, following
the style of Wright and Felleisen [24].

THEOREM 1 (SUBJECT REDUCTION). Given the predicates
provided by the pre- and post-processing, we have:
If I'te:7,Cand Etelv then I' Fv:7,C.

The full proof of this theorem is given in Appendix C. This
theorem relies on a few lemmas. The first is a substitution lemma,
which is needed to prove soundness for the expressions that bind
variables, namely for, case, and let:

LEMMA 1.1 (SuBsTITUTION). If I'kwv:7,C and
rw{z:7}re:7,C then 'rev/x]:7",CUC".

The second lemma is the case lemma. Because the case ex-
pression relies on the split function, it is necessary to prove that
the split function conservatively matches the semantics of the case
expression. This proof is also by structural induction, but because

11

the case expression only operates on unit values, the inductive
hypothesis is only used when 7 is a pair or choice type.

LEMMA 1.2 (CASE). Assume I'Fwv:7,C and
split?(7) = w't|7'. If v € Dom(p) then '+ v : u't, C,
andif v ¢ Dom(p) then I'-v: 7', C.

4. RELATED WORK

In this section, we survey some closely related work.

4.1 Automata-based Techniques

In [18], six ways of representing XML types (including schemas)
are classified based on their expressiveness. The types we work
with here are regular expression tree types, which are at least as
expressive as the six in [18]. In addition, we add dimensional in-
formation.

The asymptotic complexity of type checking XML transforma-
tion programs, modeled as top-down uniform tree transducers, is
studied in [15, 19]. By varying certain parameters, the type check-
ing problems range from polynomial-time complexity to exponential-
time complexity.

Perhaps the most significant automata-based work on XML type
checking is [17]. It uses a generalization of traditional top-down
regular tree transducers called k-pebble tree transducers to demon-
strate the decidability of type checking for the broad range of que-
ries that can be expressed by these automata. This technique was
applied to a subset of XSLT in [22] for backward type inference.
However, adding dimensions to types can lead to non-regular or
even non-context-free languages and make type checking undecid-
able, so automata-based techniques may not be well-suited for our
purposes.

4.2 Type System-based Techniques

In contrast to the previous automata-based approaches, XQuery
relies on a language-based technique, namely that of a type system,
to accomplish XML type checking [3]. XQuery’s type system as-
signs a type to each expression, such that the XML data created by
that expression conforms to the expression’s type.

The most interesting part of the XQuery language in terms of
types is the for expression. The For expression has the form
(For z in e; do e»), and its operational semantics are essen-
tially the same as the semantics in Section 2.2. XQuery’s type sys-
tem types the For expression by finding ; as the type for e1, and
then assigning the union of the unit types in 71 to = in the typing
of e2. This method of typing the For expression has the advantage
that e2 must be typed only once, but it has the disadvantage that the
inferred type is somewhat imprecise. For example, XQuery’s type
system would infer 7' = title[Str]™* for the program in Fig-
ure 13. Another type system proposed for XQuery introduced the
use of auxiliary rules to type For expressions more precisely [8].
We adopt this approach in our type system. They would infer 7/ =
title[Str] for the program in Figure 13. However, they do not
attempt to infer any dimension information beyond what the regular
type constructors (e.g., *, ?) clearly imply.

Other work on XML type checking is aimed at integrating XML
into general-purpose programming languages. In [14], the general-
purpose language used is Java, and the work relies on JWIG [5], an
extension of Java. XOBE [13] is also an extension of Java with a
similar goal, but it is different from [14] in that XML trees in XOBE
can only be constructed bottom-up, as opposed to allowing named
gaps that can be filled in any order. Castor [10] and JAXB [16] use
Java to generate an object model of XML documents from XML



schema. This allows for a higher level of abstraction than working
with the document’s tree structure directly.

4.3 Size Analysis

We view size analysis as seeking to make claims about the sizes
of data structure and other closely-related aspects of programs. The
study of size analysis can be seen as starting with the inference
of linear constraints for imperative languages [6]. This abstract
interpretation-based approach inferred linear relationships among
variables without the aid of programmer-provided inductive asser-
tions or human interaction. This topic has significance to logic pro-
gramming in the sense that inferring bounds on argument sizes can
ensure termination [20].

Type-based size analyses relate more closely to our work. One
such analysis uses dependent types [25, 26]. They use parameter-
ized types to infer lengths of lists. The parameters can be con-
strained with linear equalities and inequalities to determine size
relationships. Unlike our type system, theirs requires user anno-
tations. Hughes, Pareto, and Sabry type check recursive data struc-
tures with size information in the context of a lazy functional lan-
guage [11]. Chin and Khoo build on this approach by inferring
sizes for recursive functions in the context of strict functional lan-
guages [4]. They define the size of a function as both a relation
between input and output parameters, and invariants of input pa-
rameters across recursive calls. They infer sizes in terms of array
lengths, tree heights, and integer values. All of these previous ap-
proaches only infer flat sizes; even when sizes for trees are inferred,
it is in terms of their one-dimensional height. We infer sizes for the
richer tree structure and take into account the levels of the subtrees.

5. CONCLUSIONS AND FUTURE WORK

In this paper we have presented a type system for XQuery to in-
fer dimensional relationships within the output type. Our approach
relies on annotating paths in the input type as opposed to dimen-
sions on types directly. Because the dimensional relationships are
based on a connection between the program and the source type,
the programmer could annotate the source type with dimensional
relationships known to hold across all input documents. Such rela-
tionships would then propagate through to the inferred output type.

There are a few possible directions for future work. In this work
we have not considered functions or recursive types. However, we
expect that our technique could be extended to include these lan-
guage constructs. In the case of functions, for better precision, we
would need a context-sensitive analysis. Precise handling of recur-
sive functions seems challenging, but ideas based on context-free
language reachability may be applied. The challenge with recursive
types lies in proper source type annotation. We believe this could
be accomplished by annotating the states of the finite automaton
that represents a recursive type. Finally, it would be interesting to
implement our analysis to gain some practical experiences.
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APPENDIX
A. SOME RULES TO MATCH DATA TO TYPES

dT Fd s
Frep Fd,d :7m«"

TREPO F 0y s

Fer Fd: 2™ Fd 2™
SEQ ™ g, dr: (M, o )rie

B. SOME SUBSUMPTION RULES

ScHet = 11 <: (11]72)"
ScHez = T2 <: (11]72)"
Spr1 71 <: <7'1,7'2>n
Spro i T2 <: <71, T2>"

Scrcq = 2 = (22N
ST <M ATR<ITI = T1=T
S (0%,2M" = (" 09" = 2"
Snrep = (00 = (00"

SURep :: T <: (T)*n

Screp == (r]7)™ <: ()"

Ssrep i (T, T)m<: (T)*n
Srrep (1), {m = f} <t (7)«"
Srst i+ (1) M= ()™

Swrep 2= (M, {n = m}

SemTt =T, 0 =0, 7=171

13



C. PROOF OF SOUNDNESS

We prove soundness by induction on e | v. We wantto prove that (I" e : 7 A E ke | €) = I ke : 7. We will call this
proposition IHggN, and it will be the induction hypothesis for the judgments “above the line.”
Paths take the form = = /root/a./ . . . /a,,. Preprocessing predicates:
predl:
H[H'[for z, in e; do ex]] A z,.label = 7 <
H[for z; in e’ do H”[e2]] A For.label = start <
H[ for z; in children(root) do
case z; of:
$1IZa1 =>
for z» in children(z:’) do
case z,-1 of
CCnfll:anfl =>
for z, in children(z,—:") do e:
:I;nfl” => ()
end
mlll :> ()
end ]
A xilabel = fori € [1.n — 1]
Afor z;... < for.label = fori € [2..n]

pred2: the 1 ¥’s in all conditional expressions are uniquely labeled, and no label begins with “not”

defl: for 7 as defined in predl, let I’x (7) = |s|, where p is as defined inpred2and s = {y | d — = A = € p} = {d | d ininput Ad.name =
a, A... A= (d.parent™).name = root}

In this proof, D is a derivation and £ is an evaluation.

Proof 1. Dirog]
(' w{forz:mi}Fes:m, Cy)
=((I'+ter:m1, CtAE:e1dun
=TI }"[}127’1, Cl)
1: = ((I' Ffor = in e; do ez : 72, by the Forayux lemma
Ci U Co
ANE:for z in e; do ez | v2)
=0 Fvy:m, Ci U Cz))
2: (g {forz:m}ther:m) by Diror]
(F l_eliTl/\EZ€1~U'l)1:>F |_U127'1)
= ((I' Ffor = in e; do ez: 7

3: ANE:for @ in er do es |l vs) by mp with 1.1 and 1.2
=TI Fuvy:m1)
4:1 Fei:m by DiFor]
5:F:e1 by inversion on Dirog
6:I Foui:m by IHgen
(I' Ffor =z in e; do ex: 7 .
7: ANE:for z in e; do ez | v2) f.)z/l,n}_%\,lvg;hdli_sé
=1 Fuvy:To

8:I' -for =z in e; do ex: 7 by DiFor]
9:F:for z In e; do ez | v2 by inversion on Dirog

by mp with 1.7,
10: " Fos:mo 1.8 and 1.9

.". DiFor] Maintains IHgeN

Step 1 uses invokes the Forayx lemma, which is proved in here. The inductive hypothesis for the auxiliary judgments for the for
expression is

(I'w {forz:m}kex:m, Cy)
=((I'ter:m, CGAE:erdvi =T Fvi:m, Cp)
THpaux = = ((I' Hfor z in e; do ez:72, Ci U Cs
ANE :for z in e; do ez | v2)
=1 Fvy:m, Ci U Cz))

14



Proof 2. Diroruj

1:I'ktei:m, Cy by assumption
2:EFeilu by inversion and &[ror)
3:'tu:m, C by IHgey On 2.1 and 2.2
d:u=u, by SniL, FniL,and 2.3
5:EF esu/z] v by inversion and &[For]
6: I Feslu/z]:7, C1 U Cq by sub. lemma and Dirog
7: ' Fv:7, Ci U Co by 2.6
8:EF-for z in () do ex | O by EForn
9:EFfor =z in u do ex Jv by 2.8 and E[For)

.". D[Foru) Maintains IHaux

Proof 3. Dirorn]

1:TFQ: ()" by def. of ()°
(T Fe: (0" AEFeal Q) “_ »
2: =T F():()O bydefof =
. EFeal O

31 L Erfor z in e do e Q by E{Forn]
4. EFeal O by 3.3 and sub. lemma

=FErfor z in Q do el QO

5:I" Ffor z in e; do 622()U

by assumption

Eterldl O
=TI +for z in ) do e :()°

by 3.5 and sub. lemma

(I -for = in ) do es:()°
7: AEFfor z in ) do ex | Q)

by 3.1, 3.4, and 3.6

=TI +Q:(0°
.". DiForn] Maintains IHAux
Proof 4. Dirorg
1: T ke :0 by assumption
I'lFe :0 because no rule

2: = ~(EFfor z in e; do e | v)

exists for this case

.". D[rorg] Maintains IHaux

Proof 5. Dirorg)

(F }‘6127’1, Cl/\Elelblh
=TI Fuvi:7m, C)
= (I ~for z in e; do e;: 7],

1: C, U Cll byD[FORS]
AE:for z in e; do es | v1)
=TI Fvi:7, Ci UCy)
(I' Fer:me, CoANE:e1 v
=1 Fuv:ma, Cy)
5. = (I ~for z in e; do e;: T3, by Dirorsy

Cy U C’g
AE:for z in e; do es | v3)
=TI Fuvy:1y, Co U CY)

3:I'Fey:m, C

by assumption

4:E}_61U,’l)1

by 5.3 and inversion

F}_612T1, Cl/\E}—ellLvl

5: =T tekFmn, C by 5.3, 5.4, and IHgen
I'Fel:mi, Ct UCI A EFe ] .
6 LI ruid, CoucC, asin5.3,5.4,and 5.5
(I' Ffor = in vy do ex:7{, Ci U C}
7: AE:for z in vy do ez | v}) by sub. lemma, 5.1, and 5.5

=TI Fvi:7, Ct UC]
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Proof 5. Dirorg]

(I' Ffor = in vz do ex:75, Co U Cj

8: AE:for z in vy do e | vh) by 5.7
=T Fvy:7m, Co U Ch
Q:v1 = ULy ... »Um by list decomposition
10: 01,92 =U1y ... yUm by 5.9 and list composition
EFfor z in ui,...,um,v2 do e |0V &
v’ = ,v” where
U gy {r —ui} ke u and by &fFor]
EFfor z In us,...,um,v2 dO ez | v”
Suppose that for:. 1 < ¢ <m
ErFfor =z In ui,...,um,v2 dO ez | v/ &
v =ul,...,u;,v" where . .
) g , Inductive hypothesis
12: BEW{z—u}te du, for sequence proof
E W {x—u}Fes | u;and
EFfor = in wit1,...,Un,v2 dO ez | v
EFfor =z In uit1,...,um,v2 dO e v &
v =iy ,v" where
13: E W { w1}k es I ulys and by 5.12 and E[ror]
EFfor = in wii2,...,Un,v2 do ez | 0"
EFfor = in ui,...,um,v2 do ex | v &
o' =, ... ,uig . 0" where induction
, proved
1. FYlemultelu, by 5.11, 5.12,
E W {x — uit1} Fea § ujy; and and 5.13
EFfor z In Uid2 5. o sUm 5 V2 do 62~UUW
Er-for z in ui,...,um,v2 do e v &
v =ul, ... ,ul, ,v" where
15. ez —umphebu, by 5.14
E W {x — un}t e | uy, and
EFfor z in vy do es v
16: 0" =v5 AT Foh:7h, Co U Ch by 5.8 and 5.15
17:4), ... ,u,=vi AT Fvi:7, Cit UC] by 5.7, 5.14, and E[For
180 =0, by 5.15, 5.16, and 5.17
19.F o (r,m), Ci U C] by Diseqp, 5.16,
: UC UC, U{n=m+m} 5.17,and 5.18
.". Dirorg] Maintains IHaux
Proof 6. Dirorc]
1:Fd:m, C=>Fd:(nr)", CUC by FcHe
2.7 < (mi|m)" by def. of subsumption
3:I'kFei:mm AN EFerdwn by assumption
(I"'Fei:m, Ct AN EFer )
4: =1 tFtvi:m, C by 1Haux
(F }_61Z(T1|T1,)n, C1 U Cll
5: /\E|_61U,U1) by62and 6.4
=T Fov :(n|m)", C U Ch
' -for z in e; do es: 7o,
6: Ci U Co byD[FOR]’

ANEFFfor x In e; do ez | v2

inversion and EFor

I' Ffor = In vy do ex: 72,
7: Ci U Co
ANEFTfor z in v; do ez v2

by 6.5 and 6.6

8: ' vy :7m, Ci U Cy

by 6.7 and IHAUX

I' Ffor z in v, do ez : (m2|m)™,

C; UCL UCy UC

ANEFTFfor z in v; do ez v2 A

I Fug:(m2m)™, C U CL U Cy U Ch

©

by 6.2, 6.7, and 6.8
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Proof 6. Dirorcy

_ The same reasoning applies

10'tOF W {forz:m}lke:m

by syntactic substitution

.". Drrorg) Maintains IHaux

Proof 7. Dirorp]

Except that <71, 7o>" £ <73, 71>,

1 : the semantics of <7y, 72>" is

by rule set

equivalent to the semantics of (7 |72)".
(I {forz:<m,>"} Feo: <y, m>" ,
C; UC U{n=bxri+notbxry}
UCl UCy; U {n"=bxm +notbxmy})
= ((F "6127’1, C1 /\E}—ellLvl

2: =TI kv :7, C)

= ((I' Ffor = in e; do ex: 7],
C; U C}
ANE:for z in e; do ez | v2)
=T Fuve:1, Ci UCY)

by 6.9, 6.10, 7.1,
and IHayx on 71

(Ir''w {forz:<m,>"} Feo: <y, m>" ,

Ci UC2 U {n=bxr;+notbx rsa}
UCL UC,; U {n =bxm +nothxm})
=((I'kFer:72, CoANE:e1n

3: =T Fu 1, C)

= ((I' Ffor z in e; do ex: 73,
Cy U Cj
ANE:for z in e; do ez | v2)
=T Fuvy:my, Co U CH))

asin7.2on s

forevery EFei vt AT For:m

4:thereisa E+-For z in e; do ez | v

by 7.2 and 7.3

suchthat I' Fuvg : 7/
(Ir''w {forz:<m,m>"} Feo: <y, m>" ,
Ci UCz U {n=bxm+nothbxm} (=C)
U {n"=bxm] +nothxmy} (=C))
= ((I" Fer: <, >"ANE:e Jv =

5: I FU12<7'277'2>n, C, UCy U

{n=bxri=notb xry})
= (I -for z in e; do ex: 7], C}
ANE:for z in e; do ez | v2)
=T Fuv:1, C}))

by 7.4,7.1, and
post-processing predicates

.". D[Forp] Maintains IHaux

Proof 8. DirorR]

V7. Bd: (r, ")

L = (3di,do. di,dz =dA Fdy T A Fdy ") by Fseq
2:Fdi:TA Fdo:m" =Fdy,dy: by Frep
3:di,do=dA Fdi,do:m =Fd:r by substitution
4:-d:T, 7" =>Fd: T by transitivity: 8.1 = 8.2 = 8.3
5.7, <1 by 8.4 and def. of subsumption
6:Fd: QO =Fd: " by Frerg
7:() <7 by 8.6 and def. of subsumption
Fd: 7+ A-(Fd: .
8: (3, da. d(l 4, L)Zl NbdirA Edy ) by uniqueness of Frep and Frep
9: Qfr,m" < T by Schoice
10: 7" <: ()], " by 8.8 and def. of subsumption
1 = (1,7 () by Seq
12: 7 Fep:m" by assumption
13:T'Fe:() VI Fe:T,7*" by 8.12 and 8.11
4:I"'Fe: () = EFel O by assumption and inversion on e
15:TFe:OAEFel QO =T FQ:() by def. of ()

17




IHauxm =

Proof 8. Dirorr]

16:F'Fe:OANEFellQ =T FQ:7m" by 8.7
17:EFel Q) = EF-for z in e do eal O by E[rorn]
18:FFel Q) = I'bfor = in e do ez: () by Dirorn]

Erfor z in Q do ex | O

19: AT Ffor z in () do e2: () by 8.17, 8.18 and def. of ()
=I+~Q:0
(r F(e(lpz }(_)-;:\E rer (%):df FO: r(1))
= or = 1N 0 e2:Tx
20 : AEFTFor z in O do el O) by 8.7 and 8.19
=T FQ:m")
(I''Fei:7TAE:eidvi=T Foi:7)
= (' Ffor =z In e; do ez : 72
21: ((/\E:fOI’ z iIn ep do ez | v2) byD[FORS]
=T Fuv:T)
227 <:TH by 8.5 and 8.7
(F'Fer:m+" AE:e1dvi =T Fop ")
= ((I' Ffor = in e; do ey : To%"
23: ((/\E:for 2 in e do es | vs) by 8.21 and 8.22
=1 Fuvs: Tg*r)
Suppose that Vv = vy, ..., v1 Where I' Fov; : 7
(F'Fer:T+"AE:erv=1T Fo:m") inductive hypothesis for
24: = ((I' Ffor = in e; do es: Tox' repetition proof with
ANE:for z in e; do ez | v2) 8.20 and 8.23 as base cases
=TI l_UQZTQ*r)
let v = Uppt1,v . ]
25: ere I l—;mﬂ S for inductive step
26: 1 Fo 7" by 8.25 and Frep
I' Efor = In vp,y1 dO e2: 7
27: NEFTfor x in vpyr do ex J vy by 8.23
=T b7
' Ffor x Iin v do e3: To%
28: ANEFTfor z in v do ez | v” by 8.24
=T Fo’ s’
I -for = in v do ez : (r2, 2% )
29: ANEFfor z in ¢ do ezly}vmﬂ,v” by Dirors]
=T Fompr,v" : (12, 72" )
I' Ffor = in v do es: 7%
30: AEFTfor z in v dp ez | vmy1,0” by Frep

=T Fumy1,v" 0%’

.". D[Forr] Maintains IHaux

(I'w {forz:m}rex:m, Co U {m})

:>((F }‘6127’1, Cl/\El—ell)1)1:>F |_U1Z7'1, Cl)
= ((I" -for z in e do ez:72, Ci: U Cy U {7}
ANEFfor z in e; do ez | v2)
=0 Fvy:m, Cit UCy U {71'}))

Proof 9. Dirormy

(IF'w{forz:m}tFe:72, {r} U Cy)
=(I"Fer:7m1, CtAE:e1
=TI Fuvi:7m, C)
1: = ((I' Ffor =z in e; do ez : 72,
{71'} U Ci U Cq
ANE:for z in e; do ez v2)
=1 Fuvgy:Te, {7‘(‘} U C U CQ))

by the IHAuxT lemma

2: (W {forxz:m}Fex:m, {r} U Ca)

by Dirormy
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Proof 9. Dirorm

=((I'Fer:711, CtAE:e1n
=TI }"[}127’1, Cl)
= ((I" Ffor =z in e; do ez: 72,

3: {r} U Ci U Cs by mp with 9.1 and 9.2
ANE:for z in e; do ez | v2)
=T Fuva:m, {7} U Ci U Ca))
4: ' Fe 11, C by Dirormy
5:FE:e1 by inversion on Dirorm
6: ' Fvi:m, C byIHGEN
(' Ffor =z in e; do ez: T2,
7. {r} U Ci U C2 by mp with 9.3,
ANE:for z in e; do ez | v2) 9.4,9.5,and 9.6
=1 Fuv:1o, {ﬂ'} U Ci U Cy

for.label = start = by predl

8 : no output is produced before e5’ y P
- and defl

that iterates over d € s
9: (™", Cy U {r} came from Djgorriy] D[FSZJS]Iq;nednES}Zg
] , , /. m by 9.8, 9.9,
10:EFes v = o 2", C and Dyroruy
11:¢5 | ... once foreachd € s by predl
12: I'x () = |s] by defl
13:0 =01, . 5V () by 9.11 and 9.12
14:T Fo: (™", C UC U {n=mxI(n)} by 9.10 and 9.13
.". D{Formr) Maintains IHgeN
Proof 10. Diroryj

1:I'Fei:m, C by assumption

2:EkFe1u by inversion and £ rog

3:I'Fu:m, C by IHggn on 10.1 and 10.2

4:u=u,Q by Sni L, Fni L, and 10.3

5:FEF esu/z] v by inversion and £rog

6:I Feslu/z]:7, C; U Cy U {7} by sub. lemma and Dyroryj

7:'tv:7, C4 UCy U {r} by 10.6

8:EFTfor z in Q) do ex2 | OO by EForn]

9:FFfor =z in v do ex v by 10.8 and Eror]

.". Dirorup Maintains IHauxm

Proof 11. Diroritug

z.label =1 = Vz'.label = 7’ € es
1: Ifor 2’ in e/’ do ey € es.
2z’ € ey A For.label = start

by preproc. predl

2: for.label = start = {n'} ¢C by DiFortu]
3: {71 écC by 11.1and 11.2
4:T Fep:ul by assumption from Djgormiu)
5:EF e | vy by inversion from Dirormuy)
6:1 Fu,:ut by IHeen
7T EwW{r—ouv.,Fe v by inversion
8:I'w {z:ullFv:2M, C by IHgeN and sub. lemma
9: M < (2M)x" by Surep
10: EFfor z In Q) do e2d O by ElForn
11: EF-for = In e; do ez | o by &Fory, 11.5,11.7, and 11.10
12: 7 FFfor = in e; do ex: 2", C by 11.6, 11.8, and Dyrorriug
13: T Fo: 2™, C by 11.8,11.11, and 11.12
14:T Fo (M, C by 11.9 and 11.13
15:7 ko (G C U {n) By TL1¢ and because

.". D[rortiu] Maintains IHaux1
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Proof 12. Dirormiy
1 {m} was added to both C’s from . by pred1 and
* DiForr1u] ON the same expression uniqueness of D[FOREU]
for z.label = 7
2:7 =M by 12.1 and Dirormiy)
3:1f 7= (710, T16)" ¢
4:(EMEMTTT =M by Ssrep
5: (MM = (M by unbound variable renaming
6:(r,7)"=1,C by 12.2, 12.5, and 12.4
7: 7= (Ta|mp)" :
8: (=M MMM =M by Sscrc
9:(7|-"=7,C by 12.2 and 12.8
10: If 7 = <7yq, 71>
1< EM > =M by Sspr
12: <7, 75" =77, C by 12.2 and 12.11
.". Drrori1y) maintains IHauxm
Proof 13. Dirormiz]
{m} was added to both C’s from . by pred1 and
Lip on the same expression uniqueness of DiForriu]
[FORTIU] P for x.label = 7
2:7 =M by 13.1 and Dirormuy
3:1f7 = (11, Q)" :
4:(EMON) T =M by SsniL
5:(7,0"=+,C by 13.2 and 13.4
6:1f 7= (11.] Q)" :
7 (MO =M by Sscrc
8: MM =(MN by unbound variable renaming
9: (71O =7, C by 13.2, 13.8, and 13.7
10: If 7 = <714, ()U>n :
1:<EM Q%" =M by Sser
12: (M =M™ by unbound variable renaming
13:<7, Q%" =+, C by 13.2, 13.12, and 13.11

.". Dirortrz] Maintains IHauxm

Proof 14. D[FORHS]

1 : This proof exactly follows Proof 13

by type symmetry

.". Dirormr3) Maintains IHauxm

Proof 15. D[FORH4]

1:7 = (MM by 15.0 and Drorriu)
2:1f7 = (714,0)" :

3:(EM ") =M" by Ssemt
4: (70" =1,C by 15.1 and 15.3
5:1f7 = (114|0)" :

6:((zM "0)" =("" by Sschc
(7" =1, C by 15.1 and 15.6
8:If 17 =<7,,0>":

9:<(zM ", 0" =(M" by Sspr
10:<7,9>" =7, C by 15.1 and 15.9

.". Dirortr4] Maintains IHauxm

Proof 16. Dirorits)

1 : This proof exactly follows Proof 15

by type symmetry

.". Drroriis) maintains IHauxt
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Proof 17. DirornR]
/ INFT
1.7 = (") = b ot D
Dirorrir] Maintains IHauxm Yy proot of DirorniR]
2:(0%= (0" by Snrer
3:7/ = (0 = 7' = ()" by 17.2
3%
Yo' ange by DiFormu]
5: (") " = (7)) by Srst
6:7' = ()" by 17.3and 17.5
. Drormir] Maintains THauxt
Proof 18. Dyjnrj
l:gn € Int by def. of types and of Int
.. Dpny) maintains IHgen

Proof 19. Dyyag]
1:{v/z}eE & (' Fv:T & (x:1)eT) by def. of E
2:{v/x} e E & EkFe,, v by def. of £
3:EFx,, v by 19.2
4: T Fo:T by 19.1
.". Dvag] maintains IHGen
Proof 20. Dig. 1
1:EFelv by inversion and £g 1]
2:I'Fov:T by 20.1 and IHggN
3: T Falv]:al7] by 20.2
.". D[gL] maintains IHgeN
Proof 21. Dipyg)
1:Eteiln by inversion and £pLug)
2:T Fu: Intt, C; by 21.1 and IHgen
3:EFea | ve by inversion and £pLug)
4:T Fuy: Inth, Cy by 21.3 and IHgen
5:1 Fup +uvy: Int! by 21.2, 21.4, and def. of apply
.. DrpLug) maintains IHgen

Proof 22. Digq

cEtFer Jur by inversion and £gq)
T Fup:ul, C by 22.1 and IHgen
cEFead us by inversion and &£[gq)

I I—UQ:ul, Co

by 22.3 and IHGEN

g B|wWI N

: I Fvalue-equal (u1, uz) : Boolt

by 22.2, 22.4, and def. of value-equal

.. Dieqp maintains IHgen

Proof 23. Dyseq
1:EF e n by inversion and £jseq)
2: ' Fvi:m, C by IHGen
3:EF exl v by inversion and £seq)
4:1 Fuvz:T2, Co byIHGEN
5:v1=uU1,...,um by Diseq)
6:v2=uU1,...,um byD[sEQ]
T:iv1,U2 = ULy ... ,Um+m by 23.5 and 23.6
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Proof 23. Diseq)

. r Fvl,vg : (7‘1,7’2)”;

8'{n:m1+m2}UC1UC2

by 23.1, 23.3, and 23.7

.". Dyseq) Maintains IHgeN

PI’OOf 24. D[COND]

UCy U C1 U Cy

1:Eteidn by inversion and Ejconpyy
2:I'Fvi:m, C by 24.1 and IHgen
3: label b is unique by pred2
4 :sizes b, notb unique by 24.3 and pred?2

71, Cp <:<m, 1>,
5: {b xmi +notb x my} by 24'2d’ 2.4'4’
UC,U C1 U Cy and opr

T, Co <:<T1,T2> ,
6: {bxm +notb xmy} by proof of 24.5

I' Hif e, then e; else ex: 7, C
7T:-NEFi1f ¢, then e; else ez v
=ItFrtv:7, C

by 24.5 and 24.6

.". Dconp] Maintains IHgen

Proof 25. Dy gr]

2E|_61~UU1

by inversion and &£} er]

kv im, C

by 25.1and IHGEN

Wi {z:m}kFe:m

BlWIN -

by DyLen)

I Fez[’lﬂ/I]ZTQ, Ci U Co

by 25.2, 25.3, and sub. lemma

.. DyLgr) maintains IHGeN

PrOOf 26. D[CASE]

let ((r1, C1 ifu/T #£0) |

result type from

1: , Co if 77 ".c
(7-2_ 7_//2 C//T 7 ¢ )) D[CASE]
2:EFeo v by inversion, case1], and Ercasen)
3: T v :ul,C by IHGeN
o ;o1 by case lemma,
4:v" eDom(p) & I' Fv' :u'",C 26.2, and 26.3
5:7w {z:v YFe:m, CUCy by Dicasg]
6: Fei[v'/xz]: 11, C U Cy by 26.4, 26.5, and sub. lemma
7:I'+v1:71, CU Cy by &case) and IHGen
8:m, CUGC <77, C” by Schcr and Scon

9:v"¢Dom(p)= I' Hv' :7',C

by case lemma,
26.2, and 26.3

10: T W {z:7}Fex:m2, C U Co

by Dicasg]

11: T Fes[v'/z] : 72, C U Co

by 26.9, 26.10, and sub. lemma

12: I Fuvg:7me, C U Cs

by &lcasez) and IHGen

13:m, CUCGCy<:7", C”

by Schcz and Scon

.. Dicasg] maintains IHgen

C.1 Substitution Lemma

Thelemma: f I' Fv:7, Cand " W {z :v}te: 7', C'thenl Fefv/z]: 7", C U C'. Thisis also the inductive hypothesis.

Proof27.¢ = Q)

1:TFO: O by [NIL]
2:Q/z] =0 because () has no free variables
3: T FQv/z] = Q° by substitution in 27.1 with 27.2

.. e = () maintains IHgyg
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Proof 28. ¢ = Cjnt

: T F Ciy : Integer?®

by [NiL]

N

: Cint[v/7] = Cint

because cjn; has no free variables

: T Fgjy[v/z] = Integer?! by

substitution in 28.1 with 28.2

.. e = Cjpt Maintains IHgyg

Iw{z:7} ke :ul, C
= I'tel/z]:ul,CuUC

Proof29.e =z’
1: Suppose = # 2’
2: Ty {x:7tka’ 7, C assumption from proof
3:I'rFa’:7,C by 29.2 and because = # z’
4:7'v/x] =4 because z is not a free variable in =’
5:7 Fa'[v/z]:a", C by substitution in 29.3 with 29.4
6 : Suppose = = 2’
7:Frw{z:7}kFa’:7,C assumption from proof
8:I'w {z:7}(a")=7",C by def. of I
9:I'w{zx:7}F2’:7,C by 29.8 and [VAR]
10:7=7,CuC(C by transitivity on 29.7 and 29.9
11:I''+ov:7,C assumption from proof
12:2'[v/z] =v by semantics of [VAR]
13: 7 Fa'w/x]: 7, CUC by substitution in 29.7, 29.9, and 29.12
. e = 2’ maintains IHgyg
Proof 30. e = children(¢)
I'+tv:7,CA . . .
1w G e i s e
= I'teév/z]alr)t,CuUC P
2:T Fchildren(e'v/z]) : 7", C U C by 30.1 and [CHILD]
3.7 Fchildren(e)v/z]: 7", CUC by 30.2 and distributivity
.e = children(e’) maintains IHgyg
Proof 31. e = ale’]
l:Lett" =alr"],CUC
I'+tv:7,CA . . .
2T wiz:ri et C b)zj |rr]1ductt;]ve_hyr:cotge5|s
= I'Fefvja]:7",CUC and hypothesis of [ELT]
3:T Fale'w/z]]: 7', CUC by 31.2 and [ELT]
4:7 Flev/x]:7,CUC by 31.3 and distributivity
. e = a[e/] maintains IHgyg
Proof32.e = e; + e2
I'tv:7,CA . . .
1 o nvegert it e
= I' Fev/z]: Integert, C U C’ ypothest
I' +v:7,CA . . .
1 e integert, i et
= I' Fesv/z]: Integert, C U C’ P
: T+ (ei[v/z]) + (e2[v/z]) : Integer!, C U C’ by 32.1, 32.2, and [PLUS]
:T F(e1 +e2)[v/z] : Integer!, C U C’ by 32.3 and distributivity
.. e = e1 + ez maintains IHgyg
Proof 33. e = e + e»
I'+v:7,CA

by inductive hypothesis
and hypothesis of [EQ]
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Proof33.e = e + ez

I'+v:7,CA
2:Tw{z:7}Fe:ul,C
= I' Fesfv/z]:ul,CUC

by inductive hypothesis
and hypothesis of [EQ]

3: T + (e1[v/z]) = (e2[v/x]) : Boolean®, C U C’ by 33.1, 33.2, and [EQ]

4:T + (e1 = e2)[v/z] : Boolean!, C U C’ by 33.3 and distributivity

. e = e1 + e2 maintains IHg g

Proof 34.¢ = ey, e2

1:Let7’ = (m, )", CUC

I'+v:7,CA
2: W {z:7tker:m, C
= I Feifv/z]:m,CUC

by inductive hypothesis
and hypothesis of [SEQ]

I'v:7,CA
3:rwi{z:7}rex:m2, C
= I Fesv/z]:m2,CUC

by inductive hypothesis
and hypothesis of [SEQ]

: I+ (ei[v/z]), (e2[v/x]) : 77, C U C by 34.2, 34.3, and [SEQ]
T F(er,e)v/z]: 7", CUC by 34.4 and distributivity

. e = e1, ez maintains IHgyg

Proof35.e = if ¢, then e; else e>

Let TT=<n,>",CuC
“and if.label = b

I'tv:7,CA
AT {x:r}keb:Booleanl,C’
= I Feifv/z] : Boolean, C U C’

I'+v:7,CA
W {z:ttrer:m, C
= I Fefv/z]:m,CUC

I'tv:7,CA
W {r:1irex:m, C
= I Fesv/z]:m2,CUCLC

I' Fif (ep[v/z]) then (ei|v/x])
“else (exv/z]):7',CuUC

I' H(if e, then e else er)[v/z]: 7',
"CuUC U {n=(bxn; + notbxny)}

-.e=1F e, then e; else e; maintains IHg g

Proof36.c =case ey of z':p => e1 | 72 => ez

l:Lett = (m,m)",CUC

I'tv:7,CA
2: 7 W {z:7}Feo:ul, C
= I Feolv/z]:ul,CUC

' vv:7,CA
3:rw{r vy w{z:rite :m,C
= Truw{s vIrel/z]:n,CUC

' vFv:7,CA
4: 7y {22:7} W {z:7}ker:m, C
= TW{z2: 7} Fev/z]:m2,CUC

I’ Fcase (e[v/z]) of z":p => (ei[v/z])
| 22 => (exv/z]): 7, CUC

I F(case ey of z'1p => ¢
| 22 => el)v/z]: 7, CUC

s.e=case e of 2':p => e1 | x2 => ez maintains IHgyp
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by inductive hypothesis
and hypothesis of [COND]

by inductive hypothesis
and hypothesis of [COND]

by inductive hypothesis
and hypothesis of [COND]

by 35.2, 35.3, 35.4, and [SEQ]

by 35.5 and distributivity and because
b and notb are unbound and
ny and n- are the branches’ dimensions

by inductive hypothesis
and hypothesis of [CASE]

by inductive hypothesis
and hypothesis of [CASE]

by inductive hypothesis
and hypothesis of [CASE]

by 36.2, 36.3, 36.4, and [CASE]

by 36.5 and distributivity




Proof37.¢ = let 2z’ = e; in e
I'tv:7,CA . . .
’ , by inductive hypothesis
1:I'w{z:7}te:7m,C .
= I'Fefo/a]:m,CUC and hypothesis of [LET]
I'tv:7,CA . . .
’ by inductive hypothesis
2:TwWw{r W {z:7tre:7,C an)é hypothesis%ri‘ [LET]
= TI'w{r' :n}refv/z]:7,CUCl
3.7 Flet 2/ = (ei[v/z]) In (e2lv7z]):7.,CUC by 37.1, 37.2, and [LET]
4:T F(let 2 = e; In ex)[v/z]:7,CUC by 37.3 and distributivity
e=let ' = e; in ez maintains IHgyg

Proof38.e¢ = for z’ In e; do e;

1: Suppose For.label =
I'Fv:7,CA
2:TwW{r:7trer 7, C
= I Feifv/z]:m,CUC
I'Fv:7,CA
3: Iy {forz:m} W {z:ttre:m,C
= I Fesv/z]:m,CUC
' =Ffor z’ in (ei[v/x])
“do (e2[v/z]): 7', CUC
5:I' F(for z’ in e; do ex)[w/z]:7",CUC
c.e=TFor z’ in e; do es; maintains IHgyg

by inductive hypothesis
and hypothesis of [FOR]

by inductive hypothesis,
proof of IHgyg1T,
and hypothesis of [FOR]

by 38.2, 38.3, and [FOR]
by 38.4 and distributivity

Proof39.e = for z’ in e; do e:

_Suppose for.label = start and
"Ir.meCand = (zM"
I'+tv:7,CA
2: W {z:7tker:m, C
= I Feifv/z]:m,CUC
I'v:7,CA
3:rw{forz:m} W {z:7tke:m,C
= I Fesv/z]:m2,CUC
I =for =’ in (ei[v/z])
4:do (ezfv/z]): 7', (CUCH\{r}HU
{n=mx [x(m)}
' = (For 2’ in e;do ex)v/z]: 7",
(€ U C)\ {r) U {n =mx Iy(m)}
.e=For 2/ in e; do e; maintains IHgyp

by inductive hypothesis
and hypothesis of [FORII]

by inductive hypothesis,

proof of IHgyg1T,

and hypothesis of [FORII]

By 39.2, 39.3, and [FORII]. Predl requires that

this expression be at the “top” of path 7 and other iterations,
and none of the rules the expressions may pass through
([FoRr], [CASE], [FORIT*], [FORU]) add constraints to n

by 39.4 and distributivity

IHsusrFor=(I' Fv:7,CA T W {forx:m} W {z:7}Fex:m,C = I' W {forz:m} Fexv/x]: 12, C U C)
This proof is by induction on the type structure of 7.

Proof 40. 1, = u!

1:If x.label = 0:

T W {r v YFo:r, CAT W {/ vy w{z: 7} Fea:m, C

e T w ul} - eafv/a] i 72, C U C by the IHgyg on hypothesis of [FORU]

I'w {forz’ :u'}Fov:7,C
3:AT w {forz’ :ul} w{z:7}Fer:m,C
:>F&J{forx’:ul}}—e2:Tg,CUC’

by 40.2 and [FoRU]

4:Ifx.label =7

Tw{d:uwYro:r,CAT W {d :uw'} W {z: 7} Fea:m, C

P w ul} - eafv/z] : 72, C U C by the IHgyg on hypothesis of [FORITU]

Iy {fora’ :u'}Fov:7,C
6:ATw {forz':ul} w {z:7}Fex:m",C U {n}
= Iy {forz’:ul}Fe:m",CUC U {r}

by 40.5 and [FORITU]

ST = u! maintains IHsuBFOR
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Proof 41. 11 = QQ°

T W {fora:QtFuv:7,CATw {forz:Q Y w{z:7}Fe: Q°

"= I'w {forz': Q%+ e2v/z]: 12, C

.71 = QY maintains IHsygror

Proof42. 7 =0

1

Ty {forz":0tFov:7,CAT W {forz':0} W {x:7}Fex:0

= I'W {forz': 0} esv/x]: 0

by [FORN]

.. 71 = ) maintains IHgygroR

Proof 43. 71 = (T1a, T10)"

I'w {fora' :m,}Fv:7,C
AT W {forz' 1.} W {z:7}Fea:ma, Cl
= I’y {forz’:m,}Fe2:m,,CULC]

by IHsusFor

I'w {forz’:mpttov:7,C

AT W {fora’' :mp} W {z:7}Fea: o, Ch

= '’ {forz':mp}Fes:ma,CUChH

by IHsuFor

Mf-Ir.meCly:

'y {fora’ :m}rv:7,C

AT W {forz’:m} w {z:7}Fea: (720, T2
CuUC, UC,U{nz=m; +m}

= TI'w {forz':m}Fev/z]: (120, 720)"2,
cuc u Cll U C/2 U {ngzm1+m2}

)"

by 43.1, 43.2, and [FORS]
where m; and mo are the
dimension annotations of
Taq and 7o respectively

Mf3r.meCly:

(720 £ QY # 725) A (720 # 0 # T21)

"= Toq =T, C1 U Ch

by the hypothesis of [FORIT1]

e {forz’:m}Fov:7,C

AT W {forz':m} W {z:7}Fex: o,
C'ucCiucC)

= Iy {fora':m}F eav/z] : T2a,
CucC uc)uch

by 43.1, 43.2,
43.6, and [FORII1]

M (72 = Q°) A (D # 720 # Q0)

ry {forz’:m}rv:7,C

AT W {forz':m} W {z:7}Fex: o,
C'ucCiucC)

= Iy {fora’': 7} F eav/z] : T20,
CucC uc)uch

by 43.1, 43.2,
43.8, and [FORII2]

10:

If (2o = Q%) A 0 # 12 # Q) :

11:

ry {fora’ :m}rv:7,C

ATy {forz':m} w {z:7}Fex:Top,
C'ucCiucC)

= I’y {forz': 7} Fefv/z]: 120,
CucC uciuch

by 43.1, 43.2,
43.10, and [FORII3]

12

If (120 = @) A (T2a # (D) :

13:

rw{forz’:m}rFov:7,C

AT W {forz':m} W {x:7}Fex: o,
C’ uCiuch

= I'W {foraz' :m}Fev/z]: 20,
cuc uciuc

by 43.1, 43.2,
43.12, and [FORIIA]

14

If (o =0) A (120 #0) :

15:

r'w{forz’:m}rFov:7,C

ATy {forz':m} w {z:7}Fex:Top,
C'ucCiucC)

= I’y {forz': 7} F exlv/z] : 120,
CucC uc)uch

by 43.1, 43.2,
43.14, and [FORII5]

~. 71 = (T1a,T1)" Maintains IHsysFoR

Proof44. r, = (T1a|7'11,)n
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Proof 44. 71 = (71a|710)"

I'w {forz’:me}kFv:7,C
N

1:AT w {fora’:me} W {z:7}Fes:Ta, Cl by IHsUBFOR
= I'W {fora’ T}t e :m,, CUC]
ey {forz’:mp}Fv:7,C

2:NT"W {fOI’m':le} ] {z’:T}FGQITQb, C/2 by IHsuUBFOR

= Iy {fora’:mp}Fex:ma,CUC)H

3:1f-Ir.mreCly:

r'w{forz’:m}rFov:7,C
AT W {forz’:m} w {z:7}Fea: (TQa,Tgb)n2,
4: C'ucCiuCh
= TI'w {forz':m}F ev/x]: (720, 720)"2,
Cuc uciuch

by 44.1, 44.2, and [FORC]

5:1f3r.meCly:

6: (120 7 QU # T20) A (720 # 0 # o)

= T2a = T2b» Cll U CIQ

by the hypothesis of [FORII1]

'y {fora’:m}Fov:7,C
AT W {forz':m} W {x:7}Fex: o,
7: C'uUCiUC
= I W {fora':m}Felv/z]: 720,
CUC UCi UG

by 44.1, 44.2,
44.6, and [FORII1]

8:1f (oo = Q) A (0 # ma # QYY) :

r'w{forz’:m}rFov:7,C
AT W {forz':m} W {x:7}Fex: o,
9: C' U Cl UC
= I W {fora':m}Felv/z]: 720,
CucC ucCiuc

by 44.1, 44.2,
44.8, and [FORII2]

0:1f (e = Q) A 0 #7 #QY)

r'w{forz’:m}rFov:7,C
AT W {forz’:m} w {z:7}Fex:Tap,
11: C'ucCiuCh
= I W {fora’:m}Felv/z]: T2,
CucC ucC)uch

by 44.1, 44.2,
44.10, and [FORII3]

12:1f (12 = 0) A (120 #0) :

'y {fora’ :m}rv:7,C
AT W {forz':m} W {z:7}Fex: o,
13: C'ucCiuCc
= Iy {fora':m}F eav/z] : T2a,
CucC uciuch

by 44.1, 44.2,
44.12, and [FORII4]

141 (124 = 0) A (126 # 0) :

I'w{forz’":m}Fov:7,C
AT W {forz’:m} w {z:7}Fex:Tap,
15: C'ucCiuCh
= I W {fora’:m}Felv/z]: T2,
CucC ucC)ucC)

by 44.1, 44.2,
44.14, and [FORII5]

.71 = (T1a|T16)" Maintains IHgygFOR

Proof 45. 7, = <t1a, T15>"

I'w {forz':m,}Fv:7,C
A )

AT W {f0r$/:7'1a} ] {:E:T}"EQITQQ, Cll byIHSUBFOR
= 'y {forz’ : T} Fex:ma, CUC]

'w {forz':mp}Fv:7,C

AT W {forz’:nb} ] {z’:T}FGQZTQb, C’Q by IHsuBFOR

= 'y {forz’ :mp}Fea:mp, CUCH

Mf-3r.meCly:

:n=mj x b+ mj, x notb

by the hypothesis of [FORP]
where m} and m are the
dimension annotations of
T1a and 71, respectively
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Proof 45. 71, = <t1ia, T15>"

'w {forz’":m}Fwv:7,C
AT W {foraz' :m} W {z:7}Fez: (720, 720)"2,
: C' U Cl UCy U {n2 =mixb+myxnotb}
= I'y {forz': 7} F exv/z] : (724, 720)"2,
CuUC uC)UC; U {n,=mxb+myxnotb}

by 45.1, 45.2, and [FORP]
where m; and my, are the
dimension annotations of
Toq aNnd 7o respectively

Mf3r.mreCly:

(20 # OV #720) A (720 # 0 # T2p)

"= Toq = Tap, C) U Ch by the hypothesis of [FORII1]

I'w {forz’':m}ttFov:7,C

Al W {forz':m} W {z:7}Fex:Ton,

: C' uCiuCh

= I'wW {fora':m} Fesfv/z] : 20,
CucC uciuc

by 45.1, 45.2,
45.7, and [FORII1]

(= 0% A B #7 # Q%)

I'w {forz':m}ttov:7,C

Al W {forz':m} W {z:7}Fex: T2,
C’ uCiuCh

= 'y {fora’':m} Fesv/z] : 20,
CucC uciuc

by 45.1, 45.2,
45.9, and [FORII2]

(e = Q%) A (D # 720 # Q) :

I'w {forz’':m}tFov:7,C

AT W {fora' :m} w {z:7}Fex:To,
C’ uCiuCh

= I'w {forz' :m}F efv/x]: 12,
CucC uciuc

by 45.1, 45.2,
45.11, and [FORII3]

M (2o =0) A (120 £ D) :

'w {forz':m}Fwv:7,C

Al W {forz':m} W {z:7}Fex:Ton,
C'ucCiucCh

= I'wW {forz': i} exv/z] : 20,
Cuc uciucs

by 45.1, 45.2,
45.13, and [FORIT4]

f (T2a :0) A (T2p #@)

I'w {forz’':m}tFov:7,C

ANy {forz':m} W {z:7}Fes:mop,
C’ uCiuCh

= I'w {forz' :m}F efv/x]: 12,
CucC uciuc

by 45.1, 45.2,
45.15, and [FORII5]

ST = <T1a77'1b>n maintains IHsygroR

Proof 46. 1, = 71

I'w {forz’:me}kFv:7,C
L:AT W {forz':m.} W {z:7}Fea:ma, Cl by IHsusFOR
= Iy {forz’:m,}Fe2:m,,CUC]

2:1f-3r. 7 cCi:

e {forz’:m}Fov:7,C
AT W {forz':m} & {z:T}FeQ:T;?z,
3: C'uUC U{nz=n/mxm}
= I'w {fora':m}F ev/x] : 1p12,
CuUC uUCi U({n=n/mxm}

by 46.1 and [FORR]
where m and m. are the
dimension annotations of
T1q and 72, respectively

4:1f3Ir. me€Ciq:

'y {forz’ :m}rv:7,C
AT W {forz':m} W {z:7}Fex: o,
!

5. cuc by 46.1, 46.4, and [FORTIR]
= Iy {fora’:m}F eav/z] : T20,
cuc uc]

. T1 = 1o maintains IHsysFoR
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C.2 Case Lemma

We prove the following hypothesis by structural induction for any unit type 7:
For I' v : Tand split? (1) = u' 7', v e Dom(p) < I' Fuv:u'tandv ¢ Dom(p) & I' Fov: 7.

C2l1l case p=a

case:

case:

case:

case:

case:

case:

case:

T =al7):
cr=ad[1]:
T="T1r]:
T=T11]T2:

T=<T1,T2>.

T=0:

C22 case p="

case:

case:

case:

case:

case:

case:

T =S

T =al7):
T="T1r]:
T=T1]|7Te:

T=<T1,T2>.

T=0:

C23 case p=s

case:

case:

case:

case

case:

case:

T=s"
T =al7]
7="11]
T=T11 | Tl

T=<T1,T2>.

T=10:

—-Jv.(I' Fv:s Av € Dom(p))
(I' Fv:s & veDom(s)) A
(I Fv:alr] & v € Dom(p))
—3Jv.(v € Dom(p) A v ¢ Dom(
—3Jv.(v € Dom(p) A v ¢ Dom(a’))
(I' Fv:a'[r] & veDom(a’)) A (Dom(a’) N Dom(p) = 0)
alr] <:7[r1] = . (I Fov:"[1] AT Fo:alr]
A Fov:a[T] & v e Dom(p))
= Ju.(I' Fv:7[1] A veDom(p))
(Tl <:alr]) = (I Fo: "1 AT Fv:d]r])
A" Fov:d[T] & v ¢ Dom(p))
= Jou.(I' Fv:7[1] A v ¢ Dom(p))
If I' o : 7, the inductive hypothesis on 7 proves the lemma for this case.
Otherwise, I' v : 72, and the inductive hypothesis on 72 proves the lemma for this case.
If I' o : 7, the inductive hypothesis on 7 proves the lemma for this case.
Otherwise, I' v : 72, and the inductive hypothesis on 72 proves the lemma for this case.
—-Fv.(I' Fv:0) = -Fu (I Fv:0 A v e Dom(p))
—Fv(I' Fv:0) = —-Fu(I Fv:0 A v ¢ Dom(p))

(Dom(s) N Dom(p) = )

a))
)

—Jv.(I' Fv:s Av € Dom(p))

(I' Fv:s < veDbom(s)) A (Dom(s) N Dom(p) = 0)

((a[r] <: T[] A I' Fov:alr]) & v € Dom(p))

=(7r] <t afr]) = —3v.(v € Dom(p) A v ¢ Dom(a))

(I' Fv:7[7r] & v € Dom(p))

—3Jv.(v € Dom(p) A v ¢ Dom(7))

If I' v : 7, the inductive hypothesis on 7, proves the lemma for this case.

Otherwise, I' v : 72, and the inductive hypothesis on 72 proves the lemma for this case.
If I' v : 7, the inductive hypothesis on 7, proves the lemma for this case.

Otherwise, I' v : 72, and the inductive hypothesis on 72 proves the lemma for this case.
-Fv.(I' Fv:0) = -Fv.(I' Fv:0 A v e Dom(p))

—Fv(I' Fv:0) = -Fu(I Fv:0 A v ¢ Dom(p))

((s" <:s) = (Dom(s') CD ( )) = (v € Dom(p)))

A((s<:s) = (Fv.( ko /\F}—v s) AN(I' Fv:s < v e Dom(p))
= Ju. (F :s' A v eDom(p))))

A((~(s<:8') A (' < s)) = ( m(s) N Dom(s")) = (v ¢ Dom(p)))

((s' <:8) = —Fv.(ve Dom( ) ANv ¢ Dom( )

A((

s<:s') = (v Fo: /\ I'kov:s") AN(I' Fv:s” < v eDom(s"))
A (Dom(s ) om(s”)=0)) = Jv.(I' Fv:s" A v ¢ Dom(p))))

A((=(s<:s") A =(s' < 8)) = (Do (s) " Dom(s"))

= (v¢Dom(p) A I' Fv:s'))
—Jv.(I' Fv:alr] A veDom(p))
I' Fv:alr] & v e Dom(p)
—Jv.(I' Fv:"[r] A v e Dom(p))
I' Fv:"r] & v e Dom(p)
If I' v : 7, the inductive hypothesis on 7 proves the lemma for this case.
Otherwise, I' v : 72, and the inductive hypothesis on > proves the lemma for this case.
If I' v : 11, the inductive hypothesis on 7 proves the lemma for this case.
Otherwise, I' v : 72, and the inductive hypothesis on 7 proves the lemma for this case.
—-Jv.(I' Fv:0) = -Fv.(I Fv:0 A v e Dom(p))
—-Ju.(I' Fv:0) = -Fv.(I' Fv:0 A v ¢ Dom(p))
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