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Abstract

This document is the technical companion to our POPL’08 submission of the same name.

1 Navigational Guide

This document gives the full definitions and proofs for the AtomsFamily languages presented in our
POPL’08 submission. As explained in more detail in the rest of this introductory section:

e BEach section presents a different language. Subsections are used consistently across subsections.
Figures at the end of the document summarize the languages’ differences.

e For historical reasons, the first language we present is StrongNestedParallel and most other languages
are defined in terms of differences from StrongNestedParallel. Most notably, Weak has the thread-
pools necessary for internal parallelism but the type system ensures they remain empty (whereas,
in our paper, these thread-pools are removed from the syntax and run-time state). StrongBasic was
created later for expository purposes and to simplify the equivalence proof for WeakUndo.

e For historical reasons, there are some syntactic differences, particularly the names we use for effects.

e Some theorems are stated more generally than in the paper and have different names. A table
below maps each theorem in the paper to the corresponding theorem in this document.

Despite these minor surface-level differences, this document contains complete proofs and definitions,
including the semantics for WeakOnCommit.

1.1 Organization and Overview

Organization: This document is organized by language, with each subsection following a parallel struc-
ture. Figure 1 provides a quick section and subsection guide for each language in the AtomsFamily. There
is a section for each language, and all sections have similar subsections to preserve parallel structure. For
a comprehensive overview of all the languages, refer to the languages-at-a-glance guide in Section 8.

Overview: In this document, we present a (relatively) comprehensive comparison of different lan-
guages for software transactions. We include an entire family of languages (affectionately dubbed the
AtomsFamily, because transactions are syntactically encapsulated in atomic blocks). We present 6 dif-
ferent languages, each of which has a slightly different set of transactional properties (e.g. internal
parallelism, weak or strong atomicity) and prove equivalence properties among the languages.

Section 2 introduces the first AtomsFamily language we defined, StrongNestedParallel. This language is
the starting point for subsequent sections. It models strong atomicity with internally parallel transactions.
Section 3 introduces a very similar model to StrongNestedParallel, called Weak. Weak has the same
syntax and a similar operational semantics to StrongNestedParallel, and in Section 3.7 we provide a proof
of language equivalence given a partition on the heap.

We have also extended the semantics of Weak to allow rollback (we call this language WeakUndo)
and have obtained a similar equivalence result. We also have a semantics for software transactions with



| Language Name | Section | Content | Subsection Number |
StrongNestedParallel 2 Syntax 1
Weak 3 Evaluation Rules 2
StrongBasic 4 Type-Checking 3
StrongUndo 5 Other Typing Rules 4
WeakUndo 6 Activeness 5
WeakOnCommit 7 Type Safety 6
Equivalence 7

Figure 1: AtomsFamily Guide

lazy update and a commit phase, WeakOnCommit. The final type system and equivalence result for
WeakOnCommit are future work.

In hindsight, StrongBasic is more of a “base language” than StrongNestedParallel, but for historical
reasons we defined StrongNestedParallel first and proved it equivalent to Weak (rather than defining a
weak-atomicity language without the vestiges of internal parallelism).

1.2 Syntax Differences between the TR and the POPL submission

1. &: The effects used in this document are represented as 0, 2, and (. For clarity, we chose to use the
more meaningful names ot, wt, and emp, respectively, in our POPL submission.

2. e: Although most syntax differences are minor, a few notables ones should be listed here. The
expression syntax for spawn expressions used in this document has numerical subscripts 0, 1, and
2 for tl, oc, and ip, respectively. The operational semantics and typing rules have name changes
accordingly.

3. Weak has vestiges. For historical reasons, the Weak language has extra empty thread-pools in this
document. In our POPL’08 submission, the judgment form of Weak is like StrongBasic, (a; H;e —
a’; H';e'; T). In this document, it looks like StrongNestedParallel, only we enforce that the final two
thread-pools are - using the type system (a; H;e — a'; H';e'; T - -).

4. In this document, all our operational rules are defined without evaluation contexts. In the POPL’08
submission, we used evaluation contexts to define many of the inductive rules concisely.

1.3 Result and Citation Reference

For the readers’ convenience, we have created a quick reference to facilitate easy navigation from theo-
rems and citations found in our POPL’08 paper to their corresponding material in this document.

| POPL’08 | Tech Report
Theorem 3.1 (StrongNestedParallel Type Safety) Section 2.6
Lemma 3.2 (StrongNestedParallel Progress) Theorem 2.1
Lemma 3.3 (StrongNestedParallel Preservation Theorem 2.3

Theorem 4.1 (StrongBasic/ Weak Equivalence) Section 3.7 / Theorem 3.9

Lemma 5.1 (WeakUndo/ StrongBasic Equivalence) Follows from Theorems 6.5 and 5.13

Lemma 5.2 (WeakUndo/ StrongUndo Equivalence) Theorem 6.5
Lemma 5.3 (StrongUndo/ StrongBasic Equivalence) Theorem 5.13
WeakOnCommit Section 7

Activeness judgment from Figure 7 Defined in each section; See in particular Section 2.5




2 The StrongNestedParallel language

The StrongNestedParallel language for software transactions models strong atomicity with internal par-
allelism inside transactions. We present semantics that require very few changes to model weak atomicity
in the Weak language.

2.1 Syntax

The following syntax is used as the starting point for every language in the AtomsFamily. We do not
distinguish source programs from run-time states in this document. (See our paper for the subset that
would correspond to source programs.)

We annotate ref-types with a ¢ and have I" map labels to a type and t. The type systems for
StrongNestedParallel (and StrongBasic ) ignore these annotations. The type systems for each of our
weak languages use these annotations to partition the heap.

o

u= cl|l]x]|e;ea|er:=ex|ref elle| Az.e|er ez |if er ez es
| spawn, e | spawn, e | spawn, e | atomic e | inatomic(a, e, T, T2)
= cl|l]Aze
| H)l— v
= - |T e

oe

int | ref;7 | 7 = 7'
= 0]2

t|0

= | (nt) | Tz T

Ho «2 & 3T
|

2.2 Dynamic Evaluation
2.2.1 Whole Program Evaluation

In this section, we present the evaluation rule under which a program in the StrongNestedParallel lan-
guage steps. Although the rule is slightly different for each member of the AtomsFamily, the form of the
judgment never changes.

a;H:T — o H ;T

PROGRAM
a;Hye — o/ H' ey Toy Ths -

a;H;Ta|le||Ts — o ;H;Ta | €' || Ta || To || Ty

As a result, the initial and terminal configurations for programs in the AtomsFamily are always the
same: The initial configuration of a source program e has no partially completed transactions and an
empty heap. The terminal configuration for a program state contains no further computation (i.e.
all expressions are values) and requires that no expression can be executing in a transaction.

Initial Configuration: o;-;e Terminal Configuration: o; H;©

2.2.2 Expression Evaluation

In this section, we present the evaluation rules for the StrongNestedParallel language. Note that the
form of the evaluation judgment can create three new thread-pools.



! ! /
a;Hje — a’;H';e';To; Th; Tz

SEQ-1
’ o SEQ-V
a;H;er — a's H ey To; Th; Te Q
! ! !
a;Hiei;e2 — a's Hsey;ea; To; T T2 a;Hyviea — a3 Hjez; 5
IF-1 IF-7
! ! ! -
a;H;er — a'; H ey To;Th;Te
a; H;if e; e2 e3 — a';H';if €] ez es; To; Th; Te a; H;if 0 ez es — a';H';63;~;~;~
IF-NZ SET-1
! ! !
c#0 a;H;er — a'; H ey To; T Te
. / ! ! ! !
a;H;ifceses — a';H ez ;- a;Hjer :=ex — a;H' ey :=e2;To;T1;To
SET-2 STRONG-SET
! ! ! -
a;Hies — a; Hsex;To; Th; To
a;H;l:=ex— a;H';l:=e5;To;T1;To o;H;l:=v— o;H,l— v;v;-;;-
REF-1 ALLOC
a;H;e — da;H';e'To; T To I ¢ Dom(H)
a; Hyref e — o H ;vef € To; Th; T a;H;ref v— a;H,l— v;l;-; ;-
GET-1 STRONG-GET APP-1
/ ! / - ! ! !
a;Hje — a;H';e;To;T1; T2 a;Hyer — a'sH'; ey To; Th; T
i ! ! ! ! !
a;Hyle — a'; H';le'; To; Th; Ta o Hyll — oy H; H(l);+; ;- a;Hye1ea — a;H'jey ex;To;Th; 1o
APP-2 BETA
! ! !
a;Hyea — a'; H'jeq;To; Th; Te
! ! !
a;H;vexs — a'sH ;v ey To; Th; Th a; Hy(A\z.e) v — a; H;e[va/x];+; ;-
SPAWN 0 SPAWN 1 SPAWN 2
a; H;spawny e — a; H;0;e; ;- a; H;spawn, e — a; H;0;-;e;- a; H;spawny, e — a; H;0;-; ;e
ENTER ATOMIC
o; H;atomic e — e; H;inatomic(o,e,-,-);+; ;-
INATOMIC

a;Hye — o H'se's s T1; T
e; H;inatomic(a, e, T1,T2) — o; H;inatomic(a’,e’, (T1 || T1), (T2 || T5)); ;-5

INATOMIC HELPER
a;Hie — o/ H';¢'s 11Ty
o; H;inatomic(a, eo, T1, (T2 || e || T5')) — ; H;inatomic(a’, eo, (Tt || T1), (T2 || € || T35 || T5)); ;- -

EXIT ATOMIC

e; H;inatomic(o,v,T1,7) — o; H;v;-;Th;-

Strong atomicity is enforced by requiring that a = o in order to access H. We facilitate internal par-
allelism by nesting the values of a inside transactions so that the parallel siblings can govern themselves.

2.3 Typecheck e

In this section, we give a type-and-effect system to type a single thread (or expression, e) under effect &
in the StrongNestedParallel language. This type-and-effect system prohibits undesirable forms of spawn
in the wrong place (see the paper for an informal description).



T-LABEL T-SEQ
T-CONST T-VAR () =(rt) Tieber:m Tiebes:m
Tiebc:int Diekx:T(z) Tie b1 :refir Tieberjes:m
T-IF T-SET
I;eber:int Tiebex: TiebFes:r Tietbeq:refyr Tiebex:r
Iiekifereses:r Iiebei=ex: T
T-REF T-GET T-LAMBDA
Tiebe:r Tiebe:refyr Iz:me'bFe:n not-active(e)
. . . [P ’
;e b ref e:refyr Tiekle:r Tieb Aze:m S 7
T-APP
’
F;EFelzﬁs—m’z IiekFex:m e <e

Iiebelex:m

T-SPAWN-0 T-SPAWN-1 T-SPAWN-2
I;0ke:r I;0ke:r i2ke:r
I';0 - spawng e : int I';e - spawn, e : int I';2 F spawn, e : int

T-ATOMIC
I2ke:T

;e b atomice: 7

T-INATOMIC
i2ke: T ;0T I;2F T, not-active(71) correct-atomic(a, e || T2)

[;e b inatomic(a, e, T1,T2) : T

2.4 Other Typing Rules
Here, we present rules to type-check e, T', H, and the program state (a; H;T).

e<¢

TiebT

TiebT TiekFe:T
Diet- TiebET | e

THFH:T'

r-H:1’ Tiebwo:r

TkH-: TFHl—v:T1:(7,t)

TOP-LEVEL

'-H:T roFT correct-atomic(a, T')
FaH;T



2.5 Activeness

To determine if a program state is valid, we must be able to decide if the value of a corresponds appro-
priately to the number of threads currently executing in a transaction. The following definitions are used
to determine when this is the case.

2.5.1 Not-Active(e)

If not-active(e) then e is not currently executing a transaction and is has no subexpression containing a
partially completed transaction.

not-active(e)

not-active(ey) not-active(ez2)
not-active(c) not-active(l) not-active(z) not-active(e1; e2)
not-active(e1) not-active(ez) not-active(es) not-active(e) not-active(ez)
not-active(if e; ez e3) not-active(ey := e2)
not-active(e) not-active(e) not-active(e1) not-active(ey) not-active(ez2)
not-active(le) not-active(ref e) not-active(Az.e1) not-active(er e2)
not-active(e) not-active(e) not-active(e) not-active(e)
not-active(spawn, e) not-active(spawn; e) not-active(spawn, e) not-active(atomic e)

2.5.2  Active(e)

If active(e) then e is currently executing a transaction and is well-formed in the sense that other than a
single topmost partially completed transaction, it obeys the same structural sensibility of the definition
of not-active(e).

active(e)
active(ei) not-active(ez)
active(inatomic(a, e, T1,T2)) active(er;ez2)
active(er) not-active(ez2) not-active(es) active(e) not-active(ez2) active(e2)
active(if e1 ez e3) active(ei := ez) active(l := ez)
active(e) active(e) active(e1) not-active(ez) active(ez)
active(ref e) active(le) active(er e2) active(v e2)

2.5.3 Correct Atomic State of T

not-active(T") and active(T') lift not-active(e) and active(e) to thread-pools in the natural way. correct-atomic(a,T’)
ensures that a correctly describes whether or not some thread in T is currently executing a transaction.

not-active(T")

not-active(71) not-active(e) not-active(7%)
not-active(-) not-active(T1 || e || T2)
active(T)
not-active(71) active(e) not-active(7s)

active(Th || e || T2)



correct-atomic(a, T') ‘

not-active(7') active(T")

correct-atomic(o, T') correct-atomic(e, T")

2.6 Type Safety

Theorem 2.1 (Top Level Progress) If +a; H; T, then either 3v such that T =7v or 3a’; H',T" such
that a; H;T — o' ; H'; T’

Proof There is only one typing rule for program states, TOP-LEVEL. Using this rule, correct-atomic(a, T')
is true by inversion, and the language definition provides two possible values for a:

1. If a = o then the definition of correct-atomic provides not-active(7"). By inversion, every e; € T is
not-active. Either every e; is a value, or there is at least one e; that is not a value. If every e; € T
is a value, then T' = v. If there is at least one e; € T' that is not a value then the lemma for single
thread progress states that e; must be able to step under a = o when not-active(e;). This provides
a step for T' using the rule PROGRAM.

2. If a = e then the definition of correct-atomic provides active(T'). By inversion, there is exactly 1
eo € T such that active(eg). Single thread progress states that when a = e and active(eo), eo can
step. This provides a step for T' using the rule PROGRAM.

Lemma 2.2 (Single Thread Progress) If I' - H : T, then each of the following must be true:
1. If T;eke: 1, and active(e) then 3e’,a’, H', Ty, T1,T> such that e; H;e — a'; H';e'; To; Th; To.
2. If T;e F e : 7, and not-active(e) then e is a value or 3e’,a’, H', Ty, T1, To such that o; H;e —
/ ! /
a;H' ;e Toy T Ts.
3. If T;e & T and correct-atomic(a, T ) then T is some Ta || e || Ts such thata; Hye — a'; H'; €' To; Th; T

or T is all values.

Proof By mutual induction on the typing derivation of e or T: This proof is organized by cases on the
final rule of the derivation, with part 1 handling the case where active(e) and part 2 handling the case
where not-active(e). A proof of part 3 is after proofs of parts 1 and 2.

® T-CONST e = ¢

1. There is no way to derive active(c). This case is vacuously true.
2. e is a value, so this is trivial.
e T-VAR e = z. In this case, even though I'  H : T', ¢ dom(I") by the Variables not in I' lemma.
As a result, x cannot type check, and thus this case is vacuous.
e T-LABEL e =
1. There is no way to derive active(l). This case is vacuously true.
2. e is a value, so this is trivial.
e T-LAMBDA e = Az.e1

1. There is no way to derive active(e). This case is vacuously true.

2. e is a value, so this is trivial.
e T-SEQ € = eq1;e2

1. There is only one way to derive active(e). By inversion, active(e) implies active(e1) and
not-active(e2). This can only happen when e; is not a value. By induction, e; can step
under e and evaluation rule SEQ-1 provides a valid step for e.

2. The only way to derive not-active(e) is when not-active(e1) and not-active(ez). There are two
possibilities:
(a) e1 is not a value. By induction, e; can step, so by the rule SEQ-1, e can also step.
(b) e is a value. The rule SEQ-V provides a valid step for e.



e T-IF e = if e1 €3 €3

1. There is only one way to derive active(e). By inversion, active(e) implies active(e1), not-active(e2),
and not-active(es). This can only happen when e; is not a value. By induction, e: can step
under e and the evaluation rule 1rF-1 provides a valid step for e.

2. The only way to derive not-active(e) is when not-active(e1), not-active(e2) and not-active(es).
There are two possibilities:
(a) e1 is not a value. By induction, e; can step, so by the rule 1r-1, e can also step.
(b) e1 is a value. Using the canonical forms lemma tells us that e; must be some ¢, and
depending on the value of ¢, the rules 1F-z and 1F-NZ provide two possible steps for e.
® T-SET e = €1 := €2.
1. There are two ways to derive active(e):
(a) e is not a value and active(e1) and not-active(e2). By induction, e; can step. By applying
the evaluation rule SET-1, e can also step.
(b) e1 is some [ and ez is not a value, and active(ez). By induction, e2 can step. By applying
the evaluation rule SET-2, e can also step.
2. By inversion, not-active(e) implies not-active(e1) and not-active(ez). There are three cases to
consider:
(a) e1 is not a value. By induction, e; can step. By applying the evaluation rule SET-1, e can
also step.

(b) e1 is some [ and ez is not a value. By induction, ez can step. By applying the evaluation
rule SET-2, e can also step.

(c) e1 is some [ and e is some v. We need a step for e from o; H; e which is provided by the
evaluation rule STRONG-SET.
® T-REF e =ref e;

1. There is only one way to derive active(e). By inversion, active(e) implies active(e1). This can
only happen when e; is not a value. By induction, e; can step under e and the evaluation rule
REF-1 can be used to derive a step for e.

2. By inversion, not-active(e) implies not-active(ei). There are two sub-cases:
(a) e1 is not a value. By induction, e; can step so rule REF-1 provides a step for e.

(b) e1 is some v. In this case, ALLOC provides a way for e to step.
e T-GET e =le;

1. There is only one way to derive active(e). By inversion, active(e) implies active(e1). This can
only happen when e; is not a value. By induction, e; can step under e so rule GET-1 provides
a step for e.

2. By inversion, not-active(e) implies not-active(ei). There are two sub-cases:
(a) e1 is not a value. By induction, e; can step so rule GET-1 provides a step for e.
(b) e1 is some I. We need a step for e from o; H;e which is provided by the evaluation rule
STRONG-GET.
® T-APP e = €71 €2
1. There are two ways to derive active(e).

— e1 is not a value and active(e1). By induction, e; can step, and the rule APP-1 provides a
step for e.

— e1 is some v and active(ez2). By induction, es can step, and the rule APP-2 provides a step
for e.

2. By inversion, not-active(e) implies not-active(e1) and not-active(ez). There are three sub-cases:
— e is not a value. By induction, e; can step, and the rule APP-1 provides a step for e.

— e is some v and ez is not a value. By induction, e2 can step, and the rule APP-2 provides
a step for e.



’
. . . . g .
— e is some v and es is some v’. By inversion, I';e - €1 : 71 — 72, and the canonical forms
lemma states that e; must be some Ax.es. The evaluation rule BETA provides a step for e.

e T-SPAWN-0 e = spawn, e1.

1.
2.

This case is vacuous because there is no way to derive active(e).
The evaluation rule SPAWN 0 provides a valid step for e.

® T-SPAWN-1 e = spawn; eq.

1.
2.

This case is vacuous because there is no way to derive active(e).
The evaluation rule SPAWN 1 provides a valid step for e.

® T-SPAWN-2 e = spawn, ej.

1.
2.

This case is vacuous because there is no way to derive active(e).

The evaluation rule SPAWN 2 provides a valid step for e.

e T-ATOMIC e = atomic e;.

1.
2.

This case is vacuous because there is no way to derive active(e).
The rule ENTER ATOMIC applies, giving o; H;atomic e; — e; H;inatomic(o,eq,-,-);+; - as a
valid step for e.

e T-INATOMIC e = inatomic(a”, e1, T1,T3)

1.

2.

Inversion on the typing rule implies correct-atomic(a”, e1 || T3) and that e; and T3 type check

under € = 2. There are three sub-cases to consider:

(a) If "’ = e and e; is not a value or T5 contains at least one expression that is not a value,
part 3 of this lemma states that there must be a step for some eg € e1 || T5. Depending
on the location of e, there are two sub-cases.

i. It is e; that actually takes the step via INATOMIC. In this case, because I';2 F ey : 7 it
must be that € # 0, which by the effects lemma enforces that 7o = -. Thus the entire
inatomic expression can step.

ii. It is some ep € Ty that actually takes the step via INATOMIC HELPER. In this case,
because I';2 F T> it must be that € # 0, which by the effects lemma enforces that

To = -. Thus the entire inatomic expression can step.
(b) a” = o and there is some non-value eg in (e || T3). This case is similar to the cases when
a' =e.
(c) a” = o and ¢ is some v and Ty = v. It is sufficient to find a step for e when a = o. The

evaluation rule EXIT ATOMIC provides a valid step.
This case is vacuous because there is no way to derive not-active(e).

e Part 3 of this lemma is stated again here, with the proof following. If I';e =T and ' - H : I" and
correct-atomic(a, T') then T is some T4 || e | T such that a; H;e — a; H;e'; To; Th; Te or T is all
values. There are two cases to consider:

— If a = e, then by inversion on correct-atomic(e,T") it must be that active(7'). By inversion on

active(T), T =Ta || e || Ts with active(e) and not-active(T4) and not-active(Ts). By part 1
of this lemma, there is some a’, H',e’, To, T1, T such that e; H;e — a’; H';e';To; Th; To.

If @ = o, then by inversion on correct-atomic(o, T") it must be that not-active(7"). By inversion
on not-active(T"), T'= T4 || e | Ts where not-active(e), not-active(Ts) and not-active(Ts).
By part 2 of this lemma, either e is some v or there is some a', H',¢’, To, T1, T» such that
o;H;e — a';H';e';To; Th; Te. If every such e is a value and thus cannot step, then T is all
values.

Theorem 2.3 (Top Level Preservation) If ' F H : T and I';0 = T and correct-atomic(a,T) and
a; H;T — a'; H'; T', then there exists some I’ extending I' such that:

1. 70T
2. T"FH T

3. correct-atomic(a’,T")



Proof In this case, there is also only one evaluation rule; PROGRAM, which gives a; H;Ta || e; || T8 —
a;H';Ta || € || Te || To || Ti. T’ is obtained via Lemma 2.4.

1.

T =Ta |l €;|| Ts || To || Ti. By inversion it must be the case that I';0 - T || Ts. The weakening
lemma gives T';0 - Ta || Ts. By the single threaded preservation lemma, it is also the case that
I";0k e || To || T1. Thus, IV;0 = T7.

2. I+ H' : T’ by Lemma 2.4.

By assumption, correct-atomic(a,T’). Also, Lemma 2.4 provides not-active(Tp || 71). There are
several possibilities for a and T before evaluating e; one step.

e a = o implies that not-active(e; || Ta || Tr). If a’ = e then by single thread preservation
it must be that active(e;). If a’ = o then by single thread preservation it must be that
not-active(e; || To || T1). Thus, correct-atomic(a’, T").

e a = e and active(e;) which means not-active(Ta || Ts). If @’ = e then by single thread
preservation it must be that active(e;). If @’ = o then by single thread preservation it must be
that not-active(e;j). Thus, correct-atomic(a’,T").

e a = e and not-active(e;) which means active(Ta) or active(TB). Since the cases for T4 and
Tp are symmetric, assume active(T4) and not-active(Ts). Since T4 did not change during
the step, by Lemma 2.4 a’ = e and active(T4a) and not-active(Ts). Single thread preservation
gives that not-active(e;). Thus, correct-atomic(a’,T").

Lemma 2.4 (Single Thread Preservation) If a;H;e — a';H';e';To;T1;T> and Tye - e : 7 and
' H : T and one of the following:

1.
2.
3.

a = o and not-active(e)
a = e and not-active(e)

a = e and active(e)

then AT extending T such that:

e v o~

Iekeée:r
'-H T/
not-active(To || T1 || T2)
I';0F Ty and
I";0FT1 and
2Ty
All the following (though exactly one is not vacuous):
e Ifa=a’ and active(e) then active(e’)
e Ifa = a’ and not-active(e) then not-active(e’)
e Ifa=o and a’ = e then not-active(e) and active(e’)

e Ifa=e and a’ = o then active(e) and not-active(e’)

Proof by induction on the typing derivation of e by cases on the final rule used in the derivation.

T-VAR e = x. There are no evaluation rules for x, and thus e cannot step. This case is vacuously
true.

T-CONST e = c. e is a value, and thus cannot step. This case is vacuously true.
T-LABEL e = [. e is a value, and thus cannot step. This case is vacuously true.
T-LAMBDA e = Az.e1. e is a value, and thus cannot step. This case is vacuously true.
T-SEQ e = e1; e2. There are two possible steps from e to ¢’
— Under SEQ-1 €' = €]; ea.
1. By induction, it must be that if I';e - e1 : 71 then IV;e F €} : 71. The type for €’ is

preserved under T-SEQ because I”;e - e} : 71 by induction, and the weakening lemma
states that I';e - ez : 7 implies IV;e - ex : o so IV;e e @ .
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I+ H' : T’ by induction.
not-active(Tp || T || T2) by induction.
I'";0 - Tp, and I'";0 F T4, and I''; 2 = T by induction.

x If a = @’ and active(e) then by inversion active(e1) and not-active(ez). By induction,
active(e1) implies active(e}). From active(e]) and not-active(ez) it is clear that active(e).

ANl

x If a = a’ and not-active(e) then by inversion not-active(e;) and not-active(ez). By
induction when a = a’ and not-active(e1), then not-active(e}) From not-active(ej) and
not-active(ez) it is clear that not-active(e’).

x If a = o and @’ = e then by induction not-active(e1) and active(e}). By assumption,
a = o implies not-active(e). By inversion, not-active(e) gives not-active(ez). It is
possible to derive active(e’) from active(e]) and not-active(ez).

x If a = e and @’ = o then by induction active(e1) and not-active(e}). By assumption,
a = e implies either active(e) or not-active(e). However, given active(e1), there is no
way to derive not-active(e) so this case is vacuous. It must be that active(e). Inversion
on the derivation of active(e) gives not-active(ez2). It is possible to derive not-active(e’)
from not-active(e}) and not-active(ez).

— Under SEQ-V when e; is some v and ¢’ = e2. The SEQ-V rule produces the following thread-pools
and heap: To =Ty =Ts =+, and H' = H.

1. Since I';e - e : 72 is given, inverting the typing rule gives I';e I ea : 72. Because I =T, it
must also be that I';e ez : 72 and thus IV;e €’ : 7o.

2. This rule doesn’t change I' or the heap, so I' =T and H' = H. By assumption, ' - H : T’
and thus IV - H' : T".

3. not-active(- || - || -)

4. T';e b - for any e.

5. a = a’ It is sufficient to show that not-active(e) implies not-active(e’) and active(e) implies
active(e’). Assuming not-active(e), gives not-active(ez) by inversion. Since ¢’ = ea, it must
be that not-active(e’). The case for active(e) is vacuous because there is no way to derive
active(v; e2).

e T-IF e = if e1 e2 e3. There are three possible steps from e to ¢e’.
— Under 17-1 €’ = if €] e2 es.

1. By induction, it must be that if I';e F e; : int then I'V;e - €} : 71. The type for €’ is
preserved under T-IF because I'';e - €] : int by induction, and the weakening lemma states
that I';e - ea : 7 implies IV;e Fex : Tand ;e Fe3 : 7 implies IV;e - es: 7so Ve e : 7.
I+ H' : T’ by induction.
not-active(To || 71 || T2) by induction.

I'";0 - Tp, and I'';0 - T4, and I''; 2 = T by induction.

x If a = a’ and active(e) then by inversion active(e1), not-active(ez), and not-active(es).
By induction, active(e1) implies active(e} ). From active(e} ), not-active(ez), and not-active(es).
it is clear that active(e).

Al ol

* If a = a’ and not-active(e) then by inversion not-active(er ), not-active(ez2), and not-active(es).
By induction when a = a’ and not-active(e1), then not-active(e]) From not-active(e}),
not-active(ez), and not-active(es) it is clear that not-active(e’).

x If a = o and @’ = e then by induction not-active(e;) and active(e}). By assump-
tion, a = o implies not-active(e). By inversion, not-active(e) gives not-active(es) and
not-active(es). It is possible to derive active(e’) from active(e}), not-active(e2), and
not-active(es).

* If a = @ and a’ = o then by induction active(e1) and not-active(e}). By assumption,
a = e implies either active(e) or not-active(e). However, given active(e1), there is no
way to derive not-active(e) so this case is vacuous. It must be that active(e). Inversion
on the derivation of active(e) gives not-active(ez) and not-active(es). It is possible to
derive not-active(e’) from not-active(e}), not-active(ez2), and not-active(es).
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— Under 1F-Z when e; = 0 and ¢’ = e3. The IF-Z rule produces the following thread-pools and
heap: To =T1 =T> =-,and H' = H.

1.

Since I';e - e : 7 is given, inverting the typing rule gives I';e - e3 : 7. Because IV =T, it
must also be that I';e - e3 : 7 and thus IV;e - €’ : 73.

. This rule doesn’t change I or the heap, so I'' =TI' and H' = H. By assumption, ' - H : T’

and thus I - H' : T".

not-active(- || - || )

I'";e - for any ¢.

a = a' Tt is sufficient to show that not-active(e) implies not-active(e’) and active(e) implies
active(e’). Assuming not-active(e), gives not-active(es) by inversion. Since €’ = e, it must
be that not-active(e’). The case for active(e) is vacuous because there is no way to derive
active(0).

— Under 1F-NZ when e; = ¢ and €’ = e5. This case is identical to the prior one.

e T-SET e = e1 := e2. There are three ways e could have become e’

— Under SET-1 when e; steps to €}, then e’ = e} := e2. The proof of this case resembles that for
SEQ-1.

— Under SET-2 when e; is some [ and ex steps to e5, then €’ = | := e5. The proof of this case
resembles that for SEQ-1.

— Under STRONG-SET e =l:=v and ¢’ =v, and To =T} =T = -. Pick I" =T.

1.

Inversion on the typing rule gives I';e [ : ref;m and I';e - v : 7. Since IV =T, it must be
that IV;e F 1 :refy;7 and IV;e v : 7. Since e/ = v, [V;e ke’ @ 7.

Since H' = HJ[l — v], then H'(l) = v. By choosing IV =T, IV;e v : 7 and T(l) = ref;7.
Thus, I - H' : T".

not-active(- || - || )

I';e - is true for any e.

Because e stepped under STRONG-SET, a = a’ = o, and not-active(e) is derived from
not-active(l) and not-active(v). Since ¢’ = v, we know not-active(e’). There is no way to
derive active(e), so that case is vacuous.

e T-REF If e = ref eg There are two evaluation rules that could have taken e to e’.

— Under REF-1, eg steps to e giving ¢/ = ref ej. This case is similar to the SEQ-1 case.

— Under ALLOC, e is some v and €’ is some [. Pick IV =T, [ +— ref;7 (the choice of ¢ is irrelevant

for

1.

this language).

Inversion on the typing rule gives I';e - e : ref,7 and I';e v : 7. Since IV = T, [ : ref,7, it
must be that I';e -1 : ref;7 and IV;e v : 7. Since € = v, we get IV;e e’ : 7.

By assumption, I' = H : I'. By the weakening lemma, IV - H : IV. However, H = H,l +— v
since (1) = ref;7 when H'(l) = v, and ;e v : 7 then IV = H' : T".

not-active(- || - || -)

I';e - is true for any e.

Because e stepped under ALLOC, a = @’ If a = @/, and not-active(e), then it is sufficient to
show not-active(e’). In this case, not-active(l) can be derived with no assumptions. There
is no way to derive active(e), so that case is vacuous.

e T-APP e = e; es There are three evaluation rules that could take e to e’.

— Under APP-1, e; steps to €} giving e/ = €] e2. This case is similar to the SEQ-1 case.

— Under APP-2, e; is some v and ez steps to e5 giving €/ = v e5. This case is similar to the SEQ-1

case.
— Under BETA, e; is some Az.e3 and ez is some v. In this case, ¢’ = eg[v/gr:]7 To=T1 =T, =-
and IV =T.
1. The Substitution Lemma gives I';&’ I es[v/x] : 7. Since ¢’ < g, the Weakening Lemma

2.

gives ;e e3[v/x] : 7.
Here, H = H,and T'HFH :T,so "+ H' : T".
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3. not-active(- || - || -)

4. T';e b - is true for any .

5. In this case, a = a’. Because there is no way to derive active(e), that case is vacuous.
Thus, it is sufficient to show that not-active(e) gives not-active(e’). By inversion on the
rule used to derive not-active(Az.es), it must be that not-active(es). The Substitution
Lemma gives that not-active(es[v/z]), thus not-active(e’).

e T-CGET e =leg There are two evaluation rules that could take e to e’.

— Under GET-1, eg steps to e giving ¢’ =le(. This case is similar to the SEQ-1 case.

— Under STRONG-GET e =!{ and ¢ = v. This case is similar to the STRONG-SET case.

e T-SPAWN-0 e = spawn, ep. Thus, I';e F e : int. There is only one evaluation rule for spawn, eo,
SPAWN 0. After e steps to ¢’ using this rule, ¢’ =0, IV =T, H' = H, Ty = ep, and Ty = T = -.

1.
2.
3.

T-CONST provides I'';¢ - 0 : int.

I" =T and H' = H, and by assumption, I' - H : T. Thus I'" - H’ : T".

By assumption, active(e) or not-active(e). There is no way to derive active(e) for spawn
expressions, so it must be that not-active(e) and thus not-active(ep). Also, To = eo and
T, = T> = -, so not-active(Tp || - || -)-

By inversion on the typing rule T-SPAWN-0, it is also the case that I';0 - eo : 7. Because
To = eo, it must be that I'';0 - Ty. Since I'';¢ I - is true for any € we know that 77 and T»
type-check under the required effect.

The sSPAWN 0 rule enforces that a = a’. If not-active(e) then it must be shown that not-active(e’).
Since not-active(0) requires no assumption and e’ = 0, this is trivial. The case for active(e) is
vacuous because there is no way to derive active(spawn, eo).

® T-SPAWN-1 e = spawn, e;. This case is similar to that for T-SPAWN-0.

® T-SPAWN-2 e = spawn, eg. This case is similar to that for T-SPAWN-0.

e T-ATOMIC e = atomic eo. If e steps, it must be via the evaluation rule ENTER ATOMIC, giving

!
e =

AN o S

inatomic(a”, eo, ", "), and H' = H, where I' =T. Also, To =T1 =Tz = -.

I';e e : 7 is true by inversion on the typing rule, and I'';e - eg : 7 since IV =T".

H is unchanged, so I'" - H : T because IV =T".

not-active(- || - || )

I'";e k- for any e.

Here, a = o and a’ = e. The correct atomicity is preserved because we assume not-active(e)
when a = o, and similarly active(e’) requires no assumptions.

e T-INATOMIC e = inatomic(a”, e, T}, Ty) with correct-atomic(a”,eo || T3). In this case, there are
three possible steps from e to e’

— Under INATOMIC, the distinguished expression eg steps:

a’sHyeo — a'";H';eh; Ty Ty so e = inatomic(a’ e, (T1 || 1), (Ts || T39)). To = Th =
Ty = - and IV and H' are obtained through induction.

1. T";2 e : 7 by induction. Also by induction, I'V;2  T%'. By inversion and the weak-
ening lemma, ;2 + Ty Thus I;2 + T3 || T5'. not-active(7}') is given by induction, and
not-active(T7) by inversion on the typing rule, so not-active(77 || 71). Similarly I;0 - 77’
by induction and I”;0 I T by inversion and the weakening lemma, giving ;0 T7 || T}’
All that is still needed that correct-atomic(a’’, e || T3 || T%'). Inversion on the typing rule
gives correct-atomic(a”, eo || T3). Also, not-active(T3') by induction. By the assumptions
about a and active or not-active, there are three sub-cases:

(a) If a” = o then by inversion on the derivation of correct-atomic(o,eq || T3), it must be
that not-active(eg) and not-active(Ty). After the step, it must be that either a’’o and
not-active(ey) or a”’ = e and active(ep). Either is true by induction. Since T3 has not
changed, it must be that correct-atomic(a’’, eq || T3), and thus correct-atomic(a’, e ||
TS| T2).
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(b) If @’ = e then by inversion on the derivation of correct-atomic(o,eq || T3), either
active(eg) or active(T5). In this case, assume active(T:) and not-active(eg). After e
steps, it must be that a’”’ = e and not-active(ej). Thus, correct-atomic(a”’, e || T3),
and correct-atomic(a’,eo || To || T5").

(c) If a” = e then by inversion on the derivation of correct-atomic(o,eq || T3), it must be
that either active(eo) or active(T3). In this case, assume not-active(7%) and active(eg).
After eg steps, a’”’ = e and active(eg) or a”’ = o and not-active(e() by induction. Thus,
correct-atomic(a”’, eo || T3), and correct-atomic(a’,eo || T3 || T5').

As a result, it must be that correct-atomic(a”,eo || Ty || T5'). From this it can be derived
that IV;e e : 7

I+ H' : T’ by induction.

not-active(- || - || -)

IV;e k- for any e.

A S

Here, a = a’. The case where not-active(e) is vacuous because there is no way to derive

not-active(e). Showing that active(e) implies active(e’) is trivial because active(e’) requires

no assumptions.

— Under INATOMIC HELPER, Ty = T3 || e1 || 75" and a''; H;e1 — a"'; H';el;;T1;Te so € =
inatomic(a”’,eo, T1, (T2 || T%' || e1 || T%")). This case is similar to that when e steps under
INATOMIC.

— Under EXIT ATOMIC, a” = o, eg = v, and To = ¥. As a result, a; H;e — o; H;v;-;711;-. Thus,
e =v,I"=Tand H =H. Also, Toy =T = -.

1. By inversion, eg is some v with type 7, and I';2 F v : 7. The values effectless lemma (and
IV =T) provides that I";e v : 7. Because €/ = v then IV;e k¢ : 7.

2. By assumption, ' H : . Also, I =T and H' = H,so I+ H' : T".

3. By inversion on the typing derivation, not-active(7}) is given. Thus, not-active(- || T4 || ).

4. By inversion, I'; 0 - T so by the weakening lemma I'';0 - T4. For Ty and T, I'';e - - for
any .

5. Here, a = @ and @’ = o. The correct atomicity is preserved because active(e) can be
derived with no assumptions, and not-active(e’) can also be derived with no assumptions.

Definition 2.5 (Context Extension) I extends I' if for every x or | € Dom(T'), I'(z) = I'(z) and
() =T().

Lemma 2.6 (Weakening Lemma) 1. IfT;ete:7 and IV extends T and e <¢&', thenT;e' Fe: T
2. IfT;e =T and I extends T and e < ¢€’, then I';¢’ - T.

Proof 1. By mutual induction on the typing derivation of e or T', by cases on the final typing rule.

e T-VAR I';e = : 7. In this case, I';e F x : I'(x), where I'(x) = 7. In this case, x € Dom(I).
By the definition of I” extending T, it must be that z € Dom(I") and I''(z) = T'(x). Thus,
I;e'+ 2 : T'(z) and T'(z) = 7. Note the effect is irrelevant in T-VAR.

e T-CONST I';e b ¢ :int. In this case, neither I' nor € is used in the typing derivation of e. This
case is immediate.

e T-LABEL [';e - : ref;7. By inversion, I'(l) = (7,t). In order to extend T', T'(!) = I'(l). Thus,
I'V;¢' 1 : ref;7 can be derived. Note the effect is irrelevant.

e T-LAMBDA I';e + Az.e; : 71 G T2. By inversion, I',z +— 71;¢” F e1 : 7. By induction,
I x— 136" Fer:mmso ;e Fdzer i1y < To. Note the effect is irrelevant.

e T-SEQ [;e F e1;e2 : 7. By inversion, I';e F e1 : 71 and I';e - e2 : 7. So by induction,
I'";e'Fep:m and Ve’ Fea : 7o. Thus, IV;e' Fersen : .

e T-IF This case is very similar to the T-SEQ case.

e T-SET This case is very similar to the T-SEQ case.

e T-REF This case is very similar to the T-SEQ case.

e T-GET This case is very similar to the T-SEQ case.
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"
. . 1>
e T-APP I';e - e1 ez : 7. By inversion, I'je F ey : 7/ > 7, e F ez : 7/, and €’ < € for some

7" and £”. So by induction, I';&' e : 7/ . 7 and I';e' - ea: 7. So to us T-APP to derive
I";e' - e1 e2 : 7 we just need ¢” < &’. This follows from ¢” < € and € < ¢’ provided subeffecting
is transitive, which we can show by exhaustive case analysis on the small number of effects.
e T-SPAWN-0 I';0 I spawn, e; : int. I is not used so it follows directly that I''; 0 - spawn, e : int.
Since 0 < &’ implies €’ = 0, this suffices.
e T-SPAWN-1 I';e - spawn, e; : int. T is not used so it follows directly that I'; e - spawn, e; : int.
Note the effect is irrelevant.
e T-SPAWN-2 I'; 2 | spawn, ey : int. I"is not used so it follows directly that I'';2 - spawn, e; : int.
Since 2 < ¢’ implies ¢’ = 2, this suffices.
e T-ATOMIC This case is very similar to the T-SEQ case. Note the effect is irrelevant.
e T-INATOMIC [';¢ | inatomic(a, €', T1,T2) : 7. By inversion on the typing rule, it must be that:
—I2Fke: T
- 0Ty
-2 Ts
— not-active(71)

correct-atomic(a, e || T2)
The following statements are all true by induction from parts 1 or 2 of the weakening lemma.
- I 2Fe:T
- T0FT
-T2+ Ts
Similarly, the following remain true:
— not-active(71)
— correct-atomic(a, e || T2)
From these facts, the following can be derived: I';e’ & inatomic(a,e’,T1,T2) : 7. Note the
effect is irrelevant.
2. The proof of part 2 has two cases:
e If T = - then the rule used to type T was I';e I -. This rule requires no assumption so I'’;&’ I -
follows trivially.

e If T =T | e then the rule used to type T was I';e I T1 || e. By inversion, it must be that
I';e - Ty and ;e - e : 7. By induction, it must be that I'';e' = Ty and I'';&’ F e : 7. From
this, it can be derived that IV; e’ - T || e.

Lemma 2.7 (Substitution) If T,x:7';ebe: 7, and T;e' F v : 7', and not-active(e) then:
1. Tyekelv/z]: 7, and
2. not-active(e[v/z])

Proof By induction on the typing derivation of e and by induction on the derivation of not-active(e),
organized by cases on the final rule used in the typing derivation:

e T-VAR.

1. There are two sub-cases. Either e =z or e # .

— When e = z, it must be that ',z : 7/;e - 2 : 7/. After substituting, z[v/z] = v. Assump-
tion and the values effectless lemma give I';e - v : 7/

— When e # z let e = y. By inversion on the typing judgment, it must be that I';e -y : 7.
Since y[v/x] = y, this is still true.
2. When e = z then not-active(v) is given by the values inactive lemma. When e = y # z then
not-active(y) requires no assumptions, so it can always be derived.
® T-CONST e = ¢

1. In this case, c[v/z] = c. Before and after substitution, e = ¢. We can derive I';e I ¢ : int
directly.
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2.

not-active(c) requires no assumption, so it can always be derived.

e T-LABEL e = [ This case is similar to the T-CONST case.

"
e T-LAMBDA Where e = Ay.e; and 7 = 11 = 7.

1.

By convention, it is acceptable to assume that x # y. Permutation on the given sub-derivation
provides I,y : 71,2 : 7/;€” F e1 : 7. The weakening lemma and the values effectless lemma
provide that T,y :7i;e = v : 7/ By induction, I,y : 71;¢” + ei[v/z] : 72. By inversion,
not-active(e1), so by induction not-active(ei[v/z]). These facts can be used to derive the
following via T-LAMBDA: [';e - Ay.ei[v/z] : 7.

By inversion on the typing derivation of e, it must be that not-active(e1). Thus, not-active(e1[v/z])
by induction. This provides a derivation for not-active(Az.e1[v/x]).

e T-SEQ Where e = e1; ez

1.

By inversion on the typing rule, I';e ey : 71 and I'; e F e2 : 72. By induction, I';e Fer[v/z] : 11
and I';e F ea[v/x : 72. This provides a derivation for I';e - (e1;e2)[v/z] : T2.

By inversion on the rule for not-active(e1; e2), it must be that not-active(e1) and not-active(ez).
By induction, not-active(e1 [v/z]) and not-active(ez[v/z]). Thus, we can derive not-active(er;ez).

e T-IF Where e = if €1 e2 e3

1.

By inversion on the typing rule, I';e ey :int, [';e - e2 : 7, and I';e F e3 : 7. By induction,
I'ie b oeifv/z] @ int Tye F ezfv/x @ 7, and T';e F es[v/x : 7. This provides a derivation for
Tie b (if er ez es)|v/z] : 7.

By inversion on the rule for not-active(if e1 ez e3), it must be that not-active(e1), not-active(e2),
and not-active(es). By induction, not-active(e1[v/x]), not-active(ez[v/x]), and not-active(es[v/x]).
Thus, we can derive not-active(if e; e2 e3).

T-SET The proof for this case is by induction, using an argument similar to that for T-SEQ.
T-REF The proof for this case is by induction, using an argument similar to that for T-SEQ.

T-GET The proof for this case is by induction, using an argument similar to that for T-SEQ.

e T-APP The proof for this case is by induction, using an argument similar to that for T-SEQ.

T-SPAWN-0 The proof for this case is by induction, using an argument similar to that for T-SEQ.
T-SPAWN-1 The proof for this case is by induction, using an argument similar to that for T-SEQ.
T-SPAWN-2 The proof for this case is by induction, using an argument similar to that for T-SEQ.
T-ATOMIC The proof for this case is by induction, using an argument similar to that for T-SEQ.

T-INATOMIC It is never the case that not-active(inatomic(a, €', Th,T2)). Thus, this case is vacuous.

Lemma

2.8 (Values Effectless) If ;e v :7 then T Fov: .

Proof To prove the Values Effectless lemma, examine each of the value expressions in StrongNestedPar-
allel, of which there are three: ¢,l, and Az.e. The proof is organized by cases on the typing rule for each
value expression.

e If the rule used to type v was T-CONST, then v is some c. This rule places no restriction on ¢, so ¢
could be replaced with any &’.

e If the rule used to type v was T-LABEL, then v is some [. This rule places no restriction on ¢, so ¢
could be replaced with any &’.

e If the rule used to type v was T-LAMBDA, then v is some Az.e’. This rule places no restriction on
g, so € could be replaced with any &’.

Lemma

o T =

2.9 (Canonical Forms) IfTI';ebFov: 7 and
T1 5 T then v is some \x.e

refe7’ then v is some |

= int then v is some ¢
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Proof Follows from inspection of the typing rules for v

Lemma 2.10 (Variables not in I'') If T+ H : T” then © ¢ Dom(T").

Proof By induction on the typing derivation of H: If H = - then I = - and = ¢ Dom(-). If H is
non-empty then T'+ H,l +— v : T I:(7,t). By inversion, '  H : T'”. By induction, ¢ Dom(T"') and z
is not added by the conclusion of the typing rule.

Lemma 2.11 (Values Inactive) IfI';e b v : 7 then not-active(v).

Proof This language has three value expressions, c,l, and Ax.e. Proof is by cases on the typing rule for
each value expression.

e If the rule used to type v was T-CONST, then v is some c. Deriving not-active(c) requires no
assumption.

e If the rule used to type v was T-LABEL, then v is some [. Deriving not-active(l) requires to assump-
tion.

e If the rule used to type v was T-LAMBDA, then v is some Az.e’. By inversion on the typing rule, it
must be that not-active(e’). Thus, it is possible to derive not-active(Az.€’).

Lemma 2.12 (Effects Lemma) Suppose T;ebe: 7 and a; Hyje — a'; H';e'; To; T1; Te then the follow-
ing must hold:

1. If e #£0, then To = -.

2. If e #2, then — Ty = -.

Proof by induction on the typing derivation of e by cases on the final rule used in the derivation. If the
final rule was:

e T-VAR e = x. There are no evaluation rules for z, and thus e cannot step. This case is vacuously
true.

e T-CONST e = c. e is a value, and thus cannot step. This case is vacuously true.

e T-LABEL e =[. e is a value, and thus cannot step. This case is vacuously true.

e T-LAMBDA e = Azx.e;. e is a value, and thus cannot step. This case is vacuously true.
e T-SEQ e = e1;ez. There are two possible situations:

1. e1 is not a value. Thus, the evaluation rule SEQ-1 applies. By induction, if € # 0 then Ty = -
and if € # 2 then Ts = -.

2. ey is a value. The evaluation rule SEQ-v applies, so To =11 =T> = -.
e T-IF e = if 1 ez e3. There are two possible situations:

1. e; is not a value. Thus, the evaluation rule 1F-1 applies. By induction, if € # 0 then Tp = -
and if € # 2 then Ts = -.
2. e; is a value. Depending on the value, the evaluation rules 1F-zZ or 1F-NZ apply, so Tp = T1 =
T =-.
e T-SET ¢ = e; := e2. There are three possible situations:
1. e; is not a value. Thus, the evaluation rule SET-1 applies. By induction, if € # 0 then Ty = -
and if € # 2 then T = -.
2. €1 is some [ and ez is not a value. The evaluation rule SET-2 applies. By induction, if € # 0
then Tp = - and if € # 2 then T> = -.
3. e1 is some | and ez is some v. The evaluation rule STRONG-SET applies, which always creates
To=Ti =T = -.
e T-REF If e = ref €/ There are two possibilities:

1. €' is not a value. The evaluation rule REF-1 applies. By induction, if € # 0 then Ty = - and if
e # 2 then Tp = -.
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2. €' is some v. The evaluation rule ALLOC applies, and creates Tp = T1 = 1o = -.
® T-GET e =le; has two sub-cases:

1. e is not a value. The evaluation rule GET-1 applies. By induction, if € # 0 then Tp = - and if
€ # 2 then Tp = -.
2. e1 is some v. The evaluation rule STRONG-GET applies, and creates Ty = Th = Ts = -.
e T-APP e = e; ez. There are three possible sub-cases:

1. e1 is not a value. Thus, the evaluation rule ApP-1 applies. By induction, if € # 0 then Tp = -
and if € # 2 then T = -.

2. e; is some v and ez is not a value. Thus, the evaluation rule APP-2 applies. By induction, if
€ # 0 then Ty = - and if € # 2 then T> = -.
3. e1 is some Azx.es3 and ez is some v. In this case, BETA applies, which creates To =T1 =T> = -.

® T-SPAWN-0 e = spawn, e1. It must be that € = 0. It is sufficient to show that 7> = -. The only
evaluation rule that applies is SPAWN 0, which always creates 1o = -.

® T-SPAWN-1 e = spawn; e1. The only evaluation rule that applies is SPAWN 1, which always creates
To =T = -.
® T-SPAWN-2 e = spawn, e1. It must be that € = 2. It is sufficient to show that 7o = -. The only
evaluation rule that applies is SPAWN 2, which always creates Tp = -.
e T-ATOMIC e = atomic e;. The only evaluation rule that applies in this case is ENTER ATOMIC, which
creates To =11 =Ty = -.
e T-INATOMIC e = inatomic(a, €’,T1,T2). There are three possible sub-cases:
1. Assume €’ is not a value, and the chosen evaluation rule was INATOMIC. INATOMIC always
creates To =11 =T = -.
2. Assume T» contains at least one expression that is not a value, and the chosen evaluation rule
was INATOMIC HELPER. INATOMIC HELPER always creates To =11 = Ts = -.

3. ¢ is some v and T» = . The evaluation rule that applies here is EXIT ATOMIC which creates
To=Ts = -.

2.7 Equivalence

The StrongNestedParallel language is trivially equivalent to itself.
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3 The Weak language

This section describes a new language that is equivalent to the StrongNestedParallel language when
given a partition on the heap. The equivalence result in our POPL’08 submission (between Weak and
StrongNestedParallel) is given in Section 3.7.

3.1 Syntax
No Changes.

3.2 Dynamic Evaluation

3.2.1 Whole Program Evaluation

a;H;T — o;H; T’

No Changes.

3.2.2 Expression Evaluation

The StrongNestedParallel language enforces strong atomicity because the two evaluation rules that ac-
cess the heap (STRONG-SET and STRONG-GET) require that a = o. Because the expression evaluation
form is unchanged, we simply weaken the semantics of this language by relaxing the restrictions on a.
As a result, we replace the STRONG-SET and the STRONG-GET rules from StrongNestedParallel with the
WEAK-SET and WEAK-GET rules below:

a;Hje— a'sH'; €T Te; T

WEAK-SET WEAK-GET

aH;l:=v— a;H,l— v;v;;-;- a; H;\l — a; H; H(l); 55

3.3 Typecheck ¢

Definition 3.1 (Heap Partition) A heap H is partitioned when each label (after being initialized) is
read and written always in a transaction or never in a transaction.

We present a type and effect system to partition the heap into two parts; data that is always read or
written in a transaction and data that is never read or written in a transaction. To obtain this partition,
we use the extra information stored in I to keep track of and ensure appropriate use of each label. Until
now, it was not used in StrongNestedParallel, although our equivalence result requires that programs in
Weak and StrongNestedParallel both typecheck using the partition rules.

The following changes to the type system for the StrongNestedParallel language (Section 2.3) achieve
this goal:

1. Remove typing rules T-SPAWN-1 and T-SPAWN-2 and require that the last two components of any
inatomic expression are -. Assuming well-typedness, this is equivalent to removing the corresponding
spawn flavors from the language since programs with them would never type-check. This approach
simplifies our definition of a partition and the type system that enforces it.

2. Replace T-SET, T-GET, T-REF, and T-LABEL with rules that enforce a partition: T-SET-PARTITION, T-
GET-PARTITION, T-REF-PARTITION, and T-LABEL-PARTITION, listed below. Note the new restrictions
on t when compared to the partner rules in Section 2.3.

T-SET-PARTITION T-GET-PARTITION T-REF-PARTITION T-LABEL-PARTITION
Ttk ey :refir Tithex: T Tithke:refir Tiebe:r () =(r1t)
Iither:=ea: 7 Titkle:r ;e b ref e:refyr Tie b1 refyr
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Notice that T-REF-PARTITION allows programs to create a new label in one part of the partition and
insist that it always be accessed in a different part. This does not introduce data races because when a
label is created it must be thread local.

3.4 Other Typing Rules
No Changes.

3.5 Activeness

No Changes.

3.6 Type Safety

| Theorem/Lemma | Restated | Changes
Top-Level Progress No None.
Single Thread Progress No T-SPAWN-1: Remove this case
T-SPAWN-2: Remove this case
Top-Level Preservation No None.
Single Thread Preservation The T-LABEL case is still vacuous.

The T-SET and T-GET cases change to say a does not
change by the primitive step (rather than assuming a
remains o; it may now remain e).

Weakening Lemma No T-SPAWN-0 and T-SPAWN-2: The effect becomes irrele-
vant.
T-GET and T-SET: ¢ is either 0 or 2 so € = e.
Substitution Lemma No None.
Values Effectless Lemma No Nothing significant; notice that a label may occur any-
where. Only reading or writing its contents is restricted.
Variables not in I No None.
Values Inactive No None.
Effects Lemma Remove Part | The second part becomes trivial without T-SPAWN-2.
2

3.6.1 A Note About Progress

Strictly speaking, the type-safety result from Section 2.6 does not apply to the weak-atomicity semantics
and type system and we should repeat the proof. Type-safety for each language is important because
the equivalence proof in Section 3.7 will assume that if a well-typed initial configuration takes n steps
then the resulting configuration is well-typed.

However, the proofs of Progress require no significant changes since it is a strictly easier result to
show. The type system for Weak is strictly stronger than the one for StrongNestedParallel, and Weak’s
operational semantics is strictly more lenient than the semantics for StrongNestedParallel. The type
system accepts a subset of the configurations accepted by StrongNestedParallel, and the Weak semantics
allows a superset of the transitions.

3.7 Equivalence

In this section, we show that the StrongNestedParallel and Weak languages are equivalent under a heap
partition. Because the syntax of both languages is the same, we distinguish the weak semantic rules and
the strong semantics rules, using —,, to mean evaluation under the weak operational rules and —s to
mean evaluation under the strong operational rules. The difference between these semantics is given in
Section 3.2. Any typing judgments, such as I' - H : I" and I';e F e : 7 refer to the partitioned type
system given in Section 3.3. Even though StrongNestedParallel was defined under a slightly different
type system, we limit its syntax and modify the typing rules in the intuitive manner.
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Lemma 3.2 (Top-level Reordering) Suppose all the following hold:

T

1
2
3
4.
5
6

.I'FHy:T

.50k ea:Ta

. I0Fep:TB

active(ea)

. not-active(eg)

. & Hosea |lep | T —s o Hisely || ep || T —w o Hz€ly || e || T

Then there exists some Hi such that e; Hosea || ep || T —w @ Hijea || e || T' —s o Hasels || €5 ||

Top-level Reordering Proof by induction on the form of ea, organized by cases on e4.

e ¢4 = v. By the values inactive lemma, e4 cannot be active. This case is vacuous.

e ¢4 = z. x has no viable steps, so this case is vacuous.

e e =spawn; ¢,0 <4 < 2. There is no way to derive that e4 is active. This case is vacuous.

e c4 = atomic e. There is no way to derive that e is active. This case is vacuous.

e ¢4 = e1;ez. There is only one way to derive active(ea). This is when active(er). In this case, it

must be that e; is not a value, and it must be that e; stepped. Hj is obtained through induction.

e ¢4 = if e; e2 e3. This case is similar to that when e4 = e1;es.

e ¢4 = e1 := ez. There are two ways to derive active(ea), either e; is not a value and active(e1) or

e1 is some [ and active(e2).

1. active(e1). Here e1 took a step, and Hj is obtained through induction.

2. active(ez) and e; = I. Here e took a step, and Hj is obtained through induction.

e ¢4 =ref e;. This case is similar to that when e4 = e1;ea.

e ¢4 =le;. This case is similar to that when e4 = e1;es.

® ¢4 = e1 ea. This case is similar to that when e4 = e1 := es.

e ¢4 = inatomic(a”, e1,-,). Either e; is a value or it is not.

1. If e; is not a value, then e; it must be the expression that steps. To apply Lemma 3.3, we need
to show that each precondition applies:

(a
(b

) '+ Hp : T’ by assumption.

)
(¢) T;0F ep : 7B by assumption
)

)

By inversion on the typing rule for e4, we know I';2+ e1 : T4.

(d
(e

not-active(ep) by assumption

Since e4 must step under the INATOMIC rule, we have a”’; Hoje1 —s a”'; Hiselh; ;- to
evaluate e, (so ; Hojea —s o;H1;e£4;-;-;-) and e; Hi;ep — o; Ha;elp;To;-; - is true
by assumption.

Apply Lemma 3.3 (with e; and ep). to obtain an appropriate Hj.

2. e1 = v. The only evaluation rule that applies to e4 is EXIT ATOMIC, which changes a from e
to o. Because we require that a = a’ = e, this case is vacuous.

Lemma 3.3 (Nested Reordering) Suppose all the following hold:

SR

I'FHy:T

I52Fea:7a

I50FeB:TB

not-active(ep )

a; Hojea —s a's Hizelas s+ and o Hisep —w o5 Ha;elp; Tos s -

Then there exists some H1 such that &; Hojep —w o Hi;eg;To;+;- and a; Hijea —s a’s Hajels; ;-
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Nested Reordering Proof by induction on the evaluation of e 4; organized by cases on the form of e4.
(Note the interesting cases use the next two lemmas.)

e ¢4 = v. v has no viable steps, so this case is vacuous.
e ¢4 = x. x has no viable steps, so this case is vacuous.
e c4 = ref €/ There are two cases:

— €'} is not a value, so €’j steps. Hj is obtained through induction.

— ¢€/4 = va. Inthis case, ea steps in the following manner: a; Ho;ref €’y —s a’; Ho,lnew — vA; lnew; 5 - -
As a result, H1 = Ho,lpnew — va, and lnew & Dom(Hp). Since I' F Hy : T' we know that
lnew & Dom(T"). By the assumption that ep is well-typed (i.e. I';0 - ep : 78), it must be ep
cannot refer to lne and type-check. In this case, choose H{ = Ha \ {lnew — v}

e ca = spawn, e. This is impossible because I';2 - ea : 74 prohibits it.

e e4 = spawn; e. This expression won’t type-check under the available rules, so this case is vacuous.

® ¢4 = spawn, e. This expression won’t type-check under the available rules, so this case is vacuous.

e ¢4 = atomic e. In this case, ea steps under the ENTER ATOMIC rule. Using this rule, we know that
Hy, = Hy, and therefore ep effectively steps under Ho even before reordering. If ep creates some
different heap (H2), then e was already doing this from Ho, so pick H{ = Hs. The other evaluation

results for ep (i.e. To, ez )are also preserved. Similarly, we know that e doesn’t read or write any
H when stepping using the INATOMIC rule, so evaluating e 4 is also unaffected by reordering.

e ¢4 = e1;ea. There are two cases:
b

— ey is not a value. Hj is obtained through induction.
— e1 = v then ea becomes ez in one step, with no heap reads or writes. Choosing H; = H is
acceptable by an argument similar to that for the atomic e case.
e ¢4 = if e1 ez es. This case is similar to that when e4 = e1;es.
e ¢)p = e1 := ez. There are 3 cases:
— e1 is not a value. Hj is obtained through induction.
— e1 =1la and ez is not a value. Hj is obtained through induction.
— e1 =1a and e2 = va (ea steps using STRONG-SET) The following are true:
1. By assumption, I' - Hp : '
By the STRONG-SET rule, it must be that Hy = Ho,la — va.
o, Hi;ep —y o Hajels; To; ;- by assumption.
By assumption, I';2F 4 :=wva : Ta.
By assumption, I';0 - ep : 78

> o wo

. By assumption, not-active(eg)
Apply Lemma 3.4 to obtain H7.

e ¢4 =l!e;. There are two cases:

— ey is not a value. Hj is obtained through induction.
— e1 =1la (ea steps using STRONG-GET). All of the following are true:
1. By assumption, I' - Hp : '
2. By the STRONG-GET rule for reading the heap, it must be that Ho(la) = va for some va.
Also, Hy = Ho, so H1(la) = Ho(la) = va.
o Hi;ep — o Hajelg;Tp; ;- by assumption.
By assumption, T';2 14 : 74.
By assumption, I';0F ep : 78

> o w

. By assumption, not-active(eg)
Apply Lemma 3.5 to obtain Hj.

® ¢4 = e1 ea. There are three cases:

— If e1 is not a value, then Hj is obtained through induction.
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— If e1 = Az.e3 and e is not a value, then H] is obtained through induction.
— If e1 = Az.e3 and ez = v then ea steps under the BETA rule and e’y = eg[v/ar:]7 with H1 = Hp.
The argument here is similar to that for the atomic e case.
ea = inatomic(a, €'y, -, ). There are two cases:
— €’} is not a value. In this case, Hj is obtained through induction.

— €4 =va. Here, ea exits the transaction via EXIT ATOMIC and gives H; = Hy. The argument
here is similar to that for the atomic e case.

Lemma 3.4 (Independent Write Under Partition) Let ea = la := va, so under the strong se-
mantics a; Ho;la :=va —s a'; Hijva; -,

1.

2
3.
4

I'FHo:T

. H1:Ho,lA0—>’UA

/
o; Ho,la — vasep —w o Hajep;To;;-

. I52F ea : 7a (and by inverting on T-SET-PARTITION and T-LABEL-PARTITION we know that I'(14) =

(T4,2))
I50FeB: 7B

not-active(ep)

. Ha(la) =wva (i.e. result prior to reorder is preserved for ea)

o; Hyjep —w ® Hijel;To; ;- (i.e. ep becomes the same €z as before with the same Ty, and Hi is
like Ho except that Hi(la) = Ho(la))

Proof Independent Write By induction on the evaluation of ep, organized by cases on ep.

e = vp. ep does not step, so this case is vacuous.
ep = x. ep does not step, so this case is vacuous.

ep = spawn, e5. The only step available to ep is ®; Ho;spawn, €5 —. ®; Ho; 0;e5; ;. From this,
it is clear that before reordering the heaps for evaluation, eg did not change Hs’s mapping for 4
(and won’t change Ho’s mapping either) so Ha(la) = va as before. Similarly, ep is unaffected by
the values in Ho and so ez = 0 and Ty = e’; are as before.

ep = spawn, e’5. This expression cannot typecheck in the current language, so this case is vacuous.
ep = spawn, e;. This expression cannot typecheck in the current language, so this case is vacuous.
ep = atomic e. ep cannot step under o. This case is vacuous.

e = e1;e2. There are two cases:

— e is not a value. By induction.

— e1 = vp and ez is not a value. Here, ep steps using the SEQ-vV rule, so e; Hp;v;ea —u
e; Hy;ea;-;+;-. Notice that Hi = Hy and so ea executes under H; to get Hs as before. Thus,
H>(la) =wva), and ey = e2 with Ty = - as before.

ep = if e1 e2 e3. This case is similar to that when eg = e1;ea.
eB = e1 := ea. There are three cases:

— e is not a value. By induction.

— e1 = Ip and ez is not a value. By induction.

— e1 = Ip and e2 = vp. By assumption, we have I';0 - ep : 75, and since e; is some lp, we can
invert on the typing rules to get: I'(lg) = (78,0). We know that I'(l4) = (74, 2), therefore [4
and /g must be distinct. We know from before reordering that Hy = Ho,la — va,l — vB,
so we pick H{ = Hp,lp — vp and after evaluating e4 we have Hy = Ho,lp — vp,la — va.
As a result, H2(l4) = va. Additionally, ez = v and Tp = - as before.

e =l!e1. There are two cases:
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— e1 is not a value. By induction.

— e1 = lp By assumption, we have I';0 I ep : 7B, and since e; is some [g, we can invert on the
typing rules to get: I'(lg) = (78,0). It is given that I'(l4) = (74, 2), therefore [4 and Ip must
be distinct. By assumption, H1 = Ho,la — va. Because the labels are distinct, we also know
that Ho(lg) = vp (and therefore ¢z = vg = Ho(lp) are as before). By picking H] = Ho, ea
evaluates under Hy as it did before, giving Ho = Ho,la — va with Ha(la) = va.

e ¢ — e1 ea. There are three cases:

— e1 is not a value. By induction.

— e1 = Az.e’s and ez is not a value. By induction.

— e1 = Az.elp and ez = vp. The only step available to e is ®; Ho; Az.eb vp — o; Ho;eg[vp/x]; ;.
From this, it is clear that before reordering the heaps for evaluation, ep did not change H2’s

mapping for 14, so H2(la) = va as before. Similarly, eg does not use any values in H and so
e’z and Ty are as before.

e ep = inatomic(a, €}, -, ). By the assumption that not-active(eg), this case is vacuous.

e eg =ref e%. There are two cases:

— ¢€’5 is not a value. By induction.

— e'5 is some v In this case, a label is created and Ha = Ho,la — va,lnew — v and €5 = lnew.
We know that lpew & Dom(Hp), and since I' H Hp : T' it must be that lpew & Dom(T).
Since we also assume that I'(la) = (74a,2), it must be that that 14 # lnew (otherwise, ea
could not type-check under I'). As a result, ep can step under Hy in the following way:
o Hysep —w ® Ho,lnew ¥ Vjlnew; -, giving 633 = lnew and Ty = - as before. By picking
Hi{ = Ho,lnew — v, we have Hi(la) = Ho(la), and after the write to la we have Hy =
Ho,lnew — v,la — va with Ha(la) = va.

Lemma 3.5 (Independent Read Under Partition) Let ea =!a, so under the strong semantics
a; Ho;lla —s a'; Ho; Ho(la); - -5 -

1.

2
3.
4

I'FHo:T

. H1 = Ho, and Ho(lA) =vA

!
o;Hi;ep —w o Hajep;To; ;-

. I52F ea : 7a (and by inverting on T-GET-PARTITION and T-LABEL-PARTITION we know that I'(14) =

(T4,2)).
I50FeB: 7B

not-active(ep )

. Hy(la) =wva (i.e. ea reads the same value from Ha as it did from Hy)

o; Hojep — o Hajelg;To; ;- (i.e. ep evaluates to the same To and e’z under Hy as it did under
Hy. This is relatively obvious since we have picked H1 = Hy).

Proof Independent Read by induction on the evaluation of ep, organized by cases on ep.

e = vp. ep does not step, so this case is vacuous.
ep = x. ep does not step, so this case is vacuous.

ep = spawn, e¢5. The only step available to ep is ®; Ho;spawn, €5 — ; Ho;0;€%;+;-. Because
Ho = Hi1 = Ha, it is clear that before reordering the evaluation, ep did not change H2’s mapping
for la, so H2(la) = va. Similarly, ep is unaffected by the heap and so e’z and Tp are as before.

ep = spawn, e;. This case is vacuous because it violates the assumption that T;0 + ep : 75.
ep = spawn, e5. This case is vacuous because it violates the assumption that T;0+ ep : 75.
ep = atomic e. This case is vacuous because egp cannot step under e.

ep = e1;e2. There are two cases:

24



— e1 is not a value. By induction.

— e1 = vp and ez is not a value. Here, o; Hy;v;e2 —4 ©; Hp;ea;-;+;-. Because we have picked
H{ = Hy = H,, ep can evaluate under Hy as it did under H;. As a result, ez = e2 and Ty = -
as before. Also, ep steps using SEQ-V and thus Hs = H; was true before reordering. The
choice of H{ = H> = Hy = Hj gives that Ha(la) = va.

ep = if e1 ez e3. This case is similar to that when eg = e1;ea.
e = e1 := e2. There are three cases:

— e is not a value. By induction.

— e1 = Ip and ez is not a value. By induction.

— e1 = Ip and e2 = vp. By assumption, we know that I';0 - ep : 75, and since ep = I, inversion
on the typing derivation for ep gives that I'(Ig) = (75,0). It is given that I'(la) = (74, 2),
therefore l4 and Ip are distinct. Thus, Ho = Ho,lp — vp. By picking H{ = H> and noting
that Hi1 = Ho, H2(la) = va, with e’z and Ty = - as before.

ep =le1. There are two cases:

— e is not a value. By induction.

— e1 = lp By assumption, we know that I';0 F ep : 75, and since ep =!ip, inversion on the
typing derivation for ep gives that I'(Ig) = (75,0). It is given that I'(la) = (7a,2), therefore
la and lp are distinct. By picking H; = Ho where Ho(lg) = vp, and Ho = Hy = H;, we can
show that H2(l4) = va, and e’z = vp = Ho(lg) and Ty = - are as before.

eB = ey ea. There are three cases:
— e is not a value. By induction.

— e1 = Az.e’s and ez is not a value. By induction.

— e1 = A\z.¢’; and ea = vp. The only step available to ep is o; Ho; Az.eB” vg — ®; Ho;eh[ve/x]; -

From this, it is clear that Ho = Ha, so Ha(la) = Ho(la) = va Similarly, e’z is unaffected by
the values on the heap and so ez and Ty are as before.

ep = inatomic(a, €3, -, ). By the assumption that not-active(eg), this case is vacuous.
ep = ref e%. There are two cases:

— ¢€’5 is not a value. By induction.

— ¢e’5 is some v In this case, a label is created and Hi = Ho,lnew — v and €5 = lpew. We
know that lnew & Dom(Ho), and since I' F Hy : T' it must be that lpew & Dom(T). Since
we also assume that I'(la) = (74,2), it must be that that 4 # lnew (otherwise, ea could not
type-check under I'). As a result, ep can step under Hy in the following way: e; Ho;ep —w
o; Ho, lnew > U lnew; 55+ -, giving € = lnew and Tp = - as before. Similarly, Hi(l4) = Ho(la),
so Ha(la) = va.

Lemma 3.6 (Topmost Enter-Atomic) Suppose

S Cu o o =

I'tH:T
Ii0Fep:7
I50Fea:T

not-active(e4 )
not-active (eg )

o;Hjea |lep || T —s o;Hi€y |l ep || T and
o Hiey|les | T —w o Hsely|lep || T

Then the following must be true:

1.
2.

active(e)y )

o;Hjeallep || T —w o;H';eall e || T and
o;H'sea |l e || T" —s o H'sely || e || T

Proof of Lemma 3.6 Proof by cases on e4.
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ea = v. v cannot step. This case is vacuous.
ea = x. x cannot step. This case is vacuous.
ea = ref e;’\ There are two cases:

— If €/} is not a value, this is true by induction.
— If €/} is some v, then e steps using ALLOC under which a = a’. This violates the assumption
that @ = o and @’ = e. This case is vacuous.

ea = spawng e. The only step for e4 is SPAWN-0, under which a = a’. This violates the assumption
that @ = o and a’ = . This case is vacuous.

ea = spawn,; e. This expression is not in the current language, so this case is vacuous.
ea = spawn, e. This expression is not in the current language, so this case is vacuous.

ea = atomic eg. Here, only one evaluation step applies, ENTER-ATOMIC. Thus, o; H;ea —s
e; H;inatomic(o, eo, -, -) Deriving active(e’y) is obvious. Showing that es can be moved to before
ea entered a transaction requires cases on ep. For each case, we must show: that ep is unaf-
fected by ea’s evaluation in terms of H and T and a. Notice that by assumption, &; H;T || ez —w
o; H';T' || e5. Or rather, that e stepped using the weak rules under e. Also by assumption, e
does not change H or T.

— ep = v. v cannot step. This case is vacuous.

— ep = x. x cannot step. This case is vacuous.

— ep = ref €. There are two cases:

* If €5 is not a value, this is true by induction.

* If €% is some v, then the step for ep is to create a new, thread-local label, l,ew, for v
using the ALLOC rule. By assumption, lpew & Dom(H) and since I' - H : T', we know that
lnew & Dom(T'). As a result, e4 could not type-chek if it referred to lnew. As a result, it
is not possible that ea relies upon or is affected by lnew-

— ep = spawn; e. ep steps in the following manner: o;H;ep —., o, H;(0] e T). Since
ep creates H = H and T' = e || T, while ea steps under ENTER-ATOMIC (and, as stated
earlier, preserves H and T'), it must be the case that ep neither affects es nor is affected by
it. Similarly, ea is not affected by ep.

— ep = spawn, e. This expression is not in the current language, so this case is vacuous.
— ep = spawn, e. This expression is not in the current language, so this case is vacuous.
— ep = atomic e. Here, ep cannot step under e. This case is vacuous.
— ep = e1;e2. There are two cases:

* If e1 is not a value, this is true by induction.

x If e; is some v, then the step for e is to become ez. Again, ep has no need to access the
heap or create new threads, so H and T are as before.

— ep = if e1 ez e3. This case is similar to that when eg = e1;es.
— e = e1 := ez. There are three cases:

x If e1 is not a value, this is true by induction.

x If ez is not a value, this is true by induction.

* If e1 is some [ and e is some v. Here ep writes the heap using WEAK-SET,so H' = H,l — v
and since e4 doesn’t change H this can happen either before or after e steps.

— ep =le1. There are two cases:
* If e1 is not a value, this is true by induction.

* If e; is some [, then the step for ep is to read the value at [ using WEAK-GET. Thus,
ez = H(l). By assumption, ea does not write to H or create new threads, so H and T
after es evaluates are the same as before.

— eB = ey e2. There are three cases:
x If e1 is not a value, this is true by induction.
x If e2 is not a value, this is true by induction.
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x If e1 is some Az.es, and ez is some v, then the step for ep is to become e3 [v/az]7 under
BETA which creates H' = H and 7' =T.

— ep = inatomic(a, €', -, -). This case violates the assumption that not-active(er), so this case is
vacuous.

e ¢4 = e1;ea. If e1 # v, then we use induction. If e; = v, then ea steps under the SEQ-v rule, in
which a = a/. This violates the assumption that a = o and a’ = e. This case is vacuous.

e ¢4 = if e1 ez e3. If e # v, then we use induction. If e; = v, then es steps under the IF-Z or
IF-NZ rules, under which a = a’. This violates the assumption that a = o and a’ = e. This case is
vacuous.

e ey =e1 :=e2. If e1 # v, or e2 # v, then we use induction. If e; =14 and e2 = v4 then es steps
under the STRONG-SET rule, in which a = a’. This violates the assumption that a = o and a’ = e.
This case is vacuous.

e ¢4 =lej. If e1 # v, then we use induction. If e; = l4, then es steps under the STRONG-GET rule,
in which a = a/. This violates the assumption that a = o and a’ = e. This case is vacuous.

e cq =ejex. If 1 # v, or ez # v. then we use induction. If e; = Az.e and ez = v then ea steps
under the BETA rule, in which a = a’. This violates the assumption that a = o and a’ = e. This
case is vacuous.

e e¢4 = inatomic(a,e’y,-, ). This case violates the assumption that not-active(ea), so this case is
vacuous.

Lemma 3.7 (Weak and Strong under different values of a) Fach of the following is true: ,
1. o H;T —y a;H';T'
If and only if
o H:T —, a;H;T'
2. o H;T —,, o;H;T’
If and only if
o H:T —, o;H;T'
3. & H;Ta|le||Ts —w o;H';Ta || € || Ts and active(e) and active(e’)
If and only if
o H;Talle||Ts —s o;H';Tall € || Ts and active(e) and active(e’)
Lemma 3.7 The proof (by induction on the derivation of the assumed evaluation step) follows directly
from examination of the weak and strong evaluation rules.

Lemma 3.8 (Serializability of Transactions) Suppose:
1. Fo;e
2. o;e —u a; H;T
then there exists some sequence such that
1. oj5e—% a;H;T
2. If a = e then the sequence ends with o; H;Ta || e || T —s o H;(Ta || €| Ts) &; H;T || ¢ —F
o H; (Ta || ¢ | T) where Ta || ! || Ta = T
Proof of Lemma 3.8 Proof by induction on n.
e When n = 0, neither semantics takes a step and a = o, so this case holds trivially.

e Assume the lemma is true for n — 1, and show that this holds for n. By assumption:

n—1

o;se =t a;H;T —4 a'; H';T'. The following statements are true by induction on the first
n — 1 steps of evaluation:
(A) o;5e =171 a; H;T
(B) If a = e then the sequence ends with
o;H;Ta | ei | Te —s o H; (Ta || € || Ts) —% & H; (Ta || e || Ts) where Ta || ¢ || Tp = T
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There are two possibilities for a after these (n — 1) steps of evaluation:

1. If a = o then we need to show that the n'* step taken under the weak semantics is also valid
under the strong semantics. Lemma 3.7, part 1, gives us that any single step of evaluation
under the weak semantics that begins with a = o is also valid under the strong semantics.
Thus, o; H;T —, a'; H'; T' must be true. By combining this with fact (A) from above, then
we know that o;-;e —% a'; H';T' where Ta || ef || Tg = T'. If ' = e then e; entered a
transaction, and the proof conditions are satisfied when we let £ = 0.

2. If a = e then by correct-atomic(e, T4 || e; | Tr), we know that there is some active thread
e; € T. If T contains more than one thread, then all other threads, e; are not active. By
assumption, either the active e; takes a step or (if it exists) a not-active e; takes a step.

(a) e; took the last weak step, and active(e;). Either e; exited the atomic block on the next
weak step, or e; did some evaluation within the transaction.

— If e;’s next step was to exit atomic, then by assumption the final weak evaluation rule
has the following structure: e; H;T —,, o; H';T'. Lemma 3.7, part 2, gives us that this
evaluation is equivalent under strong evaluation, so it must be that e; H;T —, o; H';T".
By combining this statement with fact (A) above, we know that o;-;e —% o; H'; T".

— e; did some evaluation inside a transaction and did not exit the transaction. Thus the
final weak evaluation rule has the following structure: e; H;T —,, e; H';T'. We also
know that active(e;) so Lemma 3.7, part 3, gives us that this step is equivalent under
strong evaluation, so it must be that e; H;T — e; H';T’. By combining this statement
with fact (B) above, we know that there is a sequence of n steps of evaluation that
ends with o; H;Ta || e; || Ts —s & H;(Ta || € || Ts) ="' o; H; (Ta || €/ || T8) where
Ta || € || T = T. Because active transactions do not spawn threads at the top level,
we know that T'=T".

(b) If the next step was some e; where not-active(e;), then we need to show that this step can
be moved before e; enters the transaction (by symmetry, we assume Ts = ¢; || Tg). By
applying Lemma 3.2, k times and using fact (B) above, we can get the following order of
evaluation:
oy H; (Ta |l ei || Ts) —s & H;(Tallejlle; | Tp) —w & H;(Ta || € || € || Th) —%
o; H; (Ta || € || €j | Tp), where Ta || € || €] | Tp =T
Next, it is possible to move the step for e; before e; enters the transaction using Lemma
3.6, which gives:
oy H; (Ta |l ei |l € | Th) —w o H;(Talleill € | T5) —s & Hy(Ta || € || €5 || Tp) —%
o H;(Ta |l el || € || Tg), where Ta || ef || e} || Tp =T.

Then, Lemma 3.7, part 1 gives that the step for e; when a = o is equivalent to the same

step under strong semantics, giving the desired result:

o H; (Ta |l e || e || Th) —o o3 Hi(Ta |l € || €} || TH) — o Hi(Ta || € || €] || TH) =%

o H;(Ta || € || €] || T), where Ta || € || ] | Tp = T.

Theorem 3.9 (Weak and Strong Equivalence) Ift o;-;e (using the type-system from Section 3.3),
then o; ;e —v a; H;T iff o;5e —5, a; H;T.
Proof There are two directions to prove for the iff statement:

e “strong implies weak”: Every trace using the strong evaluation rules is an equivalent trace under
the weak evaluation rules. This is because the weak rules allow a strict super set of traces.

e “weak implies strong”: Follows as a corollary to Lemma 3.8 (the first conclusion of that lemma is
what we need).
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4 The StrongBasic language

To explore similar equivalence results to even weaker syntax for software transactions, we simplify the
StrongNestedParallel language by removing internal parallelism and retain the top-level parallelism. We
call this simplified language StrongBasic.

4.1 Syntax

To summarize the syntax for the StrongBasic language, we redefine e by removing the syntax for spawng,
spawni, and spawnz from StrongNestedParallel and add a new generic form of top-level thread creation:
spawn. We have also replaced inatomic with appropriately simplified syntax.

It is valuable to note that the new syntax for inatomic does not contain an internal version of a,
because there are no internally parallel threads. This results in some interesting features in the updated
typing rule in Section 4.3.

e = c|l|z|e;ez]|er:=ea]|ref elle| Az.e|er e2
| spawn e | atomic e | inatomic(e)
4.2 Dynamic Evaluation

4.2.1 Whole Program Evaluation

Since we have removed the two internally parallel types of spawn from StrongNestedParallel, we can only
create a single, top-level, inductive T' whenever e takes a step. This changes the form PROGRAM rule only
slightly (to accommodate the new evaluation form for e).

‘a;H;T—> o H:;T'

PROGRAM
a;H;e —a';H; €:T
a;H;Ta | e|Tp — o';H;Ta |l || Ts | T

4.2.2 Expression Evaluation

Removing the internally parallel versions of spawn changes the judgment form of e in the intuitive manner.
We have included the SEQ-1 and STRONG-GET rules as examples of how to modify the other evaluation
rules to handle empty and inductive values of T'. We have also modified the ENTER ATOMIC, INATOMIC,
and EXIT ATOMIC rules to reflect the syntax changes for atomic blocks and introduced a new SPAWN rule
to accommodate the syntax changes for thread creation. Although we removed the INATOMIC HELPER,
SPAWN 0, SPAWN 1, and SPAWN 2 rules, note the similarities between SPAWN in this language and SPAWN
0 in the StrongNestedParallel language.

a;H;e —a';H';e';T

SEQ-1
w:Hier — a/s H's i T STRONG-GET SPAWN
a;H;eieo — a'; H ;elen; T o; H;ll — o; H; H(1); - a; H;spawne — a; H;0; e
INATOMIC
ENTER ATOMIC a; H;e N a/; H,; 6,; .
o; H;atomic e — e; H;inatomic(e); - e; H;inatomic(e) — ; H;inatomic(e'); -

EXIT ATOMIC

e; H;inatomic(v) — o; H;v; -
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4.3 Typecheck ¢

As with the syntax and semantics changes, we make minor adjustments to type-checking e under £. We
remove the typing rules for no-longer-existent syntax (spawng, spawni, spawnz) add a rule for the new
spawn syntax, and modify the inatomic rule to accommodate the syntax changes. Note the difference in
the T-INATOMIC rule’s use of correct-atomic. We still require that there be a meaningful correspondence
between e and a, although without 7> the syntax does not actually need to keep track of an internal
value of a for coordination purposes.

T-SPAWN T-INATOMIC
IiOke: T i2ke:r correct-atomic(a, e)
I';0 F spawne : int I';e I inatomic(e) : 7

4.4 Other Typing Rules
No Changes.

4.5 Activeness
4.5.1 Not-Active(e)

We remove the not-active(e) rules for deleted syntax (spawng, spawni, and spawnz). We add a rule for
the added syntax (spawn):

not-active(e)

not-active(e)

not-active(spawn e)

4.5.2 Active(e)

Similarly, we update the active(e) rule for inatomic:

active(e)

active(inatomic(e))

4.5.3 Correct Atomic State of T’
No Changes.

4.6 Type Safety

It is not necessary to show that this language is typesafe.

4.7 Equivalence
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5 The StrongUndo language

This language is like StrongBasic in that it has strong atomicity and no internal parallelism, but like
WeakUndo in that it has logging-and-rollback. This combination is bizarre by itself, but our purpose
in defining this language is to stage the equivalence of WeakUndo to StrongBasic by proving WeakUndo
equivalent to StrongUndo, which largely involves serializing transactions much like the proof of equivalence
between StrongNestedParallel and Weak, and proving the equivalence of StrongUndo to WeakUndo, which
largely involves proving that rolled back transactions have no effects other than to allocate unused heap
locations.

To make matters even easier, StrongUndo is “very” strong, meaning that if one thread is active,
then no other thread can take any step (by contrast StrongBasic allows steps like beta-reductions to be
interleaved with transactions).

We also, for now at least, prevent nested transactions by restricting the type system. This dramatically
simplifies the equivalence proof, though we believe the more general result holds. Many of the lemmas
stated for equivalence is false and/or too narrow in the presence of nested transactions.

This language is probably easier to understand after WeakUndo, but putting it in-between StrongBasic
and WeakUndo makes sense from the perspective of the equivalence proof. Note that in both languages,
logs, which are heaps, are treated syntactically. In particular, they may have repeated elements. More
specifically, when H is used as a heap (e.g., as part of a program state), H,l — v or HH' is partial-map
update, with the new bindings on the right shadowing those on the left. However, when H is used as a
log, H,l— v or HH' is treated as syntactic extension, so if/when we rollback using the log, the leftmost
binding for any [ will “win”. This abuse of notation will hopefully be clear from context; perhaps the
conference-paper should not overload juxtaposition in this way.

5.1 Syntax

The syntax is the same as for WeakUndo:
e == cl|l]xz|e;ea|er:=ez|ref elle| Az.e]|er ez

| spawn e | atomic e | inatomic(a, e, Hiog, €0) | inrollback(Hiog, €0)

5.2 Dynamic Evaluation

The form of the judgments and the treatment of logs is the same as for WeakUndo, but the treatment of
a is like StrongBasic, but “even stronger”.

5.2.1 Whole Program Evaluation

a; H;T —d';H'; T

PROGRAM
a;Hye —a'sH';e's Ty Hiog
a;H;Talle||Te —a s H;Tall € | To || T

5.2.2 Expression Evaluation

Not shown are rules SET-1, SET-2, REF-1, GET-1, APP-1 and APP-2, which are analogous to SEQ-1.
a;H;e — a/; H'; €5 T Hiog
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SEQ-1

’ r.or SEQ-V
a;H;ey — a'; H'; €45 T; Hiog Q
/ ! /
a; H;(er;e2) — a's H'; (e15€2); T Hiog o; H; (vse2) — o5 Hiez; s
ALLOC BETA SPAWN
I ¢ Dom(H)
o;Hyref v — o; H,l — v;l;-;- o; H; (Ax.e) v2 — o; H;e[va/x]; ;- o; H;spawne — o; H;0;e; -
SET-EAGER GET-EAGER
o;H;l:=v—o;H/l— v;v;51— H() o; H;l — oy Hy H(L); - -
ENTER ATOMIC
o; H; atomic e — e; H;inatomic(o, e, -, €); ;-
INATOMIC
/ ! / !
a;Hje —a s H e Hig
o; [;inatomic(a, e, Hiog, €0) — ®; H'; inatomic(a’, ¢/, Hk,gH(og, €0);
ENTER ROLLBACK
e; H;inatomic(o, e, Hiog, €0) — ®; H;inrollback(H)eg, €0); *; -
DO ROLLBACK
o; H;inrollback(Hiog, I > vod, €0) — ®; H, 1 + voa; inrollback(Hiog, €0); *; -
COMPLETE ROLLBACK COMMIT
e; H;inrollback(-, e0) — o; H; atomic eq; -; - e; H;inatomic(o, v, Hiog, €0) — 0; H;v; ;5 Hiog

5.3 Typecheck e

The type system is the same as for WeakUndo except we change T-ATOMIC and T-INATOMIC to prevent
nested transactions, simplifying the equivalence proof for now. The essential change is putting 0 in the
rules’ conclusions instead of ¢; also notice the a inside inatomic is always o.

T-ATOMIC T-INROLLBACK
i2ke:r Ii2Feo: T T Hgg: T I" extends T all2(T") not-active(eo)
T';0 F atomice: 7 I;0 F inrollback(Hiog, €0) = T

T-INATOMIC
Ii2Fe:T
correct-atomic(o, e) Ii2Feo: T not-active(eg) T Hog: T' T extends T’ all2(T")

I'; 0 F inatomic(o, e, Hiog, €0) : T

5.4 Other Typing Rules

No changes

5.5 Activeness

The type system is the same as for WeakUndo. However, it’s convenient when stating lemmas to have a
form of the active judgment that also computes what, if we were to enter rollback, we would use for the
log and the rolled-back expression, as well as whether or not we are already in rollback. We use ir for
“in rollback” and ia for “in atomic” — any active expression is one or the other.
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r=irlia

‘ activeplus(e; Hiog; €0;7) ‘

activeplus(inatomic(o, e, Hiog, €0); Hiog; atomic eo;ia) activeplus(inrollback(Hiog, €0); Hiog; atomic eg; ir)
activeplus(e1; Hiog; €0;7) activeplus(e1; Hiog; €0;T)
activeplus((e1; e2); Hiog; (€05 €2);7) activeplus(e; := e2; Hiog; €0 1= €2;7)
activeplus(e1; Hiog; €05 7) activeplus(e1; Hiog; €0;T) activeplus(e1; Hiog; €0;7)
activeplus(v := e1; Hiog; v := €0; 1) activeplus(ref e1; Hiog; ref eo;7) activeplus(le1; Hiog; le0; )
activeplus(e1; Hiog; €05 7) activeplus(e1; Hiog; €0; 1)
activeplus(ey e2; Hiog; €0 €2;T) activeplus(v e1; Hiog; v €0; 1)

5.6 Type Safety

The type-safety proof is almost the same as for WeakUndo, but we have to account for changes to
the dynamic semantics (being “very” strong instead of weak) and the type system (preventing nested
transactions). We summarize the relevant issues here (this probably deserves fleshing out a bit):

e Progress: The stricter type system cannot be a problem. For the stricter dynamic semantics, note
that when a = e the proof for WeakUndo always chooses the active thread to take a step, which we
can still do, i.e., we never needed the “weak” in weak-atomicity to take a step.

e Preservation: The stricter dynamic semantics cannot be a problem. For the stricter type system, we
need to strengthen Single Thread Preservation to argue as follows: The third bullet in conclusion
6 now reads, “If a = o and @’ = e then not-active(e) and active(e’) and € = 0.” In other words,
the expression can enter a transaction only if it type-checked under effect 0 before the step. This
is relevant in various cases of the proof:

— If e = atomic e;, then under our new T-ATOMIC € = 0, so the conclusion holds.

— If e steps via INATOMIC, then under our new T-INATOMIC, the inner expression steps with
o and type-checks under 2, so inductively, the inner step must produce o and preserve the
not-activeness of the inner expression.

— For the various inductive cases, we need that the subexpression type-checks under the same
effect as the whole expression, so we can still conclude the third bullet.

The key new corollary of Preservation, which arises directly from inspection of T-INATOMIC is that the
body of an inatomic expression is not-active.

5.7 Equivalence

We show only that traces in this language are “mostly” possible in StrongBasic. The other direction is
nontrivial (since we are “very” strong instead of strong), but showing traces in StrongBasic are possible
in WeakUndo is trivial, i.e., we do not use this intermediate language for that direction. By “mostly”
we must account for:

e Allocations inside transactions that rollback lead to garbage in the heap for StrongUndo that will
not be there in StrongBasic, so we allow StrongUndo to produce an extension of the heap produced
under StrongBasic.

e When StrongUndo is doing a rollback there is not corresponding trace in StrongBasic, so we have
to say the state after the entire rollback is reachable under StrongBasic. Relatedly, rollback means
StrongBasic may need to take fewer steps to reach a state reached by StrongUndo.

e Though the source languages are the same, inatomic expressions in StrongBasic do not have logs.
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The heart of the proof is showing that rollback is correct, which requires a strengthened induction
hypothesis to demonstrate that at any point in a transaction, the logging can be used to return to an
appropriate heap. Stating this correctly is complicated significantly by nested transactions (hence we
banned them) and moderately by the “allocations inside transactions” issue. This issues motivate some
of the definitions that precede the key lemmas.

We first define a simple “translate” metafunction for removing the log. The idea is that if translate(es; ez2),
then e; in StrongUndo corresponds to ez in StrongBasic. The metafunction is partial (e.g., expressions
doing rollback have no counterpart) and encodes the very simple idea of simplifying the at-most-one
inatomic expression in a program. We also extend it to thread-pools in the natural way.

Note we write a; H;e — a'; H';€'; T; Hiog for a step in StrongUndo and a; H;e —no a'; H';€'; T for a
step in StrongBasic, and similarly for top-level evaluation.

translate(e1; e2)

not-active(e) not-active(e) translate(e; e)
translate(e; ) translate(inatomic(o, e, Hiog, €0); inatomic(e)) translate((e1; e2); (€15 e2))
translate(er; e?) translate(e; e}) translate(e; e)
translate(e; := e2; e} == e2) translate(v := e1;v := €}) translate(ref ei;ref e})
translate(e; e) translate(er; e}) translate(e; e)
translate(les; lef) translate(e; ez; e e2) translate(v er; v e})

Definition 5.1 (Heap Extension) H' extends H if for alll € Dom(H), H'(l) = H(l).

Definition 5.2 (Rollsbackto) The definition of rollsbackto(Hpre; Hiog; Hpost) defines when doing roll-
back with log Hisg should transform Hye to Hpost. We have two inference rules:

l € Dom(H) rollsbackto(H, [ — v; H'; H")
rollsbackto(H;-; H) rollsbackto(H; H' 1 +— v; H")

The H,l+ v is in the partial-map sense and the H’ [ — v is in the syntactic-log sense.

Lemma 5.3 (Rollback Extension) If rollsbackto(H; Hiog; H') and | € Dom(H),
then rollsbackto(H,l — v; Hieg; H', 1 — v)

Proof By induction on the derivation of rollsbackto(H; Hiog; H')

Lemma 5.4 (Active-Plus Determinism) active(e) if and only if there exist unique Hiog, €o, and v
such that activeplus(e; Hiog; €0;7).

Proof By induction on the derivation of not-active(e). The base cases are immediate and the inductive
cases are straightforward.

Lemma 5.5 (Starting Inactive) If:
1. THH:T
2. IieFe: T
3. not-active(e)
4. o;Hje — a; H'; €T Hig
Then o; H;e —no a; H'; €”; T where translate(e’; e”’).
Proof By induction on the derivation of assumption 4, with cases on the bottommost rule. Note in the
immediate cases except ENTER-ATOMIC, not-active(e) and Preservation ensure not-active(e’) so €’ = ¢€’.

e SEQ-1 Let ebeer; ez and €' = €];es. Inverting assumptions, 2, 3, and 4 ensures induction applies and
o; H;e1 —mo a; H'; €7+ where translate(e];e!). So we can derive o; H; (e1;e2) —no a; H'; (e1;e2);-
and translate(ef;ez;el; e2).
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e SET-1 Analogous to SEQ-1 with e being e; := e2

e SET-2 Analogous to SEQ-1 with e being v := e;

e REF-1 Analogous to SEQ-1 with e being ref e;

e GET-1 Analogous to SEQ-1 with e being le;

e APP-1 Analogous to SEQ-1 with e being e e2

e APP-2 Analogous to SEQ-1 with e being v e;

e SEQ-V Immediate; assumption 4 ensures we can take the same step in StrongBasic.

e ALLOC Immediate; assumption 4 ensures we can take the same step in StrongBasic.

e BETA Immediate; assumption 4 ensures we can take the same step in StrongBasic.

e SPAWN Immediate; assumption 4 ensures we can take the same step in StrongBasic.

e SET-EAGER Immediate; assumption 4 ensures we can take the same step in StrongBasic.
e GET-EAGER Immediate; assumption 4 ensures we can take the same step in StrongBasic.

e ENTER-ATOMIC Immediate; assumption 4 ensures we can take a similar step in StrongBasic; the
difference is mediated by translate(e’; e”).

e INATOMIC Vacuous given assumption 4 (o vs. e)

e ENTER ROLLBACK Vacuous given assumption 4

e DO ROLLBACK Vacuous given assumption 4

e COMPLETE ROLLBACK Vacuous given assumption 4

e COMMIT Vacuous given assumption 4

Lemma 5.6 (Becoming Active) If:
1. THFH:T
2. IeFe: T
3. not-active(e)
4. o;H;e — o;H';e';T;ngg
Then H' = H, T = -, Hy,, = -, and activeplus(e’; -; e; ia).

Proof By induction on the derivation of assumption 4, with cases on the bottommost rule used:

e ENTER ATOMIC: by inspection of the rule H' = H, T = -, and H,'Og = .. Furthermore, e has the form
atomic e1 and €’ is is inatomic(o, e1, -, 1). We can derive activeplus(inatomic(o, e1, -, €1); -; atomic e1;ia),
which is what we need since e is atomic eq.

e SEQ-1 Let e be e1;e2 and €’ = €}; e2. Inverting assumptions, 2, 3, and 4 ensures induction applies so
H' =H,T =, Hy,, = -, and activeplus(e};-;e1;ia). So we can derive activeplus(el; ez; -; e1; e2;ia),
which is what we need since e is ej;ea.

e SET-1, SET-2, REF-1, GET-1, APP-1, and APP-2 are analogous to SEQ-1.

e SEQ-V, ALLOC, BETA, SPAWN, SET-EAGER, GET-EAGER, INATOMIC, ENTER ROLLBACK, DO ROLLBACK,
COMPLETE ROLLBACK, and COMMIT are all vacuous since we need to step from a state with o to a
state with e.

Lemma 5.7 (Becoming Inactive) If:
1. THFH:T
2. IiekFe: T
3. activeplus(e; Hiog; €0; )
4. o;H;e — o;H’;e’;T;H{og
Then:
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Ifr=ir, then Hig = Hipg =-,, T =+, H = H, and € = eo.
If r =ia, then H = H and &; H;e"" —n, o; H;e'; T where translate(e;e”).

Proof By induction on the derivation of assumption 4, with cases on the bottommost rule used:

COMPLETE ROLLBACK: By inspecting the form of the rule and inverting assumption (3), e is
inrollback(-, eq) and e’ is atomic eg. The second result holds vacuously; we can derive only
activeplus(e; -; atomic eg;ir). The first result then follows directly form the form of the COMPLETE
ROLLBACK rule.

COMMIT: By inspecting the form of the rule and inverting assumption (3), there must exist a v such
that e is inatomic(o, v, Hiog, €0). The first result holds vacuously; we can derive only

activeplus(e; Hiog; €0;1a) The second result holds because translate(e;e’) ensures e” is inatomic(v)
and we can derive e; H;inatomic(v) —no o; H;v;- (note from the form of the rule H' = H and
T=").

SEQ-1: Let e be e1;e2 and €’ = €f; e2. Inverting assumptions, 2, 3, and 4 ensures induction applies
so:

— If r =ir, then Hig = Hpy = -, T = -, and where €] = ey where ey = ep; e2. Hence we can use
o, H;e1 — o; Hjep; -5 - to derive o Hier;ea — o; Hjep; e; ;-
— If r = ia, then H' = H and e; H;e! —no o; H;el;T where translate(ei;e;). Hence we can

derive o; H;el;ea —no 0; Hjel;e2; T and translate(e; e”’) ensures e” is ef; es.
SET-1, SET-2, REF-1, GET-1, APP-1, and APP-2 are analogous to SEQ-1.

SEQ-V, ALLOC, BETA, SPAWN, SET-EAGER, GET-EAGER, INATOMIC, ENTER-ROLLBACK, DO-ROLLBACK,
and ENTER-ATOMIC are all vacuous since we need to step from a state with e to a state with o.

Lemma 5.8 (Correct Logging Inside Transactions) If:

e o=

5.

I'-H:T

I''2Fe:

not-active(e)

o;H;e — O;Hl;el;';HI/og
rollsbackto(H; Hiog; Ho)

then IH{ such that Hy extends Ho and rollsbackto(H'; H|ogH|'og; Hy). (Note by H|ogH|'°g we mean syntactic
extension.)

Proof By induction on the derivation of o; H;e — o; H'; €'; -; - H,, with cases for the bottommost rule:

SEQ-1 Let e be e1; e2 By inverting the derivations of assumptions 2, 3, and 4 we have I';2Fe; : T,
not-active(e1), and o; H;ey — o; H'; €15+ -Hp, for some ej. So the result follows from induction.

SET-1 Analogous to SEQ-1 with e being e; := e2

SET-2 Analogous to SEQ-1 with e being v := e;

REF-1 Analogous to SEQ-1 with e being ref e;

GET-1 Analogous to SEQ-1 with e being le;

APP-1 Analogous to SEQ-1 with e being e; ez

APP-2 Analogous to SEQ-1 with e being v e;

sEQ-V The result follows from assumption 5 letting Hy = Ho since H' = H and Hj,, = -.

ALLOC The result follows from assumption 5 and the Rollback Extension Lemma letting Hy =
Ho,l — v since this Hy extends Hy and Hp, = -

BETA Analogous to SEQ-V

SPAWN Vacuous given assumption 4
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SET-EAGER Let e be [ := v, H' = H,l — v (in the partial-map sense) and Hy,, = — H(l). Letting
H{, = Ho, we need rollsbackto(H, [ — v; Hiog,l — H(l); Ho). From the definition of rollsbackto, it
suffices to show rollsbackto(H,! +— v,l — H(l); Hieg; Ho), which is assumption 4 recalling that the
left heap is treated as a partial map.

GET-EAGER Analogous to SEQ-V

ENTER ATOMIC Vacuous given assumption 4
INATOMIC Vacuous given assumption 4

ENTER ROLLBACK Vacuous given assumption 4

DO ROLLBACK Vacuous given assumption 4
COMPLETE ROLLBACK Vacuous given assumption 4

COMMIT Vacuous given assumption 4

Lemma 5.9 (Staying Active) If:

> e o~

5.

I'-H:T

I'ieFe:T

activeplus(e; Hiog; €0;T)
o;Hie— o H';e';T; Hygy
rollsbackto(H; Hiog; Ho)

Then there exist Hy, Hy,, and r' such that:

1.

2
3
4.
5

T=-and Hy, =-

. rollsbackto(H'; Hyog; Hp) and Hp extends Ho

. activeplus(e’; Hig; €05 1')

Ifr =ir, then ' =ir.

. Ifr =1 =ia, then &; H;eno —no ®; H'; €l,,; T where translate(e; eno) and translate(e’; e},,).

Proof By induction on the derivation of assumption (4), proceeding by cases on the bottommost rule

used:

INATOMIC Inverting assumptions (2), (3), and (4), e has the form inatomic(o, e1, Hiog, €0) and e’
has the form inatomic(o,e'hH|ogH|og17eo) where not-active(ei), I';2 + e1 : 7, and o;H;e; —
o; H';€1; 5 Hiog,. So the Correct Logging Inside Transactions Lemma ensures there exists an Hj
that extends Ho and rollsbackto(H; Hiog Hiog,; Hp), satisfying result (2). Results (1) and (3) are
immediate from the form of the rule. Result (4) is vacuous because r = ia. Result (5) can be
derived directly from o; H;e1 — o; H'; €5 -5 Hiog, -

ENTER ROLLBACK Assumption (4) ensures e has the form inatomic(o, e1, Hiog, €0) and €’ has the form
inrollback(Hieg, €0). Also H' = H and result (1) is immediate. Letting Hy,, = Hiog and Hy = Ho,
result (2) is assumption (5). Further letting v’ = ir, result (3) can be derived directly. Result (4) is
vacuous because 7 = ia. Result (5) is vacuous because 7’ = ir.

DO ROLLBACK Assumption (4) ensures e has the form inrollback(Hiog,,! — v, €0) and e’ has the form
inrollback(Hieg,,€0). Also H' = H,l — v and result (1) is immediate. Letting Hy,, = Hiog; and
H{, = Hy, inverting assumption (5) ensures result (2). Letting 7' = ir, result (3) can be derived
directly and result (4) is immediate. Result (5) is vacuous because r = ir.

SEQ-1 Let e be e1;e2 and €' = ef;e2. Inverting assumptions, 2, 3, and 4 ensures induction ap-
plies. Inductive results (1), (2), and (4) are the results (1), (2), and (4) we need. For result
(3), activeplus(eq; Hiog; €0;7') (where eg is ep; e2) lets us derive activeplus((e1; e2); Hiog; (€0; €2);17).
Result (5) follows from induction much like in the Starting Inactive Lemma.

SET-1, SET-2, REF-1, GET-1, APP-1, and APP-2 are analogous to SEQ-1.

SEQ-V, ALLOC, BETA, SPAWN, SET-EAGER, GET-EAGER, ENTER ATOMIC, COMPLETE ROLLBACK, and
COMMIT are all vacuous since we need to step from a state with e to a state with e.
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Lemma 5.10 (Only Active Steps)

1. If not-active(e), then there is no o', H', €', Hy,,, T such that e; Hye — a'; H';€'; T'; Hypg.
2. If not-active(T'), then there is no a’, H', T' such that &; H;T —w a'; H'; T".

Proof 1. By induction on the derivation of not-active(e)

2. By induction on the derivation of not-active(T")

Lemma 5.11 (Heap Strengthening)

1. Ifd';H';e — a; Hye;T; Hiog, T1 - Hy : T, Ti5e - €' o 7, and H' extends Hi, then there exists a

Hi such that a'; Hi;e' — a; Hu;e;T; Hiog and H extends Hi.

2. Ifd;H;T' —wwa; H;T, Ty - H{ : T, 50T, and H' extends Hy, then there exists an Hy such

that o'; Hi; T —w a; Hi; T and H extends Hy.

Proof 1. By induction on the derivation of a'; H';e’ — a; H;e;T; Hiog, proceeding by cases on the

last rule used:

e SEQ-1, SET-1, SET-2, REF-1, GET-1, APP-1, APP-2 are all by straightforward induction.

® SEQ-V, BETA, SPAWN, ENTER-ATOMIC, ENTER-ROLLBACK, COMPLETE ROLLBACK, and COMMIT
are all immediate because H' = H and its from does not affect applicability of the rule.

e SET-EAGER and GET-EAGER follow because I'};0 + ¢’ : 7 ensures the label accessed is in

Dom(H1). H; is the restriction of H to the domain of Hj.

e ALLOC follows because if | € Dom(H’), then | ¢ Dom(H}). Let Hi be the restriction of H to

the domain of Hj.

e INATOMIC follows from induction. Note T" = - and the log from the induction is not the resulting

Hiog, which is -.

e DO ROLLBACK follows because I'};0 I €’ : 7 ensures the label written to is in Dom(H]) (since
the typing rule for inrollback requires the log’s domain to be a subset of the heap’s domain).

We choose H; to be the restriction of H to the domain of Hj.

2. Follows immediately from part (1) since the top-level steps when some thread takes a step

Lemma 5.12 (Top-Level Equivalence) If - o;; ese and o;-;esec —5 a; H; T, then there exist Hi,

Hs, H3, T'1, T, e1, e2, and k such that:
1. H extends Hi, 't Hy:T1, and I'1;0 T
2. If a = o, then o;-;esrc —no ©; H1; T
3. If a = e, activeplus(e; Hiog; €05ia), and T =Ta || e || T, then

(a) If r =ia, then translate(e;e1) and o;-;esrc —no ®; H1;Ta || e1 || Ts.

(b) The assumed step-sequence ends with k steps where the state has the form e; H'; T (i.e.,

e”) as follows:
1. 055 esre —yp 03 Ha; Ta H €0 || Ts
i. 03 Ho;Ta || eo || Tp —w o, Ho;Ta || e2 || T
iii. @ Ho;Ta || e2 || T —h & H;Ta el Ts
(c) otk Hy:To and T'2;0-Ta || eo || T
(d) rollsbackto(H; Hiog; H3) and Hs extends Ha

Proof (Notice that (4b), (4¢), and (4d) are nonvacuous for both values of r.)
The proof is by induction on the number of steps taken for o; -; esre —1p, a; H; T

For 0 steps, a = o, H = -, and T' = esrc. Result (1) follows by letting H; = - and I'1 = -. Result (2)

is immediate by taking 0 steps. Results (3) and (4) hold vacuously.

For n > 0 steps, there exist a’, H', and T’ such that o;-;esc —1p a'; H' ;T  and o'; H'; T' — a; H; T

So by induction there exist Hi, Hj, Hj, T}, T's, €}, e5, and k’ such that:
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1. H' extends Hi, Ty - H; : T}, and I'};0 - T
2. If @’ = o, then o;; esre —1y 0; Hy; T’
3. Ifa' =, T' =T} || € || T, and activeplus(e’; Hy,s; ep; 1), then
(a) If r = ia, then translate(e’; 1) and o;-;esc —no ®; H1; T4 || €1 || Th-
(b) The assumed step-sequence ends with k' steps where the state has the form e; H”;T" (i.e., “a
is @”) as follows:
L. 0y ese = 03 Hos Th || € || T
ii. o3 Hy;Th || e || Tp —w o Hy T | €2 || T
iii. o3 H3:T) || b || Tp —F o HTh || € || Th
(c) ToF Hy : Ty and T5;0 T4 || ep || T
(d) rollsbackto(H'; Hyog; H3) and Hj extends Hy
For result (1): T) = Hy : T, T, 0T, o' H;T' —w a; H; T, and the Heap Strengthening Lemma
ensure there exists an Ho such that a’; H1; T’ —w a; Ho; T and H extends Ho. Therefore, by Type Safety
there exists I'g such that I'o = Ho : I'o and I'g;0 = T'. If we choose H1 = Hp and I'y = I'g, then result
(1) is satisfied. However, in the case below where a’ = e, a = o, and r = ir, we will choose a different H;

and I'y, requiring a different justification of result (1).
We continue by cases on a’ and a, using from the argument above that a’; H{; T' —w a; H1;T.

e If ' = a = o, then result (3) holds vacuously. For result (2), by inversion on o; Hy; T — o; H1; T
and I'};0 = T, there exist Ta, T, €, e, 7, T", and Hiog such that 7" =Ta || €' || Ts, T =Ta ||
el Ts || T", T1;0 F €' : 7, not-active(e'), and o; Hi;e' — o; Hi;e;T"; Hiog. So by the Starting
Inactive Lemma, o; Hi;e' —no 0; H1j€"; T" Hioy where translate(e;e”). But Type-Safety and a = o
ensure not-active(e), so e’ = e. So we can derive o; H{; T’ —n, 0; H1; T. Together with inductive
result (2), this gives us result (2).

e If @’ = o and a = e, then result (2) holds vacuously. For result (3), by inversion on o; H{; T' —
o; Hy;T and T'};0 + T', there exist Ta, Tg, €', e, 7, T”, and Hez such that T = T4 || € |
T, T=Ta | e| Ts || T", T;0 F €' : 7, not-active(e'), not-active(T4), not-active(Ts), and
o;Hi;e' — o;Hi;e;T"; Hog. So by the Preservation Lemma, active(e). So by the Becoming Active
Lemma, activeplus(e; -; €’;ia) and by the Activeplus-Determinism Lemma and not-active(Ta || Ts),
it suffices to show results (a)-(d) where Hios = - and eg = €.

(a) Follows from the Starting Inactive Equivalence Lemma and inductive result (2) (like in the
a = a = o case).

(b) Follows immediately letting eo = €', Ho = H', e2 = ¢, and k = 0.

(c) Follows from Type-Safety (inverting - e; H';T"), i.e., that the state type-checked before the
step, letting 'y = I.

(d) Follows from Hi,g = - and Hy = H' = H by letting Hs = Ho.

e If a = @ and a’ = o, then result (3) holds vacuously. For result (2), we use inductive result (3)
and the Only Active Steps Lemma to determine only thread e’ steps. We also use, from Type
Safety, I') = Hi : T} and T'};0 €’ : 7. So the conditions of the Becoming Inactive Lemma apply,
providing:

— If r =ir, then Hy = Hy, Hy,, = -, and e = €.
— If r =ia, then Hy = H{ and e; H{;e"” —n, 0; H1;e;T" where translate(e’; e).
We need to show o;-; esre —no 0; H1; T We proceed by cases on 7:
— If r =ir, then T is T || g || T. Furthermore activeplus(e’; -; eg;ir), so inductive result (3d)
ensures H; = H' so H' extends Hj (in other words, we have correctly rolled back to the

beginning of the transaction). So letting H1 = Hj and invoking inductive results (3bi) and
(3bc), we establish results (1) and (2).

INote this is the case where we do not choose Hj to be the Hy from the Heap Strengthening argument. That choice would
not work because we cannot show o;-;esrc —o 0; H1;T. Intuitively, allocated labels in the now-aborted transaction still exist.
In terms of the lemma, because r = ir, the inductive result does not provide o;-;esrc — 7, @ H{;T’'. Hence we use inductive
result (3c) instead, a fact we preserved from the time we entered the transaction.
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— If r = ia, then inductive result (3a) and e; Hi;e"" —n, 0o; Hi;e; T" ensure o; -5 esre —mo 03 H1; T

e If a = a’ = e, then result (2) holds vacuously. For result (3), we use inductive result (3) and
the Only Active Steps Lemma to determine only thread e’ steps. We also use, from Type Safety,
I+ Hi : T and T3;0 - €' : 7. So the conditions of the Staying Active Lemma apply (twice, once
with H and once with H; since we need different results from the two), providing:

— rollsbackto(H; Hiog; H3) for some Hj extending Hj

— activeplus(e; Hiog; €0;7)

— If ' =ir, then r = ir, i.e., if r = ia, then r’ = ia.

— If r =7’ =ia, then e; H{;e€l, —no ®; Hi;eno; - where translate(e; er,,) and translate(e; eno).
From inductive result (b), letting k = k' + 1 provides result (b). Inductive result (c) is result
(c). From inductive result (d) we know Hj extends Hj, so letting Ho = Hj and noting heap
extension is transitive means rollsbackto(H; Hiog; H3) for some Hs extending H provides result

(d). Finally, result (a) is vacuous if 7 = ir, so assume r = ia. Then r’ = ia so inductive result (a)
! / : *
and e; Hi;eno —no ®; Hi; €p0; 1T provide o;+; esrc —no @ H1; T

Theorem 5.13 (StrongUndo StrongBasic Equivalence) If F o;-;esxc and o;-;esre —p, 0, H; T, then
there exists an Hy such that H extends Hy and o;-; esrc —no 0; H1;T.

Proof This is a corollary of the Top-Level Equivalence Lemma, particularly results (1) and (2) (since
our theorem assumes the resulting state includes o).
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6 The WeakUndo language

One potential way to model a further weakening of software transactions is with eager update (trans-
actions write to a globally visible version of H) and rollback (if a transaction aborts, it undoes those
changes). In this model, a transaction can abort at any time.

6.1 Syntax

Syntax changes between WeakUndo and StrongBasic are minor. The changes in syntax for inatomic
achieve the following goals:

1. We keep a log of the modifications made in the current transaction (Hiog) in case it aborts.

2. We use a nested value of a to ensure that a transaction cannot rollback if the nested value of e is
executing a transaction. Once the nested transaction commits, then the parent transaction can roll
back the changes made by the nested transaction as well as its own.

3. We keep the original expression eg to re-execute after rollback.

Similarly, we have added syntax for inrollback that keeps the remaining log entries to rollback as well
as the original expression to re-execute once rollback completes.

e == cl|l]xz|e;ea|er:=ex|ref elle| Az.e]|er ez
| spawn e | atomic e | inatomic(a, e, Hiog, €0) | inrollback(Hiog, €0)

6.2 Dynamic Evaluation
6.2.1 Whole Program Evaluation

Since we have removed the two internally parallel types of spawn, e can only create a single 7. In addition,
introducing rollback has added the log (Hiog) to the evaluation form for e. The PROGRAM rule changes
to accommodate the new evaluation form in two ways:

1. It is not necessary to keep Hj,z once we reach the top-level, so it is discarded.

2. We do the obvious thing with T'.

a;H;T —a;H ;T

PROGRAM
a;Hye —a'sH';e's Ty Hiog
a;H;Ta|le||Tg — a';H;Ta || | T || T

6.2.2 Expression Evaluation

Because we need to keep a log of heap changes during nested transactions, it must become part of
the result of evaluation under eager update, yielding a slightly modified form. Many of the rules from
Section 2.2 are only modified slightly. The SEQ-1, SET-1, SET-2, REF-1, GET-1, APP-1 and APP-2 rules
all propagate the inductive value for Hiog and T'. (SEQ-1 is included in this section as an example). The
SEQ-V, ALLOC and BETA rules all create an empty Hiog and empty 7. No other rules are adapted from
the StrongNestedParallel language.

We have added new rules for heap accesses and modified or deleted rules to accommodate the syntax
changes. The rules for WEAK-SET-EAGER and WEAK-GET-EAGER are included as a way of specifying how
transactions modify and read H. We have also removed INATOMIC HELPER, SPAWN(, SPAWN1, and SPAWN2
rules originally defined in StrongNestedParallel since internal parallelism and all supporting syntax has
been deleted.

It is also of interest that this language includes more than one way to exit a transaction. We have
removed the EXIT ATOMIC rule and introduced two rules that change e to o; COMMIT and COMPLETE
ROLLBACK. As mentioned earlier, by including an internal value of a in the inatomic syntax plays a
critical role in the ENTER ROLLBACK rule because it prevents a transaction from entering rollback when
there is an active nested transaction.
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a;Hye — a's H'; €5 T Hiog

SEQ-1
’ o SPAWN
a;Hier —a s Hye; T Hiog
a;Hier;ea — a's H's e e0; T Hiog a; Hyspawne — a; H; 05 ¢; -
WEAK-SET-EAGER WEAK-GET-EAGER
a;H;l:=v — a; Hl — v;v; 51— H(I) a; H;\l — a; H; H(1); - -

ENTER ATOMIC

o; H; atomic e — e; H;inatomic(o, e, -, €); ;-

INATOMIC
1 ! ! !
a;Hye — a3 Hse's 5 Hig

. . ! - . ! ! !
e; H;inatomic(a, e, Hiog, e0) — ®; H';inatomic(a’, €', HiogHjog, €0); 3 -

ENTER ROLLBACK

e; H;inatomic(o, e, Hiog, €0) — ®; H;inrollback(H)eg, €0); *; -

DO ROLLBACK

o; H;inrollback(Hiog, ! — vold, €0) — ®; H,l — wvoq; inrollback(Hieg, €0); -; -

COMPLETE ROLLBACK COMMIT

e; H;inrollback(-, e0) — o; H; atomic eq; -; - e; H;inatomic(o, v, Hiog, €0) — 0; H;v; 5 Hiog

6.3 Typecheck e

In order to appropriately typecheck e, we use the T-CONST, T-VAR, T-SEQ, T-LAMBDA, T-APP, and T-
ATOMIC rules from Section 2.3. These rules are unchanged.

As with all weak languages in the AtomsFamily, WeakUndo uses a type-and-effect system to partition
H. The partition definition and rules are the same for Weak; T-SET-PARTITION, T-GET-PARTITION, and
T-REF-PARTITION, T-LABEL-PARTITION are all repeated below; see Section 3.3 for intuition.

To handle syntax modifications we define T-SPAWN, T-INATOMIC and T-INROLLBACK and remove any-
thing pertaining to syntax not in WeakUndo (e.g. other flavors of spawn that have been removed).
removed, the rule for spawn defined for the The use of I'' in the T-INATOMIC rule is important because
we would like IV and in Hiog to operate on the same set of labels (since this is what we require for I' and
H). By stating that I' extends I/, we are enforcing that all labels defined in Hoz are also defined in H.
With eager update, even label allocation occurs directly in H.

T-SET-PARTITION T-GET-PARTITION T-REF-PARTITION T-LABEL-PARTITION
Ttk ey :refir Tithes:T Ttk e:refir Tiebe:T ') =(71)
Iither:=ea: 7 Titkle:r ;e b ref e:refyr Tie b1 refyr
T-SPAWN T-INROLLBACK
Ii0ke:r I'i2Feg: T ' Hpg : TV I" extends I all2(1") not-active(eq)
I';0 F spawne : int T';e Finrollback(Hiog, €0) : T
T-INATOMIC
I2ke:T

correct-atomic(a, €) I'i2Feo: T not-active(eq) ' Hgg: TV I extends I all2(1")

I'; e - inatomic(a, €, Hiog, €0) : T

42



6.4 Other Typing Rules

Add a way to state that all labels in a context typecheck under ¢ = 2. (whenever all2(I") and [ € Dom(T")
then T';e b1 : refar)

all2(T)

all2(T")
all2(+) all2(T,1 = (1,2))

6.5 Activeness
6.5.1 Not-Active(e)

Like in the StrongBasic language, we remove the not-active(e) rules for deleted syntax (spawno, spawni,
and spawnsz). We add a rule for the new spawn syntax:

not-active(e)

not-active(e)

not-active(spawn e)

6.5.2 Active(e)

We update the active(e) rule for inatomic and add a rule for inrollback.

active(e)

active(inrollback(Hiog, €0)) active(inatomic(a, e, Hiog, €0))

6.5.3 Correct Atomic State of T
No Changes.
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6.6 Type Safety

| Theorem/Lemma | Restated | Changes
Top-Level Progress No None
Single Thread Progress See Lemma | See Proof below
6.1 below
Top-Level Preservation No None
Single Thread Preservation See Lemma | See Proof below
6.2 below
Weakening Lemma No None
Canonical Forms Lemma No None
Substitution Lemma No T-SPAWN-0: Remove this case

T-SPAWN-1: Remove this case

T-SPAWN-2: Remove this case

T-SPAWN: This case is like the T-SEQ case.
T-INATOMIC: No changes

T-INROLLBACK: This case is like the T-INATOMIC case.

Values Effectless Lemma No None (see note in Sec. 3.3)
Variables not in I No None
Values Inactive No None
Effects Lemma See Lemma | See Proof below
6.3 below
Heap Append Lemma NEW  See | See Proof below
Lemma 6.4
below

Lemma 6.1 (Single Thread Progress) If I'F H : T, then each of the following must be true:
1. If T;eke: 7, and active(e) then 3e’,a’, H', T, Hiog such that e; H;e — a'; H';€';T; Hiog
2. If T;e - e : 7, and not-active(e) then e is a value or 3e’,a’,H',T, Hog such that o;H;e —
! U !
a;H';e'5T; Hiog
3. If T;e & T and correct-atomic(a, T ) then T is some Ta || e || Ts such that a; Hye — a’; H';€'; T Hiog
or T is all values.
Proof of Lemma 6.1, updated cases only, organized as in Section 2.6. (No changes to proof of part 3).
® T-SPAWN-0, T-SPAWN-1, and T-SPAWN-2 are all removed.
e T-SPAWN: Add this case. e = spawn (e)

1. This case is vacuous because there is no way to derive active(e).
2. e steps under the SPAWN rule.

e T-INATOMIC e = inatomic(a”, e1, Hiog, €0)

1. Inversion on the typing rule implies correct-atomic(a”, e1) and that e; type checks under & = 2.
There are three sub-cases to consider:

(a) If a” = e, then it must be that active(e1). In this case, e; steps via INATOMIC. In this
case, because I'; 2 F T' : e1 it must be that € # 0, which by the effects lemma enforces that
T = -. Thus the entire inatomic expression can step.

(b) If @’ = o and e1 # v, then there is a valid step for e via ENTER ROLLBACK or by induction.
(c) If a” = o and e; = v, then there is a valid step for e via COMMIT.

2. This case is vacuous because there is no way to derive not-active(e).
e T-INROLLBACK e = inrollback(Hiog, €0)

1. In this case, we can always derive active(e). Inversion on the typing rule implies that eo type
checks under € = 2. There are two sub-cases to consider:

(a) If Hiog # - then there is a valid step for e under DO ROLLBACK.
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(b) If Hieg = - then there is a valid step for e under COMPLETE ROLLBACK.
2. This case is vacuous because there is no way to derive not-active(e).

Lemma 6.2 (Single Thread Preservation) If a;H;e — a';H';¢/;T;Hog and T;e e : 7 and T' -
H : T and one of the following:

1. a = o and not-active(e)
2. a = e and not-active(e)
3. a = e and active(e)
then AT, T with T extending T’ and T such that:
Iekeée:r
'-H T’
IV b Hig : I and if € = 2 then all2(T")
not-active(T')
:0FT

All of the following, although all but one case will be vacuous:

S G o v~

e Ifa=a' and active(e) then active(e’)

e Ifa = a’ and not-active(e) then not-active(e’)

e Ifa=o and a’ = e then not-active(e) and active(e’)
e Ifa=e and a’ = o then active(e) and not-active(e’)

Proof by induction on the typing derivation of e by cases on the final rule used in the derivation.
Because we have added the conclusion that T F Hio : I with IV extending I'"’, we extend all unlisted
cases with the following statements: If Hiz = - then we have I I - : - where any I” extends -. Also, if
Hyog # - then we know that the desired I'”” and I"” are obtained through induction. Only the interesting
or relevant changes are listed here.

e T-SET-PARTITION e = e; := e3. There are three ways e could have become e’. Only one of these is
different for WeakUndo.
— Under WEAK-SET-EAGER ¢ = [ := v, and ¢’ = v, and T = -, H = H[l — v], and Hjez = | —
H(l). Pick TV =T and I’ = | — (7,1).
1. Inversion on the typing rule gives I';t -1 : ref;7 and I';¢t v : 7. Since IV =T, it must be
that IV;¢ 1 : refy7 and IV;t - v : 7. Since ¢’ = v, we have I'';t - e’ : 7.
2. Since H' = HJl — v], then H'(I) = v. By the weakening lemma and the chosen T,
I';stkv:rand IV(1) = (1,t). Thus, I+ H' : T".
3. By assumption, I';e + v : 7, and '(l) = (7,t). Because I = T, we also have that
') = (r,t). () = (r,t) by definition. Since Hioz = [ +— H(l), it must be that
I Hog : T”. Also, Ife =2 then I";2 F ¢’ : 7 so I'(I) = (7,2) and because I'" extends I'”
and using our choice for I, we know that I'” = I:(, 2), and therefore all2(T"").
4. not-active(-)
5. I';0 F - is always true.

6. Because e stepped under WEAK-SET-EAGER, a = a’, and not-active(e) is derived from
not-active(l) and not-active(v). Since ¢’ = v, we know not-active(e’). There is no way to
derive active(e), so that case is vacuous.

e T-GET-PARTITION e =l!eg There are two evaluation rules that could take e to e’. Only one of these
is different for WeakUndo.
— Under WEAK-GET-EAGER e =!l, ¢’ = H(l) =v, T = -, and Hiog = -. Pick "' =T and ' = -.
1. Inversion on the typing rule gives I';t = [ : ref;7, and thus Since I' = I, it must be that
I';thFov:T.
2. Since H' = H, and I' - H : T’ by assumption, and I’ = T, it must be that I -~ H' : T".
3. Since Hiog = -, it must be that IV - Hig : - and all2(-) when ¢ = 2.
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4. not-active(-)
5. I';0 F - is always true.

6. Because e stepped under WEAK-GET-EAGER, a = a’, and not-active(!l) is derived from
not-active(l). Since ¢’ = v, we know not-active(e’). There is no way to derive active(e), so
that case is vacuous.

® T-SPAWN e = spawn eg. Thus, I';e - e : int. There is only one evaluation rule for spawn eg, SPAWN.
After e steps to e’ using this rule, ¢ =0, H = H, T = eo, and Hyjog = . Pick [ =T, and T" = -.
1. T-CONST provides I'V;e - 0 : int.
2. I' =T and H' = H, and by assumption, I' - H : T. Thus I'" - H’ : T".
3. Ik -:- and all2(-) when ¢ = 2
4. By assumption, either active(e) or not-active(e). There is no way to derive active(e) for spawn

expressions, so it must be that not-active(e) and thus not-active(eg). Although eg was added
to T, it still must be that not-active(eo), and therefore not-active(T).

5. By inversion on the typing rule T-SPAWN, it is also the case that I';0 F ep : 7. Because T = eg,
and using the weakening lemma, it must be that T';0 F T.

6. The SPAWN rule enforces that a = a’. If not-active(e) then it must be shown that not-active(e’).
Since not-active(0) requires no assumption and e’ = 0, this is trivial. The case for active(e) is
vacuous because there is no way to derive active(spawneg).

e T-SPAWN-0 Remove this case.
e T-SPAWN-1 Remove this case.
e T-SPAWN-2 Remove this case.

e T-ATOMIC e = atomic eo. If e steps, it must be via the evaluation rule ENTER ATOMIC, giving
¢ = inatomic(a”, eg, ,e0), T =+, H = H, and Hiog = -. Pick ' =T and I'" = -.
1. T;2 F e : T is true by inversion on the typing rule, and by induction I'';2  eo : 7 since I
extends I'.
H’ = H is unchanged, and I' - H : I by assumption, so I'' - H' : T”.
Ik - : - and all2(-) when ¢ = 2
not-active(-)

I'7;0 F - is always true.

2NN

Here, a = o and a’ = e. The correct atomicity is preserved because we can derive not-active(e)
from assumption 1 when a = o. active(e’) requires no assumptions.

e T-INATOMIC e = inatomic(a”, e1, Hig, €0) By inversion: T';2 k- e1 : 7, correct-atomic(a, e1), I';2 F
eo : T, not-active(eo), and I' - Hy,, : I, Proof is itemized by cases on the possible evaluation. If e
steps...

— Under INATOMIC, then e’ = inatomic(a’, €], HiogHing, €0), Hiog = -, and T = .. Pick ' = -,
and I" is obtained through induction.

1. By induction, I;2 I €] : 7, and correct-atomic(a’’, €}) are true. Also by induction, there

is some Ijegreq such that IV = Hig, : Diegred and IV extends I'egreq- By inversion we already
knew that I' = Hy,, : T, with all2(I"""), and since I’ extends I" we know that I' - Hy,, : T
Dy definition, I" extends I and I'” extends I', thus IV extends I'"’. Lemma 6.4 provides
that I' - HiogHjog : I"'T'estea With I extends I'"'I'jgeq- By induction and the weakening
lemma, I'; 2 - ep : 7 and not-active(eg) are also both true. Which gives everything we need
to derive I';2 ¢’ : 1

I+ H' : T’ is true by induction.

Ik :-and all2(-) when e = 2

not-active(-) is always true.

I'7;0 F - is always true.

S U W

Here, a = a’ = o, and active(e) requires no assumptions. Similarly, active(e’) requires no
assumptions.

46



— Under ENTER ROLLBACK, then e’ = inrollback(Hjo,, €0), Hig = - and T' = -. Pick I' =T and
r’—.

1.

S ok W

I'F Hyg : T is true by inversion on the typing rule, and since I = I', I - Hy,, : '
must also be true. I';2 F eg : 7 and not-active(eg) are also true by inversion on the typing
rule, which (when combined with the fact that T =T') gives IV;2 F ¢’ : 7.

Since IY =T'and H = H, and I' - H : T is true by assumption, it must also be that
I'=H 1.

Ik -:-and all2(-) when e = 2

not-active(-) is always true.

I'7;0 F - is always true.

Here, a = a’ = e, and active(e) requires no assumptions. Similarly, active(e’) requires no
assumptions.

— Under COMMIT, then e’ = v, Hiog = Hjpg and T'=-. Pick I' =T and I =T""

1.

4.
5.
6.

By inversion on the typing rule, (and since to take this step is must be that e1 = v) we
know that I';2 - v : 7. Because I' = I" we also have I'V;2 - v : 7. Since ¢’ = v, it must be
that I'V;2 ¢ : 7.

Since IY =T'and H = H, and I' - H : T is true by assumption, it must also be that
I'+H :T.

We know that I' = Hyg, : I and all2(T""') are true by inversion on the typing rule. S ince
I"=Tand I =T"" we have I'" - Hy,, : " and all2(T"").

not-active(-) is always true.

I'7;0 F - is always true.

Here, a = @ and a’ = o, and the Values Inactive Lemma provides not-active(e’).

e T-INROLLBACK e = inrollback(H{Dg7 eo) This typing rule gives us each of the following: I';2 F eg : 7,
not-active(ep), and I' - Hy,, : I, Proof is by cases on the possible evaluation. If e steps...

— Under DO ROLLBACK, then e’ = inrollback(H,,, €0), where Hy,, = Hypg,! — Vo, T = -, and
Hog =, and H' = H,l — vgq. Pick I" =T and I/ = -.

1.

S ok W

By inversion, we know I';2 F eo : 7 and not-active(eo). Since I' H,’O'yl — VUold : I,
then I' = Hy, : T, Because I' =T, we have I';2 F ep : 7 and I" - Hj,, : I, Thus,
I'";2F € : 7 is derived.

Since I' =T and H' = H,l — voq4, and I' = H : T is true by assumption, it must also be
that I = H : I". We also know that I' - Hy,,, ! — vog : I' by inversion on the typing rule.
Since | € Dom(H ), we know that I'(l) = (7, ), which when combined with the weakening
lemma gives IV =1 + vgg : IY. Thus IV = H' : T must be true.

I+ -: - and all2(-) when € = 2

not-active(-) is always true.

;0 F - is always true.

Here, a = a’ = o. Fortunately, both active(e) and active(e’) are always true.

— Under COMPLETE ROLLBACK, then e’ = atomic eg, T =+, Hiog = -, and H' = H. Pick I =T
and I'" = -.

1.

S ok W

By inversion on the typing judgment and choice of I, we know that I';2  ep : 7 and
therefore I''; ¢ - ¢’ : 7 must be true.

Since IY =T'and H = H, and I' - H : T is true by assumption, it must also be that
I'-H :T.

I - : - and all2(+).

not-active(-) is always true.

I'7;0 F - is always true.

Here, a = e and o’ = o. Since active(e) is always true, we need not-active(eg) (which is
true by inversion on the typing rule) to derive not-active(e’).

Lemma 6.3 (Effects Lemma) Suppose ;e e: 7 and a;Hyje — a'; H';e's Ty Hog. If € #0 then T =
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Proof of updated cases.
® T-SPAWN e = spawn ej. It must be that € = 0, so this is vacuous.
® T-SPAWN-0, T-SPAWN-1, or T-SPAWN-2: Remove these cases.
e T-INATOMIC There are three possible sub-cases:

1. Assume e; is not a value, and the chosen evaluation rule was INATOMIC. INATOMIC always
creates T' = -.
2. Assume e; is some v. e steps under COMMIT, which always creates T = -.
3. Assume that the chosen evaluation rule was ENTER ROLLBACK (independent of ei). ENTER
ROLLBACK always creates 1" = -.
e T-INROLLBACK has two subcases.

1. Assume Hioz # -, then the chosen evaluation rule was DO ROLLBACK, which always creates

T="-.
2. Assume Hio,gz = -, then the chosen evaluation rule was COMPLETE ROLLBACK, which always
creates T' = -.

Lemma 6.4 (Heap Append) If

1. THFHA:T4A and T extends T'a

2. '-Hp :I' and I" extends I's
Then ' HaHp : T'AI' and I extends I' AT’
Proof of Lemma 6.4:
Since I' extends I'4 and I" extends I'g, we know that for every | € Dom(T'4a) that [ € Dom(I"), and for
every | € Dom(I'g) that I € Dom(I'), and as a result everywhere some label occurs in I'y or I'g then
it has the same type as in I" and, where applicable, I's or I' 4, respectively. Thus, there are no conflicts

between 'y and I'p and I" extends I"'4I'g. By trivial induction on the derivation of I' - H : I, it must
also be true that ' - HaHp : T'Al'B.

6.7 Equivalence

In this section, we use — s to refer to evaluation in StrongUndo and —, to refer to evaluation in WeakUndo.

Theorem 6.5 (Weak and Strong Rollback Equivalence) If b o;-;e (using the type system from
Section 6.3), then o;-;e —% a; H;T iff o;;e —5, a; H;T.
Proof There are two directions to prove for the iff statement:

e “strong implies weak”: Every trace using the strong evaluation rules is an equivalent trace under
the weak evaluation rules. This is because the weak rules allow a strict super set of traces.

e “weak implies strong”: Follows as a corollary to Lemma 6.13 (the first conclusion of that lemma is
what we need).

Lemma 6.6 (Top-Level Reordering) (revisited for WeakUndo and StrongUndo ). Suppose all of
the following hold:

1. TFHy:T
2. I50Fea:Ta

3. I50Fep: 7B

4. active(ea)

5. not-active(ep)

6. & Hojea |l ep || T —. o Hisela || es || T —w o Hajely || € || T

Then there exists some Hi such that e; Hosea || ep || T —w o Hisea || €5 || T' —s o Hasels || €5 ||
T.
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Top-level Reordering Proof by induction on the form of e4, organized by cases on the step taken by
ea. (cases with minor changes or no changes are omitted for brevity. Similarly, note that the organization
in this case is slightly different, but the induction is the same as Lemma 3.2.)

e e =spawn,e, 0 <4 < 2. remove these cases
e c4 = spawne. There is no way to derive that e4 is active. This case is vacuous.
e )= inatomic(a”7 e1, Hiog, €0). There are three ways in which e4 could step:
1. ea steps under INATOMIC. To apply Lemma 6.7, we need to show that each precondition
applies:
(a) T'F Hop : T by assumption.
(b) By inversion on the typing rule for ea, we know I';2 - e1 : T4.
(¢) T;0F ep : TB by assumption
(d) not-active(ep) by assumption
(e) Since ea stepped under the INATOMIC rule, it must be the case that e; is not a value, and
that e; steps in the following manner to evaluate ea: a”; Hojer —s o' Hijeh;+; Hioga
By assumption, we know the following step was used to evaluate ep: e;Hijep —w
o; Ha; €p; Ts; Hiog,,
We can apply Lemma 6.7 to obtain Hj.

2. If e stepped using the COMMIT rule, then a = @ and a’ = o. Since this violates the assumption
that a = a’ = e, this case is vacuous.

(a) not-active(ep) by assumption

(b) Since ea stepped under the INATOMIC rule, it must be the case that ey is not a value, and
that e; steps in the following manner to evaluate ea: a”; Hoje1r —s a’; Hi;el;; Hioga
By assumption, we know the following step was used to evaluate ep: o;Hijep —w
o, Hy;elp; Tn; Hiogy

We can apply Lemma 6.7 with e; and ep to obtain Hj.

3. If e stepped using the COMMIT rule, then @ = @ and @’ = o. Since this violates the assumption
that a = a’ = e, this case is vacuous.

4. If e4 stepped using the ENTER ROLLBACK rule, then e does not change the heap on this step.
Thus, Hi = Hp and ep was already using Ho to step. Thus, er can step as it did before. ea
can step the same way under any H, so e4 is similarly unaffected by reordering.

e ¢4 = inrollback(H)eg, €0). There are two cases:
1. If ea stepped using the DO ROLLBACK rule, (in which case Hiog # -), we would like to apply
Lemma 6.11 to obtain H{. Fist make sure every precondition applies:
(a) T'F Hp : T is true by assumption.
(b) T;ek ea : 74 is true by assumption. (In this case, € = 0).
(¢) T;0F ep : 7B is true by assumption.
(d)
(e) &;Hosea |les | T —, o Hisely |lep || T and &; Hisel [[en | T —w & Hosely || g || T
are true by assumption.

not-active(ep) is true by assumption.

Hj is obtained by applying Lemma 6.11.

2. If e4 stepped using the COMPLETE ROLLBACK rule, then a = @ and a’ = o. Since this violates
the assumption that a = a’ = e, this case is vacuous.

Lemma 6.7 (Nested Reordering) (revisited for WeakUndo and StrongUndo ). Suppose all the fol-
lowing hold:

1. TFHy:T

2. I52Fea:Ta
3. I;0Fep: 7B
4

. not-active(eg)
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! / /
5. a;Hojea —s a'; Hise; ; Hioga and o; Hisep —o o Hojep; Th; Hiogy

Then there exists some H{ such that:

1. &;Hojep —w o Hi;ep;Tn; Hogy (i-e. ep steps under Ho with no changes)

2. a;Hijea —s a'sHasely; ;s Hoga (i.e. ea steps under Hi with no changes)

Proof of Lemma 6.7 organized by cases on e4. Only relevant changes are listed here.

e e,
e e,

e ey

= spawn,e, 0 <13 < 2. remove these cases
= spawn e Here, e4 cannot typecheck under ¢ = 2. This case is vacuous.

= e1 := e2 Only one case needs to be revisited, when e4 = l4 := va. To apply Lemma 6.8, we

must show that each precondition holds:

1.

AN e

6.

'+ Hp : T is true by assumption.

Hi = Ho,la — va is true by the only evaluation step available to e4, STRONG-SET.
o Hisep —y o Hajels; Th; Hyogp, is true by assumption.

I';2F ea : Ta is true by assumption.

I';0F ep : 7B is true by assumption.

not-active(eg) is true by assumption.

Applying Lemma 6.8 provides a valid Hj.

e ey

=le; Only one case needs to be revisited, when e4 =!4. To apply Lemma 6.9 we show that

precondition holds:

1.

O LoD

6.

'+ Hp : T is true by assumption.

Hi = Hj is true by the only evaluation step available to ea, STRONG-GET. Also, Ho(l4) = va
o Ho,la— va;ep —w o Ha; ejg;T;ngB is true by assumption.

I';2F ea : 74 is true by assumption.

I;0F ep : T is true by assumption.

not-active(eg) is true by assumption.

Applying Lemma 6.9 provides a valid Hj.

e ey

1.
2.

e ey

1.

= inatomic(a”, e1, Hioga, €0). There are three subcases:

If ea steps under INATOMIC then e; is not a value, and so we use induction to obtain Hj.

If ea steps under COMMIT then e; = v, in which case we know that Hi = Ho, Ta = -,
and Hioga = Hiog. In this case, ep was already stepping using Ho, and so is not affected by
reordering. (i.e. ep = ez, Ts = Tp as before, H; = Hy and Hiogy = Hiogy; as before. Similarly,
ea steps under H; and does not touch the heap, so H» is the same as before, and we know
that Hioga = Hiog is the same as before.

If ea steps under ENTER ROLLBACK then we know that H1 = Ho, Ta = -, and Higga = -. In this
case, ep was already stepping using Ho, and so is not affected by reordering. (i.e. e = €,
Tp = Tp as before, H{ = Hy and Hyog; = Hiog as before. Similarly, ea steps under Hi{ and
does not touch the heap, so H2 is the same as before, and we know that Hioga = - and T4 = -
are the same as before.

= inrollback(Hog, €0). There are two subcases:

If ea steps under COMPLETE ROLLBACK then we know that H,s = - and that H; = Hp, and
that Hiega = - and T = -. In this case, ep was already stepping using Ho, and so is not affected
by reordering. (i.e. e = €3, T = T’z as before, H; = H and Hiog,, = Hiog,, as before.
Similarly, ea steps under H; and does not touch the heap, so H> is the same as before, and
we know that Hisga = Hiog is the same as before.

If e steps under DO ROLLBACK we know that ea = inrollback(Ho,,la — va,e0). To apply
Lemma 6.10 we first show that each precondition applies:

(a) T'F Hp : T is true by assumption.
(b) T;2F ea : 74 is true by assumption.

(¢) T;0F ep : 7B is true by assumption.
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(d) not-active(ep) is true by assumption.
(e) @ Ho;ea —< o; Hyjinrollback(Hj, €0); s Hioga and
o; Hi;ep —uw o Haselg;T; Hiog,, are both true by assumption.

Lemma 6.8 (Independent Write Under Partition) Let ea = la := va, so under the strong se-
mantics a; Ho;la :==va —s a'; Hi;va;50a — Ho(la). Suppose:

1. Hy = Ho,la — va
2. &, Ho,la— vajep —w  Hojel; Tn; Hogp
3. I';2F ea : 74 (and by inverting on T-SET-PARTITION and T-LABEL-PARTITION we know that I'(l4) =
(14,2))
4. 50k ep: 7B
5. not-active(ep)
then there is some H| such that
1. Ha(la) =va (i.e. result prior to reorder is preserved for ea)
2. &;Hosep — o Hisep;Ti; Hiogy (ie. en becomes the same €p as before with the same T and
Hiog, and Hj is like Ho except that Hi(la) = Ho(la))
Proof of Lemma 6.8. Only relevant changes are listed here.
e I'-Hy: T
e ep = spawn;e, 0 <7 < 2. remove these cases

e ¢p = spawn e’%. The only step available to ep is e; Ho;spawn e’ —,, o; Ho;0;¢e’%;-. From this, it is
clear that before reordering the heaps for evaluation, ep did not change H2’s mapping for [4 (and
won’t change Ho’s mapping either) so H2(l4) = va as before. Similarly, ep is unaffected by the
values in Hy and so ez = 0, Hiog, = - and T' = €’ as before.

e ep = inatomic(a, €, Hiog,,, eB0). By the assumption that not-active(ep), this case is vacuous.

o ep = inrollback(Hiog,,, €50). By the assumption that not-active(ep), this case is vacuous.

Lemma 6.9 (Independent Read Under Partition) Let ea =!lla, so under the strong semantics
a; Ho;lla —s a'; Ho; Ho(la);+; . Suppose:

1. TFHy:T
. H1 = Ho, and Ho(lA) =vA

’
o Hijep —w o Hajep; T Hiogy

. I52F ea : 7a (and by inverting on T-GET-PARTITION and T-LABEL-PARTITION we know that I'(14) =
(74,2)).
5. I;0Fep: 1B
6. not-active(ep)
then there is some Hj such that
1. Ha(la) =va (i.e. ea reads the same value from Ho as it did from Hoy)
2. e;Hpsep —p o;Hz;e'B;TB;H|OgB (i.e. ep evaluates to the same T, Hiog and e’z under Hy as it
did under H1. This is relatively obuvious since we know H1 = Hp).
Proof of Lemma 6.9. Only relevant changes are listed here.
e ep = spawn,;e, 0 <7 < 2. remove these cases

e ¢p = spawn e’%. The only step available to ep is e; Ho;spawn e’ —,, o; Ho;0;¢e’%;-. From this, it is
clear that before reordering the heaps for evaluation, ep did not change H2’s mapping for [4 (and
won’t change Hy’s mapping either) so H2(la) = va as before. Similarly, ep is unaffected by the
values in Ho and so e = 0, Hiog,; = - and T' = €’ as before.

e ep = inatomic(a, €, Hiog,, ,eB0). By the assumption that not-active(es), this case is vacuous.
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e ep = inrollback(Hieg,,, €50). By the assumption that not-active(egs), this case is vacuous.

Lemma 6.10 (Nested Rollback) If e4 = inrollback(Hog, la — v,e0) and

1.
2.

I'FHo:T

I;e bk ea: 4. Note that what we care about isn’t the € under which ea typechecks, since we really

need that T'(la) = (7,2) for some 7, and this comes from the typing rule for rollback.

I0FeB: 7B

4. not-active(er)

5. ®;Ho;ea —s o Hijinrollback(Hog, €0); -5 Hioga and

. . . ol .
.7H176B —w .7H27eB7TB7H|0gB‘

Then there is some Hy such that

1.
2.

! ! !
o; Ho;ep —w o Hisep; T'; Hiogy

! !
o Hijea —s o Hojely; ;-

Proof of Lemma 6.10, organized by cases on ep. Note that because es typechecks, we know that
all2(Hjyg, I — v), and therefore I'(la) = (7a,2) for some 74.

ep = vp. ep does not step, so this case is vacuous.
ep = x. ep does not step, so this case is vacuous.

ep = spawn e5. The only step available to ep is ®; Ho;spawn e —, o; Ho;0;e%;-. From this, it is
clear that before reordering the heaps for evaluation, ep did not change H2’s mapping for [4 (and
won’t change Ho’s mapping either) so H2(l4a) = va as before. Similarly, ep is unaffected by the
values in Ho and so ez = 0 and Ty = €5 are as before.

ep = atomic e. ep cannot step under eo. This case is vacuous.
ep = e1;ea. There are two cases:

— e1 is not a value. By induction.

— e1 = vp and ez is not a value. Here, ep steps using the SEQ-v rule, so e; Ho;v;ea —w
e; Hy;e2; ;. Notice that H; = Ho and so es executes under Hj to get Hs as before. Thus,
Hy(la) =va), and ez = e2 with Ty = - as before.

ep = if e1 e e3. There are two cases:

— e1 is not a value. By induction.

— e1 = c. Here, ep steps using either the IF-Z rule or the IF-Nz rule, so ®; Ho;ep —., ; Ho;elg; ;-
Notice that H{ = Hy and so e executes under Hj to get Ho as before. Thus, Ha(la) = va),
and ez with Ty = - as before.

eB = e1 := es. There are three cases:

— e is not a value. By induction.

— e1 = Ip and ez is not a value. By induction.

— e1 = Ip and e2 = vp. By assumption, we have I';0 - ep : 75, and since e; is some lp, we can
invert on the typing rules to get: I'(lz) = (78,0). We know that I'(l4) = (7, 2), therefore [4
and /g must be distinct. We know from before reordering that Hy = Ho,la — va,lp — vB,
so we pick H{ = Hy,lp — vp and after evaluating e4 we have Hy = Hy,lp — vB,la — va.
As a result, H2(l4) = va. Additionally, ez = v and Tp = - as before.

e ep =le;. There are two cases:

— e1 is not a value. By induction.

— e1 = lp By assumption, we have I';0 I ep : 7B, and since e; is some [g, we can invert on the
typing rules to get: I'(Ig) = (78,0). It is given that I'(l4) = (74, 2), therefore [4 and Ip must
be distinct. By assumption, H1 = Ho,la — va. Because the labels are distinct, we also know
that Ho(lg) = vp (and therefore ¢z = vg = Ho(lp) are as before). By picking H] = Ho, ea
evaluates under Hy as it did before, giving Ha = Ho,la — va with Ha(la) = va.
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e ¢ — e1 ez. There are three cases:

— e is not a value. By induction.
— e = )\x.eg and ez is not a value. By induction.
— e1 = A\z.el; and es = vp. The only step available to e is ®; Ho; Ax.€ vp —. ; Ho;eslvs/z]; ;-
From this, it is clear that before reordering the heaps for evaluation, ep did not change H2’s
mapping for 14, so Hz(la) = va as before. Similarly, eg does not use any values in H and so
e’z and Ty are as before.
e ep = inatomic(a, €5, Hiog,, eB0). By the assumption that not-active(es), this case is vacuous.
o ep = inrollback(Hieg,,, €50). By the assumption that not-active(egs), this case is vacuous.
e e =ref eg. There are two cases:

— ¢€’5 is not a value. By induction.

— e'5 is some v In this case, a label is created and Ha = Ho,la — va,lnew — v and €5 = lnew.
We know that lnew & Dom(Hy), and since I' = Ho : T' it must be that lnew & Dom(T). Since
we also assume that I'(la) = (74,2), it must be that that 4 # lnew (otherwise, ea could not
type-check under I'). As a result, ep can step under Hp in the following way: e; Ho;ep —w

o Ho, lnew > V;lnew; ; +, giving €5 = lnew and Ty = - as before. By picking H] = Ho, lnew — v,
we have Hi(la) = Ho(la), and after the write to [4 we have Ho = Ho, lnew — v,la — v4 with
HQ(ZA) = VA.

Lemma 6.11 (Independent Rollback) If ea = inrollback(Hy,,! — v, e0) and

I'HHy:T
IiebFea:Ta
I50Fep: 7B

not-active(ep)

SN

o;Hosea |l es || T —s o Hizely || es || T and
o Hiely||les || T —w o Hajely || e || T

Then there is some Hy such that:
1. &;Hosea |l es || T —w o Hiseallep || T’
2. &;Hisea || €p | T —s o Hasely | ep | T

Proof of Lemma 6.11: Since we know that Lemma 6.10 handles this case whenever e4 takes a single
step in rollback while ep takes a single step, we just apply that lemma here.

Lemma 6.12 (Topmost Enter-Atomic) Suppose

I'HH:T
I;0kep:7
I50Fea:T

not-active(ea )

not-active(ep)

S GUE L o~

o;Hjea |lep || T —s o;H;ey |l es || T and
o Hiey |les | T —w o H'sely |l e || T

Then the following must be true:
1. active(e’y)
2. o;Hiea |leg || T —w o;H';ea |l € || T and
o;H'sen|lep | T" —s o H'sely |l e || T
Proof of Lemma 6.12 Restricted to the cases that need to be added or updated.

e ¢4 = spawne. The only step for e4 is SPAWN, under which a = a’. This violates the assumption
that @ = o and a’ = . This case is vacuous.
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e c4 = spawn,(e). With 0 <14 < 2. Remove these cases.

e ¢4 = atomic eyp. Here, only one evaluation step applies, ENTER-ATOMIC. Thus, o;H;ea —s
e; H;inatomic(o, e, -, -). Deriving active(e’y) is obvious. Showing that ep can be moved to before
ea entered a transaction requires cases on ep. For each case, we must show: that ep is unaf-
fected by e4’s evaluation in terms of H and T and a. Notice that by assumption, &; H;T || ez —w
o; H';T' || e5. Or rather, that e stepped using the weak rules under e. Also by assumption, e
does not change H or T.

— ep = spawn,(e). With 0 < i < 2. Remove these cases.

— ep = spawne. ep steps in the following manner: e; H;ep —,, o H;(0| e T). Since er
creates H' = H and T' = e || T, while ea steps under ENTER-ATOMIC (and, as stated earlier,
preserves H and T), it must be the case that ep neither affects ea nor is affected by it.
Similarly, e4 is not affected by eg.

— ep = inatomic(a, €3, Hioga,ep0). This case violates the assumption that not-active(eg). This
case is vacuous.

— ep = inrollback(Hieg,; , €59). This case violates the assumption that not-active(ep). This case
is vacuous.

e ¢4 = inatomic(a, €'y, Hioga, o). This case violates the assumption that not-active(ea), so this case
is vacuous.

e ¢4 = inrollback(Hisga, €0). This case violates the assumption that not-active(es), so this case is
vacuous.

Lemma 6.13 (Serializability of Transactions) Suppose:
1. Fo;e
2. oy e —y a; H;T
then there exists some sequence such that
1. o;;e —% a;H;T
2. If a = e then the sequence ends with o; H;Ta || e || Ts —s o H;(Ta || € || Tr) & H;T | e; —F
o H;(Ta || e/ || T) where Ta || € || T =T

Proof of Lemma 6.13 This proof is just like Lemma 3.8 except that it uses the appropriate lemmas
in Section 6.7 where needed.
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7 The WeakOnCommit language

As an alternative to eager update, we present a final model for software transactions with lazy update
(log the desired changes to H) and a commit phase when the desired changes are written to the global
version of H.

7.1 Syntax

Syntax changes between WeakOnCommit and StrongBasic are minor. The changes in syntax for inatomic
achieve the following goals:

1. We keep a log of the modifications we would like to commit (Hoc) should this transaction succeed
and enter a commit phase.

2. We keep the original expression eq to re-execute in case of rollback. Both WeakUndo and WeakOn-
Commit model commit and rollback in their operational semantics, although the tricky cases are
different.

Similarly, we have added syntax for incommit that keeps track of the result value v as well as a record
of the heap values to commit to H.

In this situation, we must also add syntax for a stack S of heaps. This way, when a nested transaction
commits, we can to limit the scope of visible changes. This also allows us to define how heap accesses
and memory allocation should work within transactions.

e == cll]xz]|e;ea|er:=ex|ref elle| Ax.e]|er ez
| spawn e | atomic e | inatomic(e, Hoc, €0) | incommit(Hoc, v)
S u= -|S:H

7.2 Dynamic Evaluation
7.2.1 Whole Program Evaluation

Again, we adjust the PROGRAM rule to handle the new form for expression evaluation. Since there is no
need to stratify H using S at the top-level, we “get S started” by using - for S at the top-level.

a;H:T —a';H; T

PROGRAM
a;-H;e—ad';-=H' €T

a;H;Ta|le||Ts = asH;Ta | €' || T | T

7.2.2 Expression Evaluation

Because we are now using a stack to stratify heap values in various levels of nesting, we have modified
the form of evaluation under lazy update in a minor way. The SEQ-1, SPAWN, and WEAK-GET-LAZY
rules are included as examples of how we have modified the rules from StrongNestedParallel to handle
the stack. We have also removed the INATOMIC HELPER,We have also removed the INATOMIC HELPER,
SPAWNQ, SPAWN1, and SPAWN3 rules originally defined in StrongNestedParallel.

The rules WEAK-ALLOC-LAZY and WEAK-SET-LAZY define how transactions modify S. The WEAK-
GET-LAZY rule and the definitions of lookup define how transactions read S.

As with eager update, we have removed the EXIT ATOMIC rule and introduced two rules that end
transactions; ROLLBACK and COMPLETE COMMIT. Note that when we commit, if the label was unallo-
cated before the transaction began then we have no problem because we are using both “branches” of
heap updates.

a;S;e —a'; 8 €T
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SEQ-1 WEAK-GET-LAZY

a;S;e1 — a3 9 e T SPAWN lookup(S,1) =v
a;S;e1;es —a'; S el e T a; S;spawne — a; S;0;e a; S — a; S;v; -
WEAK-ALLOC-LAZY WEAK-SET-LAZY
a;St:H;ref v — a;S:H,l — v;l;- a;StH;l:=v—a;S:H,l — v;v;-
ENTER ATOMIC INATOMIC
a;S::Hoe;e — a'; SuHlcs e
0; S; atomic e — e; S; inatomic(e, -, €); - o; S;inatomic(e, Hoc, €0) — #;.S;inatomic(e’, Hye, €o); -

ENTER COMMIT

e; S;inatomic(v, Hoc, €0) — ;.S; incommit(Hoc, v); -

DO COMMIT
1€ Dom(Ho)  He = Hoe — {l — Hoe(1)}

o; S::H;incommit(Hoc,v) — o S:(H[l — Hoc(1)]); incommit(Hye,v); - e; S;incommit(-,v) — o; S;v;-

COMPLETE COMMIT

ROLLBACK

e; S; inatomic(Hoc, €, €9) — 0; S; atomic eo; -
We define heap lookup as follows:
l € Dom(H) I ¢ Dom(H) lookup(S,1) =v
lookup(S::H,1) = H(I) lookup(S::H,l) =v

7.3 Typecheck e

As with all weak languages in the AtomsFamily, WeakOnCommit uses a type-and-effect system to parti-
tion H. The partition definition and rules are the same for Weak. Type-checking rules for syntax not in
WeakOnCommit have been removed, the rule for spawn defined for the StrongBasic language is repeated,
the rule for inatomic handles the extended syntax, and a rule for incommit has been added.

T-SET-PARTITION T-GET-PARTITION T-REF-PARTITION
Itk ep :refyr Tithex: T Itk e:refer Tiebe:r
Tither:=ex: 7 it-le:r I;e b ref e: refyr
T-LABEL-PARTITION T-SPAWN T-INCOMMIT
r{) = (r,t) I'iOkFe: T DiekFov:r ' He:T
Tie b1 refer I';0 F spawne : int I';e b incommit(Hiog, v) : T

T-INATOMIC
I;2Fe:t Ii2Feg: T not-active(eo) correct-atomic(a, e) I'T F Ho : I'TY

[;e b inatomic(e, Hoc, €0) : T

7.4 Other Typing Rules

Since we have added new syntax for stacks of heaps, we must define how to typecheck S. There are no
other changes to this section.

r-H:1’ 'H:1’ 'rs:1’
Tr+-:H: T T'+S:H: T’
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7.5 Activeness
7.5.1 Not-Active(e)

Like in the StrongBasic language, we remove the not-active(e) rules for deleted syntax (spawng, spawni,
and spawnz). We add a rule for the added syntax (spawn):

not-active(e)

not-active(e)

not-active(spawn e)

7.5.2 Active(e)

We update the active(e) rule for inatomic and add a rule for incommit.

active(e)

active(incommit(Hoc, v)) active(inatomic(e, Hoc, €0))

7.5.3 Correct Atomic State of T'
No Changes.

7.6 Type Safety
Future Work.

7.7 Equivalence
Future Work.
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8 Languages at a Glance

8.1 Syntax and Expressions

The syntax and semantics differences between members of the AtomsFamily are summarized in Fig. 2.

8.2 Typing
The differences in type-checking e and the activeness of e for different members of the AtomsFamily are

summarized in Fig. 3.

8.3 Unchanged Judgment Forms

The following are the same for every language in the AtomsFamily:

| Judgment | Section |

a;H;T —a H;T™* 2.2

e<¢ 2.4

TieF T 2.4

THH:T 2.4

FaH;T 2.4

Initial Configuration 2.4

Terminal State 24
not-active(T"), active(T'), correct-atomic(a, T') 2.5.3

*Note: Although the PROGRAM rule is different,
the form of the judgment never changes.

8.4 Type Safety Lemmas with no Significant Changes

Beyond deleting cases from the proofs in Section 2.6 for typing rules that no longer apply (e.g. T-SPAWN-
2), the following lemmas have no significant changes:

Top Level Progress

Top Level Preservation

Weakening Lemma (and Context Extension Definition)

Canonical Forms

Values Effectless (note that a label may occur anywhere even with

a partition, only reading or writing its contents is restricted)

Variables Not in I

Values Inactive

Effects Lemma (part 2 becomes trivial or is removed for most languages)
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| Language | Syntax A from Section 2 | Expression Evaluation | Rules and Section | Qty. |
StrongNestedParallel | This language is the basis for all | a; H;e — a’; H';€';Ty; T1;To | SEQ-1, SEQ-V, SET-1, SET-2, STRONG-SET, | 19
from Sec. 2 members of the AtomsFamily REF-1, ALLOC, GET-1, STRONG-GET, APP-1,
APP-2, BETA, SPAWN (0, SPAWN 1, SPAWN
2, ENTER ATOMIC, INATOMIC, INATOMIC
HELPER, EXIT ATOMIC. All rules are from Sec-
tion 2.2
Weak from Sec. 3 None a;H;e — a';H;e/;Ty; T1; T | SEQ-1, SEQ-V, SET-1, SET-2, REF-1, ALLOWS, | 19
GET-1, APP-1, APP-2, BETA, SPAWN (0, SPAWN
1, SPAWN 2, ENTER ATOMIC, INATOMIC,
INATOMIC HELPER, EXIT ATOMIC from Section
2.2. WEAK-SET and WEAK-GET from Section
3.2.
StrongBasic  from a;Hye — ad';H';¢s T SEQ-1, SEQ-V, SET-1, SET-2, STRONG-SET, | 16
Sec. 4 e u= ...[spawne REF-1, ALLOC, GET-1, STRONG-GET, APP-1,
| inatomic(e) APP-2, and BETA from Section 2.2, with mod-
Note: Also remove the syntaz for ifications appropriate for a single T. SPAWN,
inatomic, spawno, spawni, and spawng ENTER ATOMIC, EXIT ATOMIC and INATOMIC
from StrongNestedParallel from Section 4.2.
StrongUndo  from a;Hye — a';H';€/;T; Hyog SEQ-1, SEQ-V, SET-1, SET-2, REF-1, AL- | 19
Sec. 5 LOC, GET-1, APP-1, APP-2, BETA, SPAWN,
e uw= ...|spawne SET-EAGER, GET-EAGER, ENTER ATOMIC,
| inatomic(a, e, Hiog, ¢o) INATOMIC, ENTER ROLLBACK, DO ROLLBACK,
| inrollback(Hiog, €0) COMPLETE ROLLBACK, and COMMIT from Sec-
Note: Also remove the syntax for tion 5.2.
inatomic, spawng, spawni, and spawnz
from StrongNestedParallel
WeakUndo from a;H;e — a/; H'; €5 T Hiog SEQ-1, SEQ-V, SET-1, SET-2, REF-1, AL- | 19
Sec. 6 LOC, GET-1, APP-1, APP-2, and BETA from
e == | spawne Section 2.2, with modifications appropriate
|!natom|c(a,e,H|og,eo) for a single T and an empty or inductive
| inrollback( Hiog, ¢0) Hyog. SPAWN, WEAK-SET-EAGER, WEAK-GET-
Note: Also remove the syntaz for EAGER, ENTER ATOMIC, INATOMIC, ENTER
inatomic, spawng, spawni, and spawngz ROLLBACK, DO ROLLBACK, COMPLETE ROLL-
from StrongNestedParallel BACK and COMMIT from Section 6.2
WeakOnCommit a;S;e — a'; S5 ey T SEQ-1, SEQ-V, SET-1, SET-2, REF-1, GET-1, | 19
from Sec. 7 APP-1, APP-2, and BETA from Section 2.2,
e == | spawne with modifications appropriate for a single T
| !natomlc'(a,e,Hoc,eo) and using S instead of H. SPAWN, WEAK-
| incommit(Hoc, v) SET-LAZY, WEAK-GET-LAZY, WEAK-ALLOC-
S u= | Sul LAZY, ENTER ATOMIC, INATOMIC, ENTER
Note:  Also remove the syntaz for COMMIT, DO COMMIT, COMPLETE COMMIT,
inatomic, spawng, spawni, and spawnz and ROLLBACK from Section 7.2. We defined
from StrongNestedParallel lookup(S,1) in Section 7.2.

Figure 2: Expression Syntax and Evalutation



09

| Language || Typing Rules: T';ebFe: 7 | Qty. | Activeness A
StrongNestedParallel | T-CONST, T-VAR, T-LABEL, T-SEQ, T-SET, T-REF, T- | 14 n/a
from Sec. 2 GET, T-LAMBDA, T-APP, T-SPAWN-(0, T-SPAWN-1, T-
SPAWN-2, T-ATOMIC, T-INATOMIC from Section 2.3
Weak from Sec. 3 T-CONST, T-VAR, T-SEQ, T-LAMBDA, T-APP, T- | 12 n/a
SPAWN-0, T-ATOMIC, T-INATOMIC from Section
2.3. T-SET-PARTITION, T-GET-PARTITION, T-REF-
PARTITION, T-LABEL-PARTITION from Section 3.3.
StrongBasic  from || T-CONST, T-VAR, T-LABEL, T-SEQ, T-SET, T-GET, T- | 12 Removed not-active(spawny), not-active(spawn;), and
Sec. 4 REF, T-LAMBDA, T-APP and T-ATOMIC from Section not-active(spawn,). Added not-active(spawn). Updated
2.3. T-INATOMIC and T-SPAWN from Section 4.3. active(inatomic).
StrongUndo  from | T-CONST, T-VAR, T-SEQ, T-LAMBDA, T-APP, | 13 Removed not-active(spawny), not-active(spawn;), and
Sec. 5 from Section 2.3. T-ATOMIC, T-INATOMIC and not-active(spawn,). Added not-active(spawn) and
T-INROLLBACK from Section 5.3 T-SET-PARTITION, active(inrollback). Updated active(inatomic).
T-GET-PARTITION, T-REF-PARTITION, T-LABEL-
PARTITION and T-SPAWN from Section 6.3.
WeakUndo from || T-CONST, T-VAR, T-SEQ, T-LAMBDA, T-APP, and T- | 13 Removed not-active(spawny), not-active(spawn;), and
Sec. 6 ATOMIC from Section 2.3. T-SET-PARTITION, T-GET- not-active(spawn,). Added not-active(spawn) and
PARTITION, T-REF-PARTITION, T-LABEL-PARTITION active(inrollback). Updated active(inatomic).
T-SPAWN, T-INATOMIC and T-INROLLBACK from Sec-
tion 6.3. Added all2(T") in Section 6.4.
WeakOnCommit T-CONST, T-VAR, T-SEQ, T-LAMBDA, T-APP, and T- | 13 Removed not-active(spawny), not-active(spawn;), and

from Sec. 7

ATOMIC from Section 2.3. T-SET-PARTITION, T-GET-
PARTITION, T-REF-PARTITION, T-LABEL-PARTITION
T-SPAWN, T-INATOMIC and T-INCOMMIT from Sec-
tion 7.3. Added I' = S : T in Section 7.4.

not-active(spawn,). Added not-active(spawn) and
active(incommit). Updated active(inatomic).

Figure 3: Activeness and Typing Rules




