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—— Abstract

We prove the correctness of compilation of relaxed memory accesses and release-acquire fences
from the “promising” semantics of Kang et al. [12] to the ARMv8 POP machine of Flur et al. [9].
The proof is highly non-trivial because both the ARMv8 POP and the promising semantics

provide some extremely weak consistency guarantees for normal memory accesses; however, they
do so in rather different ways. Our proof of compilation correctness to ARMv8 POP strengthens
the results of the Kang et al., who only proved the correctness of compilation to x86-TSO and
Power, which are much simpler in comparison to ARMv8 POP.
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1 Introduction

One of the major unresolved topics in the semantics of programming languages has to do
with giving semantics to concurrent shared-memory programs. While it is well understood
that such programs cannot follow the naive paradigm of sequential consistency (SC) [15], it
is not completely clear what the right semantics of such concurrent programs should be.

At the level of machine code, the semantics varies a lot depending on the hardware
architecture, which is only loosely specified by the vendor manuals. In the last decade,
academic researchers have produced formal models for the mainstream hardware architectures
(e.g., x86-TSO [22], Power [21, 5], ARMv8 POP [9]) by engaging in discussions with hardware
architects and subjecting existing hardware implementations to extensive tests.

In this paper, we will focus on the ARMv8 POP model due to Flur et al. [9], which
is arguably the most advanced such hardware memory model.! Operational in nature, it
models many low-level hardware features that affect the execution of concurrent programs.
These include the hardware topology, the non-uniform propagation of messages to other
processors, the reordering of messages, processor-level out-of-order instruction execution,
branch prediction, local decisions on the coherence of overwritten writes, and so on. The
ARMv8 POP model is in certain ways substantially weaker than other hardware memory
models. For example, it allows the outcome a = 1 of the following program (see [13]):

= [z]; //1

a b = [x];
[2] = 1;

= [yl;
ly] = b ¢ (ARM-weak)

[z] =

L We would like to point out that the ARMv8 POP model is not the latest model for ARM. In March 2017,
version 8.2 of the ARM reference manual [1] introduced a substantially stronger “multi-copy-atomic”
model, whose formal axiomatic definition became available on 27 April 2017 [3]. The new model
disallows the weak behaviors of the ARM-weak and WRC+data+addr examples discussed in this paper.
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where all variables are initially 0. In essence, as we will explain in Section 2, the hardware
may propagate the [z] := 1 store to the second thread, then write [y] := 1 and propagate
it to the third thread, execute the third thread, and propagate its store to the first thread
before the a := [z] load returns. In contrast, Power and x86-TSO both forbid this outcome.

At the level of programming languages, the main problem is to design a memory model
that enables efficient compilation across a wide range of hardware platforms and yet provides
suitable high-level guarantees, such as reduction to SC in the absence of data races and
type safety even in the presence of racy code. While many attempts to solve this problem
have been made in the past [8, 19, 24, 11, 20|, including the Java [18] and C/C++11 [7]
memory models, almost all have been found to be lacking in one way or another, either not
supporting certain compiler optimizations or allowing “out of thin air” behaviors.

Recently, however, Kang et al. [12] made a breakthrough and introduced a memory
model that claims to satisfy both desiderata. Their model is also operational, but includes a
rather non-standard step, according to which a thread can promise to perform a write in
the future. While such promise steps are suitably restricted, once a promise is made, other
threads can read from the promised write, even before the promise is fulfilled. Promises
allow the weak behavior of the ARM-weak program: intuitively, the first thread may promise
to write [x] := 1, the second and third threads may then execute writing 1 to y and x
respectively, and the first thread can then execute reading a = 1 from the third thread and
finally fulfilling its promise to write [z] := 1.

While the Promise machine allows this surprisingly weak behavior of the ARM-weak
example, compilation from the promise semantics to the ARMv8 POP machine has not yet
been shown to be sound. In their paper, Kang et al. mention the ARM-weak program, but
do not verify compilation to ARMv8 POP; they only prove compilation correctness to the
substantially simpler x86-TSO and Power models.

In this paper, we fill this gap and prove the correctness of compilation from a subset of the
promise model to the ARMv8 POP model. The subset of promise model we handle is quite
minimal—it contains relaxed loads and stores, as well as release and acquire fences—but
exposes the following three main challenges we had to overcome in the compilation proof.

Firstly, the two machines are very different. The ARM machine executes instructions
possibly out of program order and in multiple steps: it issues the instruction, propagates
it to one thread at a time, satisfies read instructions—all in different steps. In contrast,
the Promise machine executes instructions in a single step and according to program
order (except for promised writes).
Secondly, the key technical device used in the compilation proof to the Power model is not
applicable to the ARMv8 POP model because it can execute anti-dependent instructions
out of order as in the ARM-weak program (see discussion in Section 10).
Thirdly, although both memory models are operational, compilation correctness cannot
be shown by a standard forward simulation. The reason is that in the ARM machine
writes to a specific location are not necessarily totally ordered during the execution;
they only become totally ordered once they are all propagated to the memory, which
may happen at the very end of the execution. In the Promise machine, however, writes
are totally ordered by timestamps from the point they are issued (or promised); so a
simulation proof would have to “guess” the correct ordering of the writes.
To overcome this final challenge, we introduce an intermediate machine, which extends the
ARM machine recording timestamps for each write, and views for each threads and message.
We show that this intermediate machine has the same behaviors as the ARM machine, and
that the Promise machine can simulate the intermediate machine’s behaviors.
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A secondary contribution of this paper is to provide a number of results about the ARMv8
POP model, which may be of general interest, e.g., in compiling from other language-level
memory models to ARMv8 POP.

In the remainder of this paper, we first introduce the ARMv8 POP and Promise models
informally (Section 2), and present the high-level structure of the proof (Section 3). Then, in
Sections 4 to 9 we present the ARMv8 POP, intermediate, and Promise machines formally,
and relate them to one another. We conclude with a discussion of related and future work.

2 Models through Examples

We start by discussing the ARM [9] and the Promise [12] machines on a couple of small
programs, litmus tests, like this:

[x] :== 1; || a := [y]; //1
[y] == 1; || b := [z]; //O

Here a, b stand for local variables (registers) and x, y are distinct memory locations shared
between threads. The program syntax of the ARM machine programs slightly differs from
the syntax of the Promise machine programs. We apply the following compilation scheme:

(MP)

Promise: [z]x:= a
ARM: [2] == a

a = [x]x
= [2]
As the compilation scheme is a bijection, we present programs in the ARM syntax only. For

every program we suppose that locations are initialized with 0. To refer to a specific behavior
of the program, we annotate read instructions with values expected to be read (e.g., //1).

fence(acquire) | fence(release)
dmb LD dmb SY

s}

The ARM Machine The ARM machine [9] consists of two components, a thread subsystem
and a storage subsystem. Roughly speaking, the former corresponds to processors’ per-thread
control units [10], which fetch and execute instructions, and send store/load memory requests
to the storage subsystem. The latter represents the memory hierarchy including caches,
store/load buffers, and the main memory. A state of the storage subsystem can be represented
graphically as a hierarchy of buffers, which are lists of memory requests.

Let’s execute the MP program in the ARM machine and get a = 1 and b = 0. One way
of getting this behavior is for the thread subsystem to issue the write (or read) requests
out-of-order to the storage subsystem. However, there is another way in which the outcome
a =1,b =0 is possible. First, the thread subsystem issues all requests in program order.

| Thread 1 | [ Thread 2 | | Thread 1 | [ Thread 2 | | Thread 1 | | Thread 2 |
[v] =1 b= [z] - 1=
] = 1 ¢ = [y] 2] =1 [2] =1
b= [z] b= [a]
a = [y] .
b = 1 =1
The main memory The main memory The main memory
[z] = 0;[y] = 0 [z] = 0;[y] == 0 [z] == 0;[y] =0
After that, the storage subsystem reorders the independent requests [x] := 1 and [y] := 1,
and flows the requests [y] := 1,a := [y],and b := [z] from the bottom of the corresponding
buffers to the common buffer. Once the read request a := [y] follows [y] := 1 directly in

a buffer, the storage subsystem is able to satisfy the read from the write and send a read
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response, a = 1, to the thread subsystem. Finally, the storage subsystem flows [y] := 1 and
b := [z] to the main memory, satisfying the latter from the initial write [z] := 0.

Suppose that the outcome a = 1,b = 0 is undesirable. To outlaw it, one can put dmb SY,
a full fence, between the writes? in the first thread and dmb LD, a load fence, between the
reads in the second thread:

[z] == 1; || @ == [y]; //1
dmb SY; dmb LD; (MP-SY-LD)
[y] := 1; || b := [z]; //0 — impossible

The fence in the first thread forces the thread to issue [x] := 1, dmb SY, and [y] = 1
to the storage subsystem in order. Reordering of [z] := 1 and [y] := 1 in the storage
subsystem is also impossible, as the request dmb SY is not reorderable with any request and
stays between them. It guarantees that once [y] := 1 is propagated to the common buffer,
[] := 1 is propagated there as well. The fence dmb LD forbids to issue b := [z] until
a = [y] is satisfied. So if @ := [y] is satisfied from [y] := 1, [x] := 1 is propagated to the
common buffer or to the main memory, and b := [z] can be satisfied only from it. So, if
a=1then db=1.

In the discussed executions, it is very important that the storage subsystem is able to
reorder some requests but not others. The definition of the reordering relation < is following:

» Definition. A request eqq and a request e,ew are reorderable, denoted eglg < €new, if
neither of them is an SY fence and they operate on different locations.

In this paper, we consider a slightly weakened version of Flur et al’s model [9], which
issues dmb SY requests to the storage subsystem but not dmb LD requests. This allows more
behaviors than the original model.®> As we managed to prove compilation correctness to a
weaker model, the result is also applicable to the original model.

The Promise Machine The Promise machine [12] is very different from the ARM machine.
There is no sophisticated storage subsystem. The memory, M, is simply a set of annotated
writes, so-called messages, issued by all threads up to the moment. Each message has a
timestamp, an element of a totally ordered set, which is unique among messages to the same
location in the memory. Except for promises, which we discuss later in the section, the Promise
machine executes instructions in program order. However, reads have a nondeterministic
semantics: when a thread performs a read, it chooses any message from the memory subject
to some conditions. The message has to be to the corresponding location and not to be too
“old”: if a thread has observed (i.e., read from) a message to location z with timestamp 7, it
cannot subsequently read from a message to x with timestamp 7/ < 7.

To enforce this restriction, as well as similar restrictions on timestamps of read messages
that arise from the use of fences, the Promise machine uses so-called views—maps from
locations to timestamps. Each message in the memory is annotated with a message view,
and each thread maintains three views: viewcyr, VieWacq, and viewre. The main thread view,
vieweyy, maps each location to the greatest timestamp of all messages of this location that
were observed by the thread. For example, if a thread’s viewe,, equals to [z@2, w@4], it

2 One could equivalently put a store fence, dmb ST, but that does not correspond to anything in the
promise model, as well as in the C/C++ model.

3 To show this, consider that dmb LD requests are issued, but are reorderable with any request. That
would weaken the original semantics. But this is the same as not issuing the dmb LD requests at all.
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means the thread has observed the write to the location w with the timestamp 4. The other
views— those included in messages, as well as the thread views view,.q and view,.— are
used in combination with fences.

The weak behavior of MP is observable on the Promise machine quite easily. At the
beginning of the execution, the memory contains only initial writes:

M = {{(z : 0Qo0, [x@0]), (y : 0Q0, [y@0])}
T1.vieweyy = [xQ0,yQ0];  T2.viewe,, = [¢Q0, yQO0]

The first thread T'1 may perform the writes:

M = {{z : 0Qo0, [x@0]), (y : 0Q0, [zQ0]),
(x : 1Q1, [zQ1,y@O0]), (y : 1@Q1, [z@0,y@Q1]) }
T1l.viewe,, = [x@ 1,y@Q 1];  T2.viewe,, = [x@0, y@Q0]

Now the second thread 72 can read from the newly added message (y : 1Q1, [z@Q0, yQ1])
and the initial write (z : 0Q0, [z@0]).

The Promise machine counterparts of the SY and LD fences, release and acquire fences
correspondingly, are sufficient to outlaw @ = 1,b = 0 as in the case of the ARM machine.
The fence(release) in the first thread T'1 enforces the message view of [y] := 1 to include
the timestamp of [z] := 1, and if the second thread T2 reads from the message, then the
fence(acquire) updates the second thread’s view,, with the message view. Let’s see how it
works.

In the beginning, all views are the same. When the first thread T'1 performs the first
write, it updates viewcy,, but view, remains the same. The message view of the newly
added write equals to the pointwise maximum of view,e and the timestamp of the write
itself, [zQ1] = (AL.if £ = x then 1 else 0) (the latter is called a singleton view).

M = {(z : 0Q0, [z@0]), (y : 0Q0, [y@0]), (z : 1Q1, [xQ1,y@0]) }
T1.viewey = [zQ@ 1,y@Q0]; T1l.viewaeq = [z@ 1,yQ0]; T1l.viewe = [zQ0,yQ0];
T2.viewey = [zQ0,yQ0];  T2.viewaeq = [£Q0, yQ0];  T2.viewye = [xQ0, yQO];

After that the first thread T'1 executes the release fence, which makes its view,e to be equal
to vieweyr:

M = {{z : 0@0, [x@0]), (y : 0Q0, [y@0]), (z : 1Q1, [x@Q1, y@Q0])}
T1.viewey, = [£Q1,y@Q0]; T1.viewseq = [£Q1,y@Q0]; T1.view, = [2@ 1,yQ0];
T2.vieweyy = [£Q0, y@Q0];  T2.view,eq = [£Q0, y@Q0]; T2.view, = [x@Q0,yQ0]

Then, the first thread T'1 performs the second write, again attaching to it a view which is
the pointwise maximum of T'1.view,e and the timestamp of the write itself:

M = {{z : 0Q0, [x@Q0]), (y : 0Q0, [y@Q0]),

(z : 1Q1, [z@1,y@0]), (y : 1Q1, [zQ1,yQ1]) }
T1.viewey = [zQ1,yQ 1]; Tl.viewaeq = [zQ1,yQ@ 1]; Tl.viewe = [z@Q1,yQ0];
T2.viewey = [£Q@Q0,yQ0];  T2.view,eq = [£Q0, yQ0];  T2.viewye = [@Q0, yQO];

When the second thread 72 reads from the newly added write, it updates its view,cq with
the message view:

M = {{z : 0@0, [x@Q0]), (y : 0Q0, [y@0]),

(x : 1Q1, [z@Q1,y@Q0]), (y : 1@Q1, [z@Q1,y@1])}
T1.viewey, = [zQ1,yQ1]; T1.view,eq = [zQ1, y@1]; T1.view,q = [zQ1, yQO];
T2.vieweyy = [£Q0, y@Q0];  T2.viewseq = [zQ 1,yQ 1]; T2.viewye = [z@Q0, y@QO;

ECOOP 2017
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The execution of the acquire fence makes the second thread’s view.,  to be equal to its
Vi€Wacq:

M = {{z : 0Q0, [x@0]), (y : 0Q0, [yQ0]),

(x :1Q1, [zQ1,y@0]), (y : 1Q1, [zQ1, y@Q1])}
Tl.viewey = [zQ1,yQ1];  T1.viewaeq = [¢Q1,yQ1]; T1l.viewy = [zQ1, yQO];
T2.viewey = [zQ 1,yQ 1] T2.viewaeq = [¢Q1,yQ1] T2.view,e = [zQ0, yQO]

And now thread T2 is not able to read from (z : 0Q0, [xQ0]), as T2.viewey(x) = 1 > 0,
which rules out the outcome a = 1,b = 0.

2.1 A More Complex Behavior

Both machines guarantee that a read instruction cannot be satisfied from a same thread’s
write which follows the read in program order. They do, however, allow to get a = 1 during
an execution of the program presented in Section 1:

= fal; //1 |0

a = [z];
[x] = 1; [y] = b;

[Cx]: ::[yif (ARM-weak)

The ARM Machine The behavior may be reproduced by the ARM machine if the first
and the second threads share a common buffer, which is not observable by the third thread.
The machine issues the two requests of the first thread and the read request of the second
thread, and propagates them to the common buffer. Then, the storage subsystem satisfies
read b := [z] from [z] := 1, and the second thread issues [y] := 1. The storage
subsystem propagates it to the common buffer, reorders it with the first thread’s requests,
and propagates it to the lowest buffer and to the memory.

‘ Thread 1 ‘ l Thread 2 ‘ l Thread 3 ‘ ‘ Thread 1 ‘ l Thread 2 ‘ l Thread 3 ‘
b = [z] -1
[¢] =1 ([f]: ]
a = [z] ’
The main memory The main memory
[z] == 0;[y] == 0 [¢] = O;fy] =1
Next, the third thread issues ¢ := [y], and the storage propagates it to the memory, where
it is satisfied with response ¢ = 1. Now the storage sends response ¢ = 1 to the third thread,
it issues [z] := 1, and the storage subsystem propagates it to the lowest buffer.
‘ Thread 1 ‘ l Thread 2 ‘ l Thread 3 ‘ ‘ Thread 1 ‘ l Thread 2 ‘ l Thread 3 ‘
[2] =1 2] =1
a = [z] a = [z]
‘c = [y] ‘[L] =1
The main memory The main memory
[z] == 0;[y] =1 [z] == 0;[y] =1

The storage subsystem propagates a := [z] to the lowest buffer and satisfies it from [z] := 1.
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The Promise Machine Conforming to its name, the Promise machine uses promises to
achieve the same behavior: a thread T' may nondeterministically promise to write a value
val to a location ¢ at some point in the future. When a thread 7' makes a promise, it adds
(€ : val@r, _), where 7 has not been used as a timestamp yet and is greater than T.viewey, (£),
to the memory, making the promise available to read from for other threads. The promise
transition also adds the promise to a thread’s set of promises, T.promises, but it does not
update the thread’s views. After each transition of the machine, the thread which makes
a step has to certify that it is able to fulfill all promises it made in the current state of
the memory running in isolation. The certification is used to outlaw self-satisfaction and
causality cycles [8] in an execution.

To get a = 1 in the program ARM-weak, the first thread has to promise, e.g., (x :
1@2, [z@2]). The thread can certify the promise—to read from the initial write to = with
timestamp 0 and then fulfill the promise by the second instruction. After the first thread
promised a write to z, the second thread reads from the promise, and adds (y : 1Q1, [y@1])
to the memory. The third thread reads from it, and adds (z : 1@Q1, [z@Q1]). Now the first

thread can read from (z : 1Q1, [z@1]) getting a = 1 and fulfill the promise (z : 1@Q2, [z@2]).

2.2 More Abstract Storage Subsystem: POP

Flur et al. [9] present two versions of the storage subsystem for the ARM machine: Flowing
and POP (partial order propagation). We used the Flowing model to describe the previous
examples because it is more intuitive and easier to understand. However, the Flowing model
has a couple of features that make it hard to reason about the model. First, it is much easier
to have a partial order on requests inside of a buffer than to keep track of reorderings inside
it. Second, if we want to show that for every execution of a program in the ARM machine
some invariant holds, we have to consider every possible topology of buffers.

The POP model solves the aforementioned obstacles. There are no linear buffers and
fixed topologies. The state of the POP storage consists of three components: Fvt—a set of
requests observed by the storage, Ord—a partial order on requests from Evt, and Prop—a

function mapping each thread identifier to a subset of Evt requests propagated to the thread.

If two requests e and ¢’ are ordered by Ord, Ord(e,e’), we write e <opq €.
To understand how the POP model works and its connection to the Flowing model,
consider an execution of the following program:

= [a; //1

[yl == a;

[z] = 1; b :

’ [yl //1 (WRC+datataddr)

[z +bx0]; //0

Here is a fake address dependency between reads in the third thread, so the thread does not
know the target address of the second read until b := [y] is satisfied. For this reason, the
third thread cannot issue the second read request before the first one is satisfied. Nevertheless,
the behavior a = 1,b = 1,¢ = 0 is allowed due to the storage subsystem.

To reproduce the intended behavior in the Flowing model we have to choose the same
topology as in the previous example, which has a buffer observable to the first and the second
threads, but non-observable for the third one. Suppose that each thread issued a request
corresponding to its first instruction. Then we get the following Flowing state (on the left)
and the following POP state (on the right):*

4 For the sake of brevity we annotate the requests with labels and use the labels in the POP components.
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‘ Thread 1 ‘ l Thread 2 ‘ l Thread 3 ‘

Evt = {k,l,m,n, o}

Ord = {(k,m), (k,n),(l,0)}
Prop(T1) = {k,l,m}
Prop(T2) ={k,l,n}
Prop(T3) ={k,l, o}

m:[z] =1 |n:a:=[z] |o:b:= [y

’k[x] =0;1: [y = O‘

When a request e is issued to the storage by a thread T, we add an Ord-edge (¢’,e) for each
e¢’, which is propagated to T' and is not reorderable with e, ¢’ ++ e. That is why there are
entries in Ord.

At this point the request m : [x] := 1 might be propagated to the (T'1,72) common
buffer. In terms of the POP model, this step corresponds to propagation of m : [z] := 1 to
T2:

Thread 1 Thread 2 Thread 3

‘ read ‘ l rea ‘ l rea ‘ Efut _ {k-’ l7 m7 n’ O}
mia = bl ot = b Ord = {(k,m), (k,n), (,0), (m,n) }
mfa] = 1 Prop(T1) = {k,l,m}
Prop(T2) = {k,l,n, m}

Prop(T3) = {k,l,0}

’k:[:v] = 0; 1: [y ::0‘

The propagation step adds m to Prop(T2) and the (m,n) edge to Ord.

In general, when a request e issued by a thread T is propagated to a thread T”, we add
(e,€’) to Ord for every request e’, which is propagated to 7 but not to T, if e and e’ are not
reorderable (i.e., e ¥+ €¢’) and there is no backward edge (¢/,e) in Ord. In the execution, the
m and n requests are not reorderable because they operate on the same location x.

The storage subsystem may propagate n: a := [z] to the common buffer (in the Flowing
model) or, correspondingly, to thread 7'1 in the POP model:

‘ Thread 1 ‘ l Thread 2 ‘ l Thread 3 ‘
Evt = {k,l,m,n, o}
0:b:= [y Ord = {(k,m), (k,n), (I,0), (m,n)}
n:a = [z] Prop(Tl) = {k‘, l,m, TL}
m:[z] =1 Prop(T2) = {k,l,n,m}

Prop(T3) = {k,l,0}

’k[z] = 0; 1: [y ::0‘

Now n : a := [z] can be satisfied from m : [z] := 1, as the former request follows the latter
directly in the common buffer (the Flowing model), they are propagated to the same set of
threads (7'1,72) and there is no request in between them according to the Ord relation (the
POP model). After the read is satisfied, the second thread T2 issues the write p: [y] = 1:

| Thread 1 | l Thread 2 ‘ l Thread 3 ‘ Evt ={k,l,m,o0,p}
pily] =1 |o:b:= [y Ord = {(k,m), (I,0), (I,p) }
] = 1 Prop(T1) = {k,l,m}
Prop(T2) = {k,l,m,p}

Prop(T3) = {k,l,0}

’k[z] = 0; 1:[y] ::O‘
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The storage propagates p : [y] := 1 to the common buffer and then to the lowest buffer and
to the main memory in the Flowing model, and to T1 and T3 in the POP model:®

‘ Thread 1 ‘ l Thread 2 ‘ l Thread 3 ‘

Evt = {k,l,m,o0,p}

0:b =yl Ord :{(kam)a(l’0)7(l7p)’ (p,O)}
Prop(T1) = {k,l,m, p}

Prop(T2) = {k,l,m,p}

Prop(T3) ={k,l,0,p}

’k[z] =0;p:y = 1‘

Then, 0: b := [y] is propagated to the lowest buffer in the Flowing model, and to T'1 and
T2 in the POP model:

‘ Thread 1 ‘ l Thread 2 ‘ l Thread 3 ‘
Evt = {k,l,m,o0,p}
Ord = {(k,m), (l,0), (l,p), (p,0)}
m:x] =1 PT’Op(Tl) = {k’,l,m,p, 0}
PT’Op(TQ) = {k7l7m7pa 0}

0:b = [y Prop(T3) = {k,l,0,p}
’k[z] = 0;p: [y = 1‘

After o : b := [y] is satisfied from p : [y] := 1, the machine may issue ¢ : ¢ = [z],
propagate it to the main memory before m : [x] := 1 and satisfy it from & : [z] := 0.

At the end of the POP execution, all write and fence requests are propagated to all
threads. As a result, every pair of write requests to the same location is ordered by Ord,
which induces a total order on writes to one location. We use this observation in our proof.

As the POP model is a sound relaxation of the Flowing model and it is more abstract

and easier to reason about, we use the POP model in our proof.

3 Main Challenges and High-Level Proof Structure

A compilation scheme from one machine AM to another machine AM’ is correct, if for any

program P and its compiled version P’ each execution of P’ on AM’ corresponds to some

execution of P on AM. The standard way to prove it is to exhibit a simulation between the
machines. This may be done by introducing execution invariants and mapping transitions of

AM' to transitions of AM.

There are three main problems one has to cope with to prove that the Promise machine
simulates the ARM machine:

1. Although all writes to a specific location are totally ordered in the end of an ARM
execution, they aren’t ordered during the execution. In the Promise machine, however,
timestamps induce a total order on writes, which is decided much earlier—at the point
writes are issued (or promised).

2. In the ARM machine, while reading from a write request imposes restrictions on following
reads, there is no explicit counterpart of message views of the Promise machine.

3. The ARM machine allows out-of-order execution of instructions, whereas the Promise
machine, except for promises themselves, supports only in-order execution.

5 As there is no fixed topology in the POP model, p : [y] := 1 can even be propagated to T'3 before T'1.
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To address the first two challenges, we introduce an instrumented version of the ARM
machine, the ARM+7 machine. In this machine, each write request is annotated with (i) a
timestamp, (i) a set of writes and fences which are guaranteed to be observed by a thread
once it reads from the write request, and (%ii) a view corresponding to the aforementioned
set. The timestamps of writes to a specific location have to reflect a total order in which
the writes are propagated to the main memory (in terms of the Flowing model) or to all
threads (in terms of the POP model). However, at the moment when the thread subsystem
issues a store request, the ARM machine cannot guarantee that the request will take any
specific position in the total order. It is, therefore, impossible to assign a timestamp to the
request at that moment. To solve this problem, the ARM+7 machine’s steps have additional
preconditions which guarantee acyclicity of the union of the partial order on requests in the
storage (the relation Ord) and the per-location timestamp order. These restrictions mean
that the ARM+7 machine may have potentially less behaviors than the ARM machine for a
given program. So we have to prove that the ARM+7 machine simulates the ARM machine
to be able to use it in the compilation correctness proof.

The third challenge makes it impossible to define a simple one-to-one or one-to-many
correspondence between steps of the ARM and the Promise machines. To address this
problem, we allow the Promise machine to “lag behind” the ARM machine. Consider the
following program fragment:

[z] == 1;
dmb LD;
a = [yl;
[2] = L

The ARM machine may first commit the fence dmb LD (step 1), then issue (propagate if
needed and satisfy) the read a := [y] (step 2), commit the write [z] := 1 (step 3), and
only after that commit the write [x] := 1 (step 4). The Promise machine cannot perform
the corresponding steps in the same order. According to the simulation we propose for the
compilation correctness proof, the Promise machine does nothing when the ARM machine
performs the steps 1 and 2, so it starts to lag behind the ARM machine at this point. Then
it promises [z] := 1 at step 3. Finally, at step 4, it promises and fulfills the write [z] := 1
and does everything left, as it is no longer blocked by the instruction [z] := 1.

To represent the lagging of the Promise machine, we have two simulation relations in
our proof, Z and Z,,.. The former relation forbids the Promise machine to lag behind too
much: if states of the ARM and the Promise machines are connected by Z, then each thread
of the Promise machine has executed all instructions from the maximal committed prefix
of the corresponding ARM thread execution and is waiting for the next instruction to be
committed by the ARM thread. The latter relation states that there is one thread which is
able to (and has to) execute the next instruction, as it is committed by the ARM thread.
We show that once states of the machines are related by Z,., there is a finite number of
steps, which the Promise machine has to make, to get to a state which satisfies 7.

In our proof, we consider only terminating executions of the ARM machine, because
otherwise we would have to introduce “fairness” conditions on its speculative execution. For
instance, there is an execution of the following program, which infinitely issues read requests
to the storage without satisfying them:

a = [z];
if a # 0 goto —1;
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cemds : List S tapecell ::= R Streaqa | W Stywrite

S = reg := [expr] | F Stfence ftypearm
| [expry] = expr, | If stitgoto & | Assign | Nop
| dmb ftypearam : TapeCell
| if expr goto k
| reg := expr | nop sat-state ::= pln | inflight | com

ftypeary = SY | LD Stread = none | requested ¢

expr = reg | £ | uop expr | sat sat-state (tid, path,wr ¢ : val)
| bop expr, expry Stwrite = none
: Expr | pending £ val

reg: Reg — a,b,c,... (local variables) | com bool £ val

{: Loc — z,9,%,... (locations) Stfence ~ ::= none | com

uop,bop  — arithmetic operations Stifgoto 1= none | taken | ignored

k € val : Val = LocUZ

Figure 1 Syntax of ARM programs. Figure 2 ARM instruction state.

As we said in Section 2, the considered compilation scheme is bijection, so we assume
that programs for both machines are the same. Our compilation correctness theorem states
that for every program and every terminating execution of the ARM machine there is a
terminating execution of the Promise machine which ends with the same memory, i.e., the
last writes to each location are the same for both machines.

» Theorem 3.1. For all Prog and s, if Prog - s™it W* s and FinaIARM(s, Prog),

IPromiSC(

then there exists p such that Prog + p™* ———* p where Fina

Promise

p, Prog) and

same-memory(s, p).

4 The ARM Machine

In this section, we formalize the semantics of ARM POP machine of Flur et al. [9]. The
syntax of ARM machine programs is presented in Fig. 1. A program for the machine,
Prog : Tid — List S, consists of a list of instructions for each thread. Instructions are
reads (reg := [expr]), writes ([expry] := expry), fences (dmb ftypesgn), conditional
relative jumps (if ezpr goto k), local variable assignments (reg := expr), and no-operation
instructions (nop).

The thread subsystem of the ARM machine allows out-of-order and speculative execution
of instructions. Moreover, it executes instructions non-atomically, i.e., many instructions
might be in the middle of their execution at the same moment. We represent a state of an
instruction instance via tapecell (see Fig. 2). Its syntax reflects the instruction syntax.

A read instance, $tyead, might be in one of the three following states: (i) none, the read is
fetched or restarted; (ii) requested ¢, the read has a load request from the location ¢ in the
storage subsystem; (iii) sat sat-state (tid, path,wr ¢ : val), the read has been satisfied from a
write instance (tid, path) with a value val. The sat-state field denotes if the read is satisfied
by an in-flight, i.e., not yet committed to the storage, write (inflight), the read is satisfied
from the committed write (pln), or the read is satisfied from the committed write and is
committed itself (com).

A write instance, styrite, might be (i) none, similarly to the read state; (ii) pending ¢ val,
the address and the value of the write is determined and a read from the same thread may
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read from it; (iii) com bool £ val, the write is committed and, if bool = true, issued to the
storage subsystem (otherwise, it is observable only by same thread read instructions).

A fence instance, Stfonce, might be either committed (com) or not (none). A conditional
branch instance, stigoto, signifies that the control flow either jumps to k positions ahead
(taken), proceeds to the next instruction (ignored), or is still undecided (none). Assignments
and nops instances are just fetched, but not executed.

Similarly to earlier work on the Power memory model [21], we may represent the instruction
state of a specific thread as a labeled direct acyclic graph (DAG), e.g.:

¢t If none (=2) — e : R (requested z)

— f:N
a:W (com true z 1) — b : If none 7 J+ No

T Assign — g : R (sat pIn (544, [0, 1], wr y : 6))

where vertices denote instruction instances, arrows represent the program order relation
between the instances, and vertices with two outgoing arrows signify branch instruction
instances, where the execution path has not yet been determined.

We identify an instruction instance by its thread identifier, tid, and a path : Path £ List N
from the root of the thread’s instruction DAG. It is encoded as a list of instruction positions
corresponding to the instruction instances on the path. For example, in the DAG above the
instruction instance a has a path [0], b—[0, 1], and f—|0,1,8,9].

The instruction DAG of the thread is represented by a tape : Tape = Path — TapeCell,
a map from paths to tapecells. As a tape represents an instruction DAG, it is prefiz-closed:
if a tape is defined for path, then it is defined for every (non-empty) prefix of path.

As multiple instructions may be in flight at any given moment, it is not possible to define
one per-thread state of local variables for a given moment of an execution. Consider the
following execution fragment:

i ‘ emds|i] ‘ path ‘ tape(path)

0la:=[z]; |0 R none

1| [y] == a |01 W none

2 la:=[7; | 01,2 R (sat pIn (844,(0,1,2,3],wr z: 9))

3| [w] = a;|0,1,2,3 | Wnone
Here the read a := [2] is satisfied with a value 9, but a := [z] isn’t even issued to the
storage. It means that a is defined for the fourth instruction, but not for the second one.

To cope with these subtleties, we introduce two state functions regf, regf ., : (List S X
Tape x Path) — (Reg — Val), where regf(cmds, tape, path) and regf .., (cmds, tape, path)
represent the state of the local variables just before the instruction instance indexed by path.
Their only difference is in the way they process satisfied but not yet committed reads (where

path : i denotes the extension of path with the instruction index 7):%

Vi, j. emds[i] = “reg = [expr]”A
tape(path) = R (sat sat-state {_, _,wr _: wval)) A sat-state # com =

regf  (cmds, tape, path : i : j) = regf  (cmds, tape, path : i)[reg — val] A
regf cmds, tape, path : i)[reg — L].

—~

coml(cmds, tape, path : i : j) = regf .,

6 The full inductive definition of the regf and regf . . functions is given in Appendix C.

com
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For the previous example, the functions have the following values:

path ‘ regf(cmds, tape, path) ‘ regf.om(cmds, tape, path)
0 1 L
0,1 L L
0,1,2 | L L
0,1,2,3 | [a > val] L

The variable maps is naturally extended to expression evaluators of type Expr — Val. For
the sake of brevity, we write [—]**™ and [<]?%" (or [-] and [~].,,) for the evaluators
when values of the emds, tape (and path) parameters are clear from the context.

The state of the storage subsystem, Mpop = (Euvt, Ord, Prop), contains three components:
FEvt C ReqSet—a set of memory requests in the storage; Ord C FEvt x Fvt—a partial order
on memory requests; and Prop C Tid x Evt—the set of requests that have been propagated
to each thread. A request, req, itself contains the thread, tid, and the instruction instance,
path, that issued the request, as well as some information, reginfo, about the request:

reginfo ::=rd £ | wr £ : val | dmb.

Specifically, read requests record the location to be read, while write requests record the
location and the value to be written.

The full state of the ARM machine Statearn is a tuple (Mpop, iordf, tapef), where Mpop
is the memory state, fordf : Tid — List ReqSet is a per-thread issuing order of read requests,
and tapef : Tid — Tape records the tape of each thread. The ARM machine allows to
issue read requests to the same location out-of-order, so it uses the issuing order to preserve
coherence among the reads (discussed in the Read satisfy description).

The initial state of the ARM machine contains initial writes to all locations, Evt™® £
{{0¢q, [],wr £:0) | £ € Loc}, the writes are not ordered and propagated to all threads:

st 2 (Mpop = (Eut™®, 0, Tid x Evt™*), jordf = \tid. [], tapef = Mtid. L).

Our version of the ARM machine has twelve possible transitions, which are shown in
Appendix B. For simplicity, we present the transitions informally and do not separate them
into storage and thread transitions.

Fetch instruction tid path adds a new instruction instance with a none state to the tape of
the thread tid.

Propagate e tid adds e to a set of requests propagated to tid. It has to check that all
requests e’ which are ordered before e by Ord, i.e., ¢ <p.q €, are propagated to tid
as well. Tt also adds Ord-edges (e, e”) for every e”, which isn’t reorderable with e and
propagated to e.tid but not to tid, to acknowledge that e is Ord-before €.

Branch commit tid path processes an if — goto instruction instance and chooses which
execution branch to drop, i.e., deletes instruction instances and storage requests belonging
to the branch.

Fence commit LD tid path checks if previous reads are committed.

Fence commit SY tid path checks if previous instruction instances in general are commit-
ted, and issues a fence request to the storage.

Write pending tid path £ val sets the write instruction instance to pending ¢ val, where ¢
and val are an address and a value calculated by the corresponding evaluator.

Write commit tid path £ val sets the write instruction instance to com _ ¢ val. It issues a
write request to the storage in case there is no following committed writes to the same
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location in thread’s tape. It restarts some satisfied load instances, which read from the
same location, and their dataflow dependents to preserve coherence. Previous branch
operators and fences have to be committed. All previous instructions must have fully
determined addresses, i.e., each address in a previous instruction instance has to be
determined by the corresponding com-evaluator.

Read issue tid path £ sends a read request to the storage, and adds it to the list of issued
read requests (the iordf(tid) component). It requires that previous fences are committed.

Read satisfy tid path tid’ path’ £ val and Read satisfy (fail) tid path tid’ path’ £ val
get the read request (tid, path,rd £) satisfied from the write request (tid’, path’,wr £ : val),
if there are no requests between them in the storage. The transitions delete the read
request from the storage. If there are no previous read instances, which issued a read
request to the same location after the (tid, path) instance (according to dordf(tid)) and
have been satisfied from a different write, the former transition might be applied. It assigns
the instruction instance to sat pln (tid’, path’, wr £ : val) and restarts some path-following
reads from the same location (and their dataflow dependents) to preserve coherence.
Otherwise, the latter transition might be applied, which restarts the (tid, path) instruction
instance.

Read satisfy from in-flight write tid path path’ £ val assigns the corresponding instruc-
tion instance to sat inflight (tid, path’,wr £ : val), if there is a previous pending write
(tid, path’) and there are no writes to the same location in between the write and the
read, as well as there are no same location reads satisfied from another write. It restarts
some path-following reads as in the case of the transition Read satisfy.

Read commit tid path checks that previous branches and fences are committed, all previous
instruction instances have a fully determined addresses, and assigns the instruction
instance to sat com .

5 The Promise Machine

As mentioned in Section 2, the compilation scheme from Promise to ARM is a bijection; so
we may skip the definition of the Promise program syntax and use the ARM syntax.

The state of the Promise machine Statep,omise 1S & tuple (Mp omise, tsf). The memory,
Mpromise C Msg, is a set of write messages, (£ : val@r, view) : Msg, which records the
write’s location, ¢ : Loc, value, val : Val, timestamp, 7 : Time = Q, and message view,
view : View = Loc — Time. The memory includes writes which are promised but not yet
fulfilled. In turn, tsf : Tid — T'S is a per-thread state. A thread state, ts: T'S, is a tuple
(path, st, V, promises), where path is a pointer to the next instruction to be executed; st :
Reg — Val is a variable state function; V = (vieweyy, VieWacq, Viewrel) : View x View x View
is a current, an acquire, and a release views of the thread; and promises C Msg is a set of
promises which the thread made but has not fulfilled yet.

The initial memory of the Promise machine contains initial writes to all locations,
Mt & {(0:0Q0, view™*) | £ € Loc}, where view™® £ \. 0. The initial thread state’s
path points to the first instruction, variables are not defined, and the set of promises is

empty:

pMit & (pinit Atid. {(path = [0], st = L, V = (view™", view™", view™"), promises = ())).

Promise»
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The main transition of the Promise machine is global:

Prog(tid) - (Mpromise, ts) —2t— (M ts')

P . . Promise’
romise tid
Prog(tid) b (Mp,omice, t8') ———* (M}, ts"")

. . Promise?
Promise tid

ts" .promises = )

M/

label tid
< Promise?

Prog = { Mpyomise, tsf[tid — ts]) tsf[tid — ts'])

Promise

Other transitions (P—d>) are defined for a specific thread. The main transition requires
romise ti

a thread tid, which makes a transition, to certify that it is able to fulfill its promises, i.e.,
there is an isolated execution of the thread with the current memory, which fulfills all thread’s
promises.”

The exact definitions of thread transitions might be found in Appendix G. Here we present
the transitions informally. All of them, except for Promise write, execute the instruction
pointed by the thread’s path component, and update path to point to the next instruction.
Acquire fence commit makes the current view, view.,,, of the thread to be equal to its

acquire view, viewacq, which accumulates message views of writes read by the thread up

to the current point.

Release fence commit updates the release view, view,], of the thread to match its current
view. Consequently, the message view of writes issued after executing the fence will
incorporate information about writes observed by the thread before the fence. In the
original version of the Promise machine [12] the Release fence commit transition has a

precondition that all unfulfilled promises of the thread must have empty message views.

In our version, the machine is even more restrictive: the thread cannot have any unfulfilled
promises. This restriction is easier to work with, and it is not too restrictive for the
compilation proof—the release fence is compiled to the full fence in the ARM machine,
which forbids to commit following writes before the fence itself is committed.

Read from memory £ chooses a message, (¢ : val@Qr, view), from memory with a timestamp,
7, greater than or equal to the current view value, viewcy(£). The transition updates
thread’s vieweyy by [(Q7], and view,eq by view. It follows that such a message cannot be
in the thread’s set of unfulfilled promises as it would make it impossible for the thread to
fulfill the corresponding promise. Also, the transition updates the thread’s local variable
map, St.

Promise write (€ : val@, view) adds the message to the memory and to the thread’s set
of promises. The target location, ¢, and the value, val, can be chosen arbitrarily. The
timestamp, 7, has to be unique among writes to the location. The message view equals
to a composition of the release view, view,e, and a singleton view [(@Q7].® The transition

does not update the thread’s views. As we see, this transition is very non-deterministic.

However, it is restricted by certification.

Fulfill promise (€ : val@T, view) removes the message from the thread’s promises, if ()
the current instruction is a write, (4) its target location and value are ¢ and wval, (i) T
is less than viewcy, (£), and (iv) view equals to view,e updated by [f@7]. The transition
updates viewey,y and viewacq by [(QT].

In the original model, certification has to be made for all possible “future” memories. In the absence
of Read-Modify-Write operations, however, we can simplify that condition and perform certifications
starting only from the current memory.

This is more restrictive than in the original presentation [12], which allows to promise a write with an
arbitrary message view.

69:15

ECOOP 2017



69:16

Promising Compilation to ARMv8 POP. Extended Version

The other rules (Branch commit, Local variable assignment, and Execution of nop) have
standard semantics.

6 Basic Properties of the ARM Storage

In this section we prove some properties of the ARM storage subsystem, which we use to
introduce timestamps to the ARM machine in the following section. In all lemmas we assume
some program Prog implicitly.

» Lemma 6.1. Vs. sitit AR—M>* s = s5.0rd = (s.0rd \ =)™ As.0rd is acyclic.
Proof. The statement holds for the initial state, s™i*. Consider possible mutations of the
storage. There are three types of storage operations. We assume that operations make a

transition (Evt, Ord, Prop) — (Evt’, Ord’, Prop'). Let’s check them:
Delete a read request e :

Evt' = Evt\{e}, Prop’ = Prop\{(tid,e) | tid}, Ord" = (Ord\({e}x Evt)\(Evtx{e})\—)"
Accept a request e from tid :

Evt' = EvtU{e}, Prop’ = PropU{(tid,e)}, Ord' = (OrdU{(€,e) | Prop(tid,e'), e’ s e})T
Propagate a request e to tid :

Evt' = Evt, Prop’ = Prop U {(tid,e)},
Ord = (Ord U {(e,e') | Prop(tid,e’), ~Prop(e.tid,e'),e ¢+ €', —(e' <o €)})*

Obviously, Ord’ = (Ord’\=)*. As Ord’ C Ord for the delete transition, the accept transition
adds edges only to a new request, and the propagate transitions checks if there is an edge
(e,€') in transitively closed Ord before adding (¢’,e), Ord’ is acyclic. <

The next two lemmas are proved in the similar way.

» Lemma 6.2. Vs, e, ¢/, tid. s™° m)* sAe s e As.Prop(tid,e) As.Prop(tid,e') =
e=¢e Vs.0Ord(e,e)Vs.Ord(ee).

» Lemma 6.3. Vs, s'. s m)* s’ = s.Fut \ {e| e is a read request} C s'. Evt.
» Lemma 6.4. Vs, s'. s m* s' = s.0rdN (s'.Evt x s'.Fvt) Cs'.0rd.

Proof. The following weaker version of the lemma holds as there is no storage transition
which deletes an Ord-edge between non-reorderable requests:

vs,s'. s m)* s’ = (s.0rd N (s'.Evt x §'.Evt)) \ — C s'.0rd

Now let’s prove the original statement. Fix e, e’ such that s.Ord(e,e’). If e & €', then the
statement holds as we have just shown. Otherwise, e and €’ are read or write requests to
different locations. As s.Ord(e,e’) holds, by Lemma 6.1, there is a finite path in s.Ord from
e to €’ such that each edge along the path connects non-reorderable requests.

Suppose that there is a fence request €” in the path. Then, by transitivity of s.Ord,
{(e,€"),(e",€')} C s.0rd. By the weaker version of the lemma and transitivity of s’.Ord,
{(e,€"),(e",€),(e,e)} Cs.0rd.

Consider that there is no fence request in the path. Then, by definition of <, the path
comprises only requests to the same location. It contradicts that e & €. <
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7 Introduction of Timestamps to the ARM Machine

In this section, we show how to assign timestamps (7) represented by rational numbers to all
write requests in a terminating execution of the ARM machine. Let us fix some program
Prog, and consider a terminating execution:

n

Prog + s° st . s
ARM ARM ARM
where s = si"*| an initial state of the ARM machine, and s™ = s is a final state, i.e., there
are no read requests in the storage, all requests are propagated to all threads, all instruction
instances are committed, and it is impossible to fetch any new instruction instance.
For a location ¢ and a set of memory requests Evt, we define Evty to be the set of all
write requests to the location ¢ in Fvt. Formally,

Evt, = {(tid, path,wr € : val) € Evt | tid, path, val}.

There is no transition which deletes write requests from the storage, so s.Evt, is the set of all
writes to a location ¢ which have been issued to the storage subsystem during the execution.

Fix a location £. We know that each request e from s.FEuvt, is propagated to all threads,
as s is a final state. We also know that two different writes to the same location are not
reorderable. As a consequence of it and Lemma 6.2, we have that

moy = 5.01d]s. put, where R[s £ RN (S x S)

is a total order on the writes to the location . We define mo £ |J, mog to be the union of
moy for all locations mentioned in the execution. Using request indexes in the corresponding
moy sets, we define a timestamp mapping function:

A | index(moyg,e) if e = (tid, path,wr £ : val) € s.Evt;
map, (¢) £

1 otherwise.

Finally, we show that for every state s’ of the execution molg: g, Us’.Ord is acyclic.
» Theorem 7.1. Vi < n,molgi gy, Us'.Ord is acyclic.

Proof. The statement obviously holds for s°. Suppose that there exists j such that for all
i < j the relation molgi g, Us'.Ord is acyclic, but molg gy Us’.Ord has a cycle. We know
that molgn gy Us™ Ord = s™.0Ord has no cycles. So if there is a cycle in molg; g, Us’.Ord,
it has to be “destructed” on the subexecution Prog I s’ m* s™.

From this point on, we’ll distinguish Ord- and mo-edges. We call an edge an Ord-edge, if
it is in s7.Ord, and we call it an mo-edge, if it is in molgi gy \ 87.Ord.

Consider a shortest cycle in mos gy Us?.Ord. It has to contain an mo-edge, because
s?.0rd is acyclic. The mo-edge (e, e’) connects two writes to some location ¢ and map. (e) <
map,.(e’). This edge is a part of the cycle, so there is a path from e’ to e by Ord- and
mo-edges. We can break the path into mo-subpaths and Ord-subpaths. Let’s check that
each aforementioned Ord-subpath contains only one edge.

We pick an Ord-subpath, {€}'};cjo..1]- €5 and e} are write requests, as they are connected
to other subpaths via mo-edges. By transitivity of s’.Ord (Lemma 6.1), s?.Ord(ey, €}) holds,
so the subpath can be reduced to these two requests.

Thus, the shortest path from e’ to e in mols gy Us’.Ord contains only write requests.

s™.Ord contains all mo-edges from the path by definition of mo, and it contains each Ord-edge
from the path by Lemma 6.3 and Lemma 6.4. It contradicts acyclicity of s™.Ord. <
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label

Progks —— ¢’ Progts —>Pr°pagate  tid s’
ARM ARM
label ¢ {Propagate __,Write commit ___ _} s'.Ord Utedges(s’.Evt, H;) is acyclic
label Propagate e tid
Prog - (s, H) —2*<L (o' [ Propagate e tid,
rog b (s, H) prvI (s', H) Prog - (s, H) YT (s',H)

Write commit tid path £ val , . / /
jordf’, tape,
ARM < POP>» f 9 74 f >

tapef' (tid, path) = W (com im £ val) tape = s.tapef (tid)
time-range(im, ¢, T, tid, path, tape, H) coherent-thread (¥, 7, path, tape, H)
unig-time-loc(¢, 7, s.tapef, H) path>Y £ lastSY (tape, path)

Prog s

S 2 if path®Y # [] then {(tid, path®Y,dmb)} U prev-Ord-req(tid, path®Y , tape, H) else
S £ if 9m then S U {(tid, path,wr £ : val)} else S
view £ [0Q7] U viewf(tid, path®Y, path®Y , tape, H)
H' & H|(tid, path) v~ (7, S’, view)] M} op.Ord U tedges( M} op. Evt, H.) is acyclic

Write commiit tid path ¢ val T <<

Prog - (s, H) prTY.

Mop, iordf’, tapef’), H')

Figure 3 Transitions of the ARM+7 machine.

8 The ARM++ Machine

In the previous section, we showed that one may assign timestamps for every write or fence
request in a terminating execution of the ARM machine. Here, we introduce an instrumented
version of the ARM machine, the ARM+7 machine, which assigns timestamps to the requests
when it issues them to the storage.

8.1 Definition of the ARM+7 Machine

The ARM+7 machine state has one additional component H : Tid x Path — Time X
2feaSet  View. The H component is defined for committed write instruction instances. For
each committed write, it assigns (7) a timestamp, (i) a set of write and fence requests in
the storage, which are guaranteed to be Ord-before the committed write request, if there is
one, and (#7) a Promise-style message view representation of the write and fence request
set—it maps a location to the greatest timestamp among write requests to the location in
the set. For the sake of brevity, we define projections for H—H, : Tid x Path — Time,
Hc : Tid x Path — 2fteaSet and Hyiew : Tid x Path — View. The H map component of
the ARM+7 initial state, ai™t £ (st [init) assions zero timestamps to all initial writes:
HME 2 [(044,[]) = (0, M. 0,0)].

Transitions of the ARM+7 machine match the transitions of the plain ARM machine (see
Fig. 3). There is a generic rule, which lifts all of the ARM transitions, except for Propagate
and Write commit, to ARM+7 ones, leaving the timestamp component unchanged. The
Write commit transition of ARM+7 mutates the timestamp component; and both Propagate
and Write commit transitions have a common additional precondition: the union of the Ord
relation and the order induced by timestamps, tedges, has to remain acyclic.

» Definition. tedges(Fuvt, H;) =
{(e,€’) € Evt x Evt | e, e’ are writes, e.loc = ¢'.loc, H;(e.tid, e.path) < H, (€ .tid, e’ .path)}

The other rules cannot introduce cycles in the union, so we do not have to insert the additional
precondition to them.



Promising Compilation to ARMv8 POP. Extended Version

Let’s take a closer look to the Write commit transition. It chooses a timestamp 7, which
has to be unique among writes to the same location (the predicate unig-time-loc). Also, the
timestamp has to be consistent with timestamps of thread’s committed writes to the location
(the predicate coherent-thread): it has to be bigger than timestamps of the preceding writes
and smaller than timestamps of the following writes. The Write commit transition of the
original machine does not issue a write request to the storage in case there is a following
committed write to the location (im = false). Nevertheless, the ARM+7 machine assigns a
timestamp to it. To distinguish write instances that have write requests in the storage from
those that do not, timestamps of instances with requests in the storage are integers, while
timestamps of instances without requests are in a range (7' — 1,7’), where 7’ is a timestamp
of the closest following write to the same location, which has a write request in the storage
(the predicate time-range).

If the write request is issued (im = true) and there is a preceding SY fence (path®Y # []),
then requests guaranteed to be Ord-before the issued write request (its H< entry) are the
last preceding fence request, (tid, path®Y, dmb), and prev-Ord-req(tid, path® , tape, H )—the
write requests issued by the thread before path®Y, and elements of Hc (e.tid, e.path), for every
write request e which is read by the thread before path®Y.

prev-Ord-req(tid, path® | tape, H) 4
{(tid : path’' Q¢ val') | path’ < path®Y, tape(path’) = W (com _ ¢ val')} U
\U{H< (e.tid, e.path) | path” < path®Y, tape(path”") = R (sat com e)}.

Why are these requests Ord-before the added write request?

First, all these requests, except for the fence request itself, are Ord-before the fence
request (tid, path®Y dmb), because when the storage accepts a fence request e, it adds (€’, e)
edges to the Ord relation for all requests ¢’ propagated to the thread, since no requests are
reorderable with a fence request. Each write ¢/, which was issued by the thread before the
fence, was propagated to that thread, so the corresponding edge to (tid, pathSY, dmb) is added
to Ord. Each write €”, which was read by the thread before the fence, was propagated to
that thread as well, so edges from e’ itself and elements of its H<-entry to (tid, pathSY, dmb)
are added to Ord. Second, when the storage subsystem accepts the write request, it adds an
edge from the fence request to it, as the latter is issued by the same thread (i.e., propagated
to the thread). The others are Ord-before the write request by transitivity of Ord.

The H,iew entry is equal to a pointwise maximum (the U operation) of a write timestamp
map [(Q7] and viewf(tid, path®Y, path®Y , tape, H ), where

viewf(tid, path""™, path™, tape, H) £
|| com-writes-time(tid, path""*, tape, H) U | | sat-reads-view(path™* tape, H)

which captures a composition of views corresponding to the elements of the H< entry:

com-writes-time(tid, path, tape, H) =
{[¢@7] | path’ < path, tape(path’) =W (com _ ¢ ), 7 = H,(tid, path’)} U
{[¢@r] | tid', path’, path” < path,T = H,(tid', path") # L,
tape(path”) = R (sat sat-state (tid', path’,wr £ : _)), sat-state # inflight}.
sat-reads-view(path, tape, H) =
{Hyiew(tid', path’) # L | 3¢, tid', path’, path” < path,
tape(path”) = R (sat sat-state (tid', path’,wr £ : _)), sat-state # inflight}.
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8.2 Simulation of the ARM Machine

As we have just seen, the transitions of the ARM+7 machine are more restrictive than the
ARM transitions, which may potentially lead to fewer possible behaviors of the instrumented
machine. So, if we want to use the instrumented machine in the compilation proof, we have
to show that it is possible to simulate the original machine.

» Theorem 8.1. VProg, {s'}ic[o..n)- 8° = s™" A Final*® (7 Prog) A

PT’Og Fs0 m} ce m} s" = EI{HZ}ZE[().,L] HO = ainit g A
Prog - (s°, HY) (s™, H™).
ARM+T1 ARM++T1

Proof. In Section 7, we constructed the relation mo and the function map_ : reg — 7 from
the final state of an execution. Here, we do the same for s”, with a minor change: we suppose
that the domain of map,_ is instruction instance identifiers tid x path instead of req. It is a
stylistic change, as each reg in the storage is uniquely identified (except for initial writes) by
the instruction instance that issued it.

We construct {H i}iE[O..n] inductively. The initial map H° is equal to a™* H. We
introduce an invariant for the ARM+7 execution we are constructing:

inv(s, H) £ Vtid, path.
(s.tapef (tid, path) = W (com true ) = H,(tid, path) = map_.(tid, path)) V
(s.tapef (tid, path) #W (com _ ) = H,.(tid, path) = 1).

The invariant says that the timestamps introduced during the instrumented execution are
given by the map.. function. We will prove that the invariant is maintained while constructing
{H i}iE[O.An]' Suppose that we made the first i transitions and the invariant holds for the
corresponding states. Let’s perform a case analysis of the Prog I s’ m st step.

Propagate: We choose HT! to be equal to H?. Then, inv(s'*!, Hi*1) holds as s'*!.tapef =
s'.tapef. In Section 7, we proved that for all j € [0..n], molgi g, Us’.Ord is acyclic.
inv(sttl H*1) guarantees that molgit1 gy is equal to tedges(s*1.Evt, Hit!). Then
s't1. OrdUtedges(s'™t. Evt, Hi™1) is acyclic. The additional precondition of the Propagate
transition holds, and the ARM+7 machine can make the same step.

Write commit tid path: There are two subcases to consider.

If the write request is issued to the storage, then we choose 7, a parameter of the
ARM+r transition, to be equal to map, (tid, path). We choose H'™! as it is defined
in the Write commit transition of ARM+7. The invariant is obviously preserved. By
definition of map_, 7 is unique among writes to the same location. The acyclicity of
s't1.0rd U tedges(s+!. Evt, H'*t1) holds by the same reason as in the previous case. By
the acyclicity, 7 is greater than timestamps of all writes to the same location, which
are issued by tid to the storage. It is also greater than timestamps of previous writes,
which do not have requests in the storage, as for each such write, there is a committed
write with a larger timestamp. There are no following committed writes to the same
location by the same thread, as the transition issues the request to the storage. Thus the
timestamp is coherent with other thread writes.

If there is no write request issued to the storage, then map, (tid, path) = L. We know that
there is a following write by the same thread to the same location with some timestamp 7’.
We may choose the timestamp 7 to be in (77 — 1,7’) in a way that it does not violate the
transition preconditions. We choose H*t! as it is defined in the Write commit transition.
The invariant is obviously preserved.
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Other transitions: We choose HT! to be equal to H*. As there are no additional precondi-
tions in the instrumented machine rules, and no changes in the additional components
of the state, the instrumented machine can take the corresponding transition and the
invariant is preserved. |

8.3 View of the ARM+7 Machine

As we have seen for the MP-SY-LD example in Section 2, once a thread of the Promise
machine reads from a write and then executes an acquire fence, the view of the thread gets
updated with the message view of the write. The view update forbids subsequent reads
to read from too old writes (with too small timestamps). To show a simulation between
the Promise and the ARM+7 machines, we have to show a similar result for the ARM+r
machine.

We start with introducing viewagrm, an analog of viewey,:

viewaru (a, tid, path) =

| | com-writes-time(tid, path, a.tapef (tid),a.H; ) U
| | sat-reads-view(lastCF(tape, path), a.tapef (tid), a.Hyiew) -

Unlike viewc,, of the Promise machine, which is defined for a thread, viewagry is additionally
parametrized by path for the same reason that the variable state of the ARM machine is
parametrized by path—the machine executes instructions out-of-order, so different instructions
which might be executed at the same time have different 7-related restrictions. The definition
itself is very similar to the definition of the H,;., entry in the Write commit transition: it is
a composition of singleton views corresponding to writes committed by the thread before
path and H,e, entries corresponding to writes read by the thread before the last committed
fence (lastCF(tape, path)). We count reads up to any fence as both SY and LD ARM fences
are strong enough to be a result of compilation of an acquire fence of the Promise machine.

Having this definition, we can define the aforementioned restrictions. If a read is satisfied
from a committed write, the write has a timestamp which is greater than or equal to the
corresponding value of viewagry at the read instruction instance. We do not restrict reads
satisfied from not yet committed writes this way, as such writes do not have timestamps
until they are committed. Similarly, each committed write has to have a timestamp which is
greater than the value of viewary at the write instruction instance:

» Theorem 8.2. VProg, a, tid, tape = a.tapef (tid), path. Prog - ai™* mﬁ‘ a=
T

(Ve. tape(path) = R (sat __ e) A a.tapef(e.tid, e.path) is committed =
a.H.(e.tid, e.path) > viewarwm(a, tid, path, e.£)) A
(VL. tape(path) = W (com __ ¢ ) = a.H,(tid, path) > viewarm(a, tid, path, £)).

The proof of the theorem can be found in Appendix I.

9 The Compilation Correctness Proof

In this section, we prove the main theorem stated in Section 3.

|ARM(

» Theorem 3.1. For all Prog and s, if Prog - st m* s and Fina s, Prog),

then there exists p such that Prog - p™¢ ————* p where Final"™™(p, Prog) and

Promise
same-memory(s, p).
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Here Final"™™¢(p, Prog) means that the Promise machine cannot make a further transi-

tion (each thread’s path points out of the thread’s program instruction list) from p and all
promises are fulfilled.

Proof. Let’s fix the program Prog. In the remainder of the section we write “s m) s'”
instead of “Prog - s AR—M> s’” for all machines. We apply the result of Section 8.2, and
change the proof goal to the simulation for the ARM+7 machine:

VProg,a. a™t —* a A Final*™*7(a, Prog) =
ARM+1

dp. pi™* ———* p A Fina

|Promise(
Promise

p, Prog) A same-memory(a, p).

To prove it, we introduce a number of relations between ARM+7 and Promise states, which
are parts of the simulation relation.

The T,.cax relation states that every instruction instance, which has been executed by
the Promise machine, has been executed by the ARM+7 machine:

Toresix (@, P) = Vtid, path’ < p.tsf(tid).path. a.tapef (tid, path’) is committed.

The next relations connect the memories of the machines. Zem1 states that for every write,
which is committed by the ARM+7 machine, there is a message in the Promise memory to
the same location with the same value and timestamp, and its view is less or equal to the
corresponding view of the ARM request. If the path of the committed write is less than the
corresponding thread’s pointer to the next instruction (p.tsf(tid).path), then the write is
fulfilled, otherwise it is promised but not fulfilled:

Tmem1(a, p) 2 Vtid, £, val, 7, view', path.
W (com __ £ wal) = a.tapef (tid, path) A (T, _, view') = a.H(tid, path) =
Juiew < view'.
(path > p.tsf(tid).path = (£ : val@QT, view) € p.tsf(tid).promises)A\
(path < p.tsf(tid).path =
(€ : val@r, view) € p.Mpromise \ UP-tsf (tid).promises).
tid

Tmemo connects the memories in other direction: for every message in the Promise memory
(except for initial ones) there is a committed write instruction instance in the ARM-+r
machine:

Tnemz2(a, p) £ V{ : valQ7, view) € P.Mpromise. T # 0 = 3tid, path, view' > view.
W (com _ ¢ wval) = a.tapef (tid, path) A a.H (tid, path) = {7, _, view').

Tmems relates initial writes to locations:
Tmems(a, p) £ vy, (0tid, [],wr £:0) € a.Mpop A (£ : 0Q0, A\L. 0) € p.Mpromise-

Tview says that views of a Promise thread are restricted by the composition of singleton
views of writes and reads committed by the ARM thread. For the acquire view, it counts all
the writes and reads up to path. For the current view, it counts all the writes up to path
and reads up to the latest committed LD fence (lastLD(tape, path)). For the release view, it
counts all writes up to the latest committed SY fence (lastSY (tape, path)) and reads up to
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the latest committed LD fence before the SY fence (lastLDSY (tape, path)).

Tview(a, p) = Vtid, tape = a.tapef (tid), path = p.tsf(tid).path.
let path'P, path®Y £ lastLD(tape, path), lastSY (tape, path) in
let pathPSY £ lastLDSY (tape, path) in

p-tsf(tid).viewacq < | | viewf(tid, path, path, tape,a.H))A
q
(p.tsf (tid).vieweyy < | |viewf(tid, path'P . path, tape, a.H))A
O . . LDSY sy
. . rel = 9 ) ) 7 N *
(p.tsf(tid).viewye) < | |viewf(tid, path path’’ | tape,a.H)

Tsitate declares that a variable state of a Promise thread is the same as the committed state
function up to the corresponding path of the ARM thread:

Tsiate(a, p) 2 Vtid, regf = regf .., (Prog(tid), a.tapef (tid), p.tsf(tid).path).
Vreg, p.tsf(tid).st(reg) = regf (reg).

Zeom-sy says that if an ARM thread committed a write, then all path-previous SY fences are
executed by the corresponding Promise thread:

Teom-sy(a,p) £ Vtid, tape = a.tapef(tid),
path,,,..;. = last-write-com(tape), pathgy < path,,.iie-
tape(pathgy) = F _ SY = pathgy < p.tsf(tid).path.

where last-write-com(Zape) is a path of a last write committed by the thread. The relation is
necessary for certification of the Promise machine steps.
Treach asserts that states are reachable:

Ireach(a7 p) é alnlt ARM * a /\ I)lnlt *

Promise

The relation 7,5 combines the aforementioned relations:
Ibasc £ prefix n Imcml N Imcm2 N ImcmS n Ivicw N Istatc N Icom—SY N Ircach'

In the simulation, either the Promise machine is waiting for the next step of the ARM+r
machine, or there is a Promise thread which should make at least one non-Promise write
step (corresponding to an instruction which the thread’s path component is pointing to). A
Promise thread tid is waiting for the corresponding ARM thread, if the next command to be
executed, which is pointed by path, is not fetched or committed in the ARM thread.

THY ise is up to ArM (tid, @, p) £ let tape, path £ a.tapef (tid), p.tsf (tid).path in
tape(path) = LV tape(path) is not committed.

Tpromise is up to ARM (8, P) =V tid.  THEL i 0o arm(tid, @, p).

Tpromise isn't up to ARM (a7 p) £ 3! tid. - Ilgir(f)mise is up to ARM(tidv a, p)'

The relations are used to define two simulation relations:

A A
Ipre = Ibase N IPromise isn’t up to ARM = Ibase N IPromise is up to ARM

If the states are related by Z,,¢, there is a thread of the Promise machine which may take
a step (which is not Promise write) by executing the next instruction its path is pointing
to. After it either the thread has to make another step (Z,.(a,p’)), or all threads of the
Promise machine are waiting (Z(a,p’)):

» Lemma 9.1. V(a,p) € Zpre. Ip'.p —— P’ A (a,p') € Zpre UT.

Promise

ECOOP 2017



69:24

Promising Compilation to ARMv8 POP. Extended Version

As at every specific state of the ARM-+7 machine it has committed a finite number of
instruction instances, we show that the Promise machine can make a finite number of
transitions to get its state to satisfy Z:

» Lemma 9.2. V(a,p) € Z,. IJp'. p — " p' A (a,p’) € Z.

Promise

Suppose, the ARM+7 and Promise machine states are related by Z. Then, we show that the
ARM+7 machine may make a step. If the step is Write commit, then the Promise machine
has to promise the corresponding message, and the states of the machines are related by
Zore UZI. If the step is not Write commit, then the Promise machine does not make a step,
and the states are related by the same relation Zy.. UZ.

» Lemma 9.3. V(a,p) € 7.

(Va'. a — V\X;Z/chjmit a'= (a/,p) € Tpre UT) A

’ Write commit Promise write
(Va'. a

a’'=3dp’.p

/ / / I I .
ARM+1 Promise p A (a P ) < pre Y )

Then, we state the following lemma;:
» Lemma 9.4. V(a,p)€Z.Ip.p ——*p' A(a/,p’) € T.

Promise

It straightforwardly follows from the three previous lemmas.”

The theorem is proved by induction on the ARM+7 execution using Lemma 9.4. The
machine memories are the same at the end due to Zem1 and Zyyeme. The only thing, which
we need to show, is that Finalpromise(p, Prog) holds.

The Promise machine cannot make a further step (each thread’s path points out of the
thread’s instruction list), as otherwise the ARM+7 machine would be able to fetch a new
instruction instance, and FinaIARM"’T(a, Prog) would not hold. Each thread has fulfilled its
promises according t0 Zinem1 and Zyemo- |

10 Related Work

The most closely related work is the correctness proof of compilation from the Promise
machine to the x86-TSO and Power models in the paper introducing the Promise machine
[12].1% Those proofs were much simpler than our proof essentially because these models are
substantially simpler than the ARMv8 POP model. To simplify the correctness proof, Kang
et al. use a result of Lahav and Vafeiadis [13], which reduces the soundness of compilation
to proving soundness of certain local program transformations and of compilation with
respect to stronger memory models (SC and Strong-Power respectively). Sadly, however,
this reduction is not applicable to the ARMv8 POP model because of examples such as
ARM-weak, in which ARM may execute anti-dependent instructions out of order. As a
result, although Kang et al. do not use promise steps in the compilation part of their proof,
promise steps must be used to justify the correctness of compilation to ARMv8 POP, which
in turn renders our proof substantially more complicated than theirs.

In addition, there exist formal compilation proofs [6, 7] from the C++11 memory model
to x86-TSO and Power, although the latter proof was recently found to be flawed in the case

9 Proofs of the lemmas can be found in Appendix H.

10 Kang et al’s proof for Power considers a compilation scheme that compiles acquire loads using Power’s
lwsync. This scheme is more expensive than the one implemented in existing compilers, which uses
control dependency and isync for acquire loads.
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of SC accesses [14, 17] indicating that the C+4 semantics for SC accesses is too strong. This
is also the reason why the Promise machine of Kang et al. [12] does not support SC accesses.

We introduced the intermediate ARM+7 machine to manage “lack of prescience”, i.e.,
absence of information about a final ordering of write messages in the storage during an
execution of the ARM machine. We could have used a backward simulation [16] and/or have
treated the timestamp mapping component of the ARM+7 state as a prophecy variable [4]
to establish a connection between the ARM and ARM+7 machines, but we found it easier
to do the proof in a forward style.

Instead of proving the correctness of compilation schemes, one can resort to testing or
model checking. Recently, Wickerson et al. [23] introduced an approach to automatically
check different properties of weak memory models, including compilation. The tool generates
all programs which size less than some given (small) parameter, and exhaustively checks
all executions of those programs. Their approach, however, only works for memory models
expressed in an axiomatic per-execution style, and is thus not directly applicable to neither
the Promise nor the ARMv8 POP semantics.

11 Conclusion

In this paper, we have proved soundness of the compilation of relaxed loads and stores, as
well as release and acquire fences, from the Promise machine to the ARMv8 POP machine.
Since the proof is already significantly complex, we have not attempted to model all the
features of the Promise machine. Specifically, we have not considered the compilation of
release/acquire accesses, read-modify-write (RMW) instructions, and SC fences. Extending
the proof to cover these instructions and mechanizing it are left for future work. In the
remainder of this section, we outline the issues involved in extending our proof.

Another useful item for future work would be to consider the correctness of compilation
from the Promise machine to the newer stronger ARMv8.2 model [1, 3]. As, however, the
new model is in many regards substantially stronger than ARMv8 POP, the compilation
proof should be much easier.

Handling Release and Acquire Accesses There are two proposed compilation schemes for
release and acquire accesses [2]. A one of them involves fences considered in the paper:

Promise: a:= [z]aq [Z]rel := @
ARM: a = [z]; dmb LD | dmbSY; [z] := a
Compilation correctness for a := [z]aeq straightforwardly follows from results of Kang et
al. [12] and the current paper, as a transformation a := [z]acq ~> @ := [2]ux; fence(acquire)

is sound for the Promise machine. To cover the aforementioned mapping of [zl := a, one
should be able to restrict the ARM machine to commit writes, which directly follow SY
fences, right after committing the fences without losing any observable behaviors. Then, the
compilation correctness proof is a straightforward extension of the current proof.

Another compilation scheme uses special acquire (a := [z]par) and release ([x]sTLr := a)
ARM instructions, which were originally introduced to the architecture to cover SC accesses:

Promise:
ARM:

a = []acq [Z]rel :=a
a:= [z]par | [7]sTIR =@

These instructions induce rather strong synchronization. For instance, the ARM acquire
reads forbid program-following instructions to issue requests until the reads are satisfied, and
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any satisfied acquire read requests are not removed from the storage, but start to act as a
fence request, i.e., become impossible to reorder with anything. To cover them one would
need to extend our definition of the ARM machine and Theorem 8.2.

Handling Read-Modify-Writes The Promise machine with RMW instructions represents
message timestamps as ranges of rational numbers, and maintains the invariant that all
messages in memory have disjoint timestamp ranges. If there is a message with a timestamp
(1,7'] in the memory and a thread T executes an RMW operation, which reads from that
message, the RMW message gets a timestamp range (7/,7"] for some 7"/ > 7, which prevents
other threads from adding a message “in-between” in future.

RMWs are compiled to ARM as a combination of an exclusive load followed by an
exclusive store, typically inside a loop. The ARM-POP model [9] guarantees that when
an exclusive store issues a write request e, to the storage, there is no write request to
the same location Ord-between this write request and the write request e,., read by the
corresponding exclusive load. The machine guarantees that the property is preserved during
an ongoing execution as well. This enables us to keep the same timestamp representation
in the ARM+7 machine: as all write requests in the storage of the ARM+7 machine have
integer timestamps, it is easy to show that the timestamp of e...; is equal to the timestamp
of eprey increased by one. In the simulation, when the ARM+7 machine commits a exclusive
store with a timestamp 7, the Promise machine will promise a RMW with a timestamp range
(r—1,7].

A slight difficulty is that once RMWs are added to the source language, the compilation
scheme is no longer bijective, as RMWs get compiled to a sequence of ARM instructions.
For example, a compare-and-swap instruction cas(¢, valyq, val,ew) may be compiled to the
following loop (on the left):

Loop: a :=loadex(£); Loop: a := [{;
if a = val,q goto Exit; if a = val,q goto Exit;
Storeexc (ﬂag, l, 'Ualnew); flag 1= caSrestricted (Ea valoid, Ualnew);
if flag = 0 goto Loop; if flag = 0 goto Loop;

Exit : Exit :

For the sake of preserving a simple mapping between source and target programs, one might
introduce a restricted version of the CAS instruction in the Promise machine. This restricted
CAS would be allowed to read only from a write read by a previous load instruction, i.e.,
the write whose timestamp is equal (not greater or equal) to the corresponding value of
the thread’s current view. After that, one may show that the program transformation that
replaces cas(?, valyg, valpen) with the loop shown above (on the right) is sound for the
extended Promise machine and prove compilation correctness for the extended machine.

Handling SC Fences The Promise machine uses a global view to support SC fences. When
a thread executes an SC fence, it synchronizes its own views with the global view, i.e., assigns
to all of them (including the global one) the pointwise maximum. This models an existence
of a global order on SC fences.

SC fences are compiled to dmb SY fences in the ARM machine. As with write requests,
dmb SY fences are definitely ordered by Ord only at the end of an execution. Consequently,
one needs to extend the ARM+7 machine to calculate timestamps for dmb SY fences.

This, however, does not solve all problems. Currently in the simulation, when the ARM+7
machine commits a dmb SY instruction, the Promise machine executes the corresponding
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release fence instruction. Doing this is necessary, because it enables promising program-
following writes, when the ARM+7 machine commits them to the storage. In the same
situation, however, the Promise machine may not be able to execute the corresponding SC
fence, because the Promise machine has to execute them in the newly introduced timestamp

order, which may not coincide with a commit order of the ARM+7 execution.
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A Basic ARM Definitions

Tid C N (a finite subset)
Prog : Tid — C'mds
cmds : Cmds = List S
S = reg = [expr]

| [expry] == expry

| dmb ftypeary | if ezpr goto k

| reg := expr | nop
ftypearns = SY [ LD
expr = reg | £ | uop expr

| bop expr, expry

: Expr
reg: Reg — a,b,c,... (local variables)
¢: Loc — z,Y,2,... (locations)
uop,bop  — arithmetic operations
k €Z

s : Statearm = (Mrpop, iordf, tapef)

jordf : Tid — List ReqSet

path : Path = List N

tapef : Tid — Tape

tape : Tape = Path — TapeCell
tapecell = R styead | W Stwrite

| F stience ftypearm
| If stitgoto & | Assign | Nop
: TapeCell
pIn | inflight | com
= none | requested ¢
| sat sat-state (tid, path,wr ¢ : val)
Stwrite :I= none
| pending ¢ val
| com bool ¢ val

sat-state

Stread

Stfence ::= none | com

Stitgoto ::= none | taken | ignored

val : Val = LocU Z

Mpop = (Ewt, Ord, Prop)

FEuvt C ReqSet

Ord C Evt x Evt

Prop C Tid x Euvt

req : ReqSet = Tid x Path x ReqlnfoSet

reginfo m=rd ¢ |wr?:val | dmb
: ReqInfoSet

ginit &

let Evt = {{04q,[],wr £:0) | £ € Loc} in
((Eut,0, Tid x Eut), Mid. [], \tid. L).
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B Transitions of the ARM machine

tape = tapef(tid) tape(path) = L  path.last < size(cmds)
dpath’ . (tape(path’) # LV path’ = []) A path € next-path(path’, cmds, tape)
tape’ £ tape[path — get-new-tapecell(cmds|path.last])]

Fetch instruction tid path
ARM

Prog[tid — cmds] b (Mpop, tordf, tapef) (Mpop, tordf, tapef[tid — tape'])

e € But —Prop(tid,e) Ye' <opae. Prop(tid,e') Prop’ & Prop U{(tid,e)}
Ord' & (Ord U {(e,€') | Prop(tid,e') A ~Prop(e.tid,e’),e 4+ €', =(e' <o €)})T

Prog & ((Ewt, Ord, Prop), iordf, tapef) W) {{Evt, Ord’, Prop'), iordf , tapef)

tape = tapef (tid) tape(path) = If none k  val £ [expr],,, €Z
prev-branches-committed(path, tape)
(stifgoto, tape’) = tape-upd-IfGoto(val, k, path, tape)
M}op = delete-upd-reads(tid, tape’, Mpop)

(M{op, tordf, tapef’)

Branch commit tid path
ARM

Prog - {Mpop, iordf, tapef)

tapef (tid, path) = F none LD  tapef’ = tapef[(tid, path) — F com LD]
prev-reads-committed(path, tapef (tid)) prev-fences-committed(path, tape(tid))
prev-branches-committed(path, tapef (tid))

Prog - (Mpop, tordf, tapef) (Mpop, iordf, tapef’)

Fence commit LD tid path
ARM

tapef (tid, path) = F none SY  tapef’ = tapef[(tid, path) + F com SY]
prev-instr-committed (path, tapef (tid))
Mpop £ accept-request((tid, path, dmb), Mpop)

Prog - {Mpop, iordf, tapef) (M{op, tordf, tapef’)

Fence commit SY tid path
ARM

tapef (tid, path) = W none  Prog(tid)[path.last] = “[expr] := expr,”
[ezpro] =€ [expri] = val tapef’ = tapef[(tid, path) — W (pending ¢ val)]

Prog - (Mpop, tordf, tapef) Write pendiZgRt;i path £ vl {Mpop, iordf, tapef’)

tape = tapef(tid) tape(path) = W (pending £ val) emds = Prog(tid)
emds|path.last] = “[expry] := expr,” [expryll.,, =¢ [expri].,,, = val

prev-fences-committed(path, tape) prev-branches-committed(path, tape)

prev-fully-determined(path, tape) no-prev-restartable-reads-from-loc(¢, path, tape)
im 2 no-following-com-writes-to-loc(¢, path, tape)
tape’ £ tape-upd-Wcom(im, £, val, cmds, tid, path, tape)

tapef’ = tapef[tid — tape’] lop = delete-upd-reads(tid, tape’, Mpop)

Mpop £ if im then accept-request((tid, path, wr ¢ : val), M{lsp) else Mfop

Write commit tid path £ val
ARM

(Mpop, iordf, tapef, Prog) (M} op, tordf, tapef’, Prog)
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tape = tapef(tid) tape(path) = R none
Prog(tid)[path.last] = “req = [expr]” [expr] =¢ e = (tid, path,rd {)
tapef’ = tapef[(tid, path) — R (requested £)] prev-fences-committed(path, tape)
iord" = append(e, iordf (tid)) iordf’ = iordf[tid v dord'] Mpop = accept-request(e, Mpop)

Read issue tid path ¢ . / /
M tordf’, tape
ARM < POP>» f 9 74 f >

Prog - {Mpop, tordf, tapef)

tape = tapef(tid) tape(path) = R (requested ¢) e = (tid, path,rd £) €' = (tid', path’, wr £ : val)
(Evt, Ord, Prop) & Mpop {e,e’} C Evt € <omqe propagated-to-same-threads(e, ¢/, Prop)
Ve*, e <ord €* <ord €, getl(e*) # £ A fully-propagated(e*, Prop)
—prev-read-from-other-write(¢, €', tid, path, iordf (tid))
tape’ £ tape-upd-Rsat(pln, ¢, val, cmds, tid, path, tid', path’, tape)
tapef’ = tapef[tid — tape'] Mpop = delete-upd-reads(tid, tape’, Mpop)

Mo p, tordf, tapef’)

Prog F <MPOP, iordf, tapef> Read satisfy tid path tid’ path’ ¢ val <
ARM
tape = tapef(tid) tape(path) = R (requested £) e £ (tid, path,rd £) €' = (tid', path’,wr £ : val)
(Evt, Ord, Prop) = Mpop {e,e’} C Evt € <oppge propagated-to-same-threads(e, €', Prop)
Ve*, e <o €* <ora €, getl(e*) # £ A fully-propagated(e*, Prop)
prev-read-from-other-write(¢, €', tid, path, iordf (tid))
tape’ £ tape[path — R none] tapef’ = tapef|[tid — tape’]
M}op = delete-upd-reads(tid, tape’, Mpop)

Read satisfy (fail) tid path tid’ path’ £ val

Prog = (Mpop, tordf, tapef) NSy

(Mf,op, tordf, tapef’)

tape = tapef(tid) tape(path) = R none tape(path’) = W (pending ¢ val)
path’ < path cmds £ Prog(tid) cmds|path.last] = “reg = [expr]” [eapr]"*" = ¢
no-writes-to-loc-in-between (¢, emds, path’, path, tape)
no-different-write-reads-in-between (¢, tid, path’, path, tape)
tape’ = tape-upd-Rsat(inflight, £, val, cmds, tid, path, tid, path’, tape)
tapef’ = tapef[tid — tape’] Mpop = delete-upd-reads(tid, tape’, Mpop)

(M} op, iordf, tapef”)

Read satisfy from in-flight write tid path path’ £ val

Prog - {Mpop, iordf, tapef) NSy

tape = tapef(tid) tape(path) = R (sat sat-state (tid’, path’, wr £ : val))
sat-state # com cmds = Prog(tid) prev-fully-determined(path, tape)
prev-fences-committed(path, tape) prev-branches-committed(path, tape)
path” = max{path® < path|cmds[path*.last] = “[expr,] := expr,”, [[expro]]ggx =/(}
if (tid’, path’) = (tid, path’) then tape(path’) is fully determined else tape(path’) is committed
reads-in-between-committed(path”, path, tape, cmds)
tape’ £ tape[path + R (sat com (tid’, path’,wr £ : val))] tapef’ = tapef|[tid — tape']

Prog b (Mpop, iordf, tapef) Read Cm;nl:;[tid path (Mpop, iordf, tapef')
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prev-instr-committed (path, tape) = Vpath' < path, tape(path’) is committed.
prev-reads-committed (path, tape) = Vpath' < path, tape(path’) = R _ = tape(path’) is committed.
prev-fences-committed(path, tape) = Vpath' < path, tape(path’) = F strence = Stfence = cOM.
prev-branches-committed(path, tape) = Vpath' < path, tape(path’) = If Stifgoto _ = Stifgoto 7 NONE.
prev-fully-determined (path, tape) £ Vpath' < path, tape(path’) has a fully determined address.
no-prev-restartable-reads-from-loc(¢, path, tape) =

Vpath' < path, reg, expr, tape(path’) = R styead, cmds|path’ last] = “reg = [expr]”, [expr] = { =

Stread = Sat _ _ A tape(path’) can’t be restarted.

no-following-com-writes-to-loc(¢, path, tape) = Bpath’ > path, tape(path’) = W (com _ £ ).

L

tape-upd-IfGoto(wval, k, path, tape)
let stifgoto £ if val # 0 then taken else ignored in
let path .., 2 if val # 0 then append(path.last + 1, path) else append(path.last + k, path) in
(Stitgoto, A path’ —
if prefix(pathg,.,,, path’) then L
elif path’ = path then If stifgoto K
else tape(path’)).

reads-in-between-committed(path”, path, tape, cmds) =

Vpath* > path” , path* < path,

cmds|path™.last] = “reg = [expr]”, [[efﬂpr]]path*

com

= x = tape(path™) is committed.
no-writes-to-loc-in-between (¢, cmds, path’, path, tape) =

Apath® > path’, path* < path, cmds[path* .last] = “[expr,] := expr,”, [[eacpro]]path =/
no-different-write-reads-in-between (¢, tid', path’, path, tape) =

i id', pa path’, path* > path’, path* < path, tape(pa =R (sat _ (tid", path” ,wr £: ).

tid" # tid', path” th', path* th', path* th, t th*) =R tid” , path” ,wr £

delete-upd-reads(tid, tape, { Evt, Ord, Prop)) £
let to-delete = {e € Eut | e.tid = tid, tape’ (e.path) # R (requested )} in
let BEvt’ £ Eut \ to-delete in
let Prop’ = Prop \ (N x to-delete) in
let Ord’ = (Ord \ (Evt x to-delete U to-delete x Evt) \ <)% in
(Evt', Ord’, Prop’).
accept-request(e, (Evt, Ord, Prop)) =
let Evt' = Evt U {e} in
let Prop’ = Prop[tid — Prop(tid) U {e}] in
let Ord' = (Ord U {(¢/,e)|e’ € Prop(tid),e’ &+ e})* in
(Evt’, Ord’, Prop).

propagated-to-same-threads(e, ¢/, Prop) = {tid | Prop(tid,e)} = {tid | Prop(tid,e')}
fully-propagated(e, Prop) = Ytid, Prop(tid,e) v fe’. Prop(tid, e').
getl(e) = match e with (_, ,rd€) | (_, ,wrf: )—=/¢|_— 1L end.
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prev-read-from-other-write(¢, ¢/, tid, path, iord) =
Ipath™ < path,
last_index({tid, path®,rd ), ord) > last_index((tid, path,rd £), iord),
tape(path™) = R (sat __ req), req # €’).

get-new-tapecell(S) =
match S with
|“reg := [expr]” — R none
|“[expry] = expr;” — W none
|“dmb ftypery” — F none ftypesgry
|“if expr goto k” — If none k
|“reg = expr” — Assign
[“nop” — Nop
end.

e <ora € 2 (e,€) € Ord.

(tid, path, reginfo) — (tid', path’, reqinfo’)
if SY € {reginfo, reginfo’} then false
elif reqinfo.l = reginfo’' £ # L then false
else true.

L

next-path(path, cmds, tape) = filter(Apath’ — path’.last < size(cmds),
if path = ] then {[0]}
elif tape(path) = L then 0
elif 3k, tape(path) = If none k then {snoc(path, path.last + 1), snoc(path, path.last + k)}
elif 3k, tape(path) = If taken k then {snoc(path, path.last + k)}
else {snoc(path, path.last + 1)}).

tape-upd-restart(cmds, tid, tape) =
fizpoint(Atape’ —
Apath —
if emds|path.last] = “reg = [expr]” A [ezpr]*®™ = L then R none
elif Ipath” | tape’ (path) = R (sat inflight (tid, path” ,wr __: _)) A tape’(path”) = W none then R none

elif emds|path.last] = “[expry] = expr,” A ([expro]”™™ = LV [expr,]"*" = L) then W none
else tape’ (path))(tape).
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4

tape-upd-Wecom(im, ¢, val, cmds, tid, path, tape)
tape-upd-restart(cmds, tid,
Apath’ —
if path’ = path then W (com im £ val)
elif path’ < path then tape(path’)
elif tape(path') = R (sat inflight (tid, path, wr £ : val)) then tape(path’) = R (sat pIn (tid, path, wr £ : val))
elif tape(path’) = R (requested £) then R none
elif Ipath” < path, tape(path’) = R (sat inflight (tid, path” ,wr £ : _)) then R none
elif 3tid”, path” , = (tid" = tid A path” > path) A tape(path’) = R (sat pln (tid”, path” ,wr £: _)) then R non
else tape(path’)).

tape-upd-Rsat(sat-state, £, val, cmds, tid, path, tid', path’, tape) =
tape-upd-restart(cmds, tid,
Apath” —
if path” = path then R (sat sat-state (tid', path’, wr ¢ : val))
elif path” < path then tape(path”)
elif Ipath™ < path, tape(path’) = R (sat inflight (tid, path*,wr £ : _)) then R none
elif 3tid*, path*, —(tid* = tid A path* > path) A =(tid* = tid’ A path* = path’)A
tape(path’) = R (sat pIn (tid*, path™,wr £ : _)) then R none
else tape(path’)).

C Auxiliary function definitions
regf, regf .., definitions:

regf(cmds, tape, []) = regf.,m(cmds, tape, []) = L;
Vi. regf(cmds, tape, [i]) = regf .., (cmds, tape, [i]) = L;
Vi, j. emds|i] = “reg = [expr]” =
regf  (cmds, tape, path : i : j) = regf  (cmds, tape, path : i)[reg — m]A

regf om(cmds, tape, path : i : j) = regf ., (cmds, tape, path : i)[reg — Mmeom], where
m = val, Meom = val, if tape(path) = R sat com {_, ,wr _ : val);
m = val, Meom = L, if tape(path) = R sat sat-state (_, ,wr _ : val), sal-state # com;
m = L, meom = L, if tape(path) = R Stread, Stread € {nONe, requested _};
Vi, j. emds[i] = “reg = expr” =
regf  (cmds, tape, path : i : j) = regf  (cmds, tape, path : i)[a — [[empr]}path:i]/\

regf om(cmds, tape, path - i : j) = regf o (cmds, tape, path : i)[a — [expr]22";
Vi, j. regf  (cmds, tape, path : i : j) = regf  (cmds, tape, path : i)\

regf..m (cmds, tape, path : i : j) = regf.,,(cmds, tape, path : i), otherwise.

Final ™ (((Evt, Ord, Prop), iordf, tapef), Prog) £
Ve € Evt. e isn’t a read request A
Ve € Eut, tid. Prop(tid,e) A
Vtid, tape = tapef (tid), path. tape(path) # 1L =
tape(path) is committed A
(Vpath' € next-path(path, Prog(tid), tape), tape(path’) is committed).
last-write-com(tape) £ MaxXqpe(path) is a committed write PAth.
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D State of the ARM+7 machine

a: StateaArMyr = <S : StatesrM, H>
H . Tid x Path — Time x View x 2fteaSet
H, . Tid x Path — Time
Hiew . Tid x Path — View
H< . Tid x Path — 2feaSet
view . View = Loc — Time
T : Time= Q7"
init L

a (s [(043a, []) = (0, M. 0,0)])

E Transitions of the ARM+47 machine

Progts % s’ label ¢ {Propagate _ _,Write commit _ __ _ _}

label
P F H ' H
rog = (s, H) m (s, H)

Propagate e tid
_—>

Progt s s’.Ord U tedges(s'. Evt, H.) is acyclic

Propagate e tid

Prog +- (s, H) prTY.

(s', H)

Write commit tid path £ val .
P (Mpop, iordf’, tapef’)
ARM

tapef’ (tid, path) = W (com im £ val) tape = s.tapef (tid)
time-range(im, ¢, 7, tid, path, tape, H) coherent-thread (¢, 7, path, tape, H)
unig-time-loc(¢, 7, s.tapef, H) path®Y £ lastSY (tape, path)
S £ if path®' # [] then (tid, path®,dmb) U prev-Ord-req(tid, path®Y, tape, H) else 0
S’ £ if sm then S U {(tid, path,wr £ : val)} else S
view = [(Q7] U viewf(tid, path®Y, path®>Y , tape, H)
H' = H[(tid, path) — (1, 5", view)] M} op.Ord U tedges(Mf,op.Evt, H.) is acyclic

i it tid h £ val .
Prog - <S, H> Write comn:;lt\j[_‘jat val T <<M1;Op7 ’LOT’df/, tapef’),H’>

Prog s

> 1> >

4

com-writes-time(tid, path, tape, H)
{[¢@7] | path’ < path, tape(path’) =W (com _ ¢ _),7 = H,(tid, path’)} U
{[¢@r] | tid', path’, path” < path,T = H,(tid', path’) # L,

tape(path”) = R (sat sat-state (tid', path’,wr £ : _)), sat-state # inflight}.

sat-reads-view(path, tape, H) =
{Hyiew(tid', path") # L | 3¢, tid', path’, path” < path,
tape(path”) = R (sat sat-state (tid', path’,wr £ : _)), sat-state # inflight}.
com-reads-view(path, tape, H) =
{Hyiew(tid', path") # L | 3¢, tid', path’, path” < path. tape(path”) = R (sat com (tid’, path’,wr £ : _))}.
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L

ord-prev-req(tid, path, tape, H)
{(tid, path’,wr £ : val) | path’ < path, tape(path’) = W (com true £ val) }U
U{H< (e.tid, e.path) | 3e, path” < path, tape(path”) = R sat com e}.

unig-time-loc(, 7, tapef, H) =
Atid, path. tapef (tid, path) =W (com __ £ ) A H(tid, path) = (7, _, ).

coherent-thread(, 7, tid, path, tape, H) =
Vpath' # path, tape(path’) =W (com _{ _) =

(path’ < path A H,(tid, path') < 7)V (path’ > path A H,(tid, path') > 7).

time-range(im, ¢, 7, tid, path, tape, H) =

if im then 7 € Z

else let path* = min{path’ > path | tape(path’) = W com true £ _} in
let 7" & H,(tid, path™*) in
Te (T —1,7%)

F State of the Promise machine

p: StatePromise H= <MPromisev t5f>
t : TStatepromise  ::= {Mpromise, tS) — a thread state
Mpromise, promises C Msg
msg = (€ : valQr, view) : Msg
tsf : Tid — ts
ts = (path, st, V, promises) : ts
st : Reg — Val
74 = (VieWeyr, VieWacq, ViEWrel )
pinit Y

let view £ M. 0 in

let Mpromise = {(£ : 0Q0, view) | £ € Loc} in
let tsf = Atid. {[0], L, (view, view, view), §) in
<MPromisc, t5f>

G Transitions of the Promise machine

cmds|ts.path.last] = “if expr goto k7 wval £ [expr]™*" € Z
path’ £ next-pathp,, ... (ts.path, if val # 0 then k else 1)

emds E ( Mpromises tS)

Branch commit {Mpromise, (path’, ts.st, ts. V, ts.promises))

Promise tid

cmds[ts.path.last] = “fence(acquire)” V' £ (ts.viewacq, 18.VieWacq, TS. VieWrel )
path’ = next-pathp, . (ts.path,1)

Acquire fence commit

emds E (Mpromises tS) {Mpromise, (path’, ts.st, V', ts.promises))

Promise tid
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cmds|[path.last] = “fence(release)” ts.promises = ()
V! & (ts.vieWeyr, 18.VieWacq, 18.Viewey,)  path’ £ next-pathp,, . (ts.path, 1)

emds b (Mpromise, £8) —ooose (o168 COMMIE, -y r omises (path’, st, V', 0))

Promise tid

ts.st

cmds[ts.path.last] = “req = [expr]” {2 [expr] ts.viewey, (0) < 7
(€ : valQr, view) € Mpromise st' = ts.st[reg — val] path’ = next-pathp, i (ts.path, 1)
V! £ (ts.viewey, U [(QT], ts.view,cq U view, ts.viewye)

> Read from memory (£:val@T, view) <

emds b { Mpromise, t$ Mpromise, (path’, st', V', ts.promises))

Promise tid

msg = (€ : valQr, view) T & {T'|{€:_Qr', ) € Mpromise}
view 2 ts.view, Ll [(QT]  promises’ = ts.promises U {msg}

Promise write (£:val@T,view)

emds F { Mpromise, tS) { Mpyomise U {msg}, (ts.path, ts.st, ts. V, promises’))

Promise tid

msg = (€ : valQr, view) € ts.promises promises’ = ts.promises \ {msg}
cmds|ts.path.last] = “[expry] = expr,” = [expry]™™" wal = [expr,]"*"
view = ts.viewye U [(QT]  ts.viewen (£) < 7  path’ £ next-pathp,o i (ts.path, 1)
V! = (ts.vieweu U [(QT], ts.viewacq U [(QT], ts. viewyer)

Fulfill promise (£:val@T,view)

emds F { Mpromise, tS) {Mpromise, (path’, ts.st, V' promises’))

Promise tid

emds|ts.path.last] = “reg := expr” st’ £ ts.st[reg — [expr]" ™

path’ £ next-pathp, i (ts.path, 1)

Local variable assignment

emds E ( Mpromises tS) {Mpromise, (path’, st', ts. V , ts.promises))

Promise tid

cmds(ts.path.last] = “nop”  path’ £ next-pathp,, ... (ts.path, 1)

ion of
emds E ( Mpromises tS) Execution of nop (Mpromise, (path’, ts.st, ts. V , ts.promises))

Promise tid

. label
PTOg(tZd) l_ <MPromise7 t3> a.e . <Ml/3romise7 tS/> 7/ .
Promise tid ts" .promises = ()

P?“Og(tld) F <Mlgromise’ t8/> —" <Mlgromise’ tS/I>

Promise tid

Prog [ <MPromi567 tsf[tzd — t8]>

label tid <M,

Promise’

tsf[tid — ts'])

Promise

next-pathp,. .. (Path, n) = path + +[path.last + n]

H Proofs of the main simulation lemmas

» Lemma 9.1. V(a,p) € Zpe. Ip'.p —— P’ A (a,p') € Zpre UT.

Promise

Proof. Fix a, p. (a, p) S Zpre = IPromise isn’t up to ARM (a, p)a i~e~7
Atid, tape = a.tapef (tid), path = p.tsf(tid).path, tape(path) is committed.
Fix tid, tape, path. We construct p’ to satisfy the theorem statement.
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Some notations:

emds £ Prog(tid);

(vieweyr, VieWacq, VieWrel ) £ p.tsf(tid). V;
viewl,,, view) ., view,, = p'.isf(tid).V;

path’ £ pl.tsf(tid).path;

st £ p.tsf(tid).st;

st/ £ pl.tsf(tid).st;
promises’ £ p'.tsf(tid).promises;
promises £ p.tsf(tid).promises;
H £ ad.

We show that the Promising machine can make a step related to tape(path) preserving
Zore UZ. We do that by a case analysis of tape(path). However, (a,p’) € Zreach N Zmems Obvi-
ously holds. Z,efix(a, p’) follows from path’ € next-path(path, cmds, tape), Z&EM . mitted (2)s
and that tape(path) is committed.

Tmem2(a, p’): We don’t use the Promise write transition in this lemma, so p’. Mpromise =
P-Mpromise, and the invariant holds.

IPromisc is up to ARM (a, p/) \ IPromisc isn’t up to ARM (a, p/): If tape(path/) is COInmitteda
then IPromisc isn’t up to ARM (av P/) holds. OtheI‘WiSG, IPromisc is up to ARM (aa pl) holds.

All transition of the Promise machine (except for Promise write) have a precondition
that the program instruction pointed by the thread’s path has a proper type, e.g., to make
nop transition the instruciton has to be nop. But the correct instruciton type is guaranteed
by a value of tape(path).

Case analysis on tape(path):

tape(path) = Nop. By the transition definition, path’ = next-pathp,, i (path,1) =

path + +[path.last + 1].

We check Znemi (2, p’). We need to show:

vtid' ,y, val', 7', view”, path”
W (com __y val") = a.tapef (tid', path”), (7', _, view") = H(tid', path") =
Jview"" < view” :

(path” < p'.tsf(tid").path = (y : val' @7’ view"') € p'.Mpromise \ UP'-tsf (tid).promises) A

tid

(path” > p'.tsf(tid').path = (y : val' Q7' view"') € p’.tsf(tid").promises).

Fix tid',y, val’, 7/, view”, path”. We know p’. Mpromise = P-Mpromise, Ytid, p'.tsf (tid).promises =

p.tsf (tid).promises:

W (com _ y val") = a.tapef (tid', path”), (7', _, view”) = H(tid', path”) =
Fview"" < view” :
(path” < p'.tsf(tid').path = (y : val' Q7' view"') € p.Mpromise \ D' -tsf(tid).promises)A
tid
(path” > p'.tsf(tid').path = (y : val' Q7' view"') € p.tsf(tid").promises).

If tid’ # tid, then the statement obviously follows from Zyem1(a, p), as p’.tsf(tid').path =
p.tsf(tid').path.
Suppose, tid' = tid.

W (com __y val’') = a.tapef(tid, path”), (7', _, view") = H(tid, path”) =

Jview"" < view” :

(path” < p'.tsf(tid).path = (y : val' Q7' view"') € p.Mpromise \ UP'-tsf (tid).promises)A
tid
(path” > p'.tsf(tid').path = (y : val' Q7' view"') € p.tsf(tid).promises).
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If path” # path, then the statement obviously follows from Zyemi(a,p). Suppose,
path” = path. The statement holds as tape(path) #W ....

Tview(a, p’): Obviously holds as p’.tsf(tid). V = p.tsf(tid). V.

Tstate(a, p’): Obviously holds as p’.tsf(tid).st = p.tsf(tid).st and

regf...,(cmds(tid), tape, path’) = regf .. (cmds(tid), tape, path’).

Zeom-sy(a,p’): Obviously holds as tape(path) is not a write or a fence and Zeom-sy(a, p)
holds.

tape(path) = Assign. By the transition definition, path’ = next-pathp, .. ...(path,1) =
path + +[path.last + 1]. We know that Jreg, expr, cmds[path.last] = “reg := expr”. All the
invariants, except for Zgate, hold for the same reason as in the previous case (tape(path) =
Nop).

We know that st = p.tsf(tid).st is equal to regf ., (cmds(tid), tape, path). It follows that
val & [expr]™ = [expr].yy, by Lutate(a, p). P'-tsf(tid).st = p.tsf(tid).st[reg — val] =
regf .o, (cmds(tid), tape, path)[reg — wval] = regf ., (cmds(tid), tape, path’). Lsare(a,p’)
holds.

Zeom-sy(a,p’): Obviously holds as tape(path) is not a write or a fence and Zeom-sy(a, p)
holds.

tape(path) = If stifgoto k. We know that Jezpr, emds[path.last] = “if — gotoexprk”. We

know that st = p.tsf(tid).st is equal to regf ,,,(cmds(tid), tape, path) by Zate(a, p).

(stitgoto = taken A [expr]P% = 0)V (stisgoto = ignored A [eapr]?™ = 0),
according to ZARM, o ..(a). Thus, (IfState = Taken A [e]* # 0)v (IfState =
Ignored A [e]* = 0).

Then we know that path’ = next-pathp, e (path, if stigeoto = taken then k else 1).

com (

com

Tmem1 (a2, 0'); Zview(a, P’), Zstate(a, p’) hold for the same reason as in the case tape(path) =
Nop.

Zeom-sy(a,p’): Obviously holds as tape(path) is not a write or a fence and Zeom-sy(a, p)
holds.

tape(path) = F com LD. We know that view,,, = viewacq (a new value of the thread’s

current view is equal to the acquire view) and path’ = next-pathp,, i (Path, 1).
Timem1(a, p’) holds for the same reasaon as in tape(path) = Nop. Zsate(a, p’) obviously
holds as well.

We check Zyiew(a, p’). We need to show:

Vtid', tape’ = a.tapef(tid'), path” = p.tsf(tid").path,
(p’.tsf (tid).viewaeq < | |sat-reads-view(path”, tape’, H)
U|_| com-writes-time(tid’, path” , tape’, H))A
(p'-tsf(tid").viewey, < | |sat-reads-view(lastLD(tape’, path”), tape’, H)
U|_| com-writes-time(tid’, path” , tape’, H))A
(p'.tsf(tid").viewye < | |sat-reads-view(lastLDSY (tape’, path”), tape’, H)
U|_| com-writes-time(tid’, 1astSY (tape’, path”), tape’, H))).

Fix tid', tape’, path” .

If tid" # tid, then the statement follows from Zyiew (@, p), p’-tsf(tid’). V = p.tsf(tid'). V.
Suppose, tid' = tid (tape’ = tape, path” = path’). p’.tsf(tid).viewscq = p.tsf(tid).viewaeq =
VI€Wacq,

p’.tsf(tid). vieweyr = p.tsf(tid). viewaeq = VieWaeq,

p’.tsf (tid).viewye) = p.tsf (tid).viewye) = viewre.
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The simplified statement:

(viewaeq < | |sat-reads-view(path’, tape, H)
|| com-writes-time(tid, path’, tape, H))A

(viewaeq < | |sat-reads-view(lastLD(tape, path’), tape, H)
U| | com-writes-time(tid, path’, tape, H))A

(viewye < | |sat-reads-view(lastLDSY (tape, path’), tape, H)
U| | com-writes-time(tid, lastSY (tape, path’), tape’, H))).

The first and the third conjuncts follows from Zy;icy (a, p), path’ > path.
We have to show that the second conjunct holds:

viewyeq < | | sat-reads-view(lastLD(tape, path’), tape, H) L |_| com-writes-time(tid, path’, tape, H)
(lastLD(tape, path') = path)

viewyeq < | | sat-reads-view(path, tape, H) L | | com-writes-time(tid, path’, tape, H)
(tape(path).type & {Write, Read})

VieWaeq < || sat-reads-view(path, tape, H) LI |_| com-writes-time(tid, path, tape, H)

Follows from Ziew(a, p).

Zeom-sy(a,p’): Obviously holds as tape(path) is not a write or a fence and Zeom-sy(a, p)
holds.

tape(path) = F com SY. We know that view/,, = viewe,, and path’ = next-pathp,. . .(path, 1).
Zimem1(a, p’) holds for the same reasaon as in tape(path) = Nop. Zsate(a, p’) obviously
holds as well.

Let’s show Zyiew(a,p’). Fix tid', tape, path”. Similiarly to the tape(path) = F com LD,
we need to check only the case tid’ = tid (tape’ = tape, path” = path’).

p’.tsf (tid). viewaeq = p-tsf(tid). viewacq = Viewacq,

p’.tsf (tid).viewey, = p.tsf (tid).viewey = vieWeyr,

p’.tsf (tid).view,o = p.tsf(tid).view,e) = viewey;.

The simplified statement:

(viewaeq < | |sat-reads-view(path’, tape, H)
U|_| com-writes-time(tid, path’, tape, H))A

(viewey: < | |sat-reads-view(lastLD(tape, path’), tape, H)
U | | com-writes-time(tid, path’, tape, H))A

(vieweyr < | |sat-reads-view(lastLDSY (tape, path’), tape, H)
U| | com-writes-time(tid, lastSY (tape, path’), tape’, H))).

The first two conjuncts follow from Zyicy (a, p), path’ > path, and tape(path) # F com LD.

vieweyr < | | sat-reads-view(lastLDSY (tape, path’), tape, H)
U|_| com-writes-time(tid, lastSY (tape, path’), tape’, H)
(IastSY (tape, path’) = path)
vieweyr < | |sat-reads-view(lastLD(tape, path), tape, H)
U | | com-writes-time(tid, path, tape’, H)

Follows from Zyiew(a, p).

From Zeom-sy(a, p) we know that there is no committed write with pat
Zeom-sy(a,p’) holds.

tape(path) = R (sat com (tid" : path”@Qzx,val)). We know that for all path* < path,
tape(path) is committed. It means that the corresponding write (tid”, path”) is either

RYTU > path, so
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committed as it’s a write from other thread, or it’s committed as path” < path.

a.tapef (tid”, path”) = W (com __ z val);
(1, _,view') £ a.H(tid", path”) # (L, _,1).

We know that Jexpr, cmds[path.last] = “reg := [expr]”, [[expr]]p'tsf(tid)'St = [eapr] om =
& by Litate(a, p) and ZHEVp,  giai0(a). It means that the Promise machine can read from

the same location as the ARM+7 machine did.
Let’s prove that (z : val@t, view) € P.Mpromise \ P-tsf(tid).promises, i.e., the Promise
thread can read from the same write. By Znem1(a, p) we know that
Juiew < view', (path” < p.tsf(tid").path = (x : valQT, view) € P.Mpromise \ UP-tsf(tid).promises)A
tid
(path” > p.tsf(tid").path = (x : valQT, view) € p.tsf(tid").promises)
Fix view. If tid” = tid, then, as we know that path” < path by ZREM o . (a) (Invari-
ant 1.4), the first conjunction holds. Suppose, tid" # tid. If path” < p.tsf(tid").path, then
(x : val@QT, view) € P.Mpromise \ P-tsf(tid).promises holds. If path” > p.tsf(tid").path,
then as p.tsf(tid").promises and p.tsf(tid).promises are disjoint, the statement holds.
Let’s prove that viewey () < 7:

viewey (2) < (| | sat-reads-view(lastLD(tape, path), tape, H) U | | com-writes-time(tid, path, tape, H))(x)
< (|| sat-reads-view(lastCF (tape, path), tape, H) LU | | com-writes-time(tid, path, tape, H))(x)
< 7, by Z3i& (a).

View

We know that view,,,, = viewe,: U [2Q7], view), = viewacq U view, view < view', path’ =
path + +[path.last + 1], st’ = st[reg — val].

Timem1(a,p’) holds for the same reason as in tape(path) = Nop. Zsate(a,p’) holds as
st' = st[reg — val] = regf ., (cmds, tape, path)[reg — val] = regf,(cmds, tape, path’).
We check Zyiow(a, p’).

view,.q < | sat-reads-view(path’, tape, H) LI | | com-writes-time(tid, path’, tape, H)
(viewy.q = viewacq U view)

Viewaeq L view < | |sat-reads-view(path’, tape, H) LI| | com-writes-time(tid, path’, tape, H)

VieWacq Ll view < view’ U | | sat-reads-view(path, tape, H) U [zQ7] LI |_| com-writes-time(tid, path, tape, H)
(view' U [zQ7] = view')

VieWacq LI view < view' U | | sat-reads-view(path, tape, H) Ul | | com-writes-time(tid, path, tape, H)

We know that view,eq < || sat-reads-view(path, tape, H) U|_| com-writes-time(tid, path, tape, H)
by Zyiew(a, P), and view < view’. The statement holds.

viewl,,, < | |sat-reads-view(lastLD(tape, path’), tape, H) LI |_| com-writes-time(tid, path’, tape, H)

(view’,,, = viewey U [zQ7])

viewey U [1@7] < | | sat-reads-view(lastLD(tape, path’), tape, H) U | | com-writes-time(tid, path’, tape, H)
(tape(path’).type # Fence)

viewey U [1@7] < | | sat-reads-view(lastLD(tape, path), tape, H) Ll [x@Q7] U | | com-writes-time(tid, path’, tape, H)

vieweyr < | |sat-reads-view(lastLD(tape, path), tape, H) U | | com-writes-time(tid, path’, tape, H)

viewey, < | |sat-reads-view(a, tid, lastLD(tape, path)) U | | com-writes-time(a, tid, path)

Follows from Zyiew(a, p).

view,y = viewye, $0 the Zyiew(a, p’) holds.

Zeom-sy(a,p’): Obviously holds as tape(path) is not a write or a fence and Zeom-sy(a, p)
holds.
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tape(path) = W (com im x wval). We know (7, _, view') = a.H.(tid,path) # L,
as the write is committed. Jexpr,, expry, cmds[path.last] = “[expry] := expr]. By
TR -state(@) (Invariant 1.3) we know that = = [exprg] o, and val = [expr,] The

Promise machine is able to write the same value to the same locaiton due to Zstate(a, p).

com*

(x : valQT, view) € p.tsf(tid).promises directly follows from Zyem1(a, p). view = viewye
[x@7] as the Promise machine wasn’t able to promise the write through a release fence—
viewye remained the same starting from the moment the message was promised.
Tstate(a, p’) holds trivially (no changes in the variable states for both machines).

We need to check viewey () < 7.

(z) < (| |sat-reads-view(lastLD(tape, path), tape, H) LI |_| com-writes-time(tid, path, tape, H))(x)
< (|| sat-reads-view(lastCF (tape, path), tape, H) U |_| com-writes-time(tid, path, tape, H))(x)
<T

VieWeur

by ZHEM(a) (Theorem 8.2).

View

We need to check view < R’.

viewye < | | sat-reads-view(a, tid, lastLDSY (tape, path)) U | | com-writes-time(a, tid, lastSY (tape, path))
(view = viewye U [zQT])

view < [x@Q7] U | | sat-reads-view(a, tid, lastLDSY (tape, path)) LI |_| com-writes-time(a, tid, lastSY (tape, path))
(lastLDSY (tape, path) < lastSY)

view < [x@Q7] U | | sat-reads-view(a, tid, lastSY (tape, path)) Ul | | com-writes-time(a, tid, lastSY (tape, path))
(by definition of the Hiey component)

view < view'.

We know that:

viewl,,, = vieWey, U [zQT];
VieW,q = VieWacq U [2QT];
promises’ = promises \ {{x : valQT, view)};

path’ = path + +[path.last + 1].
Let’s check Zynemi (a, p’). We need to show:

vtid' ,y, val', 7', view” , path”,
W (com _ y val") = a’.tapef (tid', path”), (7', _, view") = a’.H(tid', path") =
Jview"" < view” :

(path” < p'.tsf(tid").path = (y : val' Q7' view"') € p'.Mpromise \ P’ -tsf(tid).promises) A
tid
(path” > p'.tsf(tid').path = (y : val' Q7' view"') € p’.tsf(tid").promises).

Fix tid', y, val', 7', view” , path”. We know that p’.tsf(tid).promises = p.tsf(tid).promises\
{{z : val@Qr,view)}. We also know that p’.Mpromise \ UP' - tsf(tid).promises = {{(z :
tid

val@T, view) } U p. Mpromise \ UP-tsf (tid).promises.

tid
If tid" # tid, then p’.tsf(tid").path = p.tsf(tid").path and p’.tsf (tid').promises = p.tsf(tid’).promises.
The simplified statement follows from Zyem1(a, p).
Suppose, tid' = tid. If path” # path, then (y,7’) # (x,7) by uniqueness of timestamps,
so the simplified statement follows from Z,emi(a, p). If path” = path, then, as we know,
path < path’, so exists view” = view, (y : val' Q7' view") = (x : val@QT, view). The
statement holds.
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Let’s show Iview(aa p/)

viewl., < | |sat-reads-view(path’, tape, H) U | | com-writes-time(tid, path’, tape, H)

acq —
(viewy.q = viewaeq U [zQT])

Viewyeq L [2@Q7] < | |sat-reads-view(path’, tape, H) U | | com-writes-time(tid, path’, tape, H)
(tape(path).type # Read)

Viewyeq U [2@Q7] < | |sat-reads-view(path, tape, H) LI| | com-writes-time(tid, path’, tape, H)

VieWacq LI [x@QT] < | | sat-reads-view(path, tape, H) U [z@QT] U | | com-writes-time(tid, path, tape, H)

Follows from Z,iew(a, p’)

/
cur’

The same proof for view viewly = viewye, the statement holds.

Teom-sy(a,p’): Obviously holds as there is no path-previous instruction, which is not
executed by the Promise thread.

Now we show that the Promise machine can certify the step p —— p’, i.e., show that

Promise
the thread tid can make a finite number of steps and fulfill all its promises at these steps.

As we know that Zpase(a, p’), we apply Theorem J.4.
|

» Lemma 9.2. V(a,p) € Z,... Ip’. p ——* p' A (a,p’) € Z.
Promise
Proof. Fix a, p. (av p) € Iplre = IPromise isn’t up to ARM (a, p)a i.e.,
3ltid, tape = a.tapef (tid), path = p.tsf(tid).path, tape(path) is committed.
Fix tid, tape, path, cmds = Prog(tid).

As tape(path) is committed and ZEEM - (&) holds, there exist (finite set) {path; }ic(0.n)
such that Vi, tape(path;) is committed, Vi < n, path,,, € next-path(path;, cmds), and Vpath' €
next-path(tape, cmds), tape(path’) = LV tape(path’) is not committed.

The next step is an induction over n using Lemma 9.1. |

» Lemma 9.3. V(a,p) € T.

(Va'.a — V\:::\/Ic:i'mit a'= (a/,p) € Tpre UT) A

’ Write commit Promise write
(Va'. a

a’'=3dp’.p

/ / / I I .
ARM+1 Promise p A (a P ) < pre Y )

. . — Write commit tid
Proof. Let’s consider the first clause. Fix a, p, and a’ such that a Tl> a’. Some
+7

notations:

path’, st, (vieweur, VieWacq, VieWyel ), promises) = p.tsf(tid);
th', st, (vi €Wacqs Vi jses) = p.tsf(tid
tape = a.tapef(tid);

We need to show that (Z UZ,e)(a’,p) holds. (a’,p) € Zreach N Zmems obviously holds.
Torerix(a', P); Zyiew(a', p) hold because the rules of the ARM machine don’t change the
committed prefix of a.tapef(tid).

As Z(a, p) holds and every instruction before committed SY fence has to be committed
according to Fence commit SY rule requirements, every SY fence committed by the ARM
machine is executed by the Promise machine. If the step a m a’ is Fence commit

SY, then there has to be committed writes, which are path-after the fence (according to

requirements of Write commit rule). Thus, Zcom.sy(a’, p) holds. If the step a m) a’
T

is not Fence commit SY and Write commit, then Z.,,.svy(a’, p) directly follows from
Icom—SY (a, p)~

ECOOP 2017



69:44 Promising Compilation to ARMv8 POP. Extended Version

We check that either Zpyomise is up to ARM (2", P) 0T Zpromise isn’t up to ARM (2", P) holds. If
the transition is Propagate, then Zpromise is up to ARM(2', P) holds, as the ARM machine
doesn’t commit on the step. Otherwise, it operates on some instruction instance (tid, path).

Consider, if path’ is equal to path or not:

path’ = path. If a’.tapef(tid, path) is not committed, then, as we know that Vtid' #

tid, Ilgi)misc is up to ARM(tidla a’, p); Zpromise is up to ARM(@’, ) holds.

Suppose, a’.tapef (tid, path) is committed.

Vtid/ 7é tid’ Ilgir(f)mise is up to ARM(tidl’ aIV p/):
AS Ilglr%mise is up to ARM(tidlv a, p) hOldS, and thd/ 7é tld, a’.tapef(tz'd/) = a'tapef(tidl)/\

p’.tsf(tid").path = p.tsf(tid").path. Thus, Zpromise isn’t up to ARM (@', p’) holds.

path’ # path. We know that a’.tsf(tid).tape(path) = a.tsf(tid).tape(path) and it is not
committed because Zpromise is up to ARM(@, P) holds. Vtid' # tid, TEL . i o 1o arm(tid @', D).
Thus, Zpromise is up to ARM (@', p’) holds.

(@', p) € Zmem1 N Zmem2 holds because = Write commit transitions of the ARM machine
don’t increase a number of committed write instances and don’t change committed cells of
a.tapef (tid).

The first clause is proved.

Let’s consider the second clause.

. Write commit tid path x val T
Fix a, p, and a’ such that a
ARM+T1

a’. Some notations:

{(path’, st, (vieweyr, VieWaoq, Vi€Wrel ), PrOMises) £ p.tsf(tid);

view' £ viewy U [zQr];

promises’ = promises U {(z : valQT, view')};

tsf’ £ p.tsf[tid — (path’, st, (vieweur, Viewacq, Viewe ), promises’)];
tape £ a.tapef(tid);

H £ aH;

We know that 7 hasn’t been used for messages to the location z, as it hasn’t been used
for committed writes in a (by ARM+7 Write commit preconditions) and Zyem1(a, p),
Tmem2(a,p) hold. The Promise write transition doesn’t have any other preconditions

(except for certification, which holds as in the previous lemma), so it can make a step
Promise write tid (z:val@T,view’)

p’, where p’ = (pP. Mpromise U {{x : valQr, view')}, tsf’).

Promise

We need to show that (Z,e UZ)(a’,p’) holds. (a’,p’) € Treach N Zmems obviously holds.
Toverix (@', D), Zview (@', P'), Zstate (@', p’) hold because the Write Commit transition doesn’t
change the committed prefix of a.tapef(tid).

As Z(a,p) holds and every instruction before committed SY fence has to be committed
according to Fence commit SY rule requirements, every SY fence committed by the ARM
machine is executed by the Promise machine. Thus, Zcom.sy(a’, p) obviously holds.

Let’s show that Zyem1(a’, p’) holds. We need to show:

vtid',y, val', ', view"”, path”,
W (com _ y val') = a’.tapef(tid', path”), (7', _, view") = a’.H(tid’, path”) =
Fview"" < view” :
(path” < p'.tsf(tid').path = (y : val' Q7' view"') € p’'.Mpromise \ UP'-tsf (tid).promises) A
tid
(path” > p'.tsf(tid").path = (y : val' Q7' view") € p'.tsf(tid").promises).

Fix tid',y, val’, 7', view” , path”. We know that the set of fulfilled messages are the same for
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p and p’:

P’ - Mpromise \ UP'-tsf (tid).promises =
tid
(P-Mpromise U {{(z : val@QT, view')}) \ ({{z : val@QT, view’) } U Jp.tsf (tid).promises)} =
tid
P-Mpromise \ Up-tsf(tid).promises.
tid

Let’s check two cases: tid’ is equal to tid or not.
tid" = tid. We know p'.tsf(tid).path = p.tsf(tid).path = path’. We want to show:

W (com _ y val") = a’.tapef (tid, path”), (7', _, view") = a’.H(tid, path”) =
Jview"' < view” :
(path” < path’ = (y : val' Q7' view") € p.Mpromise \ UP-tsf(tid).promises)A
tid

(path” > path’ = (y : val' Q7' view™) € p.tsf(tid).promises U {(x : val@Qr, view')}).

Let’s check if path” is equal to path or not.
path” = path. We know that (y,val’,7") = (x,val,7) and path > path’.
We want to show:

W (com __ z val) = a’.tapef(tid, path), (7, _, view") = a’. H(tid, path) =
Fuiew"' < view” :

(path < path’ = (z : valQr, view"') € P.Mpromise \ UP-tsf(tid).promises) A
tid
(path > path’ = (x : val@QT, view™) € p.tsf(tid).promises U {(x : valQr, view')}).

Let’s choose view”' to be equal to view'. view = viewye U [z@7] We need to show
that view' < view. We know that path > path’, as it follows from Z,esx(a, p) and
tape(path) = W (pending = wal), which is the precondition of the ARM+7 Write
commit transition.

viewye U [2@Q7] <
[#@Q7] U | | com-writes-time(tid, lastSY (tape, path’), tape, H)
LI| | sat-reads-view(lastLDSY (tape, path’), tape, H), by Tyiew(a, P);
viewye U [2@Q7] <
[z@Q7] U | | com-writes-time(tid, lastSY (tape, path), tape, H)
|| sat-reads-view(lastLDSY (tape, path), tape, H), because path > path’;
view' <
[z@Q7] U | | com-writes-time(tid, lastSY (tape, path), tape, H)
LI || sat-reads-view(lastLDSY (tape, path), tape, H), by definition of viewl;
= view' < a’.Hyew(tid', path), by definition of a’. Hyew (tid’, path).

Thus, the simplified statement: (z : val@Qr, view') € p.tsf(¢id).promises U {(z :
val@r, view') }. Tt obviously holds.

path” # path. We know:
Vpath™, a.tapef (tid, path™) is committed = a’.tapef(tid, path™) = a.tapef (tid, path™);
Vpath™ # path,a’. H(tid, path™) = a.H(tid, path™);
(y,7') # (2, 7) (by Zilie write (@) =
V Mpromise, (Y 1 val' Q7' view”) € Mpromise < (y : val' Q7' view”) € Mpyromise U {(x :
val@QT, view') }.
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After simplifications:
W (com _ y val’) = a’.tapef (tid, path”), (7', _, view") = a.H(tid, path”) =
Fview"" < view” :
(path” < path’ = (y : val' Q7' view"') € P.Mpromise \ UP-tsf (tid).promises) A
tid
(path” > path’ = (y : val' Q7' view"') € p.tsf(tid).promises}).
It follows from Zemi (a, p).
tid # tid. We know:
a’ . tapef (tid") = a.tapef (tid');
Vpath,a’.H(tid', path) = a.H(tid', path);
p'.tsf(tid") = p.tsf(tid');
p.tsf(tid").promises = p.tsf(tid').promises.
After simplifications:
W (com __ y val') = a’.tapef (tid, path”), (7', _, view") = a.H(tid’, path”) =
Juiew"" < view” :
(path” < p.tsf(tid").path = (y : val' Q7' view") € p.Mpromise \ UP-tsf(tid).promises)A
tid
(path” > p.tsf(tid').path = (y : val' Q7' view"') € p.tsf(tid’).promises}).
It follows from Zyemi (a, p)-
Let’s show that Zyem2(a’, p’) holds. We need to show:
Yy : val' Q7' view") € p'.Mpromise, T # 0 =
3tid’, path” , view"' > view”,
W (com __ y val’) = a’.tapef (tid', path”),a’ . H(tid', path”) = (7', _, view).

Fix (y : val' Q7' view"), 7' # 0.
(y : val' Q7' view”) € p.Mpromise U {{ : val@QT, view')} =
3tid’, path” , view"' > view”,
W (com _ y val’) = a’.tapef (tid', path”),a’ . H(tid', path”) = (7', _, view).
Let’s check two options:

(y : val' Q7' view") € p.Mpromise- We know:

Vtid', path*, a.tapef (tid', path™) is committed = a’.tapef (tid', path™) = a.tapef(tid’, path*);

V(tid', path*) # (tid, path),a’.H(tid', path*) = a.H,(tid', path™).
The simplified statement:

3tid’, path”, view” > view” ,W (com __y val') = a.tapef(tid’, path”),a.H(tid', path”) = (', _, view).

It follows from Zmema2(a, p).
{y : val' Q7' view") = (x : val@T, view'). The simplified statement:

3tid’, path” , view" > view',W (com __ z val) = a’.tapef (tid, path”),a’ . H(tid', path’) = (1, _, view).
Let’s take tid' = tid, path” = path, view" = view.
The simplified statement: W (com __ x wal) = a’.tapef(tid, path),a’.H(tid, path) =

(1, _, view).
It holds.

’ ’ . . .
IPromise is up to ARM (a 7p) U IPmmise isn’t up to ARM (a 7p)' The same pI“OOf as in the previous
case. |
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I Auxiliary facts about the ARM machine

In this section we declare and prove a number of invariants about ARM executions. We
implicitly assume that for each mentioned state s there is a program Prog and an execution
ginit AP{T>* s. Most of the invariants are proved by induction on the execution.

“+T

» Theorem 8.2. VProg, a, tid, tape = a.tapef (tid), path. Prog - ai™* m)* a=
T

(Ve. tape(path) = R (sat __ e) A a.tapef(e.tid, e.path) is committed =
a.H, (e.tid, e.path) > viewarm(a, tid, path, e.f)) A
(VL. tape(path) = W (com __ ¢ ) = a.H,(tid, path) > viewarm(a, tid, path, £)).

Proof. We split the proof in two parts: Lemma 1.1 and Lemma 1.2. |

> Lemma 1.1 (Z30 e (2))-

vprog? a, tldu tap@ = atap@f(tld)7 path P’f'Og = ainit -  v*a=
ARM+T

(V. tape(path) = W (com _ £ _) = a.H.(tid, path) > viewarwm(a, tid, path, £)).

Proof. It obviously holds for the initial state a™. Suppose ZHEM . (a) and a —— a’

ARM+7
hold. Let’s check ZHEM o (a').
We write tape[(pathy)? : (path,)?] for a subset of a tape from (pathy)? to (path,)?.
Fix tid, path. We assume that the transition operates on (tid’, path’) (except for Propagate
case). If tid' # tid, then the statement follows from ZHEM o . (a). So we check only the
case tid = tid.

Notation:

tape = a.tapef (tid);
tape’ = a’.tapef (tid);

H 2 aH;
H 2a' H.
Case analysis on the step a —— a’.
ARM+7
Fetch new command. We know H = H’. We know that Vpath” < path’, tape’ (path”) =
tape(path’), tape' (: path') = tape(: path’) = 1, and tape’ (path’) # W (com _ ). The

statement holds by ZHEM - . (a).

Propagation of a memory request to another thread. We know that tape = tape’, H =
H'. The statement holds by Z0EM o (a).

Write pending. We know that H = H', tape’ = tape[path — W pending x _].

The updated cell is neither a committed write, nor a satisfied read. The statement holds
by Tidutwite(a)-

Read issue, Read satisfy (fail), and Read Satisfy from in-flight write. The same proof
as in the case of Write pending.

Read commit. We know that H = H'. viewarm (&', tid, path) = viewarm(a, tid, path),
as in one case we count (tid, path’) read as committed one, and in another — as satisfied
from the same write. The statement holds.

Branch commit. We know that H = H’. Denote path® £ max{path | tape(path) =
W (com _ __ _)}. We know that tape[: path*] = tape'[: path*],

so Vpath™ < path®,viewarm (@', tid, path™) = viewarm(a’, tid, path™). The statement
holds.
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Fence commit. We know that Vpath” # path’, tape’ (path”) = tape(path’). Fix path”,
such that tape(path®) =W (com __ __ _ ). (If there is no such path, the statement trivially
holds.) A write cannot be committed if there is a non-committed fence before it, so
path < path’. The statement holds.

Read satisfy tid path’ (y : _Qr, view). We know that H = H'. Fix z, tape(path) =
W (com __z _)(= tape'(path)). Let’s check that a’. H, (tid, path) > viewarm (@', tid, path)(z).
First of all, we can simplify the goal: a.H,(tid, path) > viewarm (@', tid, path)(x), as
a'.H, =a.H,.

viewarm (@', tid, path)(zx)
= (by definition)
(L] com-writes-time(tid, path, tape’, H) U | | sat-reads-view(lastCF(tape’, path), tape’, H))(z)

max ((|_| com-writes-time(tid, path, tape’, H))(x), (|_| sat-reads-view(lastCF (tape’, path), tape, H))(x))

Let’s show that a.H(tid, path) > (| | sat-reads-view(lastCF(tape’, path), tape’, H))(x):

We know that lastCF(tape’, path) = lastCF(tape, path). The Read satisfy transition

restarts some satisfied (but not committed) reads. It doesn’t affect tape[: lastC'F (tape, path)],

as all instances there are committed. We can simplify the goal:

a.H,(tid, path) > (|| sat-reads-view(a, tid, lastC F (tape, path)))(z).

It holds by ZHRM o - (a).

We have to show a.H,(tid, path) > (|_| com-writes-time(tid, path, tape’, H))(x). If y # x,

then Vpath, tape’ (path).£ = x = tape’ (path) = tape(path), so com-writes-time(tid, path, tape’, H)(x) =
com-writes-time(path, tape, H)(x).

a.H.(tid, path) > (|| com-writes-time(a, tid, path))(z) by ZHEM - (a).

Let’s check the case z = y. The Read Satisfy step restarts some satisfied (but not commit-

ted) reads from location 2. However, these reads don’t affect com-writes-time(a’, tid, path),

as they can’t be path-before the committed write to location x, as guaranteed by Write

commit preconditions.

If path < path’ then com-writes-time(tid, path, tape’, H) = com-writes-time(path, tape, H),

the statement holds.

Suppose, path > path’. We have to prove that a.H, (tid, path) > a.H,(tid", path)
7 (a timestamp of a write which is read on the current step). Let’s denote e,
(tid, path,wr x : ) € a.FEvt the write request corresponding to the committed write);
e, = (tid, path’,rd x)—the read request, and e/, = (tid”, path” wr x : _)—the write
request which is read from.

By the Read Satisfy rule precondition we know that e, <a.ord €r. € <a.Ord €w
was issued after e,.. By acyclicity of the union of Ord and mo a.H,(tid,path) >
a.H,(tid", path”).

Write commit tid path’ (y : _@7,view). We know that H' = H[(tid, path’)
(1, _, view)], where

1> 11

view = [yQr]U
|| com-writes-time(tid, lastSY (tape’, path’), tape’, H)U
| | sat-reads-view(lastSY (tape’, path’), tape’, H).

If y # x or path’ > path, then viewarwm (', tid, path)(x) < viewarwm(a, tid, path)(z) due

to restarted reads, thus the statement holds by ZHEM - (a, p).

We have to check the case = = y A path’ < path.
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Suppose, path’ < path. In this case the transition doesn’t issue a write request to the
storage (im = false), as there is a path-later committed write to the same location.

viewarm (@', tid, path)

| | com-writes-time(tid, path, tape’, H') U | | sat-reads-view(lastCF (tape’, path), tape’, H')

[zQ7] U | | com-writes-time(tid, path, tape, H) L | | sat-reads-view(lastCF(tape’, path), tape’, H')
= (as lastCF(tape’, path) = lastCF(tape, path))

[zQ7] U | | com-writes-time(tid, path, tape, H) | | sat-reads-view(lastCF(tape, path), tape’, H')
= (as reads before a committed fence a left unchanged)

[z@QT] U |_| com-writes-time(tid, path, tape, H) LI | | sat-reads-view(lastCF (tape, path), tape, H")

[zQT] U | | com-writes-time(tid, path, tape, H) LI | | sat-reads-view(lastCF (tape, path), tape, H)

[zQT] U viewey, (a, tid, path)

a'.H.(tid, path) = a.H,(tid,path) > viewarwm(a, tid, path)(z) by THEM . (a), and
a’.H.(tid, path) > 7 by the Write Commit timestamp precondition.

Let’s check the case path’ = path.

viewarm (@', tid, path)(x)
(|| com-writes-time(tid, path, tape’, H') Ul | | sat-reads-view(lastCF (tape’, path), tape’, H'))(x)
< (due to read restarts)
([x@7] U || com-writes-time(tid, path, tape, H) U | | sat-reads-view(lastCF(tape’, path), path, tape’, H'))(z)
max (7,
(|| com-writes-time(tid, path, tape, H))(z),
(L sat-reads-view(lastCF(tape’, path), tape’, H'))(x))

We know that a’. H.(tid, path) = 7. Let’s check (| | com-writes-time(tid, path, tape, H))(z).

(|| com-writes-time(a, tid, path))(x)
max({a.H, (tid, path") | path” < path, tape(path”) =W (com _ )},
{H,(tid", path”) | tid" , path”, path”" < path, H, (tid", path”) # L,
tape(path’”’) = R (sat __ (tid", path” ,wr x : _))})

a’.H.(tid, path) = 7 is greater than element of the first set by the Write Commit
precondition.

If a read is satisfied from a write committed by the other thread, the corresponding write
request is propagated to tid, so the write can’t have a timestamp greater than 7 as it’d
contradict acyclicity of the union of Ord and mo.

Let’s check (| |sat-reads-view(lastCF(tape’, path), tape’, H'))(z).
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(|| sat-reads-view(a’, tid, lastC F'(tape’, path)))(z)
(UEa’.HV;eW(tid”,path/’) | Vtid", path” , path”’ < lastCF(tape’, path),a’. Hyew (tid", path”) # L,
tape’ (path”’) = R (sat __ (tid”, path” ,wr _ : _))})(z)
= (there are no non-committed reads before a committed fence, lastCF(tape’, path))
(L{a' Hyew(tid"”, path”) | Vtid", path” , path”’ < lastCF (tape’, path),a’. Hyew(tid", path”) # L,
tape’ (path”’) = R (sat com (tid”, path” ,wr _: _))})(2)
= (path* £ lastCF(tape’, path) = lastCF(tape, path),
tape’[: path*] = tape[: path*],a’.H.(tid", path”) = a.H, (tid", path))
(L {a. Hyiew (tid", path”) | Ytid" , path”, path’’" < lastCF(tape, path), a. Hyiew (tid", path”) # L,
tape(path”") = R (sat com (tid", path” ,wr . ))})(x)

max{a. Hyiew(tid", path”)(x) | Vtid", path”, path”" < lastCF(tape, path),a.Hyiew (tid", path’) # L,
tape(path”") = R (sat com (tid", path” ,wr _: ))}

Let’s pick one element of the set under max, fix (tid”, path”).

(a.Hyew(tid" , path))(z)
= (by construction of H)
([y@a.H, (tid", path” )]
LI{[z@Qa.H, (tid", path™)] | (tid", path*,wr z : ) € a.H<(tid", path”)})(z)

If y = z, then either the corresponding write is propagated to tid, and the timestamp
has to be less than 7, or the write is an internal one, so 7 > a.H, (tid", path") by a Write
commit precondition.
If y # x, then it’s enough to check elements of a. H< (tid”, path’). Suppose, 3(tid", path™) #
(tid", path”), e’ & (tid*, path*,wr z : ) € a.H<(tid", path’). Then by properties of the
H< entry, 3path™ < path”, e** = (tid", path*™*,dmb) € a.H<(tid", path"), e’ <a.ora €.
If tid" = tid, then e** € a.Prop(tid). If tid" # tid, then e = (tid", path” ,wr y : ) €
a.Prop(tid), as it was read by the thread tid, so €* <ar.0pq €** <ar.ora (tid, path’,wr  :
_ ). By acyclicity of the union of Ord and mo, T > H.(e*.tid, e*.path).

<

» Lemma 1.2 (Z{EM . (a)).

V Prog, a, tid, tape = a.tapef (tid), path. Prog - a™l* ———* a =
ARM+1

Ve. tape(path) = R (sat __e) A a.tapef(e.tid, e.path) is committed =
a.H, (e.tid, e.path) > viewarm (a, tid, path, e.l).

Proof. It obviously holds for the initial state a™*. Suppose ZHEM  (a) and a eV a'
+7

hold. Let’s check ZHEM . . (a’). We assume that the transition operates on (tid’, path’)
instruction instance, if it’s not Propagate transition. We write tape[(pathy)? : (path,)?] for
a subset of a tape from (pathy)? to (pathy)?.

Fix tid. Notations:

tape = a.tapef (tid);
tape’ = a’.tapef (tid).
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Fix tid, path. If tid' # tid, then tape = tape’. The statement holds by ZHEM_ (a, a’).
So we check only the case tid = tid.

Case analysis on the step.

Fetch new command. We know a’.H = a.H, and Vpath” < path’, tape' (path”) =

tape(path’), tape' (: path’) = tape(: path’) = L, and tape’(path’) # R _. The statement

holds by Z0EMp,.(a).

Propagation of a memory request to another thread. We know that a’.tapef = a.tapef,

a’.H = a.H. The statement holds by ZHEM_ = (a).

Write pending. We know that a’.H = a.H. Denote tape’ = tape[path — pending z v].

It doesn’t affect timestamps and viewarm. The statement holds by ZHEM . - (a).

Read issue. The same proof.

Branch commit. We know that a’.H = a.H. If a’.tapef(tid, path) # L, then tape'[:

path) = tape[: path), so viewarm (&', tid, path) = view(a’, tid, path). The statement holds.

Fence commit. We know that a’.H = a.H. Suppose, path > path’. There can’t

be a satisfied (or committed) read path-after a not yet committed fence. If path <

path’ then tapel: path'] = tape'[: path’], so Vpath* < path’,viewarm (@', tid, path™) =

viewarnm (@', tid, path”). The statement holds.

Read satisfy (fail). The same proof as in the case of Write pending.

Read satisfy from in-flight write and Read commit. We know that a’.H = a.H.

viewarm (@', tid, path) < viewarm(a, tid, path) as the transition may restart some reads.

The statement holds.

Read satisfy from a write (tid”, path”) to location y. We know that a’.H = a.H £ H.

Fix e,y = e.l. if path < path’ then tape'[: path] = tape[: path]. The statement holds

Z\AA/}ilzvl\V/I—Read(a)'

Suppose path > path’.

viewarm (@', tid, path)
= (by definition)
|| com-writes-time(tid, path, tape’, H) U | | sat-reads-view(lastCF (tape’, path), tape’, H)
= (lastCF(tape’, path) = lastCF(tape, path) < path’,
otherwise it violates that all reads are committed before a committed fence)
| | com-writes-time(tid, path, tape’, H) Ul |_| sat-reads-view(lastCF(tape, path), tape', H)
= (tape'[: lastCF(a’.tape, path)] = tapel: lastCF (a.tape, path)]
as Read satisfy can’t restart path’-before instructions)
| | com-writes-time(tid, path, tape’, H) Ul |_| sat-reads-view(lastCF (tape, path), tape, H)
< (taking into account restarted reads)
[y@Qa.H, (tid", path”)] | | com-writes-time(tid, path, tape, H) U | | sat-reads-view(lastCF(tape, path), tape, H)

[yQa.H, (tid", path”)] U viewarwm (@, tid, path)

If x # y then viewarm(a’, tid, path)(z) = ([yQa.H, (tid", path”)] Uview(a, tid, path))(z) =
viewarm(a, tid, path)(z). The statement holds by ZHEM  (a).
Suppose, z = y. viewarm (', tid, path) = [zQa.H, (tid", path)] U view(a, tid, path).
We know that a’. H, (e.tid, e.path) = a.H, (e.tid, e.path) > view(a, tid, path) by Z&EM . (a).
Case analysis:
a.H.(e.tid, e.path) H.(tid", path”"). obviously, the statement holds.
a.H, (e.tid, e.path) H.(tid", path’"). We know that e.tid = tid A e.path > path’, as
otherwise the read (tid, path) would have been restarted by the Read satisfy transition.

>a
< a
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By the way we assign timestamps in the Write commit transition, we know that
Jpath* > e.path, e, = (tid, path* ,wr x : _) € a.Evt, a.H,(tid, e.path) € (a.H, (tid, path*)—
1,a.H, (tid, path™)).
We know that (tid, path’,rd 2) <a.0rd €w, by precondition of the Write commit transi-
tion. By the Read Satisfy precondition (tid”, path”,wr z : v') <a ora (tid, path’,rd x).
It means that a.H, (tid", path") < a.H,(tid, path™) by acyclicity of Ord and mo re-
lations. Both timestamps are integers, as they correspond to writes, issued to the
storage. It contradicts a.H, (e.tid, e.path) < a.H, (tid", path") and a.H, (tid, e.path) €
(a.H.(tid, path™) — 1,a.H-(tid, path™)]. The statement holds.
Suppose, path = path’. Obviously, x = y. Notation: e,, = (tid", path” ,wrz : _) € a.Evt
— a write request which is read from on the step. We know that B¢’ € a.Evt, €' £ = z,
(tid", path” ;wr z : _) <a.0ra € <a.ora (tid, path,rd z) (the Read Satisfy precondition).
From it follows that

Ve' € a.Evt, e/ £ = x,¢' <qa.0rq (tid, path,rd 2) = € <q.0rq (tid”, path” ,wrz: ). (1)

By acyclicity of Ord and mo relations it means that if ¢’.type = Write,
then a.H, (¢.tid, ¢’ .path) < a.H, (tid", path).
We want to show that a’.H, (tid", path”) = a.H, (tid", path") > viewarm(a’, tid, path).

viewarm (@', tid, path)(x)
= (by definition)
(|| com-writes-time(tid, path, tape’, H) LI | | sat-reads-view(tid, lastCF (tape’, path), tape’, H))(x)
= (tape'[: path) = tape[: path)by the transition definition)
(|| com-writes-time(tid, path, tape, H) U | | sat-reads-view(lastCF(tape, path), tape, H))(x)
mazx((|_| com-writes-time(tid, path, tape, H))(x),
(| | sat-reads-view(lastCF(tape, path), tape, H))(x))

Let’s prove a.H, (tid", path”) > (|_| com-writes-time(tid, path, tape, H))(z):

(|| com-writes-time(tid, path, tape, H))(x)
= (by definition)
maz(({{[yQH, (tid, path")] | Yy, path’ < path, tape(path’) = W (com _y _)})(z),
({[yQH, (tid', path")] | Yy, tid', path’, path” < path,
H, (tid', path") # L, tape(path”) = R (sat __ (tid’, path’,wr y : _))})(z))
max({ H, (tid, path’) | Ypath' < path, tape(path’) =W (com _ x )},
{H,(tid', path) | Vtid', path’, path” < path,
H, (tid', path’) # L, tape(path”) = R (sat __ (tid’, path’,wr x : _))})

We first show that H, (tid"”, path”) > max{H,(tid, path) | Vpath' < path, tape(path’) =
W (com = )}. We know that the path-latest write from the set has the biggest
timestamp (ZHEM . .. (a), Lemma 1.1). Let’s fix the corresponding path’. As there
is no following committed write to the same location, we know that there is a write
request in the storage. We also know that tape(path) = R (requested z) by the Read
Satisfy precondition. path’ < path and tape(path’) = W (com true x ). (tid, path’,wr x :
_) <a.ord (tid, path,rd ), as otherwise the read would have been restarted on commit of
the (tid, path') write. So a.H, (tid, path’) > a.H, (tid", path”) by Eq. (1).

Let’s prove H, (tid", path) > {H,(tid', path’) | Vtid', path’, path” < path, H,(tid', path") #
1, tape(path”) =R (sat _ (tid', path’ ,wr z : _))})
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{H,(tid', path’) | Vtid', path’, path” < path,
H, (tid', path’) # L, tape(path”) = R (sat __ (tid’, path’,wr x : _))})
= (renaming)
{H,(tid', path’) | Vtid', path’, path* < path,
H, (tid', path’) # L, tape(path™) = R (sat __ (tid', path’,wr z: _))})

We may assume that tid" # tid, because the writes performed by the same thread are
checked in the previous proof branch.

{H,(tid', path’) | Vtid' # tid, path’, path* < path,
H,(tid', path’) # L, tape(path™) = R (sat _ (tid', path’,wr z : _))})

Fix tid # tid, path’, path* < path. We know that e’ = (tid', path',wr z : ) € a.Eut,

because the write is performed by the other thread.

Let’s denote iord = a.iord(tid). Suppose, last-index((tid, path™, rd ), iord) < last-index((tid, path,rd x), iord).
Then €’ <a ord (tid, path,rd x). H,(tid', path’) < a.H.(tid", path”) by Eq. (1).

Suppose, last-index({tid, path®,rd x), iord) > lastIndex({tid, path,rd x), iord):

By the Read satisfy precondition the (tid, path™) read has to be satisfied from the same

write as (tid, path). It means that tid’ = tid”, path’ = path”.

a.H, (tid", path”) = a.H, (tid', path’).

Let’s prove H,(tid", path) > (| | sat-reads-view(lastCF(tape, path), tape, H))(z):

(|| sat-reads-view(lastCF(tape, path), tape, H))(x)
= (by definition)
(L{ Hyiew(tid', path’) | Yy, tid', path’, path* < lastCF(tape, path),
H, (tid', path) # L, tape(path*) = R (sat _ (tid’, path’,wry : _))})(z)
= (all reads before committed fences are committed)
(L{ Hyiew (tid', path’) | Yy, tid', path’, path* < lastCF(tape, path),
H,(tid', path) # L, tape(path*) = R (sat com (tid’, path’ ,wr y : _))})(z)
max{ Hyiew (tid', path’)(z) | Vy, tid', path’, path* < lastCF(tape, path),
H,(tid', path’) # L, tape(path™) = R (sat com (tid’, path’,wry : _))}

Fix vy, tid', path’, path* < lastCF(tape, path), tape(path*) = R (sat com (tid’, path’,wr y :

)

Hyiew (tid', path’)(z)
= (by construction of H)
([yQa.H. (tid', path’)] LU |_|{[e' LQH, (¢'.tid, €' .path)] | Ve' € a.H<(tid', path’), e is a write})(z).

We know that Ve € a.H<(tid', path’), €'.loc = v = €' <a.ora (tid, path,rd z), as €
was propagated to tid at the moment (tid, path,rd z) was issued to tid. By Eq. (1),
a.H, (tid", path’) > a.H, (€'.tid, €' .path).

We have to check that a.H, (tid", path”) > ([yQa.H, (tid', path’)])(z). This case is covered
by “Let’s prove H,(tid", path’) > (| | com-writes-time(tid, path, tape, H))(z)”.

Write commit tid path’ (y : _Qr, view). We know that a’.H = (7,_, view), and

view = [yQr]U
|| com-writes-time(tid’, lastSY (tape’, path’), tape’, H)U
|| sat-reads-view(lastSY (tape’, path’), tape’, H).
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Fix e, x = e.loc. We know that the Write commit transition doesn’t change the state of in-
structions, which path-before it in tape. So, in case path’ > path, viewarn (@', tid, path)(x) =
viewarwm(a, tid, path)(z), the statement holds.

path’ = path is impossible as tape(path).type = Read and tape(path’).type = Write. We
have to check the case path’ < path.

viewarm (@', tid, path) =
(] com-writes-time(tid, path, tape’, H) U | | sat-reads-view(lastCF(tape’, path), tape’, H))(z)
< (due to read restarts)
([y@Qr] U|_| com-writes-time(tid, path, tape, H) Ul | | sat-reads-view(lastCF (tape, path), tape’, H))(x)
max(([y@Qr])(z), (|| com-writes-time(tid, path, tape, H))(z),
(|| sat-reads-view(lastCF (tape, path), tape’, H))(x))

Let’s check a.H, (e.tid, e.path) > ([y@Qr])(z). If  # y, then it obviously holds. Suppose,
x = y. If the read wasn’t satisfied from a path-following write, it’d have been restarted
by the Write Commit transition. path-following writes have greater timestamps due to a
transition precondition on 7.

Let’s check a.H, (e.tid, e.path) > (|_| com-writes-time(tid, path, tape, H)(z):
It follows from ZHEM - (a).

Let’s check a.H, (e.tid, e.path) > (|_|sat-reads-view(lastC F (tape, path), tape’, H))(x).

(|| sat-reads-view(lastCF (tape’, path), tape, H))(x)
< (due to read restarts and the new committed write)
([y@Qr] U com-writes-time(tid, lastSY (tape, path’), tape, H )L
sat-reads-view(lastSY (tape, path’), tape, H)LI
| | sat-reads-view(lastCF (tape, path), tape, H))(x)

([y@7] U com-writes-time(tid, lastSY (tape, path'), tape, H)U)
|| sat-reads-view(lastCF (tape, path), tape, H))(x)

max(([y@Q7] U com-writes-time(lastSY (tape, path’), tape, H))(z),
(|| sat-reads-view(lastCF (tape, path), tape, H))(x))

The first component was checked in the previous proof branch. a.H.(e.tid, e.path) >
(L sat-reads-view(lastC F (tape, path), tape, H))(x) follows from ZHEM . - (a).
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» Invariant 1.3 (Z\RVG | 00 (9))-

Ytid, tape, path, tape = s.tapef (tid), cmds = Prog(tid) =
(Y, val, expr,, expry, e,
tape[path] = W (com _ x val), cmds[path.last] = “[expry] = expr,” =
h h
[ezprolZ = = A [ezpry 5 = val)
(Y, reg, expr,

tape[path] = R (sat com (__,__,wr z : _)),cmds[path.last] = “reg := [expr]” =
[ezpr]iom’ = x)A
(Vreg, expr,
tape[path] = R stread, Stread 7 NONE, cnds|path.last] = “reg = [expr]” =
[[e:cpr]]path = Stread-£)A
(Vk, expr,

tape[path] = If stiggoto k, cmds|path.last] = “if expr goto k” =
Jval, [[empr]}p“th = val, (Stitgoto = taken A val # 0) V (stitgoto = ignored A val = 0)).

com

Proof. The statement obviously holds for an initial state of the ARM machine.

The first two conjuncts. Trivially follows from the fact that there is no ARM transition
which modifies committed operations.

The third conjunct. Case analysis of a transition:

Fetch new command, Write pending, Propagation of a memory request to another
thread, Fence commit:

The rules don’t modify non-none styeaq for any path implying the same for [
Read issue:

For modifying path (tape(path) = R none, tape’ (path) = R (requested x) for some z) the
rule requires cmds[path.last] = “reg = [expr]” A [expr]"*"
Write Commit, Read Satisfy, Read Satisfy from in-flight write:

The rules map to none any requested or satisfied R which no longer justified by

_]]path

= X.

[[ea:pr]]path = Stread L.

Conditional branch commit:

The rule doesn’t change [—]"*" for any path which tapecell isn’t mapped to L by it.
Read satisfy (fail):

The rule doesn’t change [—]"*" for any path.

The fourth conjunct. There is no rule which modifies committed operations, and the Branch
commit transition requires (stitgoto = taken A val # 0) V (stitgoto = ignored A val = 0). The
conjunct holds. |

» Invariant 1.4 (ZREM o1 (s)).

Vtid, tape = s.tapef (tid), path, path’, z, val,
tape(path) = R (sat _ (tid, path’,wr x : val)) =
path’ < path A tape(path’) € {W (pending = val), W (com _ x val)}.

Proof. The statement obviously holds for the initial state.

Suppose, the statement holds for s, there is a step s — s’. We need to show that the
statement holds for s'.

Fix tid, tape = s’ .tapef (tid), path.
tape(path) = R (sat _ (tid, path',wr z : val)).
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Let’s check the state of the cell in s.
s.tapef (tid, path) =
1
It’s impossible, as there is no way to fetch and satisfy the read in one step (s m s’).

R none
The read is satisfied from the in-flight write during the step s m s’. There is an

explicit requirement for the write to exist in the corresponding step rule.

R (requested x)

The read is satisfied from the storage, i.e., from the committed write, which presence in

s’ follows from the auxiliary statement on committed instructions.

R _ (tid, path’,wr x : val)

The write is in s according to the invariant. If it’s not committed, it might be restarted

in s — s’ step. But the latter would lead to restart of the read tape(path) as well, as it

follows from the restarting routines in Read Satisfy ... and Write commit transitions.
<

» Invariant 1.5 (ZREM o o (s)).

Vtid, tape = s.tapef (tid), tid' # tid, tape’ = s.tapef(tid'),
path, path’, x, val, tape(path) = R __(tid', path’,wr x : val) =
tape’ (path’) = W (com true x val).

Proof. Suppose, the statement holds for s, there is a step s — s’. We need to show that the
statement holds for s'.

As there is no transition which changes committed instruction instances, all committed
writes presented in s are presented in s’ as well. Thus, we need to check only reads satisfied
on the step s AR—M> s’. And there is an explicit requirement for the write, which is read from

and has a request in the storage, to be committed in tape’.
<

» Invariant 1.6 (ZRRM . (a)).

Vtid, tape = s.tapef (tid), path, qqq—15 Pathyeqq—a, Pathyite, s tid” path”.
Pathypire < Pathycoq 1 < Path,cqq o/
tape(path, uq—1) = R (sat __ (tid", path” wr £: )\
tape(path, .qq_o) = R (sat __ (tid, path wrl: ))=
tid" = tid A path” = path

write’

write*

Proof. This statement definitely holds for an initial state of the ARM+7 machine. Suppose,

it holds for a, let’s show that it holds for a’, if there is a step a ST a’.
“+T

Fix tid, tape. We assume that the transition operates on (tid’, path) (except for Propagate
case). If tid' # tid, then the statement follows from ZREM . (a). So we check only the case
tid' = tid.

Let’s consider every possible step:

Fetch new command, Write pending, Branch commit, Read commit, Fence commit,

Read issue, Read satisfy (fail) and Propagation of a memory request to another

thread.

Obviously, the invariant preserves.
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Write commit tid path (€', val, wr T : view).
Some notation:

tape’ 2 a’.tapef (tid) = tape-upd-Wcom(__, ¢, val, cmds, tid, path, tape).
We need to show:

Vpath, eaq—1s Path,eqq—os Pathyive, 4, tid”", path”.
pathwrite < pathread—l < pathread—Z/\
tape' (path,.,q—1) = R (sat __ (tid", path” ,wr £: _))A
tape’ (path, nq—o) = R (sat __ (tid, path,,.;;e, Wr £: _)) =
tid" = tid A path” = path,,..-

Fix path,.,q_1, path,.qq—_2, path 0, tid", path”. As tape’ differs from tape by restarts
of some instructions and appointing to path a value W (com im ¢ wval), in the case

write’

path,,,.i.. 7 path the statement definitely holds. Suppose path,,,;;. = path. In this case
path,..qi—1 reads from the write or has to be restarted on a m) a’.
T

Read satisfy tid path (¢’ : _Q_, 7.

If path = path,.,q_1, the transition restarts path,.,q_» instruction, and ZREM . . (a’)
holds. If path = path,..,q_o, the path,,;. has to be issued to the storage, so ZREM . (a’)
holds by Theorem 8.2.

Read Satisfy from in-flight write.

If path = path,.,,_;, the transition requires path” = path,,, ., and the statement holds.
If path = path,..,4_», then path” = path

write*

<

» Invariant 1.7 (Z4RM o o ceaa(5))-

Ytid, tape = s.tapef (tid), path L.

pathwritefl S pa’thwritefQ < pa’thread/\

tape(path,,,.;;._1) = W (pending £ _)A

tape(path,,,.;;._o) = W (pending £ _)A

tape(path,..,q) = R (sat com (tid, path
Pathyite—1 = path

reads Path path.

write—1> write—2»

write—11 WF C: —>) =
write—2*

Proof. The proof is similiar to Invariant 1.6. |

J  Certification

thread-state(tid, p) £ (p. Mpromise, P-tsf(tid)).

certifiablesg(t) = 3t/ t —————* t' At/.promises = ().

Promise tid

certifiable(p) £ Vtid. certifiabley;q(thread-state(tid, p)).

Tl o (tid,a, p) £

let tape, path = a.tapef(tid), p.tsf(tid).path in
Jpath’ > path.tape(path’) is a committed write.

d-to-view : Path — (Path — (Loc x Time)) — View
S-to-view(path, §) = | [{d(path’)|Vpath’ < path,(path’) # 1}.
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Toriterelcert (tid, a, t) = Vpath > t.path.
let tape = a.tapef(tid) in
let path'® £ lastLD(tape, path) in
t.viewye) < | | com-reads-view(path" tape, a. H) LI | | com-writes-time(tid, path, tape,a.H).

Toiew-writecert (tid, a,t) 2 Vpath' > t.path, (. a.tapef (tid, path’) = W (com _ ¢ _) =
t.viewey: (€) < a.H,(tid, path’) A
((3path”. t.path < path” < path’ A a.tapef(tid, path’") = F com LD) =
t.viewacq (0) < a.H, (tid, path’)).

comb-time(d, tidy,a) = Atid, path.
if tid = tidy N a.H(tid, path) = L then d(path)
elif 37, view, (7, _, view) = a.H,(tid, path) then (1, view)
else 1.

Zyiew-read-cert (0, tid, a, t) £ Vpath' > t.path, w, 7.
a.tapef(tid, path’) = R (sat com w) A (1, ) = comb-time(9, tid, a, w.tid, w.path) =
t.vieweyr (w.l) < 7 A
((3path” . t.path < path” < path’ A a.tapef(tid, path”) = F com LD) = t.viewacq(w.£) < 7).

Istatc—ccrt (tld7 a, t) é
let regf ., = regf . (Prog(tid), a.tapef (tid),t.path) in
Vreg. regf . m(reg) = LV t.st(reg) = regf ., (reg).

. A .
Tinem-1-tid-cert (0, tids, @, t) = Vpath, T, view, £, expr,, expr,.
path
com

(1, view) = d(path) A “[expry] = expr,” = Prog(tidy, path.last) A £ = [expr,] =

path o {L,val} A {€: val@T, view) € t.Mpromise \ t.promises.

com

Jval.[exprq]

Tnem-1-com-cert (tidy, a, t) = Vtid, £, val, T, view', path.
W (com _ ¢ val) = a.tapef(tid, path) A (T, _,view') = a.H(tid, path) =
Jview < view'. (£ : valQT, view) € t. Mpromise N
(tid # tidy V path < t.path = (£ : valQT, view) & t.promises) A
(tid = tidg A path > t.path = (€ : valQT, view) € t.promises).

Tnem-2-cert (tid, a,t) 2 V(£ : valQr, view) € t.promises. T # 0 =
Jview’ > view, path > t.path.
W (com __ £ val) = a.tapef(tid, path) A (T, _, view') = a.H (tid, path).
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Ts-con-1(0, tidg, a, t) = Vpath < t.path. 6(path) # 1 <
(Fexpry, expry. “lexpry] = expry” = Prog(tidy, path.last) A
a.tapef (tidy, path) isn’t committed).

Ts-con-2(0, tidy, a, t) 2 Vpath, (7, view) = &(path),
“lexpry] = expr,” = Prog(tidy, path.last), ¢ = [expr,]
view = [(Q7] U t.viewpe A t.viewey, (€) > T.

path
com *

Ts-con-3(0, tidg, a) = Vpath, path’ # path,
(1, ) = comb-time(§, tids, a, tidy, path), (t', ) = comb-time(d, tidy, a, tidy, path’),

/9

“lexpry] = expr,” = Prog(tidy, path.last), “[expr(] = expry” = Prog(tidy, path’.last).

h R
[exproltom = [eaprilion =7 # 7'

Ts-con-a(0, tidg,a) = Vpathg < path,.,q < path p < paths_,caq;
(1, _) = d(pathg), w, £, view.
tape(path,..,q) = R (sat com w) A tape(path p) = F com LD A
tape(paths_,..q) = R (sat com (tids, paths,wr £ : _)) A
view = a.Hyiew(w.tid, w.path) # L =
view(?) < 7.

Teert € N X (Path — (Time x View)) x N x Tid x Statearm+r X TStatepromise
Teers(n, 6, k, tid, a, t) =
let tape = a.tapef(tid) in
let path,q weom = last-write-com(tape) in
le—t pathnext—last = pathlast—wcom tk in
ainit — ¥ aA
ARM
t.path < path,egiase A (0= length(path e .se) — length(t.path)) A
(Vpath'. t.path < path’ < path e s =
(Prog(tid)[path’.last] € {“if _goto _”,“dmb _ "} = tape(path’) is committed) A
tape(path’) has a fully determined address A
—Prog(tid)[path’.last] = “dmb SY”) A
(Vpath” , path’, stread.
path” > path’ > t.path A tape(path’) = R stread A Streaq 7 Sat com =
tape(path”) #F _ ) A
(Vpath’ > t.path, 6(path’) = L) A
(tZd7 a, t) S Imem-l-com-cert N Imem-Q-cert N Istate-cert N Iwrite-rel-cert N Iview-write-cert A
(57 tld, a, t) S Imem-l-tid-cert N Iﬁ—con—l N Iﬁ—con—2 N Iview-read-cert A
((57 tid, a) € Ts-con-3 N Ls-con-4-

» Lemma J.1. Vn # 0,4, k, tid, a,t, Zeert (0, 6, k, tid, a, t).
36", t'. Prog(tid) -t —————* ' A Zcert(n — 1,0', k, tid, a, t).

Promise tid

Proof. Fix n, tid,a,t. Some notations:

tape 2 a.tapef(tid);
(Mpromise, (path, st, V, promises)) = t;
cmds £ Prog(tid).

Case analysis on tape(path):
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tape(path) = Nop. Some notations:

path’
t/

neXt'pathPromisc (path7 1)7
{Mpromise, (path’, st, V, promises)).

1> 11>

Execution of nop tid

As ainit AR—M>* a and tape(path) = Nop, cmds(path.last) = nop. Thus, t
t'. Zeert(n — 1,0, k, tid, a, t") obviously holds.
tape(path) = Assign. As al™® m* a and tape(path) = Assign,

Promise

Jreg, expr. emds(path.last) = “reg = expr”.

path’
st!
t/

neXt'pathPromise(pa’thv 1)7
stlreg — [expr]™]
{Mpromise, {path’, st', V., promises)).

> 1> >

Execution of nop tid
—>

Thus, t — t’. Let’s check Zeori(n — 1,6, k, tid, a,t’). The only component
romise
of Zeery worth checking is Zgtate-cert (4id, @, t"). As Zgtatecers(tid, a,t’), we know that:

ool & [eaprl5, € (L, [erpr]" )
regf ..., (cmds(tid), tape, path’) = regf .., (cmds(tid), tape, path)|reg > val).

com(

Thus, Zsate-cert (tid, a, t’) holds.
tape(path) = If stitgoto k. From Zeere(n, 9, k, tid, a, t") we know that tape(path) is commit-
ted, so stifgoto € {taken,ignored}. As a'™t AR—M>* a and tape(path) = If stitgoto F,

Jexpr. emds[path.last] = “if expr goto k”. From Invariant 1.3 we know that

Jval = [ewpr]]path # L.(stifgoto = taken A val # 0) V (stifgoto = ignored A val = 0)).

com

Fix val. As val = [[exprﬂggrih #* 1, [[ea:pr]]St = val by Teers(n, 6, k, tid,a, t). So path’ £

next-pathp,omise (Path, if val # 0 then k else 1) < last-write-com(tape), as the Promise

machine chooses the same branch.

By definition, t Branch commit {Mpromise, (path’, st, V., promises)). Teers(n—1,6, k, tid, a, t')
Promise tid

obviously holds.

tape(path) = F Sttonce ftypeapm- From Zee(n,d, k, tid,a,t) we know that Stfence =

com, ftypexrym = LD. As al®it AR—M>* a and tape(path) = F com LD, cmds(path.last) =
dmb LD.

Some notations:

p(lth, £ neXt_pathPromise (path7 1)7
v’ e (V. vieWaoq, V. viewaceq, V. viewyel)
t’ £ {Mpromise, {path’, st, V', promises)).

Acquire fence commit

t

t’ by definition. Thus, we need to check Zeopi(n — 1,9, k,a,t’).

Promise tid

Obviously, it’s enough to check Zyiew-write-cert (tid, @, t") and Zyiow-read-cert (9, tid, a,t’).
Let’s first check Zyiew-write-cert (t7d, a,t’).

Vpath” > t'.path, L. a.tapef (tid, path”) = W (com _ £ ) =
t/ viewen, (0) < a.H,(tid, path”) A
((3path” . t'.path < path’”" < path” A a.tapef(tid, path™) = F com LD) =
t/ viewaeq(0) < a.H.(tid, path”)).
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Simplified:

Vpath” > path’, (. tape(path”) =W (com _ £ ) =
viewaeq () < a.H, (tid, path) A
((3path””. path’ < path™ < path” A tape(path”’) = F com LD) =
VieWaeq () < a.H, (tid, path”)).

Obviously, it’s enough to show that

Vpath” > path’, (. tape(path”) =W (com _ () =
viewaeq(0) < a.H, (tid, path’).

It directly follows from Zyiew-write-cert (tid, &,t) (as a.tapef(tid, path) = F com LD).
Let’s check Iview-rea»d—cert(éa tid, a, tl)'

Vpath” > t'.path, w, T.
a.tapef (tid, path”) = R (sat com w) A (7, ) = comb-time(6, tid, a, w.tid, w.path) =
t’ . viewey, (w.l) < 7 A
((3path”. t'.path < path" < path” A a.tapef(tid, path”") = F com LD) = t'.viewaeq(w.f) < 7).

Simplified:

Vpath” > path’,w,T.
tape(path”) = R (sat com w) A (7, _) = comb-time(d, tid, a, w.tid, w.path) =
VieWaeq(w.l) < 7 A
((Fpath™. path’ < path”" < path” A tape(path™) = F com LD) = view,eq(w.l) < 7).

Obviously, it’s enough to show that

Vpath” > path’,w, T.
tape(path’) = R (sat com w) A (1, ) = comb-time(9, tid, a, w.tid, w.path) =
VieWyeq(w.0) < T.

It directly follows from Zyiew-read-cert (tid, a, t) (as a.tapef(tid, path) = F com LD).
tape(path) = R (sat com w). As a'™® m* a and tape(path) = R (sat com w),

emds(path.last) = “reg := [expr]”. Some notations:
path’ £  next-path(path, 1);
¢ & el

w.£ (by Invariant 1.3)

[[G-Tpr]] ot (by Istate—cert(tidv a, t));
w.val;

st[reg — val].

val
st/

> 1>l

By Zyiew-read-cert (0, tid, a, t), 37, view. (1, view) = comb-time(d, a, w.tid, w.path) and
vieWeyr (£) < 7. (€ : valQT, view) € t.Mpromise \t.promises follows from Zem-1-com-cert (6, tid, a, t)
and Imem—l—com—cert (6a tldv a, t)
Denote V' = (view,,,,, view,., view

Read from memory (£:val@T,view)  , A ’ y .
Thus, t t' = (Mpromise, (path’, V', promises)).

Promise tid

We need to check Zeori(n — 1,6, k,a,t'). (tid,a,t’) € Them-1-com-cert N Zmem-2-cert {01~
lows from (tid,a,t) € Zrne-m—l—com—cert N Imem—Q—cert- Istate—cert(tidvaat/) follows from

Tstate-cert (t7d, a,t) and the definition of st’ as in the Assign case.

/

L) = (viewey, U [(QT], view,eq U view, viewye).
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(67 tld, a, t/) S Imem-l-tid-cert N I(S—con—l N I&—con—2 follows from (57 t’td, a, t) S Imem-l-tid-cert N
Ié—con—l N I6-c0n—2-
Let’s check Zyiew-read-cert (0, tid, a, t’):

Vpath” > t'.path,w', 7'
a.tapef (tid, path") = R (sat com w’) A {7/, ) = comb-time(d, tid, a, w’.tid, w’.path) =
t viewey (w'.£) < 7' A
((3path”. ¢’ .path < path™ < path” A a.tapef(tid, path”") = F com LD) = t/.viewaeq(w'.£) < 77).

Simplified:

Vpath” > path’, w7’
tape(path’) = R (sat com w’) A (7', ) = comb-time(d, tid, a, w’.tid, w’.path) =
(vieweyr U [£QT]) (W' ) < 7/ A
((3path™. path’ < path”" < path” A tape(path™) = F com LD) = (viewacq U view)(w'.£) < 7).

From Zs.con1(9, tid, a, t) follows that there are two options: either a.tapef(w.tid, w.path)
is a committed write, or w.tid = tid and 0(w.path) = (7, view).
a.tapef (w.tid, w.path) is a committed write:
Obviously, it’s enough to show the statement for the new parts of views, as for the old
parts the statement directly follows from Ziew-read-cert (9, tid, a, t):

Vpath” > path’,w', 7.
tape(path”) = R (sat com w’) A (7', _) = comb-time(d, tid, a, w’.tid, w'.path) =
[far](w'.£) < 7' A
((3path”’. path’ < path™ < path” A tape(path”’) = F com LD) = a.H,ey (w.tid, w.path)(w'.£) < 7).

Fix path”,w’, 7. We need to show:

[far)(w'.l) < 7' A
((3path”’. path’ < path™ < path” A tape(path”’) = F com LD) = a.Hye (w.tid, w.path)(w'.£) < 7).

From Zs_con.1(9, tid, a, t) follows that there are two options: either a.tapef (w'.tid, w’.path)
is a committed write, or w’.tid = tid and é(w’.path) = (7/,__). In the first case, the
statement holds by Theorem 8.2. Consider the second option.

Let’s check the first conjunct. If w’.£ # £, it might be simplified to 0 < 7/, which
holds. Suppose, w'.£ = £. We know that w’.path < path from §(w’.path) # L and
Teert(n,0,k,a,t). We also know that path < path”. By Invariant 1.6, w = w’, so
T=1.

Now let’s check the second conjunct:
(3path’. path’ < path”" < path” A tape(path’”") = F com LD) = a.Hyiew (w.tid, w.path)(w'.£) < /.
Fix path”’ and rename it to path; . Then we know that
paths = w'.path < path < path’ < pathy p, < paths_,.aq = path”.

a. Hyiew (w.tid, w.path)(w'.£) < 7' holds by Zs.con-4(9, tid, a).

w.tid = tid and 6(path) = (7, view):

view = [(QT] U viewyel by Tscon2(9, tid,a,t). We know that [(Q7] < viewey, (from
Ts-con-2(0, tid, a,t)) and viewyel < viewey < VieWaeq (by an invariant of the Promise
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machine), S0 view,eq L [(QT] Ll viewye] = vieWacq and viewey, U [(QT] = viewcy,. Thus,
we can simplify the statement we want to prove:

Ypath” > path’,w', 7'
tape(path”) = R (sat com w’) A (7', ) = comb-time(6, tid, a, w’.tid, w’.path) =
vieWeyy (W' L) < 7' A
((3path”. path’ < path’" < path” A tape(path’”) = F com LD) = view,cq(w'.0) < 7/).

It directly follows from Zyiew-read-cert (0, tid, a, t).
Let’s check Zyiew-write-cert (£2d, a, t'):

Vpath” > t'.path, ' .a.tapef (tid, path”) = W (com _ ¢ ) =
t/ viewen, (¢') < a.H, (tid, path”) A
((3path”’ . t'.path < path’”" < path” A a.tapef(tid, path”') = F com LD) =
t/ viewaeq(¢') < a.H(tid, path")).

Simplified:

Vpath” > path’, ' .tape(path”) =W (com £ )=
(viewey, U [0QT))(¢") < a.H,(tid, path”") A
((3path”. path’ < path" < path” A tape(path”) = F com LD) =
(viewaeq U view)(?') < a.H,(tid, path")).

From Zs.con-1(0, tid, a, t) follows that there are two options: either a.tapef(w.tid, w.path)
is a committed write, or w.tid = tid and 6 (w.path) = (7, view).

a.tapef (w.tid, w.path) is a committed write:
Obviously, it’s enough to show the statement for the new parts of views, as for the old
parts the statement directly follows from Zyiew-write-cert (9, tid, &, t):

Vpath" > path’, V' .tape(path”) =W (com _{ _) =
[fQr)(¢') < a.H,(tid, path™) A
((3path”. path’ < path’”" < path” A tape(path™) = F com LD) =
view(l') < a.H,(tid, path’)).

It directly follows from Theorem 8.2.

w.tid = tid and 0(path) = (7, view):

view = [(QT] U viewye by Lscon2(d, tid,a,t). We know that [(Q7] < viewey, (from
Ts-con-2(0, tid, a,t)) and viewyel < vieWew < VieWaeq (by an invariant of the Promise
machine), S0 view,eq U [(QT] LU viewre] = vieWacq and viewey, U [(QT] = viewcy,. Thus,
we can simplify the statement we want to prove:

Vpath” > path’, ¢ .tape(path”) = W (com _ £ ) =
viewey (¢') < a.H.(tid, path”) A
((3path”. path’ < path” < path” A tape(path”’) = F com LD) =
VieWaeq(!') < a.H,(tid, path")).

It directly follows from Zyiew-write-cert (9, tid, a, t).

tape(path) = R styeaq, where Styeaq isn’t a committed one.
As ainit m* a and tape(path) = R stread, cmds(path.last) = “reg := [expr]”. Some
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notations:
path’ £ next-path(path, 1);
regfoom = regf...(cmds, tape, path);
regflom = regfom(cmds, tape, path’)
= regf.,m(cmds, tape, path)[reg — L] (by definition);
¢ 2 [eapr]ipm
= [[exprﬂ o (by Tstate-cert (tid, a, t));
T L viewey (£).

From properties of the Promise machine, Jval, view. (€ : valQT, view) € Mpromise-

V! = (viewpy,, view, q, viewq) (VieWeyy U [0QT], vieweq U view, view,q)

(vieweyr, VieWacq U view, viewrel);
st[reg — wal].

> 1l

st/

Read from memory (£:val@T,view)

t' £ (Mpromise, (path’, st', V', promises)).

By definition, t
Promise tid

We need to check Zeor(n — 1,6, k, a,t’).

(tZd; a, t/) € Imem—l-com—certmImem-Z—certmerite—rel—cert follows from (t’Ld, a, t) S Imem—l—com-certﬂ
Tinem-2-cert N Lwrite-rel-cert- Lstato-cert (¢id, a,t’) follows from Zgate-cers (t9d, a,t) and defini-
tions of st’ £ st[reg — val] and regf. ..

(0, tid, a,t") € Timem-1-tid-cert N Zs-con-1 N Ls_con-2 follows from (6, tid, a,t) € Tinem-1-tid-cert N
Ts-con-1 N Ls-con-2 and view,,,, = vieWeyy, VieWs, = VieWye].

We know that there is no path” > path, such that tape(path”) = F com LD, so
we’ll be able to drop parts of the invariants, which are related to committed fences.
So, (4,tid,a,t') € Zyiew-read-cert N Lyiew-write-cert (t2d, a, t’) follow from (4, tid,a,t’) €
Lview-read-cert (0, tid, &, t) N Lyiew-write-cert (17d, @, t), and view,, = vieweyr.

tape(path) =W (com im £ val).

As alnit AR—M>* a and tape(path) = W (com im ¢ val), cmds(path.last) = “[expry] :=

expr,”. Some notations:

path’

regfcom
(T, _, view")

next-path(path, 1);
regf .. (cmds, tape, path);
a.H(tid, path) (it’s defined according to properties of the ARM+7 machine).

(> > >

path

By Invariant 1.3 and Zgate-cert (7d, @, t) we know that ¢ = [expro], = [[expro}]“ and

val = [[exprl]]fgzL = [expr,]™.

From Zyem-1-com-cert (tid, @, t) we know that

Fuiew < view'. (£ : valQT, view) € t.promises N t.Mpromise- Vieweu:(£) < T follows from
IView—write—cert(’%da a, t)-

V/
promises’

(viewey, U [0QT], viewaeq U [(QT], viewye));
promises \ {{¢ : val@QT, view)}.

(> 11>

Fulfill promise (£:val@T,view)

Thus, t t' £ (Mpromise, (path’, st, V', promises’)). We need to
Promise tid

check Zeeri(n — 1,6,k a, t').
(tld, a, t/) S Imem—1—com—cert N Imem—Q—Cert(tida a, t/):
It’s trivially holds for the fulfilled write and for the other writes.
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(t’td, a, t/) S Istate-cert N Iwrite-rel-cert:
It holds as t'.st = t.st, regf.. . (cmds, tape, path) = regf.. . (cmds, tape, path’), and
t' viewre = t.viewre.
Z-mem—l—tid-cert (6a tlda a, t/):
We need to show that
Vpath”, 7' view', €', expr{, expr’.

(!, view') = §(path”) A “[expr()] = exprl” = cmds(path” last) A V' = [expr{]
path’
com

path’’
com

€ {L,val'} A" : val' Q7' view') € t'.Mpromise \ t’.promises.

=
Jual’.[expr]]
Fix path” and do minor simplifications:

Hval’.[[ea:pr’l]]path” € {L,val'} A" : val' Q7' view') € Mpromise \ (promises U {(£ : val@r, view)}).

com
Suppose, path” = path. By Ls.con-1(9, tid, a, t), tape(path) isn’t committed. Contradic-
tion. So, path” # path. From Ts.con-3(6, tid, a) we know that (¢,7) # (¢, 7'), so we may
simplify the statement:

path’’
com

Juval.Jexpr!] e {L,val’} Al : val' Q7' view') € Mpromise \ pPromises.

which directly follows from Zpem-1-tid-cert (9, tid, a, t).
Ts-con-1(9, tid, a, t/):
d(path) = L, tape(path) is committed, so the statement holds.
Ts-con2(9, tid, a, t’):
We need to show that

Vpath', (7', view') = §(path’),

“lezpry] = expri” = emds(path'.last), ! = [[exprgﬂfg,ih,.
view = [('Q7'] Ut . viewye At viewey, (0) > 7.
Simplified:
Vpath', (7', view') = §(path’),
VR path’

“lexpr] := expr}” = Prog(path’.last), ¢’ = [expry]io".
view = [{'Q7'] U t.viewye A [LQT] U t.viewey, () > 7.
It directly follows from Zs.con2(9, tid, a, t’).
Iview—write—cert(tida a, t/):
We need to show:
Vpath” > t'.path, V. a.tapef (tid, path”) = W (com __ ¢’ ) =
t/ viewen, (¢') < a.H, (tid, path”) A
((3path”’ . t'.path < path””" < path” A a.tapef(tid, path™) = F com LD) =
t/ viewaeq (') < a.H(tid, path")).
Simplified:
Vpath” > path', 0. tape(path”) =W (com _ ¢’ )=
(viewew, U [0QT))(¢') < a.H,(tid, path”) A
((3path”’. path’ < path < path” A tape(path”’) = F com LD) =
(viewacq U [0QT])(¢') < a.H,(tid, path)).
As Tyiow-writecert (tid, a, t) holds, it’s enough to show that:

Vpath" > path’, 0. tape(path”’) =W (com _ ¢ ) =
[fQr](¢') < a.H,(tid, path").

It follows from Theorem 8.2.
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Z-view-read-cert (tZd7 a, tl):

The same proof as for Zyjew-write-cert (t2d, a,t’).
tape(path) = W Styrite, Where Styrite iS0’t & committed one.
In this case we are going to make two steps via the Promise thread tid: to promise a
write and to fulfill it. As ainit AR—M>* a and tape(path) = W Styrite, cmds(path.last) =

“lexpry] := expr,”. Some notations:
path’ = next-path(path, 1);
regfeom = regf..m(cmds, tape, path);
14 = [[expro]]f;fqh (addresses are defined according to Zeet(n, 9, k, tid, a, t))
= [[expro]]s (by Tstate-cert (tid7 a, t));
val 2 [expr,]*.

The most sophisticated part of this case is to choose a timestamp for the write properly.
Let’s denote it 7. The following statements have to hold:

1. viewenr(£) < 7.

T & _wr T ) € Mpromise}-

3. Vpath,,;. > path. tape(path,,..;.) =W (com _ £ _) =
T < a.H;(tid, path,,,.;1c)-

4. Vpath,..q > path. tape(path,... ) = R (sat com w) A a.H, (w.tid, w.path) # 1L =
7 < a.H (w.tid, w.path).

5. Vpath,..q < path p < paths_,. .q, W, view.path < path, .., N
tape(path, ..q) = R (sat com w) A tape(path p) = F com LD A
tape(paths_,.,q) = R (sat com (tid, path,wr £: _)) A
view = a.Hiew(w.tid, w.path) # L =

view(£) < T.

Because timestamps are elements of Q1 (a dense order), by Zyiew-write-cert (tid, a, t),
Tview-read-cert (9, tid, a, t), and Theorem 8.2, there is T, which satisfies the requirements.
Some notations:

view £ viewye U [(QT];

msg 2 ({0 : valQT, view);

Ml/)romisc é MPromise U {msg},

V! = (view),,, view)q, view,y) = (viewey U [(QT], view,eq U [(QT], viewre);
o' 2 Slpath v~ (1, view)].

Then the following holds:

" Promise write (£:val@T,view) <M/
Promise tid Promise’
Fulfill promise (£:val@T,view)

(path, st, V, promises U {msg}))

t' £ (Mpomise» (Path’, st, V' promises)).

Promise tid

We have to show Zeert(n — 1,8, k, tid, a, t’) holds.

Imem—l-com—cert (tldv a, t/):

The statement obviously holds as Ziem-1-com-cert (t7d, a, t) holds and a.H (tid, path) = L.
Imem—Q—cert (tZ'd, a, t/):

t'.promises = t.promises, tape(path) =W (com __ ), so the statement holds.
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Istate-cert(tida a, tl):
t/.st = t.st, regf o (..., path) = regf ... (..., path’), so the statement holds.
Iwrite—rel—cert (tld, a, t/):
t’.viewyq = t.view,q, so the statement holds.
Iview—write—cert<tida a, t/):
We need to show that
Vpath” > t'.path, 0. a.tapef (tid, path”) = W (com _ ¢’ ) =
t/ viewey, (¢') < a.H, (tid, path”) A
((3path’” . t'.path < path’” < path” A a.tapef(tid, path”') = F com LD) =
t/ . viewaeq(¢') < a.H(tid, path)).

Simplified:

Vpath” > path’, 0. a.tapef (tid, path”) = W (com _ ¢ ) =
([¢Q1] U viewew, ) (¢') < a.H,(tid, path”) A
((3path’. path’ < path™ < path” A tape(path”’) = F com LD) =
([€QT] U viewacq)(¢') < a.H,(tid, path™)).

Obviously, it’s enough to check only the following:

Vpath” > path’, 0. a.tapef (tid, path”) = W (com _ ¢ _) =
[fQr)(¢') < a.H,(tid, path") A
((3path”. path’ < path™ < path” A tape(path”’) = F com LD) =
[fQr)(¢') < a.H,(tid, path")).

If ¢/ # ¢, then the statement holds as [(Q7](¢') = 0. If ¢/ = ¢, the statement is
guaranteed by the way we have chosen 7.
Imem—l—tid—cert (5/7 tZ'd, a, t/):
We need to show that
Vpath”, 7', view', €', expr}, expr’.

path’’
com

/9

(!, view') = &' (path") A “[ezpry] = expr|” = emds(path” last) A = [expr)]
path™ {L,val’} A0 : val' Q7' view') € t'. Mpromise \ t'.promises.

com

=
Jual’.[expr]]

Fix path” and do minor simplifications:

path’’
com

Jual'.[expr!] € {L,val'} A (' : val' Q7' view') € (Mpromise \ promises) U {{€ : val@Qr, view)}.

If path” # path, then &' (path’) = 6(path”) and the statement holds by Ziem-1-tid-cert (9, tid, a, t).
If path” = path, then the statement obviously holds.
I&—con—l (6/3 t’Ldv a, t/):
We need to show that
Vpath” < t'.path. §'(path”) # L <
(3expry, expr’. “[expry] = expri” = emds(path” last) A
a.tapef(tid, path") isn’t committed).
Simplified:
Vpath” < path’. §'(path”) # 1 <
(3expry, expr’. “[expry] = expri” = emds(path” last) A
tape(path”) isn’t committed).

If path” # path, then &’ (path”) = §(path”), and the statement holds as Zs_con-1 (6, tid, a, t)
holds. If path” # path, then the statement holds by definition of ¢'.
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Ié—con—2(6l, t?:d, a, t/):
We need to show that

Vpath” , (7', view') = & (path”),
“lexpry] = expr}” = cmds(path” last), ' = [[emprg]]fgrih
view' = [0'Q7'| Ut/ . viewye) At . viewey, (£) > 7'

Simplified:

Vpath”, (7', view') = & (path”),
“lexpry] = expr}” = cmds(path” last), ' = [[emprf)]]fg;h
view' = [('Q7'] L viewyel A ([(QT] U viewey, ) (€) > 7'

Fix path”. If path” # path, then &' (path”) = §(path”), and the statement holds as
Ts-con2(8, tid,a, t) holds. If path” = path, then the statement obviously holds by
construction of §’.

IView—read—cert (5/, tld7 a, t/):

Vpath” > t'.path,w', 7'
a.tapef (tid, path”) = R (sat com w’) A (7, ) = comb-time (&', tid, a, w’.tid, w’.path) =
t viewey (w'.£) < 7' A
path” . t'.path < path’”’ < path” A a.tapef(tid, path”’) = F com LD) = t/.viewaeq(w'.£) < 7').
q

Simplified:

Ypath” > path’, w', 7.
tape(path”) = R (sat com w’) A (7', ) = comb-time(&’, tid, a, w’ .tid, w'.path) =
([fQ7]) U viewey, ) (w'.£) < 7' A
((3path”. t'.path < path™ < path” A tape(path”") = F com LD) = ([(Q7] U view,cq)(w'.£) < 7).

Fix path”,w', 7. As comb-time(d’, tid, a, w’.tid, w'.path) # L, either a.tapef (w'.tid, w’.path)
is a committed write, or w’.tid = tid and &' (w’.path) # L.

a.tapef (w'.tid, w'.path) is a committed write:

We may simplify the statement:

tape(path”) = R (sat com w') A 7/ = a.H, (w'.tid, w'.path) =
([fQT] U vieweyy ) (w'.£) < 7/ A
((Fpath” . t'.path < path”" < path” A tape(path”") = F com LD) = ([(Q7] U view,eq)(w'.£) < 7).
AS Zyiew-read-cert (0, tid, a, t) holds, it’s enough to check that:
tape(path”) = R (sat com w') A 7' = a.H, (w'.tid, w'.path) =
[far)(w'.l) < 7' A
((3path . t'.path < path < path” A tape(path”’) = F com LD) = [(Qr](w'.0) < 7).

Or even simplier:

tape(path”) = R (sat com w’) A 7/ = a.H, (w'.tid, w'.path) =
[(Qr](w'.0) < 7.

This is guaranteed by the way we have chosen 7.
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w'.tid = tid and &' (w'.path) # L:
We may simplify the statement:

tape(path”) = R (sat com w’) A 7/ = &' (w'.path) =
([fQT] U vieweyy ) (w'.£) < 7/ A
((3path™. t'.path < path™ < path” A tape(path™) = F com LD) = ([(Q7] U view,eq)(w'.€) < 7').

There are two options — either w’.path = path, or w’.path < path. In the first case

7 =7 and w'.{ = ¢, and the statement obviously holds as viewe,(¢) < 7 by the

way we have chosen 7.

Suppose, w’.path < path. In this case ¢’ (w’.path) = §(w'.path). As Tyiew-read-cert (0, tid, a, t)
holds, we may simplify the statement even further:

tape(path’) = R (sat com w’) A 7/ = §(w’.path) =
[far](w'.l) < 7.

If w'.£ # £, then the statement holds, as [(Q7](w’.£) = 0. Suppose w'.l = (. As
w'.path < path < path”, it would have meant that a committed read tape(path”) is
satisfied from a write tape(w’.path), even though there is a newer write to the same
location (tape(path)) observable to the read. It contradicts Invariant 1.7.
Ts-con-3(8, tid, a):
We have to show that

Vpath” , path’" # path”,
(", ) = comb-time(&’, tid, a, tid, path”), (7", ) = comb-time(&', tid, a, tid, path’"),

“lexpry] = expr!!” = cmds(tid, path” \ast), “[expry’] := expr]’” = emds(tid, path’ last).

[[ //ﬂpath” _[[ i path’”’ = //7& "
e:l:pro com = e:l:pro com T T .

As T5.con-3(0, tid, a) holds, it’s enough to check only cases path” = path or path” = path.
In both cases it’s obvious that the statement holds by the way we have choosen 7.
Ts-cona(d', tid, a):

We have to show that

Vpaths < path,..q < pathip < paths_,.cqq,
(7', ) = §(pathg),w, ' view'.
tape(path,..q) = R (sat com w’) A tape(path p) = F com LD A
tape(paths_,..q) = R (sat com (tid, pathg,wr £ : _)) A
view' = a.Hyew (w'.tid, w'.path) # 1 =
view' (£) < 7.

If paths # path, the statement directly follows from Zs con-4(9, tid,a). Suppose paths =
path. The simplified statement:

Vpath, .qq, Poth o, paths_.caq, W', €' view'.
path < path,..., < path p < paths_,..qq N
tape(path,..,q) = R (sat com w’) A tape(path p) = F com LD A
tape(paths_,..q) = R (sat com (tid, path,wr ¢’ : _)) A
view' = a.Hyjew(w'.tid, w'.path) # 1 =
view' (¢) < 7.

The statement is one of the requirements we used to choose 7, so it holds.
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» Lemma J.2. Vi, 4, tid,a, t, Z.ort (0, 9, k, tid, a, t), t.promises = ().

Proof. Fix k,d, tid,a,t. From Z.e+(0, d, k, tid, a, t) we know that t.path = last-write-com(a.tapef (tid)) :
k, as length(t.path) = length(last-write-com(a.tapef(tid))) + 1.
Suppose L : valQ7, view) € t.promises. By Lem-2-cert (tid, a,t), Jview’ > view, path >
t.path. W (com __ £ val) = a.tapef (tid, path). path > t.path > last-write-com(a.tapef (tid)) —
a contradiction. <

» Lemma J.3. Vn, 0, k, tid, a, t.Zeert(n, 0, k, tid, a, t) = certifiableyq(t).

Proof. Induction over n by Lemma J.1 and Lemma J.2. |

» Theorem J.4. V(a,p) € Tpase.a™® AR—M>* a = certifiable(p).
Proof. Fix tid, tape £ a.tapef(tid).
Some notations:

k
n

last-write-com(tape).last + 1;
length(last-write-com(tape) : k) — length(t.path).

> 1>

Let’s check that Zeert(n, Apath. L, k, tid,a, t) holds. More notations:

last-write-com(tape);
pathlast—wcom : k‘;
Apath. L.

pa‘thlast—wcom

pa’thnext—last
)

(> 1> >

We have to show:
ainit * q A
ARM
t.path < pathegiast N\ (0 = length(path o 1ase) — length(t.path)) A
(Vpath'. t.path < path’ < path ,eq s =
(emds|path’ last] € {“if _ goto _”,“dmb _"} = tape(path’) is committed) A
tape(path’) has a fully determined address A
—emds[path’ Jast] = “dmb SY”) A
(Vpath” | path’, stread-
path” > path’ > t.path A tape(path’) = R stread A Stread 7 Sat com _ =
tape(path”) #F ) A
(Vpath' > t.path, (path’) = L) A
(tld, a, t) S Imem—l—com—cert N z-mem—2—celrt N Istate—cert N IWrite—rel—cer‘c N Iview-write-cert A
(67 tid, a, t) S Imem—l—tid—cert N I5—con—1 N I5—con—2 N Iview—read—cert A
(5a tid, a) S I&—con—3 N Ié—con—4-

The following obviously holds:
ail’lit * aA
ARM

t.path < path e iast N (0 = length(path o 1se) — length(t.path)) A
(Vpath' > t.path, (path’) = L).

The following holds as committed memory instructions can’t be restarted by the ARM
machine and requirements of the Fence commit transition:

Vpath”, path’, stread.
path” > path’ > t.path A tape(path’) = R stiead A Stread 7 Sat com =
1
tape(path”) #F _
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The following holds as committed memory instructions can’t be restarted by the ARM
machine, requirements of the Write commit transition, and Z.om-sy(a, p):

Vpath'. t.path < path’ < path e . =
(emds[path’.last] € {“if __ goto _",“dmb _"} = tape(path’') is committed) A
tape(path’) has a fully determined address A —cmds[path’.last] = “dmb SY?.

(6, tid,a) € Tscon-3 N Ls-cona and (0, tid,a,t) € Ts.con-1 N Ls-con-2 N Zmem-1-tid-cert 10ld as
d = Apath. L. Tyiew-read-cert (9, tid, a,t) follows from & = Apath. 1 and Theorem 8.2.

Tinem-1-com-cert (14d, &, 1), Tinem-2-cert (tid, a, t), and Zsate-cert (tid, a, t) directly follow from
Tmem1 (2, D), Zmem2(a,p), and Zgate(a, p) respectively. Zyrite-rel-cert (t9d, a,t) follows from
Tiiew(a, p) and a fact that all reads before a committed fence are committed in the ARM
machine. Zyjow-write-cert (tid, &, t) follows Zyiew(a, p) and Theorem 8.2.

After we showed Zeert(n, 0, k, tid, a, t) we apply Lemma J.3. <

69:71
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