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Models, not implementations!



Listing 1 Acceplor implementalion,
Lol acceplor learmers acdr =
let skl =~ socket [) din
socketbind skt addr,
let maxBal -~ ref Nome in
Let maxval - ref Nome in
Lel rec Loop () =
let (n, srdr) = recelvelrom sS4t in
watch acceptor_deser m with
| inl Lal =»
if '‘waxEal - Nome ||
Dpticn.get InaxBal = bal then
maxdal .~ Some zal;
sendte skt
(preposer_zer (bal, Imaxval)) srdr
else (]
| inr (2al, v] =>
it ‘waxBal = None ||
Dpticn.get !naxBal <= bal then
maxdal := Some 2al:
maxVal .~ Some 3ccept:
sendtce_a.l skt learners
(learner_ser (bal, v}
else (]
end;: loop () in loez [)
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Lisling 2. Proposer implementalion,
Ll propuser acceplors skt Lal v =
semdlo_all skl acceptlors
{acceptor_ser (inl bal)});
let majority -
{set.carcinal acceptors) / 2 4+ 1 in
let promises -
recv_promises skt majority bal im
et max_pronise =
tind_max_promise gromises in
let av = Opticn.value max promise v in
sendto_all skt acceptors
{acceptor_ser (inr (bal, av)))

Listing 3. Clien! implementalion.

let client addr =
Let skt = socket () im
socketbind skl addr;
1et (01, sndrl) - receivefror skt in
et (L, vl) - client_deser nl in
1ot (n2, ) - wait_receivefrom skt

{tfunm (-, sndr2), sndrZ == sndrl) in

\et (., vZ) - client.deser n2 in
assert (vl = v, vl.

How do we connect implementations to more abstract models?
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Transport properties?
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... using lIris, obviously




Outline

> The Trillium methodology
> Case study: Single-decree Paxos using a TLA+ model

> Case study: Fair termination of a concurrent program

We also show eventual consistency of a CRDT; see the paper for more details
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Running Example

let rec inc_loop () =

let n = !¢ 1n
cas(¢, n, n + 1); .
inc_loop () @ @ @ )
in
inc_loop () || inc_loop ()

inc Minc



Definition
Given relation btw. traces ¢

execution trace T (hon-empty sequence of configurations)
model trace K (hon-empty sequence of model states)

T is a history-sensitive refinement of K under & whenever

A —

T 3¢k =&(1,k) AVe. last(T) - ¢c=30.7-¢c Ze k-0

holds coinductively.






T ek =E(T, k) AVe. last(t) = c=30.7-c 3¢ k-0




Running Example

For our running example, we pick
Einc(T, k) = heap(last(7))(£) = last(k) A stuttering (k)

where
stepping relation of the STS

'4

last(k') = 0 V last(k') =m0 Ifk=kK -0

stuttering(k) = ,
True otherwise

which reduces refinement to a notion of simulation.
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Trillium

On top of the standard Iris base logic, we introduce two new connectives

wp™Me {Q} Model(d : M)

where M = (A, — ) is some STS.
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Trillium

The weakest precondition theory satisfies all the usual rules and

{Pre{Q}™ 0—md"  Atomic(e) egVal
{P  Model(6)} € {Q * Model(5') 1M N

ensures that we relate a
program step with a single
model step

using the usual encoding of Hoare triples.
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Running Example

We show

—N—
L]

n.{ — n x Model(n) } inc {False}”Vli:

which implies the refinement relation.
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Theorem (Adequacy) The set {6 |&(m- ¢,x-0)} is finite

/

Let € be a program, o a state, 0 a model state and £ finitary trace relation.
Suppose

= S((e,0),8) *wpile {@} * AlwaysHolds ()

then e is safe and (e, o) Z¢ d holds in the metalogic, where

AlwaysHolds(&) 2 V71, k. (...) —* b E(T, k)
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Paxos by Refinement

1. Instantiate Trillium with AnerisLang, recovering the Aneris logic.

2. Find a suitable model: we pick Lamport's TLA+ specification, manually
translate it into Cog, and prove it correct.

3. Show node-local specs for each ‘role’ (proposer, acceptor, learner) under a
suitable invariant; compose spec for a distributed system

4. Prove consensus for the implementation by combining the refinement with
the model correctness theorem
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Paxos TLA+ Model

» States (S, B, V) where S € P(PaxosMessage) is the set of sent messages
> [ransitions, e.q.,

msgla(b) € S b> B(a) V(a) = o
S,B,V —spp SU{msglb(a,b,0)}, Bla — Some(b)],V

THEOREM 3.1 (CoNsISTENCY, SDP MODEL). Let ispp = (0,A_. None, A_. None). If ispp —
(S, B,V) and both Chosen(S,v,) and Chosen(S, v,) hold then v, = v,.

*
SDP
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Paxos Specs

{Ispp * MaxBal, (a, None) * MaxBal, (a, None) x ...} (ip; acceptor L a) {False}
{Ispp * pending(b) * ...} (ip; proposer A skt b v) {True}

where

Ispp

S,B,V.Model(S, B,V) * Msgs, (S) * MaxBal, (B) *

/

resolves underspecified
aspect of the model

‘Av'.msga(b,v’) € ST Quorum(Q) ShowsSafeAt(S, Q, b, v)

S.B. Y —gpp SU{msg2a(b.v)},B,V

B—
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maps model messages to sent
messages in the implementation



Paxos Refinement

Pick

1S. last(k) = (S, _, _) N messages(last(T)) ~ S N stuttering(x)

and combine the refinement with the model consensus theorem to conclude

COROLLARY 3.2. Let e be a distributed system obtained by composing n proposers, m accep-
tors, and k learners. For any T and o, if (e;0) —* (T;0) and both Chosenl(messages(c),v,) and
Chosenl ( messages(o),v2) hold then vy = v,.
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Safety of Clients

The model is embedded as a resource in the logic so we can also exploit
oroperties of the model while proving specifications.

let client addr =
/] ...
{ISDP X .. } <ip; client a> { : } let (_, vl) = client_deser ml 1in

let (_, v2) client_deser m2 1in
assert (vl = v2):; vl.
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Fair termination

Termination of every execution is too strong a notion for most concurrent programs.

Most concurrent programs only terminate if the scheduler is fair.

let rec yes b n =1f cas b 1 0 then n := !n-1;
if 'n > 0 then yes b n

let rec nobm=1f cas b 0 1 then m := Im-1;
if 'm > 0 then no b m

let start k = let b = ref 0 1in
(yes b (ref k) || no b (ref k))
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Fair termination

A program trace is fair if its finite, or if its infinite and every reducible thread eventually
takes a step.

A program is fairly terminating it all its fair traces are finite.

But termination is a liveness property???
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Fair termination

We prove fair termination by constructing a fairness-preserving and termination-
preserving refinement:

[ —

~or all program traces T there exists a model trace K such that

a particular kind of model with
'roles’ that allows us to talk about
fairness model traces being 'fair’

fair termination
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Fair termination

We prove fair termination by constructing a fairness-preserving and termination-
preserving refinement:

[ —

~or all program traces T there exists a model trace K such that

fairness fairness
““--ll ll....... ““‘lll-l lllll.....

N by e® Ya,
o’ : A ¢ : A
'. “ .. “

.. “ .. “‘
‘ ...IIIIII““‘ P TTE L L
fair termination fair termination

a lifted notion of model with fuel to
make sure threads don’t ‘starve’ roles
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Summary

> Trillium: a framework for showing history-sensitive refinement of programs and
abstract models

> Safety and liveness properties of models can be transported to the
implementation

> |Instantiation with AnerisLang and HeaplLang:

- Consensus of single-decree Paxos
- Eventual consistency of a CRDT
- Fair termination of a concurrent program
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Semantics of the Weakest Precondition

We generalise the notion of state interpretation to trace interpretation
S : Trace(Cfg) x Trace(Arq) — IProp
and define

wpz'e {0} £ (eeVal x 2.P(e))V
(e Zval « V7.7 ko K,T,T5.

valid(7) x 7 = (7" - (11 + Kle] H T3,0)) * S(7, k) = :

reducible(e, o) *

|}

(\v’ez,ag,e}. (e,0) = (e2,02,€F) —* > 0eE

30.S(7 - (T1 + Klea) H To H€5,0"), k- 0) *

wp2tes (@} >l< wpz' ¢’ {True}))

e'cey




Remark

The standard Iris WP doesn't allow us to prove this kind of refinement.
We could prove, e.g.,

{3n. 0= nxn: MoNoNaT " }inc{.. .}

|
.- - |

but this spec would also be satistied by, e.g.,

let rec inc_loop () =
let n = !/ 1n
cas(/, n, n + 2);
inc_loop ()
in
inc_loop () || inc_loop ()



Q1bv(S,0,b) = {me S | da,v.m = msglb(a, b, Some(v)) A a € Q}
HavePromised(S,Q,b) = Va € Q.dm € S,0.m = msg1b(a, b, 0)
IsMaxVote(S, Q, b,v) = Idmy € Q1bu(S, Q, b), ag, by. m = msg1b(ay, b, Some(by,v))A
Vm’' € Q1bo(S, O, b).
da’,b’,0". m’ = msgib(a’, b,Some(b’,v")) Aby > b’
ShowsSafeAt(S, Q, b,v) = HavePromised(S, Q,b) A (Q1bu(S,Q,b) =0 Vv IsMaxVote(S, Q, b, v))

SDP-PHASE1A SDP-PHASELB
msgla(b) € S b > B(a) V(a)=o
S, B,V —spp SU{msgla(b)}, B,V S, B,V —spp SU {msglb(a,b,0)},B[a — Some(b)],V

SDP-PHASE2A
A’ . msgla(b,v’) € S Quorum(Q) ShowsSafeAt(S, Q, b, v)

S,B,V —spp S U{msg2a(b,v)}, B,V

SDP-PHASEZ2B
msga(b,v) € S b > B(a)

S, B,V —gpp S U {msg2b(a,b,v)},B[a+ Some(b)],V[a+ Some(b,v)]




Components Formal system used

. . Simple
Liveness properties, e.g., strong Areuments
eventual consistency of CRDTs formagiized in Coq
Functional e
Program refinements Adequacy of Trillium
2PC, Paxos, CRDTs, ... Trillium proof rules
HeaplLang in-

stantiation Aneris instantiation Iris base logic &
illi Trillium proof
of Trillium Program ules

of Trillium
............................................................................. > [ogic
designer

The foundation we build upor Iris base logic & Iris proof mode Coq

Liveness properties, e.g., termi-
nation of concurrent programs
Functional

Iris proof rules



