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Hey, would you like to do 
some Research in 

Programming Languages?
Wow, that sounds exciting!



“Tracking the Flow of Ideas through the Programming Languages Literature”, Greenberg et al., SNAPL 2015 

•Object-oriented software development

•Models and Modeling

•Language Design

•Parallelism

•Program Logics

•Applications (systems, networking, AI/ML)

•Analysis of Concurrent Programs

•Object-Oriented Programming

•Correctness

•Verification

•Type Systems

•Program Analysis

•Components and APIs

•Garbage Collection

•Array Processing

•Semantics of concurrent programs

•Low-level compiler optimisations

•Parsing 

•Resource management

•Compiler optimisations

Research in Programming Languages



 Language Design 

 Applications (systems, etc.) 

 Correctness

        — how to encode reusable abstractions 

                       — how to combine them into systems 

— how to scale the verification efforts
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Verification



Compositional Software 
Verification

Tomorrow!



Composition:  
A Way  to Make Proofs Harder      

In 1997, the unfortunate reality is that engineers rarely specify and reason formally 
about the systems they build.  

It seems unlikely that reasoning about the composition of open-system 
specifications will be a practical concern within the next 15 years. 

When distracting language features are removed and the underlying mathematics 
is revealed, compositional reasoning is seen to be of little use. 

Leslie Lamport, 1997



Compositional Software 
Verification

uncovering the mathematics 
inside Programs

is
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This Talk

Composing Proofs about  
Distributed Programs
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higher-order functions
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⇥,+,�N
nY

i=1

f(i)

n! =
nY

i=1

i

kn =
nY

i=1

k

Theorem: ∀ n > 1,  r(n) ∈ ℕ ⋀ r(n) > 0.

r(n) = nn � n!

Corollary: ∀ n > 1,  r(n) ≥ 0.

fact n = product [1..n]

nat *, +, - product

pow k n = product (replicate n k)

r n = pow n n - fact n

Theorem: ∀ n > 1, r n : nat ⋀ r n > 0.

Corollary: ∀ n > 1, r n ≥ 0.



Functional (Declarative) Programming

Programs are functions that manipulate with values.

Verification: proving theorems about function compositions.
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int pow(int k, int n) {
  int result = 1;
  int term = k;
  while (n) {
    if (n & 1) result *= term;
    term *= term;
    n = n >> 1;
  }
  return result;
}

int fact(int n) {
  if (n <= 0) return 1;
  int i = 1, f = 1; 
  while (i <= n) {
    f = f * i;
    i++;
  }
  return f;
}



int x, y, z;
int r(int n) { 
 x = fact(n);
  y = pow(n, n);
  z = y - x;
  return z;
}

int pow(int k, int n) {
  int result = 1;
  int term = k;
  while (n) {
    if (n & 1) result *= term;
    term *= term;
    n = n >> 1;
  }
  return result;
}

int fact(int n) {
  if (n <= 0) return 1;
  int i = 1, f = 1; 
  while (i <= n) {
    f = f * i;
    i++;
  }
  return f;
}



int fact(int n) {
  if (n <= 0) return 1;
  int i = 1, f = 1; 
  while (i <= n) {
    f = f * i;
    i++;
  }
  return f;
}

int pow(int k, int n) {
  int result = 1;
  int term = k;
  while (n) {
    if (n & 1) result *= term;
    term *= term;
    n = n >> 1;
  }
  return result;
}

Sub-programs are no longer mathematical functions:  
their result is their effect on the state of memory!

int x, y, z;
int r(int n) { 
 x = fact(n);
  y = pow(n, n);
  z = y - x;
  return z;
}



Theorem: ∀ n > 1,  r(n) ∈ ℕ ⋀ r(n) > 0.

int x, y, z;
int r(int n) { 
 x = fact(n);
  y = pow(n, n);
  z = y - x;
  return z;
}

Morally, still “holds”, but the “proof” requires  
unfolding all definitions and symbolically executing the code.



Imperative (Systems) Programming

Programs are step-wise state transformers.

Verification: proving theorems about sequences of state modifications.



Imperative Programming

Programs are step-wise state transformers.

Declarative

functions (state → state)

net effects of

Verification: proving theorems about sequences of state modifications.



Program Logics
(aka Type Theories for Imperative Programming)



Program Logics

Robert W. Floyd (1967) Tony Hoare (1969)



Program Logics
{ P }  c  { Q }

precondition postcondition

x := 3; x := 5{ True } { x = 5 }Example: 

program (code)

If the initial state satisfies P,  then  
the program c is safe to run and its final state satisfies Q.



Program Logics

{ P[e/x] }  x := e { P }     (Assign)

{ P } c1 { Q }     { Q } c2 { R }         ————————————  (Seq)
{ P } c1; c2 { R }

P ⇒ P1      { P1 } c { Q1 }    Q1 ⇒ Q
                ———————————————    (Conseq) 

{ P } c { Q } 

{ P ⋀ e }  c1 { Q }     { P ⋀ ¬e }  c2 { Q }
              —————————————————   (Cond)

{ P }  if e then c1 else c2 { Q }

{ I ⋀ e } c { I }
               ————————————    (While)

{ I }  while e do c { I ⋀ ¬e }



Program Logics in Action

int x, y, z;
int r(int n) { 
 x = fact(n);
  y = pow(n, n);
  z = y - x;
  return z;
}



int x, y, z;
int r(int n) {  

  x = fact(n);  

  y = pow(n, n);

 
  z = y - x;

  return z; }

Program Logics in Action
 fact(n){ n ≥ 1 } { res = n! }  pow(k, n){ n ≥ 1 } { res = kn }

{ n > 1 }

{ n > 1 ⋀ x = n! }

{ n > 1 ⋀ x = n! ⋀ y = nn }

(Assign & Seq)

(Assign & Seq)



int x, y, z;
int r(int n) {  

  x = fact(n);  

  y = pow(n, n);

 
  z = y - x;

  return z; }

Program Logics in Action

{ n > 1 }

{ n > 1 ⋀ x = n! }

{ n > 1 ⋀ x = n! ⋀ y = nn }

{ n > 1 ⋀ x = n! ⋀ y = nn ⋀ z = nn - n! }

 fact(n){ n ≥ 1 } { res = n! }  pow(k, n){ n ≥ 1 } { res = kn }

(Assign & Seq)



int x, y, z;
int r(int n) {  

  x = fact(n);  

  y = pow(n, n);

 
  z = y - x;

  return z; }

Program Logics in Action

{ n > 1 }

{ n > 1 ⋀ x = n! }

{ n > 1 ⋀ x = n! ⋀ y = nn }

{ n > 1 ⋀ res = nn - n! }

 fact(n){ n ≥ 1 } { res = n! }  pow(k, n){ n ≥ 1 } { res = kn }

(Conseq)



r(n)

Program Logics in Action

{ n > 1 }

{ n > 1 ⋀ res = nn - n! }

{ res ∈ ℕ ⋀ res > 0 }(Conseq)

 fact(n){ n ≥ 1 } { res = n! }  pow(k, n){ n ≥ 1 } { res = kn }



r(n)

Program Logics in Action

{ n > 1 }

{ res ∈ ℕ ⋀ res > 0 }

Theorem: ∀ n > 1,  r(n) ∈ ℕ ⋀ r(n) > 0.

 fact(n){ n ≥ 1 } { res = n! }  pow(k, n){ n ≥ 1 } { res = kn }



Program Logics

Imperative programming → declarative programming (math)

“Saying what a program does without saying how it does it.”

Hide implementation details.
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Separation Logic: A Logic for Shared Mutable Data Structures

John C. Reynolds∗

Computer Science Department
Carnegie Mellon University
john.reynolds@cs.cmu.edu

Abstract

In joint work with Peter O’Hearn and others, based on
early ideas of Burstall, we have developed an extension of
Hoare logic that permits reasoning about low-level impera-
tive programs that use shared mutable data structure.

The simple imperative programming language is ex-
tended with commands (not expressions) for accessing and
modifying shared structures, and for explicit allocation and
deallocation of storage. Assertions are extended by intro-
ducing a “separating conjunction” that asserts that its sub-
formulas hold for disjoint parts of the heap, and a closely
related “separating implication”. Coupled with the induc-
tive definition of predicates on abstract data structures, this
extension permits the concise and flexible description of
structures with controlled sharing.

In this paper, we will survey the current development of
this program logic, including extensions that permit unre-
stricted address arithmetic, dynamically allocated arrays,
and recursive procedures. We will also discuss promising
future directions.

1. Introduction

The use of shared mutable data structures, i.e., of struc-
tures where an updatable field can be referenced from more
than one point, is widespread in areas as diverse as systems
programming and artificial intelligence. Approaches to rea-
soning about this technique have been studied for three
decades, but the result has been methods that suffer from ei-
ther limited applicability or extreme complexity, and scale
poorly to programs of even moderate size. (A partial bibli-
ography is given in Reference [28].)

The problem faced by these approaches is that the cor-
rectness of a program that mutates data structures usually

∗Portions of the author’s own research described in this survey were
supported by National Science Foundation Grant CCR-9804014, and by
the Basic Research in Computer Science (http://www.brics.dk/)
Centre of the Danish National Research Foundation.

depends upon complex restrictions on the sharing in these
structures. To illustrate this problem, and our approach to
its solution, consider a simple example. The following pro-
gram performs an in-place reversal of a list:

j := nil ; while i ̸= nil do

(k := [i + 1] ; [i + 1] := j ; j := i ; i := k).

(Here the notation [e] denotes the contents of the storage at
address e.)

The invariant of this program must state that i and j are
lists representing two sequences α and β such that the re-
flection of the initial value α0 can be obtained by concate-
nating the reflection of α onto β:

∃α, β. list α i ∧ list β j ∧ α†
0 = α†·β,

where the predicate list α i is defined by induction on the
length of α:

list ϵ i
def= i = nil list(a·α) i

def= ∃j. i ↪→ a, j ∧ list α j

(and ↪→ can be read as “points to”).
Unfortunately, however, this is not enough, since the pro-

gram will malfunction if there is any sharing between the
lists i and j. To prohibit this we must extend the invariant to
assert that only nil is reachable from both i and j:

(∃α, β. list α i ∧ list β j ∧ α†
0 = α†·β)

∧ (∀k. reach(i, k) ∧ reach(j, k) ⇒ k = nil),
(1)

where

reach(i, j) def= ∃n ≥0. reachn(i, j)

reach0(i, j)
def= i = j

reachn+1(i, j)
def= ∃a, k. i ↪→ a, k ∧ reachn(k, j).

Even worse, suppose there is some other list x, repre-
senting a sequence γ, that is not supposed to be affected by

Program Logics in Academia and Industry
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push x{ S = xs } { S′= x :: xs }

pop(){ S = xs }

Suitable for sequential programming 

{    res = ⊥ ⋀ S = Nil
  ⋁ ∃x, xs′. res = x ⋀  
                xs = x :: xs′ ⋀ S′ = xs′ } 

Abstract Specifications of a Stack



push x{ S = xs } { S′= x :: xs }

pop(){ S = xs } {    res = ⊥ ⋀ S = Nil
  ⋁ ∃x, xs′. res = x ⋀  
                xs = x :: xs′ ⋀ S′ = xs′ } 

Breaks composition in the presence of thread interference.

Abstract Specifications of a Stack



y := pop();

{ y = ??? }

{ S = Nil }



y := pop();

{ y ∈ {⊥} ∪ {1, 2} }

��������

��������

push 1;

push 2;

{ S = Nil }



y := pop();

{ S = Nil }

{ y ∈ {⊥} ∪ {1, 2, 3} }

push 1;

push 2;
push 3;

��������

��������

��������

��������

No proof reuse

(not thread-modular)



A reusable specification for pop?

y := pop();

{ y = ??? }

{ S = Nil }



Program Logics for Concurrency
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(2017)



FCSL: Fine-grained 
Concurrent Separation Logic

Nanevski, Ley-Wild, Sergey, Delbianco [ESOP’14]



The main idea of FCSL

Capture the effect of self, 
abstract over the effect of others.

(aka Subjective specifications)



y := pop();

{ y = ⊥ ⋁ y = v, where v ∈ pushed(Ho) }

{ Hs = ∅ }

•Hs — “ghost history” of my pushes/pops to the stack
•Ho — “ghost history” of pushes/pops by all other threads

Subjective stack specifications

what I popped depends 
on what the others have pushed

| {z }

Sergey, Nanevski, Banerjee [ESOP’15]



push x{ S = xs } { S′ = x :: xs }

Atomic stack specifications



x :: xsxs

“abstract timestamp”

tk    →   

Atomic stack specifications



tk    →   
tk+1   → 

tk+2   → 
tk+3   → 

…
…

tk+n   → |
{z

}

abstract time increases at  
every concrete push/pop operationtk+4   → 



Changes by this thread Changes by other threads

tk+4   → 

tk+1   → 

tk+3   → 

tk+n   → 

tk    →   

tk+2   → 

…
…



push x

Cstack ⊢ { ∃t, xs.  Hs = t ↦ (xs, x::xs) ⋀ H ⊆ Ho ⋀ H < t }

Abstract Concurrent Stack Specification

{ Hs = ∅ ⋀ H ⊆ Ho }

self-contribution is a single entry timestamp t allocated during the call

∀ H,



y := pop();

{ S = Nil }

push 1;

push 2;
push 3;

��������

��������

��������

��������



push 1;

push 2;

{ Hs = ∅ }

{ Hs = t1 ↦ (xs, 1::xs) }

{ Hs = t1 ↦ (xs, 1::xs) ⊕ t2 ↦ (ys, 2::ys) }



push 1;

push 2;

{ Hs = ∅ }

{ Hs = t1 ↦ (xs, 1::xs) }

{ Hs = t1 ↦ (xs, 1::xs) ⊕ t2 ↦ (ys, 2::ys) }



push 1;

push 2;

{ Hs = ∅ }

{ Hs = t1 ↦ (xs, 1::xs) }

{ Hs = t1 ↦ (xs, 1::xs) ⊕ t2 ↦ (ys, 2::ys) }

push 3;

��������

��������

{ Hs = ∅ }

{ Hs = t3 ↦ (zs, 3::zs) }



{ Hs = t1 ↦ (xs, 1::xs) ⊕  
         t2 ↦ (ys, 2::ys)  }

{ Hs = t3 ↦ (zs, 3::zs) }

push 1;

push 2;
push 3;

��������

��������

{ Hs = ∅ }
{ Hs = ∅ }

y := pop();

��������

��������

{ Hs = ∅ }

{ y ∈ {⊥} ∪ pushed(Ho) }



{ Hs = t1 ↦ (xs, 1::xs) ⊕  
         t2 ↦ (ys, 2::ys)  }

{ Hs = t3 ↦ (zs, 3::zs) }

push 1;

push 2;
push 3;

��������

��������

{ Hs = ∅ }
{ Hs = ∅ }

y := pop();

��������

��������

{ Hs = ∅ }

{ y ∈ {⊥} ∪ pushed(Ho) }
1
2

3



{ Hs = t1 ↦ (xs, 1::xs) ⊕  
         t2 ↦ (ys, 2::ys)  }

{ Hs = t3 ↦ (zs, 3::zs) }

push 1;

push 2;
push 3;

��������

��������

{ Hs = ∅ }
{ Hs = ∅ }

y := pop();

��������

��������

{ Hs = ∅ }

{ y ∈ {⊥} ∪ {1, 2, 3} }



Spin-lock Ticketed lock

Allocator

Increment

Abstract lock

Treiber stack

Producer/ConsumerSequential stack

Flat combiner

FC stack

Composing Verified Concurrent Libraries

Concurrent Graph
Manipulations

Sergey, Nanevski, Banerjee, Delbianco [PLDI’15, OOPSLA’16, ECOOP’17]
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Composing Verified Concurrent Libraries
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Composing Proofs about Programs
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interference Program Logics + 
Subjectivity

asynchronous message delivery 
unbounded delays 

lack of synchronisation 
network faults and partitions



Distributed Systems



Distributed Infrastructure



Distributed Applications



Verified Distributed Systems



Verified Distributed Infrastructure

-Cert

Veri-

Iron

Wow



Verified Distributed Applications

-Cert

Veri-

Iron

Wow



-Cert

Veri-

Iron

Wow

Challenge: Horizontal Compositionality 

Verify applications without re-verifying the services.  

One node’s client is another node’s server.

Verified Distributed Applications



Cloud Compute

SC

21



Cloud Compute



Cloud Compute
while true: 
  (from, n) <- recv Req 
  send Resp(n, factors(n)) to from

: Server

Traditional specification: 
    messages from server have correct factors 

Proved by finding an invariant of the system



Cloud Compute: Server



Cloud Compute: Client



Cloud Compute: Client
send Req(21) to server 
(_, ans) <- recv Resp 
assert ans == {3, 7}

Start over with clients in system?

Idea: use protocol to describe client interface



Protocols



Protocols

A protocol is an interface among nodes

Enables compositional verification



Distributed Systems 
implement 

Interaction Protocol s



Compositional Reasoning  
about Distributed Systems 

requires  
a Protocol -Aware 

Program Logic



Cloud Compute Protocol

State:

Transitions:

Messages:

Sends: precondition and effect
Receives: effect



Cloud Compute Protocol

Req

State:

Transitions:

outstanding: Set<Msg>

Messages: Req(n) | Resp(n,s)

Sends: 
Receives: 

Resp

Req Resp



Cloud Compute

SC

Req(21)

Effect: none

Send Req(n)
Precondition: none



Cloud Compute

SC

Req(21)

Effect:

Receive Req(n)
add (from, n) to out

{ }(C,21)



Cloud Compute

SC

Resp({3,7})

Effect: removes (n,to) from out

Send Resp(n,l)

Requires: l == factors(n)

(n,to) in out

{ }



Cloud Compute

SC

Resp({3,7})

Recv Resp(n,l)

Effect: none

{ }



Cloud Compute Protocol

Req

State:

Transitions:

outstanding: Set<Msg>

Messages: Req(n) | Resp(n,s)

Sends: 
Receives: 

Resp

Req Resp



Disel: Distributed Separation Logic

A Protocol-Aware program logic for distributed programs.

Sergey, Wilcox, Tatlock [POPL’18]

{ P }  c  { Q }`n



{ P }  c  { Q }`
per-node implementationprotocol model

If the initial state satisfies P,   
then the code c is safe to run and the final state satisfies Q.

n



If the initial state satisfies P,  
then the code c run by n  

does not violate the protocol on the left of ⊢,
and the final state satisfies Q.

{ P }  c  { Q }`
per-node implementation

n

protocol model



Disel by Example



Cloud Compute
while true: 
  (from, n) <- recv Req 
  send Resp(n, factors(n)) to from

: Server

Precondition on send requires correct factors



Cloud Compute: Server

Precondition on send requires correct factors

` send   m to ht

t 2

{ }tsent ( )m h,send m to h{Pre }t

while true: 
  (from, n) <- recv Req 
  send Resp(n, factors(n)) to from



Cloud Compute: Client
send Req(21) to server 
(_, ans) <- recv Resp 
assert ans == {3, 7}

recv doesn’t ensure correct factors



Cloud Compute: Client
t 2

` recv  t{>} m {recvd( )}m

send Req(21) to server 
(_, ans) <- recv Resp 
assert ans == {3, 7}

recv doesn’t ensure correct factors



Protocol Invariants

`{P} c {Q}

`{P ^ I} c {Q ^ I}0

I inductive

Protocol where every state satisfies I

Property of the Protocol,

proven independently  

of a program c



Cloud Compute: Client

t 2

Now recv ensures correct factors

` recv  t{>} m {recvd( )}m
0

send Req(21) to server 
(_, ans) <- recv Resp 
assert ans == {3, 7}

Inductive Invariant I ⇒   
“Responses contain correct factors” 



Cloud Compute: More Clients
send Req(21) to server1 
send Req(35) to server2 
(_, ans1) <- recv Resp 
(_, ans2) <- recv Resp 
assert ans1  ans2 == {3, 5, 7}[

Same protocol enables verification

Compute Instance 2

Compute Instance 1



`{P} c {Q} R stable

` {P R} c {Q R}⇤ ⇤

Reuse invariants from component protocols

independent protocols

Horizontal Composition: Frame Rule



`{P} c {Q} R stable

` {P R} c {Q R}⇤ ⇤

Horizontal Composition: Frame Rule with Hooks

Allows one protocol to restrict another
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FSL (2016)

Hobor-Gherghina 
(2011)

FSL++ 
(2017)

Disel (2018)

Aneris (2019)



• Cloud Calculator + Variations 
• Two Phase Commit: Invariants, Clients (Replicated Logging) 
• Paxos Consensus Protocol and its clients 
• Extraction and trusted shim implementation 

(verified systems can be run)

Disel: Case Studies and Applications



Paxos Consensus Protocol

• A practical fault-tolerant distributed consensus algorithm, allowing 
the majority of distributed parties have to agree on a single value 

• Invented by Leslie Lamport in 1990, published in 1998 

• Nowadays used everywhere: Google (Bigtable, Chubby), IBM, Microsoft 

• Requires multiple rounds of interaction



Single Run of Paxos for 
Agreeing on v1

P1A(1)

P1A(1)

P1A(1)

P1B(ok, ⊥, 0)

P1B(ok, ⊥, 0)

P1B(ok, ⊥, 0)

P2A(v1, 1)

P2A(v1, 1)

P2A(v1, 1)

P2B(ok)

P2B(ok)

P1A(3)

P1A(3)

P1A(3)

P1B(ok, v1, 1)

P1B(ok, ⊥, 0)

P2A(v1, 3)

P2A(v1, 3)

P2A(v1, 3)

P2B(ok)

P2B(ok)

Quorum 
assembled

|{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Value v1 
confirmed

|{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Quorum 
assembled-2

|{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Value v1 
accepted

|{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

N1

N2

N3



N1

N2

N3

{ log = [] } N1.run_paxos(v1); { log = [v1] } N1.run_paxos(v2); { log = [v1; v2] } N1.run_paxos(v3); { log = [v1; v2; v2] }

Agree on v3 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v2 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v1 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

From Single-Run Paxos to Multi-Paxos

From the perspective of N1:



Agree on v3 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v2 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v1 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

N1

N2

N3

{ log = [] }

N1.run_paxos(v1);

N1.run_paxos(v2);

N1.run_paxos(v3);

{ log = [v1; v2; v2] }

N1

N2

N3

From Single-Run Paxos to Multi-Paxos

This is not how Multi-Paxos works!



N1

N2

N3

N1

N2

N3

Agree on v1 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v2 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v3 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

{ log = [] }

N1.run_paxos(v1);

N1.run_paxos(v2);

N1.run_paxos(v3);

{ log = [v1; v2; v2] }

Multi-Paxos

From Single-Run Paxos to Multi-Paxos



N1

N2

N3

N1

N2

N3

Agree on v1 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v2 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v3 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

{ log = [] }

N1.run_paxos(v1);

N1.run_paxos(v2);

N1.run_paxos(v3);

{ log = [v1; v2; v2] }

Multi-Paxos

From Single-Run Paxos to Multi-Paxos

Challenge: Vertical Compositionality

Need to preserve logical specifications 
while changing the underlying protocol semantics, 

making the executions more efficient. 



N1

N2

N3

N1

N2

N3

Agree on v1 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v2 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v3 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

{ log = [] }

N1.run_paxos(v1);

N1.run_paxos(v2);

N1.run_paxos(v3);

{ log = [v1; v2; v2] }

Multi-Paxos

From Single-Run Paxos to Multi-Paxos

Challenge: Vertical Compositionality

Need to preserve logical specifications 
while changing the underlying protocol semantics, 

making it more efficient. 



N1

N2

N3

N1

N2

N3

Agree on v1 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v2 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

Agree on v3 |{z} <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit> <latexit sha1_base64="5YVhwikoxLV9dyhr9hPCwNWyo34=">AAACDnicbVBNS8NAEN34WetX1KOXxVLwVBIR9Fj04rGC/YAmlM1m0i7dbMLuRighv8CLf8WLB0W8evbmv3Hb5mBbHww83pthZl6Qcqa04/xYa+sbm1vblZ3q7t7+waF9dNxRSSYptGnCE9kLiALOBLQ10xx6qQQSBxy6wfh26ncfQSqWiAc9ScGPyVCwiFGijTSw614mQpCBJBRyLx0RoZM4JwsoioFdcxrODHiVuCWpoRKtgf3thQnNYhCacqJU33VS7edEakY5FFUvU5ASOiZD6BsqSAzKz2fvFLhulBBHiTQlNJ6pfydyEis1iQPTGRM9UsveVPzP62c6uvZzJtJMg6DzRVHGsU7wNBscMglU84khhEpmbsV0REw02iRYNSG4yy+vks5Fw3Ua7v1lrXlTxlFBp+gMnSMXXaEmukMt1EYUPaEX9IberWfr1fqwPueta1Y5c4IWYH39Ark0nSU=</latexit>

{ log = [] }

N1.run_paxos(v1);

N1.run_paxos(v2);

N1.run_paxos(v3);

{ log = [v1; v2; v2] }

Multi-Paxos

From Single-Run Paxos to Multi-Paxos

Challenge: Vertical Compositionality

Need to preserve logical specifications 
while changing the underlying protocol semantics, 

making it more efficient. 



“Compiling” Single-Run Paxos to Multi-Paxos

+
<latexit sha1_base64="Bp+HT0LgZs2AVO34jjezU/cBhnM=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8lV0R9FjUg8cK9gPbpWTTbBuaTZYkaylL/4UXD4p49d9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzdRvPjFtuJIPdpywICZ9ySNOiXXSY+dWjSTRWo26pbJX8WbAy8TPSRly1Lqlr05P0TRm0lJBjGn7XmKDjGjLqWCTYic1LCF0SPqs7agkMTNBNrt4gk+d0sOR0q6kxTP190RGYmPGceg6Y2IHZtGbiv957dRGV0HGZZJaJul8UZQKbBWevo97XDNqxdgRQjV3t2I6IJpQ60IquhD8xZeXSeO84nsV//6iXL3O4yjAMZzAGfhwCVW4gxrUgYKEZ3iFN2TQC3pHH/PWFZTPHMEfoM8fzYyQ/Q==</latexit><latexit sha1_base64="Bp+HT0LgZs2AVO34jjezU/cBhnM=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8lV0R9FjUg8cK9gPbpWTTbBuaTZYkaylL/4UXD4p49d9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzdRvPjFtuJIPdpywICZ9ySNOiXXSY+dWjSTRWo26pbJX8WbAy8TPSRly1Lqlr05P0TRm0lJBjGn7XmKDjGjLqWCTYic1LCF0SPqs7agkMTNBNrt4gk+d0sOR0q6kxTP190RGYmPGceg6Y2IHZtGbiv957dRGV0HGZZJaJul8UZQKbBWevo97XDNqxdgRQjV3t2I6IJpQ60IquhD8xZeXSeO84nsV//6iXL3O4yjAMZzAGfhwCVW4gxrUgYKEZ3iFN2TQC3pHH/PWFZTPHMEfoM8fzYyQ/Q==</latexit><latexit sha1_base64="Bp+HT0LgZs2AVO34jjezU/cBhnM=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8lV0R9FjUg8cK9gPbpWTTbBuaTZYkaylL/4UXD4p49d9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzdRvPjFtuJIPdpywICZ9ySNOiXXSY+dWjSTRWo26pbJX8WbAy8TPSRly1Lqlr05P0TRm0lJBjGn7XmKDjGjLqWCTYic1LCF0SPqs7agkMTNBNrt4gk+d0sOR0q6kxTP190RGYmPGceg6Y2IHZtGbiv957dRGV0HGZZJaJul8UZQKbBWevo97XDNqxdgRQjV3t2I6IJpQ60IquhD8xZeXSeO84nsV//6iXL3O4yjAMZzAGfhwCVW4gxrUgYKEZ3iFN2TQC3pHH/PWFZTPHMEfoM8fzYyQ/Q==</latexit><latexit sha1_base64="Bp+HT0LgZs2AVO34jjezU/cBhnM=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE8lV0R9FjUg8cK9gPbpWTTbBuaTZYkaylL/4UXD4p49d9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzdRvPjFtuJIPdpywICZ9ySNOiXXSY+dWjSTRWo26pbJX8WbAy8TPSRly1Lqlr05P0TRm0lJBjGn7XmKDjGjLqWCTYic1LCF0SPqs7agkMTNBNrt4gk+d0sOR0q6kxTP190RGYmPGceg6Y2IHZtGbiv957dRGV0HGZZJaJul8UZQKbBWevo97XDNqxdgRQjV3t2I6IJpQ60IquhD8xZeXSeO84nsV//6iXL3O4yjAMZzAGfhwCVW4gxrUgYKEZ3iFN2TQC3pHH/PWFZTPHMEfoM8fzYyQ/Q==</latexit>

“Executing Paxos on Different Architecture”

compile to a new network semantics

García-Pérez, Gotsman, Meshman, Sergey [ESOP’18]



“Compiling” Single-Run Paxos to Multi-Paxos

“Executing Paxos on Different Architecture”
4 <latexit sha1_base64="3U6mZIrWxnTO4gupnqSRjPZw7bg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF0xaaUCbTSTt0MonzEELob7hxoYhbf8adf+O0zUJbDwwczjmXufdEGWdKu+63U1lb39jcqm7Xdnb39g/qh0cdlRpJqE9SnspehBXlTFBfM81pL5MUJxGn3WhyO/O7T1QqlooHnWc0TPBIsJgRrK0UBDZMiJE8p4+DesNtunOgVeKVpAEl2oP6VzBMiUmo0IRjpfqem+mwwFIzwum0FhhFM0wmeET7lgqcUBUW852n6MwqQxSn0j6h0Vz9PVHgRKk8iWwywXqslr2Z+J/XNzq+DgsmMqOpIIuPYsORTtGsADRk9mTNc0swkczuisgYS0y0ralmS/CWT14lnYum5za9+8tG66asowoncArn4MEVtOAO2uADgQye4RXeHOO8OO/OxyJaccqZY/gD5/MHhveR/Q==</latexit><latexit sha1_base64="3U6mZIrWxnTO4gupnqSRjPZw7bg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF0xaaUCbTSTt0MonzEELob7hxoYhbf8adf+O0zUJbDwwczjmXufdEGWdKu+63U1lb39jcqm7Xdnb39g/qh0cdlRpJqE9SnspehBXlTFBfM81pL5MUJxGn3WhyO/O7T1QqlooHnWc0TPBIsJgRrK0UBDZMiJE8p4+DesNtunOgVeKVpAEl2oP6VzBMiUmo0IRjpfqem+mwwFIzwum0FhhFM0wmeET7lgqcUBUW852n6MwqQxSn0j6h0Vz9PVHgRKk8iWwywXqslr2Z+J/XNzq+DgsmMqOpIIuPYsORTtGsADRk9mTNc0swkczuisgYS0y0ralmS/CWT14lnYum5za9+8tG66asowoncArn4MEVtOAO2uADgQye4RXeHOO8OO/OxyJaccqZY/gD5/MHhveR/Q==</latexit><latexit sha1_base64="3U6mZIrWxnTO4gupnqSRjPZw7bg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF0xaaUCbTSTt0MonzEELob7hxoYhbf8adf+O0zUJbDwwczjmXufdEGWdKu+63U1lb39jcqm7Xdnb39g/qh0cdlRpJqE9SnspehBXlTFBfM81pL5MUJxGn3WhyO/O7T1QqlooHnWc0TPBIsJgRrK0UBDZMiJE8p4+DesNtunOgVeKVpAEl2oP6VzBMiUmo0IRjpfqem+mwwFIzwum0FhhFM0wmeET7lgqcUBUW852n6MwqQxSn0j6h0Vz9PVHgRKk8iWwywXqslr2Z+J/XNzq+DgsmMqOpIIuPYsORTtGsADRk9mTNc0swkczuisgYS0y0ralmS/CWT14lnYum5za9+8tG66asowoncArn4MEVtOAO2uADgQye4RXeHOO8OO/OxyJaccqZY/gD5/MHhveR/Q==</latexit><latexit sha1_base64="3U6mZIrWxnTO4gupnqSRjPZw7bg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF0xaaUCbTSTt0MonzEELob7hxoYhbf8adf+O0zUJbDwwczjmXufdEGWdKu+63U1lb39jcqm7Xdnb39g/qh0cdlRpJqE9SnspehBXlTFBfM81pL5MUJxGn3WhyO/O7T1QqlooHnWc0TPBIsJgRrK0UBDZMiJE8p4+DesNtunOgVeKVpAEl2oP6VzBMiUmo0IRjpfqem+mwwFIzwum0FhhFM0wmeET7lgqcUBUW852n6MwqQxSn0j6h0Vz9PVHgRKk8iWwywXqslr2Z+J/XNzq+DgsmMqOpIIuPYsORTtGsADRk9mTNc0swkczuisgYS0y0ralmS/CWT14lnYum5za9+8tG66asowoncArn4MEVtOAO2uADgQye4RXeHOO8OO/OxyJaccqZY/gD5/MHhveR/Q==</latexit>

Verified compilation:  
execution refinement



“Compiling” Single-Run Paxos to Multi-Paxos

4 <latexit sha1_base64="3U6mZIrWxnTO4gupnqSRjPZw7bg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF0xaaUCbTSTt0MonzEELob7hxoYhbf8adf+O0zUJbDwwczjmXufdEGWdKu+63U1lb39jcqm7Xdnb39g/qh0cdlRpJqE9SnspehBXlTFBfM81pL5MUJxGn3WhyO/O7T1QqlooHnWc0TPBIsJgRrK0UBDZMiJE8p4+DesNtunOgVeKVpAEl2oP6VzBMiUmo0IRjpfqem+mwwFIzwum0FhhFM0wmeET7lgqcUBUW852n6MwqQxSn0j6h0Vz9PVHgRKk8iWwywXqslr2Z+J/XNzq+DgsmMqOpIIuPYsORTtGsADRk9mTNc0swkczuisgYS0y0ralmS/CWT14lnYum5za9+8tG66asowoncArn4MEVtOAO2uADgQye4RXeHOO8OO/OxyJaccqZY/gD5/MHhveR/Q==</latexit><latexit sha1_base64="3U6mZIrWxnTO4gupnqSRjPZw7bg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF0xaaUCbTSTt0MonzEELob7hxoYhbf8adf+O0zUJbDwwczjmXufdEGWdKu+63U1lb39jcqm7Xdnb39g/qh0cdlRpJqE9SnspehBXlTFBfM81pL5MUJxGn3WhyO/O7T1QqlooHnWc0TPBIsJgRrK0UBDZMiJE8p4+DesNtunOgVeKVpAEl2oP6VzBMiUmo0IRjpfqem+mwwFIzwum0FhhFM0wmeET7lgqcUBUW852n6MwqQxSn0j6h0Vz9PVHgRKk8iWwywXqslr2Z+J/XNzq+DgsmMqOpIIuPYsORTtGsADRk9mTNc0swkczuisgYS0y0ralmS/CWT14lnYum5za9+8tG66asowoncArn4MEVtOAO2uADgQye4RXeHOO8OO/OxyJaccqZY/gD5/MHhveR/Q==</latexit><latexit sha1_base64="3U6mZIrWxnTO4gupnqSRjPZw7bg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF0xaaUCbTSTt0MonzEELob7hxoYhbf8adf+O0zUJbDwwczjmXufdEGWdKu+63U1lb39jcqm7Xdnb39g/qh0cdlRpJqE9SnspehBXlTFBfM81pL5MUJxGn3WhyO/O7T1QqlooHnWc0TPBIsJgRrK0UBDZMiJE8p4+DesNtunOgVeKVpAEl2oP6VzBMiUmo0IRjpfqem+mwwFIzwum0FhhFM0wmeET7lgqcUBUW852n6MwqQxSn0j6h0Vz9PVHgRKk8iWwywXqslr2Z+J/XNzq+DgsmMqOpIIuPYsORTtGsADRk9mTNc0swkczuisgYS0y0ralmS/CWT14lnYum5za9+8tG66asowoncArn4MEVtOAO2uADgQye4RXeHOO8OO/OxyJaccqZY/gD5/MHhveR/Q==</latexit><latexit sha1_base64="3U6mZIrWxnTO4gupnqSRjPZw7bg=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxmUF0xaaUCbTSTt0MonzEELob7hxoYhbf8adf+O0zUJbDwwczjmXufdEGWdKu+63U1lb39jcqm7Xdnb39g/qh0cdlRpJqE9SnspehBXlTFBfM81pL5MUJxGn3WhyO/O7T1QqlooHnWc0TPBIsJgRrK0UBDZMiJE8p4+DesNtunOgVeKVpAEl2oP6VzBMiUmo0IRjpfqem+mwwFIzwum0FhhFM0wmeET7lgqcUBUW852n6MwqQxSn0j6h0Vz9PVHgRKk8iWwywXqslr2Z+J/XNzq+DgsmMqOpIIuPYsORTtGsADRk9mTNc0swkczuisgYS0y0ralmS/CWT14lnYum5za9+8tG66asowoncArn4MEVtOAO2uADgQye4RXeHOO8OO/OxyJaccqZY/gD5/MHhveR/Q==</latexit>

{ log = [] }
N1.run_paxos(v1);

N1.run_paxos(v2);

N1.run_paxos(v3);

{ log = [v1; v2; v2] }

{ log = [] }
N1.run_paxos(v1);

N1.run_paxos(v2);

N1.run_paxos(v3);

{ log = [v1; v2; v2] }

✏
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Composing Proofs about Programs

Functional

Imperative

Concurrent

Distributed

Paradigm Challenges Tools

Types and Semanticshigher-order functions

state Program Logics

interference Program Logics + 
Subjectivity

asynchronous message delivery 
unbounded delays 

lack of synchronisation 
network faults and partitions

Program Logics + 
Protocols + 

Compiler optimisations



•Object-oriented software development

•Models аnd Modeling

•Language Design

•Parallelism

•Program Logics

•Applications (systems, networking, AI/ML)

•Analysis оf Сoncurrent Рrograms

•Object-Oriented Programming

•Correctness

•Verification

•Type Systems

•Рrogram Analysis

•Components аnd APIs

•Garbage Collection

•Array Processing

•Sеmantics оf concurrent programs

•Low-level compiler optimisations

•Parsing 

•Resource management

•Compiler optimisations

Research in Programming Languages



In Conclusion



Reusable and scalable verification efforts require 
proofs to compose along with the programs.

Search for composition unveils  
mathematics behind a program. 

PL research field provides the tools to do so.



Looking Ahead

•Compositional deductive program synthesis 
                                                        Polikarpova, Sergey [POPL’19]

•Layered verification of blockchain consensus implementations  
                                       Pirlea, Gopinathan, Sergey [CPP’18, CoqPL’19]

•Abstract specifications for Scilla smart contracts 
                      Sergey, Nagaraj, Johannsen, Kumar,  Trunov, Chan [WIP’19] 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