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Observation 
• unsynchronized traversal 
• undetected dangling readers 
• undetected deletion 

⟹ naive deletion unsafe
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SMR 
•  deferred deletion 
•  retire replaces delete 
•  threads issue protections
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void enqueue(data_t val) { 
Node* node = new Node(); 
node->data = val; 
node->next = null; 
while (true) { 

Node* tail = Tail; 

Node* next = tail-> next; 
if (Tail != tail) continue; 
if (next == null) { 

if (CAS(tail->next, null, node)) { 
CAS(Tail, tail, node); 

} 
} else { 

CAS(Tail, tail, next); 
} 

} 
}

struct Node { 
data_t data; 
Node* node; 

}

void init() { 
Head = new Node(); 
Head-> next = null; 
Tail = Head; 

}

shared: 
Node* Head; 
Node* Tail;

data_t dequeue() { 
while (true) { 

Node* head = Head; 

Node* tail = Tail; 
Node* next = head-> next; 

if (Head != head) continue; 
if (head == tail) { 

if (next == null) return empty_t; 
else CAS(Tail, tail, next); 

} else { 
data = head-> data; 
if (CAS(Head, head, next)) { 

return data; 
} 

} 
} 

}

37
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struct Node { 
data_t data; 
Node* node; 

}

void init() { 
Head = new Node(); 
Head-> next = null; 
Tail = Head; 

}

shared: 
Node* Head; 
Node* Tail;

void enqueue(data_t val) { 
Node* node = new Node(); 
node->data = val; 
node->next = null; 
while (true) { 

Node* tail = Tail; 
protect0(tail); 
if (Tail != tail) continue; 
Node* next = tail-> next; 
if (Tail != tail) continue; 
if (next == null) { 

if (CAS(tail->next, null, node)) { 
CAS(Tail, tail, node); 

} 
} else { 

CAS(Tail, tail, next); 
} 

} 
}

data_t dequeue() { 
while (true) { 

Node* head = Head; 
protect0(head); 
if (Head != head) continue; 
Node* tail = Tail; 
Node* next = head-> next; 
protect1(next); 
if (Head != head) continue; 
if (head == tail) { 

if (next == null) return empty_t; 
else CAS(Tail, tail, next); 

} else { 
data = head-> data; 
if (CAS(Head, head, next)) { 

retire(head); 
return data; 

} 
} 

} 
}

Lock-Free Queue
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struct Node { 
data_t data; 
Node* node; 

}

void init() { 
Head = new Node(); 
Head-> next = null; 
Tail = Head; 

}

shared: 
Node* Head; 
Node* Tail;

void enqueue(data_t val) { 
Node* node = new Node(); 
node->data = val; 
node->next = null; 
while (true) { 

Node* tail = Tail; 
protect0(tail); 
if (Tail != tail) continue; 
Node* next = tail-> next; 
if (Tail != tail) continue; 
if (next == null) { 

if (CAS(tail->next, null, node)) { 
CAS(Tail, tail, node); 

} 
} else { 

CAS(Tail, tail, next); 
} 

} 
}

data_t dequeue() { 
while (true) { 

Node* head = Head; 
protect0(head); 
if (Head != head) continue; 
Node* tail = Tail; 
Node* next = head-> next; 
protect1(next); 
if (Head != head) continue; 
if (head == tail) { 

if (next == null) return empty_t; 
else CAS(Tail, tail, next); 

} else { 
data = head-> data; 
if (CAS(Head, head, next)) { 

retire(head); 
return data; 

} 
} 

} 
}

Lock-Free Queue

struct Rec { 
Rec* next; 
Node* hp0; 
Node* hp1; 

} 

shared: 
Rec* HPRecs; 

thread-local: 
Rec* myRec; 
List<Node*> retiredList; 

void join() { 
myRec = new HPRec(); 
while (true) { 

Rec* tmp = HPRecs; 
myRec-> next = tmp; 
if (CAS(HPRecs, tmp, myRec)) { 

break; 
} 

} 
} 

void part() { 
unprotect(0); 
unprotect(1); 

}

void protect0(Node* ptr) { 
myRec-> hp0 = ptr; 

} 

void protect1(Node* ptr) { 
myRec-> hp1 = ptr; 

} 

void retire(Node* ptr) { 
retiredList.add(ptr); 
if (*) reclaim(); 

} 

void reclaim() { 
List<Node*> protectedList; 
Rec* tmp = HPRecs; 
while (tmp != null) { 

Node* hp0 = cur-> hp0; 
Node* hp1 = cur-> hp1; 
protectedList.add(hp0); 
protectedList.add(hp1); 
cur = cur-> next; 

} 
for (Node* ptr : retiredList) { 

if (!protectedList.contains(ptr)) { 
retiredList.remove(ptr); 
delete ptr; 

} 
}

lock-free HP
no reclamation42 LOC
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5. DS code + SMR code 

6. reclamation

Verification Challenges

1. unbounded shared heap 

2. unbounded data domain 

3. unbounded number of threads 

4. fine-grained concurrency

GC-techniques do not work (well)! 

In particular: ownership reasoning

Automated Verification for GC 
• Vafeiadis, CAV'10 + VMCAI'10 
• Abdulla et al., TACAS'13 
• Zhu et al., CAV'15 
• Abdulla et al., SAS'16 + ESOP'18}GC
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Data structure + SMR impl  Property|=
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Data structure + SMR impl  Property|=
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SMR impl  SMR spec|=
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struct Node { 
data_t data; 
Node* node; 

}

void init() { 
Head = new Node(); 
Head-> next = null; 
Tail = Head; 

}

shared: 
Node* Head; 
Node* Tail;

void enqueue(data_t val) { 
Node* node = new Node(); 
node->data = val; 
node->next = null; 
while (true) { 

Node* tail = Tail; 
protect0(tail); 
if (Tail != tail) continue; 
Node* next = tail-> next; 
if (Tail != tail) continue; 
if (next == null) { 

if (CAS(tail->next, null, node)) { 
CAS(Tail, tail, node); 

} 
} else { 

CAS(Tail, tail, next); 
} 

} 
}

data_t dequeue() { 
while (true) { 

Node* head = Head; 
protect0(head); 
if (Head != head) continue; 
Node* tail = Tail; 
Node* next = head-> next; 
protect1(next); 
if (Head != head) continue; 
if (head == tail) { 

if (next == null) return empty_t; 
else CAS(Tail, tail, next); 

} else { 
data = head-> data; 
if (CAS(Head, head, next)) { 

retire(head); 
return data; 

} 
} 

} 
}

struct Rec { 
Rec* next; 
Node* hp0; 
Node* hp1; 

} 

shared: 
Rec* HPRecs; 

thread-local: 
Rec* myRec; 
List<Node*> retiredList; 

void join() { 
myRec = new HPRec(); 
while (true) { 

Rec* tmp = HPRecs; 
myRec-> next = tmp; 
if (CAS(HPRecs, tmp, myRec)) { 

break; 
} 

} 
} 

void part() { 
unprotect(0); 
unprotect(1); 

}

void protect0(Node* ptr) { 
myRec-> hp0 = ptr; 

} 

void protect1(Node* ptr) { 
myRec-> hp1 = ptr; 

} 

void retire(Node* ptr) { 
retiredList.add(ptr); 
if (*) reclaim(); 

} 

void reclaim() { 
List<Node*> protectedList; 
Rec* tmp = HPRecs; 
while (tmp != null) { 

Node* hp0 = cur-> hp0; 
Node* hp1 = cur-> hp1; 
protectedList.add(hp0); 
protectedList.add(hp1); 
cur = cur-> next; 

} 
for (Node* ptr : retiredList) { 

if (!protectedList.contains(ptr)) { 
retiredList.remove(ptr); 
delete ptr; 

} 
}

lock-free HP
no reclamation42 LOC
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struct Node { 
data_t data; 
Node* node; 

}

void init() { 
Head = new Node(); 
Head-> next = null; 
Tail = Head; 

}

shared: 
Node* Head; 
Node* Tail;

void enqueue(data_t val) { 
Node* node = new Node(); 
node->data = val; 
node->next = null; 
while (true) { 

Node* tail = Tail; 
protect0(tail); 
if (Tail != tail) continue; 
Node* next = tail-> next; 
if (Tail != tail) continue; 
if (next == null) { 

if (CAS(tail->next, null, node)) { 
CAS(Tail, tail, node); 

} 
} else { 

CAS(Tail, tail, next); 
} 

} 
}

data_t dequeue() { 
while (true) { 

Node* head = Head; 
protect0(head); 
if (Head != head) continue; 
Node* tail = Tail; 
Node* next = head-> next; 
protect1(next); 
if (Head != head) continue; 
if (head == tail) { 

if (next == null) return empty_t; 
else CAS(Tail, tail, next); 

} else { 
data = head-> data; 
if (CAS(Head, head, next)) { 

retire(head); 
return data; 

} 
} 

} 
}

automaton

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a) R := retire(t, a) _ retire(⇤, a)

Compositional Verification
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<latexit sha1_base64="NpJYZG/2P69GVOK7HHueCfjG7J8=">AAAAAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSEGXBV24rGB/oB1KJpNpQ5PJkGSEMvQVBLf6Gu7Ere/gW/gIZtpZaNsDgY9z7oWbEyScaeO6305pY3Nre6e8W9nbPzg8qh6fdLRMFaFtIrlUvQBryllM24YZTnuJolgEnHaDyW2ed5+o0kzGj2aaUF/gUcwiRrCxVncgZEi5HlZrbt2dC62CV0ANCrWG1Z9BKEkqaGwIx1r3PTcxfoaVYYTTWWWQappgMsEj2rcYY0G1n83PnaEL64Qoksq+2KC5+3cjw0LrqQjspMBmrJez3Fyb5Y6Rkut1aT810Y2fsThJDY3J4owo5chIlDeDQqYoMXxqARPF7E8QGWOFibH9VWxF3nIhq9C5qnuNuvvQqDXvirLKcAbncAkeXEMT7qEFbSAwgRd4hTfn2Xl3PpzPxWjJKXZO4Z+cr18Q6JwN</latexit>

Data structure + Garbage Collection  Property|=

<latexit sha1_base64="NpJYZG/2P69GVOK7HHueCfjG7J8=">AAAAAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSEGXBV24rGB/oB1KJpNpQ5PJkGSEMvQVBLf6Gu7Ere/gW/gIZtpZaNsDgY9z7oWbEyScaeO6305pY3Nre6e8W9nbPzg8qh6fdLRMFaFtIrlUvQBryllM24YZTnuJolgEnHaDyW2ed5+o0kzGj2aaUF/gUcwiRrCxVncgZEi5HlZrbt2dC62CV0ANCrWG1Z9BKEkqaGwIx1r3PTcxfoaVYYTTWWWQappgMsEj2rcYY0G1n83PnaEL64Qoksq+2KC5+3cjw0LrqQjspMBmrJez3Fyb5Y6Rkut1aT810Y2fsThJDY3J4owo5chIlDeDQqYoMXxqARPF7E8QGWOFibH9VWxF3nIhq9C5qnuNuvvQqDXvirLKcAbncAkeXEMT7qEFbSAwgRd4hTfn2Xl3PpzPxWjJKXZO4Z+cr18Q6JwN</latexit>
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Verification of concurrent data structures is one of the most challenging tasks in software verification. The topic
has received considerable attention over the course of the last decade. Nevertheless, human-driven techniques
remain cumbersome and notoriously difficult while automated approaches suffer from limited applicability.
The main obstacle for automation is the complexity of concurrent data structures. This is particularly true in
the absence of garbage collection. The intricacy of lock-free memory management paired with the complexity
of concurrent data structures makes automated verification prohibitive.

In this work we present a method for verifying concurrent data structures and their memory management
separately. We suggest two simpler verification tasks that imply the correctness of the data structure. The
first task establishes an over-approximation of the reclamation behavior of the memory management. The
second task exploits this over-approximation to verify the data structure without the need to consider the
implementation of the memory management itself. To make the resulting verification tasks tractable for
automated techniques, we establish a second result. We show that a verification tool needs to consider only
executions where a single memory location is reused. We implemented our approach and were able to verify
linearizability of Michael&Scott’s queue and the DGLM queue for both hazard pointers and epoch-based
reclamation. To the best of our knowledge, we are the first to verify such implementations fully automatically.

CCSConcepts: •Theory of computation→Data structures design and analysis;Programverification;
Shared memory algorithms; Program specifications; Program analysis;

Additional Key Words and Phrases: static analysis, lock-free data structures, verification, linearizability, safe

memory reclamation, memory management

ACM Reference Format:
Roland Meyer and Sebastian Wolff. 2019. Decoupling Lock-Free Data Structures from Memory Reclamation
for Static Analysis. Proc. ACM Program. Lang. 3, POPL, Article 58 (January 2019), 31 pages. https://doi.org/10.
1145/3290371

1 INTRODUCTION

Data structures are a basic building block of virtually any program. Efficient implementations
are typically a part of a programming language’s standard library. With the advent of highly
concurrent computing being available even on commodity hardware, concurrent data structure
implementations are needed. The class of lock-free data structures has been shown to be particularly
efficient. Using fine-grained synchronization and avoiding such synchronization whenever possible
results in unrivaled performance and scalability.

Unfortunately, this use of fine-grained synchronization is what makes lock-free data structures
also unrivaled in terms of complexity. Indeed, bugs have been discovered in published lock-free

Authors’ addresses: Roland Meyer, TU Braunschweig, Germany, roland.meyer@tu-bs.de; Sebastian Wolff, TU Braunschweig,
Germany, sebastian.wolff@tu-bs.de.

Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee
provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and
the full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses,
contact the owner/author(s).

© 2019 Copyright held by the owner/author(s).
2475-1421/2019/1-ART58
https://doi.org/10.1145/3290371

Proc. ACM Program. Lang., Vol. 3, No. POPL, Article 58. Publication date: January 2019.

This work is licensed under a Creative Commons Attribution 4.0 International License.



Verification Challenges

Data structure + SMR impl  Property|=

<latexit sha1_base64="NpJYZG/2P69GVOK7HHueCfjG7J8=">AAAAAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSEGXBV24rGB/oB1KJpNpQ5PJkGSEMvQVBLf6Gu7Ere/gW/gIZtpZaNsDgY9z7oWbEyScaeO6305pY3Nre6e8W9nbPzg8qh6fdLRMFaFtIrlUvQBryllM24YZTnuJolgEnHaDyW2ed5+o0kzGj2aaUF/gUcwiRrCxVncgZEi5HlZrbt2dC62CV0ANCrWG1Z9BKEkqaGwIx1r3PTcxfoaVYYTTWWWQappgMsEj2rcYY0G1n83PnaEL64Qoksq+2KC5+3cjw0LrqQjspMBmrJez3Fyb5Y6Rkut1aT810Y2fsThJDY3J4owo5chIlDeDQqYoMXxqARPF7E8QGWOFibH9VWxF3nIhq9C5qnuNuvvQqDXvirLKcAbncAkeXEMT7qEFbSAwgRd4hTfn2Xl3PpzPxWjJKXZO4Z+cr18Q6JwN</latexit>

SMR impl  SMR spec|=

<latexit sha1_base64="NpJYZG/2P69GVOK7HHueCfjG7J8=">AAAAAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSEGXBV24rGB/oB1KJpNpQ5PJkGSEMvQVBLf6Gu7Ere/gW/gIZtpZaNsDgY9z7oWbEyScaeO6305pY3Nre6e8W9nbPzg8qh6fdLRMFaFtIrlUvQBryllM24YZTnuJolgEnHaDyW2ed5+o0kzGj2aaUF/gUcwiRrCxVncgZEi5HlZrbt2dC62CV0ANCrWG1Z9BKEkqaGwIx1r3PTcxfoaVYYTTWWWQappgMsEj2rcYY0G1n83PnaEL64Qoksq+2KC5+3cjw0LrqQjspMBmrJez3Fyb5Y6Rkut1aT810Y2fsThJDY3J4owo5chIlDeDQqYoMXxqARPF7E8QGWOFibH9VWxF3nIhq9C5qnuNuvvQqDXvirLKcAbncAkeXEMT7qEFbSAwgRd4hTfn2Xl3PpzPxWjJKXZO4Z+cr18Q6JwN</latexit>

Data structure + SMR spec  Property|=

<latexit sha1_base64="NpJYZG/2P69GVOK7HHueCfjG7J8=">AAAAAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSEGXBV24rGB/oB1KJpNpQ5PJkGSEMvQVBLf6Gu7Ere/gW/gIZtpZaNsDgY9z7oWbEyScaeO6305pY3Nre6e8W9nbPzg8qh6fdLRMFaFtIrlUvQBryllM24YZTnuJolgEnHaDyW2ed5+o0kzGj2aaUF/gUcwiRrCxVncgZEi5HlZrbt2dC62CV0ANCrWG1Z9BKEkqaGwIx1r3PTcxfoaVYYTTWWWQappgMsEj2rcYY0G1n83PnaEL64Qoksq+2KC5+3cjw0LrqQjspMBmrJez3Fyb5Y6Rkut1aT810Y2fsThJDY3J4owo5chIlDeDQqYoMXxqARPF7E8QGWOFibH9VWxF3nIhq9C5qnuNuvvQqDXvirLKcAbncAkeXEMT7qEFbSAwgRd4hTfn2Xl3PpzPxWjJKXZO4Z+cr18Q6JwN</latexit>

Data structure + SMR spec  Pointer Race Freedom|=

<latexit sha1_base64="NpJYZG/2P69GVOK7HHueCfjG7J8=">AAAAAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSEGXBV24rGB/oB1KJpNpQ5PJkGSEMvQVBLf6Gu7Ere/gW/gIZtpZaNsDgY9z7oWbEyScaeO6305pY3Nre6e8W9nbPzg8qh6fdLRMFaFtIrlUvQBryllM24YZTnuJolgEnHaDyW2ed5+o0kzGj2aaUF/gUcwiRrCxVncgZEi5HlZrbt2dC62CV0ANCrWG1Z9BKEkqaGwIx1r3PTcxfoaVYYTTWWWQappgMsEj2rcYY0G1n83PnaEL64Qoksq+2KC5+3cjw0LrqQjspMBmrJez3Fyb5Y6Rkut1aT810Y2fsThJDY3J4owo5chIlDeDQqYoMXxqARPF7E8QGWOFibH9VWxF3nIhq9C5qnuNuvvQqDXvirLKcAbncAkeXEMT7qEFbSAwgRd4hTfn2Xl3PpzPxWjJKXZO4Z+cr18Q6JwN</latexit>

Data structure + Garbage Collection  Property|=

<latexit sha1_base64="NpJYZG/2P69GVOK7HHueCfjG7J8=">AAAAAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSEGXBV24rGB/oB1KJpNpQ5PJkGSEMvQVBLf6Gu7Ere/gW/gIZtpZaNsDgY9z7oWbEyScaeO6305pY3Nre6e8W9nbPzg8qh6fdLRMFaFtIrlUvQBryllM24YZTnuJolgEnHaDyW2ed5+o0kzGj2aaUF/gUcwiRrCxVncgZEi5HlZrbt2dC62CV0ANCrWG1Z9BKEkqaGwIx1r3PTcxfoaVYYTTWWWQappgMsEj2rcYY0G1n83PnaEL64Qoksq+2KC5+3cjw0LrqQjspMBmrJez3Fyb5Y6Rkut1aT810Y2fsThJDY3J4owo5chIlDeDQqYoMXxqARPF7E8QGWOFibH9VWxF3nIhq9C5qnuNuvvQqDXvirLKcAbncAkeXEMT7qEFbSAwgRd4hTfn2Xl3PpzPxWjJKXZO4Z+cr18Q6JwN</latexit>
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Verification of concurrent data structures is one of the most challenging tasks in software verification. The topic
has received considerable attention over the course of the last decade. Nevertheless, human-driven techniques
remain cumbersome and notoriously difficult while automated approaches suffer from limited applicability.
The main obstacle for automation is the complexity of concurrent data structures. This is particularly true in
the absence of garbage collection. The intricacy of lock-free memory management paired with the complexity
of concurrent data structures makes automated verification prohibitive.

In this work we present a method for verifying concurrent data structures and their memory management
separately. We suggest two simpler verification tasks that imply the correctness of the data structure. The
first task establishes an over-approximation of the reclamation behavior of the memory management. The
second task exploits this over-approximation to verify the data structure without the need to consider the
implementation of the memory management itself. To make the resulting verification tasks tractable for
automated techniques, we establish a second result. We show that a verification tool needs to consider only
executions where a single memory location is reused. We implemented our approach and were able to verify
linearizability of Michael&Scott’s queue and the DGLM queue for both hazard pointers and epoch-based
reclamation. To the best of our knowledge, we are the first to verify such implementations fully automatically.
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Data structures are a basic building block of virtually any program. Efficient implementations
are typically a part of a programming language’s standard library. With the advent of highly
concurrent computing being available even on commodity hardware, concurrent data structure
implementations are needed. The class of lock-free data structures has been shown to be particularly
efficient. Using fine-grained synchronization and avoiding such synchronization whenever possible
results in unrivaled performance and scalability.

Unfortunately, this use of fine-grained synchronization is what makes lock-free data structures
also unrivaled in terms of complexity. Indeed, bugs have been discovered in published lock-free
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Contribution

Type system: 

• to establish:  Data structure + SMR spec  Pointer Race Freedom 

• that is parametrized by the SMR spec 

• externalizes shape analysis to a GC tool 

⟹ address "reclamation challenges" 5/6 separately from 1/2/3/4

|=

<latexit sha1_base64="NpJYZG/2P69GVOK7HHueCfjG7J8=">AAAAAHicbZDNSgMxFIXv1L9a/6ou3QSL4KrMSEGXBV24rGB/oB1KJpNpQ5PJkGSEMvQVBLf6Gu7Ere/gW/gIZtpZaNsDgY9z7oWbEyScaeO6305pY3Nre6e8W9nbPzg8qh6fdLRMFaFtIrlUvQBryllM24YZTnuJolgEnHaDyW2ed5+o0kzGj2aaUF/gUcwiRrCxVncgZEi5HlZrbt2dC62CV0ANCrWG1Z9BKEkqaGwIx1r3PTcxfoaVYYTTWWWQappgMsEj2rcYY0G1n83PnaEL64Qoksq+2KC5+3cjw0LrqQjspMBmrJez3Fyb5Y6Rkut1aT810Y2fsThJDY3J4owo5chIlDeDQqYoMXxqARPF7E8QGWOFibH9VWxF3nIhq9C5qnuNuvvQqDXvirLKcAbncAkeXEMT7qEFbSAwgRd4hTfn2Xl3PpzPxWjJKXZO4Z+cr18Q6JwN</latexit>
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Implications for a Type System

• Idea: 

• : type to indicate activeness 

• : type to indicate that dereferences are safe 

• : type to track protections 

• Challenges: 

• , ,  need to be deducible thread-locally 

• ,  need to be interference-free 

• ,  depend on the SMR

A
<latexit sha1_base64="AOateqbRv8hrPSHTqLbCHcV214Y=">AAACGHicbZBNS8MwGMdTX2d9q3r0EhwDT7Odgh4nIgheJroX2EpJs2wLS9OSpMIoBb+EF7+KFw+KeN3Nb2PaTdHNBwI//v8nyfP8/YhRqWz701hYXFpeWS2smesbm1vb1s5uQ4axwKSOQxaKlo8kYZSTuqKKkVYkCAp8Rpr+8CLzm/dESBryOzWKiBugPqc9ipHSkmcdlToBUgPfTy5TL0eqEoRxav4Yt6n5jeepZxXtsp0XnAdnCkUwrZpnjTvdEMcB4QozJGXbsSPlJkgoihnRT8eSRAgPUZ+0NXIUEOkm+WIpLGmlC3uh0IcrmKu/byQokHIU+Lozm1DOepn4n9eOVe/MTSiPYkU4nnzUixlUIcxSgl0qCFZspAFhQfWsEA+QQFjpLE0dgjO78jw0KmXnuFy5OSlWrx8mcRTAPjgAh8ABp6AKrkAN1AEGj+AZvII348l4Md6Nj0nrgjGNcA/8KWP8BS9/oOw=</latexit>

S
<latexit sha1_base64="jR2cEplqFqJllQ9FaOjdAT4D0XM=">AAACDHicbVDLSgMxFM3UV62vqks3wVJwVWaqoMuCCIKbivYB7VAyaaYNzWSG5I5QhoJbN/6KGxeKuPUD3Pk3ZqYVtPVA4HDOSXLv8SLBNdj2l5VbWl5ZXcuvFzY2t7Z3irt7TR3GirIGDUWo2h7RTHDJGsBBsHakGAk8wVre6Dz1W3dMaR7KWxhHzA3IQHKfUwJG6hVL5W5AYOh5ycWkl1EOCaF0UvjRbyYmZVfsDHiRODNSQjPUe8XPbj+kccAkUEG07jh2BG5CFHAqmHk61iwidEQGrGOoJAHTbpItM8Flo/SxHypzJOBM/X0jIYHW48AzyXRCPe+l4n9eJwb/zE24jGJgkk4/8mOBIcRpM7jPFaMgxoYQqriZFdMhUYSC6a9gSnDmV14kzWrFOa5Ur09Ktav7aR15dIAO0RFy0CmqoUtURw1E0QN6Qi/o1Xq0nq03630azVmzCvfRH1gf314AnEI=</latexit>

P
<latexit sha1_base64="6Ur/VQgjHLaDEa0Ol/qiZ2lwtIU="></latexit>

A
<latexit sha1_base64="AOateqbRv8hrPSHTqLbCHcV214Y=">AAACGHicbZBNS8MwGMdTX2d9q3r0EhwDT7Odgh4nIgheJroX2EpJs2wLS9OSpMIoBb+EF7+KFw+KeN3Nb2PaTdHNBwI//v8nyfP8/YhRqWz701hYXFpeWS2smesbm1vb1s5uQ4axwKSOQxaKlo8kYZSTuqKKkVYkCAp8Rpr+8CLzm/dESBryOzWKiBugPqc9ipHSkmcdlToBUgPfTy5TL0eqEoRxav4Yt6n5jeepZxXtsp0XnAdnCkUwrZpnjTvdEMcB4QozJGXbsSPlJkgoihnRT8eSRAgPUZ+0NXIUEOkm+WIpLGmlC3uh0IcrmKu/byQokHIU+Lozm1DOepn4n9eOVe/MTSiPYkU4nnzUixlUIcxSgl0qCFZspAFhQfWsEA+QQFjpLE0dgjO78jw0KmXnuFy5OSlWrx8mcRTAPjgAh8ABp6AKrkAN1AEGj+AZvII348l4Md6Nj0nrgjGNcA/8KWP8BS9/oOw=</latexit>

S
<latexit sha1_base64="jR2cEplqFqJllQ9FaOjdAT4D0XM=">AAACDHicbVDLSgMxFM3UV62vqks3wVJwVWaqoMuCCIKbivYB7VAyaaYNzWSG5I5QhoJbN/6KGxeKuPUD3Pk3ZqYVtPVA4HDOSXLv8SLBNdj2l5VbWl5ZXcuvFzY2t7Z3irt7TR3GirIGDUWo2h7RTHDJGsBBsHakGAk8wVre6Dz1W3dMaR7KWxhHzA3IQHKfUwJG6hVL5W5AYOh5ycWkl1EOCaF0UvjRbyYmZVfsDHiRODNSQjPUe8XPbj+kccAkUEG07jh2BG5CFHAqmHk61iwidEQGrGOoJAHTbpItM8Flo/SxHypzJOBM/X0jIYHW48AzyXRCPe+l4n9eJwb/zE24jGJgkk4/8mOBIcRpM7jPFaMgxoYQqriZFdMhUYSC6a9gSnDmV14kzWrFOa5Ur09Ktav7aR15dIAO0RFy0CmqoUtURw1E0QN6Qi/o1Xq0nq03630azVmzCvfRH1gf314AnEI=</latexit>

P
<latexit sha1_base64="6Ur/VQgjHLaDEa0Ol/qiZ2lwtIU="></latexit>

S
<latexit sha1_base64="jR2cEplqFqJllQ9FaOjdAT4D0XM=">AAACDHicbVDLSgMxFM3UV62vqks3wVJwVWaqoMuCCIKbivYB7VAyaaYNzWSG5I5QhoJbN/6KGxeKuPUD3Pk3ZqYVtPVA4HDOSXLv8SLBNdj2l5VbWl5ZXcuvFzY2t7Z3irt7TR3GirIGDUWo2h7RTHDJGsBBsHakGAk8wVre6Dz1W3dMaR7KWxhHzA3IQHKfUwJG6hVL5W5AYOh5ycWkl1EOCaF0UvjRbyYmZVfsDHiRODNSQjPUe8XPbj+kccAkUEG07jh2BG5CFHAqmHk61iwidEQGrGOoJAHTbpItM8Flo/SxHypzJOBM/X0jIYHW48AzyXRCPe+l4n9eJwb/zE24jGJgkk4/8mOBIcRpM7jPFaMgxoYQqriZFdMhUYSC6a9gSnDmV14kzWrFOa5Ur09Ktav7aR15dIAO0RFy0CmqoUtURw1E0QN6Qi/o1Xq0nq03630azVmzCvfRH1gf314AnEI=</latexit>

P
<latexit sha1_base64="6Ur/VQgjHLaDEa0Ol/qiZ2lwtIU="></latexit>

S
<latexit sha1_base64="jR2cEplqFqJllQ9FaOjdAT4D0XM=">AAACDHicbVDLSgMxFM3UV62vqks3wVJwVWaqoMuCCIKbivYB7VAyaaYNzWSG5I5QhoJbN/6KGxeKuPUD3Pk3ZqYVtPVA4HDOSXLv8SLBNdj2l5VbWl5ZXcuvFzY2t7Z3irt7TR3GirIGDUWo2h7RTHDJGsBBsHakGAk8wVre6Dz1W3dMaR7KWxhHzA3IQHKfUwJG6hVL5W5AYOh5ycWkl1EOCaF0UvjRbyYmZVfsDHiRODNSQjPUe8XPbj+kccAkUEG07jh2BG5CFHAqmHk61iwidEQGrGOoJAHTbpItM8Flo/SxHypzJOBM/X0jIYHW48AzyXRCPe+l4n9eJwb/zE24jGJgkk4/8mOBIcRpM7jPFaMgxoYQqriZFdMhUYSC6a9gSnDmV14kzWrFOa5Ur09Ktav7aR15dIAO0RFy0CmqoUtURw1E0QN6Qi/o1Xq0nq03630azVmzCvfRH1gf314AnEI=</latexit>

P
<latexit sha1_base64="6Ur/VQgjHLaDEa0Ol/qiZ2lwtIU="></latexit>



Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



{ Head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



?

<latexit sha1_base64="fddnaIkHZL9jq2A9m48Dy/mVCJE=">AAAAAHicbZDLSgMxFIYz9VbrbdSFCzfBUnBVZqSgy4Ibl1XsBdqhZNK0Dc0kQ3KmUIa+i+BW38GVO3Grb+EjmGm70LYHAj//f3I45wtjwQ143reT29jc2t7J7xb29g8Oj9zjk4ZRiaasTpVQuhUSwwSXrA4cBGvFmpEoFKwZjm6zvDlm2nAlH2ESsyAiA8n7nBKwVtc9K3UiAsMwTGvTQmdMtFQw5HLQdYte2ZsVXhX+QhTRompd96fTUzSJmAQqiDFt34shSIkGTgWzsxPDYkJHZMDaVkoSMROkswOmuGSdHu4rbZ8EPHP//khJZMwkCm1ntq1ZzjJzbZY5oJQw69J2Av2bIOUyToBJOl+jnwgMCmescI9rRkFMrCBUc3sJpkOiCQVLtGAR+ctAVkXjquxXyt59pVh9eJvDyqNzdIEukY+uURXdoRqqI4qm6Bm9oFfnyXl3PpzPeWvOWQA+Rf/K+foFORGjqQ==</latexit>

{ Head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



?

<latexit sha1_base64="fddnaIkHZL9jq2A9m48Dy/mVCJE=">AAAAAHicbZDLSgMxFIYz9VbrbdSFCzfBUnBVZqSgy4Ibl1XsBdqhZNK0Dc0kQ3KmUIa+i+BW38GVO3Grb+EjmGm70LYHAj//f3I45wtjwQ143reT29jc2t7J7xb29g8Oj9zjk4ZRiaasTpVQuhUSwwSXrA4cBGvFmpEoFKwZjm6zvDlm2nAlH2ESsyAiA8n7nBKwVtc9K3UiAsMwTGvTQmdMtFQw5HLQdYte2ZsVXhX+QhTRompd96fTUzSJmAQqiDFt34shSIkGTgWzsxPDYkJHZMDaVkoSMROkswOmuGSdHu4rbZ8EPHP//khJZMwkCm1ntq1ZzjJzbZY5oJQw69J2Av2bIOUyToBJOl+jnwgMCmescI9rRkFMrCBUc3sJpkOiCQVLtGAR+ctAVkXjquxXyt59pVh9eJvDyqNzdIEukY+uURXdoRqqI4qm6Bm9oFfnyXl3PpzPeWvOWQA+Rf/K+foFORGjqQ==</latexit>

{ Head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



?

<latexit sha1_base64="fddnaIkHZL9jq2A9m48Dy/mVCJE=">AAAAAHicbZDLSgMxFIYz9VbrbdSFCzfBUnBVZqSgy4Ibl1XsBdqhZNK0Dc0kQ3KmUIa+i+BW38GVO3Grb+EjmGm70LYHAj//f3I45wtjwQ143reT29jc2t7J7xb29g8Oj9zjk4ZRiaasTpVQuhUSwwSXrA4cBGvFmpEoFKwZjm6zvDlm2nAlH2ESsyAiA8n7nBKwVtc9K3UiAsMwTGvTQmdMtFQw5HLQdYte2ZsVXhX+QhTRompd96fTUzSJmAQqiDFt34shSIkGTgWzsxPDYkJHZMDaVkoSMROkswOmuGSdHu4rbZ8EPHP//khJZMwkCm1ntq1ZzjJzbZY5oJQw69J2Av2bIOUyToBJOl+jnwgMCmescI9rRkFMrCBUc3sJpkOiCQVLtGAR+ctAVkXjquxXyt59pVh9eJvDyqNzdIEukY+uURXdoRqqI4qm6Bm9oFfnyXl3PpzPeWvOWQA+Rf/K+foFORGjqQ==</latexit>

{ Head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



P
<latexit sha1_base64="dmjUkHrRNqToa44QgYAWLHUITeg="></latexit>

{ Head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



P
<latexit sha1_base64="dmjUkHrRNqToa44QgYAWLHUITeg="></latexit>

{ Head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



P
<latexit sha1_base64="dmjUkHrRNqToa44QgYAWLHUITeg="></latexit>

{ Head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



P
<latexit sha1_base64="dmjUkHrRNqToa44QgYAWLHUITeg="></latexit>

{ Head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  } A
<latexit sha1_base64="8mptFAaszRUGK8FOId7VIbrp7ZE="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

Node* head = Head; 

protect(head); 

atomic { 

@active Head 

assume(head == Head); 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



P
<latexit sha1_base64="dmjUkHrRNqToa44QgYAWLHUITeg="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  } A
<latexit sha1_base64="8mptFAaszRUGK8FOId7VIbrp7ZE="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

atomic { 

@active Head 

assume(head == Head); 

} // end atomic 

// ... 

Node* next = head->next; 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



P
<latexit sha1_base64="dmjUkHrRNqToa44QgYAWLHUITeg="></latexit>

A
<latexit sha1_base64="qW9aDrXZT9WQe9NQjGMbk3RyxA0="></latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  } A
<latexit sha1_base64="8mptFAaszRUGK8FOId7VIbrp7ZE="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  }P ^ A
<latexit sha1_base64="bkZiA2QPWU/XRIiNsnnuQgIBz4M="></latexit>

P ^ A
<latexit sha1_base64="bkZiA2QPWU/XRIiNsnnuQgIBz4M="></latexit>

atomic { 

@active Head 

assume(head == Head); 

} // end atomic 

// ... 

Node* next = head->next; 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  } A
<latexit sha1_base64="8mptFAaszRUGK8FOId7VIbrp7ZE="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  }P ^ A
<latexit sha1_base64="bkZiA2QPWU/XRIiNsnnuQgIBz4M="></latexit>

P ^ A
<latexit sha1_base64="bkZiA2QPWU/XRIiNsnnuQgIBz4M="></latexit>

atomic { 

@active Head 

assume(head == Head); 

} // end atomic 

// ... 

Node* next = head->next; 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



{ Head: , head:  } ?
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{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  } A
<latexit sha1_base64="8mptFAaszRUGK8FOId7VIbrp7ZE="></latexit>

P
<latexit sha1_base64="v8z3Be63Gm+vOJ/AEHf+Qq2HIPg="></latexit>

{ Head: , head:  }P ^ A
<latexit sha1_base64="bkZiA2QPWU/XRIiNsnnuQgIBz4M="></latexit>

P ^ A
<latexit sha1_base64="bkZiA2QPWU/XRIiNsnnuQgIBz4M="></latexit>

{ Head: , head:  } S
<latexit sha1_base64="sOAQAt1SvB7TMJP7IvXmYg3Jd70=">AAACGHicdVDLSsNAFJ3UV42vqks3g6XgqiZpwbqriCC4qWgf0IYwmU7aoZMHMxOhhIA/4cZfceNCEbfd+TdO+hAVPTBwOOcM997jRowKaRgfWm5peWV1Lb+ub2xube8UdvdaIow5Jk0cspB3XCQIowFpSioZ6UScIN9lpO2OzjO/fUe4oGFwK8cRsX00CKhHMZJKcgrHpZ6P5NB1k4vUmVIqE4Rxqi/0m1T/ypylTqFolA3TqFo1qMgUitROLdOoQHOuFMEcDacw6fVDHPskkJghIbqmEUk7QVxSzIgaEwsSITxCA9JVNEA+EXYyPSyFJaX0oRdy9QIJp+r3HwnyhRj7rkpmG4rfXib+5XVj6dXshAZRLEmAZ4O8mEEZwqwl2KecYMnGiiDMqdoV4iHiCEvVpa5KWFwK/yctq2xWytZ1tVi/up/VkQcH4BAcAROcgDq4BA3QBBg8gCfwAl61R+1Ze9PeZ9GcNq9wH/yANvkEaMGhEg==</latexit>

S
<latexit sha1_base64="sOAQAt1SvB7TMJP7IvXmYg3Jd70=">AAACGHicdVDLSsNAFJ3UV42vqks3g6XgqiZpwbqriCC4qWgf0IYwmU7aoZMHMxOhhIA/4cZfceNCEbfd+TdO+hAVPTBwOOcM997jRowKaRgfWm5peWV1Lb+ub2xube8UdvdaIow5Jk0cspB3XCQIowFpSioZ6UScIN9lpO2OzjO/fUe4oGFwK8cRsX00CKhHMZJKcgrHpZ6P5NB1k4vUmVIqE4Rxqi/0m1T/ypylTqFolA3TqFo1qMgUitROLdOoQHOuFMEcDacw6fVDHPskkJghIbqmEUk7QVxSzIgaEwsSITxCA9JVNEA+EXYyPSyFJaX0oRdy9QIJp+r3HwnyhRj7rkpmG4rfXib+5XVj6dXshAZRLEmAZ4O8mEEZwqwl2KecYMnGiiDMqdoV4iHiCEvVpa5KWFwK/yctq2xWytZ1tVi/up/VkQcH4BAcAROcgDq4BA3QBBg8gCfwAl61R+1Ze9PeZ9GcNq9wH/yANvkEaMGhEg==</latexit>

{ Head: , head:  } ?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

S
<latexit sha1_base64="sOAQAt1SvB7TMJP7IvXmYg3Jd70=">AAACGHicdVDLSsNAFJ3UV42vqks3g6XgqiZpwbqriCC4qWgf0IYwmU7aoZMHMxOhhIA/4cZfceNCEbfd+TdO+hAVPTBwOOcM997jRowKaRgfWm5peWV1Lb+ub2xube8UdvdaIow5Jk0cspB3XCQIowFpSioZ6UScIN9lpO2OzjO/fUe4oGFwK8cRsX00CKhHMZJKcgrHpZ6P5NB1k4vUmVIqE4Rxqi/0m1T/ypylTqFolA3TqFo1qMgUitROLdOoQHOuFMEcDacw6fVDHPskkJghIbqmEUk7QVxSzIgaEwsSITxCA9JVNEA+EXYyPSyFJaX0oRdy9QIJp+r3HwnyhRj7rkpmG4rfXib+5XVj6dXshAZRLEmAZ4O8mEEZwqwl2KecYMnGiiDMqdoV4iHiCEvVpa5KWFwK/yctq2xWytZ1tVi/up/VkQcH4BAcAROcgDq4BA3QBBg8gCfwAl61R+1Ze9PeZ9GcNq9wH/yANvkEaMGhEg==</latexit>

{ Head: , head: , next:  }?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

S
<latexit sha1_base64="sOAQAt1SvB7TMJP7IvXmYg3Jd70=">AAACGHicdVDLSsNAFJ3UV42vqks3g6XgqiZpwbqriCC4qWgf0IYwmU7aoZMHMxOhhIA/4cZfceNCEbfd+TdO+hAVPTBwOOcM997jRowKaRgfWm5peWV1Lb+ub2xube8UdvdaIow5Jk0cspB3XCQIowFpSioZ6UScIN9lpO2OzjO/fUe4oGFwK8cRsX00CKhHMZJKcgrHpZ6P5NB1k4vUmVIqE4Rxqi/0m1T/ypylTqFolA3TqFo1qMgUitROLdOoQHOuFMEcDacw6fVDHPskkJghIbqmEUk7QVxSzIgaEwsSITxCA9JVNEA+EXYyPSyFJaX0oRdy9QIJp+r3HwnyhRj7rkpmG4rfXib+5XVj6dXshAZRLEmAZ4O8mEEZwqwl2KecYMnGiiDMqdoV4iHiCEvVpa5KWFwK/yctq2xWytZ1tVi/up/VkQcH4BAcAROcgDq4BA3QBBg8gCfwAl61R+1Ze9PeZ9GcNq9wH/yANvkEaMGhEg==</latexit>

?
<latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit><latexit sha1_base64="myK57izRV8qCWxJxr+er2tgvBhw="></latexit>

atomic { 

@active Head 

assume(head == Head); 

} // end atomic 

// ... 

Node* next = head->next; 

Example

Type for head

s0 s1 s2

s3 s4 s5

F

F

F

F F R

R

R

protect(t, a)

protect(t, ⇤)

protect(t, a)

protect(t, ⇤)

F := free(t, a) _ free(⇤, a)

R := retire(t, a) _ retire(⇤, a)



Obtaining A<latexit sha1_base64="Sjr2n5Yf0MdZ3OTjvn+BM4e8ONo=">AAACOXicbZDLSsNAFIYn9VbjLerSTbAUXJVEBF1WRHAZ0V6gDWEynbZDJxdmTgolBHwqN76FO8GNC0Xc+gJO0gq19sDAx/+f4Zzz+zFnEizrRSutrK6tb5Q39a3tnd09Y/+gKaNEENogEY9E28eSchbSBjDgtB0LigOf05Y/usr91pgKyaLwHiYxdQM8CFmfEQxK8gyn2g0wDH0/vc68AhmkTCaZvtQIx3PGXab/4mUuAwuo9IyKVbOKMv+DPYMKmpXjGc/dXkSSgIZAOJayY1sxuCkWwAinakQiaYzJCA9oR2GI1RA3LS7PzKpSemY/EuqFYBbq/I8UB1JOAl915pvKRS8Xl3mdBPoXrro3ToCGZDqon3ATIjOP0ewxQQnwiQJMBFO7mmSIBSagwtZVCPbiyf+heVqzrZp9e1apOw/TOMroCB2jE2Sjc1RHN8hBDUTQI3pF7+hDe9LetE/ta9pa0mYRHqI/pX3/AD2Srss=</latexit><latexit sha1_base64="Sjr2n5Yf0MdZ3OTjvn+BM4e8ONo=">AAACOXicbZDLSsNAFIYn9VbjLerSTbAUXJVEBF1WRHAZ0V6gDWEynbZDJxdmTgolBHwqN76FO8GNC0Xc+gJO0gq19sDAx/+f4Zzz+zFnEizrRSutrK6tb5Q39a3tnd09Y/+gKaNEENogEY9E28eSchbSBjDgtB0LigOf05Y/usr91pgKyaLwHiYxdQM8CFmfEQxK8gyn2g0wDH0/vc68AhmkTCaZvtQIx3PGXab/4mUuAwuo9IyKVbOKMv+DPYMKmpXjGc/dXkSSgIZAOJayY1sxuCkWwAinakQiaYzJCA9oR2GI1RA3LS7PzKpSemY/EuqFYBbq/I8UB1JOAl915pvKRS8Xl3mdBPoXrro3ToCGZDqon3ATIjOP0ewxQQnwiQJMBFO7mmSIBSagwtZVCPbiyf+heVqzrZp9e1apOw/TOMroCB2jE2Sjc1RHN8hBDUTQI3pF7+hDe9LetE/ta9pa0mYRHqI/pX3/AD2Srss=</latexit><latexit sha1_base64="Sjr2n5Yf0MdZ3OTjvn+BM4e8ONo=">AAACOXicbZDLSsNAFIYn9VbjLerSTbAUXJVEBF1WRHAZ0V6gDWEynbZDJxdmTgolBHwqN76FO8GNC0Xc+gJO0gq19sDAx/+f4Zzz+zFnEizrRSutrK6tb5Q39a3tnd09Y/+gKaNEENogEY9E28eSchbSBjDgtB0LigOf05Y/usr91pgKyaLwHiYxdQM8CFmfEQxK8gyn2g0wDH0/vc68AhmkTCaZvtQIx3PGXab/4mUuAwuo9IyKVbOKMv+DPYMKmpXjGc/dXkSSgIZAOJayY1sxuCkWwAinakQiaYzJCA9oR2GI1RA3LS7PzKpSemY/EuqFYBbq/I8UB1JOAl915pvKRS8Xl3mdBPoXrro3ToCGZDqon3ATIjOP0ewxQQnwiQJMBFO7mmSIBSagwtZVCPbiyf+heVqzrZp9e1apOw/TOMroCB2jE2Sjc1RHN8hBDUTQI3pF7+hDe9LetE/ta9pa0mYRHqI/pX3/AD2Srss=</latexit><latexit sha1_base64="Sjr2n5Yf0MdZ3OTjvn+BM4e8ONo=">AAACOXicbZDLSsNAFIYn9VbjLerSTbAUXJVEBF1WRHAZ0V6gDWEynbZDJxdmTgolBHwqN76FO8GNC0Xc+gJO0gq19sDAx/+f4Zzz+zFnEizrRSutrK6tb5Q39a3tnd09Y/+gKaNEENogEY9E28eSchbSBjDgtB0LigOf05Y/usr91pgKyaLwHiYxdQM8CFmfEQxK8gyn2g0wDH0/vc68AhmkTCaZvtQIx3PGXab/4mUuAwuo9IyKVbOKMv+DPYMKmpXjGc/dXkSSgIZAOJayY1sxuCkWwAinakQiaYzJCA9oR2GI1RA3LS7PzKpSemY/EuqFYBbq/I8UB1JOAl915pvKRS8Xl3mdBPoXrro3ToCGZDqon3ATIjOP0ewxQQnwiQJMBFO7mmSIBSagwtZVCPbiyf+heVqzrZp9e1apOw/TOMroCB2jE2Sjc1RHN8hBDUTQI3pF7+hDe9LetE/ta9pa0mYRHqI/pX3/AD2Srss=</latexit>

• Rely on @active annotations

• Discharge correctness of annotations automatically 

➡ instrumentation of DS code 

➡ can be done under GC!

⟹ Guess-and-check approach for finding annotations 

➡ based on failed type check
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Overall Approach

P
<latexit sha1_base64="1P2bSn32bWeovB1cyLOtYFhQCV8="></latexit>

A
<latexit sha1_base64="f6DoqfS0g1p0VulsVVBfowNQeE0=">AAACQXicdVBLSwMxGMz6rPW16tHLYil4KrtV0GNFBI/10Qe0ZcmmX9vQbHZJskpZ9q+J4D/w5t2LB0W8ejHdVqytDgSGmcmXL+OFjEpl20/G3PzC4tJyZiW7ura+sWlubVdlEAkCFRKwQNQ9LIFRDhVFFYN6KAD7HoOa1z8d+rUbEJIG/FoNQmj5uMtphxKstOSa9XzTx6rnefFZ4qaUqhgTkmT/M5q30O7Ct3kyEbxKsj+ya+bsgp3CmiXOmOTQGGXXfGy2AxL5wBVhWMqGY4eqFWOhKGGgR0cSQkz6uAsNTTn2QbbitIHEymulbXUCoQ9XVqpO3oixL+XA93RyuKGc9obiX14jUp3jVkx5GCngZPRQJ2KWCqxhnVabCiCKDTTBRFC9q0V6WGCidOlZXYIz/eVZUi0WnINC8eIwV7q8H9WRQbtoD+0jBx2hEjpHZVRBBN2hZ/SK3owH48V4Nz5G0TljXOEO+gXj8wu3h7LP</latexit>

S
<latexit sha1_base64="Zs71CY6EA1GtUT8xKv+dTQZV4gA=">AAACDHicbVDLSgMxFL1TX7W+qi7dBEvBVZmpgi4LIrisjz6gHUomzbShmcyQZIQy9APc+CtuXCgiuPID3Pk3ZqYVtPVA4HDOSXLv8SLOlLbtLyu3tLyyupZfL2xsbm3vFHf3miqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryRuep37qjUrFQ3OpxRN0ADwTzGcHaSL1iqdwNsB56XnIx6WWU6QQTMin86DcTk7Irdga0SJwZKcEM9V7xs9sPSRxQoQnHSnUcO9JugqVmhFPzdKxohMkID2jHUIEDqtwkW2aCykbpIz+U5giNMvX3jQQHSo0DzyTTCdW8l4r/eZ1Y+2duwkQUayrI9CM/5kiHKG0G9ZmkRPOxIZhIZmZFZIglJtr0VzAlOPMrL5JmteIcV6pXJ6Xa9fu0jjwcwCEcgQOnUINLqEMDCNzDIzzDi/VgPVmv1ts0mrNmFe7DH1gf33MbnIk=</latexit>

Types:

SMR



Overall Approach

P
<latexit sha1_base64="1P2bSn32bWeovB1cyLOtYFhQCV8="></latexit>

A
<latexit sha1_base64="f6DoqfS0g1p0VulsVVBfowNQeE0=">AAACQXicdVBLSwMxGMz6rPW16tHLYil4KrtV0GNFBI/10Qe0ZcmmX9vQbHZJskpZ9q+J4D/w5t2LB0W8ejHdVqytDgSGmcmXL+OFjEpl20/G3PzC4tJyZiW7ura+sWlubVdlEAkCFRKwQNQ9LIFRDhVFFYN6KAD7HoOa1z8d+rUbEJIG/FoNQmj5uMtphxKstOSa9XzTx6rnefFZ4qaUqhgTkmT/M5q30O7Ct3kyEbxKsj+ya+bsgp3CmiXOmOTQGGXXfGy2AxL5wBVhWMqGY4eqFWOhKGGgR0cSQkz6uAsNTTn2QbbitIHEymulbXUCoQ9XVqpO3oixL+XA93RyuKGc9obiX14jUp3jVkx5GCngZPRQJ2KWCqxhnVabCiCKDTTBRFC9q0V6WGCidOlZXYIz/eVZUi0WnINC8eIwV7q8H9WRQbtoD+0jBx2hEjpHZVRBBN2hZ/SK3owH48V4Nz5G0TljXOEO+gXj8wu3h7LP</latexit>

S
<latexit sha1_base64="Zs71CY6EA1GtUT8xKv+dTQZV4gA=">AAACDHicbVDLSgMxFL1TX7W+qi7dBEvBVZmpgi4LIrisjz6gHUomzbShmcyQZIQy9APc+CtuXCgiuPID3Pk3ZqYVtPVA4HDOSXLv8SLOlLbtLyu3tLyyupZfL2xsbm3vFHf3miqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryRuep37qjUrFQ3OpxRN0ADwTzGcHaSL1iqdwNsB56XnIx6WWU6QQTMin86DcTk7Irdga0SJwZKcEM9V7xs9sPSRxQoQnHSnUcO9JugqVmhFPzdKxohMkID2jHUIEDqtwkW2aCykbpIz+U5giNMvX3jQQHSo0DzyTTCdW8l4r/eZ1Y+2duwkQUayrI9CM/5kiHKG0G9ZmkRPOxIZhIZmZFZIglJtr0VzAlOPMrL5JmteIcV6pXJ6Xa9fu0jjwcwCEcgQOnUINLqEMDCNzDIzzDi/VgPVmv1ts0mrNmFe7DH1gf33MbnIk=</latexit>

Types:

Type Check

SMR



Overall Approach
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Types:
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Overall Approach
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Types:

Type Check

Annotation 
Check

GC

SMR



Overall Approach

P
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A
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off-the-shelf verifier

Overall Approach
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Experiments

Data Structure Types Annot. Verif.

Treiber's stack 0.7s 12s 1s

Michael&Scott's queue 0.6s 11s 4s

DGLM queue 0.6s 1s 5s

Vechev&Yahav's DCAS set 1.2s 13s 98s

Vechev&Yahav's CAS set 1.2s 3.5h 42m

ORVYY set 1.2s 3.2h 47m

Michael's set 1.2s 90s t/o
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* imprecision in the back-end verifier



Fin.


