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WE WANT: 

• Scalability 

• Availability 

• Programmability 
≈ Strong Consistency

OR: 
• Programmability

} Replicated 
State

CAP* Theorem
WE GET: 

• Availability

Availability Consistency

* Consistency, Availability, Partition Tolerance 
   [Gilbert&Lynch’02]
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DISTRIBUTED STATE (CRDTS)
CONFLICT-FREE REPLICATED DATA TYPES 

• Availability 

• Network Partition Tolerance 

• (Strong) Eventual Consistency 

• Distributed Data Type Abstractions 

‣ Deterministic Conflict Resolution 
⟹ Eventual Convergence
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SAFETY FOR DISTRIBUTED APPLICATIONS

‣ High Availability 
‣ Strong Consistency

!
!

‣ High Availability 
‣ Eventual Consistency

!
‣ High Availability 
‣ Eventual Consistency 
‣ Data Safety

PROOF RULE FOR STATEFUL DISTRIBUTED APPLICATION SAFETY 
‣ Modular 
‣ Automated verification
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STATE-BASED CRDTS

‣ State-based CRDTs 

‣ Propagation of states (instead of operations)

‣ States are merged on receive 

‣ Convergence: concurrent conflicting operations result 
deterministically on a unique state 

‣ No delivery assumptions
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STATE-BASED CRDTS

‣ State is a (join semi-)Lattice

‣ Effectors send the state at the origin 

‣ Lazy update propagation

‣ Each operation is an inflation in the lattice

‣ merge function joins the state of two replicas 

‣ Join of the lattice

……

…

…
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‣ CRDT (lattice) constraints

‣ Operations are inflations 
……

…

…
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‣ CRDT (lattice) constraints

‣ Operations are inflations 

‣ merge is join (LUB)
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100 100INVARIANTS UNDER CONCURRENCY
‣ Auction cannot be closed while bids are being placed

‣ Status can only go from: inital ⟼ open ⟼ closed

‣ Winner is highest bid when auction is closed

‣ Bids are strictly incremental

How do we verify these invariants?

How do we enforce invariants?
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‣ Invariant constraints

‣ Operations preserve the invariant 

‣ merge preserves the invariant
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<latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="E65XNGKrD22mAUSWQKq6YKPOwvI="></latexit><latexit sha1_base64="52JMvNY7knYKi7kTLt6tVVFEjoo="></latexit><latexit sha1_base64="52JMvNY7knYKi7kTLt6tVVFEjoo="></latexit><latexit sha1_base64="obg00Kts6vSd7lexGVXtvwaxlI8="></latexit><latexit sha1_base64="F0OvPdHjaGEmO8Z53vpg2OD7SRQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="F0OvPdHjaGEmO8Z53vpg2OD7SRQ="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^
<latexit sha1_base64="HrTaiNF+2Oe9gXtFzsat/PSANAk="></latexit>



INVARIANTS FOR SB-CRDTS

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^
<latexit sha1_base64="HrTaiNF+2Oe9gXtFzsat/PSANAk="></latexit>



INVARIANTS FOR SB-CRDTS
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110
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merge

<latexit sha1_base64="r7e1DZjO1EjcRJqwcoJkNgq3pZg="></latexit>

( ),8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^
<latexit sha1_base64="HrTaiNF+2Oe9gXtFzsat/PSANAk="></latexit>



INVARIANTS FOR SB-CRDTS

110

100

110

200
merge

<latexit sha1_base64="r7e1DZjO1EjcRJqwcoJkNgq3pZg="></latexit>

( ),8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^
<latexit sha1_base64="HrTaiNF+2Oe9gXtFzsat/PSANAk="></latexit> ✘



INVARIANTS FOR SB-CRDTS

110
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200
merge

<latexit sha1_base64="r7e1DZjO1EjcRJqwcoJkNgq3pZg="></latexit>

( ),8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^
<latexit sha1_base64="HrTaiNF+2Oe9gXtFzsat/PSANAk="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^ reachable�i(�) ^ reachable�i(�
00) ^

<latexit sha1_base64="qlTzsUOuTJpWtUFU5aQdFuG20qw="></latexit>

✘



INVARIANTS FOR SB-CRDTS

110

100
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200
merge

<latexit sha1_base64="r7e1DZjO1EjcRJqwcoJkNgq3pZg="></latexit>

( ),8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^
<latexit sha1_base64="HrTaiNF+2Oe9gXtFzsat/PSANAk="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^ reachable�i(�) ^ reachable�i(�
00) ^

<latexit sha1_base64="qlTzsUOuTJpWtUFU5aQdFuG20qw="></latexit>

✘



INVARIANTS FOR SB-CRDTS
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merge

<latexit sha1_base64="r7e1DZjO1EjcRJqwcoJkNgq3pZg="></latexit>

( ),8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^
<latexit sha1_base64="HrTaiNF+2Oe9gXtFzsat/PSANAk="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^ reachable�i(�) ^ reachable�i(�
00) ^

<latexit sha1_base64="qlTzsUOuTJpWtUFU5aQdFuG20qw="></latexit>

✘
✘



INVARIANTS FOR SB-CRDTS
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merge

<latexit sha1_base64="r7e1DZjO1EjcRJqwcoJkNgq3pZg="></latexit>

( ),8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^
<latexit sha1_base64="HrTaiNF+2Oe9gXtFzsat/PSANAk="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

� ✏ Inv ^ �00 ✏ Inv ^ reachable�i(�) ^ reachable�i(�
00) ^

<latexit sha1_base64="qlTzsUOuTJpWtUFU5aQdFuG20qw="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

Premerge = wp(merge(�,�00), Inv)
<latexit sha1_base64="BxFoLBEin136hsqngLpFwLx40cE="></latexit>

✘
✘



INVARIANTS FOR SB-CRDTS

‣ Invariant constraints

‣ Operations preserve the invariant 
……

…

…

8 op,�,�0, � ✏ Preop ^ (�,�0) 2 JopK ) �0 ✏ Inv
<latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="E65XNGKrD22mAUSWQKq6YKPOwvI="></latexit><latexit sha1_base64="52JMvNY7knYKi7kTLt6tVVFEjoo="></latexit><latexit sha1_base64="52JMvNY7knYKi7kTLt6tVVFEjoo="></latexit><latexit sha1_base64="obg00Kts6vSd7lexGVXtvwaxlI8="></latexit><latexit sha1_base64="F0OvPdHjaGEmO8Z53vpg2OD7SRQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="F0OvPdHjaGEmO8Z53vpg2OD7SRQ="></latexit>



INVARIANTS FOR SB-CRDTS

‣ Invariant constraints

‣ Operations preserve the invariant 

‣ merge preserves the invariant

……

…

…

8 op,�,�0, � ✏ Preop ^ (�,�0) 2 JopK ) �0 ✏ Inv
<latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="E65XNGKrD22mAUSWQKq6YKPOwvI="></latexit><latexit sha1_base64="52JMvNY7knYKi7kTLt6tVVFEjoo="></latexit><latexit sha1_base64="52JMvNY7knYKi7kTLt6tVVFEjoo="></latexit><latexit sha1_base64="obg00Kts6vSd7lexGVXtvwaxlI8="></latexit><latexit sha1_base64="F0OvPdHjaGEmO8Z53vpg2OD7SRQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="uvB8XQ+ebGjiQJe0uZg0V3WYgoQ="></latexit><latexit sha1_base64="F0OvPdHjaGEmO8Z53vpg2OD7SRQ="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>

8 �,�0,�00, (�,�00) ✏ Premerge ^ merge(�,�00) = �0 ) �0 ✏ Inv
<latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="hJQuF2O9SSzzy+oT5XtUz1hFQQA="></latexit><latexit sha1_base64="3R9a+Cv8wmpCOhFBaiy++JJRSPs="></latexit>
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INVARIANTS FOR SB-CRDTS

‣ merge Pre constraints

‣ Initial state satisfies merge Pre 
Premerge(�i,�i)

<latexit sha1_base64="eY+2poLSCEiPWLCwMh7WPJjeqH4="></latexit>
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AUCTION IN BOOGIE



TOOL SUPPORT
‣ Inputs:  
‣ Operations 
‣ Ordering relation ⩽ for semi-lattice 
‣  Invariant Inv 

‣ Derive Premerge from Inv 

‣ Global invariants: Inv and Premerge 

‣ Check semi-lattice: convergence 

‣ Proofs are local to each operation 
‣ Boogie for (sequential) verification 

‣ https://github.com/sreeja/soteria_tool

https://github.com/sreeja/soteria_tool


CONCLUSION

‣ Modular verification of State-based CRDT applications 

‣ SOTERIA: Tool support based on Boogie 

‣ WIP: Concurrency Control synthesis (recommendations)
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OPERATION-BASED CRDTS

‣ Operation-based CRDTs 

‣ Each operation is delivered to each replica

‣ Invariant Checking (CISE) 

‣ Requires causal delivery


