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Today’s topics

• High-availability and fault-tolerance in distributed stream processing 

• Recovery semantics and guarantees 

• Exactly-once processing in Apache Beam / Google Cloud Dataflow
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Logic

State
<k, v> <#Brexit, 520> 

<#WorldCup, 480> 

<#StarWars, 300>

Any non-trivial streaming 
computation maintains state:


• rolling aggregations

• window contents

• input offsets

• machine learning models

State in dataflow computations
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Distributed streaming systems will fail

• how can we guard state against failures and guarantee correct results 
after recovery? 

• how can we ensure minimal downtime and fast recovery? 

• how can we hide recovery side-effects from downstream applications?
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What is a failure?

op

1. receive an event

2. store in local buffer
and possibly update state

3. produce output

5

mi mo



Vasiliki Kalavri | Boston University 2021

What is a failure?

op

1. receive an event

2. store in local buffer
and possibly update state

3. produce output

5

mi mo



Vasiliki Kalavri | Boston University 2021

What is a failure?

op

1. receive an event

2. store in local buffer
and possibly update state

3. produce output

5

mi mo
Was mi fully processed?

Was mo delivered downstream?



Vasiliki Kalavri | Boston University 2021

What is a failure?

op

1. receive an event

2. store in local buffer
and possibly update state

3. produce output

What can go wrong: 
• lost events 
• duplicate or lost state updates 
• wrong result

5

mi mo
Was mi fully processed?

Was mo delivered downstream?
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A simple system model

stream 
sources

N1 NKN2 …input queue output queue
primary nodes

secondary nodes

other 
apps

I1

I2

O1

O2

N’1 N’KN’2 …I’1

I’2

O’1 O’2
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Assumptions

Ni
primary

secondary

I1

I2

O1

O2

N’iI’1

I’2

O’1 O’2

• The communication network 
ensures order-preserving, reliable 
message transport, e.g. TCP. 

• Failures are single-node and fail-
stop, i.e. no network partitions or 
multiple simultaneous failures are 
considered. 

• The secondary node uses keep-
alive requests to detect primary 
failures.
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Recovery types
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Recovery types
• Precise recovery (exactly-once) 

• It hides the effects of a failure perfectly 
• Post-failure output is identical to no-failure

• Rollback recovery (at-least-once) 
• It avoids information loss 
• The output may contain duplicates 
• A backup needs to rebuild state of the failed node

• Gap recovery (at-most-once) 
• It drops data during failure 
• The backup starts from most recent information
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Recovery semantics

Given a dataflow Q, let Oe be the output stream produced by input e. In the event of a 
failure, let Of be the pre-failure execution of the primary and O’ the output produced by the 
secondary after recovery. 

• Precise recovery guarantees Of + O’ = Oe 
• Rollback recovery allows duplicate tuples downstream: 

• repeating: duplicate tuples are identical to those produced by the primary 
• convergent: duplicate tuples are different but eliminating them leads to output identical 

to an output without failure 
• divergent: duplicate tuples are different and eliminating them produces different output

9
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Outputs after recovery

10

Recovery type Before failure After failure

Precise t1 t2 t3 t4 t5 t6 … 

Gap t1 t2 t3     t5 t6 … 

Rollback-repeating t1 t2 t3 t2 t3 t4 …

Rollback-convergent t1 t2 t3 t’2 t’3 t4 …

Rollback-divergent t1 t2 t3 t’2 t’3 t’4 …

The output semantics depend on the operator type: 
• arbitrary: it depends on order, randomness, or external system 
• deterministic: it produces the same output when starting from the same initial state and 

given the same sequence of input tuples 
• convergent-capable: it can re-build internal state in a way that it eventually converges to 

a non-failure execution output 
• repeatable: it produces identical duplicate tuples
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Processing guarantees and result semantics
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Processing guarantees and result semantics

11
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Can you think of an operator that provides correct, possibly repeating, 
results even if it re-processes tuples after recovery?

Can you think of an operator that will converge to the correct result?

Can you think of an operator that will diverge?
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Fault-tolerance trade-offs

12

Steady-state overhead
• How is performance affected by the fault-tolerance mechanism under normal, failure-

free operation? 
• How much memory or disk space is required to maintain input tuples and state? 
Recovery speed
• How long does it take for the computation to catch up after a failure and recovery? 
• How much input do we need to re-play? How expensive is it to re-construct the state? 

How fast can we de-duplicate output?
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Gap Recovery

• Restart the operator from an empty state 

• Drop events during recovery 

• The number of lost events depends on 
• failure detection delay 
• stream input rates 
• state size 

• No runtime overhead

13
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Passive Standby
• Each primary periodically 

checkpoints its state and 
sends it to the secondary 

• The state consists of 
• input queues 
• operator state 
• output queues 

• Short recovery time 
• High runtime overhead 
• The checkpoint interval 

determines the trade-off
14

Ni
primary

secondary

I1 O1

N’i update checkpoint

send state
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Upstream Backup

Upstream nodes act as backups for their downstream 
operators by logging tuples in their output queues until 
downstream operators have completely processed them.
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Upstream Backup

Upstream nodes act as backups for their downstream 
operators by logging tuples in their output queues until 
downstream operators have completely processed them.

15

periodically 
acknowledge 

reception of input 
tuples

notify upstream of 
oldest logged 

tuples necessary 
to re-build current 

state
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Upstream backup
Recovery time
• The recovery node may need to re-process many tuples 

• all tuples that contributed to lost state 
• a complete queue-trimming interval worth of tuples, if level-0 and level-1 acks are 

periodically transmitted 

Overhead
• Low bandwidth overhead 

• acks contain only tuple ids and are much smaller than checkpoint messages 

• Low processing overhead 
• operators need to remember the oldest tuple (on each of their input streams) that 

contributed to the current state

16
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Active Standby

17

• The secondary receives tuples from 
upstream and processes them in 
parallel with the primary but it 
doesn’t output results 

• Watermarks are used to identify 
duplicate output tuples and trim the 
secondary’s output queue 

• Negligible recovery time 
• High overhead since all processing 

is duplicated

Ni
primary

secondary

I1 O1

N’iI1
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Precise recovery

To provide precise recovery, we need duplicate elimination methods: 

• In passive and active standby, the failover node must ask downstream 
operators for the identifiers of the last tuples they received. 

• In upstream backup, operators need to track and log tuple provenance / 
result lineage. 

Can such techniques be efficiently implemented?  

What if more than one nodes fail at the same time?

18
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Exactly-once in Google Cloud Dataflow

Google Dataflow uses RPC for data communication 
• the sender will retry RPCs until it receives a positive ack 
• the system ensures retrying even if the sender crashes 
• this technique guarantees at-least-once delivery 

RPC retries might create duplicates 
• RPCs can sometimes succeed even if they appear to have failed, i.e. a sender can only trust 

a success status 
• Dataflow tags messages with unique IDs

19
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Exactly-once in Google Cloud Dataflow

20

http://streamingbook.net/fig/5-2

• Receivers store a catalog of all identifiers they have seen and processed. 
• The de-duplication catalog is stored in a scalable key/value store.

http://streamingbook.net/fig/5-2
http://streamingbook.net/fig/5-2
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Exactly-once in Google Cloud Dataflow
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Exactly-once in Google Cloud Dataflow

Checkpointing to address non-determinism 
• Each output is checkpointed together with its unique ID to stable storage before being 

delivered to the next stage 
• Retries simply replay the output that has been checkpointed, i.e. the user’s non-

deterministic code is not re-executed

21
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Exactly-once in Google Cloud Dataflow

Checkpointing to address non-determinism 
• Each output is checkpointed together with its unique ID to stable storage before being 

delivered to the next stage 
• Retries simply replay the output that has been checkpointed, i.e. the user’s non-

deterministic code is not re-executed

Bloom filters for performance 
• Maintaining a catalog of all IDs ever seen and checking it for de-duplication is expensive 
• In a healthy pipeline though, most records will not be duplicates 
• Each worker maintains a Bloom Filter of all IDs it has seen: 

• if the filter returns false the record is not a duplicate 
• if it returns true, the worker sends a lookup to stable storage

21
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http://streamingbook.net/fig/5-5

Bloom filter: 
if true, the element is probably in the set 
if false, it definitely isn’t

http://streamingbook.net/fig/5-5
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http://streamingbook.net/fig/5-5

Bloom filter: 
if true, the element is probably in the set 
if false, it definitely isn’t

Separate bloom filters for 
every 10-minute range to 

avoid saturation

r1 is delivered a second time 
and a catalog lookup is issued to 

verify it is a duplicate

r8 is a not a duplicate. 
Lookup is triggered by a 
Bloom filter false positive.

http://streamingbook.net/fig/5-5
http://streamingbook.net/fig/5-5
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Further resources

• Jeong-Hyon Hwang et al. High-Availability Algorithms for 
Distributed Stream Processing. (ICDE ’05).


• http://cs.brown.edu/research/aurora/hwang.icde05.ha.pdf 


• Tyler Akidau et. al. MillWheel: Fault-Tolerant Stream Processing 
at Internet Scale (PVLDB’13)


• https://research.google/pubs/pub41378/

23
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Fault-tolerance 
approaches recap

24
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Upstream Backup

Upstream nodes act as backups for their downstream 
operators by logging tuples in their output queues until 
downstream operators have completely processed them.

25
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Active Standby

26

• The secondary receives tuples from 
upstream and processes them in 
parallel with the primary

Ni
primary

secondary

I1 O1

N’iI1
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Passive Standby

• Each primary periodically 
checkpoints its state and 
sends it to the secondary

27

Ni
primary

secondary

I1 O1

N’i update checkpoint

send state
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How can we make sure 
that checkpoints are 

meaningful and coherent?

28
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Global snapshots
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Image credit: NASA
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Freeze the world

Naive algorithm
1. Pause the ingestion of all input streams 
2. Wait for all in-flight data to be completely processed 
3. Copy the state of each task to a remote, persistent storage 
4. Wait until all tasks have finished their copies 
5. Resume processing and stream ingestion

33
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–Leslie Lamport

The distributed snapshot algorithm described here 
came about when I visited Chandy, who was then at 

the University of Texas in Austin.  He posed the 
problem to me over dinner, but we had both had too 

much wine to think about it right then. The next 
morning, in the shower, I came up with the solution. 
When I arrived at Chandy's office, he was waiting 

for me with the same solution.
http://lamport.azurewebsites.net/pubs/pubs.html#chandy

34
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Snapshotting Protocols

p1

p2

p3
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s01
<latexit sha1_base64="S9FZAoXVvp7baivRTBZw73oyxCU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9ur1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCUyY4R</latexit><latexit sha1_base64="S9FZAoXVvp7baivRTBZw73oyxCU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9ur1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCUyY4R</latexit><latexit sha1_base64="S9FZAoXVvp7baivRTBZw73oyxCU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9ur1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCUyY4R</latexit><latexit sha1_base64="S9FZAoXVvp7baivRTBZw73oyxCU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9ur1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCUyY4R</latexit>

s11
<latexit sha1_base64="noSyEfzfHafqaOXkdGN6CBikvbQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9er1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCWTI4S</latexit><latexit sha1_base64="noSyEfzfHafqaOXkdGN6CBikvbQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9er1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCWTI4S</latexit><latexit sha1_base64="noSyEfzfHafqaOXkdGN6CBikvbQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9er1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCWTI4S</latexit><latexit sha1_base64="noSyEfzfHafqaOXkdGN6CBikvbQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9er1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCWTI4S</latexit>

s21
<latexit sha1_base64="PmlbWnR6Kgv8737XKSccuojBAS0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk65732OhVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGXz44T</latexit><latexit sha1_base64="PmlbWnR6Kgv8737XKSccuojBAS0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk65732OhVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGXz44T</latexit><latexit sha1_base64="PmlbWnR6Kgv8737XKSccuojBAS0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk65732OhVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGXz44T</latexit><latexit sha1_base64="PmlbWnR6Kgv8737XKSccuojBAS0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk65732OhVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGXz44T</latexit>

s02
<latexit sha1_base64="X/zrTeBs1yAf5arKTCELJRhi+mY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0e1Va27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGWTo4S</latexit><latexit sha1_base64="X/zrTeBs1yAf5arKTCELJRhi+mY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0e1Va27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGWTo4S</latexit><latexit sha1_base64="X/zrTeBs1yAf5arKTCELJRhi+mY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0e1Va27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGWTo4S</latexit><latexit sha1_base64="X/zrTeBs1yAf5arKTCELJRhi+mY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0e1Va27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGWTo4S</latexit>

s12
<latexit sha1_base64="2TTclWchRmsOvfkJBdhKjNCqSVQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0etVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGX0Y4T</latexit><latexit sha1_base64="2TTclWchRmsOvfkJBdhKjNCqSVQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0etVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGX0Y4T</latexit><latexit sha1_base64="2TTclWchRmsOvfkJBdhKjNCqSVQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0etVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGX0Y4T</latexit><latexit sha1_base64="2TTclWchRmsOvfkJBdhKjNCqSVQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0etVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGX0Y4T</latexit>

s03
<latexit sha1_base64="Xuru/jxYp5lRIo7BD4OoLNe27gg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49ut1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCX044T</latexit><latexit sha1_base64="Xuru/jxYp5lRIo7BD4OoLNe27gg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49ut1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCX044T</latexit><latexit sha1_base64="Xuru/jxYp5lRIo7BD4OoLNe27gg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49ut1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCX044T</latexit><latexit sha1_base64="Xuru/jxYp5lRIo7BD4OoLNe27gg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49ut1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCX044T</latexit>

s13
<latexit sha1_base64="dKNtdIobkimeNZuB9JENwu8pOmE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49et1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCZVo4U</latexit><latexit sha1_base64="dKNtdIobkimeNZuB9JENwu8pOmE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49et1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCZVo4U</latexit><latexit sha1_base64="dKNtdIobkimeNZuB9JENwu8pOmE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49et1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCZVo4U</latexit><latexit sha1_base64="dKNtdIobkimeNZuB9JENwu8pOmE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49et1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCZVo4U</latexit>

e21
<latexit sha1_base64="9qJdpTm7jbA+lXu4SMWapUXHyD8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY897bPSqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCbY4F</latexit><latexit sha1_base64="9qJdpTm7jbA+lXu4SMWapUXHyD8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY897bPSqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCbY4F</latexit><latexit sha1_base64="9qJdpTm7jbA+lXu4SMWapUXHyD8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY897bPSqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCbY4F</latexit><latexit sha1_base64="9qJdpTm7jbA+lXu4SMWapUXHyD8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY897bPSqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCbY4F</latexit>

e11
<latexit sha1_base64="KMYVPy+snkrMyQmQZRjtHam8sp8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv52PMevV615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroMci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXib+Wf2q7t2d1xrXRRplOIJjOAUPLqABt9AEHxhweIZXeHOk8+K8Ox/z1pJTzBzCHzifP4DqjgQ=</latexit><latexit sha1_base64="KMYVPy+snkrMyQmQZRjtHam8sp8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv52PMevV615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroMci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXib+Wf2q7t2d1xrXRRplOIJjOAUPLqABt9AEHxhweIZXeHOk8+K8Ox/z1pJTzBzCHzifP4DqjgQ=</latexit><latexit sha1_base64="KMYVPy+snkrMyQmQZRjtHam8sp8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv52PMevV615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroMci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXib+Wf2q7t2d1xrXRRplOIJjOAUPLqABt9AEHxhweIZXeHOk8+K8Ox/z1pJTzBzCHzifP4DqjgQ=</latexit><latexit sha1_base64="KMYVPy+snkrMyQmQZRjtHam8sp8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv52PMevV615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroMci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXib+Wf2q7t2d1xrXRRplOIJjOAUPLqABt9AEHxhweIZXeHOk8+K8Ox/z1pJTzBzCHzifP4DqjgQ=</latexit>

e12
<latexit sha1_base64="HlcALjQv+3hYT6Wjdm8iPEcbJiI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY6/x6PWqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCb44F</latexit><latexit sha1_base64="HlcALjQv+3hYT6Wjdm8iPEcbJiI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY6/x6PWqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCb44F</latexit><latexit sha1_base64="HlcALjQv+3hYT6Wjdm8iPEcbJiI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY6/x6PWqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCb44F</latexit><latexit sha1_base64="HlcALjQv+3hYT6Wjdm8iPEcbJiI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY6/x6PWqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCb44F</latexit>

e13
<latexit sha1_base64="o+ypjN59sHydfACG4MYkzhrg3+Y=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxko+ds8evW6l6tbcKcgi8QpShQKNbuWr00tYFqM0TFCt256bmiCnynAmcFzuZBpTyoa0j21LJY1RB/n02DE5tkqPRImyJQ2Zqr8nchprPYpD2xlTM9Dz3kT8z2tnJroMci7TzKBks0VRJohJyORz0uMKmREjSyhT3N5K2IAqyozNp2xD8OZfXiT+ae2q5t2dV+vXRRolOIQjOAEPLqAOt9AAHxhweIZXeHOk8+K8Ox+z1iWnmDmAP3A+fwCD9I4G</latexit><latexit sha1_base64="o+ypjN59sHydfACG4MYkzhrg3+Y=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxko+ds8evW6l6tbcKcgi8QpShQKNbuWr00tYFqM0TFCt256bmiCnynAmcFzuZBpTyoa0j21LJY1RB/n02DE5tkqPRImyJQ2Zqr8nchprPYpD2xlTM9Dz3kT8z2tnJroMci7TzKBks0VRJohJyORz0uMKmREjSyhT3N5K2IAqyozNp2xD8OZfXiT+ae2q5t2dV+vXRRolOIQjOAEPLqAOt9AAHxhweIZXeHOk8+K8Ox+z1iWnmDmAP3A+fwCD9I4G</latexit><latexit sha1_base64="o+ypjN59sHydfACG4MYkzhrg3+Y=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxko+ds8evW6l6tbcKcgi8QpShQKNbuWr00tYFqM0TFCt256bmiCnynAmcFzuZBpTyoa0j21LJY1RB/n02DE5tkqPRImyJQ2Zqr8nchprPYpD2xlTM9Dz3kT8z2tnJroMci7TzKBks0VRJohJyORz0uMKmREjSyhT3N5K2IAqyozNp2xD8OZfXiT+ae2q5t2dV+vXRRolOIQjOAEPLqAOt9AAHxhweIZXeHOk8+K8Ox+z1iWnmDmAP3A+fwCD9I4G</latexit><latexit sha1_base64="o+ypjN59sHydfACG4MYkzhrg3+Y=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxko+ds8evW6l6tbcKcgi8QpShQKNbuWr00tYFqM0TFCt256bmiCnynAmcFzuZBpTyoa0j21LJY1RB/n02DE5tkqPRImyJQ2Zqr8nchprPYpD2xlTM9Dz3kT8z2tnJroMci7TzKBks0VRJohJyORz0uMKmREjSyhT3N5K2IAqyozNp2xD8OZfXiT+ae2q5t2dV+vXRRolOIQjOAEPLqAOt9AAHxhweIZXeHOk8+K8Ox+z1iWnmDmAP3A+fwCD9I4G</latexit>

We need to retrieve a 
distributed cut 
in a system execution that 
yields a system configuration

Validity (safety):
Termination (liveness):

Obtain a valid system configuration
A full system configuration is eventually captured

A snapshot algorithm attempts to capture a coherent 
global state of a distributed system
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p1

p2

p3

C

m
<latexit sha1_base64="CtNBlvh1gZfP7+4+v48993Q12R8=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaca9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwBD/ozF</latexit><latexit sha1_base64="CtNBlvh1gZfP7+4+v48993Q12R8=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaca9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwBD/ozF</latexit><latexit sha1_base64="CtNBlvh1gZfP7+4+v48993Q12R8=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaca9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwBD/ozF</latexit><latexit sha1_base64="CtNBlvh1gZfP7+4+v48993Q12R8=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaca9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x26IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE10FOZdpZlCy+aIoE8QkZPo16XOFzIixJZQpbm8lbEgVZcZmU7YheIsvLxP/vHZd85oX1fpNkUYJjuEEzsCDS6jDHTTABwYIz/AKb86j8+K8Ox/z1hWnmDmCP3A+fwBD/ozF</latexit>

m0
<latexit sha1_base64="K6iKeExfG5XRxe0YbdC6wv04244=">AAAB6HicbVBNSwMxEJ34WetX1aOXYBE9lV0R1FvRi8cqri20S8mm2TY0yS5JVihL/4EXDype/Une/Dem7R609cHA470ZZuZFqeDGet43WlpeWV1bL22UN7e2d3Yre/uPJsk0ZQFNRKJbETFMcMUCy61grVQzIiPBmtHwZuI3n5g2PFEPdpSyUJK+4jGnxDrpXp50K1Wv5k2BF4lfkCoUaHQrX51eQjPJlKWCGNP2vdSGOdGWU8HG5U5mWErokPRZ21FFJDNhPr10jI+d0sNxol0pi6fq74mcSGNGMnKdktiBmfcm4n9eO7PxZZhzlWaWKTpbFGcC2wRP3sY9rhm1YuQIoZq7WzEdEE2odeGUXQj+/MuLJDirXdX8u/Nq/bpIowSHcASn4MMF1OEWGhAAhRie4RXe0BC9oHf0MWtdQsXMAfwB+vwBpEOM9g==</latexit><latexit sha1_base64="K6iKeExfG5XRxe0YbdC6wv04244=">AAAB6HicbVBNSwMxEJ34WetX1aOXYBE9lV0R1FvRi8cqri20S8mm2TY0yS5JVihL/4EXDype/Une/Dem7R609cHA470ZZuZFqeDGet43WlpeWV1bL22UN7e2d3Yre/uPJsk0ZQFNRKJbETFMcMUCy61grVQzIiPBmtHwZuI3n5g2PFEPdpSyUJK+4jGnxDrpXp50K1Wv5k2BF4lfkCoUaHQrX51eQjPJlKWCGNP2vdSGOdGWU8HG5U5mWErokPRZ21FFJDNhPr10jI+d0sNxol0pi6fq74mcSGNGMnKdktiBmfcm4n9eO7PxZZhzlWaWKTpbFGcC2wRP3sY9rhm1YuQIoZq7WzEdEE2odeGUXQj+/MuLJDirXdX8u/Nq/bpIowSHcASn4MMF1OEWGhAAhRie4RXe0BC9oHf0MWtdQsXMAfwB+vwBpEOM9g==</latexit><latexit sha1_base64="K6iKeExfG5XRxe0YbdC6wv04244=">AAAB6HicbVBNSwMxEJ34WetX1aOXYBE9lV0R1FvRi8cqri20S8mm2TY0yS5JVihL/4EXDype/Une/Dem7R609cHA470ZZuZFqeDGet43WlpeWV1bL22UN7e2d3Yre/uPJsk0ZQFNRKJbETFMcMUCy61grVQzIiPBmtHwZuI3n5g2PFEPdpSyUJK+4jGnxDrpXp50K1Wv5k2BF4lfkCoUaHQrX51eQjPJlKWCGNP2vdSGOdGWU8HG5U5mWErokPRZ21FFJDNhPr10jI+d0sNxol0pi6fq74mcSGNGMnKdktiBmfcm4n9eO7PxZZhzlWaWKTpbFGcC2wRP3sY9rhm1YuQIoZq7WzEdEE2odeGUXQj+/MuLJDirXdX8u/Nq/bpIowSHcASn4MMF1OEWGhAAhRie4RXe0BC9oHf0MWtdQsXMAfwB+vwBpEOM9g==</latexit><latexit sha1_base64="K6iKeExfG5XRxe0YbdC6wv04244=">AAAB6HicbVBNSwMxEJ34WetX1aOXYBE9lV0R1FvRi8cqri20S8mm2TY0yS5JVihL/4EXDype/Une/Dem7R609cHA470ZZuZFqeDGet43WlpeWV1bL22UN7e2d3Yre/uPJsk0ZQFNRKJbETFMcMUCy61grVQzIiPBmtHwZuI3n5g2PFEPdpSyUJK+4jGnxDrpXp50K1Wv5k2BF4lfkCoUaHQrX51eQjPJlKWCGNP2vdSGOdGWU8HG5U5mWErokPRZ21FFJDNhPr10jI+d0sNxol0pi6fq74mcSGNGMnKdktiBmfcm4n9eO7PxZZhzlWaWKTpbFGcC2wRP3sY9rhm1YuQIoZq7WzEdEE2odeGUXQj+/MuLJDirXdX8u/Nq/bpIowSHcASn4MMF1OEWGhAAhRie4RXe0BC9oHf0MWtdQsXMAfwB+vwBpEOM9g==</latexit>

s01
<latexit sha1_base64="S9FZAoXVvp7baivRTBZw73oyxCU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9ur1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCUyY4R</latexit><latexit sha1_base64="S9FZAoXVvp7baivRTBZw73oyxCU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9ur1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCUyY4R</latexit><latexit sha1_base64="S9FZAoXVvp7baivRTBZw73oyxCU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9ur1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCUyY4R</latexit><latexit sha1_base64="S9FZAoXVvp7baivRTBZw73oyxCU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9ur1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCUyY4R</latexit>

s11
<latexit sha1_base64="noSyEfzfHafqaOXkdGN6CBikvbQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9er1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCWTI4S</latexit><latexit sha1_base64="noSyEfzfHafqaOXkdGN6CBikvbQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9er1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCWTI4S</latexit><latexit sha1_base64="noSyEfzfHafqaOXkdGN6CBikvbQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9er1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCWTI4S</latexit><latexit sha1_base64="noSyEfzfHafqaOXkdGN6CBikvbQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv5uuc9er1qza27M5Bl4hWkBgWavepXt5+wLEZpmKBadzw3NUFOleFM4KTSzTSmlI3oADuWShqjDvLZsRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fJTHQZ5FymmUHJ5ouiTBCTkOnnpM8VMiPGllCmuL2VsCFVlBmbT8WG4C2+vEz8s/pV3bs7rzWuizTKcATHcAoeXEADbqEJPjDg8Ayv8OZI58V5dz7mrSWnmDmEP3A+fwCWTI4S</latexit>

s21
<latexit sha1_base64="PmlbWnR6Kgv8737XKSccuojBAS0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk65732OhVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGXz44T</latexit><latexit sha1_base64="PmlbWnR6Kgv8737XKSccuojBAS0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk65732OhVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGXz44T</latexit><latexit sha1_base64="PmlbWnR6Kgv8737XKSccuojBAS0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk65732OhVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGXz44T</latexit><latexit sha1_base64="PmlbWnR6Kgv8737XKSccuojBAS0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk65732OhVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGXz44T</latexit>

s02
<latexit sha1_base64="X/zrTeBs1yAf5arKTCELJRhi+mY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0e1Va27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGWTo4S</latexit><latexit sha1_base64="X/zrTeBs1yAf5arKTCELJRhi+mY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0e1Va27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGWTo4S</latexit><latexit sha1_base64="X/zrTeBs1yAf5arKTCELJRhi+mY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0e1Va27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGWTo4S</latexit><latexit sha1_base64="X/zrTeBs1yAf5arKTCELJRhi+mY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0e1Va27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGWTo4S</latexit>

s12
<latexit sha1_base64="2TTclWchRmsOvfkJBdhKjNCqSVQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0etVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGX0Y4T</latexit><latexit sha1_base64="2TTclWchRmsOvfkJBdhKjNCqSVQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0etVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGX0Y4T</latexit><latexit sha1_base64="2TTclWchRmsOvfkJBdhKjNCqSVQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0etVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGX0Y4T</latexit><latexit sha1_base64="2TTclWchRmsOvfkJBdhKjNCqSVQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzk617j0etVa27dnYEsE68gNSjQ6lW/uv2EZTFKwwTVuuO5qQlyqgxnAieVbqYxpWxEB9ixVNIYdZDPjp2QE6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqKLIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfCo2BG/x5WXiN+qXde/2rNa8KtIowxEcwyl4cA5NuIEW+MCAwzO8wpsjnRfn3fmYt5acYuYQ/sD5/AGX0Y4T</latexit>

s03
<latexit sha1_base64="Xuru/jxYp5lRIo7BD4OoLNe27gg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49ut1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCX044T</latexit><latexit sha1_base64="Xuru/jxYp5lRIo7BD4OoLNe27gg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49ut1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCX044T</latexit><latexit sha1_base64="Xuru/jxYp5lRIo7BD4OoLNe27gg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49ut1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCX044T</latexit><latexit sha1_base64="Xuru/jxYp5lRIo7BD4OoLNe27gg=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49ut1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCX044T</latexit>

s13
<latexit sha1_base64="dKNtdIobkimeNZuB9JENwu8pOmE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49et1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCZVo4U</latexit><latexit sha1_base64="dKNtdIobkimeNZuB9JENwu8pOmE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49et1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCZVo4U</latexit><latexit sha1_base64="dKNtdIobkimeNZuB9JENwu8pOmE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49et1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCZVo4U</latexit><latexit sha1_base64="dKNtdIobkimeNZuB9JENwu8pOmE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxkq+7p49et1K1a25U5BF4hWkCgUa3cpXp5ewLEZpmKBatz03NUFOleFM4LjcyTSmlA1pH9uWShqjDvLpsWNybJUeiRJlSxoyVX9P5DTWehSHtjOmZqDnvYn4n9fOTHQZ5FymmUHJZouiTBCTkMnnpMcVMiNGllCmuL2VsAFVlBmbT9mG4M2/vEj809pVzbs7r9avizRKcAhHcAIeXEAdbqEBPjDg8Ayv8OZI58V5dz5mrUtOMXMAf+B8/gCZVo4U</latexit>

e21
<latexit sha1_base64="9qJdpTm7jbA+lXu4SMWapUXHyD8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY897bPSqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCbY4F</latexit><latexit sha1_base64="9qJdpTm7jbA+lXu4SMWapUXHyD8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY897bPSqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCbY4F</latexit><latexit sha1_base64="9qJdpTm7jbA+lXu4SMWapUXHyD8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY897bPSqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCbY4F</latexit><latexit sha1_base64="9qJdpTm7jbA+lXu4SMWapUXHyD8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY897bPSqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCbY4F</latexit>

e11
<latexit sha1_base64="KMYVPy+snkrMyQmQZRjtHam8sp8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv52PMevV615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroMci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXib+Wf2q7t2d1xrXRRplOIJjOAUPLqABt9AEHxhweIZXeHOk8+K8Ox/z1pJTzBzCHzifP4DqjgQ=</latexit><latexit sha1_base64="KMYVPy+snkrMyQmQZRjtHam8sp8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv52PMevV615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroMci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXib+Wf2q7t2d1xrXRRplOIJjOAUPLqABt9AEHxhweIZXeHOk8+K8Ox/z1pJTzBzCHzifP4DqjgQ=</latexit><latexit sha1_base64="KMYVPy+snkrMyQmQZRjtHam8sp8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv52PMevV615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroMci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXib+Wf2q7t2d1xrXRRplOIJjOAUPLqABt9AEHxhweIZXeHOk8+K8Ox/z1pJTzBzCHzifP4DqjgQ=</latexit><latexit sha1_base64="KMYVPy+snkrMyQmQZRjtHam8sp8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T940EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6mfqtJ1SaJ/LejFMMYjqQPOKMGiv52PMevV615tbdGcgy8QpSgwLNXvWr209YFqM0TFCtO56bmiCnynAmcFLpZhpTykZ0gB1LJY1RB/ns2Ak5sUqfRImyJQ2Zqb8nchprPY5D2xlTM9SL3lT8z+tkJroMci7TzKBk80VRJohJyPRz0ucKmRFjSyhT3N5K2JAqyozNp2JD8BZfXib+Wf2q7t2d1xrXRRplOIJjOAUPLqABt9AEHxhweIZXeHOk8+K8Ox/z1pJTzBzCHzifP4DqjgQ=</latexit>

e12
<latexit sha1_base64="HlcALjQv+3hYT6Wjdm8iPEcbJiI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY6/x6PWqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCb44F</latexit><latexit sha1_base64="HlcALjQv+3hYT6Wjdm8iPEcbJiI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY6/x6PWqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCb44F</latexit><latexit sha1_base64="HlcALjQv+3hYT6Wjdm8iPEcbJiI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY6/x6PWqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCb44F</latexit><latexit sha1_base64="HlcALjQv+3hYT6Wjdm8iPEcbJiI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoN6KXjxWMFpoY9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T+410mmGPosEYlqh1Sj4BJ9w43AdqqQxqHAh3B0PfUfnlBpnsg7M04xiOlA8ogzaqzkY6/x6PWqNbfuzkCWiVeQGhRo9apf3X7CshilYYJq3fHc1AQ5VYYzgZNKN9OYUjaiA+xYKmmMOshnx07IiVX6JEqULWnITP09kdNY63Ec2s6YmqFe9Kbif14nM9FFkHOZZgYlmy+KMkFMQqafkz5XyIwYW0KZ4vZWwoZUUWZsPhUbgrf48jLxG/XLund7VmteFWmU4QiO4RQ8OIcm3EALfGDA4Rle4c2Rzovz7nzMW0tOMXMIf+B8/gCCb44F</latexit>

e13
<latexit sha1_base64="o+ypjN59sHydfACG4MYkzhrg3+Y=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxko+ds8evW6l6tbcKcgi8QpShQKNbuWr00tYFqM0TFCt256bmiCnynAmcFzuZBpTyoa0j21LJY1RB/n02DE5tkqPRImyJQ2Zqr8nchprPYpD2xlTM9Dz3kT8z2tnJroMci7TzKBks0VRJohJyORz0uMKmREjSyhT3N5K2IAqyozNp2xD8OZfXiT+ae2q5t2dV+vXRRolOIQjOAEPLqAOt9AAHxhweIZXeHOk8+K8Ox+z1iWnmDmAP3A+fwCD9I4G</latexit><latexit sha1_base64="o+ypjN59sHydfACG4MYkzhrg3+Y=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxko+ds8evW6l6tbcKcgi8QpShQKNbuWr00tYFqM0TFCt256bmiCnynAmcFzuZBpTyoa0j21LJY1RB/n02DE5tkqPRImyJQ2Zqr8nchprPYpD2xlTM9Dz3kT8z2tnJroMci7TzKBks0VRJohJyORz0uMKmREjSyhT3N5K2IAqyozNp2xD8OZfXiT+ae2q5t2dV+vXRRolOIQjOAEPLqAOt9AAHxhweIZXeHOk8+K8Ox+z1iWnmDmAP3A+fwCD9I4G</latexit><latexit sha1_base64="o+ypjN59sHydfACG4MYkzhrg3+Y=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxko+ds8evW6l6tbcKcgi8QpShQKNbuWr00tYFqM0TFCt256bmiCnynAmcFzuZBpTyoa0j21LJY1RB/n02DE5tkqPRImyJQ2Zqr8nchprPYpD2xlTM9Dz3kT8z2tnJroMci7TzKBks0VRJohJyORz0uMKmREjSyhT3N5K2IAqyozNp2xD8OZfXiT+ae2q5t2dV+vXRRolOIQjOAEPLqAOt9AAHxhweIZXeHOk8+K8Ox+z1iWnmDmAP3A+fwCD9I4G</latexit><latexit sha1_base64="o+ypjN59sHydfACG4MYkzhrg3+Y=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3oxWMFYwttLJvtpF262YTdjVBCf4MXDype/UPe/Ddu2xy09cHA470ZZuaFqeDauO63s7S8srq2Xtoob25t7+xW9vYfdJIphj5LRKJaIdUouETfcCOwlSqkcSiwGQ5vJn7zCZXmibw3oxSDmPYljzijxko+ds8evW6l6tbcKcgi8QpShQKNbuWr00tYFqM0TFCt256bmiCnynAmcFzuZBpTyoa0j21LJY1RB/n02DE5tkqPRImyJQ2Zqr8nchprPYpD2xlTM9Dz3kT8z2tnJroMci7TzKBks0VRJohJyORz0uMKmREjSyhT3N5K2IAqyozNp2xD8OZfXiT+ae2q5t2dV+vXRRolOIQjOAEPLqAOt9AAHxhweIZXeHOk8+K8Ox+z1iWnmDmAP3A+fwCD9I4G</latexit>

Snapshot of C

{s11, s12, s13}
{m0}

<latexit sha1_base64="drjpAQNgXtG/VSNmmFjOjdDFZ64=">AAACCXicbZC9TsMwFIWd8lfCX4CRJdAiGFAVlwHYKlgYi0RopSaNHNctVu0ksh2kKurMwquwMABi5Q3YeBvcNAO0XMnWp3PulX1PmDAqleN8G6WFxaXllfKquba+sbllbe/cyTgVmLg4ZrFoh0gSRiPiKqoYaSeCIB4y0gqHVxO/9UCEpHF0q0YJ8TkaRLRPMVJaCqz9qpfJAHbhiQzq+X3ahd64apra4EeaAqvi1Jy87HmABVRAUc3A+vJ6MU45iRRmSMoOdBLlZ0goihkZm14qSYLwEA1IR2OEOJF+lq8ytg+10rP7sdAnUnau/p7IEJdyxEPdyZG6l7PeRPzP66Sqf+5nNEpSRSI8faifMlvF9iQXu0cFwYqNNCAsqP6rje+RQFjp9EwdApxdeR7ceu2iBm/qlcZlkUYZ7IEDcAwgOAMNcA2awAUYPIJn8ArejCfjxXg3PqatJaOY2QV/yvj8AfLTl3A=</latexit><latexit sha1_base64="drjpAQNgXtG/VSNmmFjOjdDFZ64=">AAACCXicbZC9TsMwFIWd8lfCX4CRJdAiGFAVlwHYKlgYi0RopSaNHNctVu0ksh2kKurMwquwMABi5Q3YeBvcNAO0XMnWp3PulX1PmDAqleN8G6WFxaXllfKquba+sbllbe/cyTgVmLg4ZrFoh0gSRiPiKqoYaSeCIB4y0gqHVxO/9UCEpHF0q0YJ8TkaRLRPMVJaCqz9qpfJAHbhiQzq+X3ahd64apra4EeaAqvi1Jy87HmABVRAUc3A+vJ6MU45iRRmSMoOdBLlZ0goihkZm14qSYLwEA1IR2OEOJF+lq8ytg+10rP7sdAnUnau/p7IEJdyxEPdyZG6l7PeRPzP66Sqf+5nNEpSRSI8faifMlvF9iQXu0cFwYqNNCAsqP6rje+RQFjp9EwdApxdeR7ceu2iBm/qlcZlkUYZ7IEDcAwgOAMNcA2awAUYPIJn8ArejCfjxXg3PqatJaOY2QV/yvj8AfLTl3A=</latexit><latexit sha1_base64="drjpAQNgXtG/VSNmmFjOjdDFZ64=">AAACCXicbZC9TsMwFIWd8lfCX4CRJdAiGFAVlwHYKlgYi0RopSaNHNctVu0ksh2kKurMwquwMABi5Q3YeBvcNAO0XMnWp3PulX1PmDAqleN8G6WFxaXllfKquba+sbllbe/cyTgVmLg4ZrFoh0gSRiPiKqoYaSeCIB4y0gqHVxO/9UCEpHF0q0YJ8TkaRLRPMVJaCqz9qpfJAHbhiQzq+X3ahd64apra4EeaAqvi1Jy87HmABVRAUc3A+vJ6MU45iRRmSMoOdBLlZ0goihkZm14qSYLwEA1IR2OEOJF+lq8ytg+10rP7sdAnUnau/p7IEJdyxEPdyZG6l7PeRPzP66Sqf+5nNEpSRSI8faifMlvF9iQXu0cFwYqNNCAsqP6rje+RQFjp9EwdApxdeR7ceu2iBm/qlcZlkUYZ7IEDcAwgOAMNcA2awAUYPIJn8ArejCfjxXg3PqatJaOY2QV/yvj8AfLTl3A=</latexit><latexit sha1_base64="drjpAQNgXtG/VSNmmFjOjdDFZ64=">AAACCXicbZC9TsMwFIWd8lfCX4CRJdAiGFAVlwHYKlgYi0RopSaNHNctVu0ksh2kKurMwquwMABi5Q3YeBvcNAO0XMnWp3PulX1PmDAqleN8G6WFxaXllfKquba+sbllbe/cyTgVmLg4ZrFoh0gSRiPiKqoYaSeCIB4y0gqHVxO/9UCEpHF0q0YJ8TkaRLRPMVJaCqz9qpfJAHbhiQzq+X3ahd64apra4EeaAqvi1Jy87HmABVRAUc3A+vJ6MU45iRRmSMoOdBLlZ0goihkZm14qSYLwEA1IR2OEOJF+lq8ytg+10rP7sdAnUnau/p7IEJdyxEPdyZG6l7PeRPzP66Sqf+5nNEpSRSI8faifMlvF9iQXu0cFwYqNNCAsqP6rje+RQFjp9EwdApxdeR7ceu2iBm/qlcZlkUYZ7IEDcAwgOAMNcA2awAUYPIJn8ArejCfjxXg3PqatJaOY2QV/yvj8AfLTl3A=</latexit>

We need to retrieve a 
distributed cut 
in a system execution that 
yields a system configuration

Validity (safety):
Termination (liveness):

Obtain a valid system configuration
A full system configuration is eventually captured

A snapshot algorithm attempts to capture a coherent 
global state of a distributed system
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Validity Explained

p1 p2

p3

p1

p2

p3

m

m’

System
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Validity Explained

p1 p2

p3

p1

p2

p3

m

m’

C

events in cut

System Possible Execution
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Validity Explained

p1 p2

p3

p1

p2

p3

m

m’

C

events in cut

Not Valid: According to C, m’ was received but never sent 
(Violates Causality)

System Possible Execution

36
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Valid: No causality violations in C’ (C’ is a consistent cut)

Possible Execution

p1

p2

p3

m

m’

C’

Validity Explained

p1 p2

p3

System



🤧😷🤒 Vasiliki Kalavri | Boston University 2021

Causal consistency

A consistent cut satisfies causality: 
• An event is pre-snapshot if it 

occurs before the local snapshot 
on a process, otherwise it is post-
snapshot

• If event A happens causally before 
B and B is pre-snapshot, then A is 
also pre-snapshot

p1

p2

p3

m

m’

C’

A

B
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System model: 
• No failures during snapshotting 
• FIFO reliable channels: no lost or duplicate messages 
• Strongly connected execution graph: each process can 

reach every other process in the system 
• Single initiating process

39

The Chandy-Lamport Algorithm

A snapshot algorithm that is used in distributed systems for 
recording a consistent global state of an asynchronous system
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Requirements: 
• Taking a snapshot does not interfere with processing 

• processing and messages do not stop 
• Each process cast locally record its own state 
• Any process can initiate the algorithm

40

The Chandy-Lamport Algorithm
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Initiating a snapshot

The initiator process: 
1. Records its own state. 
2. Sends a marker out on each of its outgoing channels. 

a. The marker is a special message that is not recorded in the 
snapshot but enforces the causal consistency. 

3. Starts recording all data (application) messages it receives on all of 
its incoming channels.

41
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On receiving a marker (I)
A process receiving a marker for the first time: 
1. Records its own state. 
2. Marks the channel that the marker came in on as empty.  

a. Future messages arriving on this channel will no be part of the 
snapshot. 

3. Sends markers to all its outgoing channels. 
4. Starts recording incoming messages on all its incoming 

channels except the one marked as empty. 

Otherwise: 
1. It stops recording on the channel it received the marker from.

42
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Completing a snapshot

When all processes have received a marker and recorded their local state 
and all processes have received markers on all incoming channels and 
have recorded all channel states. 

We can then collect the locally recorded states and construct a global 
snapshot.

43
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Example

p1 p2

p3

⊙
init

before marker
after marker

44

m1

m2
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Example

p1 p2

p3

⊙
init

before marker
after marker

s1
Snapshot

44

m1

m2
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p1 p2

p3

⊙
marker

s1
Snapshot

Example

before marker
after marker

45

m1

m2

recording…

p1 records its state, forwards the marker, and starts recording on incoming channels
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p1 p2

p3

⊙
Snapshot
s1, s2

Example

before marker
after marker

46

recording…

m2

m3

p2 receives the marker, records its state, marks marker channel as empty,


empty
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p1 p2

p3

⊙ s1, s2
Snapshot

Example

before marker
after marker

p2 receives the marker, records its state, marks marker channel as empty,

forwards the marker, and starts recording on other incoming channels

empty

recording…

re
co

rd
ing

…

m3 m4
m5

m3
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p1 p2

p3
⊙

Snapshot
s1, s2, s3

Example

before marker
after marker

recording…

re
co

rd
ing

…

empty

m5m4m3

m4

m5

p3 receives the marker, records its state, and forwards the marker
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p1 p2

p3

⊙
⊙

Snapshot

Example

before marker
after marker

p1 and p2 receive the marker and their remaining input channels and stop recording

s1, s2, s3

m5m4m3
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p1 p2

p3

Snapshot

Example

before marker
after marker

s1, s2, s3

m5m4m3
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Does the algorithm satisfy 
causality?
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A consistent cut satisfies causality: 
• An event is pre-snapshot if it 

occurs before the local snapshot 
on a process, otherwise it is post-
snapshot

• If event A happens causally before 
B and B is pre-snapshot, then A is 
also pre-snapshot

Does the algorithm satisfy 
causality?



🤧😷🤒 Vasiliki Kalavri | Boston University 202151

A consistent cut satisfies causality: 
• An event is pre-snapshot if it 

occurs before the local snapshot 
on a process, otherwise it is post-
snapshot

• If event A happens causally before 
B and B is pre-snapshot, then A is 
also pre-snapshot

When is a message included in 
the snapshot?

Does the algorithm satisfy 
causality?
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Can we apply this algorithm to 
retrieve a consistent snapshot of 
a stream processing application?

52


