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and Consistency
Models

A story about real trade-offs in distributed systems
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CAP Theorem in One Phrase

P: messages are lost

CAP Chapter

¢

Preserve order
Some requects wait

A

Live node responds
Stalenecs is possible

Cannot guarantee both A and linearizability during a partition

Statement



C. A, and P:
What’s Inside

A p
Consistency Availability 5
In CAP: Recponce withoot a Partition Tolerance

be lost
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Consistency in CAP

= Linearizability

u#ﬁEGFf)

W ite

completes

CAP Chapter | Formalisn

New read(x)

Returne: 1

-

The global order recpects the real-time order of operatfions



CAP Chapter | Formalism

Availability in the Theorem

C'amp/et:‘an

Request —
f with a response

Non-failing node

Nl

No fixed deadline; waiting forever violates A



HOW CAP Emerged CAP Chapter | History
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The °Pick 2 of 8’ Myth

No pa rfition Durr'ng parﬁtr'an

A .
C and A can coexict C sz ;B:raz;ratmn

CAP i¢ not a ctatic ‘two ovt of three” label



Partitions: Rare, Not Exotic

7

Recovery

Link failure

< _
l= Degradation J
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CAP Chapter

Detection

A timeout may falsely signal a partition

—

=

Myth #1



Decisions Are Made

Per Operation

Partition: which
ope ration?

T~

CAP Chapter  Myth #2

Payment
Precerve invariant

CP policy

Feed

Allow ctaleness
AP policy




C/A/P Are Spectrums

CAP Chapter

Availability Consistency Network
Uptime Model Partial failvre
Error budget Allowed lag Probability of harm

|

Engineering metrics extend beyond the theorems binary quarantees



Partition Mode

as State Machine

L
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Recovery: reconciliation, conflicts, compensation



Latency Governs CAP

Wait for cync Respond sooner
Preserve Preserve A
Rick loeing A Rick stalenecs

|
|

Timeout detects a symptom; it does not remove the trade-off

CAP Chapter | Latency



ACID \VAS CAP: CAP Chapter  Terns
Different C

Atomicity Consistency Icolation Durability

C in ACID: invariants: C in CAP: ﬁ'heah:zaf?fﬁt_y



BASE Answers Availability

o " § E
Soft State
Bacically Available u Changee without new Euen?‘ua//y
Consistent
requests

Eventual convergence: in the absence of new writes



G"bert—Lg nCh CAP Chapter = Proof
Formal Definitions

Acynchronovs
read/write obfect
|
|
Atomic C A
Single-node order Non-failing node responds

P permits arbitrary mecsage loss: A + C ic impossible



Asynchronous Impossibility

61: write(x=1)
completed

CAP Chapter | Theorem 1

62 returns x=0
A preserved

c w'a/ a.?tf.‘ﬂ{
- 11

62 waits for mecsage
C preserved
A not quaranteed

61 and G2 are partitioned: the read starts after the write



Partial Synchrony
Doesn’t Help

Clocke / deadfine — Failvre detection —= C or A policy

Meccage loss preserves the conflict even with partial cynchrony

CAP Chapter  The



CAP Takeaways
for Architecture

Degradation

CAP Chapter | Summary

econciliation




CAP: What to Do in Failure

l Partition present? l
) ______g:::,ffffff;f’fﬂj“mxhaxiifahxxs )

Yec: P No: ELSE !

AorC L or(C

PACELC adds what to do when there are no faifvres



PAC E LC Fo r m u Ia PACELC Chapter Fornula

PACELC

\

A trade-off existe in normal operation too



Why PACELC Was Needed ~ “

f?ep/r'ca.
1 coordination

Cross-region links —— — p?5/p?7 cost

— ——

PACELC explains fow-latency choices without a faiflure



PACELC Chapter

Latency vs Consistency
in Normal Mode

Weaker quarantees

Globaf order Lecs waiting
Latency cost | More complex logic




PACELC
Categories

PA/EL

PA/EC

P: A
ELSE: L

P: A
ELSE: C

PC/EC

PC/EL

PACELC Chapter

p:C
ELSE: C

P:C
ELSE: [

The profile applies fo celected operatione and cetfings



PA/EL: Speed and

Availability First

Avaifabm'ty and [atency; compensation required



PC/EC: Consistency First

PC/EC
| /\
Partition ELSE
4 C
L

Order over response: payments, ledger, limits



PA/EC: Reliable and Strict

PA/EC

PACELC Chapter

ELSE

Ctrict normal operation; staleness only during failvre

PA/

EC



PC/EL: Rare but

Important Profile

PC/EL
Partition ELSE
¢ [

Strict incident policy; fast normal path



Map PACELC to Product Needs

Prioritize [ / A

Payments and limits Feeds and search
Legal fedger Allowed drift




Calculate

Latency/Consistency Budget

pis/pe?

Recponce time

Freshness

Lag - version age
Ctale-read chare

Availab f/rfy

PACELC Chapter

Downtime
Errore



What PACELC Adds to CAP

Error cost

—

Failvre: CAP

Normal: ELSE

I

. )

|

PACELC Chapter  Summary

_a‘r Validate

guarantees
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Jepsen Chapter

Jepsen: Stress-Testing
Distributed Systems




Why Architects Read Jepsen

Claimed

guarantees

]

Fault
experiment

Counterexample

—

Jepsen

[

Refined

guarantees

Chapter  Value




Jepsen’s Five-Step Cycle

Cetup

—=

Generate —= Nemesis — Record

Check the operation history against a formal model

Jepsen Chapter  Method

Check




Jepsen Failure Models

Network Procesces and time
|
Partition Crash [ restart
Acymmetry - jitter Clock ckew

Failvre scenarios may overlap

Jepsen Chapter | Nemes



Typical Jepsen Findings

Coun terexample

Loct write

Jepsen Chapter

W )

Ctale read

1

Jransaction

anomaly

T

.

Strong
con s*:'ctenc_q,,

no model I

Findings



Jepsen Model Mlap: Two
Branches, One Apex

Strict Seriafizable
|
Cerializable [ inearizable
Jransaction icolation Real-time order
| |

The top combines the quarantees of both branches

Consistency Models Hierarchy



Consistency Models

Serializable vs
Linearizable

Linearizable

E?ur‘va.feut fa cerial

Instant operation point
trancactions peration poi

Na real-time order fES‘pe-:L‘r real time




Choose a Model for Product

Strict
Eventual Caucal Linearizable . f
cerializable
Ctalenecs Caucal fink Read/write Jransactiong +
ey ausal links truth | Lime

Consistency Models Prac



Overall Framework:
CAP + PACELC + Jepsen

Partition
policy

PACELC
and —2
budget

L

Model




Cassandra Through
CAP/PACELC

Token ring - replication * gossip - CAP: AP - PACELC: PA/EL



Bonus Case -+ Cassandra

Cassandra Tunable
Consistency

QUORUM ALL

One replica Mayjority All replicas

W + R > RF: intercecting sets; SERIAL ic a separate LWT mode



How Cassandra Maintains

Scale and Availability

Commit Log — MemTable » SSTable

Compaction removes old versione
LSM optimizes writes

D:'s’tﬂ'éuﬁaa and recilience

Bonus

Consistent hashing + vnodeg
Gocsip detector, no master
Repair drives convergence

Case -

Cassandra



Bonus Case - Cassandra Materials

References and Materials

CAP: 2system-design.space
PACELC: »system-design.space

Consistency Models (Jepsen): 2system-design.space

Cassandra: 2system-design.space

* All 4 source chapters from 2system-design.space in one place.



