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Databases are evolving to Cloud-Native Arc.

* Compute-Storage disaggregated two-layer architecture
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Databases are evolving to Cloud-Native Arc.

* Compute-Storage disaggregated two-layer architecture
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Databases are evolving to Cloud-Native Arc.

* Compute-Storage disaggregated two-layer architecture

> Benefits:

* Scalability and Elasticity
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Decoupling, the spirit of Cloud-Native Arc.

* Each module has specific functionality and distinct resource requirements



Decoupling, the spirit of Cloud-Native Arc.
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Decoupling, the spirit of Cloud-Native Arc.

* Each module has specific functionality and distinct resource requirements
* Execution: high computation tasks, free scale
* Data Storage: large storage space
* Concurrency Control: high concurrency, data consistency, log durability
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Decoupling, the spirit of Cloud-Native Arc.

* Each module has specific functionality and distinct resource requirements

* Execution: high computation tasks, free scale

» Data Storage: large storage space

* Concurrency Control: high concurrency, data consistency, log durability
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Decoupling, the spirit of Cloud-Native Arc.

* Each module has specific functionality and distinct resource requirements
* Decoupling based on functions and resource requirements
* fully utilize the heterogeneous resources, avoid resource wasting.
* scale each module independently, high flexibility.
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The Core of CC is handling conflicts

* Databases with different data models process different types of requests:
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* Databases with different data models process different types of requests:
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The Core of CC is handling conflicts

* Databases with different data models process different types of requests:
* The core of Concurrency Control is handling concurrent read/write conflicts

O o o
(N - -
Client Client Client
lGet/Put 1 SQL: Select, Update 1 GQL: Fetch, Update..

PostgreSQl_ @ GraphQL
key-value Store

| ! |

on on on

«

Concurrency Control

Read/Write conflicts resolution
on
<key, value, datatype..>




The Core of CC is handling conflicts

* Databases with different data models process different types of requests:
* The core of Concurrency Control is handling concurrent read/write conflicts
* Decoupled function modules = independent services
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The Core of CC is handling conflicts

* Databases with different data models process different types of requests:
* The core of Concurrency Control is handling concurrent read/write conflicts

* Decoupled function modules = independent services

* Improved agility, different services can be reused easily and adapt quickly to changing business needs, enabling
fastergevelopment cycles
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Concurrency Control as a Service (CCaaS)

» Decouple the concurrency control module
and

» Move a step forward: concurrency control service
development , different databases can
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Concurrency Control as a Service (CCaaS)

* Decoupled concurrency control module
* Execution-Concurrency Control-Storage three layer architecture
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Concurrency Control as a Service (CCaaS)

* Decoupled concurrency control module

* Execution-Concurrency Control-Storage three layer architecture
and
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Concurrency Control as a Service (CCaaS)

* Decoupled concurrency control module

* Execution-Concurrency Control-Storage three layer architecture
and
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Concurrency Control as a Service (CCaaS)

* Decoupled concurrency control module
* Execution-Concurrency Control-Storage three layer architecture

and
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Concurrency Control as a Service (CCaaS)

* Decoupled concurrency control module
* Execution-Concurrency Control-Storage three layer architecture
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Concurrency Control as a Service (CCaaS)

* Decoupled concurrency control module
* Execution-Concurrency Control-Storage three layer architecture
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Concurrency Control as a Service (CCaaS)

* Decoupled concurrency control module
* Execution-Concurrency Control-Storage three layer architecture
and
* concurrency control service
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Concurrency Control as a Service (CCaaS)

* Decoupled concurrency control module
* Execution-Concurrency Control-Storage three layer architecture

and
* concurrency control service
* development , different databases can
. - o 7 Interfaces for the execution layer:
Execution [ KV ] [ saL ] [ ] [ ] [ ] I Begin(ExecutionInfo)
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Unified C§ Requests 1 Commit or abort Commit(7xn/L)
Abort( 7xn/D)

Interfaces for the storage layer:
Get data LogPush(LogAdaptorID)
LogPull(LSN[])
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Problem1: Decoupled CC brings more Network Communication

* Decoupled CC increasing latency
« Communication with VS communication with network
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Problem1: Decoupled CC brings more Network Communication

* Decoupled CC increasing latency
« Communication with hardware VS communication with network.
* Higher latency, not suitable for OLTP workloads.
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Problem?2: High Communication in CC

* Decoupled CC increasing latency
 Communication with VS communication with network
* Higher latency, not suitable for OLTP workloads.

* High Coordination overhead
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Problem?2: High Communication in CC

* Decoupled CC increasing latency
« Communication with VS communication with network
* Higher latency, not suitable for OLTP workloads.

* High Coordination overhead

* the coordination overhead increases when adding CC nodes
* Limited scalability
Execution

Nodel Node2 Node3 Node4 180 O Execution Time 48(?CoordinationTime
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Breakdown of total processing time for distributed
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transactions with a changing number of nodes.
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CCaaS Design

* Decoupled CC increasing latency
* Higher latency

* High Coordination overhead
* Limited scalability

» Sharded Multi-Write Optimistic Concurrency Control (SM-OCC)
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CCaaS Design

* Decoupled CC increasing latency
* Higher latency

* High Coordination overhead
* Limited scalability

» Sharded Multi-Write Optimistic Concurrency Control
» Optimistic for fewer communication between execution-CC
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CCaaS Design
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CCaaS Design

* Decoupled CC increasing latency

* Higher latency (& Client |
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CCaaS Design

* Decoupled CC increasing latency
* Higher latency

* High Coordination overhead
* Limited scalability

» Sharded Multi-Write Optimistic Concurrency Control
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CCaaS Design

* Decoupled CC increasing latency
* Higher latency

* High Coordination overhead
* Limited scalability

» Sharded Multi-Write Optimistic Concurrency Control
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CCaaS Design

* Decoupled CC increasing latency

* Higher latency (& Client |
. . . I requests
* High Coordination overhead ([ Parser | Execution
+ Limited scalability (optimie)] aine
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CCaaS Design

* Decoupled CC increasing latency

* Higher latency (& Client |
. . . I requests
* High Coordination overhead ([ Parser | Execution
+ Limited scalability (optimie)] aine
¥ |([ read set (rs) ||
| Oerator Ja) [ write set (ws) )

» Sharded Multi-Write Optimistic Concurrency Control 0
» Optimistic for fewer communication between execution-CC
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SM-0OCC

Snapshot | [X=1/|Y=1
CCaas
Nodel

CCaaS
Node2

Snapshot | X=1, ,z=1| |

Each node maintains sharded meta-data, achieving high scalability.




SM-0OCC

Snapshot X=1]Y=1
CCaas
Nodel

CCaaS
Node2

Snapshot | |X=1, ,7Z=1

Different nodes maintains some of the same shard, building a multi-master arc.




SM-0OCC

Snapshot X=1Y=1
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CCaaS | |
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SM-0OCC

Snapshot X=1Y=1

§ T1:R(Y)=1, R(2)=1, W(X)=5, W(2)=5 Note: csn = local time : node_id

CCaas | OTag Commit Info {csn = 1:1, cen = 1}
Nodel

CCaaS |
lll!!!!l

Snapshot | X=1, ,Z=1




SM-0OCC

Snapshot X=1Y=1

J T1:R(Y)=1, R(2)=1, W(X)=5, W(2)=5

| @Replicate Sharded Txn{R(Z) W(Z)} to CCaaS Node 2
Nodel '

\
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N
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Snapshot X=1Y=1

J T1:R(Y)=1, R(2)=1, W(X)=5, W(2)=5

CCaas ! R
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N
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Snapshot X=1Y=1

J T1:R(Y)=1, R(2)=1, W(X)=5, W(2)=5

CCaas | R
Nodel \\

' Sub Txn: <T1’: R(Z)=1, W(Z)=5, csn=1:1, cen=1, >
N

CCaa$ |
Node2 ' t> ®Tag Commit Info {csn = 2:2, cen = 1}

T2 : W(X)=7, W(2)=7

Snapshot | X=1, ,Z=1
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Snapshot X=1Y=1

J T1:R(Y)=1, R(2)=1, W(X)=5, W(2)=5

CCaas ! R
Nodel \\

' Sub Txn: <T1’: R(Z)=1, W(Z)=5, csn=1:1, cen=1, >
N

A
1
CCaa$S | \
Node?2 y t’ @Replicate Sharded Txn ©

T2 : W(X)=7, W(2)=7

Snapshot | X=1, ,Z=1
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Snapshot X=1Y=1

J T1:R(Y)=1, R(2)=1, W(X)=5, W(2)=5

CCaas ! ! R
Nodel ' A

\Sub Txn: <T1’ R(Z)=1, W(Z)=5, csn= 1:1, cen=1, >
\
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CCaaS | | /O |
/ ~ R
Node2

Snapshot | X=1, ,Z=1
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Snapshot X=1Y=1

§ T1:R(Y)=1, R(2)=1, W(X)=5, =
CCaaS | | | ©Read Validation for Txn {}
b 5 >
Nodel " A

\Sub Txn: <T1’ R(Z)=1, W(Z)=5, csn= 1:1, cen=1, >
\

/

L/

Node2 ' 1 | ®Read Validation for Txn {}
T2 : W(X)=7, W(Z)=7
Snapshot | X=1, ,Z=1
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Snapshot X=1Y=1

§ T1:R(Y)=1, R(2)=1, W(X)=5, =
CCaa$S | ] ®Read Validation for Txn {T1 R(Y)}
k 3 >
Nodel ' A

\Sub Txn: <T1’ R(Z)=1, W(Z)=5, csn= 1:1, cen=1, >
\

/

L/

Node2 ' t | ®Read Validation for Txn {T2 (O)}
T2 : W(X)=7, W(Z)=7
Snapshot | X=1, ,Z=1
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Snapshot X=1Y=1

§ T1:R(Y)=1, R(2)=1, W(X)=5, =
CCaa$S | ] ®Read Validation for Txn {T1 R(Y)}
k 3 >
Nodel ' A

\Sub Txn: <T1’ R(Z)=1, W(Z)=5, csn= 1:1, cen=1, >
\

/
\\\ II
\ /
________________________ \ _\______,f___________________________________________________________________________________________________
\ I
\ /I
\\/
A
1\
/7
/ \
/ \
CCaaS | | AN |
Node2 | 1 ' ®Read Validation for Txn {T2 (), T1’ R(2)}
T2:

W(X)=7, W(2)=7
Snapshot | X=1, ,Z=1
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Snapshot X=1lY=1

J T1:R(Y)=1, R(2)=1, W(X)=5, W(2)=5

CCaaS | | .
Nodel Y A \

*Sub Txn: <T1;/IR(Z)=1, \I\\l\(Z)=5, c¢sn=1:1, cen=1>
\

/

\ / V' WS: <T1: X=5, csn= 1:1, cen=1 >

A
CCaa$S | ,'I® \, | /I WS: <T2: X=7, csh= 2:2, cen=1 >
Node2 ' t 1 >

T2 : W(X)=7, W(2)=7

Snapshot | |X=1] ,Z=1
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Snapshot X=1lY=1

J T1:R(Y)=1, R(Z)=1, W(X)=5, W(2Z)=5
@ Write Conflict Resolution

CCaaS | | | L] L,
Nodel Y A ‘ A

\
*Sub Txn: <T1;/IR(Z)=1, W(Z)='é, csn=1:1, cen=1>
\ \

!
. ' '\ WS: <T1: X=5, csn= 1:1, cen=1 >
/
\ \ I
\ II v
________________________ \ _______,________________.\_L_____________________________________
\\ / v
! v
A h
7 I\
A 1\
/1 \ I \
]/ \ I \

\
CCaas | /I® \14 | ',' MLS: <T2: X=7, csn=2:2, cen=1 >
Node2 ' 1 Bl I '

T2: W(X)=7, W(Z)=7 @ Write Conflict Resolution

Snapshot | |X=1j

=

a
Conflict Handler
Shard X Local(T1) r___\{\{:_)_(_:_5____,_??_“_?}_.}_,
Remote(T2): W:x=7 i csn=2:2 .
& S isisisinisisisisisisisisisiisisisisisisisisiisisisisisisiiinisiisisisisisiisisiniiiisisisiiiisisiiinisin
( \ Conflict Handler A
local(T2) | W:x=7 | csn=2:2
SLELC] Remote(T1) W:x=5 . csn=1:1:
Local(T2 - 7= =2:
shardz! 0@l | W:2=7 |csn=2:2
Local(T1’): W:z=5 i csn=1:1 .




SM-0OCC

4 )
Snapshot X=1]Y=1 Conflict Handler
§ TL:R(Y)=1, R(Z)=1, W(X)=5, W(Y)=5, W(Z)=5 shard x| 'oc@lM) | W:x=5 |csn=1:1
@ Write Conflict Resolution Remote(-rz):r W: x=7 csn=2:2

| > \_ =5~ paa =/
/'\ Function Compare (Record r):
row = EpochWriteVersionMap(Fi
if row is Null then
//row has not been updated in cirs
row.CSN = txn.CSN;
EpochWriteVersionMap.Set(row);
‘-\ Z else if (row.CSN > txn.CSN) then
‘-' ------------------------------------------- //mark the transaction with CSN row.CSN as abort.

EpochAbortSet.Insert(row.CSN);

CCaas ! | L]
Nodel \\ A \\

*Sub Txn: <T1;/IR(Z)=1, W(Z)='$, csn=1:1, cen=1>
\ \
\ / ' WS: <T1: X=5, csn=1:1, cen=1 >
I

~

________________________ N -
\ r

CCaaS
Node2

Snapshot

/ I
\ I
/1 \ I\

/I A\ I

row.CSN = txn.CSN;
EpochWriteVersionMap.Set(row);

else

return Abort:

/I® \\ |
I / \ I I
I / ~ Lt
1; | |

T2 : W(X)=7, W(2)=7

\
WS: <T2: X=7, csn= 2:2, cen=1 >
v

o
»

Shard X
@ Werite Conflict Resolution

Shard Z

X=1 ,Z=1

=

Conflict Handler

Local(T2)
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p
Snapshot X=1]Y=1 Conflict Handler
§ T1:R(YV)=1, R(2)=1, W(X)=5, W(2)=5 shard x| 'oc@lM) | W:x=5 |csn=1:1
@ Write Conflict Resolution =7 ! —9.0 !
CCaaS | | TN § Remote(T2),  WixZT 1550222
Nodel R A \ 0 \ 4
‘Sub Txn: <T1: /R(Z) 1, W(Z) =5, csn= 1:1, cen=1> Abort Set {T2}
N / \ WS: <T1: X=5, csn=1:1, cen=1 >
/
\\ II \ l'
________________________ \ """'r""'""""""'L""“"'“""“""“""“"'“""“""“""“"'“""“""“""“"""
\\ / v
! v
! I'\\
Y I Abort Set {T2}
VARN I\
/I I \
/ \ 1 \ / . \
CCaas 9 ' WS: <T2: X=7, csn=2:2, cen=1 > ST RE
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Case Studies

* Supporting Cross-Model Transactions



Cross-Model Transaction with CCaaS
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Cross-Model Transaction with CCaaS
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Cross-Model Transaction with CCaaS
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Cross-Model Transaction with CCaaS

I Unified Query Proxy :

VAR TR TR
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Cross-Model Transaction with CCaaS

I Unified Query Proxy :
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Cross-Model Transaction with CCaaS

I Unified Query Proxy :
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Case Studies

Supporting Cross-Model Transactions
Empowering NoSQL DBs with TP Capability
Making Standalone TP Distributed



More Details

* More:

Sharding
Isolation
Logging

Fault Tolerance
Cross-Model

Concurrency Control as a Service
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ABSTRACT

Existing disaggregated databases separate execution and storage
layers, enabling independent and elastic scaling of resources. In
most cases, this design makes transaction concurrency control
(CC) a critical bottleneck, which demands significant computing
resources for concurrent conflict management and strugglesto scale
due to th overhead for t
Coupling CC with execution or storage limits performance and
elasticity, as CC's resource needs do not align with the free sealing
of the transaction execution layer or the storage-bound data layer.
‘This paper proposes Concurrency Control as a Service (CCaas),
which decouples CC from databases, building an execution-CC-
storage three-layer decoupled database, allowing independent scal-
ing and upgrades for improved elasticity, resource utilization, and
development agility. However, addinga new layer increases latency
due to the shift in communication from hardware to network. To
address this, we propose a Sharded Multi-Write OCC (SM-0CC)
algorithm with an asynchronous log push-down mechanism to min-
imize network communications overhead and transaction latency.

Additionally, we implement a multi-write architecture with a de-
terministic conflict resolution method to reduce coordination over-
head in the CC layer, thereby improving scalability. €Caas is de-
signed to be variety of execution and st

Existing disaggregated databases can be revolutionized with CCaas
to achieve high clasticity, scalability, and high performance. Res-
ults show that CCaaS achieves 1.02-3.11% higher throughput and
1.11-2.75% lower latency than SoTA disaggregated databases.
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Figure 1: An execution-CC-storage three-layer decoupled
database architecture.

The source code, data, and/or other artifacts have been made
https://github.com/iDC-NEU/CCaaS.

1 INTRODUCTION

Database systems are evolving to a compute-storage disaggregated
architecture [24, 33, 48, 52, 73, 80, 83, 87), such as Amazon Aurora
[20), Socrates (23], PolarDB [28), and AlloyDB [1]. These databases
typically decouple the system into an execution layer, which re-
quires substantial computational resources, and a storage layer,
which necessitates significant storage capacity. Compared to tradi-
tional databases where execution and storage are bundled together,
these two-layer databases allow compute and storage resources
tobe scaled independently. thereby providing greater elasticity in
the cloud environment, which are also called doud-native data-
bases. A set of works [43, 80, 83, 86] are proposed to improve these
cloud-native databases from various aspects. As more and more en-
terprises move their applications to the cloud, these disaggregated
databases are gaining wide popularity.

The spirit of cloud-native architecture is decoupling. A system
should be decoupled into independent fun ction modules, each with
specific resource requirements. Cloud provides the elasticity of
different decoupled resources (e.g, computation, memary, and stor-
age), allowing the growing or shrinking of resource capacity to
adjust to changing demands. Each decoupled function module can
bescaled g demands, \g the




Evaluation

* Cluster Set Up:
* 3 nodes in each layer,
16 vCPUs, 32G DRAM, Ubuntu 22.04 LTS,
* 2.5Gbps, ~2ms latency

e Benchmark:

e YCSB!
* YCSB-A (50% read,50 Write, 8 = 0.99)
* YCSB-B (95% read, 5% write, 8 = 0.99)
e TPC-C?2

1: YCSB 10 op/txn
2: 50% New-Order — 50% Payment in GeoGauss[SIGMOD 2023]



Evaluation

® Scalability & Elasticity

* Coupling CC with the execution VS Decoupled CC
* Dynamically adjust the number of execution and CC nodes

17 17 50 i —TP Throughput -—# TP clients —# AP clients
15 25 15 S 40 + 2 Exec Nodes +2CC Nodes }2ExecNodes -2 CC Nodes
w13 7 0l3 o = — :
3 T B 40 € = 30 1
<] 11 X 2 11 = Q
20 = s 200 ===
g 9 = O o o0
* 7 3 = 302 3 10
5 15 3 S = 0
3 = 205 400 40 @
8 ki 2 300 / \ 30 §
3 o2 2 200 / / \ 20 G
© 3 5 7 9 11131517 O 3 5 7 9 11131517 10 O 100 i 10 &
# Exec nodes # Exec nodes ,f‘_‘ 0 / 0 ::<¢:
=
(a) YCSB-A (b) YCSB-B 0 20 40 60 80 100
Figure 15: Throughput when scaling the number of exe- Elaspes! e )
cution nodes and CC nodes in CCaasS. Figure 16: Elasticity performance under changing

workloads.



Evaluation

® Performance
 Throughput 1.02-3.11 X
* lLatency 1.11-2.75X

E Throughput £ Abort Latency — 40 Tibg FDB CCaas
20 20 400 40 < 30
5 N 5 5T _ > z
a2 15 \ 15¢_ 2€ 300 N 30 c _ = 20
® 10 H § 1082 ®2 200 20 § ¢ R
3% s 5 w= ©2 100 H 10 »= 2
£ 0 N 0 2 EX N 0 2 2 0
&9% QQQ, & 0,;: TiDB Epoxy CCaaS = 3 57 91 35 7 911 3 57 911
& = # Exec Nodes # Exec Nodes # Exec Nodes
(a)ycss (b)TPC-C (a) 3 Nodes (b) 5 Nodes (c) 7 Nodes
Figure 13: Experiment results with competitors. Figure 14: Comparison with existing disaggregated databases

under YCSB-B workload.



Evaluation

® Servitization
 Empowering TP Capability to NoSQL DBs
e Distributed TP with standalone TP engines
* Cross-Model Transactions

. B Throughput B Abort Latency Throughput  TJAbort Latency o @ Throughput O Abort Latency

@ 20 20 20 20 20 20 200 20 __ 2 20 16 &
£ 15 15 15 15 15 15.E < 160 16 2 £ 15 = ' 1 £
= 10 10 10 D 10 10 103 g 1o HHHH 25 < 10 U é U H % l:l g =
5 5 ﬂ 5 5 5 5 ﬂ 5 2 = N < 3 “
g;‘no oo% 0 o 0 g g“gmuuuuuu 48 gg é é g‘;';
T X S A R YETEErT AR B ey yray
= ase (c)Nebula ,—E # openGauss Instances = & v\\é <« O

Figure 17: Performance of NoSQL DBs empowered with ~ Figure 18: Performance of Figure 19: Performance of cross-
ACID TP capability. serving standalone TP engines. model (CM) transactions.



Concurrency Control as a Service

» Decoupled execution-transaction-storage three-layer cloud-native database architecture
* High scalability, elasticity
* High development agility
» Concurrency Control Service
* Empowering NoSQL DBs with TP Capability
* Making Standalone TP Distributed
* Supporting Cross-Model Transactions

» Sharded Multi-Write Optimistic Concurrency Control Algorithm E i A E
* High availability s

* Low communication costs ekl O
]| R foaks

O https://github.com/iDC-NEU/CCaa$S e L L
Wechat
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Figure 16: Scaling performance of CCaaS.
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Figure 17: Throughput when varying the number of execu-
tion nodes and CCaa$ nodes.



Concurrency Control as a Service

O Breakdown

Throughput 77 YCSB-A 772 YCSB-B
OJAbort [JCommit Latency Message Size + YCSB-A YCSB-B —_ . Throughput Latency
?25 20? = 25 25 E L 25 Failure\l:ecover Re-jo{n 50 Y
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Figure 20: Performance under Figure 21: Performance when Figure 22: Runtime break- Figure 23: Performance vari-
different contention. varying number of operations. down (sync./async. logging). ation when system recovery.
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Txn, Txn, Txn

Local/Remote Sharded Txn

Remote Write Set
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Requests

l Read and Write Sets
Data Qa Transaction Management
l Log
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Transaction 1:

Get Orders H1=0

Transaction 2:

Select From Products .. R1_Field1(30)

Update Products R1_Field1=130 Set Orders ..
Update Vertex on User..
Cross-Model Proxy ___iTxninfo
A A A A

A 4

TaaS

\

Concurrency Control
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, st3 ...

csn, cen

\4
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Proxy executor executor I m—
.................................................... Z Read Set Valldatlon {T2}
t Data ‘ Lo_g
HBase Orders openGauss . . Nebula User
MOT Store
RowKey Value ID Field1 Field2 Name | Age Count
H1 0 R1 30 R1_2 Ali 30 7

—h — — — —



Read Set | T1:R (X=100,Y=0) | T2:R(X=100)
KV Proxy _
Write Set | TL:W (X=0, Y=100) | T2:W(X=50)
TGetData l TxnCommit(rs, ws)
C )
HBase TaaS
RowKey Data Concurrency Control
T1: W(X=0,Y=100) cen=1, csn=2:1
X 100->0
T2: W(X=50) cen=1, csn=5:1(Abort)
Y 0
—/ Snapshot : X = 0, Y= 100
HBase only supports row- -
level atomicity updates, Read Validate
when T3 reads, Y has not T3: R(X=0,Y!=100) | cen=2, csn=12:2(Abort)

been updated yet.




StandaloneDB N ( StandaloneDB N ( StandaloneDB
Instance Instance Instance

P N - N )
| Execution || & Executor i Executor |
! 1
'+ Layer :
' 1

Local |C o] TaaS

D | I EH

____________________________________________________________________



o D o

T1: R(Y)=1, W(X)=5, W(Y)=5 T2: W(X)=7

18 Node 1 N\ e Node 2 N\
\ ®Tag Commit Info

. () i .
/ Conflict Handler Tag Commit Inf{ Conflict Handler \
Epoch Manager ] [ Epoch Manager ]
Snap1:X=1,Y=1,Z2=1 \ Snap1: X=1,Y=1,Z2=1
© Read_ Valid_ation Jolr Lzl Tx_n {1_-1} Local WS(T1) Local WS(T2) @Read Validation for Local Txn {T2}
Transmit WS (if txn passes the validation)~----===--=%-2---- g N R4 it
Local(T1)| W:x=5,y=5 | csn=1:1 N Local(T2) | W:x=7 csn=1:1
----------------- / N F-——=—=—=—=—=—-—pf-——=-—----|
Remote(T2)!  W:x=7 - csn=1:2 'l ¢ - _Remote WS(T2) ____¥ < ____ Remote WS(T1) _ _ Remote(T1)] W:x=5y=5 | csn=12 |
® Conflict Resolution ® Conflict Resolution
/ B Logger EgLlogger 3
@ Epoch Logging {T1 > i
p gging {T1} =5 lonc1ia =5 lenc11l* @ Epoch Logging {T1}
Snap2:X=5,Y=52=1 - csn = 1:1 - csn = 1:1 Snap2:X=5,Y=5,2=1

k j _ j/ K ) Qead Validation for Local Txn {} /j i

Storage

X Y

Note: csn = local time : node_id
cen: commit epoch number




o D o

T1: R(Y)=1, W(X)=5, W(Y)=5 T2: W(X)=7

18 Node 1 N\ e Node 2 N\
\ ®Tag Commit Info

. () i .
/ Conflict Handler Tag Commit Inf{ Conflict Handler \
Epoch Manager ] [ Epoch Manager ]
Snap1:X=1,Y=1,Z2=1 \ Snap1: X=1,Y=1,Z2=1
© Read_ Valid_ation Jolr Lzl Tx_n {1_-1} Local WS(T1) Local WS(T2) @Read Validation for Local Txn {T2}
Transmit WS (if txn passes the validation)~----===--=%-2----+ g N R4 ) niuiiieii
Local(T1)| W:x=5,y=5 | csn=1:1 N Local(T2) | W:x=7 csn=1:1
----------------- / N F-——=—=—=—=—=—-—pf-——=-—----|
Remote(T2)!  W:x=7 - csn=1:2 'l - _Remote WS(T2) __ | ¥ <4 | ___ Remote WS(T1) _ _ Remote(T1)] W:x=5y=5 | csn=12 |
® Conflict Resolution ® Conflict Resolution
/ B Logger EgLlogger 3
@ Epoch Logging {T1 > i
p gging {T1} =5 lonc1ia =5 lenc11l* @ Epoch Logging {T1}
Snap2:X=5,Y=52=1 - csn = 1:1 - csn = 1:1 Snap2:X=5,Y=5,2=1

k j _ j/ K ) Qead Validation for Local Txn {} /j i

Storage

X Y

Note: csn = local time : node_id
cen: commit epoch number




SM-0OCC

Snapshot

CCaas
Nodel

CCaaS
Node2

Snapshot

(&

X=1,Y=1 Snapshot Y=1,Z=1
1 § 13:wW(Y)=2,w(z)=2
T1:R(Y)=1, R(Z)=1, W(X)=5, W(Z)=5
v) 2 X) z) 4 Conflict Handler )
4 Conflict Handler )
Node3 Local(T3) W: y=2 csn=1:3
W: x=5 csn=1:1 Shard Y i R
Shard X Kozl | )-( ------ — Remote(T2) : W:y=7 . csn=2:2 .
Remote(T2): W:x=7 | csn=2:2 .
e Local(T3) | W:z=2 |csn=13
Shard Y;Remote(TZ) | Wiy=7 |csn=2:2 ®»Abort Set {T2} Shard Z| Remote(T1’): W:2z=5 :csn=1:1 |
g gRemote(T3): W:y=2 i csn=1:3 ) g Remote(TZ)i W: z=7 i csn=2:2 |
Abort Set {T2,T3}
1 ¥ Abort Set {T2,T3}
4 Conflict Handler )
shardx | ‘ocallT2) | W:x=7 |csn=2:2
Remote(T1): W:x=5 1 csn=1:1:
tTZ:W(X)=7, W(z)=7 local(T2) | W:2=7 |csn=2:2
ShardZ | Local(T?’): W:z=5 1 csn=1:1 .
X=1, ,Z=1 Remote(T3): W:x=5 1 csn=1:1:




SM-0OCC

Snapshot

CCaas
Nodel

CCaaS
Node2

Snapshot

(&

X=1,Y=1 Snapshot Y=1,Z=1
§ 13:wW(Y)=2,w(z)=2
§ T1:R(Y)=1, R(2)=1, W(X)=5, W(Z)=5 - Corflice Handl ~
onflict Handler
4 Conflict Handler )
Local(T3) W: y=2 csn=1:3
Local(T1) W: x=5 csn=1:1 edes Shard Y omoees Yot =
Shard Xi ' 7 Femmmeeee————— e Remote(T2) : W:y=7 . csn=2:2 .
Remote(T2): W:x=7 csn=1:2 .
e R R S — Local(T3) W: z=2 csn=1:3
: — . ardzi =0 @ Eese=ss-ee---sbe--------
Shardy| cmotelT2)| W:y=7 |csn=22 | |sAbort Set {T2,73}_ Remote(T’)] W:z=5 | csn=1:1 |
! ! . y— —1- A ~~_ e e 1
L iRemote(T3), W:y=2 . csn=1:3 . ) Y C ~~-{ Remote(T2)] W:z=7 ! csn=2:2 !
Abort Set {T2,T3}e - - =
1 --> ¥ Abort Set {T2,T3}
4 Conflict Handler )
shard x| ‘ocall2} | W.x=7  |csn=2:2 Abort Set Sycn.
Remote(T1): W:x=5 1 csn=1:1:
LEPY W(X)=7, W(2)=7 local(T2) | W:z=7 | csn=2:2
ShardZ | Local(T1’): W:z=5 i csn=1:1:
X=1, ,Z=1 Remote(T3): W:x=5 1 csn=1:1:




