
BIG DATA MANAGEMENT 
IN THE CLOUD
A closer look
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From databases to Big Data
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Relational DBMS:
i. Data stored on disk

ii. Single server
iii. Company server

Data stored
in memory

Main-memory
databases Distributed

main-memory
databases

Distribute
the data

across many
machines

Database
hosted and operated

by commercial provider

Cloud Databases
(or data services)

Distributed
databases

Mediator
systems

P2P
systems

Distributed
transactions

Disaggregated
architectures



This lecture
• Introduction to Cloud Computing
• Success of cloud data management systems
• Data server (cloud) hardware 
• Cloud workload classification
• Architectures for each type of workload + 

representative systems
• Pricing and SLA
• Multi-tenancy
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V. Narasayya and S. Chaudhuri (Microsoft). « Cloud Data Services: Workloads, Architectures, 
and Multi-tenancy »,   Foundations and Trends in Data Management, 2021. 



INTRODUCTION TO CLOUD 
COMPUTING
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Cloud computing

• Idea: delegate large-scale storage and large-scale
computing to remote centers
– Run by the (only) enterprise using them: private

clouds
• Large companies can afford the cost to own and operate a 

cloud service: La Poste, Orange, ...

– Run by a company who rents out storage and 
computing services: commercial clouds
• Main players: Amazon (has basically created the industry), 

Google, Microsoft
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Advantages of cloud computing
• Allow companies to focus on their main business

not on IT
• Allow scaling the resource

usage up and down according
to the needs

• Comes at a  cost
Examples: 
• Satellite image

data processing company which needs significant
computing resources (only) when it has an order from a 
client

• Shops with more clients as Christmas approaches
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https://www.wired.com/2015/03/orbital-insight/

https://www.wired.com/2015/03/orbital-insight/


How cloud services work (1/3)
! !"#"$%#&'"()"#$%*"+)

" !"#$" %&'()* +,'#"-.(-/# 0(".#* (1-2'(%*-&$(3,*#$4""#$3#$"
" 5).)- ," $#&',2).#*+($-$#',)/,',.6 )1*-7%,28-)22#""
" 90#-"#$3,2#-," &),* /6-.0#-:;-)1*- *)6

! 9(.)'- 2(". <-"%=>+,'#-",?#-@-+,'#-".($)A# .,=#B
! ,&-./#01(

" !"#$" .6&,2)''6/%63,$.%)'2(=&%.#$"->3,$.%)'=)20,1#"B
" C#$3,2#-&),* /6-.0#-*%$)A#(+-%"#-(+-.0#-DE
" F)203,$.%)'2(=&%.#$-," 0(".#* /6-"(=# &06",2)'

2(=&%.#$-,1-.0#-2'(%*&$(3,*#$G"2'%".#$
" H+-)-&06",2)'=)20,1#-+),'"I-.0#-3,$.%)'=)20,1#-J,'' /#

$#2$#).#*#'"#J0#$#)1*-.0#-J($8 J,'' $#".)$.
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How cloud services work (1/3)
! !"#"$%#&'"()"#$%*"+)

" !"#$" %&'()* +,'#"-.(-/# 0(".#* (1-2'(%*-&$(3,*#$4""#$3#$"
" 5).)- ," $#&',2).#*+($-$#',)/,',.6 )1*-7%,28-)22#""
" 90#-"#$3,2#-," &),* /6-.0#-:;-)1*- *)6

! 9(.)'- 2(". <-"%=>+,'#-",?#-@-+,'#-".($)A# .,=#B
! ,&-./#01(

" !"#$" .6&,2)''6/%63,$.%)'2(=&%.#$"->3,$.%)'=)20,1#"B
" C#$3,2#-&),* /6-.0#-*%$)A#(+-%"#-(+-.0#-DE
" F)203,$.%)'2(=&%.#$-," 0(".#* /6-"(=# &06",2)'

2(=&%.#$-,1-.0#-2'(%*&$(3,*#$G"2'%".#$
" H+-)-&06",2)'=)20,1#-+),'"I-.0#-3,$.%)'=)20,1#-J,'' /#

$#2$#).#*#'"#J0#$#)1*-.0#-J($8 J,'' $#".)$.
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How cloud services work (2/3)
• !"#$%&'() (continued)

! !"#$#%&$#%'()*+&,,( -*..#$#/' 0*1#0%2+&)&+*'*#03%4.%5*$'6&,7&+"*/#0%
" 89:9;%<7&,,%2! 3;%=#-*67%2" 3;%>&$:#%2#3;%8?'$&@>&$:#%2$#3A%

/4B&-&(0 "6/-$#-0 4.%0*1#0%24$%*/0'&/+#%'()#03
" !"#%-*..#$#/+#*0*/%'"#%!"#$%&'() *$++,-./-"0-!"1+* 2(,- &3+'1

*$++,45-#+#"16 *'7+5-(+&8"19-!"((+!&':'&6;;;

• *+,&,&"-+). "/0,#+112)-+(%1+-'&34+&+, typically in memory in the 
cloud
! C4$D%7#'&-&'& 2+&'&,4:;%60#$%7&/&:#7#/';%9993
! E#(@5&,6#%0'4$#0;%-4+67#/'%0'4$#0
! F&()#$%4)#$&'*4/2)6';%:#' 3

• Other services
! E.g. messaging !"#"#$ to synchronize different applications
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!"#$ %&"'()*+,-%*)$#"+. /01023$
%&"'(%"45'6-784"(*&)

• Infrastructure-as-a-service (IaaS)
" 90#-3#1*($ &$(3,*#")22#"" .(- 2(=&%.,1A$#"(%$2#""%20)"-

"#$3#$"I-".($)A# )1*-1#.J($8,1AK-
" L',#1."-%"#-.0#,$(J1 &').+($=" )1*-)&&',2).,(1"-J,.0,1 )-

"#$3,2#-&$(3,*#$4",1+$)".$%2.%$#K
90#6*(-1(.-0(".-/%.- .0#6!"#"$%&'(!"&$%)*+!( *!,-+-./"0 ,1-
.0#-2'(%*K-

• Platform-as-a-service (Paas)
" 90#-3#1*($ &$(3,*#"M-".($)A# )1*- (.0#$ 2(=&%.,1A$#"(%$2#"I-

&$#/%,'..(('" .(- *#3#'(&I-2%".(=,?#)1*-.#".- .0#,$(J1
)&&',2).,(1"K

" L',#1."-*(-1(.-0(".-)1*- =(".'6 *(-1(.- )*=,1,".#$ #,.0#$K-90#6
".,'' !"#"$%&*+!( !"&$%),1-.0#-2'(%*K
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!"#$ %&"'()*+,-%*)$#"+. /01023$
%&"'(%"45'6-784"(*&)

• Software-as-a-service (SaaS)
! !"#$%#&'() *)(%+'#,-$,.()/0# /&'$(."#) 1(2*3.+&0

)#,(3)1#, 4$,(5.6/)#$/&'$/**7+1/.+(&,$%+/$/$
,38,1)+*.+(&2('#7$9()$*/: ;*#);3,#<<<=

! >7+#&.,$!""#$$ ."#$/**7+1/.+(&,$)#2(.#7: <$
!"#: '($&(.$,.()#?$"(,.?$'#%#7(*&() /'2+&+,.#)<
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Example of Microsoft Azure
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https://docs.microsoft.com/fr-fr/azure/cloud-adoption-framework/strategy/monitoring-strategy



Cloud services

!"#$ %&'(#)*('"+,

-(+(./+0'$

1"'+)(*.2(34"#$/

5)$)$./$'6"3$

!"*$./+0'(&$./$'6"3$
!"#$%&'()#*#+*,'
(-%.#/,'(,.01),'

2(34

5%%/*,'6*%78'
(-%.#/,

91&8%:;'!$7.,'
<=><'(-%.#/,

!"#$%&'?*#;-1)'
6%"@7-,'6*%78'

2?6A4

5%%/*,'
6%"@7-,'?&/1&,

91&8%:;'!$7.,'
B1.-7#*'C#)D1&,;

!"#$%&'
EF&#"%E<

5%%/*,'G1/D'
H,@*1)#-1%&
E#-#;-%.,

91&8%:;'!$7.,'
I#+*,;

!"#$%&'(1"@*,'
J7,7,'(,.01),'

2(J(4

5%%/*,'I#;K'
J7,7,;

91&8%:;'!$7.,'
J7,7,;

Cloud Platform
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Major vendors still actively publishing new features/tools!



Cloud database services

Architectures for Big Data                           Ioana Manolescu, Madhulika Mohanty                               2021-2022 14

V. Narasayya and S. Chaudhuri (Microsoft). « Cloud Data Services: Workloads, Architectures, 
and Multi-tenancy »,   Foundations and Trends in Data Management, 2021. 



CLOUD SUCCESS STORIES
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!"#$%&'($# database ranking
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!"#$%&'($# database ranking
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Cloud and Big Data management
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https://www.economist.com/business/2020/09/15/how-snowflake-raised-3bn-in-a-record-software-ipo

CEO SnowFlake: PhD 1995 with Patrick Valduriez, then Oracle

https://www.economist.com/business/2020/09/15/how-snowflake-raised-3bn-in-a-record-software-ipo


96:6*$";$6<*$=&"'($="45'6-78$-7(')6+>
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CLOUD / DATA CENTER HARDWARE 
ARCHITECTURES
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Cloud data center architecture
! L'(%*-*).)-2#1.#$"-)$#-2'%".#$#*-,1-&06",2)'-'(2).,(1"-)$(%1*-

.0#-J($'*I-2)''#*- $#A,(1"K-
! N,.0,1-)-O#A,(1I-.0#$#-)$#-(+.#1-"#3#$)'-P3),')/,',.6-Q(1#"->PQBI-

#)20-J,.0-,."-(J1-$#*%1*)1.-&(J#$-)1*-1#.J($8,1AK
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• AZs are physically separated, within a 
latency-defined parameter (e.g., tens 
of km)

• All AZ within a region are 
interconnected with high-bandwidth, 
low-latency network, e.g., few ms
round-trip
! !""#$%&%'()*+#(#,%&+-."/)01/#(2
! 3()+-0%-&.+#1-)1/#(&1#&40/",+-

• Latency across regions much higher, 
e.g., 100 ms



Data center servers

• A data center server commonly has
! !6($()$2()#$,(1@#.,
! AB,$(5$*":,+1/7$1()#,$*#)$,(1@#.
! ABBCDE$5#6$!D$FGH
! AB,$(5$!D$I$7(1/7$JJK$
! !"#,#$&328#),$/)#$1(&,./&.7:$#%(7%+&0

• One such powerful servers is rarely 100 busy 
with a client task!
! !"3,?$237.+;.#&/&1:$9,##$7/.#)=$
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?7@5+*4-)*)$/6+:(-6-"7:&2$(:6:$%*76*+$
:+%<-6*%6'+*$:7($7*6#"+.-78
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Server rack

Hierarchical 
organization

Server-to-server 
bandwidth is 
limited

Big Data workloads 
need quick data 
transfers across 
servers!



A"(*+7$(:6:$%*76*+$
:+%<-6*%6'+*$:7($7*6#"+.-78

Architectures for Big Data                                                Ioana Manolescu                                    2022-2023 24

!"#$%&'()#*+%(Charles Clos, 
1952): network topology 
allowing any node to exhange 
data with any other
! Overhead only when 

connection starts (as 
opposed to packet-switching 
networks)

! Many paths between any 
two servers 

! Extra techniques to spread 
traffic across paths



Hardware implications
" !)/'+.+(&/7$9(&;*)#2+,#,=$'/./$1#&.#)-

– 5&"-+).0+(406"#$%&'()06"%$1.4 on same nodes
– High availability and durability achieved by running multiple “hot” 

standby database servers
– Efficient, but expensive!

" >7(3'$'/./$1#&.#)
– Sharing hardware across clients !  economy of scale!
– File storage much cheaper than own SSDs; provides replication for 

durability 
– !"#$%&+&'"(06+$+6'&304.6"%$1.40/-"#0,&"-+)., only booked 

when needed
– SSD storage local to compute nodes: only as cache
– Challenging to achieve high performance, due to network limits
– Effective data caching crucial for performance
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B:6*7%>$/+*)5"7)*$6-4*2$";$5:+:&&*&$
5+"%*))-78$:%+"))$)*,*+:&$)*+,*+)
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Dean and Barroso (Google), “The tail at scale”, Communications of the ACM, vol. 56 (2013)

Most servers answers in 10 ms; 1 in N answers in 1 s 



CLOUD WORKLOAD 
CLASSIFICATION
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Cloud database services
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Services that run on hot data, 
facing the users of the cloud client
High responsiveness needed

Services that run on hot and history data
Usually more data is involved
Lower responsiveness requirements

R&#$).,(1)' F9SI-5).)-P1)'6.,2"



Operational cloud services

• Relational Online Transaction Processing
! !)/&,/1.+(&-$2('+5+1/.+(&,$.($."#$'/./
! M&7+&#-$23,.$8#$%#):$)#,*(&,+%#N

! !:*+1/7$#O/2*7#-$#;1(22#)1#

• NoSQL workloads: also OLTP, but on key-
value-data, JSON documents, or graphs
! !:*+1/7$#O/2*7#-$,(1+/7$2#'+/$
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ETL and Data Analytics services

ETL: extract, transform, load (“massage/pre-process” the 
data): for data integration; before ML…
• !"#$%&'&$()&*+'",-$-./0",.-$!"#$%&'()$*++#,

– Ingest & process data in a Hadoop or Spark cluster

• 1.*&'"2)&*$3&'&$4&/.526-")#$7$&)&*+'",-
– E.g., analyze sales by brand, category, season, shop

• 8'5./ (!-.%/$0-'(%/12%-34/(#%+1/--356'(/.17,

89$--/-(5+.(:299;(*3-<+35.=($1.34/($%/$-(+:(%/-/$%1>
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ARCHITECTURES FOR CLOUD OLTP 
SERVICES
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Cloud OLTP services

• Requirements:
! P+0"$/%/+7/8+7+.:
! K3)/8+7+.:

! J1/7/8+7+.:$6+."$'/./$%(732#
! >(&.)(77+&0$1(,.

• Two types of architectures: 
! !"#$%&'$,.()/0#$/&'$1(2*3.+&0$95+),.$.($/**#/)=
! Q#O.$0#&#)/.+(&-$'&("#$%&'$/)1"+.#1.3)#,

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 85



!"#$%&' cloud OLTP architectures
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" The DB runs in a %&'()&*+$#&,#&
" One or more $#-./0)&*+$#&,#&$ are 

hot replicas, in standby
" Because the servers run 

!"#$%#&!'($%, the log is also 
completely replicated!

" When the primary fails, )*)&!'($%+
designate a secondary who takes its 
place, then a new secondary is 
spawned with a copy of the data

" For >= 99.99 availability, 3+ 
secondary servers

" High performance is achieved by 
using 112$ for data and log files

Azure SQL Database Business Critical
Amazon Relational Database Service 
(RDS) 



!"#$%&' cloud OLTP architectures
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" Scalability ultimately limited by 
the compute and storage capacity 
of 1 single node (e.g., 10TB…)

" Many businesses can fit their 
data in this budget.

" All primary and secondaries need 
full SSD storage

" Quite high storage cost
" Some cost control by chosing how 

much compute resources (CPU, 
memory, etc.) to provision

" Smart efficient replication method 
(at block level, through OS, etc.)

" Some enterprise OLTP 
applications that require 
maximum performance still run 
this way



!"#$%%&'%$(')*+)',-./0')1*%&"'&($
?BCD$:+%<-6*%6'+*)

• Decoupling:
– ?$.$(3-(-.+%/*(+5(1>/$#'(%/#931$./*(-.+%$6/(-/%4/%
– 8+0#2./(-/%4/%-($%/($99+1$./*(+5(*/0$5*
– ".+%$6/($5*(1+0#2.$.3+5(1$5(35*/#/5*/5.9;(-1$9/(+2.
– @>/(/5.3%/(*$.$A$-/(3-(5+(9+56/%($4$39$A9/(+5(/$1>(

1+0#2./(5+*/( ! ($66%/--34/(1$1>356(3-(5//*/*(.+(
+::-/.(.>/(9$./51;(+:(*$.$($11/--B

• AWS (Amazon Web Services) Aurora, 
Azure SQL Hyperscale, Google Cloud Spanner 

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 8:



AWS Aurora (Amazon)

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 8;

! -1#5*6! "023,*666
! *27-/*%68-5*$

9*53"-0+356'3"3

The storage service 
!"#$%&'(") the data across 
multiple AZs for high 
availability

The storage service 
continuously applies log 
records on all the 
secondary replicas to 
*""#+(,"-+.#+(/+0'(" .

When a compute node 
requests a page, 
the storage service 
returns the current 
version of the page. 

SSD cache on compute 
and storage service 
nodes.

!"#$%&'(!'$)*+'
,-*."$*/0"'-1



Azure SQL Hyperscale (Microsoft)

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 8<

Log handled separately by 
dedicated $/1+)"!2%&"
! Multiple replicas + 

quorum-based protocol
for reconciliation

! Keeps recent log records 
in memory (likely to be
neded again), 
across multiple nodes

! Older log records moved
to secondary storage

Each #'1"+)"!2"!+holds a copy of a partition of the 
data
! Answers compute nodes’ page requests
! Caches the partition on local SSD, warm data in 

memory
! Checkpoints the data and creates backups 



Cloud Spanner (Google)

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 8=

" 13)&#04/.53'/6  architecture, based on append-only Colossus distributed file 
system

" Each table is $3)&0#0 across a data center, then &#%7'-)5#0 for high-availability in 
other data centers

" Transactions use a replicated write-ahead redo log (WAL) 
" Paxos consensus algorithm used to reconcile log content.



Cloud Spanner (Google)

" )"*& R$3&+.$(5$/'2+&+,.)/.+%#$'#*7(:2#&. 9&(.$."#$
,/2# /,$GSN=

" M&#$()$,#%#)/7T(&#,$+&$/$'/./1#&.#)
" A$T(&#$R$A$+"*&,-./0&1,U$ABB,$.($ABBB,$(5$/$.*

/&12&1/
" !"#$T(&#$2/,.#)$/,,+0&, '/./$.($ ,*/& ,#)%#),
" V/1" ,*/& ,#)%#)$/&,6#), 17+#&.$)#W3#,.,
" V/1" ,*/& ,#)%#)$"/&'7#, ABB$.($ABBB$./87#.,
" 3.4%&0R$X$@#:! .+2#,./2* ! ,.)+&0$Y
" !"#$%R$,#.$(5$./87#.,<

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 8>



More on the Spanner data model 

• Basic: key ! timestamp ! value
• Directory (or bucket): set of contiguous keys

that share a common prefix
! K/./$2(%#,$/)(3&' 8:$."#$831@#.I'+)#1.():

• On top of the basic model, applications see a 
surface relational model
! F(6, O$1(732&, 9./87#,$6+." /$&'(%)" =
! *+,)"+- .%-&-$#/1" ./87#$23,.$"/%#$/$Z[$(5$$(&#$

()$,#%#)/71(732&,

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 96



Spanner tables

• Tables can be organized in hierarchies
– @$A9/-(C>+-/ #%30$%;&/; .9'.)3- '5.$:.+ 2;$'5.$

<&/.)' 1$5A/ -.+%/*")'./*.&0.3 C3.>.>/(#$%/5.
– DE$0#9/F(#>+.+($9A20(0/.$*$.$ +%6$53G/*:3%-.(A;(.>/(

2-/%'(.>/5 A;(.>/($9A20

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 9?



Spanner query processing

" K+,.)+83.#'$J\]$W3#):$*)(1#,,+&0$#&0+&#$(&$.(*$(5$
."#$,.()/0#$.+#)

" J./&'/)'$(*.+2+T/.+(&$,31"$/,-$
! Z/).+.+(&$*)3&+&0
! [#: ;5()#+0&$@#:$^(+&,$#O*7(+.+&0$,"/)'$1(7(1/.+(&E

" _5$/$&('#$5/+7,$'3)+&0$W3#):$*)(1#,,+&0?$."#$W3#):$+,$
/3.(2/.+1/77:$)#,./).#'$
" C,=&',+,#"-)&&',2).,(1-*#3#'(&=#1.
" P''(J"-.(-0)1*'#-1(*#-%&A$)*#"

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 95



Spanner replication

• Used for very high-availability storage
• Store data with a replication factor (3 to 5)
• Applications can control: 
– )+C(0$5; %/#931$-$%/(0$35.$35/*
– H>31>*$.$(1/5./%-(1+5.%+9(C>31>*$.$
– )+C(:$%(*$.$(3-:%+02-/%-!! 1+5.%+9(%/$*9$./51;,
– )+C(:$%(%/#931$-$%/(:%+0/$1> +.>/%!! 1+5.%+9(C%3./

9$./51;,

• Concurrency control relies on a global timestamp 
mechanism called « TrueTime »  (see next)
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Spanner TrueTime service

• TT.now() returns a Ttinterval [earliest; latest]
– I51/%.$35.;35./%4$90$*/(/E#9313.
– @>/(35./%4$93-62$%$5.//*.+(1+5.$35.>/($A-+92./

.30/(*2%356C>31>@@75+C!,(C$- 354+&/*
– @%2/@30/193/5.-(4&"' .+($4+3*.>/(251/%.$35.;

• Based on GPS and atomic clocks
– J0#9/0/5./* A;($(-/.(+:('"=.$=&-'./$=&,5").-$ #/%(

*$.$1/5./%$5*($('"=.$-*&0.$3&.=2)$#/%(0$1>35/
– D4/%;*$/0+5( #+99-$(4$%3/.;+:(0$-./%-(.+(/.36,.

06*)./&>"*"'+.+
• Errors from a single master
• Attacks
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95:77*+6+:7):%6-"7)$:7($
%"7)-)6*7%>8':+:76**)

!"#$%&'%(#)*&"+%, )&-*.-/ +0.#)1./"'1%&'! (**$2)&%#)*&")'
&//2/2 3
!"#$%&"'%(")"*+40%$%&#//'5"

,- #$%&'%(#)*&"67(*++)#' 8/9*$/ 6: '#%$#'
./$# #;/"(*++)#" #)+/'#%+1*9"67)' 40%$%&#//2#*"8/ '+%../$
#;%&#;/"(*++)#" #)+/'#%+1*9"6:

! 4.*8%..,+/%&)&490.(*++)#" #)+/'#%+1'
! 4.*8%..,<(*&')'#/&#"$/%2'%($*'' #;/"2%#%8%'/%#"%"

#)+/'#%+1

=%,"&*#"$/%2#;/" !"#$-/$')*&>"80#"*&/"9$*+?<7@"'/(*&2'"%4*3"
AB%'#"4.*8%..,(*++)##/2 -/$')*&CD
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Spanner consistency guarantees
S,1#)$,?)/,',.6M
H+-.$)1")2.,(1-9T2(==,." /#+($#9U".)$."
90#1.0#-2(==,.- .,=#".)=& (+-9T," A%)$)1.##*.(- /# "=)''#$
.0)1 .0#-2(==,.- .,=#".)=& (+-9U

V C(=# )%.0($" 0)3# 2'),=#* .0). A#1#$)'.J( W
&0)"# 2(==,. ," .(( #@&#1",3#.( "%&&($.I
/#2)%"# (+ .0# &#$+($=)12# ($ )3),')/,',.6
&$(/'#=" ,. /$,1A"KN# !"#$"%" $&$' !"&&"( &)
*+%" +,,#$-+&$). ,()/(+00"(' 1"+# 2$&*
,"(3)(0+.-" ,()!#"0' 14" &) )%"(4'" )3
&(+.'+-&$).' +' !)&&#"."-5' +($'"6 (+&*"( &*+.
+#2+7'-)1$./ +()4.1 &*" #+-5)3 &(+.'+-&$).'8X

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 9;



Spanner wrap-up

• Full distributed transactions and distributed SQL 
query processing over distributed data.

• This requires expensive (time-wise) distributed 
consensus protocol (to synchronize the replicas) 
and data movement.

• For OLTP applications where 1 primary  + multiple 
secondaries are sufficient, AWS Aurora or Azure 
SQL Hyperscale may be sufficient; they avoid 
these overheads. 
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Low-cost cloud architectures
• Low-cost = low performance

• Run 1 DBMS attached to storage and log on (slow) inexpensive 
storage

• Azure SQL Database General Purpose 
• Failure !  DBMS restart (after downtime)
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ARCHITECTURES FOR DATA 
ANALYTICS SERVICES

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************
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Data Analytics services in the cloud

• Data warehousing (DW)
– ?$.$(3-(!"#$%$&'%(")%&*+&,#-&'%&./%)*%$
– K/%:+%0$51/(+#.303G$.3+5-(/5$A9/*(A;(35*/E/-'(

0$./%3$93G/*(43/C-'(*$.$(#$%.3.3+5356

• Big Data Analytics services allow analyzing data 
residing in a storage subsystem, e.g., HDFS on 
premises, or blog storage in the cloud
– 0"&-%%$&+"&!"#$&+1%&$#+#&*-&#$2#-,%
– @;#31$99;(021>(1>/$#/%'(021>(9$%6/%(-1$9/(.>$5(?H
– )/./%+6/5/+2-(*$.$(-+2%1/-F(*$.$(9$&/
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!"#$%&"'%&(')(*+',-(!./.(0%.+1/"2&(
&$34"2$&("%(/5$(2+',-

1. Shared nothing vs. shared data
2. Programming API: SQL vs. MapReduce
3. Pre-loaded data vs. in-situ querying
4. Interactive vs. batch querying
5. Sophistication of the query optimizer

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 :?



DW cloud service: Snowflake

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 :5

Shared data in a remote storage; SQL API;  interactive querying
Pre-loaded data (and %!#!'%!'&% computed for each partition during loading, managed by
the metadata service, in particular for query optimization)

Each 2%!(.'$+-'&,%3"+4567 is a 
complete database

The VM caches data on local SSD

A 5%!(.'$+8'!",/.)"+4587++ is 
used by 1 client; scale up
by adding VMs 

No indexes (bad for queries;  
simplifies transaction 
processing)



Query evaluation in  Snowflake
1. Selective data access

" F)20.)/'#- ," ".($#* )"-)"-"#.-(+-'*+(1'
" H1",*#-#)20 "0)$*I-*).)- ," ".($#* +'9+9'"&9)39:-)0,("''"1 ;9

-)#40.'
" <"+1"(' /%,'. +($-#)20 2('%=1J,.0,1 .0#-"0)$*

! E,1,=%=-)1*-=)@,=%=-3)'%#"
! Y(-1##* .(- $#)* )-"0)$* ,+-.0#-7%#$6&$#*,2).#,"

,12(=&).,/'#- J,.0 .0#-0#)*#$-,1+($=).,(1
2. Query optimizer

" L(". W)1*- ".).,".,2 W/)"#*
" Z#)*#$"-2(=&%.#*#3#1(1-,1.#$=#*,)$6$#"%'."
" C(=# *#2,",(1" .)8#1 ). $%1.,=#

3. Intermediary query results written in node local disks, 
then (if needed) to S3
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Concurrency control in Snowflake

• Handled globally using fine-granularity data store
• An update creates a new version of a table (multi 

version concurrency control, MVCC): no finer-
granularity update 

• Each version has a timestamp
• Possible to explicitly query !"#$%#&'()*$+! )&$+,!#&

+$-#&!+(*$!(.#'!+./
• Each version stays available 90 days after deletion
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DW cloud service: AWS Redshift
C0)$#*W1(.0,1A[-C\S-P]H[-&$#W'()*#*-*).)[-,1.#$)2.,3#-7%#$6,1A

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 ::

87"$5#& = 1 7#)0#& + n -.(%"5#  
nodes
Leader coordinates query exec.
A cluster hosts databases (sets of 
tables).
A table can be: 
" 2'$5&'9"5#0 across the 

compute nodes by specifying  
a distribution key

" : #%7'-)5#0+to all the compute 
nodes

Efficient scale-up is difficult since 
adding nodes requires 
redistributing the data (costly!)

Recent optimizations: automatic move of cold data to S3, to reduce costs



DW cloud service: Google BigQuery

SQL dialect on nested 
relational data

Data either pre-loaded 
or processed from files

Efficient column-oriented
format (Capacitor)

Data automatically 
sharded and loaded in
Colossus
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6,$31(73'2$&&"%8("%(9''8+$(:"86,$31
Started with ; 45)97#+
!"#&'#$ over large sharded 
tables
" Irrelevant partition skip
" Skip indexes to read 

only part of a partition
Added 0'$5&'9"5#0+<.'/$+!  
shuffle!
" Distributed, efficient 

transient storage for 
the shuffled data 
(~ memory!)

" Serves also as 
checkpoint

" More flexibility for 
scheduling queries
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DW cloud service: Spark

C&)$8M
! C0)$#*W*).)->*,".$,/%.#*-

+,'#-"6".#=I-#KAKI-Z5^CI-($-
2'(%*I-#KAKI-PNC-C_-($-
P?%$#-/'(/B

! E)&O#*%2#-P]H
! ;).20 W($,#1.#*
! ]$(A$)==,1A-=(*#'-

/)"#*-(1-O55
C&)$8-C\SM-C\S-#@.$)-')6#$
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Spark: brief overview

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 :>

! F@.$#=#'6-&(&%')$-;,A-5).)-=)1)A#=#1.-+$)=#J($8
! E),1-2(12#&.M-O#",',#1.-5,".$,/%.#*-5).)"#."->O55B-%1.,'-3UK`[-

.0#1-a%".-=+&+'"&->=($#-(&.,=,?).,(1"-"%&&($.#*B
! P-5).)"#.-2)1-/#-2$#).#*-+$(=-)->*,".$,/%.#*B-+,'#I-($-.0$(%A0-

&$(2#"",1AK-C)=&'#-"1,&&#."-%",1A-pySpark M-

>>> textFile = spark.read.text("README.md")
>>> textFile.count() # Number of rows in this DataFrame
126 
>>> textFile.first() # First row in this DataFrame
Row(value=u'# Apache Spark’)
>>> linesWithSpark = textFile.filter(textFile.value.contains("Spark"))
>>> textFile.filter(textFile.value.contains("Spark")).count()
15



Spark programming

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 ;6

! F@.$#=#'6-&(&%')$-;,A-5).)-=)1)A#=#1.-+$)=#J($8
! E),1-2(12#&.M-O#",',#1.-5,".$,/%.#*-5).)"#."->O55B-%1.,'-3UK`[-

.0#1-a%".-=+&+'"&->=($#-(&.,=,?).,(1"-"%&&($.#*B
! P-5).)"#.-2)1-/#-2$#).#*-+$(=-)->*,".$,/%.#*B-+,'#I-($-.0$(%A0-

&$(2#"",1AK-C)=&'#-"1,&&#."-%",1A-pySpark M-

>>> textFile = spark.read.text("README.md")
>>> textFile.count() # Number of rows in this DataFrame
126 
>>> textFile.first() # First row in this DataFrame
Row(value=u'# Apache Spark’)

>>> linesWithSpark = textFile.filter(textFile.value.contains("Spark"))
>>> textFile.filter(textFile.value.contains("Spark")).count()
15

Could be distributed!

Dataset transformation

Aggregation



;7.3<=(#'3$(2'#7+$>(
73'83.##"%8

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 ;?

! P-5).)"#.-2)1-/#-2$#).#*-+$(=-)->*,".$,/%.#*B-+,'#I-($-.0$(%A0-
&$(2#"",1AK-C)=&'#-"1,&&#."-%",1A-pySpark M-

## Find the row having the most words: 
>>> textFile.select(size(split(textFile.value, "\s+")).name("numWords"))

.agg(max(col("numWords"))).collect() 
[Row(max(numWords)=15)]

## Compute the frequencies of all words, MapReduce style:  
>>> wordCounts = textFile.select(explode(split(textFile.value, "\s+"))

.alias("word")).groupBy("word").count()
>>> wordCounts.collect() 
[Row(word=u'online', count=1), Row(word=u'graphs', count=1), ...]

>>> ',1#"N,.0C&)$8K2)20#>B Explicit cache control



Spark optimizer: Catalyst
Optimizes users’ queries for massively parallel processing

0. Use 6+67.4 Datasets,
if possible
- Equiv. view-based rewriting

1. 8%1.29+,.40
"$&'#':+&'"(, :
push selections, 
projections,
transitive equalities,
etc.

2. !",& 29+,.40"$&'#':+&'"(
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Spark optimizer: Catalyst

L7(16*.?>&-.3$
2<'"="@&'"2)-F
#2->(-/9/1.3+5-'(
#%+</1.3+5-'
.%$5-3.34/(
/M2$93.3/-'
/.17

N7(A2-'?>&-.3
$2<'"="@&'"2)

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 ;8

Rule-based      
optimizations

Cost-based 
optimizations

`K
->+

-*"

!""#$%&&'''()*+,-./0,",(123&+.$2)+1.$&1,",/4$" 5,*,/4$" 5, 50..# 506-.56*"25$#,+7$52#"6368.+&

https://www.unraveldata.com/resources/catalyst-analyst-a-deep-dive-into-sparks-optimizer/


PRICING AND SLA: 
FINANCIALS OF CLOUD SERVICES
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?5./(-'$&(/5$(@"++(+''<(+"<$A(
B3"2"%8(#'-$+&

Storage costs by far dominated by compute costs, 
cost discussion mostly focused on the latter

Two main classes of pricing models 
• Provisioned capacity
– @>/(193/5.(A++&-($(-/.(+:(1+0#2./(5+*/-($5*(&//#-(

.>/0($9C$;-(+5'(C>/.>/%(+%(5+.(.>/;($%/(2-/*

• On demand (aka serverless)
– 893/5.-(+59;(A++&(.>/(%/-+2%1/-(.>/;(5//*($5*(%/9/$-/(

.>/0(C>/5(.>/(C+%&(3-(:353->/*
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?5./(.#(C(7.1"%8()'3A(6,.+"/1(')(
;$34"2$(D6E;F(8,.3.%/$$&

• Also called Service Level Agreement (SLA)
" 90#-"#$3,2#-'#3#'-,"-*#"2$,/#*-/6-)-"#.-(+-=#.$,2"I-)8)-?"79

@"(3)(0+.-"9$.1$-+&)('9:?@A';69)8)-C#$3,2#W'#3#'-,1*,2).($"
• A Service-Level Objective (SLO) is a target value or 

range for a KPI
" FKAKI-b)3),')/,',.6c<ddKddef-+($-#@&#1",3#-1(*#"I-($-

b)3),')/,',.6c<ddKdef-+($-'#""-#@&#1",3#-(1#"
" bU-1,1#"f->T`): -%1)3),')/,',.6B-3"-bT-1,1#f

• Metrics and SLOs are checked internally at every new 
release or proposed evolution of a product

• An SLO contractually promised to a client is an SLA
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Resource-level SLAs

• Fixed resource SLA: fixed promises made to 
tenant (=cloud service user)

• Min-Max SLA: 
! G$2+&+232$/2(3&.$(5$)#,(3)1#,$/)#$03/)/&.##'$

.($#%#):$'/./8/,#$U$/&$3**#)$7+2+.$*#)$'/./8/,#
! M&1#$/77$."#$'/./8/,#,$"/%#$)#1#+%#'$."#$

2+&+232?$."#$)#2/+&+&0$1/*/1+.:$+,$/77(1/.#'$
/11()'+&0$.($,(2#$*(7+1:?$#<0<?$/$6#+0".$(5$#/1"$
'/./8/,#
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G>.#7+$=(73"2"%8(#'-$+("%(
0H,3$(;6I(-./.@.&$(&$34$3+$&&
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Resource-level SLAs
" /0+&1"#$%2345

" 9#1)1."-)$#-A,3#1-2$#*,."-&#$-.,=#-J0#1-.0#6-*(-1(. -$%1-
" 9#1)1."-"&#1*-2$#*,."-/6-$%11,1A-.)"8"
" P&&$(&$,).#-+($-'(JW)3#$)A#I-/%$".6-J($8+'(J"I-#KAKI-.#".,1A
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Pricing incentives
E*F"#*"+%G/"'0$/"(.*02"(%1%()#,")'"&/-/$"F%'#/2H
! =%G/"&$0$&1$23"#0*%#4$03(;/%1/$"#*"/&(*0$%4/".*&4"

8**G)&4'C

! 567*36&"4$05
– The cloud provider publishes a price updated every 5 minutes
– Tenants 9'4 on how much they are willing to pay
– If the bid exceeds the price, the VM is allocated immediately
– Spot priced instances can be 90% cheaper; terminated by the 

service provider
– Appropriate for short-lived tasks, when the loss of work in case 

of termination is not problematic

! 8&$9$:6*"()$347:6;*$ 5"(;/%1/$>"/C4C>"8,"I@J>"80#"(*0.2"8/"
'#*11/2"8,"#;/"1$*-)2/$"F)#;"K@"'/("&*#)(/"#*"'%-/"F*$G"
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MULTI-TENANCY
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J,+/" K/$%.%21('@L$2/"4$(.%-(
25.++$%8$&

• Degree of consolidation: the number of databases 
(=software services) that are hosted on a single server 
or cluster (=hardware)
" !"#$%&#'(#&$("#$)*+,*-./'(.*+0$("#$-'&%#&$&#/1)(.*+$.+$)*,(,

• But: integrating databases (or tenants) closely can 
" 12-+(&"03%0,*+4"(2*&$#')"$*2$("#3
" 456*,#$("#$'66-.)'(.*+,$(*$."420-/)(0-.5.

• Solution: virtualize the available resources to facilitate 
consolidation while preserving performance and 
security
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M$1(.&7$2/&("#7.2/$-(@1(4"3/,.+"H./"'%

• ;.)-..0"/06"(,"1'4+&'"( : the more we can virtualize from the 
execution stack (bottom=hardware !  … up to the application), 
the greater the degree of consolidation

• ;.)-..0"/0',"1+&'"( : the lower down the stack is virtualization 
supported, the greater security and performance offered to tenants

• <+,.0"/0$-"=','"('() : the time taken to create a new database or 
upsize/downsize is lower if virtualization implemented up the stack

• >#$+6&0"/0/+'1%-.,: depending on where failures occur, a single 
failure may afect 1 or >1 tenant
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Virtualization models (1)
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Virtualization models (2)

!"#$%&'#&("')*+,"*-%.*/0&0************************************************1,020*302,4')#(************************************565575658 <:



N"3/,.+"H./"'%(#'-$+&=(
2'%&'+"-./"'%O"&'+./"'%(/3.-$K'))
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CONCLUDING REMARKS
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From databases to Big Data
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Relational DBMS:
i. Data stored on disk

ii. Single server
iii. Company server

Data stored
in memory

Main-memory
databases Distributed

main-memory
databases

Distribute
the data

across many
machines

Database
hosted and operated

by commercial provider

Cloud Databases
(or data services)

Distributed
databases

Mediator
systems

P2P
systems

Distributed
transactions

Disaggregated
architectures



Architectures for Big Data 
• Big Data: Volume, Velocity, Variety, Veracity (+Value)
• Different data models
• Heterogeneity: schema, data model, format, meaning
• Core notions:

" 7*8$6.#)#,$*2$/'('$("#+&"9&)9"+-*9)&*"(
" 7*8$(*$),&$0$B"9C4"($"'9
" 7*8$(*$9##6$'$1$'&($!4&"19'7'&"09-)*"(".&
" 7*8$(*$+1%"(&$'"9-).&".&9.+$'$:/.,(&.;1(#/<$=.%$>'('$,?,(#3
" 7*8$(*$',"-$3790+''$%"#79,+(+##"#9,()-"''$./

• Most traction nowadays in cloud services
" @'+?$/.22#&#+($1,#$)',#,$'+/$'&)".(#)(1&#,
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