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Overview

Comparison of cloud-based architecture styles
Focus: Modular Monolith vs. Microservices
Metric: Energy Efficiency

Approach

Microservices: T2-Project (implementing saga pattern)
Modular Monolith: Own implementation

Reference

Application

Measurement Environments:
¥ t 1. Green Metrics Tool
Fywidly 2. Kubernetes & Kepler
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https://t2-documentation.readthedocs.io/

Modular Monolith vs. Microservices
Why Comparing These Two Architecture Styles?

Microservices

A
Lo
L
AL
S
©
=]
=

Distributed
big ball of mud

= NUmber ardeploymentunils == [Bro18]
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Related Work
Monolith vs. Microservices in Terms of Performance

Monolith Microservices

4 4 N\
Better throughput Better throughput
| under low load under high load
(especially in compute-
L intensive scenarios) )
4 4 N\
Lower response times Better scalability
o (no overhead through (due to smaller
network communication) components)
. . J

Papers are listed on slide References for Related Work
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Reference Application



Reference Application — T2-Project
Business & System Context

«person» «person»

User Researcher

Buys tea using the Ul of the Executes various tests using
store. the backend API's.

Executes
tests

«system»

\\

T2-Project

A fictitious web store that
offers tea.
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Reference Application — T2-Project
Variants: T2-Microservices & T2-Modulith

T2-Microservices
[System]

Microservices

Uses
[USON/HTTP]

ul UlBackend
[ava, Spring MVC, JSP] [ava, Spring MVC]

T2-Modulith
[System]

Uses
[USON/HTTP]

Uses g g
[JSON/HTTP]

Orchestrator Cart
[Mava, Spring MVC] [Java, Spring MVC]

Modulith
[Java, Spring MVC]

Uses Uses
[USON/HTTP] |[JSON/HTTP]

7 N

Inventory Order Payment
[ava, Spring MVC] [Mava, Spring MVC] [Java, Spring MVC]

Cart Database
[MongoDB]

atabase
[PostgreSQL]

’

Cart and Order

Inventory Database Database

[PostgreSQL]

Inventory Database Order Database
[PostgreSQL] [MongoDB]

[MongoDBJ
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Reference Application — T2-Project
Implementation of the Saga Pattern & Messaging Middleware

T2-Microservices
[System]

Microservices

Uses
SONMTTP]

ul UlBackend
Wava, Spring MVC, JSP] Wava, Spring MVC]

Uses
USONMTTP]

T2-Modulith
[System]

.. =
USONHTTP]
Orchestrator £ /

Cart
Wava, Spring MVC] Wava, Spring MVC]

Modulith
[Java, Spring MVC]

Subscribe
Payment Inventory 5 i Cart Datab

Wava, Spring MVC] ava, Spring MVC] aga labase al atabase
[Postg ] [MongoDB]

Subscribe
P

R&W
[DBC]

[Eventuate  Framework]

Publish
mep)

’

Cart and Order

Inventory Database Database

[PostgreSQL]
CDC Service

[Eventuate  Framework]

Zookeeper [MOHQODB]
ventuate  Framework]
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Reference Application — T2-Project
Modularity

rFr———>—>—>—>"—~" -~~~ —-— - -~ - - - - - = - - = = — = 1 - T T T e s s s = — — = = = = = — N
Microservices Modulith
[System] [Container]
Uses
] ESVINFEN UlBackend
[Microservice] [Microservice]

Uses
[JSON/HTTP]

Uses Orchestrator
[JSON/HTTP] [Microservice] [Microservice]

[JSON/HTTP] |[JSON/HTTP]

Inventory Payment
[Microservice] [Microservice] [Microservice]
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Measurement Methodology



Measurement Methodology
Green Software Measurement Model (GSMM) by Guldner et al. (2024)

Measurements
and Metrics

Measurement

Procedure
Models Measurement data
Metadata
Measurement Analysis report

Setup

Data Evaluation
Models GBC+24
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Measurement Model — Measurements & Metrics

* Metric (“useful work”): Energy consumption of one order

- Measurement: Processing of three sequential HTTP requests

GET - product list

POST — add item to cart

POST — confirm order

ey
o
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Measurement Model — Procedure

Executes API
ﬂ requests

Workload Generator
[Apache JMeter]

Uses

E

Usage Scenario

David Kopp — Energieeffizienz verschiedener Backend-Architekturstile: Monolith vs. Microservices

©,

System under Test

(black box)
[T2-Project]

Captures
usage
data

=

Energy Logger

Software-based tool
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Measurement Model — Setups

O

KEPLER

<[>

Kubernetes &

Green Metrics Tool Kepler
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Measurement Setup — Green Metrics Tool (simplified)

GMT Measurement Machine

(’) System under Test

Green Metrics Tool 4. Executes

@ API requests

2. Orchestrates JMeter
containers

Backend

usage_scenario.yml
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Measurement Setup — K8s & Kepler (simplified)

L]

Local Machine

1. Executes
APl requests

Kubernetes

>

hpa
Autoscaler

[
Scales !
deployments :

2. Forwards

T2-Project
requests

to Backend

3. Estimates
power
consumption

Load Balancer

4. Scrapes
9 data from

Prometheus

David Kopp — Energieeffizienz verschiedener Backend-Architekturstile: Monolith vs. Microservices

25/04/2024

16



Measurement Model — Data Evaluation (Green Metrics Tool)
GMT Dashboard: Single Run View (Key Metrics)

A Home

Baseline © Installation @ Boot © dle @ Runtime @ Remove @
I* Repositories
) Energy Timeline Runtime can contain multiple flows. By default all runtime flows are aggregated. Please select a separate flow if needed.
® Measure software
All Flows user orders 1 product 100 times in a row

I+ Data Analysis

¥ Eco-Cl
Single Phase Data
£ status Energy metrics

@ null: 1cf785b076ebe9e566c0562eb1fdedeOfefbObee

% Power Hog

Unit: [mJ]
CarbonDB 2,100,000
1,800,000
e 1,500,000
1,200,000
900,000
600,000

- _ I
0
Cry . -

Key metrics

g o e ——

07813 M2323 = 1815.27 = 330.28
2] mep @ mep @ via Formula @
6024 0 0.04 6014 G000
via Formula @ via Formula @ via Formula @ via Formula @

» Click here for detailed metrics ...
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GMT Dashboard

CPU Energy (Package) via RAPL @

~@- Package 0 ~@- Notes

Unit: [J)]

[Inowmay] sseyd Buipug

[EWILNNY] @seyd Buipug
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Measurement Model — Data Evaluation (Green Metrics Tool)
GMT Dashboard: CPU Utilization ‘

CPU % via cgroup @

~@- cart 0 cdcservice inventory ~@- jmeter ~@- kafka ~@- mongc -@- orchestrator <@~ order ~@- payment -@- postgres @ uibackend zookeeper ~@- Notes
Unit: [%6]
100
A Am Mz Az Mo
a i s %
= i =
] & 2 Z
2 e =3 =
o g © ]
b= :% n ol
£ ' 2 <
80 ] w2 5 =
S i 2 -
a
i
i
|
i

g-phase [IDLE]

HEnding.phase 100 users order 3 products with long think time

fiStartin
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Measurement Model — Data Evaluation (Green Metrics Tool)
GMT Dashboard: Comparison View

A Home

Baseline @ Installation @ Boot @ die @ Runtime @ Remove @
I Repositories

*D Energy Timeline
@ Measure software

All Flows: user orders 1 product 100 times in a row
2 Data Analysis

ol Single Phase Data
Energy metrics 1¢c | fistribution

B status
@ Usage Scenario: energy i ge_ inimal ons-100yml 112 p B Usage Scenario: energy i i ge_

b
Key metrics

N T T [T R

100wl 12 p

8 Power Hog Unit: [mJ]
2,100,000
B CarbonDE 1,800,000
£ Settings 1,500,000
1,200,000
900,000
600,000
300,000

©-8284% O +2646% = -78.30 % -74.85 %
(Dif1. in %) [ (DiFY. i %) mep @ (D4FE. in ) mep @ (Dif1. in %) ia formeta @
0-7830% 0 -74.85 % O-8284% 0 -79.96 %

(DI, in %) ria Formls © (DY, i %) i Formuls © (DS, in %) it Formula ] {DiE. i %) Tia Formily ©

» Click here for detailed metrics ...

=/2 CODING;
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Measurement Model — Data Evaluation (Kepler)
Grafana Dashboard

Measured Object
and Measurement.
Goals

Pod/Process Power Consumption (W) in Namespace: All

system_processes / system | PKG

prometheus-k8s-0 / menitoring / PKG
alertmanager-main-0 / monitoring / PKG
alertmanager-main-1/ monitoring / PKG
alertmanager-main-2 / monitoring / PKG
blackbox-exporter-85b41b4b63-qfms55 / monitering / PKG
prometheus-k8s-1 monitoring / PKG
kube-state-metrics-785¢8974b-plid2 / monitoring [ PKG
system_processes [ system [ DRAM
node-exporter-2kmv2 [ monitoring / PKG
prometheus-operator-5745bf7d85-Ifpc7 / monitoring / PKG
kepler-expoerter-cxdvr [ kepler [ PKG

21:11:00 21:12:00 1:13: 1: 1

21:21:00 21:22:00 1:23:00

Total Power Consumption (W) in Namespace: All Total Power Consumption (kWh per day) in Namespace: All

Mean
- PKG 0.7 == PKG (CORE+UNCORE)}
132 1 == DRAM

== DRAM

- OTHFR = OTHFR
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Results & Discussion



Results — Green Metrics Tool (I)
Energy Consumption of Boot Phase

Energy metrics

B Uszge Scenario: Microservices ' [ Usage Scenario: Monolith
Unit: [mJ] Machine Energy [mJ]

3,000,000
E=-/641 %
2,500,000
(Diff. im %) mcp @
2,000,000
1,500,000 Phase Duration [us]
1,000,000
500,000 0 -72.86 %
(DHEE. in %) [ 7]
0
Emo ?L‘jn
Eney, "V E e g
=] (P ack, I}Ef’g ef’g
PL) ) (Rapy,
J
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Results — Green Metrics Tool (I)
Scenario: 100 Sequential Executions

Energy metrics Machine Energy [mJ]
B Usage Scenario: Microservices I Usage Scenario: Monolith
= -78.30%
Unit: [mJ]
>100.000 (Diff. in %) mecp @
1,800,000
1,200,000 = -7485 %
900,000 (DFF. in %) via Formula @
600,000
300,000 Phase Duration [us]
0
Q8284 %
(DFE. in %) [7]
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Results — K8s & Kepler
Scenario: 1 user, 100 executions (no scaling)

"t2-modulith" — Pod Power Consumption (W)

Name Mean -
== packend-5798b44chc-d2pgp 3.47
= mango-mongodb-6d878fcbde-pjed] 0.0216
== postgres-0 0.00581

Qeew
14:11:00 14:11:30 14:12:00 14:12:30 14:1

KEPLER

Energy Consumption (Ws [ J)

otal
108
0.671

~ 108,

"t2-microservices" — Pod Power Consumption (W)

e s
Name Mean -

inventory-744d446954-8cm42 5.96
uibackend-6896c76b89-s68bt 1.81
kafka-2 0.935
cdcservice-7dc8cd8df7-gssod 0.899
orchestrator-65f9f5c5f7-vm886 0.761
Y 8y cart-5f945cf68-]9gv2 0.737
0”;”,,“H,”,::'H*““‘”::u,,“ order-6df8b6654f-dgfgs 0.280
14:01:00 14:02:00 14:03:00 postares-orchestrator-0 0.234
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Results — K8s & Kepler

Scenario: 50 users, 10 min ramp-up, 5 min hold

"t2-modulith" - Pod Power Consumption (W)

800
600

400

Name
backend-76674b8bb7-r8tng
backend-78674b8bb7-rc¥n2
backend-76674b8bb7-xjzv4
backend-78674b8bb7-8hwpg
backend-76674b8bb7-s5csp
backend-78674b8bb7-ckchw
backend-76674b8bb7-18ct8
backend-76674b8bb7-v4fd8

Mean ~
23.0
226
19.9
19.8
18.7
19.6
18.5
18.0

Total
2345
2240
2588
2040
2560
1936
2911
2827

KEPLER

Energy Consumption (Ws [ J)

"t2-microservices" — Pod Power Consumption (W)
2500
2000
1500
1000

200

Name
inventory-7d9b5h5478-f7xcr
inventory-7d9b5b5478-scntr
inventory-7d9b5b5478-fr62r
Inventory-7d9b5b5478-v5dhb
inventory-7d9b5b5478-14]pz
Inventory-7d9b5b5478-98sfw
Inventory-7d9b5h5478-4w996
inventory-7d9bSb5478-vwsdr
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46.1
36.8
35.8
339
33.5
32.4
32.4
32.4

Energy Consumption (Ws [ J)
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Results — K8s & Kepler
Scenario: Compute-intensive (~1 sec per order), 50 users, 10 min ramp-up, 5 min hold

KEPLER

"t2-modulith" — Pod Power Consumption (W) Energy Consumption (Ws [ J)

Mame Mean -~ Total

backend-5c76ddbcf8-nif2k 47.9 9386

backend-5c76ddbcf8-n9bjx 458 5380 .
backend-5c76ddbef8-vkisl 453 5207 A
backend-5c76ddbef8-Irg4d 453 5340 2 9 8NkJ
backend-5c76ddbef8-gebazx 451 5324 | , .
backend-5c76ddbef&-6fmbx 44.7 6885 ;- I

backend-5c76ddbef8-6fz0t 44.4 7640
backend-5c76ddbefé-wizz9 44.4 6348

"t2-microservices" - Pod Power Consumption (W) Energy Consumption (Ws [ J)

Name Mear « Total
computation-simulator-754444d565-g5wrg 5341 8132
computation-simulator-7544444d565-9d7bw 48.9 7631 X
computation-simulator-754444d565-414b4 459 6608 =
computation-simulator-754444d565-6v67f 457 6587 3 26kJ
computation-simulator-754444d565-56pbm 45.5 10965 | / ',
computation-simulator-754444d565-k2kba 439 7639 N '

computation-simulator-754444d565-crgov 43.0 7488
computation-simulator-754444d565-tviwy 43.0 7524
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Results — K8s & Kepler
Energy Consumption in Idle (30 min)

KEPLER

"t2-modulith" = Pod Power Consumption (W) Energy Consumption (Ws [ J)

Mame Mean - Mao Total
== packend-55dfccd4469-nvivf 0.150 . 54.0
= mongo-mongodb-6d878fchde-hzx27 0.0743 . 517
& | % = postgres-0 0.00533 0. 193
2

a
-

: Q

A

. ‘!
oqs%hm -’@.‘

10:45 10:50 10:55 11:00 11:05 11:10 ‘I'I.1:

"t2-microservices" — Pod Power Consumption (W) Energy Consumption (Ws / J)

Name Mean - May Total
cdeservice-667db4d459-bréb] 0.677 . 245
uibackend-8f5fff8787-4xmk7 0.31 § 123

inventory-6b86d657d-bnrbw 0.261 . 94.3

cart-67i676cc8-kdf29 0.261 ] 94.2 J

order-59644875d7-joxIg 0.248 . 89.4 , | Il »
(1 | | |

payment-68cd944745-dwwdw 0.240 . 86.5
orchestrator-79869c9d55-z8wfr 0.226 B 81.5
ul-cc87d879b-bkbdl 0136 . 490
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Limitations
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Discussion
Energy Efficiency — Modular Monolith vs. Microservices

Modular monolith Microservices

No overhead through network Fain-grained scalability

communication Potential for better utilization of

Only one runtime environment resources due to smaller size
Local transactions Hibernate of individual components
(not tested)

Symbols by [Fer22
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Learnings

i GMT: Easy usage & utilizes best practices for measuring usage scenarios

Q Kepler: Good for monitoring workloads over longer time in K8s environments

KEPLER

Different philosophies of measurement tools:
Per-process measurement? Usage scenarios? Metrics provider? Virtualized environments?

®

E Energy consumption of network transfer? Biggest issue is data processing

=s Saga is quite slow and inefficient (but ensures data integrity and scalability)
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Conclusions

E,;' Modular Monolith is easier to handle than a microservices system

(0

Monoliths are more energy efficient in scenarios with low or constant load

.}' Microservices have advantages in compute-intensive scenarios with high
load

€Y) There is no general recommendation, it depends on your scalability needs
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Foundations
Architecture & deployment styles in the cloud

Complexity

0000 A e

o m 0000 wnng

s v E3E1EX
: <& nn

Monolith Microservices Serverless [Sol17]

David Kopp — Energieeffizienz verschiedener Backend-Architekturstile: Monolith vs. Microservices 25/04/2024 36



Foundations @ : .
Spring Modulith Sprlng
+ Set of libraries that support developers implementing logical modules in Spring Boot

applications

* Features:

» Apply structural validation

Document the module arrangement

Run integration tests for individual modules

Observe the modules interaction at runtime

Implement module interaction in a loosely-coupled way
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Foundations
Performance of Saga Frameworks

Table 2: Performance test, time in mm:ss — scenario 1 (1 000 requests, 10 threads).

Project Processing delay Total time Completed requests
Axon service 00:46 00:51 1 000
Eventuate service 00:49 00:58 2 000
Eventuate Tram service 00:27 00:34 1 000
LRA service 00:04 01:10 1 000

Table 3: Performance test, time in mm:ss — scenario 2 (10 000 requests, 100 threads).

Project Processing delay Total time Completed requests
Axon service 06:53 07:44 5657

Eventuate service 14:05 14:46 19 791

Eventuate Tram service 03:20 03:56 10 000

LRA service 00:22 08:58 10 000

Source: Stefanko, M., Chaloupka, O., & Rossi, B. (2019). The saga pattern in a reactive microservices environment. https://doi.org/10.5220/0007918704830490
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Reference Application — T2-Project
Business Process — Implemented with the Saga Pattern

Business Process

. add items confirm
to cart order

reset

reject
inventory

Architecture W Order Saga

ul {I —CO— UlBackend {I {C ; Inventory{l

N
\\g

N . g

~
Orchestrator E (O

Provider {I

%
T.

- -

Sti21
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Measurement Setup — Green Metrics Tool

. <f>
usage_scenario.yml

name: T2-Modulith Basic Usage Scenario W
author: David Kopp
description: One user gets the inventory, adds one product to cart and confirms the order.

compose-file: !include monolith-compose.yml

sci:
R_d: order

flow:
- name: single user orders one product

container: jmeter

commands :

- type: console
command: jmeter -Jhostname=backend -Jport=8080 -JnumExecutions=1 -JnumUser=1 -JnumProducts=1

-JthinkTimeMin=0 -JloggingEnabled=true -n -t /tmp/repo/t2-project-flexible.jmx

log-stdout: true
read-notes-stdout: true
read-sci-stdout: true
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APACHE -
Measurement Setup — K8s & Kepler /JMeter
Workload Generation for Scaling: 50 users, 10 min ramp-up, 5 min hold

M Concurrent Threads
50

45

40

%)
=

w
o

Mumber of concurrent threads
o o
o &

wm

o

@

0
00:00:00 00:01:30 00:03.00 00:04:30 00:06:00 00:07:30 00:08:00 00:10:30 00:12:00 00:13:30 00:15:00
Elapsed Time
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Results — Green Metrics Tool

. . SCI
E'i’erl'ﬁﬁiﬁi T;rr::anrs] Duration [s] EﬂZfQJ"ﬁl oy [I.Ej?ergy E“rl\l:g;r[{,l] E':.Ztrg;r['j] [mgggéel

Modulith 0 0 3.8 11818 53.2 3.0 0.0 N/A
Microservices 0 0 4.0 125.6 55.9 3.4 0.5 N/A
Modulith 1 0 5.8 181.5 85.8 5.4 1.0 34.2
Microservices 1 0 16.6 441.3 164.3 14.0 4.7 87.3
Modulith 100 0 13.4 393.9 166.5 13.5 83.1 0.8
Microservices 100 0 78.1 1815.3 572.1 67.2 330.3 3.8
Modulith 100 1 113.5 1809.8 2543 58.1 84.9 4.4
Microservices 100 1 175.2 3457.7 808.7 115.5 345.6 7.6
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Results — K8s & JMeter

Scenario: 1 user, 100 executions (equal total CPU resources)

Modulith

300

250

200

150

100

Average response time in ms

507

0
16:542216:542416:542616:54:28 16:54:2016:54:3216:54:34 165436165438 16:54:4016:54:4216:54:44

Kubernetes Resource Requests & Limits:
* Modulith: 1.5 Cores

¢ Microservices: 0.25 Cores

Average response time in ms

1500

1250

1000

APACHE

JMeter

Microservices

add item to cart

confirm order

| B get inventory

16:56:30 16:56:40 16:56:50 16:57:00 16:57:10 16:57:20 16:57:30 16:57:40 16:57:50 16:53:00
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Results — K8s & Kepler
CPU Usage in Idle (30 min) (one replica each)

"t2-modulith” - CPU Usage
0.02 Mame
mongo-mongodb-6d878fcbde-hzx27
backend-55dfccd489-nvivf
postgres-0
quota - requests

quota - limits

KEPLER

Mean ~
0.00315
0.00250
0.000117

"t2-microservices" - CPU Usage

Name

cdcservice-667db4d459-brébj
order-59644875d7-]bxI8
inventory-6b86dE57d-bnrbw

kafka-0

payment-68cd844745-dwwdw
orchestrator-79869¢9d55-z8wir
uibackend-BfSfif8787-4xmk7
monao-cart-monaodb-668dd6da7f-768ac

Mean -
0.00608
0.00521
0.00469
0.00469
0.00454
0.00425
0.00383
0.00308
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