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A pot of gold at the end of the cloud rainbow?
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“Successfully migrating workloads to the cloud 
means delivering maximum benefits with 
minimal effort and costs.” Gartner, 2022

https://www.gartner.com/en/articles/migrating-to-the-cloud-why-how-and-what-makes-sense


Often, there’s rather an unexpectedly high bill
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https://twitter.com/tunguz/status/1606259838253641729
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https://www.duckbillgroup.com/understanding-data-transfer-in-aws/


Good news for GI: A lot of (cost) optimization potential!



Personal background
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My current role(s)
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Adjunct Lecturer
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Disciplinary Boundaries of Software Engineering

1968 NATO Software Engineering Conference, Garmisch, Germany



Disciplinary Boundaries of Software Engineering

• With a traditional view emphasizing software engineering’s 
roots in computer and systems engineering many 
questions of modern software development cannot be 
answered.

• Examples:
• How can we develop visual programming environments without 

knowledge of cognition?
• How can we fully grasp the implications of online code reuse 

without understanding copyright legislation and software licenses?
• How can we systematically compare and optimize cloud application 

costs across vendors and abstractions without knowledge about 
workload and cost modeling?
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Personal Observation

• Many of the problems relevant in the software industry are 
rooted in software engineering but often have an 
interdisciplinary angle.

• To be able to impact industry, academia needs to provide 
actionable recommendations addressing problems rooted 
in practitioners’ actual needs.

• Empirical research methods are essential for identifying the 
above-mentioned problems (problem space) and 
corroborating recommendations/proposed solutions with 
empirical evidence (solution space).
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Institutionalized Boundaries
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Research Practice

”If you were using MDE for 
building your mobile app, you’d 
see huge quality improvements, 
see this paper.” 

”Have you heard about things 
like time-to-market and quickly 
responding to customer 
feedback? We’re not building 
safety-critical software.” 



Institutionalized Boundaries
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Research Practice

informs

informs



Institutionalized Boundaries
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Implications for researchers:

1) Strong understanding of state of 
practice is essential.

2) To reach this understanding, we 
need to utilize diverse empirical 
research methods and learn from 
other disciplines.

3) To advance evidence-based 
practice, we need to invest effort 
into communicating findings back
to practitioners.

Research Practice

informs

informs
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Empirical Software Engineering

Empirical Research

Software Engineering
Stakeholders, Processes, Tools

Interdisciplinarity

Empirically 
understanding 
problem space

Developing 
solution

Empirically
validating

solution 
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Why do companies move workloads to
the cloud?
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Why move to the cloud?

• Cost transparency and/or cost reduction.

• Capacity is the maximum workload a cloud layer can handle.

• Scalability: Ability of a cloud layer to increase its capacity by 
expanding its quantity of consumed lower-level services.

• Elasticity: Degree a cloud layer autonomously adapts 
capacity to workload over time.
(definitions by Lehrig et al. 2015)
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Cost transparency in the cloud is a problem 
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https://news.ycombinator.com/item?id=31907374

https://aws.amazon.com/about-aws/whats-new/2020/09/introducing-aws-cost-anomaly-detection-preview/

https://shopify.engineering/reducing-bigquery-costs

https://twitter.com/donkersgood/status/1635244161778737152

https://news.ycombinator.com/item?id=31907374
https://aws.amazon.com/about-aws/whats-new/2020/09/introducing-aws-cost-anomaly-detection-preview/
https://shopify.engineering/reducing-bigquery-costs
https://twitter.com/donkersgood/status/1635244161778737152


Companies moving away from the cloud…
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https://dev.37signals.com/our-cloud-spend-in-2022/

https://dev.37signals.com/our-cloud-spend-in-2022/


…or moving their cloud applications to more 
traditional architectures
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https://www.primevideotech.com/video-streaming/scaling-up-the-prime-video-audio-video-monitoring-service-and-reducing-costs-by-90

https://world.hey.com/dhh/even-amazon-can-t-make-sense-of-serverless-or-microservices-59625580


Hype-driven software engineering…
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Observations

• A lot of confusion and hype-driven discussions/decisions.

• Great opportunity for research to step in and objectify the 
discussion.

• Spoiler: While (operations) cost is considered in related 
disciplines, it is an essential but often overlooked non-
functional property in software engineering research.
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”The cloud” and its billing models
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Cloud Services: Who manages what?
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https://www.ibm.com/cloud/learn/iaas-paas-saas

https://www.ibm.com/cloud/learn/iaas-paas-saas


The Cloud Stack
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Can be 
provisioned 
declaratively via 
IaC files or 
interactively via 
web portals. 

Physical Infrastructure
(in data centers)

IaaS
(e.g., AWS EC2, Azure VMs)

Compute
(provisioned VM 

instances)

Storage
(block/file/object 

storage)

Network
(software-defined 

networking)

PaaS
(e.g., Cloud 

Foundry, Google 
App Engine, 

Managed K8s)

Serverless

SaaS
(e.g., Microsoft 365, SAP Concur, Google Docs)

Compute
(FaaS like 

AWS 
Lambda)

Network
(e.g., AWS 

API 
Gateway)

Storage
(Serverl. 
DBs like 
Aurora)

CaaS
(e.g., Google 
Cloud Run, 

Azure Container 
Instances )



Pricing approaches in the cloud

• Usage-based billing:
(aka consumption-based billing, pay-per-use, pay-as-you-go)
Customers pay for what they use and/or how long they use a resource (by the 
hour/second). Billing usually monthly.

• Subscription-based billing:
(aka reserved instances)
Cusomters pay a recurring fee for a period of time, flat rate regardless of usage, 
for a specific configuration. Discounts often available for longer commitments, 
e.g., 1-3 years.

• Hybrid approaches:
E.g., fixed monthly rate plus usage-based component.

• Special offers:
E.g., free tiers, transient/spot instances (unused capacity) offered at a discount 
(can be reclaimed if provider needs capacity)
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Function-as-a-Service (FaaS)

• Cloud-computing service that allows to execute code in 
response to events, without managing complex 
infrastructure.

• “Serverless” offering
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https://www.baeldung.com/java-aws-lambda https://aws.amazon.com/blogs/architecture/
field-notes-optimize-your-java-application-for-aws-lambda-with-quarkus/

https://www.baeldung.com/java-aws-lambda
https://aws.amazon.com/blogs/architecture/field-notes-optimize-your-java-application-for-aws-lambda-with-quarkus/
https://aws.amazon.com/blogs/architecture/field-notes-optimize-your-java-application-for-aws-lambda-with-quarkus/


Usage-based billing: AWS Lambda
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https://aws.amazon.com/lambda/pricing/

• Duration a function was executed (rounded up to ms).
• Price depends on the amount of memory allocated to function.
• CPU power and other resources proportionally allocated.

https://aws.amazon.com/lambda/pricing/


Subscription-based billing: Amazon EC2
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https://calculator.aws/#/addService/ec2-enhancement

https://calculator.aws/


Provisioning via Web UI: Google Cloud
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Infrastructure-as-Code (IaC): Terraform
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https://registry.terraform.io/providers/hashicorp/google/latest/docs/resources/compute_instance

https://registry.terraform.io/providers/hashicorp/google/latest/docs/resources/compute_instance


GitOps

Goal: Achieving the following properties for a (usually 
Kubernetes-based) GitOps-managed system:

1. Declaratively defined desired state.

2. Versioned and immutable desired state.

3. Software agents automatically pull desired state 
declarations from source.

4. Software agents continuously observe actual system state 
and attempt to apply desired state.
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https://github.com/readme/featured/defining-gitops

https://github.com/readme/featured/defining-gitops


GitOps: ArgoCD
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https://argo-cd.readthedocs.io/en/stable/

https://argo-cd.readthedocs.io/en/stable/


GitOps
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“Great, resources are automatically 
provisioned after I update the IaC files!”

https://tinyurl.com/what-could-go-wrong-cartman

https://tinyurl.com/what-could-go-wrong-cartma
https://tinyurl.com/what-could-go-wrong-cartman


Cost transparency in the cloud is a problem 
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https://news.ycombinator.com/item?id=31907374

https://shopify.engineering/reducing-bigquery-costs

https://twitter.com/donkersgood/status/1635244161778737152

https://news.ycombinator.com/item?id=31907374
https://shopify.engineering/reducing-bigquery-costs
https://twitter.com/donkersgood/status/1635244161778737152


Mitigations: Infracost

Sebastian Baltes - All about the money: Cost modeling and optimization of cloud applications

https://github.com/infracost/infracost

• Supports over 1,100 
Terraform resources 
across AWS, Azure and 
Google (no other IaC
formats)

• Focuses rather on 
guardrails and policies 
than on supporting 
architecture decision 
making (e.g., “With certain 
workload assumptions, 
when will the decision to 
use serverless backfire?”)

https://github.com/infracost/infracost


Mitigations: AWS Lambda Power Tuning

• AWS Lambda Power Tuning helps optimize Lambda
functions for cost and/or performance in a data-
driven way.

• Invokes a given Lambda function with multiple 
configuration, then analyzes execution logs,
suggests best configuration minimizing cost and/or 
maximizing performance. 

• Limitations:
• “Please note that the input function will be executed in your AWS 

account.”
• Focus on on induvial functions (local vs. global optima)
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https://github.com/alexcasalboni/aws-lambda-power-tuning


Mitigations: AWS Lambda Power Tuning

Sebastian Baltes - All about the money: Cost modeling and optimization of cloud applications

https://github.com/alexcasalboni/aws-lambda-power-tuning

https://github.com/alexcasalboni/aws-lambda-power-tuning


Mitigation: OpenCost
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https://www.opencost.io/

• Vendor-neutral open source project for measuring and 
allocating infrastructure and container costs in real time.

• “OpenCost shines a light into the black box of Kubernetes 
spend.”

• “Real-time cost allocation, broken down by Kubernetes 
concepts down to the container level.”

à More fine-grained reporting for K8s, reduce reporting delay.

https://www.opencost.io/


Infrastructure-from-Code (IfC)

• “[…] logical evolution of cloud. Instead of writing low-level, 
control-plane specific instructions, IfC infers requirements 
from application logic and provisions the optimal cloud 
infrastructure.” - infrastructurefromcode.com

• “Programming languages and cloud infrastructure will 
converge in a single paradigm: where all resources required 
will be automatically provisioned, and optimized by the 
environment that runs it.” - Shawn "swyx" Wang
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Infrastructure-from-Code (IfC)
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https://www.youtube.com/watch?v=RmwKBPCo7o4

https://www.youtube.com/watch?v=RmwKBPCo7o4


Infrastructure-from-Code (IfC)
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Automatically provisions and
configures Amazon API Gateway

https://www.infrastructurefromcode.com/


Cost-aware architecture decision making
for cloud applications
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• Cloud-native developers frequently modify 
IaC configs within editors/IDEs.

• Cost monitoring/estimation tools available in 
web portals, mainly considered downstream
task.

• Cost considerations need to be moved closer 
to software architecture decision making.

• Related topic: Cloud resource demand 
management.

Cost-aware cloud architecture decisions



Cost-aware cloud architecture decisions
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A vendor-agnostic cost 
model for predicting 
compute and storage 
costs helping to reason 
about tradeoffs.

Physical Infrastructure

IaaS

Compute Storage Network

PaaS

Serverless

SaaS

Compute NetworkStorage
CaaS



Cost-aware cloud architecture decisions
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Physical Infrastructure

IaaS

Compute Storage Network

PaaS

Serverless

SaaS

Compute NetworkStorage
CaaS

Potential questions:
• For a given expected 

workload, is it cheaper to 
utilize usage-based serverless 
offering or a subscription-
based IaaS offering?

• Is a specific FaaS offering 
cheaper at AWS compared to 
Azure for a given workload?



Minimal information required for a cost model

• Description/operationalization of modeled resources, e.g.,
• Compute
• Storage
• Network

• Description of a workload
• Database: Query, Dataset
• Serverless: Function inputs (e.g., JSON), abstract description of 

runtime properties of function(s)
• PaaS/CaaS/IaaS offerings: Much more complicated

• Evolution of the workload over time
• Short-term peaks
• Long-term development
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The company perspective

• Scenario: A company wants to offer a novel database 
system aaS.

• Given a set of benchmark workloads, how to determine 
which cloud provider’s IaaS setup is cheaper in which 
scenarios without executing (all of) the workloads?

• Once the system is live: When optimizing queries, there 
might be cases where a slight decrease in performance
leads to significant cost savings.

• Input for cost model: query and dataset properties.
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The research perspective
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Software Engineering (SE)

• SE research focuses on effort estimation rather than 
monitoring/modeling/optimizing operation cost.

• However, since DevOps emerged, operations-related costs 
moved closer to the daily work of developers.
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Services/Cloud Computing
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Example: Streaming vs. Functions

• UC1: stateless storage use-case

• UC1: stateful sliding window
aggregation use-case
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Databases
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Potential next steps
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Mining GitHub for typical 
IaC/IfC setups, retrieving 
workloads characteristics 
from observability data.

Existing work on cost 
modeling in other 
research communities.

Support engineers and 
organizations in choosing 
suitable cloud architectures, 
shifting cost transparency left 
using appropriate tooling.

Cost-aware
Cloud Architecture



Takeaways

• Cost transparency is a problem for cloud applications.

• Research mainly focused on cost-optimizing database or 
serverless workflows.

• More research needed on cost models allowing reasoning 
between cloud layers and vendors, particularly on the long 
run (”lock-in”).

• Cost transparency needs to be integrated into tools that 
modern software/platform engineers use (“shifting left”).

• Cost optimization needs to consider other non-functional 
requirements such as performance, scalability, elasticity.

Sebastian Baltes - All about the money: Cost modeling and optimization of cloud applications



Interested in collaborating?
Please reach out!

Dr. Sebastian Baltesempirical-software.engineering

Cost-aware
Cloud Architecture


