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EXECUTIVE SUMMARY 
This deliverable (D4.1) accompanies the first release of WP4 toolkits resulting from the work done in WP4 
tasks. The main objective of this release is to provide the initial version of the base components software 
from this technical WP aligned with the result of the other technical WPs of the PHYSICS project (WP3 and 
WP5).  

The scope of this first deliverable consists of: 

 A functional and technical description of the initial prototype of every component of WP4 toolkits, 
including functionalities, components architecture details, overall data models and public 
interfaces. 

 Installation and usage guides for each component. 

 Some demonstrations or experimentation outcomes. 

Each component in this document has a dedicated chapter with a common structure to describe the work 
done. At the end of each component chapter, the next steps and challenges in the evolution of the individual 
components during the project are shown. 

This document ended with general conclusions for the work done in this WP for this period (M4-M13). 
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1. INTRODUCTION  
This first technical deliverable of WP4 introduces the main components of the WP, their main objectives 
and functionalities, the relation with other components in the same WP and with other WPs, the component 
architecture details, overall data model and current state of the development for this release or MVP 
(Minimal Viable Product) for the first prototype of the WP4 toolkits.  

The main objective of WP4 is to implement an abstraction layer to allow management and optimization of 
applications consisting of sequences or flows of functions distributed in multiple CSPs (Cloud Service 
Providers) or in different sites of the same CSP and running in multiple FaaS (Functions as a Service) engines 
or platforms. This also includes the hybrid edge/cloud scenarios. 

The following picture shows the WP4 logical components (T4.x) and their relationship with the rest of the 
PHYSICS system: 

Figure 1 PHYSICS WP4 tasks logical components relationship 

The main components of this WP4 are: 

 Inference Engine/Reasoning Framework: engine to obtain candidate services to be used for the 
deployment, recommend available design patterns and retrieve the necessary options for the 
deployment configuration. 

 Performance Evaluation:  performance test tool that collects performance evaluation data from 
the execution of designated workloads on top of the available services and infrastructures. 
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 Global Continuum Placement: decision making component that makes decisions based on various 
aspects of the platform and application execution to select the right compute resources for the 
placement of the different tasks of the application. 

 Distributed Memory Service: backend service to allow sharing data between functions 
invocations. 

 Adaptive Platform Deployment, Operation and Orchestration (Global FaaS Layer in the figure): 
component that allows dynamic deployment, reconfiguration and adaptation of the application in 
the global continuum edge-cloud. 

We will finish this document with achievements, foreseen evolution or next steps and identified challenges 
of the components during this period of the project. 

1.1. Objectives of the Deliverable 
The main objective of this deliverable is to explain the reasoning behind the design and development of this 
first release or MVP of the WP4 toolkit. We describe every component of WP4 covering both functional 
aspect and design decisions and technical aspect and implementation decisions. 

This first MVP describes the overall relations between components without going too deep into the 
integration points. The information and control flows between components of this WP4 and the boundaries 
with WP3 and WP5 has been depicted in this document.  

This deliverable is a snapshot of the current understanding and development of the components or toolkits 
of WP4, but each component will evolve during the project and they could change some design or 
development decisions taken in this document. 

1.2. Insights from other Tasks and Deliverables 
This deliverable follows the global architecture defined in D2.4. PHYSICS REFERENCE ARCHITECTURE 
SPECIFICATION V1 [1] as a guide to introduce the functional and technical description of the components 
belonging to WP4 toolkit. 

We also use the requirements defined in D2.3. STATE OF THE ART ANALYSIS AND REQUIREMENTS V1 [2] 
to define and prioritize the MVP of the first prototype of the WP4 toolkit. 

At the same time this deliverable was written there were other two interrelated technical deliverables 
working in progress (D3.1. FUNCTIONAL AND SEMANTIC CONTINUUM SERVICES DESIGN FRAMEWORK 
SCI. REPORT AND PROTOTYPE DESCRIPTION V1 and D5.1. EXTENDED INFRASTRUCTURE SERVICES WITH 
ADAPTABLE ALGORITHMS SCIENTIFIC REPORT AND PROTOTYPE DESCRIPTION V1) that were 
synchronized with this deliverable to make PHYSICS an integrated system. 

1.3. Structure 
We have divided the deliverable into one chapter per component of this WP4. Every chapter/component 
will have a functional and a technical section to provide a complete overview of functionalities the 
components try to cover and some design and implementation details. 

Table 1 Structure of the document 

Chapter Description 
Chapter 1. Introduction Short introduction to this deliverable, objectives and scope. 

Chapter 2. Reasoning Framework for 
Semantic Matching and Runtime 
Adaptation 

Functional and technical description of the Inference Engine 
component. 

Chapter 3. Cloud Services and Edge 
Devices Performance Evaluation 

Functional and technical description of the Benchmarking 
component. 
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Chapter 4. Global Continuum Patterns 
Placement  

Functional and technical description of the Continuum 
Placement component. 

Chapter 5. Distributed In-memory State 
Services for Data Interplay 

Functional and technical description of the Distributed In-
memory State (DMS) component. 

Chapter 6. Adaptive Platform 
Deployment, Operation & Orchestration
  

Functional and technical description of the deployment 
Orchestrator component. 

Chapter 7. Conclusion The results of the work described in the deliverable and next 
steps and challenges of these components. 
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2. REASONING FRAMEWORK FOR SEMANTIC MATCHING AND 
RUNTIME ADAPTATION 

2.1. Functional description 
2.1.1 Main objective and functionalities 
The Reasoning Framework for Semantic Matching and Runtime Adaptation of T4.1, abbreviated 
Reasoning Framework, will provide a central registry/datastore with the appropriate APIs for storing and 
retrieving applications' and resources' metadata within the concept of graphs. In the context of PHYSICS 
platform graphs are divided into the following four types illustrated in Figure 2: 

1. Application graph (created by the Application Semantics component, see D3.1): Describes a given 
application that can consist of functions, flows, sub-flows, patterns and services.  

2. Resource graph (created by the Resource Semantics component, see D5.1): Describes a given 
computational resource such as public clouds and clusters that can consist of compute nodes, 
storage services, edge devices, etc.  

3. Global graph (created by the Reasoning Framework): Includes a given application graph with its 
nodes connected with the nodes of the available resource graphs that could deploy each node of 
the application graph.  

4. Deployment graph (created by the Global Continuum Patterns Placement, see section 4): Includes a 
given application graph with its nodes connected with the optimal nodes from the available 
resource graphs that will be used to deploy each node of the application graph.  

 

Figure 2 Overview of Graphs used in PHYSICS platform 
In this way, this component will also perform semantic reasoning on the input metadata to infer 
relationships between application and resource graphs. As a result, the Reasoning Framework will be able 
to create a global graph by filtering out the available compute resources that can serve the input application. 
It is noted that each component of an application (e.g., functions, flows, services, etc.) could be deployed on 
a different computing node according to its requirements (e.g., CPU, RAM, GPU, location, latency, etc.). 
Moreover, relevant performance data will be injected into the Reasoning Framework during the 
application's runtime, enabling the global graph to be updated on the fly. 

Thus, the main functionalities of this component are the following: 

 Repository for application and computational resources metadata. 
 API for registering, querying and updating resource and application graphs. 
 Semantic matching between application requirements and available resources (e.g., K8s clusters) to 

deploy the given application. 
 Intermediate component between WP3, WP4 and WP5 
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2.1.2 Relationship with other components 
As mentioned above, the Reasoning Framework could be perceived as an interface between the different 
layers of the PHYSICS platform serving also as a central repository for application and resource metadata. 
Hence, it interacts with various components that either provide or request data (see Figure 3).  

As far as, the input data is concerned, it should be structured to data models according to the Linked Data 
principles [3] before entering the Reasoning Framework. This will allow interoperability between the 
different components of the platform, seamless data sharing and reasoning/inference on the data.  

To that end, the PHYSICS ontology is being developed to describe the different types of utilized data and 
their relationships. This data could be divided into application and resource metadata. The former 
generated in WP3 is processed by the Application Semantics component to be transformed according to 
the ontology descriptions and annotations. Accordingly, resource metadata available from WP4 and WP5 is 
injected into the Resource Semantics component which is responsible for “translating” the different 
resource data to the common language defined by the ontology. Thus, the Application (Resource) 
Semantics component creates an individual application graph (resource) for each new application 
(resource) registered on the platform that can be imported into the Reasoning Framework and stored to its 
quad-store. 

The Reasoning Framework, on the other hand, outputs data to other components based on their 
requirements. Specifically, when an application needs to be deployed, its global graph (i.e., the application 
graph connected with the relevant resource nodes) created by the reasoner of T4.1 is passed to Global 
Continuum Patterns Placement (T4.3) for further optimization. In addition, WP3 may retrieve and/or 
update an application graph from the Reasoning Framework during the application design leveraging the 
provided API.  Furthermore, the Design environment (T3.1) will query the Reasoning Framework’s quad-
store to retrieve stored reusable patterns and flows to be recommended to the developer. 

 

Figure 3 Relationship with other components 
Finally, during the platform’s integration, several other query endpoints will be made available through this 
Framework according to PHYSICS components’ needs. For instance, Adaptive Platform Deployment, 
Operation & Orchestration (T4.5) may query the location of the Docker image of a specific application or 
whether a specific compute node is GPU enabled. 
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2.1.3 Requirements matrix 
With relation to the expressed requirements in D2.2 and the functionalities described in the introduction of 
this chapter; this component is involved in the following: 

 Req-4.1-Inputs 
 Domain coverage by ontology. The ontology should be able to describe the characteristics, 

properties and annotations of the input application and resource data. 
 Req-4.1-Reasoning 

 Required time for reasoning (Number of SPARQL queries, query mean response time) 
 Req-4.1-Adaptation 

 Given the performance evaluation of the deployed applications the Reasoning Framework 
should update accordingly during runtime the global graph. 

2.2. Technical description 
2.2.1 Baseline technologies and dependencies 
The Reasoning Framework component is a microservice incorporating the functionalities described in 
subsection 2.1.1 based on the Flask Web framework [4], which features a lightweight and modular design 
enabling fast development without compromising performance [5]. This service relies on the open-source 
Owlready2 package for ontology-oriented programming in Python [6]. Owlready2 can load OWL 2.0 
ontologies as Python objects, modify them, save them, and perform automatic classification of classes and 
individuals via HermiT [7] reasoner (included). Owlready2 allows transparent access to OWL ontologies 
(contrary to Java-based API). In addition, Owlready2 offers a quad-store relational database as a built-in 
feature to store RDF triples. This database (SQLite3 [8] embedded in Owlready2) is optimized to support 
fast and dynamic access and in-memory processing of large ontologies. Owlready2 also offers a SPARQL 
engine from the RDFlib [9] Python module that enables complex queries in the stored triples. Furthermore, 
a crucial dependency of the Reasoning Framework is the PHYSICS ontology which is pre-loaded and based 
on its classes, attributes, annotations, and properties, the Reasoning Framework becomes functional. 

2.2.2 Component internal architecture 
Reasoning Framework's internal architecture along with the technologies mentioned above are illustrated 
in Figure 4. The component offers REST endpoints to inject the input triples (i.e., application and resources 
individual data) and various endpoints to request data stored in the Framework's quad-store required from 
other platform components. Besides that, the Reasoner will infer relationships (i.e., new edges) between 
the application and the resource data/graphs based on their annotations and properties. This will aid the 
matchmaking between the input application requirements and the available computational resources. 
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Figure 4 Reasoning Framework architecture 

2.2.3 Interfaces and integrations 
As mentioned in the previous subsections, the Reasoning Framework’s API will provide various REST 
endpoints to interact with other platform components. To that end, the component will be compatible with 
the OpenAPI Specification (OAS) standard [10] ensuring seamless integration and ease to use. The 
specifications used in a sample of the developed REST API are given in the table below (Code 1): 

{info: 
  version: "1.0.0" 
  title: "physics_semantics_block" 
basePath: "/api/v1" 
schemes: 
  - "http" 
consumes: 
  - "application/json" 
produces: 
  - "application/json" 
paths: 
  /add_resource/cluster: 
    post: 
      summary: "Save new resource of type cluster in the quadstore" 
      operationId: "parse_resource_input" 
      responses: 
        200: 
          description: "$cluster_instance.get_name() saved" 
  /available_clusters: 
    get: 
      summary: "Returns information about the available resources of type cluster" 
      operationId: "get_available_clusters" 
      responses: 
        200: 
          description: "Clusters successfully retrieved" 
} 
  

Code 1 Reasoning Framework API specifications 
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2.2.4 Data Model 
Given that the Reasoning Framework deals with linked-data and semantic queries, it utilizes the RDF graph 
mode [11] l. An RDF graph model is composed of nodes and arcs. An RDF graph notation or a statement is 
represented by a set of triples, each containing a node for the subject, a node for the object, and an arc for 
the predicate. A node may be left blank, a literal and/or be identified by a Uniform Resource Identifier (URI). 
An arc may also be identified by a URI. A literal for a node may be of two types: plain (untyped) and typed. 
A plain literal has a lexical form and optionally a language tag. A typed literal is made up of a string with a 
URI that identifies a particular data type [12].  

2.3. Installation and Usage guides 
2.3.1 Requirements 
The Reasoning Framework runs in a Docker container that can be orchestrated by Kubernetes for better 
scalability. The computational requirements of this component are analogous to the input requests. For the 
first version of this component the main node should have at least 4 cores and 16 GB of RAM for a sufficiently 
scalable operation. Moreover, a 50GB Persistence Volume [13] is required to permanently store the input 
data.  

2.3.2 Installation 
This component will be accompanied with a Dockerfile [14] containing the instructions for building and 
running the Reasoning Framework as a container that also allows the local installation for testing purposes. 

2.3.3 Usage 
This component is being developed as part of the PHYSICS platform to optimize the deployment of an 
application to given resources taking into account aspects such as cost and performance. Thus, it is related 
to the cloud domain with specialization in serverless applications. It may also be used for recommendations 
during the application creation, in order to enrich or mitigate characteristics that result from the application 
of a pattern on the workflow layer. 

2.3.4 Licenses 
Reasoning Framework is licensed under the Apache License V2.0. 

2.3.5 Source code repository 
The source code of this component will be hosted in the dedicated project’s Gitlab repository and will be 
continuously maintained following the CI/CD best practices. 

2.4. Demonstration or Experimentation outcomes 
2.4.1 Scenario or experiment description 
The first version of the Reasoning Framework component allows the data injection, storage and retrieval to 
the quad-store at REST. A simple example with dummy data is shown below. The following json file of Code 
2 describes a cluster that is being registered in the PHYSICS platform.  

{"id": "cluster1", 
         "name": "cluster1", 
         "description": "Kubernetes cluster", 
         "location": "Madrid", 
         "type": "k8s", 
         "so": "ubuntu18",  
         "defaultNamespace": "core",  
         "restAPIEndPoint": "https://192.168.1.131:16443/", 
         "ip": "192.168.1.131", 
         "connectionToken": "eyJhbGwm9AKA", 
         "slaLiteEndPoint": "http://localhost:8090", 
         "prometheusPushgatewayEndPoint": "", 

Code 2 test-cluster.json file 
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This json file can be sent to the Reasoning Framework via the following POST request: 

curl -X POST -H "Content-Type: application/json" -d @test-cluster.json 
http://127.0.0.1:5000/add_resource/cluster 

Code 3 POST request to the Reasoning Framework 
The Code 4 shipset of the Reasoning Framework parses the input data and creates an individual instance of 
class “Cluster” that is automatically stored to the quad-store. 

def parse_cluster_input(): 
    """Receive json input via POST requests and store them server-side""" 
    arg = request.get_json() 
    # global cluster_instance 
    cluster_instance = onto.Cluster() 
    if cluster_already_exists(arg): 
        logging.info('Updating ' + arg['name']) 
    for item in list(onto.data_properties()): 
        if onto.Cluster in item.domain: 
            # check whether the POSTed data have info for all the cluster data properties 
            if item.name in arg: 
                setattr(cluster_instance, item.name, arg[item.name]) 
                logging.info(cluster_instance.get_name() + ' saved', ) 
    return json.dumps(cluster_instance.get_name() + ' saved') 

Code 4 Function to process POST request 
Reasoning Framework’s logs validate that the request has succeeded with the success status response code 
"HTTP 200": 

INFO:werkzeug:127.0.0.1 - - [10/Jan/2022 12:57:28] "POST /add_resource/cluster HTTP/1.1" 
200 - 

Code 5 Example log from the Reasoning Framework 
Accordingly, PHYSICS components could query from the Reasoning Framework the available resources 
(e.g., cluster): 

curl -X GET http://127.0.0.1:5000/get_available_clusters 

Code 6 GET request to the Reasoning Framework 
The function of Code 7 retrieves and returns the available clusters which have been registered to the 
Reasoning Framework.  The sample response of this function is illustrated in Code 8.  

def get_available_clusters(): 
    """Returns in json information about the available clusters""" 
    d = dict() 
    for i in onto.Cluster.instances(): 
        d[i.name] = i.__dict__ 
        # keep only the relevant properties for each cluster 
        d[i.name] = {k: v for k, v in d[i.name].items() if k in cluster_properties} 
    return json.dumps(d) 

Code 7 Function to process GET request 

{"cluster1": {"connectionToken": "eyJhbGwm9AKA", "defaultNamespace": "core", "id": 
"cluster1", "location": "Madrid", "prometheusEndPoint": "https://192.168.1.131:9090/", 
"prometheusPushgatewayEndPoint": "", "restAPIEndPoint": "https://192.168.1.131:16443/", 
"slaLiteEndPoint": "http://localhost:8090"},  
"cluster2": {"connectionToken": "axjGHJK34wm9AKA", "defaultNamespace": "core", "id": 
"cluster2", "location": "Athens", "prometheusEndPoint": "https://192.168.1.131:9090/", 
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"prometheusPushgatewayEndPoint": "", "restAPIEndPoint": "https://192.168.1.131:16443/", 
"slaLiteEndPoint": "http://localhost:8090"} 
} 

Code 8 Response to the GET request 
In a similar process, other resources such as compute nodes/workers and application data such as 
functions, flows and patterns interact with the Reasoning Framework.  

2.4.2 Outcomes 
In addition to the scenarios mentioned above, when the Reasoning Framework is triggered by the Visual 
Workflow environment of T3.1 that a given application is ready for deployment through the PHYSICS 
platform, the following processes are performed: 

1. Sync Reasoner 
2. Create the global graph: Select the graph nodes of class Resource that are connected to the 

individual application nodes with id “xxx” 
3. Send the global graph to the global continuum placement component of T4.3. 

2.5. Next Steps and Challenges 
The next steps include the integration of the Reasoning Framework with the other platform components 
and testing its performance in terms of latency and validity of results. Based on these, the incorporation of 
special logical rules in the ontology that will enhance the reasoning process will be examined. In addition, 
more REST endpoints will be added to facilitate the specific information retrieval needs of other 
components. Finally, the Reasoning Framework will continuously be updated with the enhancements in the 
PHYSICS Ontology. 
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3. CLOUD SERVICES AND EDGE DEVICES PERFORMANCE 
EVALUATION 

3.1. Functional description 
3.1.1 Main objective and functionalities 
The Performance Evaluation Framework (PEF) of T4.2 aims to offer benchmarking functionalities to 
investigate performance issues in the context of the PHYSICS platform. As an example, it can be used to 
evaluate diverse locations or modes for execution of a function in the context of a FaaS platform. To this end 
it incorporates tools that include existing baseline benchmarks and load injectors, automating their 
launching, configuration, monitoring, result retrieval and presentation of the acquired tests, as well as 
performs several performance analyses with relation to the way to deploy and orchestrate functions. 

Another set of functionalities have been considered and relate to the need of other components like patterns 
to be configured and operated during runtime. As mentioned in D3.1, patterns are ready-made, reusable 
flows offered to the developer, that aim to address a specific problem in a parametric manner. However, the 
parameters used to instantiate it may significantly affect a pattern’s benefit. To this end this component will 
be used to investigate performance issues when applying a pattern, as well as relevant trade-offs of their 
parameter setting. In this case, either the typical launching of an experiment may be performed via the REST 
API of the tool, or a relevant performance model may be created following the measurement process, that 
will also be able to interpolate for cases that have not been benchmarked. The model querying needs can 
also be performed via a relevant API call. 

Therefore, the overall functionality of this component includes: 

 The ability to launch a given test towards FaaS platform in consideration in order to evaluate the 
effect on a given workload (user function or benchmarking function from a typical benchmark) or a 
given execution mode (as the ones defined in WP3). 

 Provide typical loads needed in a FaaS environment based on the specifics of this environment 
management and operation processes, adapting to the peculiarities of the environment 

 Give the ability to create arbitrary performance models that may aid in the selection, operation and 
runtime management of the system or the application. 

 Offer the ability to other components to retrieve the performance measurements and/or query 
created models during runtime. 

The overall use case diagram of the PEF appears in the following figures. 
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Figure 5 Overall use case diagram of the PEF 
Therefore, the PEF can be used as the main testing platform for load generation and strategy evaluation., 
given that all of its operations are offered via REST API calls and thus can be added in any arbitrary 
measurement and evaluation process. 

3.1.2 Relationship with other components 
As indicated in D2.4, the acquired evaluation information from the previous steps can populate both the 
semantic descriptions instances of T5.1 services (from a macroscopic, historical view) as well as provide 
relevant statistical performance data towards T4.3 to be used in the global optimization process (as a 
resource capability identification and investigation of the performance effects of various cloud-edge 
interplay scenarios). Therefore, it can be used by either the developer to gain insight or by the other system 
components to evaluate the effect of strategies and management practices.  Furthermore, it can be used in 
the patterns examination of T3.3, to investigate parameter settings and how these affect the performance 
of the system. 

3.1.3 Requirements matrix 
With relation to the expressed requirements in D2.2 and the functionalities described in the introduction of 
this chapter; this component is involved in the following: 

 Req-4.2-FaaSBenchmarking 
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 undertake the full lifecycle of benchmark execution (i.e., launching of the benchmark, 
orchestration of its operation, gathering of results) in a Benchmarking as a Service style 

 Req-4.2-CostAssociation 
 associate performance metrics attained through the benchmarking executions with the 

relevant cost models available in the FaaS domain, 
 Req-4.2-MeasurementAPI 

 availability of results or predictions through a REST API 

3.2. Technical description 
3.2.1 Baseline technologies and dependencies 
Experimentation for modelling cloud application and service performance is time consuming. Especially 
when generated load needs to scale, manual operations are needed for configuring distributed client 
resources, orchestrating test execution and gathering results. The main baseline technology used in the PEF 
is the Flexibench (or Application Dimensioning Workbench [15]) tool that we have developed in the context 
of the H2020 BigDataStack project [16]. Flexibench configures, spawns and manages virtualized container 
clusters serving the load injection process, in a parameterized, on-demand manner. It exploits adapted 
images of mainstream injection clients (Jmeter) on container platforms. Given the discrete 
parameterization of each virtual cluster, isolation and separate test-level control, as well as REST based 
interfaces, benchmarking as a service is accomplished, reducing the knowledge barrier for application 
engineers.  The Flexibench system comprises of: 

 A front-end system responsible for offering all functionalities (test execution, monitoring and result 
acquisition) via relevant REST APIs and UIs. A total of 6 UI tabs and 16 REST endpoints were 
exposed to the user during the previous developments. This enables the inclusion of the 
functionalities during further automation processes (e.g., test result querying with resource 
selection in automated cloud-based application management, or automated load injection 
submission with variations of deployment configurations). 

 A back-end server implementation to implement the aforementioned functionalities, via 
coordinating actions against a back-end container orchestrator platform. These actions include 
automated setup, organization, management and execution of virtual container clusters, each of 
which undertakes the role of executing a load injection test. Given the usage of containerization, 
enhanced scalability of the management tool itself is achieved, given that it decouples the 
coordination logic from the actual load injection execution process. Containerization also enables 
the flexible on-demand sizing of the load injection cluster. Furthermore, isolation of the various tests 
is applied to enable the multitenancy aspect of an as a Service offering. 

 A modelling process [17] that aims to integrate the data acquisition with model creation. The 
modelling process is based on a Genetic Algorithm optimized ANN generation that can create 
models as universal approximators. The models are stored locally and can be retrieved and queried 
during an online model inference process. 

The Flexibench initial framework is based on the following baseline tools: 

 Node-RED as the main development tool, for both the UI and back-end API 
 Docker, as the container solution needed by the tool for load generation, model creation and 

querying 
 Jmeter as the baseline load definition and generation tool 
 GNU Octave as the main model creation environment 

In the context of the PHYSICS project, the Performance Evaluation Framework aims to extend Flexibench 
with relation to: 

 Extended configurability of the tool, offering a single point for determining configuration 
parameters such as collaboration repositories, load and model repositories 
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 Improved implementation through re-organization of the flows that implement the tool back-end, 
including the creation of relevant reusable subflows 

 Creation of specialized and parametric workload setups that are tailored to the FaaS concepts and 
execution models (e.g., cold and warm executions) 

 Inclusion of support for launching tests against functions. 
 Alteration of the model inference process, which has been extended to be performed through a FaaS 

execution model 
 Extension of the offered APIs to cover for different metrics 
 Application of the measurement and modelling processes to a wide set of performance issues 

regarding patterns, modes of execution modes of orchestration etc. 

 Integration with the PHYSICS platform components and processes. 

3.2.2 Component internal architecture 
The overview of the PEF, as included in D2.4, appears also in Figure 6. Initially, the API layer is responsible 
for receiving the various requests, that can be categorized into four main operations (excluding variations 
of the API calls for specific purposes) 

 Launch a specific test, whose workload structure has been defined in Jmeter and uploaded on a 
relevant repository. The test name should be used in this process. Specialized flows in Node-RED 
undertake the orchestration of a distributed load injection process for the creation of relevant load 
(invocations) against a target (e.g., FaaS platform)  

 Monitor and retrieve results for an ongoing or finished test, either as a summary or through relevant 
dashboard presentation. This includes ways to push the results as triples to the Reasoning 
Framework 

 Create a defined performance model, indicating experiment series names from which the baseline 
data will be extracted for model training. The performance of the created model is also available to 
the user 

 Request a prediction from the created model(s). The model inference has been extended to support 
execution as a function in OpenWhisk.   

 

Figure 6 Performance Evaluation Framework component internal architecture  

3.2.3 Interfaces, adaptations and integrations 
Adaptation to FaaS based execution for Model Querying process 

The model querying mode described in the previous section was originally implemented as a REST service 
that raised one container per request in the context of BigDataStack [18] Although this gives significant 
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packaging improvements compared to a typical threaded web service, the performance degradation due to 
the extensive use of separate containers per request is significant and has been documented in the relevant 
application of the Batch Request Aggregator pattern [19] that was described in D3.1, since the latter was 
applied to this as a test service. Applying the Batch request aggregator has helped improve the performance 
footprint, however in the case of adaptation we considered it is important to check also the “FaaSification” 
of this process, i.e., transforming the model querying process to a function execution.  For adapting the 
respective implementation, the baseline-modelling image, consisting primarily of the GNU Octave 
environment and relevant scripts for interacting with the model creation and querying process, was 
enriched with the Node-RED runtime. In the initial version, the startup scripts of the image acquired the 
arguments for execution (model ID and needed estimation inputs) through relevant environment variables 
that were passed to the initializing container from the Flexibench environment through the typical Docker 
Service API. In this version, the adaptation needs to be altered (Figure 7) and a supporting Node-RED flow 
(Figure 8) needs to be created, taking advantage of the OpenWhisk (OW) skeleton pattern described in D3.1, 
in order to pass the arguments as OpenWhisk function arguments and adapting the relevant script inputs. 
Now the arguments are passed as command line arguments to the script following an adaptation in the 
Node-RED flow, after obtaining them through the OpenWhisk argument interface (body of the POST /run 
call). This is needed for functional correctness, to cover also for the cases of warm container reuse, as 
mentioned in the Context Reuse issue described in D3.1. In this manner, each new request is based on the 
updated arguments that arrive in the new message towards OW invocation. 

.  

Figure 7 Stack layers needed for the adaptation of the modelling image for function execution 

 

Figure 8 Node-RED wrapper flow for adapting the model inference process to a serverless execution 
The relevant Dockerfile needed for the creation of the baseline function image appears in the following 
snapshot as an example. 
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Figure 9 Dockerfile needed for the creation of the baseline function image 
After the creation and pushing of this image to a registry, the image needs to be registered with OW with 
the following command: 

wsk action create/update action_name --docker account_name/image_name  

An example image has been uploaded on the Docker registry [20]. 

Integration of performance models in patterns- the example of the Batch Request Aggregator  

The issue of performance management in cloud environments has been extensively analyzed in recent 
years. Approaches around auto-scaling, through direct Proportional Integral Derivative (PID) controllers 
[21], ANN based application prediction models [22], feedback loop-based Quality of Service (QoS) 
prediction through optimization techniques such as Particle Swarm Optimization [23] focus on increasing 
application related resources to enhance Key Performance Indicators (KPIs). Increasing resources is of 
course a valid choice, however it is associated with extended costs. Other works examine interference 
caused by concurrency, either at the Virtual Machine (VM) [24] or the container level [25] (including intra 
or inter container overheads) as well as the introduction of microVMs [26].  Alternative approaches try 
strategies such as dependency packages aware affinity scheduling [27] or library sharing [28]. Approaches 
such as the Request Aggregator pattern described in D3.1 target primarily at better utilizing existing 
resources in order to improve application performance, without having to increase them. 

As mentioned in D3.1, the Batch Request Aggregator pattern is an approach that assembles incoming 
requests, merges them and forwards them as one array request to the backend. This affects the number of 
containers used for serving the request and thus alleviates the back-end stress. How the batch is released 
is determined by the release logic. Simple timeout strategies can be applied or static setting of batch sizes. 
However, it is evident that the frequency of request arrivals plays a key role in this decision. If for example 
requests are sparse, having a large batch size will imply that the first requests need to wait for a 
considerable time until the batch is complete, resulting in higher waiting times and overall response time. 
On the other hand, if requests are very frequent, having a small batch size will lead to higher container 
numbers and back-end contention. Thus, one needs to regulate the parameters of the pattern based on the 
current conditions of execution to optimize the overall result. To provide such a regulation, the model 
creation process of the PEF was used for creating a relevant model that appears in the following figure. This 
takes as input the measured current request frequency (provided by the pattern) and the set batch size to 
predict the response time. Based on a set of multiple predictions, the model can determine the best 
configuration of the batch size. The target service for regulating was another instance of the PEF running 
on a different node and used for model inference (query model operation). 
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Figure 10 Model creation process of the PEF 
The overall process appears in the following figure. PEF B is the target service to model, in front of which a 
Batch Request Aggregator is applied. PEF A performs the tests needed to collect the dataset for training. 
PEF A is also used to create a model for PEF B querying process and deploys the model so that the Batch 
Request Aggregator can query it during runtime.  

 

Figure 11 PEF overall process 
The analysis of the data acquired from the various test executions that result in the dataset creation is 
included in D3.1 to demonstrate the effect of the Batch Request Aggregator to different static conditions. 
The modelling evaluation and runtime usage of it is included in the Experimentation paragraph of this 
chapter. 

New benchmarking or specific benchmarking function process 

In order for the PEF to support on demand benchmarking of ad-hoc OpenWhisk instances, it needs to 
include a variation of the test process. Two options exist here: 

 The user may need to execute any arbitrary OpenWhisk function that has been registered in the 
platform 

 The user uses a generic and common benchmark functions that are available (FunctionBench 
functions) in PHYSICS following their adaptation for OpenWhisk from the work in T5.2. 

To this end, the following steps are needed from the PEF: 
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 A new relevant API endpoint to trigger the process  
 benchmarkSpecificFunction (functionName, OpenWhiskTarget, workload) and typical input 

of the launchTest method of Flexibench such as number of users, number of clients to use) 
 The generic workloads used should have a parameter for passing the target function name. 

Furthermore, relevant metrics can also be used to support a variety of analysis, based on the metrics defined 
in the SPEC Cloud Working Group [29]. New API calls are needed in this case, for example: 

 evaluateSPECmetrics(functionName, OWinstance). This complements existing metrics such as 
averages or specific retrieval around a KPI value that was available in the baseline version of the 
tool (Flexibench). 

The main user facing API methods expected to be used from PEF by external components (users, system 
engineers, Global Placement etc.) appear in the following tables. The complete list of methods is included in 
the project repository. 

Table 2 API operations for test execution and monitoring 

Method Path/URI Description 

POST /launchTest Submit a test to be executed. A test may have multiple inner 
combinations (different inputs) or iterations 

GET /ServiceTestIDs/service_name Get all tests performed for the <service_name>, where 
service name is a load injector type 

GET /testState/testname Returns info on the number of combinations completed in 
this test.  

Table 3 API operations for test results acquisition and filtering 

Method Path/URI Description 

GET /stats/test/:testName/:testIte
ration 

Get results from a specific test iteration  

GET /launchGroups/stats/:service
Name 

Accumulated results for individual clients of a service type, 
grouped by test setup id and test iteration id 

GET /launchGroups/stats/:service
Name/:metric/:order 

Returns info on number of combinations completed in this 
test. A test may include multiple combinations of inputs 

GET /launchGroups/stats/:service
Name/:metric/:order/:targetV
alue/:maxPercentFromGoal 

Accumulated results for individual clients of a service type, 
grouped by test setup id and test iteration id, sorted by a 
relevant metric and based on a target value and a percent 
deviation 

GET /createDataset/service_name Gathers all datasets created for a given service  

Table 4 API operations for model creation and inference usage 

Method Path/URI Description 

POST /createModel/:servicename/:testSeries/:modelID Create a model for a given test series 
available for a service (based on the test 
names given during test 
execution).  Options include number of 
folds 
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POST /getPrediction Acquire prediction from a model. 
ModelID and inputs are provided in the 
POST body 

POST /getPredictionFolds/:modelID Get prediction from all folds created for a 
modelID 

3.2.4 Performance aspects of FaaS platform management schemes 
Measurement experiments need always to be handled with specific care in order to ensure result validity 
and elimination of factors that may influence the results. While this is a challenge for all types of systems, 
in FaaS platforms it becomes even more dangerous due to a number of characteristics of the latter and 
especially the fact that the particular systems tend to hide a number of details around their management 
and execution models in an effort to abstract these from the user. This however creates an extra set of 
challenges for the system and performance engineer to detect the type of parameters that may affect the 
performance. In the following paragraphs, a number of such issues are highlighted, in an effort to alert the 
performance engineer prior to an experiment execution, as well as handle a number of them in the context 
of the PEF (e.g., through designing specific workload structures to mitigate them, including them in future 
performance models, etc.). 

Cold/Warm/Hot Executions 

Due to typical resource management practices in FaaS platforms, such as the proactive launching of 
containers (pre-warm) for various runtimes, an invoked function can be executed in three different 
manners latency-wise, depending also on which container will be used for function execution. Furthermore, 
used containers linger in the system in a paused status for a while after the function has executed, typically 
for around 10-12 minutes, to be available for subsequent function invocations. The variations of execution 
are therefore the following (Figure 12): 

 Cold start 
 No pre-warm container is available for this runtime, container needs to be created from 

scratch 
 Warm start 

 Pre-warm Container is available for this runtime, function needs to be loaded from 
platform DB 

 Hot start 
 Paused Container is available for this runtime and function has already been loaded in this 

container instance 
o Same function has been executed on this container in the previous interval 

In the literature, other terms are also used, for example, the categorization may be cold/pre-warm/warm, 
but in effect, it refers to the same conditions of execution. 
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Figure 12 Cold/Warm/Hot containers variations of execution 
To ensure easy repeatability and adaptation of the client, three types of clients were created through Jmeter 
that help ensure the validity of the measurement process. The respective workload files can be used either 
through the PEF tool or directly in the Jmeter baseline tool. To enable usability and easy configuration, the 
overall setup is performed following user-defined variables. Thus, any parameter is defined in one central 
location (User Defined Variables tab) and its usage across the Jmeter script is based on referencing the 
according variable. 

 

Figure 13 JMeter user interface 
The parameters to be defined in the user interface for the workload are:  

 Experiment name: used to annotate output files and results  

 Delay: (milliseconds) Should be higher than the FaaS platform paused hot container duration 

 Max_containers (used for cold cases): Should be <= than max containers or concurrency factor for a 
function. Used to dictate the max number of client threads 

 Prewarm containers (for warm and hot cases): Number of prewarm containers, used to dictate the 
number of user threads.  

 Repetitions: loops of the threads, however for each different setup the number of usable samples 
has a respective rule (to be described in the following sections) 

 serverIP and port: details of the respective API endpoint of the FaaS platform for function invocation 
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 Timeout: Max client wait time for response (blocking call) 

 Path: path of the function to invoke (the full path is defined by <serverIP>:<port>/<path>  

In each case, the strategy followed by the respective platform, as well as the pause duration for the 
container, need to be taken under consideration in order to ensure that the measurements are accurate and 
no overlap between calls or scheduling on other types of container modes infiltrates the process. For this 
reason, the following measurement methodology was followed, in order to avoid potential caveats in 
sample retrieval 

Cold cases 

The cold cases are the most difficult to obtain. In this case, as cold we mean executions in which the 
container image layers are present on the node, but the relevant container needs to be created from scratch. 
Initially, we need to launch bursts of concurrent requests so that they do not find warm or hot containers. 
Looping around the bursts can give the number of data points one needs. However, when launching 
concurrent threads, it was observed that requests had time to find hot containers. This was due to the fact 
that the overall number of containers for a given function may be throttled based on the configuration of 
the platform. Thus, when the max+1 request arrives, it does not spin a new container, but it waits until a 
previous one has been released. This can be identified if one checks the number of paused containers after 
each burst, which should be n-1 to account for the pre-warm container, where n the size of the burst. 
Furthermore, due to differences in request arrival and potential processing time in the first loops (mixed 
warm and cold starts), the later requests in the burst found containers that had finished processing the first 
arriving requests (Figure 14). In order to cope with that, a synchronizing timer needs to be applied at the 
end of each loop, so that all threads kickstart at the same time in the next loop. Another point of attention is 
the need to use a constant timer of over 12 minutes, since this is the time limit the platform maintains the 
paused hot containers. 

Finally, the k smallest response times from each burst need to be removed in the end, where k is the number 
of prewarm containers used, since this refers to the warm container usage. Alternatively, the pre-warm 
containers can also be deactivated before the measurement. However, this is not always possible, e.g., in an 
online platform it means that we need to stop OpenWhisk, change the settings and relaunch. Therefore, this 
option is not available for testing production deployments that cannot be stopped. 

In this case the usable samples are {repetitions}*({max_containers}-prewarmcontainers). 
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Figure 14 Potential mixed executions that can defect the measurement process and mitigation through the 
usage of a synchronizing barrier at the end of each loop 

 

Figure 15 Example of synchronization solving, and problem inserted by maximum allowed containers 
Warm cases 

In the warm case, the number of requests per measurement loop needs to be the same as the number of 
pre-warm containers set for a given runtime in the platform. This is to ensure that no cold starts will 
infiltrate the measurements if requests in a batch are higher than the available pre-warm containers. For 
safety, one can use a single user thread (assuming that the platform has at least one instance of a pre-warm 
container for the specific runtime) in order to avoid synchronization issues between minor thread delays 
from requests in the same burst (e.g., due to random network delays) that may lead to finding hot containers 
from just previously executed functions (as described in the cold case section). Alternatively, a 
synchronizing timer can be used, as in the cold case scenario. Furthermore, between each measurement 
loop, the client needs to wait for the interval in which used containers are in the pause mode (e.g. 10-12 
minutes). This will ensure their elimination before the next request loop arrives, eliminating any hot 
executions infiltrating the warm case.  

Therefore, the only difference with relation to the previous case is the different delay user defined variable 
in the workload file (900000 milliseconds or 15 minutes) and a higher duration of experiment execution to 
retrieve the needed data points. Usable samples in this case are {repetitions}*{prewarm_containers}. 

Hot cases 
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The hot case is the easier to measure, given that each execution can be fired immediately after the previous 
one has finished. Therefore, 1 client thread is needed that loops across n times of execution depending on 
the needed data points. Given that the container is continuously used, almost all cases of execution will fall 
in the hot category, apart from the first that will be in the warm state. The only point of attention in this case 
is not to send a new request before the previous one has finished, which would lead to a new cold container 
being created. Thus, the delay between calls should be set to a value that is expected to be higher than the 
function execution time. Even this delay can be avoided given that Jmeter threads are blocking threads, 
meaning that the n+1 request of the user thread is not launched until the response to the nth request is 
obtained. 

Usable samples in this case are {repetitions}*{prewarm_containers} -{prewarm_containers}. The first 
{prewarm_containers} samples need to be removed since these relate to warm cases. For better result 
validity, in order to avoid interference from multiple concurrent containers, it would be advised that the 
number of prewarm containers is set to 1, if one wants to measure the baseline times without any overhead 
inclusion.  

An indicative usage of the three loads is included in the Experimentation section. 

Another set of parameters that may affect the measurements can be configured in the OpenWhisk 
environment. The majority of these are configured in the application.conf file that resides usually at a path 
like /home/user/openwhisk/core/invoker/src/main/resources/application.conf. Following, the most 
important of these options are described, that may affect an experimentation process. 

Global and local limits per action invocation 

The OpenWhisk environment has several high-level limits applied to each function, indicated in the conf file 
options below. 

config { 
    controller-instances = 1 
    limits-actions-sequence-maxLength = 50 
    limits-triggers-fires-perMinute = 60 
    limits-actions-invokes-perMinute = 60 
    limits-actions-invokes-concurrent = 30 
  } 

These options regulate for example the maximum invocation of functions per minute (60) as well as the 
maximum number of concurrent containers running (30). Thus, if an experiment targets more than these 
limits it will not be able to obtain them unless a different setting is applied. 

A few other local limits (per function) exist, primarily the memory and timeout interval for an action 
invocation. More information about the OpenWhisk limits can be found here3. 

Number of containers limited by container pool memory 

One significant aspect that regulates how many containers can be raised by OpenWhisk is the memory 
available for the container pool. Even though the same parameter (max number of containers) is regulated 
by the global concurrent action invocation limit, there is another cut-off point that is based on the available 
memory assigned to the container pool. This is an option again regulated at the application.conf file, as the 
option excerpt below demonstrates. Based on this, the max number of containers is defined by the memory 
size of the container pool, divided by the memory needed by each container we need to raise (which in turn 
depends on the function memory size needed). 

 
 

3 https://github.com/ibm-cloud-docs/openwhisk/blob/master/limits.md 
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container-pool { 
    user-memory:8192 m 
    … 
  } 

It needs to be stressed that a launched OpenWhisk instance can include a baseline conf file that is overridden 
by an updated one in parts of the options. In the updated one, the key word “include” in the beginning of the 
extra application.conf file can be used to import default parameters from the baseline version, whereas only 
the options to be overridden may be included in the extra conf file and passed to the OpenWhisk startup via 
the -c option.   

Number of prewarm containers 

The number of prewarm containers launched by the OpenWhisk environment is configured per type of 
runtime registered with the environment. There are two ways of configuring this number, either statically 
or dynamically based on the observed frequency of requests. This configuration takes place in the 
runtimes.json file of the OpenWhisk setup4. The configuration is based on a JSON construct named 
stemCells, appended in each runtime description.  A static configuration of 2 pre-warm containers appears 
in the following code example, assuming the maximum number of containers is not cut-off by the container 
pool memory mentioned in the previous paragraph 

"stemCells": [ 
     { 
        "initialCount": 2, 
        "memory": "256 MB" 
     } 
     ] 

A dynamic configuration can be set through the following stemCells structure: 
"stemCells": [ 
     { 
        "initialCount": 2, 
         "memory": "256 MB", 
         "reactive": { 
             "minCount": 1, 
             "maxCount": 4, 
             "ttl": "2 minutes", 
             "threshold": 2, 
             "increment": 1 
     } 
     ] 

In this case, if some containers experience a cold start, then the number of pre-warm containers is given by 
the formula: 

# of prewarm containers to be created = # of cold starts / threshold * increment 

limited by the min and max count parameters. The created containers will have a TTL defined by the 
respective parameter. if the traffic reduces, then the number of containers will eventually converge to the 
min count parameter.  

This information is critical for example when one uses the cold/warm/hot workload files, described in the 
beginning of this section, since as it was described, the accurate operation of these depends on the setting 
of the number of pre-warm containers. Therefore, in such an experimentation phase, one needs to ensure 
that the number of pre-warm containers follows a static configuration, as well as their created number is 
not constrained by the other parameter that may influence the container launching (container pool memory 
size). 

 
 

4 https://github.com/apache/openwhisk/blob/master/docs/actions.md 
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3.2.5 Data Model 
This component will involve the following entities: 

Table 5 PEF component main entities data model 

Entity Description Component or 
service owner 

Test Setup A defined load test to be performed by the user. May include 
information on test name, test status (total steps, current steps, 
finished steps), configuration selected. A test may include 
multiple iterations or steps.  

PEF 

Workload Input template of the load injector, can include information on 
workload configuration, target service, type of test 

Orchestrator 
Manager 

WorkloadResults The result types used by different benchmarks to report results, 
needed to be stored in the PEF DB. 

PEF 

Model A model created from the available results of a test series. PEF 

Metric Metric based on which the test results may be post-processed 
(e.g. average, closest to a specific KPI etc.) 

PEF 

3.3. Installation and Usage guides 
3.3.1 Requirements 
PEF runs in Docker containers. The main node should have at least 4 cores and 12 GB of RAM for a 
sufficiently scalable operation.  

3.3.2 Installation 
The PEF comes with a set of relevant helper files, including Dockerfile for the creation of the image, as well 
as helper installation scripts for setting up the environment, as well as README files. The specific 
information is available in the project repository respective PEF folder. 

3.3.3 Usage 
The PEF comes with a UI including the major tabs of operations, as well as with a documented API for its 
usage. The information is included in the project repository PEF folder. The usage of standalone Jmeter 
workload files produced by PHYSICS was included in Section 3.2.4. 

3.3.4 Licenses 
PEF is licensed under the Apache License V2.0. 

3.3.5 Source code repository 
All the information on the PEF is included in the PHYSICS repository PEF folder. 

3.4. Demonstration or Experimentation outcomes 
3.4.1 Batch Request Aggregator Performance Model 

ANN model accuracy 

In D3.1, an extensive experimentation process was performed in static configurations to detect how the 
Request Aggregator pattern affects the system in cases of low and high traffic and how it affects the response 
time based on the set batch size. The results from these runs were used to train the ANN model predictor, 
described in the previous sections, for getting the expected average response delay (output) for different 
frequencies (input 1) and different batch sizes applied (input 2). ANNs were chosen since they represent 
black-box universal approximators and can be applied based on an available dataset, without further 
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knowledge of the internals of the system. In contrast, other approaches such as PID controllers require a 
more tailored approach to determine the relevant metrics of the system as well as controlled entity, and a 
calibration step.  The ANN model structure was optimized based on a genetic algorithm to determine the 
main model structural characteristics (number of layers, type of neurons per layer and number of neurons 
for hidden layers) [17], which is also the main algorithm implemented as a model creator in PEF. The 
network type is based on back-propagation, feed forward architecture and the resulting model was selected 
from a pool of approximately 450 candidate networks that portrayed an intermediate validation error of 
less than 20%, based on its performance on an intermediate test set. The finally selected network consisted 
of 5 layers (3 hidden). The first four were configured with the tansig transfer function while the output layer 
with the purelin function of Octave. 

After the selection of the best model, a further acceptance test was performed to simulate runtime usage. 
From the available 30k experimental values, ~7k of them were reserved for this purpose. These values were 
not utilized in whatever manner during the training or optimization process of the model design. The Mean 
Absolute Percentage Error of 11.73% was achieved (Figure 16). The surface plot of the model appears in 
Figure 17. 

 

Figure 16 Model Error in final validation cases 

The surface plot of the resulting model appears in (Figure 17), in the model normalized range.  

 

 

Figure 17 Surface Plot of Model Predictor in the normalized range (Input1: Frequency, Input2: Batch Size, 
Output: Response Time) 
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Dynamic Adaptation based on the ANN model 

To test the model’s response during runtime as well as the PEF’s ability to respond in a service-oriented 
manner, and especially in bursts of load, an experiment was performed with varying loads including sudden 
peaks (Figure 18). This was performed to also observe the effect of the delay in getting the prediction 
response and how the system gets affected by it in actual conditions, despite the good accuracy of the model 
in the static validation. To decouple this delay from the conditions in the system, the pattern adaptation 
model was running on a separate node to ensure timely reaction to sudden peaks of load. 

The model was queried at a regular interval (every 10 seconds) based on the current conditions of execution 
(frequency). Given that the model takes approximately 10 seconds to respond, this results in a decision 
update for the batch size every 20 seconds. Predictions were obtained for different batch sizes (ranging 
from 1 to 70 with a step of 10). The one achieving the lowest predicted response time was selected and used 
to configure the pattern. Given that there is a direct relation between frequency and anticipated batch 
completion, one can also utilize this information to configure the time out interval.  

The results are portrayed in Figure 18 and Figure 19 from the client side (for each individual request 
sample) and Figure 20, Figure 21 and Figure 22 from inside the system, by taking samples every 1 second 
for processed frequency, active container numbers and batch size (set and measured). From the figures it 
can be seen that when the increase is gradual (e.g., from 0.2 messages/sec to 4) the system has the time to 
adapt (Figure 19 in terms of response times and Figure 21 in terms of active containers). Although there is 
an initial increase in response times, this is fixed by the increased batch size (Figure 22). A further increase 
from 4 to 8 messages per second (around sample 2000 of Figure 18) does not influence the system, given 
that the batch size is already high. In this period, we also observe further decrease in response times, as 
would be anticipated by the average times reported in D3.1 for the static batch size measurements. 

When the load peak is more sudden (from 0.2 to 20 messages/sec), the delay in adaptation leads to a very 
high response time (in essence reaching the 120000 milliseconds timeout) due to the high number of 
accumulated messages and according containers. However, one major benefit of the pattern in this case is 
the fact that the system does not stall, it only experiences a temporary denial of service. This could be 
handled either by larger timeout times or by applying in combination with this pattern the Circuit Breaker 
pattern [30] to refrain the client from generating more requests temporarily. 

Another interesting conclusion is that there are sudden peaks in container numbers in the transition time 
from high to low frequency, not justified by the amount of traffic at that time (tailing of container numbers 
in Figure 21 following the drop of the peak around sample 400 of Figure 20). This indicates that there are a 
number of lingering requests, already measured in the frequency, in node.js queues of the PEF 
implementation, that start to request resources. However, when the frequency is detected as reduced, the 
system returns to the 1 batch size, making these lingering requests raise one container each. This is an 
indication that a potentially improved predictor for the ANN would be the number of active containers and 
not the request frequency. It is also an indication that in other types of adapters (e.g., PID controllers) the 
past values element (i.e., Integral factor) should be strengthened to achieve a graceful, gradual reduction in 
batch set sizes.     
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Figure 18 Client side request generation frequency measured per sample 

 

Figure 19 Client Side Response Times per sample 

 

Figure 20 System side measured frequency per 1 second interval 
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Figure 21 Active (running) containers in the system 
 

 

Figure 22 Batch Size Setting by ANN model and according system side application of the setting 

FaaS Cost Models association with Request Aggregation Pattern 

FaaS cost models charge customers based on performance metrics such as execution time, memory or 
number of invocations [31]. This implies that there is a combined need as well as incentive to tackle the 
performance-cost tradeoff, especially for runtime management [32] [33]. The Request Aggregator pattern 
reduces the number of invocations, as well as the execution time (given the lower need for environment 
initialization), and thus is expected to aid towards minimizing cost aspects.    Other works that can be 
combined include the investigation of trade-off after which a switch to serverless mode is beneficial for the 
customer [34]. Predicting accurately costs [35] can also be used in combination with this approach. This 
can be helpful in cases where one needs to regulate/minimize cost directly and not for example based on 
frequency, if performance is considered less important. In this case a series of measurements was 
performed with the use of the Request Aggregator to investigate what is the overall execution time for a 
prediction request with multiple input lines, compared to running the model for only one input row for 
estimation.  
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The performed requests include an interval of 15 seconds between them, to investigate the baseline 
execution time when only one container is active in the system. Input size variations included 1, 100 and 
450 input rows for which predictions were needed, simulating a relevant batch size applied by the RA 
pattern. Calls to the service were performed for a duration of 10 minutes per case. The results appear in the 
following table and are associated to the estimated costs. The estimation is based on several assumptions. 
All calls are considered as cold-start ones and also include the time to raise the container (which is not billed 
in actual FaaS offerings). However, they are intended as a rough overview of potential benefits. As a 
baseline, the cost model of AWS Lambda (US East-Ohio)5 is used. The used memory was allowed to use the 
overall memory available (10GB). Thus, the price of 0.0000001667 dollars per 1 msec of runtime was used 
and multiplied by the runtime duration, while the cost per input row also appears in the table. This depicts 
a significant difference, which is also evident when taking under consideration the other billing factor 
(number of requests set at 0.2$ per 1 million of requests) that is also affected by the reduced overall number 
of calls needed for one to obtain 1 million predictions, if they apply the RA pattern.     

Table 6 Cost Estimation of GB-second based on AWS Lambda pricing model if multiple rows are aggregated 
following the Request Aggregator pattern 

Input Rows Average Execution 
Delay (msec) 

Estimated GB-Second 
Cost Per Input Row 

Cost of Requests for 1M 
predictions 

1 10051.25 0.001675 0.2 

100 10082.62 0.000016807 0.002 

450 10228.29 0.000003789 0.000444 

3.4.2 Cold vs Warm vs Hot Executions 
The goal of this experiment is to highlight and measure performance differences between the three stages 
of execution in typical FaaS environments, as well as to establish repeatable methodologies for acquiring 
measurements and test the defined typical workloads created in the context of PHYSICS. The platform of 
execution was OpenWhisk standalone version, in a VM with 4 cores and 8GB of RAM. The cold/warm/hot 
typical Jmeter workloads, described earlier, were used against a target hello world node.js function, 
obtaining the results of the following figure. 

 

 
 

5AWS Pricing model, available at: https://aws.amazon.com/lambda/pricing 
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Figure 23 Cold/Warm/Hot Jmeter workloads of  “Hello World” node.js function execution time 
From this it can be seen that a ratio of the three modes is the following: 

❖ Cold/Warm= 5.5x slower 

❖ Cold/Hot=10x slower 

❖ Warm/Hot= 1.8x slower 

3.4.3 Node-RED versus Node.js runtimes for Hello world single function application  
One of the execution modes as mentioned in D3.1 includes the ability to define a Node-RED flow that will 
be wrapped and executed as a function in OpenWhisk, either in a native nodejs or a Node-RED runtime 
(Node-RED flow to function pattern). The OpenWhisk specification indicates that any docker image can be 
included as a function provided that it has a REST interface with two endpoints (a POST /init and a POST 
/run). The /init method is used to initialize the environment of the function (if needed) while the /run is 
used for the actual execution of the function and for passing any input arguments. A relevant testing subflow 
has been created with a hello world simple function that includes the two methods if one wants to follow 
the Node-RED function execution mode.  One question is how different in terms of performance the 
execution of a Node-RED function is, compared to the execution based on the typical, built-in nodeJS 
runtime. A similar hello world implementation was created and registered for the typical lightweight nodejs 
runtime of OpenWhisk. The OpenWhisk setup included a single node with 8 cores and 16 GB of RAM, given 
that we were primarily interested in the baseline times of one function execution (delay in terms of 
orchestration overheads will be investigated in the next section for larger workflows).  

 

Figure 24 Node-RED workflow of “Hello World” node.js function (for Node-RED runtime) 
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Afterwards, 100 test runs were conducted on each target function, to measure the cold start times (need to 
spawn a new container) and the hot ones (reuse of an existing container). The results appear in the 
following figure.  

 

Figure 25 Node-RED execution times of “Hello World” node.js function (with Node-RED runtime) 
As anticipated, the cold start time for the Node-RED runtime is considerably higher (with an average of 7.6 
seconds compared to 2.5 seconds), given that it is based on a larger container with more dependencies, as 
well as the fact that the Node-RED environment has a more heavyweight start-up time during function 
execution. In the hot execution case, the two execution modes are very similar, with Node-RED having a 
slight advantage (227 against 252 milliseconds) as well as smaller deviation. Addressing the larger cold 
start times could also be performed by utilizing the Function Warmer pattern [36] or by extending the 
number of prewarm containers mentioned in Section 3.2. It is necessary to stress that this primarily 
observes the performance difference between the two modes. A developer might opt for the Node-RED case 
for other reasons as well (e.g., easier development and function management). However, they need to be 
aware of the performance trade-off that needs to be made for cold cases. With relation to the usage of the 
Tabula Rasa context purge pattern defined in D3.1, this has been measured to have an average of 265 
milliseconds, thus adding an approximate extra 38 milliseconds of delay compared to the opportunistic 
Node-RED runtime case. 

3.4.4 Node-RED flow orchestration to OW function orchestration delays comparison 
The aim of this experiment is to investigate the trade-off between two modes of function sequences. First 
mode is Function sequence of native OpenWhisk runtime functions: this targets at workflows that are 
defined as function sequences directly in OpenWhisk (e.g., in the Node.js runtime), utilizing registered (to 
OpenWhisk) Node.js functions as their main building block. The second mode is Function sequence in Node-
RED, executed as a docker action in OpenWhisk. The main difference in this case is that all the function 
workflow is created in Node-RED and deployed within a custom docker image (invoked as a function) that 
contains the Node-RED environment.  Given that there is a significant delay in the start-up of the Node-RED 
environment (as measured in the previous section), the purpose is to investigate what (and if there) is the 
benefit of one mode versus the other compared to the number and duration of the functions that are part 
of the sequence. The motivation behind this approach is the fact that it is anticipated that inter-function 
communication (ifc) times in the sequence might differ between the two cases of execution, which may 
create a margin of exploitation of one mode over the other. This is reasonable to assume for two reasons: 

 In a native OW sequence, the invocation from one function to another needs to pass through the 
respective OW mechanism and the new action invocation to be queued waiting for execution. On 
the other hand, in the Node-RED Action Image, the invocation is passed through the Node-RED 
runtime directly 

 The Node-RED case will always be a hot execution (at least for the functions in the sequence after 
the first one), given that all functions execute in the same container. On the other hand, in a case of 
multiple and different function executions, the OW runtime may be forced to cold starts for the 
different function invocations 
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Figure 26 Node.js OpenWhisk function flow execution (many containers) vs. Node-RED (same container) 
To implement the experiment, the following actions were performed: 

 An artificial delay function has been created as a native Javascript function that can accept as 
parameter the milliseconds of delay to apply. This function is registered as a nodejs function type in 
OpenWhisk. 

 A similar function flow is created for Node-RED (DELAY FLOW IMAGE). The flow is adapted in the 
Node-RED OW Skeleton described in D3.1. The core flow handles a control loop where delay and 
iteration numbers are dynamically passed on as input variables. The function node in the middle 
subflow extracts parameters from the incoming message and passes them through the 
message.delay and message.iterations fields. The follow-up node is a Node-RED built-in delay node 
that overrides the internal delay of the node with the assigned msg.delay we get from the call on the 
previous function node. Then there is a loop to check whether the iterations are finished, in order 
to simulate multiple functions in a sequence. If so then there is an http response, if not then the flow 
returns to delay node and then to iteration check. The third row is a manual timestamp test with a 
custom input to check if our main delay flow responds correctly and can be used inside the Node-
RED environment for testing. 

 Sequences of varying numbers of functions (e.g., 1, 5, 10, 15, 20, 25), set up as OpenWhisk function 
sequences for the nodejs delay function. The name of the sequence is parametric (in terms of the 
sequence name) so that all types of sequences can be invoked by a parametric Jmeter load client. 
Actions were exposed as web actions. 

 A docker image with the Node-RED delay flow was created and registered as an OpenWhisk Docker 
Action (again as a web action) 

 Jmeter clients that invoke both actions (OpenWhisk sequence with delay input parameter and Node-
RED action with delay and delay loops parameters) and compare the results. Loops to implement 
multiple parameter values are applied in the Jmeter files to measure all the needed combinations. 

 

Figure 27 Artificial Delay flow to mimic dynamic sequence numbers in Node-RED 
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Experiment Results 

After the result gathering, we compared the execution times of the two modes of execution by designing 
Result Graphs for each mode (Mode comparison image in Figure 28). We clearly observed that for one warm 
function execution the execution time is approximately the same for the two modes, which is the same 
conclusion derived in the standalone hello world functions of the previous section. However, the more 
functions that are being included and executed (as a sequence) the more the mean average tends to be lower 
for the Node-RED case. Given that the inner delay of each function in the sequence is the same, the main 
source of differentiation is the inter-function communication delay (ifc figure). Consequently, the delay 
difference between the two modes gets progressively higher for larger sequences. We conducted the 
experiment with 1, 5, 10, 15, 20 and 25-function sequences with 40 samples for each for the two modes 
respectively on warm containers, for 1000 milliseconds of artificial delay per function. From the total times, 
the ifc measure can be extracted. So, for example in the Node-RED mode case, on 15 Functions we get 15148 
ms average execution time. From this value we extract the static delay of each function (15*1000) ms and 
the remaining part is divided by the number of functions used in the specific case (15). This indicates the 
average time spent between function calls in each mode. The results appear in the IFC graph below. The fact 
that Node-RED ifc times per function appear higher in lower function numbers and then start to get lower 
can be attributed to the fact that any initialization times such as initial hot container reuse delays, are 
divided between the number of functions. Thus, when function numbers are low, the effect of this initial 
delay (happening once in the Node-RED mode but multiple times in the OW case) is higher and diminishes 
as the number of functions grows, since it is averaged on them.  
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Figure 28 ifc mode comparison 

From the previous graph, it is evident that we can use the average time for the OW case, given that this is 
independent of the number of functions used. However, for the Node-RED case, as mentioned above, the 
initialization time, happening once, significantly affects the average produced. To have a more accurate 
approach, we need to estimate the ifc time from the acquired measurements. 

Estimation of the parameters for ifc 

     As a next step we defined an analytical function to detect dependency of total flow delay time from 
intermediate averages delays and inter function communication: 

𝑇 = 𝑇 + 𝑛 × (𝑑𝑒𝑙𝑎𝑦 + 𝑖𝑓𝑐) 

where: 

● Tinit is any initial environment or other initialization time happening once 
● delay = preset delay of each function in the sequence, 
● n = number of functions (in sequence) 
● ifc = inter-function communication, the delay needed to go from one function to the next.  It is kept 

as n and not (n-1) that are the number of links in an n-sequence since we consider that in this way 
the ifc can model any repetitive actions needed in each step, including the first step. These for 
example can be container hot init times for the OW case that are needed in each function invocation. 
In the case of Node-RED it would include only the time needed in Node-RED to pass from one 
function to the next  

From the experiments we have the total delays T, the delay of each function is set and known as well as the 
n used in each case. Given that we have measurements for different values of n we can apply a simple 
regression to estimate the parameters Tinit  and ifc. The Pearson correlation coefficient for the dataset is 
0.9105, indicating a strong linear relationship. Therefore, the previous equation can be transformed to: 

𝑇 − 𝑛 × 𝑑𝑒𝑙𝑎𝑦 = 𝑇 + 𝑛 × 𝑖𝑓𝑐 , where   𝑇 = 𝑇 − 𝑛 × 𝑑𝑒𝑙𝑎𝑦  

or  𝑌 = 𝑎 × 𝑋 + 𝑏  

where x=n and the coefficients are the ifc (a) and Tinit  (b). The curve fit can be optimized via a typical method 
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such as the ols6 function of GNU Octave, giving the values of 128.36 for Tinit  and 1.69 for the ifc (in the 
millisecond range) for the Node-RED case. When comparing the predicted outputs to the measured ones, 
the MAPE of the comparison gives a 0.07% value, indicating a good match.  

In a similar fashion, for the OW mode, we have a reverse effect, the Tinit  is set at 2.11 and the ifc at 118.84. 
The latter was expected since the individual values are very similar and close to the average value of the ifc 
graph and indicates the fact that we need further initialization in each step. 
The above times can be off-set by the estimated difference in the cold case, that can be subtracted from the 
measurements of the previous section, i.e., for the Node-RED case the difference between a cold and a hot 
start is 7.6-0.227= 7.373 seconds, and for the OW case 2.5-0.252=2.248 seconds. These times can be added 
as penalties in the final function. 

Table 7 Function sequence hot/cold execution times with the different runtime modes 

Mode Hot Function Sequence Execution (msec) Cold Penalty (msec) 

OW 
native 
case 

𝑇 = 2.11 + 𝑛 × (𝑑𝑒𝑙𝑎𝑦 + 118.94) 

 

+2248 

NR 
function 
case 

𝑇 = 128.36 + 𝑛 × (𝑑𝑒𝑙𝑎𝑦 + 1.69) 

 

+7373 

From these functions we can easily create parameterized plots to observe how the estimated total execution 
differs for different function numbers and delays (following figure), including or not the cold penalty. In the 
hot case the Node-RED mode is better in all cases, while in the cold case it starts being better than the OW 
native after approximately 40 functions. Indicatively, in some cases (e.g., OW 100 msec delay) the 
orchestration delay per function is higher than the actual computation needed inside the function (100 
msec), leading to overheads of over 50%. 

 

 

 
 

6 https://octave.sourceforge.io/octave/function/ols.html 
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Figure 29 Function estimated total execution for different function numbers and delays  
The orchestration overheads are extracted and presented in the following figure, by extracting the n*delay 
factor from the function. In this case the overhead does not depend on the inner delay of each function, so 
we can better observe the pure total overhead in terms of time for the orchestration, as it evolves for a 
growing number of functions in the sequence.  The borderline value of 40 functions in the cold start case is 
considerably high given the current landscape of FaaS applications, however this low function usage per 
application might also be limited by the capabilities of the available design and development environments 
of current FaaS platforms. In any case, the developers should make an informed decision on which mode to 
use, also considering the trade-offs of easier design and adaptation in Node-RED at the expense of cold start 
performance, the ability to create more complex workflows (as analyzed in D3.1) and based also on whether 
cold starts are expected to be frequently encountered. This can be also coupled or affect relevant decisions 
on the platform configuration layer, indicating the need for a higher number of pre-warm containers used 
for the Node-RED runtime based on the anticipated traffic. 

 

Figure 30 Orchestration Overheads 
In the future, the artificial delay included in the delay flow can be replaced by the benchmark average delay 
values that are acquired through the FunctionBench execution on candidate types of resources. 
Furthermore, potential validation for cases that have not been included in the estimation process will be 
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investigated. However it needs to be stressed that this approach is not used for predicting the execution 
time, since the latter may be affected by other parameters (e.g. multitenant executions on the same node, 
number of prewarm containers existing and concurrent invocations, queuing times in OW due to high traffic 
etc.) but it can be used to investigate the limits between modes of orchestration to use (based on native OW 
sequences or Node-RED orchestrated ones), based on the number of functions in a workflow and an 
estimated average delay of them.  A more detailed model could be pursued (example in following figure), 
created in a similar fashion as the RA model. 

 

Figure 31 Proposal ANN model in a similar fashion as the RA model 

3.4.5 Execution Model transformation for model querying results 
As mentioned in Section 3.2, one of the differences of the current version of PEF is the transformation to a 
serverless model querying process. To measure the impact of this, a series of executions was performed for 
150 runs at the frequency of 1 request per second to match the measurements of the original service 
implementation [19]. The results appear in the following figure. It is indicative that due to the reuse of the 
already spawned containers, a typical feature of OpenWhisk, a 20x benefit in terms of execution time is 
gained for the response time of the FaaS service, when compared to the original service version that 
spawned a new container for each request.  

 

 

Figure 32 PEF transformation to serverless model measurement impact 

3.5. Next Steps and Challenges 
In the following period, further steps and challenges need to be considered such as: 

 Integrating the various queries, the dependent components will have from the PEF, in case any 
modifications are needed or new statistics 
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 Execution towards available resources and services to acquire baseline benchmark data for the 
FunctionBench functions or for the UC provided functions 

 Model creation for specific purposes such as the regulation of the SplitJoin pattern in static or 
runtime settings or potentially for predicting response times of functions based on a wide set of 
parameters 

Furthermore, one integrated, cross-WP approach is the combination between pattern investigation, 
benchmarking evaluation and co-allocation interference. As an example, a model can be created that will 
include a variety of factors, coming both from the application and the infrastructure side, as well as the 
current conditions of execution. Potential inputs in this case could be the size of the cluster, the types of 
nodes used, parameters of the OW environment (e.g., prewarm containers used), parameters of a pattern 
(e.g., the total row inputs and the split size in the SplitJoin pattern etc).  The latter affects the number of 
function invocations made against the backend. In this manner both the developer can consult the model 
for potential parameter settings in the pattern but also the system administrator (or Orchestrator 
component) can query the model to determine parameters of the OW setup or sizing of the K8S cluster.  
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4. GLOBAL CONTINUUM PATTERNS PLACEMENT 
This section focuses on the description of the global continuum placement component and related tools 
which provide the intelligent scheduling of applications upon a highly distributed computing infrastructure. 
The specific component proposes adapted tasks placement mechanisms to perform the resources allocation 
and deployment schema for each application selecting resources across a distributed environment 
composed of different types of platforms in an optimal and timely manner. It plays the role of a meta-
scheduler of application workflows across the global continuum, which can be composed of independent, 
self-managed clusters of different types such as public clouds, on-premises, edge and even HPC platforms. 
Each application is structured as a workflow of independent tasks which have their own resources and 
constraints requirements while each of them may have the need and ability to be deployed upon a different 
platform from the other. 

The remainder of this section describes the design specification of the component and its related tools 
which is followed by the implementation and integration highlights which goes deeper into the architecture 
and the implementation of the first prototype of the component. Then we provide some first 
experimentation outcomes related to the usage and execution of the first prototype and finally we discuss 
the next steps providing details about the current and future work. 

4.1. Design Specification 
The Global Continuum Placement component makes the scheduling decision for the different workflows to 
be deployed upon the PHYSICS platform. To finalize the schedule of a workflow; all its tasks must be 
matched to their destined resources to be executed upon. This is done by considering their needs in 
resources as described during the application design in conjunction with the resource availability and 
possible optimization insights. In particular, as shown in the Figure 33 the component gets the following 
inputs: 

 The application graph where the workflow’s needs for resources and constraints are given per task 
while various information such as objectives are given per workflow. These details are passed from 
the Design Environment. 

 The resources characteristics and availability for each cluster participating in the global continuum. 
Reasoning Framework gives these details. 

 The possible execution optimizations insights to take into account as given by the Performance 
Evaluation Framework. 

Using the above inputs, the component needs to perform the decision making of which resources to use for 
each task of the workflow in a timely and optimal manner. So, as we can see in the Figure 33 the output of 
the component is:  

 The placement schema to be used as initial deployment or adaptation for an already existing 
execution. This schema is given to the platform orchestrator which then forwards it using the 
adequate form to the local cluster’s schedulers managed by the coordinated work of OpenWhisk-
Kubernetes. 

Internally the Global Continuum Placement has to provide the adapted heuristics in order to perform 
optimal and rapid scheduling decisions. An important parameter of the application graph to be used to 
optimize the execution of a workflow is the list of objectives. Through this parameter, the user can define 
which metrics are important for the determined workflow such as performance, cost, resilience or energy 
improvements. Hence, a workflow can select one or multiple objectives and the component will try to give 
a solution to the particular problem. For that, we are designing the component in such a way to enable 
capabilities for multi-objective scheduling exploring different types of algorithms.  

We will start by implementing single-objective algorithms before we start studying complex multi-objective 
variations. 
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Figure 33  Global Continuum Placement high-level view 

The study of complex scheduling algorithms in such a distributed environment needs specialized tools to 
enable the fast experimentation and evaluation of new algorithms under various conditions. For that, an 
important part of the Global Continuum Placement list of side-tools is the Scheduling Simulator. This will 
allow us to rapidly evaluate different variations of new scheduling algorithms and try to adequately adapt 
them to fit the needs of each particular context. A slight modification of some parameters of an algorithm 
may play a significant role in the performance of the scheduler for particular workloads and specific global 
continuum. The simulator will help us trace the impact of various parameters on different metrics. 
Furthermore, the combination of an experimental methodology based on simulation and real-scale 
evaluation, whenever possible, will allow us to better understand the behavior of the placement algorithms 
under various contexts while validating the effectiveness of the simulator. In particular, large-scale 
scalability evaluation will not be possible without a simulator but having confirmed that the simulator 
shows correct results when comparing it with the real-scale experiments in smaller scales will allow us to 
trust the simulator results for the large-scale scalability experiments. 

4.2. Implementation and Integration Highlights 
The Global Continuum Placement Component architecture is shown in the Figure 34 and is composed by 
the following principal parts:  

  a subcomponent that will consume inputs such as the Workflows’ Characteristics and Annotations 
along with the Clusters’ Static and Dynamic Status.  
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 the scheduler core which will perform the matching of tasks with resources based on different 
available algorithms; and  

 the output subcomponent which will push the scheduling decision.  

In parallel, two additional external subcomponents are provided:  

 the simulator which will allow us to perform fast experimentation and evaluation of the different 
scheduling algorithms and  

 the tools for installation and Continuous Integration / Continuous Deployment 

The communication with other software such as to pull and push the inputs and outputs related to the 
component is performed through a REST-API.  

The implementation of the Global Continuum Placement (GCP) component is done using Python 3.7 
programming language. Furthermore, we make use of NIX functional package manager to prepare the 
packaged containerized environment to perform the necessary CI/CD pipelines. The whole software can be 
packaged and installed as a Docker container. 

 
Figure 34 Global Continuum Placement component internal architecture 

Based on the current architecture of Physics the Global Continuum Placement component does not have to 
take the final decision of the exact resources where the execution of a task needs to take place. This is done 
by the local cluster Scheduling Algorithms which lies within the combination of OpenWhisk-Kubernetes 
schedulers. Furthermore, it does not communicate directly with the local schedulers to propose the 
deployment schema. It forwards the deployment schema to the Orchestrator which will then communicate 
with each local-cluster scheduler. It is also the Orchestrator that will manage any possible adaptations that 
may be needed. For example, if a reconfiguration of the schedule is needed the Orchestrator will demand to 
the Global Continuum Placement to perform a new schedule taking into account the modifications. This is 
an important aspect for the internal architecture of GCP because we are not obliged to keep neither an 
internal state of the status of the resources availability, nor how the final deployment has been finally made. 
GCP can be a stateless service that can continuously get different inputs and based on them perform an 
adapted scheduling decision. Of course, this may change in the upcoming versions of this component, but 
the initial version is implemented as a stateless service without an internal database.  

The principal part of intelligence of the Global Continuum Placement Component lies within the Scheduler 
Core.  The Scheduler Core decomposes the collected inputs into meaningful parameters that will take part 
in the scheduling decision. 

In particular, in the first implementation of GCP we take into account the following parameters. From the 
application perspective, we get the following: 
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 Type of clusters to be used such as Edge, Cloud, HPC, on premise. This is a task related parameter 
and is handled as a constraint. Multiple values of sites are resolved with a logical OR. 

 Type of architecture such as x86_64 or ARM64. This is a task related parameter and is handled as a 
constraint. 

 Computing resources needs such as number of CPUs, amount of memory, number of GPUs. This is a 
task related parameter. 

 Type of execution objective such Energy, Performance, Resilience along with a particular value 
among “high”, “medium”, “low” to define the importance for each one of them. This is a workflow 
related parameter.  

From the cluster site perspective, we create a platform map of our continuum where each cluster provides 
the following parameters: 

 Type of clusters such as Edge, Cloud, HPC, on premise. Only one is valid per cluster. 
 Type of architecture such as x86_64 or ARM64. Only one is valid per cluster. This is currently 

implemented per cluster site but will be modified in an upcoming version to reflect different groups 
of the same cluster. 

 Total number of computing resources, amount of memory per node and total amount of GPUs. This 
is the currently implemented list of resources, but it will be updated in future versions to allow the 
declaration of additional resources such as Network, IO, etc. 

 Objective scoring for all the available objectives. Currently the following objectives are 
implemented: Energy, Performance and Resilience. The score is done by providing a value from 0 
to 100 for each objective. A score of 90 in Performance, 30 in Energy and 60 in Resilience means 
that the cluster has a particular focus in Performance, provides a decent amount of Resilience and 
is not very energy efficient.  This is currently implemented per cluster, but it will be updated to 
reflect groups of clusters in future versions. 

Based on the above details the scheduler core will offer different policies that will try to provide solutions 
to the workflow-tasks VS cluster-resources matching problem. 

The scheduler resolves the problem for each task of the workflow in the following order: 

1. Resolve the site constraints of the task by filtering out the sites that do not fit  
2. Resolve the architecture constraints of the task by filtering out the clusters that do not fit 
3. Calculate the scores per objective for the workflow 
4. Sort out the (filtered-out) sites with the highest score first 
5. Apply a particular policy to match the tasks to the available resources based on their needs. Initially 

the first policy that has been implemented in this level is a FirstFit policy which places the task to 
the first available resource that fulfills the constraints, has the highest score in objectives and covers 
the resources needs. 

The objective scoring heuristic is an interesting aspect of the scheduler which can seamlessly allow us to 
explore single and multi-objective scheduling policies. As mentioned, we have currently implemented only 
a simple FirstFit policy which is the fastest way to deal with multiple objectives in a scheduling problem. 
Nevertheless, the FirstFit policy, besides the advantage of being fast does not provide an optimal or near to 
optimal solution. However, this particular objective scoring heuristic will allow us to study in a pragmatic 
way more complex policies based on MILNP or genetic algorithms that consider multiple objectives while 
trying to return optimal or sub-optimal results in a less timely manner.   

The integration with the different components that affect the decision making of the Global Continuum 
Placement along with those that receive the final scheduling proposition is done through a REST-API and 
specific JSON files that get augmented when passing from the different components. For example, the Design 
Environment component compiles a particular JSON file which provides the workflow-tasks needs in terms 
of objectives, resources and constraints. The Performance Evaluation framework can provide some further 
annotations related to the constraints or objectives of the workflows. In parallel, the Reasoning Framework 
will bring the sites’ static resources characteristics, dynamic availabilities and scoring per objective in a 
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separate JSON file. Finally, exchanges between the Global Continuum Placement and the Orchestrator will 
be done on the one side to allow the scheduling decision to be forwarded to the local clusters schedulers 
but also to enable readaptations based on possible reconfigurations as triggered by the Orchestrator.  

This integration is currently ongoing and further changes are planned to cover the needs that will appear. 
For example, the Performance Evaluation Framework will provide further insights regarding the profiles of 
each task of the workflow which can have a direct impact on the optimal way to execute them. This is 
something that needs to be considered with some new parameters within the Global Continuum Placement 
component to further optimize the final placement decision. 

The implementation of the installation and CI/CD tools have been also performed based on the 
characteristics we mentioned initially but further changes will be done to adapt on the particularities of 
PHYSICS installation procedures once the integration is finalized.  

The implementation of the simulator is currently in the first stages and we are working towards providing 
a way of simulating the behavior of the scheduler under various conditions without making use of external 
tools such as Batsim-Simgrid7 that we use in the Local Cluster Scheduling Algorithms study analyzed within 
D5.1. This is because we do not control the final placement decision in this level of scheduling, we do not 
need thorough platforms such as Batsim-Simgrid to capture the underlying complexity of resources and 
workflows. We just need to model the performance metrics of the different placement combinations and be 
able to map them to the possible solutions. The current architecture allows the simulator to communicate 
directly with the scheduler core hence simplifying the needed glue which will result in simpler and faster 
simulations.  

4.3. Experimentation Outcomes 
The first version of the global continuum placement component allows us to experiment different 
workflows deployed upon various combinations of platforms. A simple example is shown below. The 
following json file shows the way a hybrid distributed infrastructure composed of 3 different sites with 
different hardware characteristics, possible architectures and objectives scores, can be described: 

{ 
  "platform": { 
    "site1": { 
      "type": "Edge", 
      "resources": {"nb_cpu": 4, "nb_gpu": 0, "memory_in_MB": 1024}, 
      "architecture": "x86_64", 
      "objective_scores": {"Energy": 60, "Resilience": 5, "Performance": 25} 
    }, 
    "site2": { 
      "type": "Edge", 
      "resources": {"nb_cpu": 2, "nb_gpu": 1, "memory_in_MB": 4096}, 
      "architecture": "arm64", 
      "objective_scores": {"Energy": 100, "Resilience": 30, "Performance": 50} 
    }, 
    "site3": { 
      "type": "HPC", 
      "resources": {"nb_cpu": 1000, "nb_gpu": 50, "memory_in_MB": 16e6}, 
      "objective_scores": {"Energy": 10, "Resilience": 80, "Performance": 100} 
    } 
  } 
}  

 
 
7 https://batsim.readthedocs.io/en/latest/ 
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Once we have described our infrastructure with the above json file we can register this platform description 
using a REST API: 

curl -X POST -H "Content-Type: application/json" -d @test-platform.json 
http://127.0.0.1:8080/init   

Then we can create a workflow to be launched for execution using the following json file test-workload.json 
which describes a workflow composed of 4 tasks based on particular dependencies among them, with 
different demands in resources and constraints and with specific workflow objectives. 

{ 
  "name": "test", 
  "objectives": { 
    "Energy": "high", 
    "Resilience": "low" 
  }, 
  "tasks": { 
    "task1": { 
      "resources": { 
        "nb_cpu": 1 
      }, 
      "next_tasks": [ 
        "task2" 
      ], 
      "constraints": [ 
        { 
          "site": "site3" 
        } 
      ], 
      "architecture": "x86_64" 
    }, 
    "task2": { 
      "resources": { 
        "nb_cpu": 2 
      }, 
      "next_tasks": [ 
        "task3", 
        "task4" 
      ] 
    }, 
    "task3": { 
      "resources": { 
        "nb_cpu": 2 
      } 
    }, 
    "task4": { 
      "resources": { 
        "nb_cpu": 2 
      }, 
      "next_tasks": [ 
        "task5" 
      ], 
      "architecture": "arm64" 
    }, 
    "task5": { 
      "resources": { 
        "nb_cpu": 2, 
        "memory_in_MB": 1000 
      } 
    } 
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  } 
}  

Then, we can ask for the scheduler to perform the placement of the workflow upon the defined global 
continuum registered previously. For that we can use the following REST API: 

curl -H "Content-Type: application/json" -d @test-workload.json 
http://127.0.0.1:8080/schedule   

and we will get the following result using the default FirstFit scheduler: 

[{"task": "task1", "site": "site3"}, {"task": "task2", "site": "site1"}, {"task": "task3", 
"site": "site1"}, {"task": "task4", "site": "site2"}, {"task": "task5", "site": 
"site3"}]   

As described in the previous section the scheduling is done task by task in the dependency order of the 
workflow. For each task we apply filters to remove sites that do not fit the site and architecture constraints. 
Then, we apply a scoring function based on the objectives scores of the sites and the objective levels of the 
workflow. Finally, we use a first fit policy on the sorted by highest score and allocate to the first site in the 
list that has enough resources. 

4.4. Next Steps 
The first prototype version of the Global Continuum Placement component has been implemented and this 
section provided a thorough description of its principal functions, its design specification, its 
implementation and integration highlights and some initial validation and experimentation. We are 
currently working to perform a tight integration with the different components that GCP exchanges 
information with and we are considering adaptations to better fit the needs of these tight integrations.   

In particular, the consideration of tasks’ profiles based on previous executions as forwarded by the 
Performance Evaluation Framework is an interesting optimization that will help select more adapted 
resources for the optimal placement of each particular task. 

Furthermore, based on the scoring objective heuristic that we have introduced and developed, we are going 
to study various complex multi-objective algorithms based on MINLP or genetic that will allow us to bring 
optimal or sub-optimal placement solutions. 

Finally, we will continue and finalize the implementation of the internal scheduling simulator and a real-
scale experimentation methodology, which are both tools needed to help us study and optimize placement 
techniques based on various contexts and conditions.   

  



H2020-ICT-40-2020 (RIA)  PHYSICS - 101017047 

D4.1 – Cloud Platform Services for a Global Space-Time Continuum Interplay Scientific Report and Prototype 
Description V1   P a g e  | 57 

5. DISTRIBUTED IN-MEMORY STATE SERVICES FOR DATA 
INTERPLAY 

This section presents the Distributed In-Memory State Service (DMS) component developed under the task 
T4.4 - Distributed In-memory State Services for Data Interplay, its internal architecture, the status at month 
13 of the PHYSICS project. Then, the installation procedure and the usage of the DMS is presented. Finally, 
a performance evaluation of the initial version of the DMS is described. Finally, the next steps to be executed 
for the second version of the DMS are listed. This second version will be documented in the next version of 
this deliverable placed at month 30 of PHYSICS. 

5.1. Functional Description 
Functions in the FaaS paradigm are stateless. Functions can receive parameters but the size of the 
parameters is limited. For instance, the maximum size of the parameters per function in OpenWhisk is 
limited to 1MB. Many functions produce large results that are the input of other functions. This is the case 
of analytics tasks that produce intermediate results that are consumed by other tasks (for instance, in map-
reduce processes). Mapping this type of applications to the FaaS model incurs a high overhead since any 
state that needs to be kept or shared with another function must be stored in an external remote storage 
unit (Amazon S3, use an in-memory cache like Redis or a database). This incurs in high overhead in terms 
of latency. Moreover, the network bandwidth is also limited in these frameworks, and in some cases, they 
cannot store large objects. The DMS component goal is to implement an efficient in-memory data service 
for sharing large objects between functions.  

5.1.1 Main Objective and Functionalities 
The main objective of this DMS component is to provide an in-memory distributed data store for sharing 
data between functions. The DMS should be able to scale up and down automatically taking into account the 
amount of data to be shared among functions, saving platform usage costs. The DMS will provide 
consistency of data in case of concurrent access. 

5.1.2 Relationship with Other Components 
The DMS is an independent component that can be used in any FaaS framework. The DMS is used by 
functions (defined in WP3) and deployed in a cluster (managed in WP5) where the functions are executed.  
The DMS is used as a library in a function with both Python and C++ interfaces.  

5.1.3 Requirements Matrix 
The DMS component is involved in meeting the following requirements defined in D2.2 - State of the Art 
Analysis and Requirements Definition V1 delivered by month 4 of the project. 

 Req-4.4-state 

 Req-4.4-interplay 

 Req-4.4-tradeOffs 

 Req-4.4-perf 

 Req-4.4-access 

 Req-4.4-persStorage 

5.2. Technical Description 
The DMS component is based on Pocket [37] [38] an open-source prototype developed by the Stanford 
University. Pocket is a distributed data store for sharing large amounts of intermediate data in serverless 
environments. This solution scales automatically taking into account the usage of the storage (datanodes). 
Several types of storage can be used: DRAM, NVME, SSDs or hard disks. The datanode type is selected taking 
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into account latency requirements of the function, by default the datanode type with lower latency is used 
to store the data. 

5.2.1 Baseline Technologies and Dependencies 
Pocket uses several open-source technologies: Apache Crail [39], ReFlex [40] and Kubernetes [41]. Apache 
Crail is a fast multi-tiered distributed storage system for data processing. ReFlex is a system that provides 
remote access to Flash with latencies near to local access. Kubernetes is used for the deployment of 
virtualized services. 

5.2.2 Component Internal Architecture 
The DMS component has three main components: the controller, one or several metadata servers and 
multiple Storage Servers. The controller component allocates storage resources and scales up and down the 
metadata server component and the storage server. Each metadata server and storage server have a 
resource monitoring daemon associated for monitoring their status (CPU usage and network statistics) of 
each service. Based on these metrics the controller decides when to scale each of the components. The 
metadata server redirects clients request to the storage server allocated by the controller. The metadata 
server also checks the storage servers actual capacities and sends this information to the controller.  The 
storage server will store the state of the functions. Both the metadata server and the storage server 
components are based on Apache Crail (programmed in Java), while the Controller service is programmed 
in Python and C++. All the metadata servers and storage servers are deployed in Kubernetes pods within a 
Kubernetes cluster. The Kubernetes cluster has to be the same where OpenWhisk is running.  Figure 35 
shows all the subcomponents of the DMS and their interactions. 

 

Figure 35: DMS components 

The DMS component provides a simple get/put interface used by function developers for accessing/storing 
data in the storage servers.  

In order to share the state a function must register a job with the controller (step I in Figure 35), the 
controller associates the job to a metadata server, sends the memory resources hints to the selected 
metadata server (step II) and sends the job identifier (jobID) and the metadata service reference to the 
client. This jobID will be used by all functions to access the storage server where the data is stored. The first 
time the metadata server receives a storage request it selects the storage server that fits data storage hints 
and returns the IP of the selected storage server (steps 1 and 2). Get/put operations are requested directly 
to the storage server (step 3). When the last function of the sequence finishes the job is deregistered and 
the resources allocated are released (step III). 

5.2.3 Interfaces and Integration 
We have developed a C++ interface for the DMS. It also provides a Python interface. These two programming 
languages are commonly used by many applications. The Python interface is shown in  Figure 36.  
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Each component of the DMS offers a set of functions needed for accessing the data. The functions are 
grouped in three different blocks depending on the component that implements them: the controller 
(Control), the metadata server (Metadata) and the storage server (Storage). The control block implements 
the functions that identify the state that will be shared among several functions. For that purpose, a job 
must be created: register_job and deregister_job. The first one selects the metadata server that allocates the 
job to a storage server and returns the job identifier.  The deregister_job functions remove the job and 
release the associated resources. The metadata block implements the functions that manage the storage 
unit, similar to file management functions: connect, close, create_bucket, delete_bucket, enumerate, lookup, 
delete, create_dir, and delete. Connect and close functions open/close a connection with the metadata server. 
The create_dir and delete functions creates/ deletes a directory in the storage server where the data will be 
stored in files. The count_files and enumerate functions show the number of files in a directory and list the 
files in the directory respectively. Finally, the lookup function checks whether a directory or file exists. The 
Storage functions are the ones that actually read and write the data. Put and put_buffer functions write data 
into a storage server file, while get and get_buffer functions read data from the files. The main difference 
between them is the way data is read/written. The put/get functions read/write data from/to a file that 
exists in the client side and the put_buffer/get_buffer functions read/write data from/to a string object. 

 

Figure 36: DMS interface 

5.3. Installation and Usage Guide 
5.3.1 Requirements 
The DMS needs a Kubernetes cluster where at least the FaaS platform (OpenWhisk) is also deployed. The 
metadata server and the storage server components use Apache Crail, which requires Java 8 or higher, 
RDMA-based network, e.g., Infiniband, iWARP, RoCE; Libdisni.so, available as part of DiSNI, and HugePages 
configured in each node where the storage service components will be deployed. 

The Kubernetes cluster nodes must be labeled with the labels: pocketnodetype: "metadata" and 
pocketnodetype: "dram". The nodes where the DMS metadata server will be deployed must be labeled with 
the pocketnodetype: "metadata" label and the nodes where the DMS DRAM storage servers will be deployed 
have to be labeled with the pocketnodetype: "dram" label. 

5.3.2 Installation 
The DMS component distribution is available at the PHYSICS project code repository at: 

https://gogs.apps.ocphub.physics-faas.eu/WP4/dms 

Once the component is downloaded from the project repository, two actions are required: 1) the 
OpenWhisk-DMS docker image required to be used for the creation of the pods where the functions have to 
be executed has to be created and 2) deploy the DMS services. 

OpenWhisk-DMS docker image 
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Functions are executed inside pods that are created based on a Python runtime image. The OpenWhisk-
DMS runtime docker image needs the Dockerfile in the DMS-Python-runtime-image folder in the 
distribution, see Code 9.  

FROM openwhisk/python3action:latest 
 
RUN apk add –update py-pip 
RUN apk update && apk add libgcc && apk add gcompat && apk add boost-python3 && apk add 
libstdc++6 
ENV LD_LIBRARY_PATH=/usr/lib:/action 
 
COPY libcppcrail.so /action/ 
COPY lib.so.6 /action/ 
COPY libpocket.so /pythonAction/ 
COPY pocket.py /pythonAction/ 

Code 9: DMS-Python runtime Dockerfile 

Execute the following command: 

docker build -t $DOCKER_REPOSITORY:dms-python-runtime-image . 
docker push $DOCKER_REPOSITORY:dms-python-runtime-image 

where $DOCKER_REPOSITORY is the ip:port of the PHYSICS docker repository. This command creates the 
image and pushes it to the PHYSICS Docker repository. This action is executed only once. 

Deployment of the DMS services 

The DMS services images must be created and uploaded into the PHYSICS Docker repository before the 
deployment of the services. There are three folders in the DMS-services folder with all required files to 
create the images and deploy the DMS services. 

DMS services docker images 

The Docker files folder in the DMS-services are the Docker files to create the DMS services images. Executing 
the commands listed below the images of the metadata server and the DRAM storage server will be created 
and pushed to the PHYSICS Docker repository. 

cp Dockerfile-namenode Dockerfile 
sudo docker build -t $DOCKER_REPOSITORY/dms-metadataserver . 
sudo docker push $DOCKER_REPOSITORY/dms-metadataserver 
 
cp Dockerfile-datanode Dockerfile 
sudo docker build -t $DOCKER_REPOSITORY/dms-storageserver-dram . 
sudo docker push $DOCKER_REPOSITORY/dms-storageserver-dram 

Deploy DMS services 

Once the images are available is the moment, the DMS services can be deployed. This is done by executing 
the following command in the deploy folder in the DMS-services folder: 

kubectl apply -f DMS-metadataserver-deployment.yaml 

This command will deploy the metadata server as a pod called “DMS-metadataserver-$ID” where $ID is a 
pod identifier assigned by Kubernetes.  

Next, the controller is deployed executing the following command from the DMS-services folder, so far it is 
executed out of the kubernetes cluster, for the components integration process will be containerized: 

screen -dmS dms-controller python3 controller.py 

This command will deploy the controller service in the background. By default, the controller service will 
deploy a DRAM storage server in a pod (DMS-storageserver-dram-$ID). The pods can be listed using this 
command: 

DMS-services/controller$ kubectl get pods 
NAME                                             READY   STATUS      RESTARTS   AGE 
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dms-metadataserver-79b66bf9cb-l2w8z              1/1     Running     0          3m25s 
dms-storageserver-dram-job0-r849w                1/1     Running     0          3m4s 

5.3.3 Usage 
The programmer should invoke the DMS interface in the functions that will read/write data. The next 
example shows a sequence with three functions (actions in OpenWhisk) that use the DMS (Figure 37: 
Sequence workflow example). This example can be found in the distribution of the DMS in the DMS-
Sequence-Example folder. The initial function writes data using the DMS, the second function reads the data 
and the third one checks if the file exists. The first function (Code 10) receives a string with a sentence to be 
stored by the DMS, “This is an example of the usage of the DMS component”. Internally, this function imports 
the pocket library (line 1), stablishes the connection with the DMS (line 7), and writes the data using the 
put_buffer function providing the connection object (p), the text to be written (text), the size of the text to 
be written (len), the name of the file where the data is going to be written (pocketFile), and the job identifier 
(jobid) (line 9). Finally, if an error occurs during the write process an exception is reported, otherwise a 
JSON object with the jobid, the name of the file and the size of the data written is returned as result of this 
function (line 12). 

 

Figure 37: Sequence workflow example 

1. import pocket 
 
2. def write(params): 
3.     jobid = "latency-test-demo" 
4.     text = params.get("data") 
5.     pocketFile = "pocket_dst_file" 
6.     # connect to pocket 
7.     p = pocket.connect("10.1.0.10", 9070) 
8.     # write through buffer  
9.     r = pocket.put_buffer(p, text, len(text), pocketFile , jobid)  
10.    if r != 0: 
11.        raise Exception("put buffer failed: "+ pocketFile 
 
12.    return {"jobid": jobid,"pocketFile": pocketFile, "size": len(text)} 

Code 10: functionWrite.py 

Next function, functionRead.py (see Code 11) receives as parameters the jobid, the file name and the size of 
the data to be read. This information is sent as the result generated by the previous function. With this 
information this function connects to the DMS (line 7), prepares a string variable where the data is going to 
be stored (line 9). Reads the data using the get_buffer function providing the connection object (p), the file 
name (pocketFile), the variable where the data is going to be stored (text_back), the size of the text to be 
read (len), and the job identifier (jobid) (line 10). Finally, if the read process finishes successfully, a JSON 
object is returned with the jobid and the file name (line 14). 

1. import pocket 
 
2. def read(params): 
3.     jobid = params.get("jobid") 
4.     pocketFile = params.get("pocketFile") 
5.     size = params.get("size") 
6.     # connect to pocket 
7.     p = pocket.connect("10.1.0.10", 9070) 
8.     # read through buffer  
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9.     text_back = " "*size 
10.    r = pocket.get_buffer(p, pocketFile, text_back, size, jobid) 
11.    print("Text readed from pocket file "+pocketFile+": "+text_back) 
12.    if r != 0: 
13.        raise Exception("get buffer failed: "+ pocketFile) 
14.    return {"jobid": jobid, "pocketFile": pocketFile} 

Code 11: functionRead.py 

Finally, the third function receives the jobid and the file name where the data has been stored by the first 
function and checks if this file exists. The function connects with the DMS (line 6) and next executes the 
lookup function with the connection object (p), the name of the file (pocketFile) and the jobid (line 8). If the 
lookup function finishes successfully, the function returns a JSON object with the message “DMS sequence 
demo finished.” 

1. import pocket 
 
2. def lookup(params): 
3.     jobid = params.get("jobid") 
4.     pocketFile = params.get("pocketFile") 
5.    # connect to pocket 
6.    p = pocket.connect("10.1.0.10", 9070) 
7.    # lookup  
8.    r = pocket.lookup(p, pocketFile, jobid) 
9.    print("Pocket file "+pocketFile+" lookup result: "+str(r)) 
10.   if r != 0: 
11.     raise Exception("lookup failed: "+ pocketFile) 
12.   return {"Success": "DMS sequence demo finished."} 
 

Code 12: funtionLookup.py 

Sequence/Function creation on OpenWhisk: 

Once the functions of the sequence have been implemented, the functions and the sequence have to be 
created in OpenWhisk with the DMS Docker image. This process can be done from command line or using a 
manifest file: 

Command line: 

$ wsk -i action create dms_action_write –-docker $DOCKER_REPOSITORY/dms-python-runtime-
image:latest –-main write functionWrite.py 
$ wsk -i action create dms_action_read –-docker $DOCKER_REPOSITORY/dms-python-runtime-
image:latest –-main read functionRead.py 
$ wsk -i action create dms_action_lookup –-docker $DOCKER_REPOSITORY/dms-python-runtime-
image:latest –-main lookup functionLookup.py 
$ wsk -i action create dms_sequence_write_read_lookup –-sequence dms_action_write, 
dms_action_read, dms_action_lookup 

Manifest file: 

packages: 
    default: 
        actions: 
            dms_action_write: 
                function: functionWrite.py 
                docker: $DOCKER_REPOSITORY/dms-python-runtime-image:latest 
                main: write 
            dms_action_read: 
                function: functionRead.py 
                docker: $DOCKER_REPOSITORY/dms-python-runtime-image:latest 
                main: read 
            dms_action_lookup: 
                function: functionLookup.py 
                docker: $DOCKER_REPOSITORY/dms-python-runtime-image:latest 
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                main: lookup 
        sequences: 
            dms_sequence_write_read_lookup: 
                actions: dms_action_write, dms_action_read, dms_action_lookup 

 

DMS-Sequence-Example$ wskdeploy -m manifest.yaml  
Success: Deployment completed successfully. 

In order to check the action and the sequence are deployed in OpenWhisk, they can be listed using this 
command: 

DMS-Sequence-Example$ wsk -i action list 
actions 
/guest/dms_sequence_write_read_lookup                                  private sequence 
/guest/dms_action_lookup                                               private blackbox 
/guest/dms_action_read                                                 private blackbox 
/guest/dms_action_write                                                private blackbox 

Sequence invocation 

Once the sequence has been created it can be executed. This can be done using the following command: 

DMS-Sequence-Example$ wsk -i action invoke dms_sequence_write_read_lookup --param data 
"This is an example of the usage of the DMS component" --result 
{ 
    "Success": "DMS sequence demo finished." 
} 

5.3.4 Licenses 
The DMS component is licensed under the Apache license. 

5.3.5 Source Code Repository 
The source code of the DMS is available in the gitlab repository of PHYSICS: 

https://gogs.apps.ocphub.physics-faas.eu/WP4/dms 

5.4. Experimentation Outcomes 
5.4.1 Evaluation Setup 
The DMS component has been deployed at a UPM cluster using 4 INTEL XEON nodes. Each node is equipped 
with 24 vcore AMD Opteron 6376 @ 2.3GHz, e128GB of RAM, 1Gbit Ethernet and 10Gbit InfiniBand 
networks, running Ubuntu 20.04.2 LTS. Figure 38 depicts the distribution of the services among the nodes 
in the Kubernetes cluster. One node has the Python scripts of the DMS. The DMS service is deployed in two 
nodes, one with the DMS Metadata Server pod and other one with a DMS DRAM Storage Server pod.  

 

Figure 38 Evaluation setup 
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The performance evaluation measures the latency of 1 MB read and write operations with an increasing 
number of DMS DRAM storage servers. Each function writes 1MB and then reads this data again. Before 
doing any read/write operation the function checks if the file exists, otherwise creates the file and writes 
the data. On the other hand, the writes in Redis in the key-value store are hashed by the key. 
Figure 39 shows the scalability of the DSM by showing the latency of each operation with an increasing 
number of DMS DRAM storage servers and 50 concurrent functions. The latency remains stable with an 
increasing number of storage servers. These are good results since the DMS is a distributed service and 
increasing the number of servers requires more messages. This overhead is negligible for the number of 
storage servers tested.  
Figure 40 presents the same evaluation with 100 concurrent functions doing the same test. The results in 
terms of scalability are similar to the evaluation with 50 concurrent functions. However, the latency 
increases with respect to the previous experiment. This is due to synchronization needed at the metadata 
server. This issue needs to be addressed in next versions of the DMS. 

 

Figure 39 50 concurrent functions evaluation 

 

Figure 40 100 concurrent functions evaluation 
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5.4.2 Outcomes 
An initial version of the DMS has been produced and integrated with OpenWhisk, the FaaS platform to be 
used in PHYSICS. The DMS provides both Python and C++ interfaces. The performance of the DMS has been 
evaluated in a local Kubernetes cluster.  

Next versions will target the consistency of the data and the scalability to a large number of concurrent 
functions of the DMS. 
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6. ADAPTIVE PLATFORM DEPLOYMENT, OPERATION & 
ORCHESTRATION   

6.1. Functional description 
6.1.1 Main objective and functionalities 
The main objective of this component (Orchestrator for the rest of the document) is to allow dynamic 
orchestration, reconfiguration and adaptation of the applications defined in the application definition 
graph,  created with the toolkit of WP3, and the deployment information of the application deployment 
graph (aka Global Service Graph), created with WP4 toolkit (Inference Engine or Reasoning Framework + 
Global Continuum Placement) with the information about available infrastructure provided by WP5 toolkit. 
The Orchestrator will be in charge of the lifecycle management of applications, as workflows of functions, 
and functions deployed and operating in multiple cloud and edge infrastructures potentially located in 
different regions and/or availability zones, with different resource (IaaS) and service (PaaS) catalogs. This 
lifecycle management will implement operations like deploy, start, un-deploy functions and applications. 

The functionalities to be implemented by this component are: 

 Parsing and translation of the Global Service Graph of the application matching the target 
infrastructure (placement info) and the flow or sequence of functions invocation to a valid 
deployment schema of the target FaaS platform. 

 Interface with some resource managers (CSP) to operate the lifecycle of applications and functions.  

 First deployment (day 1) of applications and functions and updated deployment (day 2+) based on 
runtime adaptations.  

 QoS enforcement of deployed functions based on parameters defined by the application owner. 

 Gathering performance monitoring data (telemetry) of the runtime infrastructure where functions 
are running. 

 Provisioning of a FaaS engine/platform at the edge (based on OpenWhisk and some preinstalled 
Kubernetes edge distro). This functionality is pending on a feasibility assessment. 

6.1.2 Relationship with other components 
As aforementioned, this component will get information from Inference Engine or Reasoning Framework 
and Global Continuum Placement to deploy applications and functions in some target infrastructure (cloud 
or edge). These two last components are part of the WP4 toolkit as the Orchestrator. 

The Orchestrator will also need to interact with resource management controllers from WP5 toolkit to be 
able to execute operations over the applications and functions deployed or to be deployed in the 
infrastructures controlled by this WP5 toolkit. 

6.1.3 Requirements matrix 
With relation to the expressed requirements in D2.2 and the functionalities described in the introduction of 
this chapter; this component is involved in the following requiments: 

 Req-4.5-FaaSRuntimeAdaptation: “The selected FaaS platform needs to have means of setting 
dynamically a number of parameters with relation to the operation of the platform”. 

 Req-4.5-placementDecision: “Design and implement an automated placement decision maker of 
virtual resources at the physical node level and reducing the noisy neighbour effect.” 

 Req-4.5-PersStorage: “FaaS platform should provide persistent storage (Like AWS S3 or Minio) for 
applications, that also supports notifications based on the content changes.” 

 Req-4.5-CustomDockerImages: “FaaS platform could allow the execution of custom docker images 
from developers, with a specific structure, as a function.” 

 Req-4.5-FaaSandIaaSMonitoring: “The FaaS platform as well as the Container Orchestration platform 
need to expose collected monitoring metrics from benchmark functions execution.” 
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6.2. Technical description 
6.2.1 Baseline technologies and dependencies 
The following baseline components with be used in this component: 

Table 8 Orchestrator component dependencies 

Name Description Version 

E2CO 

Edge to Cloud Orchestrator. This component is a container orchestrator in 
the continuum edge to cloud. It is being developed by ATOS under an open-
source license (Apache License 2.0). This asset has been used in other 
H2020 projects. 

Latest 

SLALite  The SLALite is a component that manages SLA between infrastructure 
providers and application consumers. It is being developed by ATOS under an 
open-source license (Apache License 2.0). This asset has been used in other 
H2020 projects. 

Latest 

Prometheus 
[42] 

Prometheus is an open-source monitoring system (Apache License 2.0).  

https://prometheus.io/ 
Latest 

Openshift 
[43] 

RedHat Openshift is a distribution of Kubernetes with enhanced features and 
supported by RedHat. Latest 

Kubernetes 
[44] 

Kubernetes is an open-source containers orchestrator platform (Apache 
License 2.0). Kubernetes is maintained by the CNCF (Cloud Native Computing 
Foundation). 

https://kubernetes.io/ 

Latest 

OpenWhisk 
[45] 

Apache OpenWhisk is an open source serverless platform (Apache License 
2.0) to execute functions triggered by events. 

https://openwhisk.apache.org 

Latest 

Docker [46] Runtime engine to execute containerized applications. 
Latest 

MongoDB 
[47] 

NoSQL document database engine to store data in JSON format. Open-source 
software licensed under Server Side Public License (SSPL) Latest 

6.2.2 Component internal architecture 
The internal conceptual architecture of this component is shown in the next figure: 
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Figure 41 Adaptive Platform Deployment, Operation & Orchestration conceptual architecture 

We are going to use the (micro)service-oriented approach to design and build this component and we will 
expose the main functionalities via HTTP API with the API/Contract first development to facilitate the 
integration with other components. We have designed these services for this first release of the component: 

 Orchestration Manager: this is the main service of the component and in charge of the 
coordination with the other services of the component. This is the entry point for other components 
and will expose the main functionalities via API. It will be responsible for the lifecycle management 
of flows or sequences (aka applications) and functions. Furthermore, it will deploy and run 
applications and functions in the target infrastructures and FaaS engines/platforms. In this project 
we will adapt the current asset E2CO from ATOS to orchestrate FaaS application workloads on 
OpenWhisk platform. 

 SLA Manager: this service will be in charge of the lifecycle management of the SLAs between the 
infrastructure provider and the applications owners. It will implement an endless loop to check 
periodically any SLA infraction. In case of any SLA issue this service will send an SLA violation to the 
Orchestrator Manager to trigger some adaptations. In this project we will adapt the current asset 
SLALite from ATOS to manage SLAs for FaaS applications workloads. 

 Monitoring Manager: this service will gather metric samples from the underlying infrastructure 
provider to be later queried by the SLA Manager to check any SLA violation and trigger some 
runtime adaptations. We will use Prometheus, Prometheus Operator and Prometheus Exporters as 
a complementary software to implement the Monitoring Manager. 

The Orchestrator will implement two flows in this component. The first one will be the first deployment 
(day 1) as a lineal flow and the second one will be a cycle/loop flow to check applications state and take 
some runtime adaptation decisions to enforce desired QoS of the application (day 2+). 



H2020-ICT-40-2020 (RIA)  PHYSICS - 101017047 

D4.1 – Cloud Platform Services for a Global Space-Time Continuum Interplay Scientific Report and Prototype 
Description V1   P a g e  | 69 

 

Figure 42 Plan, Do, Check, Act cycle in the Orchestrator 

6.2.3 Interfaces and integrations 
We foresee some input from the Global Continuum Patterns Placement component to start the 
deployment of an application or a standalone function in the selected target FaaS platform. The Orchestrator 
will need to parse and translate the Global Service Graph from the Continuum Placement to a deployment 
schema valid for the underlying FaaS platform (OpenWhisk) and call the API interface of this target FaaS 
platform to deploy the workload. The Orchestrator has to extract and translate not only the functions 
contained in the application but also the flow or sequence of functions that form the application. 

We also expect to get some additional information from the Reasoning Framework for Semantic Matching 
and Runtime Adaptation component about resource management controllers’ endpoints and credentials, 
to be defined in WP5, to be able to connect to the target controller to deploy the workload. 

We have designed several API interfaces based on OpenAPI 3.0 schema to expose the basic functionalities 
of the Orchestrator to other components. Many of the operations in this API will be REST API around the 
main entities of the component (like functions and sequences) and others will be more like RPC API style 
(deploy, run, etc.). 

In a FaaS environment we have to separate the execution of a function in two steps: initialization phase and 
run phase. This is necessary because the FaaS engine has to preconfigure the runtime environment to allow 
a fast execution of functions (function loading and preparation). The run phase receives the parameters 
provided at the runtime and starts the function. This execution could be a warm start (reusing runtime 
engines like docker containers) or a cold start for the first time. 

 The following table shows the API operations for functions: 

Table 9 Orchestrator component functions API 

Method Path/URI Description 
GET /api/v1/function/{id} Get information details of a function that exists 

in the function catalog. 
POST /api/v1/function Create or register a function in the functions 

catalog. 
PUT/PATCH /api/v1/function/{id} Update a function in the functions catalog. 
DELETE /api/v1/function/{id} Delete a function from the functions catalog. 
GET /api/v1/functions List all the functions from the catalog. 
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API operations for flows/sequences of functions (applications): 

Table 10 Orchestrator component flows (application) API 

Method Path/URI Description 
GET /api/v1/flow/{id} Get information details of a flow or sequence of 

functions from the catalog. 
POST /api/v1/flow Create or register a flow or sequence in the 

catalog. 
PUT/PATCH /api/v1/flow/{id} Update a flow or sequence in the catalog. 
DELETE /api/v1/flow/{id} Delete a flow or sequence in the catalog. 
GET /api/v1/flows List all the flows or sequences defined in the 

catalog. 
API operations for invocation of runtime actions (RPC API call style): 

Table 11 Orchestrator component runtime RPC API 

Method Path/URI Description 
POST /api/v1/flows/deploy Deploy/install a flow or sequence in a target FaaS 

engine/platform. This operation will also install 
the functions of the flow. 

POST /api/v1/flows/undeploy Uninstall a flow or sequence from the target FaaS 
engine/platform. This operation will also 
uninstall the functions of the flow. 

POST /api/v1/flows/run Execute a flow or sequence in the target FaaS 
engine/platform. 

POST /api/v1/functions/deploy Install a standalone function in the target FaaS 
engine/platform. 

POST /api/v1/functions/undeploy Uninstall a function from the target FaaS 
engine/platform. 

POST /api/v1/functions/run Execute a standalone function in the target FaaS 
engine/platform. 

6.2.4 Data Model 
This component will have to manage (CRUD operations) the following entities: 

Table 12 Orchestrator component main entities data model 

Entity Description Component or 
service owner 

Application Flow or sequence of functions that form a user application. 
General information of the application project (packages, 
namespaces, owner, runtimes, global parameters, 
dependencies, etc.). 

Orchestrator Manager 

Function Business logic to be executed in any of the supported coding 
languages and input parameters for the execution. Location 
of this source code (shared file system, object store, Git 
repository, container repository, etc.) 

Orchestrator Manager 

Controller Endpoint to some infrastructure control plane or resource 
management controller with credentials/privileges to 
execute deployment operations.  

Orchestrator Manager 

SLA (Service Level 
Agreement) 

Contract between the infrastructure provider and the 
application owner for a desired QoS. 

SLA Manager 

Guarantee Every metrics threshold value that builds the SLA and has to 
be fulfilled to avoid an SLA violation. 

SLA Manager 
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Metric 
(infrastructure 
metric) 

Samples values of any infrastructure metric supplied by the 
infrastructure provider. For FaaS application workloads we 
expect metrics like concurrency of functions, execution time, 
execution rate, etc. 

Monitoring Manager. 
Prometheus and 
Prometheus Operator 

6.3. Installation and Usage guides 
6.3.1 Requirements 
To install this component, we need the following software components preinstalled: 

 Docker Engine (latest version) 

 Official image in Docker Hub of OpenWhisk FaaS platform for Docker (latest version). The easy way 
to install this is:  

bash <(curl -sL https://s.apache.org/openwhisk.sh) 

 Any Kubernetes distribution (optional by now) 

 Service account in K8S to deploy applications (optional by now) 

 Prometheus and Prometheus Operator (optional by now) 

6.3.2 Installation 
1. Download the source code from the PHYSICS official repository: 

git clone https://gogs.apps.ocphub.physics-faas.eu/WP4/orchestrator.git 

2. Build the docker image: 
cd orchestrator 
docker build -t e2co . 

3. Configure the environment variables needed (check available env vars below). E.g.: 
export E2CO_REPOSITORY=/opt/e2co/data/e2co.db 

4. To execute the orchestrator, do this: 
docker run e2co -p 8333:8333 

5. For deployment in K8S (optional by now) we can use this command: 
kubectl apply -k kustomizer/overlays/localtest 

There are a few environment variables to configure before running the component. These variables are 
declared as environment variables or in the manifest files (yaml files in ./kustomizer directory) for K8S 
runtime. 

Table 13 Orchestrator component environment variables for configuration 

Var name Description Default Mandatory Example 
E2CO_REPOSITORY DB database file with full 

path 
:memory: No /opt/e2co/data/e2co.db 

E2CO_SLA_ENDPOINT URL of the SLA 
subsystem REST API 

 Yes http://slalite-app:8090 

E2CO_WARMING_TIME Time (seconds) between 
operations on the same 
app or cluster 

180 No 180 

6.3.3 Usage 
We can manage the Orchestrator component calling the defined REST API. For the list of available APIs 
operations and testing, you can find the Swagger documentation in the following url: http://e2co:8333/#/ 

6.3.4 Licenses 
The Orchestrator component will be licensed under the Apache License 2.0 

The SLA Manager subcomponent has an Apache license type version 2 for research and academic purposes. 
The final license is being evaluated. 
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6.3.5 Source code repository 
The source code repository for this component will be available in the official repository of PHYSICS. You 
can check it in this url: https://gogs.apps.ocphub.physics-faas.eu/WP4/orchestrator 

6.4. Demonstration or Experimentation outcomes 
6.4.1 Scenario or experiment description 
Objectives: Explore the integration and possibilities of the Orchestrator with OpenWhisk FaaS platform. 

Description: For this first release of the component, we have only experimented with a basic flow or linear 
sequence of two/three functions in OpenWhisk running in a Docker container, and the deployment and 
execution of standalone functions via the component REST API. We cannot go forward by now because we 
need to advance in the definition of the Global Service Graph schema (to parse it) and the integration with 
the rest of WP4/WP5 components.  

6.4.2 Outcomes 
Implementation of the deployment manifest of OpenWhisk and runtime parameters binding. Basic 
integration with the FaaS platform via OpenWhisk deployment manifest file and management API. 

6.5. Next Steps and Challenges 
The main next step of this component is to implement the interoperation or integration with the rest of 
components of WP4 to parse and translate the Global Service Graph to the target FaaS platform/engine 
schema to deploy the application and its functions. 

We also need to integrate with different infrastructure management controllers from WP5 in order to 
deploy applications and functions in the underlying infrastructures managed by these controllers. 

There is also an important challenge to distribute software at the edge distro to deploy and update 
applications at the edge, and to provide and configure an on demand FaaS platform based in OpenWhisk at 
the edge over a preconfigured Kubernetes flavor. In this kind of infrastructure locations, the inbound access 
is very restricted because of security policies. We have to figure out how to implement an OTA distribution 
of applications, functions, and the software of the FaaS platform at the edge. 
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7. CONCLUSIONS 
This deliverable reports on the work done in WP4 from M4 to M13. This document describes a first MVP 
per isolated component in this period, an initial version of the base component software for the milestone 
MS4, by means of main objectives and basic functionalities, internal architecture, and data model. We also 
reveal an overview of the integration interfaces and information needed between the components. A 
shallow exercise to mapping some components functionalities and user requirements was done too.  

We have identified some information that has to be provided by WP3 tools (application graph semantic) 
and WP5 tools (resource/service graph semantic) as input for our toolkit to create the Global Service graph 
for the final deployment in the target infrastructure.   

Some scenarios and experimentations per standalone component have been described in this deliverable 
with some outcomes and conclusions. Next steps and challenges were identified per each component. 

Besides, we provide basic instructions to download and install these components for anyone who wants to 
play with any component of the toolkit in this primary state to give us feedback. Furthermore, the open-
source code of the toolkit is available in the official source code repository.   

For the next period we have to integrate all the parts of the puzzle to build a coherent and interoperated 
toolkit for this WP4 and for the rest of components of the PHYSICS platform. The main goal for the next 
period is to provide this first prototype of the PHYSICS platform to be tested by the UCs of the project. 
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