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Executive Summary
The following report is part of D4.2 and details the software release of theexecution framework prototype developed as part of theMaestro project. Thework included is part of WP4 which focuses on high-level middleware.
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1 Introduction
A workflow consists of set of applications which are dependent on each otherby the way of data produced and consumed by those applications. In any kindof workflow, there is a control flow which indicates when an application canstart and triggers events when it has ended. This is what we denote by execu-
tion flow. On the other hand, there is the flow of data between applications.This indicates how data flows between producer and consumer applicationsin the workflow and includes the data transfer system. We denote this flowof data and its dependencies in a workflow as data flow. Depending on thesituation, the workflow manager and the different applications involved mayor may not be aware of these data transfers and their dependencies. Even incases where the components of the workflow are aware about the data flow,the information might only be very partial or local.An example of partial information is where the dependency of one dataon another is specified in terms of execution flow. For example an applica-tion B might only start after application A has finished executing successfullyand has produced some file system artifact. Such scenarios are quite com-mon in workflow managers like Pegasus [1] where end of processes are theedge triggers. It might completely be possible A actually does not produceany data and there is no actual data dependency between B and A. A secondpossible scenario here is that A writes to some global store and B reads fromsuch a global store with the workflow manager having no information aboutthe state of global store. The information is considered partial because whilethe dependence of B on A is globally known, the precise information aboutdependence of data is not known.An example of local information is where applications transfer data be-tween each other without the workflow manager or any other monitor ap-plication being aware of the data transfer. One can see this, for example, inprograms like TerrSysMP‘ [2] which uses a coupler to transfer data betweendifferent applications. Here the complete dependency of the data betweenapplications is known only by the applications themselves. Even then, the ap-plications might only know their own part in the data dependency withoutknowing the complete context. Furthermore, the workflow manager has noinformation about the data transfer, and therefore cannot make any deci-sions to the workflow execution based on the state of data transfer. This iswhy the information is called local, since the complete information about thedata transfer is available in the system, but it is only available locally to eachapplication.The lack of complete knowledge of data flow can introduce inefficienciesin the workflow execution. These inefficiencies generally take two forms, ascheduling inefficiency and a resource inefficiency. A scheduling inefficiencyhappens when an action is not scheduled to start even after all the data de-pendencies of the action have been satisfied. One can see this inefficiency inthe partial information example mentioned previously. The application B canstart as soon as the application A produces the data required. However, due
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to the partial information available, it will wait till A has itself finished whichmight be much after the availability of data.A resource inefficiency happens when there is a mismatch between theformat and/or timing of output of one application and the format of input foranother application leading to extraneous copies. There are two scenarioswhich illustrate this kind of inefficiencies in a workflow. The first scenario iswhen the output format of the produced data is different from the input dataformat required by the consumer. In Maestro framework, the Maestro coretakes care of this problem, and provides the data in a uniform format for allthe applications.The second scenario is when an application, having produced and offeredthe data for consumption, now wants to withdraw the data offering and theconsumer applications is not yet ready to receive it. The situation can gener-ally be dealt with in two ways. One method is to create a copy of the data in atemporary store which can then be offered to the consumer later. The secondmethod is to block the producer application till the consumer has consumedthe data. There is no single correct answer for this problem, and the actualanswermight depend on a large number of factors. In this document, we onlyprovide a rudimentary solution and defer the exploration of complete solu-tion to D4.4. Even though the solution is rudimentary, it should suffice formost of the cases.Maestro aims to solve both these kinds of efficiencies by introducing dataawareness into the execution flow and feeding it into workflow execution.However, most workflow managers are not designed for exchanging theirunderlying data flow systems. In order to plug this deficiency, we have in-troduced an execution framework which can complement the Maestro coremiddleware in providing efficient execution flow and data flow to the applica-tions.This document is a report highlighting some of the design details of theexecution framework. It’s target is to document the released prototype soft-ware. The remainder of this document details the execution framework pro-totype released as part of D4.2. Section 2 provides a data-aware view of work-flows and lays out the context for the discussion of further topics. Section 3contains a description of the overall execution framework design. Meanwhile,section 4 includes information on the software released.
1.1 Relation to other parts of the project
In general WP4 is tasked with developing high-level middleware to facilitatethe use of Maestro core. Part of this effort is supporting workflow execu-tion by developing a framework that augments the execution with Maestrorequired components. The work involved requires bridging the gap betweenworkflow requirements as investigated in WP2 with the Maestro middlewaredeveloped in WP3 [3]. The handling of these requirements by Maestro coreas part of WP3 versus handling them by the workflow execution as part ofWP4, was discussed in D2.3 [4]. Additionally, our understanding of workflow
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semantics has been furthered by the use-cases studied in WP2 and on whichsome of our workflow categorisation discussed in this deliverable has beenbased.In later work as part of WP4, the here detailed execution framework proto-type is developed further. The final version is then included as a demonstratordelivered as an outcome of WP6.
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2 Data Flows: Analysis and Classification
In this section, we describe the different kind of data flows that might be pos-sible in a workflow, and set the context for the various different componentsof execution framework that will be detailed in the following sections. Gener-ally, when talking about workflows and workflowmanagers, the focus is moreon execution flow and resource allocation. Data flow is generally ignored, andif treated, is only treated as a part of execution flow. In order to properly trackthe dependencies of data, it is important to concentrate on the data flow in-stead of the execution flow. Situations where the execution depends on thedata flow can then be handled as extra effects of the data flow analysis.One can think of data flow as a directed graph, with each instance of databeing the nodes in those graph. The data flow graph obtained is a directedacyclic graph. In Maestro, each data object is represented by a CDOwhich arethen identified uniquely by a name. For the rest of the discussion, wewill use aCDO todenote data produced in an application for better clarity of discussionsand to avoid overusing the word data in multiple contexts. An example of agraph of data flow can be seen in Figure 1. There are three applications inthe workflow. The CDOs produced by the applications are color coded. So,application A produces CDOs 1 and 3, while the application B produces CDOs
2, 4 and 5 and finally application C produces CDO 6.

1

2

3

4 5

6

Figure 1: An example workflow’s data flow, where application A producesCDOs 1 and 3 application B produces CDOs 2, 4 and 5 and application C pro-duces CDO 6

There are a few aspects and behavior of this data flow which we wish topoint out. One can see that CDO 2 in application B depends on CDO 1. Thereare two choices that the application developer for B or the workflow devel-oper can make at this point. The first choice is to start the application B onlywhen the CDO 1 is available and the second choice is to start the application
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and then wait for the CDO. Both are acceptable behaviors and the decisionof which one of the two is an appropriate behavior will be determined by ei-ther the workflow developer or the application developer. Maestro workflowshave to support both the behaviors. More specifically, Maestro has to be ableto support modifications to the execution flow that will be required when thefirst choice is being exercised.The second aspect we would like to point out is in the situation where CDO
4 depends on CDO 3. Consider the case where we a-priori know that CDO 3and CDO 4 are going to be produced in the workflow and that CDO 4 dependson CDO 3. In such cases, one can have a workflow manager process moni-tor the production of CDO 3 and inform application B about it’s availability toproduce CDO 4. However, there are other cases where, such an informationmight not always be available. Consider a physics simulation which has dy-namic time-stepping. At each time step, the simulator A outputs a CDO whichis then consumed by the post processor. The number of such time steps aredynamic and hence are the number of data produced. So, while there is a se-mantic relation which shows dependence of CDO 4 and CDO 3, the existenceof the data and the relation itself is not a priori established.Finally, consider the case of resource inefficiency introduced due to timingmismatch where application A produces 5 and wants to exit. In such cases,it can often happen that C is not yet ready to receive 5. This can happen,for example, when its resources are not completely initialized or are busy insome other process. One of the goals of Maestro project is to not make theworkflow intrusive to the application. With that inmind, there are two choicesavailable to the workflow developer. The first choice is to block A temporarilyin order to allow C some breathing space to get ready to receive the resource.The second option is to create a copy of the data and then offer C the copy.Due to extra factors in the equation like the availability of the resources onan oft-shared compute node, the working of the workflow managers and thejob scheduler itself, there is no unconditionally correct answer.All the different aspects pointed to above show a lack of information inthe graph shown in Figure 4. To address the first two aspects, we add twomore annotations to the CDOs, namely a Static/Dynamic annotation and aExecution/Normal annotation. A CDO is annotated with a Static (S) tag if theexistence and identity of the CDO is known to the workflow. Otherwise, theCDO is annotatedwith a Dynamic (D) tag. In theMaestroworld, a CDO is Staticif both its existence and its name is known to the workflow manager beforethe start of simulation. If a particular CDO dependency affects the executionflow of the workflow, we annotate the dependency edge with the "Execution"tag, otherwise we use the "Normal" tag.We would like to point out that two CDOs can both be Dynamic and stillbe connected with a Execution dependency. However, this can never happenin a static workflow (where the workflow is fully determined before the work-flow even starts execution). Consider an extreme case in a static workflow,where you have a simulator producing a CDO node whose name is not yetknown since the CDO nodes are named by the index of the time step and
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the simulator uses dynamic time stepping. The final time step produces aCDO node which is now to be consumed by the post processing step. In thisscenario, one might think that the CDO nodes are dynamic with a Executiondependency even in a static workflow. However, this is incorrect. For thepostprocessing application to know which CDO node to request for postpro-cessing, there needs to be a pre-definedmethod of transmission of the nameof that postprocessing node. We claim that this message is the actual CDOdependency between the two applications, and hence is static in nature.Handling the third aspect, namely the resource inefficiency due to timingmismatch, is a more tricky problem. This case is especially troublesome, be-cause often, a workflow may well land into this situations due to factors out-side of its control. Therefore, one might not know about such a situation tillit actually occurs in a workflow. As already noted, there is no unconditionallycorrect answer for the question. We observe that, for now, one can achievea correct behavior of the workflow by mandating either an always copy or analways blocking policy, while still not hindering further developments in opti-mizing this workflow in any way. Hence, for now, we defer the detailed studyof these particulars to the future optimization efforts of the execution frame-work 1. The solution there will have to be based on using a monitor processwhich actively tracks the state of the workflow manager as well as the dataflow using the subscriber CDO feature of the Maestro core, and makes deci-sions accordingly. For now, we annotate the edges involved in such a flowwith
A (Awaiting) and edges which do not suffer from such an issue as F (Fulfilled).With the above information, a modification of Figure 1 will look as shownin Figure 2 and we are finally in a position to formally define a data flow forour purpose:
Definition 1 (Data Flow). A data flow is a direct acyclic graph of nodes, where
each node can be identified by a label a(C) where a is a unique ID and C can
either be S for Static or D for Dynamic. And each edge represents a dependency
and is indicated with a label (W, T ) where W can either be E for Execution or N
for Normal, and T can either be A for Awaiting or F for Fulfilled.

In the context of Maestro, each node is a CDO. Writing the data flow as agraph allows us to convert the problem of managing workflows into a moretractable problem about graph analysis. We note that this graph is an a poste-
riori view of theworkflow. The objective therefore is to devise a strategywhichwill work for all such graphs. One of the first things to notice is that we canreduce all complicated data flows into a producer consumer model, which isshown in Figure 3. As long as every single case of producer consumer here ishandled correctly, the complete graph can be handled correctly.As seen in Figure 3, there is a binary parameter associated with each ofthe two nodes and two binary parameters associated with the edge. In total,this gives us 16 different data flow cases. We consider all the cases one by oneand prescribe the action to take for each test case. For cases where a more

1The documentation of optimization efforts will be done in deliverable D4.5 "WorkflowManagement and Optimisation Final Release"
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1 (S)

2 (S)

(E,F)

3 (S)

(N,F)

(E,F)

4 (D)

(N,F)

5 (S)

(N,F)

6 (S)

(E,A)

Figure 2: An annotated example workflow’s data flow, where application Aproduces CDOs 1 and 3 application B produces CDOs 2, 4 and 5 and application
C produces CDO 6

1 (S/D)

2 (S/D)

(E/N,F/A)

Figure 3: A producer consumer model workflow’s data flow

optimal solution might be possible with more information, we indicate thosecases as such, and defer them to the future optimisation work.We denote each case as a 4-tuple, Cp, Cc, W, T , whereCp indicates the valueof the C parameter of the producer node, Cc indicates the value of the C pa-rameter of the consumer node, andW, T indicate the (W, T ) parameters of theedge. Multiple cases might have the same advice, however, we still indicatethem separately for sake of tractability of handling the cases.Furthermore, the T parameter of the workflow is known only at the pointwhere the situation actually arises. In the following, we will see that only theAwaiting (A) case of the T parameter needs extra attention. Hence, aworkflowdeveloper should always prepare for theA case, knowing that the Fulfilled (F )case will be satisfied automatically.
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2.1 Analysis of Different Cases
2.1.1 S, S, N, F

In this case, both the CDOs nodes are known to the workflowmanager. Thereis no effect of CDOs on the execution flow. And the state of data is fulfilled.Maestro and the workflow handles this case automatically with no additionalaction required.
2.1.2 S, S, N, A

In this case, both the CDOs are known to the workflow manager. There is noeffect of the CDOs on the execution flow. The state of data is not fulfilled. Im-proving this case is a problem that can be deferred to the future optimisationwork. For now, we extend the lifetime of the CDO producer till the consumerhas consumed it.
2.1.3 S, S, E, F

In this case, both the CDOs are known to the workflow manager. And thestate of data is fulfilled. Maestro handles this case automatically with no ad-ditional action required. However, the data availability affects the executionflow. In this case, we use the workflow translator which will be described inSection 3.3. The workflow translation will add extra tasks to the workflow tomake sure that the consumer application is started after the data is available.
2.1.4 S, S, E, A

In this case, both the CDOs are known to the workflow manager. However,the data availability affects the execution flow. The state of the data is not
fulfilled. One part of the problem (the execution part) is solved in a mannersimilar to S, S, E, F in Section 2.1.3 using aworkflow translation. The completesolution to the problem of resource inefficiency is deferred to the future opti-misation work. For now, we use a similar method as used for S, S, E, F givenin Section 2.1.3 and extend the lifetime of producer data till the consumer hasconsumed it.
2.1.5 S, D, N, F

In this case, the source CDO is known to the workflow manager. There isno effect of CDOs on the execution flow. And the state of data is fulfilled.Maestro and the workflow handles this case automatically with no additionalaction required. Note that the consumer CDO information is not known tothe workflow manager, but because the data is Fulfilled, the consumer nodecan be created without any issues.
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2.1.6 S, D, N, A

In this case, the source CDO is known to theworkflowmanager, but the futuredemand is not known. There is no way for the workflow or the application toknow whether the CDO produced will or will not be required in the future inthis scenario. Therefore, we do not support this scenario directly in the work-flow. If an application developer or the workflow developer suspects that thismight be the case, they can mark such a resource as precious or use similarfunctionality from the Maestro core to make sure that the data is availablewhen needed, reducing the case to S, D, N, F .
2.1.7 S, D, E, F

In this case, the source CDO is known to the workflowmanager. The workflowmanager already knows that the consumer CDO depends on a source CDO,but it does not know the name of the consumer CDO. Here, the workflowmanager knows that there will be a source CDO which will be required tofulfill the consumer CDO. In this case, the workflow manager can create aproxy CDO as soon as the consumer CDO is declared. The proxy CDO has astatic name, and is designated to be consumed only when the source CDOitself is consumed by the consumer CDO. In this way, we have broken downthe problem into two problems. The dependency relation between sourceand proxy CDO is a S, S, E, F relation, while the relation between proxy CDOand consumer CDO is a S, D, N, F relation.
2.1.8 S, D, E, A

In this case, the source CDO is known to theworkflowmanager, but the futuredemand is not known. There is no way for the workflow or the application toknow whether the data node produced will or will not be required in the fu-ture. Therefore, we do not support this scenario directly in the workflow. Ifan application developer or the workflow developer suspects that this mightbe the case, they can mark such a resource as precious or use similar func-tionality from the Maestro core to make sure that the data is available whenneeded, which will reduce this case to S, D, E, F case.
2.1.9 D, S, N, F

In this case, the consumer CDO is known to the workflowmanager. The work-flow manager already knows that the consumer CDO depends on a sourceCDO, but it does not know the name of the source CDO. But since the state ofthe data is fulfilled, Maestro and the workflow handles this case automaticallywith no additional action required.
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2.1.10 D, S, N, A

In this case, the consumer CDO is known to the workflowmanager. The work-flow manager already knows that the consumer CDO depends on a sourceCDO, but it does not know the name of the source CDO. Now here, the work-flow manager knows that there will be a source CDO which will be requiredto fulfill the consumer CDO. In this case, the workflow manager can createa proxy CDO as soon as the source CDO is available. The proxy CDO has astatic name, and is designated to be consumed only when the source CDOitself is consumed by the consumer CDO. In this way, we have broken downthe problem into two problems. The dependency relation between sourceand proxy CDO is a D, S, N, F relation, while the relation between proxy CDOand consumer CDO is a S, S, N, A relation.
2.1.11 D, S, E, F

In this case, the consumer CDO is known to the workflowmanager. The work-flow manager already knows that the consumer CDO depends on a sourceCDO, but it does not know the name of the source CDO. But since the stateof the data is fulfilled, Maestro handles this case automatically with no ad-ditional action required. However, the data availability affects the executionflow. In this case, we use the workflow translator, which will be described inSection 3.3, to add extra tasks to theworkflow tomake sure that the consumerapplication is started only after the data is available. But due to the dynamicnature of the source CDO, the translation is not a straight forward process,and there is some preprocessing required. Specifically, one needs to create aproxy CDO of a static name as soon as the source CDO is created. The relationbetween the source CDO and the proxy CDO is of the type D, S, N, F . Now,the proxy CDO and the consumer CDO are connected by a S, S, E, F relation,which is previously handled in Section 2.1.3.
2.1.12 D, S, E, A

In this case, the consumer CDO is known to the workflowmanager. The work-flow manager already knows that the consumer CDO depends on a sourceCDO, but it does not know the name of the source CDO. Here, the state ofthe data is not fulfilled and the data availability affects the execution flow.In this case, we use the workflow translator, which will be described in Sec-tion 3.3, to add extra tasks to the workflow to make sure that the consumerapplication is started only after the data is available. But due to the dynamicnature of the source CDO, the translation is not a straight forward process,and there is some preprocessing required. Specifically, one needs to createa proxy CDO of a static name as soon as the source CDO is created. Further-more, we designate the proxy CDO as consumed only when the source CDO isconsumed. The relation between the source CDO and the proxy CDO is of thetype D, S, N, F . Now, the proxy CDO and the consumer CDO are connected
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by a S, S, E, A relation which is previously handled in Section 2.1.4.
2.1.13 D, D, N, F

In this case, none of the CDOs are known to the workflow manager. Thereis no effect of CDOs on the execution flow. And the state of data is fulfilled.Maestro and the workflow handle this case automatically with no additionalaction required. Note that the consumer CDO information is not known tothe workflowmanager, but because the data is Fulfilled, the consumer can becreated without any issues.
2.1.14 D, D, N, A

In this case, the source CDO is known to theworkflowmanager, but the futuredemand is not known. There is no way for the workflow or the application toknow whether the CDO produced will or will not be required in the future.Therefore, we do not support this scenario directly in the workflow. If an ap-plication developer or the workflow developer suspects that this might be thecase, they can mark such a resource as precious or use similar functionalityfrom the Maestro core to make sure that the data is available when needed,which will convert this case to a D, D, N, F case.
2.1.15 D, D, E, F

In this case, both CDOs are not known to the workflow manager. The work-flowmanager already knows that the consumer CDO depends on a producerCDO, but it does not know the name of either of the CDOs. This problemcan be solved by another level of indirection, where an additional source andconsumer CDOs are created and the name of those CDOs is fixed a priori.These additional CDOs contain the name of the original CDOs. The relationbetween the original source CDO and the additional source CDO is aD, S, N, Frelation, while the relation between the additional source CDO and additionalconsumer CDO is now a S, S, E, F relation. Finally, the relation between theadditional consumer CDO and the consumer CDO is a S, D, N, F relation.
2.1.16 D, D, E, A

In this case, the source node is known to the workflow manager, but the fu-ture demand is not known. There is noway for theworkflowor the applicationto know whether the data node produced will or will not be required in thefuture. Therefore, we do not support this scenario directly in the workflow. Ifan application developer or the workflow developer suspects that this mightbe the case, they can mark such a resource as precious or use similar func-tionality from the Maestro core to make sure that the data is available whenneeded, which will convert this case to a D, D, E, F case.
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2.2 Example Workflow Prototype
Out of the aboveworkflows, the non trivial ones are the oneswhere additionalsoftware is required tomake theworkflow succeed. The list of suchworkflowsis given below:
1. S, S, N, A

2. S, S, E, F

3. S, S, E, A

We study these workflows as examples in the example workflow softwarecode (maiti), which we released as part of this deliverable. The details of thesoftware release are given in Section 4.

3 Execution Framework Components
The execution of a Maestro-enabled workflow will require a combination ofnewly developed components, enhancement of existing components and theuse of unmodified common elements of an HPC system. Figure 4, depictsthose components and how they are articulated together. The rest of thissection gives the role of each item and shortly describes how we propose toenhance them if this is necessary. Later in this document, we will providemore details.
3.1 Workflow Manager: Pegasus
The workflow landscape includes hundreds of workflow managers for a widerange of solutions and target audience. These differ inmany aspects includingworkflow description language, execution order and target systems. Work-flows are hardly transferable between the workflow frameworks and man-agers without in many cases requiring large porting efforts. There have beensome attempts in creating a common structure for describing workflows, no-tably the Common Workflow Language (CWL) [5]. However these have notseen wide scale adoption by the existing workflow managers.Since the execution framework designed here requires the presence of atarget workflow manager, a selection criteria had to be investigated. In addi-tion to running some tests on a selected number of workflow managers, werelied on the available literature detailing the workflow manager landscapeand comparing their characteristics [6] [7] [8] [9]. The criteria were reducedto 3 aspects detailed along with the general assessment in Table 1. Using thecriteria various available workflowmanagers were investigated. This includedSwift/T, Parsl, Ecflow, UNICORE, Kepler and Pegasus.Our selection process showed that Pegasus is the best candidate for useas a proof of concept in the execution framework prototype. This is mainlydue to the wide usage of Pegasus in various scientific communities, allowing
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Figure 4: Execution Framework
for testing a wide range of workflow scenarios. Table 2 details the assessmentof Pegasus based on the selection criteria.It is important to note that it is possible to support other workflow man-agers besides Pegasus by replicating some of the efforts detailed in the execu-tion framework prototype. The required effort highly depends on the targetworkflow manager.
3.2 Maiti : A Collection of Example Workflows
In Section 2, we talked about different kinds of data flows that were possi-ble, and how they relate to different workflows. There, we noted that analysisof a set of those data flows was enough to prove the correctness of the ap-proach to any generic data flow. maiti is a proof of concept of those use cases.For the case of execution flow, maiti uses the workflow translator to produceworkflow XMLs. For other cases, where the application is supposed to be tem-porarily blocked, maiti uses files to indicate the status of the CDOs. Future
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Table 1: Workflow manager criteria and general assessment
Criteria General Assessment
Used in HPC Context Few workflow managers arewidespread in HPC communi-ties and have adequate support fornecessary toolchains such as jobbatch systems (ex. Slurm).Good uptake Many workflow managers are de-signed for and by a specific researchcommunity and is hardly used out-side that user base.Flexibility, extendability and usabil-ity Most workflow managers use onlyfile systems for data transfer mak-ing it difficult to support differentdata movement methods. Further-more, many workflowmanagers aregraphically based which hinders au-tomated workflow extendability.

Table 2: Pegasus assessment according to the selection criteria
Criteria Pegasus Assessment
Used in HPC Context A large number of execution envi-ronments are supported includingmany HPC systems.Good uptake Used by multiple different scientificcommunities.
Flexibility, extendability and usability • Uses XML format to describework-flows allowing for parsing and ad-justing workflow externally.• As a disadvantage, the sole de-pendence on file systems for datatransport and task controlling has tobe managed by other componentsin the execution framework.
development of the execution framework will have maiti use subscription toCDO events, which is supported by Maestro core, to remove dependency onfiles.
3.3 Workflow Translator
To make an existing workflow ”Maestro-enabled”, we introduced a new com-ponent called the “workflow translator”. Based on requirements expressedthrough annotations, the Workflow Translator takes as input a workflow de-
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scription (so far, we support the XML format of Pegasus [1, 10]) with annota-tions and gives as output a new workflow description augmented with Mae-stro tasks. Those tasks are inserted in the original graph of tasks to be sched-uled. An example illustrating the main concept of the Workflow Translatoris given in Figure 5: a workflow description using the Pegasus format and inwhich we have added Maestro annotations is given as an input parameter tothe Workflow Translator. This component abstracts the workflow in the formof a DAG of tasks and parses the annotations. Based on these, it creates newtasks and inserts them in the existing DAG. The new graph is then exportedto a new Pegasus-compatible workflow description file.
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Figure 5: Workflow translator
The annotations supported by the workflow translator are used to expressthe needs of the workflow, both in terms of Maestro components and re-sources. Those requirements are qualitative : type of storage backend, per-sistency, I/O intensive, and so on. The current list of requirements is at an ini-tial stage and will be extended in a near future according to workflow needs.No user-defined characteristics will be allowed in the first version as one orseveral decisionmodels will rely on those annotations. In the future, we couldimagine custom requirements along with the appropriate decision algorithm.The annotations describing the workflow requirements can take place attwo different levels: at a workflow level or at a task level. Typically, we willconsider that the main annotation making an existing workflow "Maestro-enabled" will be applied at a workflow level.Below is an example of a simple Pegasus workflow description for a pro-ducer and consumer use-case with two supported annotations (in red). Thefirst annotation (maestro.workflow.control.enabled="true") is the main one ina sense that the tasks required by the Maestro middleware to operate areinserted in the graph of tasks through it. The same-level second annotation(maestro.workflow.core.backend="minio") implies the dynamic deployment of
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an object-store (MinIO [11] in this case) as a storage backend of the core ofour middleware (See section 2.4 about the dynamic deployement).
<?xml version="1.0" encoding="UTF-8"?>
<adag name="mockup" jobCount="2" fileCount="2" childCount="0"

maestro.workflow.control.enabled="true" maestro.workflow.core.backend="minio">
<job id="producer" namespace="mockup" name="DataProducer" runtime="35" cores="1">

<uses file="prod_out.dat" link="output" size="4096"/>
</job>
<job id="consumer" namespace="mockup" name="DataConsumer" runtime="35" cores="1">

<uses file="prod_out.dat" link="input" size="4096"/>
</job>

</adag>

The workflow translator will parse this workflow description and add tasksaccording to the different annotations. From the given example, all the extratasks required by Maestro to operate will be added as well as a task for thedynamic provisioning of an object-store. The new workflow description givenas output and compliant with Pegasus is as follows:
<?xml version="1.0" encoding="UTF-8"?>
<adag childCount="1" fileCount="2" jobCount="8" name="mockup"

maestro.workflow.control.enabled="true" maestro.workflow.core.backend="minio">
<job cores="1" id="producer" name="DataProducer" namespace="mockup" runtime="35">

<uses file="prod_out.dat" link="output" size="4096" />
</job>
<job cores="1" id="consumer" name="DataConsumer" namespace="mockup" runtime="35">

<uses file="prod_out.dat" link="input" size="4096" />
</job>
<job cores="1" id="mstr_pool" name="Maestro Pool Manager" namespace="">
</job>
<job cores="1" id="mstr_pmwatcher" name="Pool Manager Watcher" namespace="">

<uses file="PM.started" link="output" />
</job>
<job cores="1" id="mstr_monitor" name="Monitor" namespace="">

<uses file="PM.started" link="input" />
<uses file="data.created" link="output" />
<uses file="monitor.ready" link="output" />

</job>
<job cores="1" id="mstr_datawatcher" name="Data Watcher" namespace="">

<uses file="data.created" link="input" />
</job>
<job cores="1" id="mstr_monitorwatcher" name="Monitor Watcher" namespace="">

<uses file="monitor.ready" link="input" />
</job>
<job cores="1" id="mstr_dynpro_minio" name="Dynamically provisioned MinIO" namespace="">
</job>
<child ref="mstr_monitor">

<parent ref="mstr_pmwatcher" />
</child>

</adag>

3.4 Dynamic Provisioning
It is common for HPC systems to provide dynamic access to compute nodesthrough a batch scheduler. However, little has been done for dynamically pro-visioned storage resources. Such resources are traditionally shared amongall users. A dynamic provisioning mechanism allows to allocate dedicated re-sources to an application or a workflow and deploy an appropriate data man-ager on top of it. In the context of Maestro, such a tool can particularly deploy

D4.2: Execution Framework Prototype 19



Compute Node with local storage

Intermediate Storage

Job allocation
Application or workflow

Job scheduler
Slurm

I/O

Global Shared Storage

I/O

Dedicated nodes

Node-local storage

Compute Node 

Storage 
allocation

DynPro

Servers Clie
nts

Figure 6: DynPro for dynamically provisioning storage systems on intermedi-ate storage resources
the storage backend required by the core of our middleware or by any othercomponents (telemetry for instance).Therefore, we introduced an Ansible-powered dynamic storage resourceprovisioning (DynPro) [12] mechanism that can use intermediate storage toset up on-demand a data manager such as a parallel file system, an objectstore or a database. The tool takes as input a list of already allocated storageresources and the name of a supported data manger to deploy onto. A taskcan be created by the workflow translator (see previous section) to set up adata management system using DynPro.As Ansible [13] has been designed for flexible deployment of services, weuse this software to manage clients and servers of the requested data man-ager. Once a storage allocation has been requested through the batch sched-uler, a job-scheduler-agnostic script associated with a configuration file de-scribing the available storage resources of that allocation is in charge of thedeployment process. A storage allocation can be the same as the computeallocation (node-local storage) or can be a set of nodes dedicated to storage(burst buffers for instance). Tominimize the footprint on the target resources(privileges), all the datamanagers we support are containerized and launchedwith a container engine for HPC systems. Figure 6 presents the general func-tioning of DynPro. For this example, we favor the use of burst buffer nodes(red squares) instead of node-local storage.Our mechanism, in its version tagged "d4.2", supports multiple data man-agers such as a parallel file-system (BeeGFS [14]), a database (Cassandra [15])
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and an object-based storage system (MinIO [11]), and implements a basicstage-in/stage-out procedure to backup and restore the state of a data man-ager.
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4 Prototype Release
In this section we detail the software released as part of the execution frame-work prototype. Whenever possible we include some specific commands tocompile and/or run the necessary components. More details can be found inthe repositories themselves and their included ’ README.md files.
4.1 Workflow Manager: Pegasus Setup and Configuration
The latest available Pegasus2 workflow manager can be installed on CentOS7 using the following set of commands:
$ wget -O /etc/yum.repos.d/pegasus.repo \

http://download.pegasus.isi.edu/wms/download/rhel/7/pegasus.repo
$ yum-config-manager --enable testing
$ yum update
$ yum install pegasus

4.2 Maiti: A collection of Workflow Examples
Source code https://gitlab.version.fz-juelich.de/maestro/maiti
Tag D4.2
Prerequisites • Maestro core• Boost (1.73)
License Apache v2

4.3 Workflow Translator
Source code https://gitlab.version.fz-juelich.de/maestro/

workflow-translator
Tag d4.2
Prerequisites • Python 3
License BSD 3-clause
The following command is an example of how to use the workflow transla-tor to convert an annotated workflow description to a Maestro-enabled one.The workflow description given as input is provided in the repository:

$ ./wf_translator.py -w workflows/LEAD_Data_Mining_Workflow/leaddm.xml -f pegasus -v

The full list of options can be extracted using the help argument:
$ ./wf_translator.py --help
usage: wf_translator.py [-h] [-w WORKFLOW] [-f FORMAT] [-v]

optional arguments:
-h, --help show this help message and exit

2Currently the latest available Pegasus version which was used for testing is 4.9.3
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-w WORKFLOW, --workflow WORKFLOW
Workflow description file

-f FORMAT, --format FORMAT
Workflow manager (Pegasus, ...)

-v, --verbose Display debug information

Running the resulting workflow using Pegasus is done as described in itsuser guide [10]
4.4 Dynamic Provisioning

Source code https://github.com/eth-cscs/dynamic-resource-provisioning
Tag d4.2

Prerequisites

Master node:• Python 3• Virtualenv (ansible, hostlist)Worker nodes:• Sarus, a container engine for HPC• Storage resources (on-node SSD)
License BSD 3-clause
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5 Concluding Remarks
In this document we report on the software released for the execution frame-work prototype as part of D4.2. The framework allows for executing work-flows using the Pegasus workflow manager with support of the Maestro mid-dleware. The optimisation and further development of the prototype will beundertaken as part of future work. The final results will be described in ademonstrator towards the end of the Maestro project.
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