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Executive Summary
This report documents the software release targeting transformations andmap optimisation. The released software builds on top of the Maestro frame-work developed as part ofWP3 and introduced in D3.1, D3.2 and D3.3 [1, 2, 3].It also refers to some of the work done in WP4 on data semantics andWP5 onMIO, which were introduced in D4.1 [4] and D5.1 [5] respectively. Any miss-ing requirements of the released software as part of this deliverable will becompleted within the work done by WP4 and WP6.
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1 Introduction
The deliverable deals with how to reference data in the “physical” resourcesfrom the Maestro stack and the workflows deployed on it. The referencesto the physical resources are provided from the different components of theMaestro stack, namely, Mamba, Maestro Core, Maestro IO (MIO) componentsand the Maestro workflow.The physical resources are layouts across different layers of Memory andpersistent storage - that eventually map to Maestro Objects. The memoryresources could be DRAM, HBM, NVDIMM and GPU memory. The persis-tent storage resources could be NVRAM used as persistent storage, SSDs andDisks.Note that this deliverable also dealswith transformations of data layouts inphysical memory, enabled by Maestro and benefitted by having readily avail-able use cases. Themain goal of datamapping and data transformations is tooptimise execution. Tools to help Maestro to do this better are also discussedin this deliverable, including the Parallelware static code analysis tool special-izing in performance to help developers write Maestro-enabled applications.As part of this report we introduce resource description tools developedto enable these mapping and transformation operations.The remaining document is organised as follows, Section 2 introduces thedata mapping in Maestro. Section 3 introduces a set of transformations andSection 4 describes how some of them are being handled in Maestro. Sec-tion 5 describes a Maestro-developed library to describe resources. Finally,Section 6 provides information on the released software.
1.1 Relation to other parts of the project
This deliverable follows the initial core Middleware API specification work (re-ported in D3.1 [1]) and the full implementation of the core data model andmemory systemmodel of the Maestro middleware described in D3.3 [3]. Thesmart usage of this middleware is presented in this deliverable by providingthe ability to reference appropriate physical resources and enabling appro-priate transformations of data within these physical resources for applicationand workflow optimization. This work is also closely linked to the work onMIO in WP5 (T5.2 and T5.3) [5] and the data access semantics work in WP4(T4.1) [4]. The final results of the developed tools discussed in this report willbe demonstrated as part of the work done in WP6.
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2 Data Mapping in Maestro
In this section we introduce the connection from physical resources to Mae-stro core, to Mamba, to persistent storage including MIO and the workflowoptimisations. To that end, we develop the resource description tool radle,which is further introduced later in the document.
2.1 Architecture
There are multiple abstractions of resources in a Maestro enabled workflow,with different libraries having their own abstractions. Each library which isinvolved in making decisions about resources in the workflow is labeled asa resource-aware component or just component for short. One of the mainobjectives of the deliverable is to create a map of resources across the dif-ferent abstractions so that multiple resource-aware components can talk toeach other.While there is no strict hierarchical structure between the resource ab-stractions, the abstractions can be still be classified into relatively higher leveland lower level abstractions. Highest level abstractions are those which theuser of Maestro will be interacting with directly, while at the lowest level, wewill have abstractions that interact directly with libraries such as hwloc.At the highest level, it is desirable to describe the resources in a very func-tional manner. For example, a memory might be marked as set aside for thefunction of “carrying out transpose transformations”. At the lowest level, thedescription would have more details about the hardware. For example, at ahardware level, the samememory will be described at as being of type DRAMon the NUMA domain 0 of the host node23 with a capacity of 8192 MiB. Apartfrom a declarative resource description, the components also have their ownway of discovering and describing the resources, and hence, there is the needof a method to map both resources description between themselves.In the general case, the problemofmapping a description of resource fromone arbitrary component to another is unsolvable. Moreover, the effort ofcreating a map between every pair of components in a combinatorial fashionis an unreasonable amount of work. Instead we have decided on a conven-tion to describe the resources of provided or discovered devices using a basedescription from where one can map all the descriptions. For this purpose,in Maestro, we have developed a resource description framework radle asthe base language for describing resources. radle uses hwloc to discover theresources on a node, making the naming convention of hwloc the default con-vention for naming the resources in the workflow. All the resource in othercomponents are then mapped to radle.There are two different scenarios of looking at the mapping of resourcedescription in a component. The first scenario is where there is descriptionof the resource at the lowest-level of description, and there is a need to findthe corresponding description of the resource at a higher level. This is useful,for example, when a component will need tomatch the resources available to
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different tasks, and some resources are reserved for certain kinds of uses. Forexample, a certain nodemight be reserved for doing transform computations.This process is fairly explicit in implementation. The strategy for matching theresources and providing a corresponding resource description can all be doneinside the resource description framework (radle). Furthermore, this strategycan be achieved at the time of instantiation of theworkflow tasks on the targetmachine, for which, an actual resource description is available.The second view is the developer view, where the developer can specifysome constraints on the resources that they need for their programs in termsof a component, and then it is the responsibility of the component to find theoptimal resource which matches the listed constraints. In this scenario, themapping is not straightforward. Often, a developer will want to run his pro-gram on a diverse set of systems and with a diverse set of parameters. There-fore, it is not really possible for the developer to anticipate, both the targetsystem and the requirements of the program at development time. In such ascenario, the developer is expected to request the resources in terms of theresource description syntax of different component And then the libraries canmap the resources to the radle-provided resources.In this section, we describe the relevant resources exposed by each of theMaestro components, likeMamba. At the endof each component description,we can create a map between those resources and the resources exposed by
radle. However, the types of resources is quite large. Therefore, in orderto simplify the problem space, we classify all resources into five categoriesnamely:
1. ComputeThis category contains resources like the compute capabilities of theCPUs and accelerators such as GPUs.2. MemoryThis category contains resources like DRAM, GDDR, HBM, NV RAM andsimilar memory technologies.3. StorageStorage contains resources like global parallel file system and objectstorage.4. NetworkNetwork contains specific interconnects and fabrics like InfiniBand orEthernet.5. MetaMeta resources are resources that describe a group of resources. Theyare important to identify the locality of the resources. Examples includesnodes, packages, NUMA domains and so on. The meta resources cancontain multiple type of resources, for example, a NUMA domain mightcontain its ownCPU, DRAMandPCIe based devices. So, allocating ametaresource is equivalent to allocating all the resources contained in themeta resource.
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2.2 Resource description tool: radle
radle provides a mechanism to describe and query resources available to thevarious components of the Maestro framework. This allows tools using radleto make informed decisions on allocating resources to the various tasks, forexample in a workflow execution or CDO placement.Multiple types of resources might be accessed by the same API, or thesame hardware resource might be accessed by different APIs based on thefunction. In order to allow for this separation, radle characterizes the re-sources by drivers, and resources are then different instances of the driver.For example, all DRAM would be grouped under a dram driver of the memorycategory. A classification of resources is given in Table 2.

Compute Memory Storage Network Meta

CPU DRAM Disk Ethernet NodeGPU GDDR Motr Infiniband NUMAStencil Accelerators HBM PackageNV Memory Network Locality

Table 2: radle’s classification of Drivers

2.3 Mamba
Mamba brings the concept of memory layers to Maestro as a native concept.The current mamba version (0.1.6) and roadmap specify the memory layerslisted in Table 3.

Layer Name Description Access auto-discovered user-targetable sublocality
MMB_DRAM Main memory Posix, SICM, je-malloc, umpire yes yes yes: NUMA
MMB_GDRAM GPU memory CUDA, OpenCL,HIP yes yes yes: multiple de-vices
MMB_HBM High-bandwidth memory libmemkind yes yes yes: NUMAdomains anddevices
MMB_NVDIMM Non-volatile memory libpmem yes yes yes: NUMA
MMB_FS File system C FILE* no yes many (FS roots)

Table 3: Mamba 0.1.6 memory layers. “auto-discovered”: indicates whethermamba will identify instances using hwloc automatically; “user-targetable”:mamba API permits individual selection of instances; “sublocality”: Supportfor partitioning of a given layer instance.
Users of theMaestro CDOAPImaywant to use layer names and sublocalityinformation to determine (or inquire about) CDOs location. Maestro config-uration data may need to include mapping of user-defined names to layer
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names and sublocality information, and may also need to configure layersthat do not support auto-discovery.Resource descriptions serve 3 purposes:
• Descriptive configuration –which involves system inventory, admin deci-sion, workflow-owner decision, andworkflowmanager decision onwhichcomponents to make visible to a Maestro workflow
• Prescriptive configuration – which involves resource limits (maximumusage, forced used of certain resources) as well as resource require-ments of (part of a) Maestro workflow as per admin/workflow owner/-workflow manager decision
• Mapping of internal names and system-specific names to portable names:To make workflows portable across sites and composable they shouldonly refer toMaestro-defined internal names (‘well-known resource names’),like those coming from Mamba or MIO, or names defined in a workflow(component). A site-specific mapping to physical resource names needsto be performed, with one part of this mapping defined at site level, an-other part per-workflow, and possibly a part per application.

Examples:

• Configuration of usability/unusability of certain memory regions
– Descriptive configuration of per-node memory layers (e.g., ‘Nodehost42, has 21G MMB_GDRAM on device 0, 21G MMB_GDRAM ondevice 7’)
– Prescriptive configuration of per-node-memory layers (‘use onlyGPUdevice 7’)

• Configuration of oneormore file system locations for out-of-coremambastorage
– Mapping of a symbolic name to a file-system storage resource spec-ifier block

2.4 MIO
The Maestro IO Interface (MIO) is served between Maestro middleware andobject stores such as Mero. MIO not only defines a generic object-based in-terface to allow Maestro middleware to store and load data (such as CDOs)to and from backend object store, but also provides with guided-IO (hints) in-terface to help Maestro make better use of object store. Resource discoveryand description is a critical part of MIO.
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2.4.1 Resource description and MIO configuration

MIO is designed as an abstract layer on top of multiple object stores. Thepurpose of MIO is to allow Maestro applications to access different types ofobject store systems in a uniform way. But different object stores have differ-ent configuration settings. Manually maintaining these configurations is non-trivial and error prone. Automatic collection of object store configurationsand creation of MIO configuration inputs can mitigate Maestro’s burden.
2.4.2 Resource description and MIO guided IO

MIO organises objects into pools. An object store could serve multiple poolsand each of these pools are configured with storage devices of a certain type-/technology. A heterogeneous object store is assumed to be configured withpools of NVRAM, SSD and HDD devices. Different pools have different charac-teristics in term of capacity and performance. Knowing these characteristics(from resource descriptions) is key to MIO’s guided IO.A storage pool is configured with certain data layout, such as replicationor de-clustered parity group. To achieve better IO performance from a pool,MIO and its applications (Maestromiddleware) typically need to know a pool’slayout parameter in order to match their IO workload patterns with the datalayout.Examples of MIO guided IO are discussed below to show how the resourcedescription of pools can be used to help Maestro to achieve better perfor-mance. The main goal of the MIO’s guided IO interface is to enable Maestroapplications to pass storage related hints to the underlying object storage sys-tems so that various IO optimizations can be performed at the storage level.The IO performance of any storage is dependent on many factors such asconfiguration, access pattern, randomness etc., however, in general, SSDs areseveral times faster than HDDs, and NVM storage devices are at least twiceas fast as SSDs. Maestro applications can pass <Slow>, <Medium> or <Fast>as an IO throughput hint during object creation. The object will be created ina suitable storage pool, for example the object will be placed entirely on anSSD storage pool if the hint is <Medium>. The resource description of whichpool contains what kind of storage devices help MIO select a suitable pool.As the number of objects stored in a storage system grows, sometimeswe need to migrate objects into a different tier by HSM (Hierarchical storagemanagement). How to choose which objects to be moved is difficult. Objecthotness provideswith an index showing how active an object is during a speci-fied period, by using this object hotness, a user can enumerate the top-N leastor most active candidate objects. The definition of hotness takes into accountaccess history of an object, including how the numbers of READ/WRITE changeover time and the time of last access etc. HSM moves an object in term of itshotness, and pool resource description is used in the following places:
• Make use of ordered pool performance in pool selection for hot/cold ob-jects, for example, moving the hottest object into the best performance

D3.4: Transformations and Map optimisation release 10



pool and moving the coldest objects to least performance pool.
• Moving objects across pools using optimised IO parameters, for exam-ple, the optimised buffer block size when running MIO with Mero. Theparameter is calculated using pool’s data layout information.

2.5 Workflow Management
At the level of workflow management, we generate workflows with annota-tions. The annotations are then checked by workflow translator together witha system configuration of programmable hooks, and create tasks in the work-flows or add constraints on the tasks.
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3 Transformations in Maestro-core
This section introduces the basic data transformation primitives. The usageof these primitives is described in section 4.There is a wide variety of data transformations that are frequently usedin scientific and engineering applications. For example, the transposition of amatrix, the compression of a large amount of data in sparse storage formatsto reduce the memory requirements, the flattening of multidimensional ar-rays into plain arrays to enable more efficient communications, or extractinga subset of a larger data set like a row of a matrix. The Maestro applicationsTerrSysMP (Juelich), SIRIUS (ETH Zurich/CSCS) and Hydro (CEA) have been an-alyzed from this perspective, selecting one data transformation for each ap-plication.The rest of this section introduces the three data transformations selected,namely, Transpose (representative of TerrSysMP from Juelich), Pack (Hydrofrom CEA) and Split (SIRIUS from ETH Zurich/CSCS).
3.1 Transpose
Description:

• Change the data layout so that the order given by the C/C++/Fortran pro-gramming languagematches the order given by thememory access pat-tern used in the application code.
Motivation examples:

• [Transpose.1] In C/C++ (or Fortran) sequential applications, there are twocode snippets (typically two loops) where one loop produces a multi-dimensional array in row-major order and the other loop consumes themulti-dimensional array in a column-major order. Alternatively, the datacan be produced in column-major order and consumed in row-majororder.
• [Transpose.2] In sequential C/C++ and Fortran applications, there is oneC loop that produces a multi-dimensional array in row-major order andone Fortan loop that consumes the multi-dimensional array in column-major order. Alternatively, the data can be produced in column-majororder and consumed in row-major order.
• [Transpose.3] In distributed parallel applications (e.g. MPI), there is amulti-dimensional array distributed across several processes, each pro-cess holding an array slice. There is a data exchange between two pro-cesses, where one process produces the data in row-major order andthe other consumes that data in the column-major order. Alternatively,the data can be produced in column-major order and consumed in row-major order. Transposing the data when it is distributed from producersto consumers, shall ease the work to be performed by the applicationand increase data access locality.
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The TerrSysMP application from Juelich fits into the Transpose.3motivationexample described above.
3.2 Pack
Description:

• Copy non-consecutive data into a consecutive data layout using a datamapping function (e.g. non-unit stride access, indirect access).
Motivation examples:

• [Pack.1] In C/C++ (or Fortran) sequential applications, there is a loop thatreads non-consecutive array elements that are separated by a non-unitstride (e.g. stride-3 access, indirect access). This may a negative impactonperformancebecause costly gather SIMD instructionsmaybe required.Correspondingly, the same stands forwrite operations onnon-consecutivearray elements that require costly scatter SIMD instructions.
• [Pack.2] In the scope ofMPI communications, it is necessary to send non-consecutive array elements from oneMPI process to another. To handlethis use case, the MPI provides an interface that requires the base ad-dress of the first element, the number of elements to be sent and thestride that separates two array elements. It also provides interfaces todeclare the data structure so its transmission can be optimized by pack-ing and unpacking it. However, oftentimes users find them too complexto use and either perform these operations manually or skip them alto-gether.
• [Pack.3] In the scope of porting codes to GPUs, efficient data transfersrequires data allocated in consecutive memory locations. In real appli-cations that use complex data types based on structs and pointers, it iscommon practice to pack the target data in temporary data structures toavoid the redesign of the data layout, which usually impacts on the ap-plication as a whole. In addition, GPU programming APIs like OpenMPand OpenACC are designed to handle consecutive data efficiently.
• [Pack.4]A similar situation arises in applications that use external libraries(e.g. scientific linear algebra routines), which usually require consecutivedata as input.
The Hydro application from CEA, particularly the Halo exchange, fits intothe Pack.2motivation example described above.

3.3 Split
Description:

• Split a data set into non-overlapping subsets.
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Motivation examples:
• [Split.1] In a CPU-GPUmemory environment, split a large array that doesnot fit in the GPU memory in sub-arrays and offload to the GPU onesub-array at a time. This is typically known as “tiling” in the scope of looptransformations for software performance optimization.
• [Split.2] In a CPU memory environment, split a large array that does notfit in the cache memory in sub-arrays to exploit data locality in the CPUmemory (e.g. cache-awareness). It is typically know as “tiling” or “block-ing”.
• [Split.3] In a complex memory environment, distribute disjoint chunksof an array over separate memory spaces managed by different tasks(either processes or threads). A well-known example in the scope of MPIapplications is to scatter an array across multiple MPI processes using ablock data distribution (also applies to cyclic and block-cyclic).
The SIRIUS application from ETH Zurich/CSCS fits into the Split.1motivationexample described above.
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4 Handling Transformations in Maestro
Two major execution modes are presented by Maestro, as reported in D3.1[1]:

• a Management mode: A 4-step protocol (‘Give-Take’ semantics) for thegiving of data objects to Maestro and the taking of data objects backfrom Maestro
• a Transformationmode that is concerned with layout-sensitive transfor-mations
• aHybrid API, for those userswith a clear interest in both layout-insensitivemanagement, and layout-sensitive transformation

This in turn translates into two main ways of handling data transformationsin Maestro:
• Explicit (unpooled): Corresponds to Maestro’s transformation executionmode. Theuser triggers the transformation via theAPI call mstro_transform_
layout, which necessarily operates on a non-pooled CDO that is users’responsibility.

• Implicit (pooled): Corresponds to Maestro’s management mode. In aproducer/consumer paradigm, the transformation is triggered by Mae-stro between the excution of an OFFER call and the execution of a DE-MAND call. Maestrowill trigger a transformation if there is a (rightful wrt.Maestro semantics) mismatch between the OFFERed layout and the DE-MANDed layout, both of which need to be explicited to Maestro throughCDO attributes.
In both cases the execution of the data transformations is fully managed bythe Maestro middleware.The Maestro middleware has been designed to easily enable implement-ing data transformations. The current release of the Maestro middlewaresupports Transpose (Pack and Split are not implemented in this release). Thefollowing subsections present a working example of a transpose transforma-tion, a potential implementation of a pack transformation and how Maestroalso provides tooling like Parallelware to help developers to write Maestro-enabled applications.
4.1 Explicit Transpose transformation example
For illustrative purposes consider the Listing 1, which shows aMaestro-enabledsource code example written in C to transform a 10×8 matrix into its trans-posed 8×10 matrix.Two matrices are declared at line 31. For each one of them, a CDO is cre-ated at lines 51 and 69. Both CDOs have the same properties except for the
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pointer to the matrix (MSTRO_ATTR_CORE_CDO_RAW_PTR is set to A and trans-
posed at lines 54 and 73, respectively), the transposed dimensions of the twomatrices (MSTRO_ATTR_CORE_CDO_LAYOUT_DIM_SIZE at lines 61 and 79) and thedata layout ordering attribute MSTRO_ATTR_CORE_CDO_LAYOUT_ORDER whichstates that the first matrix has a row-major layout (*_ROWMAJOR at line 62)while the second requires a column-major layout (*_COLMAJOR at line 62).These different layout order attributes configures the Transpose data trans-formation executed bymstro_transform_layout at line 85, which fills the desti-nation transposedmatrix with the transposed version of matrix A.

1 #include <stdio.h>
2 #include <stdlib.h>
3 #include <maestro.h>
4 #include <transformation.h>
5
6 const int M = 10;
7 const int N = 8;
8
9 void print_matrix_info(const char *desc , int *array , int rows , int

cols)
10 {
11 printf("\n %s\n===============\n", desc);
12
13 printf("Contiguous memory: ");
14 for (int i = 0; i < rows * cols; i++)
15 printf("%d ", array[i]);
16 printf("\n");
17
18 printf("\n%dx%d matrix :\n", rows , cols);
19 for (int i = 0; i < rows; ++i)
20 {
21 for (int j = 0; j < cols; ++j)
22 printf("%d ", array[i * cols + j]);
23 printf("\n");
24 }
25
26 printf("\n");
27 }
28
29 int main()
30 {
31 int A[M][N], // Source matrix
32 transposed[N][M]; // Destination matrix
33
34 // Fill the matrix with incremental values
35 for (int i = 0; i < M; ++i)
36 for (int j = 0; j < N; ++j)
37 A[i][j] = (i * N) + j;
38
39 mstro_init("small -matrix", "transpose", 0);
40
41 // Information common to both matrices
42 size_t elem_size = sizeof(int);
43 size_t size = M * N * elem_size;
44 size_t num_dims = 2;
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45
46 mstro_cdo original_cdo = NULL;
47 mstro_cdo_declare("original", MSTRO_ATTR_DEFAULT , &original_cdo

);
48
49 // Common attributes
50 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_RAW_PTR , &A);
51 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_SCOPE_LOCAL_SIZE , &size);
52 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_ELEMENT_SIZE , &elem_size);
53 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_NDIMS , &num_dims);
54
55 // Matrix A specific attributes
56 size_t dims_original [] = {M, N};
57 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_DIMS_SIZE , &dims_original);
58 size_t layout_original =

MSTRO_ATTR_CORE_CDO_LAYOUT_ORDER_ROWMAJOR;
59 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_ORDER , &layout_original);
60
61 mstro_cdo_declaration_seal(original_cdo); // Mark CDO

declaration as complete
62
63 /* Create an unpooled CDO to specify how the data must be

transformed and stored into the ’transposed ’ matrix */
64 mstro_cdo transposed_cdo = NULL;
65 mstro_cdo_declare("unpooled", MSTRO_ATTR_DEFAULT , &

transposed_cdo);
66
67 // Common attributes
68 mstro_cdo_attribute_set(transposed_cdo ,

MSTRO_ATTR_CORE_CDO_SCOPE_LOCAL_SIZE , &size);
69 mstro_cdo_attribute_set(transposed_cdo ,

MSTRO_ATTR_CORE_CDO_RAW_PTR , &transposed);
70 mstro_cdo_attribute_set(transposed_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_ELEMENT_SIZE , &elem_size);
71 mstro_cdo_attribute_set(transposed_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_NDIMS , &num_dims);
72
73 // transposed matrix specific attributes
74 size_t dims_transposed [] = {dims_original [1], dims_original

[0]}; // NxM
75 mstro_cdo_attribute_set(transposed_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_DIMS_SIZE , &dims_transposed);
76 size_t layout_transposed =

MSTRO_ATTR_CORE_CDO_LAYOUT_ORDER_COLMAJOR;
77 mstro_cdo_attribute_set(transposed_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_ORDER , &layout_transposed);
78 mstro_cdo_declaration_seal(transposed_cdo); // Mark CDO

declaration as complete
79
80 // Perform the transformation: implicitly , it is a

D3.4: Transformations and Map optimisation release 17



transposition due to the different layout orders
81 mstro_transform_layout(original_cdo , transposed_cdo ,
82 original_cdo ->attributes , transposed_cdo

->attributes);
83
84 print_matrix_info("Original", A, dims_original [0],

dims_original [1]);
85 print_matrix_info("Transposed", transposed , dims_transposed [0],

dims_transposed [1]);
86
87 mstro_cdo_dispose(original_cdo);
88 mstro_cdo_dispose(transposed_cdo);
89
90 mstro_finalize ();
91 }

Listing 1: Matrix transposition example

4.2 Extending Maestro with new transformations: explicit
Pack transformation example

TheMaestro API can easily be extended to support new transformations. List-ing 2 shows a C-code example of how a pack transformation could be per-formed using the Maestro API. As exhibited, no actual new API calls should berequired to implement the support for this transformation in Maestro as itsdesign allows to rely on merely extending the attribute set. Note that this isnot working code as this transformation is not part of the initial implementa-tion.Attributes names and values defined between lines 7-12 are the new at-tributes that would be added to Maestro to support the pack transformation.The example defines two matrices: A of size 1000×1000 and A_packed of size200×200. The CDO for the firstmatrix is definedwithout any special attributesregarding the transformation (see line 30). All this information is also set forthe second CDO which also includes the declaration of the pack transforma-tion as well as a stride of 5 elements in each dimension (see lines 55 and 56).Invokingmstro_transform_layout for these CDOs at line 61, causes the data of
A to be packed into the 200×200 A_packed variable.

1 #include <stdio.h>
2 #include <stdlib.h>
3 #include <maestro.h>
4 #include <transformation.h>
5
6 // Potential new Maestro attributes to support the pack

transformation
7 #define MSTRO_ATTR_CORE_CDO_LAYOUT ".maestro.core.cdo.layout"
8 #define MSTRO_ATTR_CORE_CDO_LAYOUT_PACK 1
9 #define MSTRO_ATTR_CORE_CDO_LAYOUT_PACK_STRIDES ".maestro.core.cdo.

layout.strides"
10
11 const int M = 1000;
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12 const int N = 1000;
13
14 int main()
15 {
16 int A[M][N];
17
18 mstro_init("examples", "pack", 0);
19
20 // Declaration of the original CDO that is linked with the an

existing variable in the application code
21 size_t elem_size = sizeof(double);
22 size_t size = M * N * elem_size;
23 size_t num_dims = 2;
24 size_t dims[] = {M, N};
25
26 mstro_cdo original_cdo = NULL;
27 mstro_cdo_declare("original", MSTRO_ATTR_DEFAULT , &original_cdo

);
28 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_RAW_PTR , &A);
29 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_SCOPE_LOCAL_SIZE , &size);
30 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_ELEMENT_SIZE , &elem_size);
31 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_NDIMS , &num_dims);
32 mstro_cdo_attribute_set(original_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_DIMS_SIZE , &dims);
33 mstro_cdo_declaration_seal(original_cdo); // Mark CDO

declaration as complete
34
35 // Declaration of the destination CDO that is linked with the a

new variable in the application code
36 double A_packed[M / 5][N / 5];
37 size_t packed_elem_size = sizeof(double);
38 size_t packed_size = (M / 5) * (N / 5) * elem_size;
39 size_t packed_num_dims = 2;
40 size_t packed_dims [] = {M / 5, N / 5};
41 size_t packed_layout = MSTRO_ATTR_CORE_CDO_LAYOUT_PACK;
42 size_t packed_strides [] = {5, 5};
43
44 mstro_cdo packed_cdo = NULL;
45 mstro_cdo_declare("unpooled", MSTRO_ATTR_DEFAULT , &packed_cdo);
46 mstro_cdo_attribute_set(packed_cdo , MSTRO_ATTR_CORE_CDO_RAW_PTR

, &A_packed);
47 mstro_cdo_attribute_set(packed_cdo ,

MSTRO_ATTR_CORE_CDO_SCOPE_LOCAL_SIZE , &packed_size);
48 mstro_cdo_attribute_set(packed_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_ELEMENT_SIZE , &packed_elem_size);
49 mstro_cdo_attribute_set(packed_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_NDIMS , &packed_num_dims);
50 mstro_cdo_attribute_set(packed_cdo ,

MSTRO_ATTR_CORE_CDO_LAYOUT_DIMS_SIZE , &packed_dims);
51 mstro_cdo_attribute_set(packed_cdo , MSTRO_ATTR_CORE_CDO_LAYOUT ,

&packed_layout);
52 mstro_cdo_attribute_set(packed_cdo ,
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MSTRO_ATTR_CORE_CDO_LAYOUT_PACK_STRIDES , &packed_strides);
53 mstro_cdo_declaration_seal(packed_cdo); // Mark CDO declaration

as complete
54
55 // EXPLICIT transformation based on the pack information on the

destination CDO
56 mstro_transform_layout(original_cdo , packed_cdo ,
57 original_cdo ->attributes , packed_cdo ->

attributes);
58
59 mstro_cdo_dispose(original_cdo);
60 mstro_cdo_dispose(packed_cdo);
61 mstro_finalize ();
62
63 double sum = 0;
64
65 // Compute a scalar reduction using consecutive memory access
66 for (int i = 0; i < M / 5; i++)
67 for (int j = 0; j < N / 5; j++)
68 sum = sum + A_packed[i][j];
69 }

Listing 2: Pack transformation example

4.3 Guided implementation of Maestro-enabled transfor-
mations

The Maestro stack provides software components to facilitate the develop-ment of Maestro-enabled applications. More specifically, the data access se-mantics work in WP4 (T4.1) provides a new software tool based on Parallel-ware’s static code analysis capabilities to extract information about the datamemory layout (e.g. statically allocated arrays, dynamically allocated arrays),how it is accessed in the code (particularly loops) through memory accesspatterns (e.g. sequential, strided, indirect, row-major) and the data flow ofthe program (e.g. temporary computations). In the Parallelware tools, this in-formation is provided to the developer through an optimization report thatcontains human-readable actionable hints tailored for Maestro.The Maestro-enabled codes described above in this section for the Trans-
pose and Pack data transformations show that Parallelware tools will need toprovide human-readable actionable hints for the following:

• Identifying CDO opportunities: point the developer to those source codevariables that may benefit from delegating their management to theMaestro middleware.
• Identifying data transformation opportunities: point the developer touses of variables thatmaybenefit fromdata transformations (e.g. colum-major to row-major access inside loops).
• Identifying data transport opportunities: point the developer to uses of
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variables that may benefit from data transport (e.g. producer/consumerdependencies between programs).
• Suggest insertions of Maestro API calls: point the developer to the pointof the code where a CDO can be defined and list the specific Maestrocalls needed for this purpose. In a similar manner, Maestro API calls todo explicit data transformations (mstro_transform_layout) or implicit datatransformations (OFFER/DEMAND).
Note that this iswork in progress following a co-design processwhile prepar-ing demonstrators based on the data transformations supported in the Mae-stro middleware.
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5 Resource Description
The main goal of data mapping and transformations is to enable optimizedexecution of workflows. One of the primary methods of achieving this is toopportunistically use available non-critical resources to perform the transfor-mations or ensure that the objects are available to the applications on a quickpath when required. To achieve this, it is important for us to be able to de-scribe the resources of a system and their performance both topographicallyand temporally.There are a variety of resource discovery and description resources avail-able. The most popular of them are hwloc and LIKWID among others. Mostof these tools are node level tools. The main objective of these tools is todescribe resources as they exist in a system. A Maestro-enabled workflow re-quires to do resource management and allocation, through a workflow man-ager. For this purpose, we also need tools that can annotate resources withinformation about the intended use of resources in a workflow. We also needfacilities to be able to manipulate a resource description to select a subsetof resources and pass them to applications. To accommodate these require-ments, we have designed a resource description language called radle and alibrary with the same name to handle the requirements of the description.Resources on an HPC system are generally allocated by a job scheduler,and hence allocations are completely dynamic in nature. This necessitates toidentify a resource description topology at job runtime. Such identification ofresources is inexpensive, and therefore, does not put a significant overheadover the tasks/jobs of a workflow. However, deriving performance metricsis expensive to compute, furthermore, they depend on a host of factors in-cluding the workload and the state of system at any given time among otherthings. Due to the expensive nature of metrics and the shared nature of com-pute systems, it is not feasible to for themetric to deterministically predict theperformance. Instead, we use them as approximate values that are mostlytrue over a long term.The dependence on workload implies that different systems might needdifferent metrics in their performance description. For this reason, we haveseparated the resource description and topology from the performance de-scription of the resources. We have defined a resource description language(RDL) to enumerate all the resources in the system and describe their topol-ogy. For the performance metrics, we are planning to define a performanceschema, which is based on top of resource description language.
5.1 Related Work
hwloc [6] is a node based portable abstraction which is able to provide a hi-erachial topology of modern architectures, including NUMA memory nodes,sockets, shared caches, cores and simultaneous multithreading. It also gath-ers various system attributes such as cache and memory information as wellas the locality of I/O devices such as network interfaces, InfiniBand HCAs or
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GPUs.LIKWID [7] stands for “Like I Knew What I’m Doing.” It is an easy to use yetpowerful command line performance tool suite for the GNU/Linux operatingsystem. While the focus of LIKWID is on x86 processors, some of the toolsare portable and not limited to any specific architecture. For the upcomingrelease, LIKWID has been ported to ARMv7/v8 and POWER8/9 architecturesas well as for Nvidia GPU co-processors.Resource description is also implicitly available in a multitude of tools.Workload managers such as SLURM require a list of resources to allocate thescheduled jobs. Additionally, workflowmanagers provide a representation ofthe available resources that enable workflows to assign lists of resources to achosen task.When working with Maestro-aware workflows, there’s a requirement tolook at the resources available on a system to generate workflows which areoptimized for the system. This requires a resource description system whichhas the following requirement:
1. Allow for discovery of resources on a complete systems, rather than asingle node.
2. Allow for selecting a subset of resources and treat the resulting set asan independent description of resources in its own right.
3. Allow for splitting of a resource into multiple resources.
4. Allow for annotating resources with tags which can then be used byworkflow translator to properly modify the workflow.
5. Allow for tools to store to file and load the resource description fromfiles.
6. Allow for storing additional data likemetrics basedonperformance schemafor each resource.
Due to the nature of most resource description/management tools, wefind that some of the above tasks, especially tasks like annotation andmanip-ulation of resources are not readily available in other tools. This has been amajor motivation to create a resource description language (radle) which hasbeen described further in D4.3.

5.2 Resource Description Tools in Maestro
There are two tools, both currently in development, to deal with resource de-scription in Maestro, namely radle and mapi. radle is a tool to read, writeand manipulate the description of resource in a system and the topology ofthose resources in terms of the resource description language (RDL). mapi isplanned to compute and store various performance metrics.
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6 Software Release
This section provides some information on the released software as part ofthis deliverable.
6.1 Maestro-core

Source code https://gitlab.version.fz-juelich.de/maestro/maestro-core
Tag d3.3

Prerequisites • C compiler capable of understanding C11• POSIX threads• refer to INSTALL.MD for more info
License BSD 3-Clause "New" or "Revised" License
A basic code excerpt and example of transformation is shown in Figure 1. Thisis a synthetic benchmark located in the Maestro repository ./tests/check_
layout.c . This unit test also shows example of explicit transformation usage.

Figure 1: Example of implicit usage of Maestro transformations. Attributesfed to the CDO will allow Maestro to detect transformation opportunity, inthe case where the produced CDO layout differs.

6.2 Resource Description
Source code https://gitlab.version.fz-juelich.de/maestro/radle
Tag D3.4
Prerequisites • C compiler capable of understanding C11• refer to readme.md for more info
License Apache-2.0
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7 Concluding Remarks
This document is a report accompanying a software release targeting trans-formations and map optimisations. To that end we have described the datamapping in Maestro, referencing the physical resources in different compo-nents in the Maestro framework. Additionally, we have introduced a set oftransformations and the mechanisms by which Maestro potentially handlesthem. Finally, as a requirement of mapping and allocating operations such astransformations, we introduced a resource description library. Future workas part of WP4 will integrate some of the work introduced here as part of theworkflowhandlingmechanisms. Additionally, WP6will create demonstrationsand quantify their impact.
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