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New generation of irregular HPC applications

June 14, 2021

Complex Networks

Community Detection

Bioinformatics

Knowledge Discovery

Graph Databases

Language Understanding Pattern Recognition

Big Science
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Massive Social Networks

ÅStatistics
Á More than 1 billion active users, even more objects

Á Average user has 130 friends and connected to 80 community pages, groups, and events

ÅGraph characteristics
Á Topology: Interaction graph is low-diameter and has no good separators

Á Irregularity: Communities are not uniform in size

Á Overlap: individuals are members of one or more communities

ÅSample queries: 
Á Allegiance switching: identify entities that switch communities.

Á Community structure: identify the genesis and dissipation of communities

Á Phase change: identify significant change in the network structure

June 14, 2021

surpassed 1 billion active users

http://www.new.facebook.com/album.php?profile&id=20531316728
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Definition of Irregular Applications

ÅIrregularity in data structures

ÁPointer- or linked-list based data structures such as graphs, unbalanced trees, 
unstructured grids

ÁVery poor spatial and temporal locality

VUnpredictable data accesses

VFine grained data accesses

ÅIrregularity in control

ÁDivergent branches

VIf (vertex==x) z; else k

ÅIrregularity in communication patterns

ÁUnpredictable and fine grained communication

ÁA consequence of irregularity in data structures and in control

June 14, 2021
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Additional Characteristics

ÅVery large datasets

ÁWay more than what is currently available for single cluster nodes

ÁVery difficult to partition in a balanced way

ÅLarge amounts of parallelism (e.g., each vertex, each edge in the graph)

ÅUsually, high synchronization intensity

ÁConcurrent activities accessing the same elements of the data structures

ÅDatasets may be dynamically updated

June 14, 2021
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Self-reinforcing Trend of FLOP-computing

ÅThe HPC community builds systems for scientific simulations.

ÅWe need systems for data analysis, discovery, and inferencing.
June 14, 2021

Application Trends

ÅHigh computational density

ÅLocal data access

ÅRegular, partitionable structures

Architecture Trends

ÅComplex arithmetic units

ÅDeep cache hierarchies

ÅLow interconnect bandwidth
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Desirable System Features for Irregular 
Applications

ÅMultithreading

ÁTolerate, rather than reduce (with caches/locality) data access latencies

ÅGlobal Address Space 

ÁNo necessity to explicitly partition the dataset

ÅFine-grained synchronization

ÁMay need to lock a single memory word

ÅOptimization: aggregation of fine-grained data accesses 

June 14, 2021
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Exemplar Irregular & Data Analytics Application: 
Graph Databases

ÅPromising solution to store large and heterogeneous datasets of these 
application fields

ÅOrganize data in form of triples

ÁSubject-predicate-object

ÁFollowing the Resource Description Framework (RDF)

ÁSet of triples represent a labeled, directed multigraph

ÅQueried through languages such as SPARQL

ÁFundamental operation is graph matching

June 14, 2021
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Graph Engine for Multithreaded Systems (GEMS)

June 14, 2021

ÅA software stack that implements a RDF 
(graph) database on a homogeneous 
commodity cluster

ÅUses graph methods

ÅConverts SPARQL to graph pattern 
matching routines in C++

ÅEmploys a custom  Runtime (GMT ï
Global Memory and Threading) which 
provides:

ÅLightweight software multithreading

ÅMessage aggregation

ÅGlobal address space

[V.G. Castellana, A. Morari, J. Weaver, A. Tumeo, D. Haglin, O. 

Villa, J. Feo:In-Memory Graph Databases for Web-Scale Data. 

IEEE Computer 48(3): 24-35 (2015)]
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Query example

June 14, 2021

Return the names of all persons owning at least two cars, of which at 

least one is a SUV
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Source Code Example

June 14, 2021
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Can we use FPGAs to accelerate Data Analytics 
and Irregular Applications?

ÅFPGAs provide an opportunity to implement application specific accelerators ï
fast, and power efficient

ÅFlexibility challenge: implementing accelerators in RTL (Register Transfer 
Level) languages is complex and time consuming

ÁHigh-Level Synthesis (HLS): synthesizing RTL from descriptions in higher level 
languages (e.g., C)

ÁHowever, conventional HLS tools typically target Digital Signal Processing algorithms, 
i.e., typical ñregularò applications

ÅWe can accelerate GEMS by:

ÁImplementing some parts of the runtime on FPGA

ÁDirectly synthesizing queries (i.e., graph pattern matching routines)

VSynthesis time is not a limitation: queries do not change often, datasets do

June 14, 2021
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GEMS on FPGAs

June 14, 2021

[V. G. Castellana, M. Minutoli, A. Morari, A. Tumeo, M. Lattuada, F. 

Ferrandi: High Level Synthesis of RDF Queries for Graph Analytics. 

ICCAD 2015]

[M. Minutoli, V. G. Castellana, A. Tumeo: High-Level Synthesis of 

SPARQL queries. SC15 poster]

ÅC code generated by GEMS SPARQL-to-C++ 
translator

ÅCode is then processed by Bambu, a High Level 
Synthesis tool from Politecnico di Milano

ÅHeavily modified to support our new architectural 
templates

ÅNote: accelerating graph walks is a more complex 
problem than accelerating table operations
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Challenges for HLS of Irregular Applications

ÅChallenge 1: Coarse grained parallelism exploitation

ÁMost HLS approaches focus on exploiting ILP and do not support TLP specifications 
(expressed through parallel programming APIs such as OpenMP, CUDA, OpenCL) 

ÁConcurrency and synchronization management

ÁTarget architecture design: HLS flows usually generate Finite State Machines with 
Datapaths, which are inherently serial

ÅChallenge 2: Support for complex memory subsystems

ÁDynamic resolution of memory addresses

ÁPointer-based data structures

ÁMemory consistency and synchronization

ÁBarriers, Atomic memory operations

ÁDistributed/multi-ported memories

June 14, 2021
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Solving Challenge 1: Parallel Distributed 
Controller

ÅFrom serial FSMD to a parallel distributed controller

ÅArchitecture:

ÁSet of communicating control elements, called Execution Managers (EMs)

VEach EM establishes when an operation/task can start at runtime

VDynamic execution paradigm

ÁDedicated hardware (Resource Managers ïRMs) for checking:

VSatisfaction of dependence constraints

VResource availability

ÁNatural support for variable latency operations/tasks

VASAP execution

June 14, 2021
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Example of Parallel Distributed Controller

June 14, 2021
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Solving Challenge 2: Hierarchical Memory 
Interface Controller (HMI)

ÅAllows concurrent memory accesses on distributed/multi-ported shared 
memories

ÅDynamically resolves memory addresses

ÅManages concurrency and synchronization (supporting atomic operations)

June 14, 2021

[V.G. Castellana, A. Tumeo, F.

Ferrandi: An adaptive Memory

Interface Controller for improving

bandwidth utilization of hybrid and

reconfigurable systems. DATE 2014.]
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HMI details

ÅManages concurrency

ÁProvides memory scrambling (solves hotspot)

ÁCollects memory requests, and if their target addresses collide, it forwards them one at 
a time

ÁEach memory port is managed by a dedicated arbiter

ÁNo delay penalties

ÅManages synchronization

ÁDirectly implements atomic operations (e.g. atomic increment, compare and swap) 

ÁInside the interface, through dedicated hardware

ÁWhile running, atomic operations lock the associated memory port

June 14, 2021
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Hierarchical Approach to HLS

June 14, 2021

ÅA function is a module, and can contain other function modules

ÅFunction modules can use parallel controller (e.g., launching iterations of a loop, where each iteration has a 
corresponding hardware kernel), or a FSMD module (e.g., the loop iteration itself) 

ÅAllows generating accelerators for irregular codes with nested loops

ÁGraph algorithms & queries
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Load Unbalancing in Queries

Å Lehigh University Benchmark (reference benchmark for the semantic web)

Å 5,309,056 triples (LUBM-40); Queries Q1-Q7

June 14, 2021
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