A Performance Estimator for Parallel Hierarchical Memory Systems -- PetaSIM

Yuhong Wen, Geoffrey C. Fox

Northeast Parallel Architectures Center

Syracuse University

111 College Place

Syracuse, NY, 13244-4100, U.S.A

Abstract

In both the design of parallel computer systems and the

development of applications, it is very important to have

good performance prediction tools. This paper describes a

new approach -- PetaSIM, which is designed for the rapid

prototyping stage of machine or application design. PetaSIM

aims at good but not fully accurate results with a convenient

applet interface for specification and interactive change of

system parameters. Computers, networks and applications

are described as objects in a Java IDL (Interface Definition

Language) with special attention to the proper

representation of caches and hierarchical memories.

PetaSIM represents a prototype for a performance

specification language or PSL. We present encouraging

initial results for a set of data-intensive applications from the

University of Maryland. We discuss the extension of PetaSIM

to support applications of the type found in distributed

collaborative engineering.

Keywords:

Performance Estimation, Architecture

Description, Execution Script, Performance

Specification Language, Collaborative Engineering

1. Introduction

Performance prediction for grand challenge applications, such as those in weather forecasting, oil exploration or fundamental physics is an important and complex problem, especiallywhen involving massivel yparallel computers where each node has a complex memoryhierarch y. Again it is not easyto design or compare new computer architectures for petaflop performance where one must contrast divergent approaches and rapidlyexplore new concepts. Even today, designing computational grids to support distributed collaborative engineering is not eas ybecause even if the s ystem is conceptuallysimple, it is inherentlyd ynamic and heterogeneous and one must support a s ystem engineer making good strategic decisions on the network design and location of critical database and computational components.

In each case, one does not typicallyrequires precise performance estimates but rather results that are accurate to some 10-20% overall but allow more precision in comparing parameter choices. PetaSIM has been designed to address such problems with particular attention to eas yinteractive comparison of different s ystem designs. It is quite convenient to change application structure in PetaSIM but we have chosen to focus on cases where one has a relatively fixed application suite and wish to rapidlyexplore a range of

s ystem designs. A Java applet front-end [3,4] is used to optimize interactive estimation.

The performance estimator PetaSIM is built around the performance prediction process sketched in Fig.1 [1]. The distinctive feather of our approach is the use of machine and problem abstractions which although less accurate than detailed complete representations, can be expected to be more robust and further quite appropriate for the rapid prototype needed in the design of new machines, software and algorithms. The hearts of this performance prediction process are two technologies - PSL (Performance

Specification Language) and PetaSIM [1]. In this paper, we will address the design of PetaSIM, which will take three ke y inputs from PSL, which describe respectivelythe target machines, application, script specifying execution of the application on the machine, to get an estimation of the performance of the application running on the machine.

Much research has shown that the performance prediction or estimation is a verydifficult problem, because of the different kinds of applications, and multitude of distinct computer s ystems. [5-9] It is important to design a general performance specification language (PSL) to support the performance estimation. In this paper, we will also show that

PetaSIM is an initial step to suggest the characteristics of such a Performance Specification Language (PSL). [10]

Section 2 describes the design features of PetaSIM while

Sec. 3 gives a detailed description of the PSL (machine and application object structure) used to govern its execution.

Sec.4 gives initial results from applications produced at the

Universityof Maryland while Sec. 5 describes possible extensions of PetaSIM to support computational grids for collaborative engineering. Finall ySec. 6 describes future extensions to the basic infrastructure.

Fig.1:The Performance Prediction Process

�

memory with cache (with flushing rules) as special case

� disk which is essentiallysame as a memory.

� CPU where results can be calculated

� pathway such as a bus, switch or network cable which

concentrates data

A linkset connects nodesets together in various ways.

distributions specif ythe horizontal (geometrical)

connectivityof nodesets and linksets . Typicall ythese are

arranged in a natural default for the classic homogeneous

architectures. The default mapping is inferred from sizes of

nodesets and done in a simple one-dimensional block

fashion. The vertical (flow of information) connectivityin

the architecture is specified in the execution script with

defaults implied in architecture specification.

The application is specified bya dataset object, whose

implementation is controlled bya distribution object that

specifies classic HPFstyle geometric decomposition across

memories and CPU objects. The computation is specified b y

the execution script, which also specifies data movement.

3.2.1. nodeset Object Structure in PetaSIM Estimator

nodeset has the following properties:

� name : one per nodeset object

� type : choose from memory, cache, disk, CPU,

pathway

� number : number of members of this nodeset in the

computer architecture

� grainsize : size in b ytes of each member of this nodeset

(onlyrelevant for memor ycache or disk

� bandwidth : this is maximum bandwidth allowed in an y

one member of this nodeset

� floatspeed : performance on floating point arithmetic

specified as a time to do a single operation for entities in

cache. Onlyused b ya CPU

� calculate() : method for CPU nodesets that performs

computation implied by floatspeed and other

architectural features.

� cacherule : controls persistence of data in a memoryor

cache

� portcount : number of ports on each member of nodeset

� portname[]: ports connect to linksets and a member of

a nodeset has one or more ports -- each of which has a

name. A port corresponds to a class of connections and

depending on number of members involved, a given

port can correspond to multiple connections

� portlink[] : name of linkset connecting to this port

� nodeset_member_list : list of nodeset members in this

nodeset (for nodeset member identification)

3.2.2. linkset Object Structure in PetaSIM Estimator

A basic linkset has the following properties. A derived

linkset object is gotten byconcatenating several basic

linksets objects together. Derived linksets could be specified

b yspecial scripts or just written directlyin Java.

� name : one per linkset object

� type : choose from updown, across . If across , this is a

network of given topology , linking members of a single

nodeset . If updown , this is a link between two different

nodesets

� nodesetbegin : name of initial nodeset joined b ythis

linkset

� nodesetend : name of final nodeset joined bythis

linkset . Nodesetend and nodesetbegin are identical if

type is across

� topology : used for across networks to specif ylinkage

between members of a single nodeset

� duplex : choose from full or half . If half onlyallow

transmission from nodesetbegin to nodesetend . If full

allow either direction with bandwidth limiting sum of

both directions.

� number : number of members of this linkset in the

computer architecture

� latency : time to send zero length message across an y

member of this linkset

� bandwidth : this is maximum bandwidth in bytes per

second allowed across an ylink in this linkset . Time T

lk

to transfer information from nodeset l to nodeset k is

expressed as latency + bandwidth number of b ytes.

Here l refers to nodesetbegin and k to nodesetend

� send() : method that calculates implications of sending

information through given linkset . For a derived linkset ,

this method can include multiple references to

properties and methods of basic linksets and nodesets .

� distribution : name of geometric distribution controlling

this linkset

� nodeset_member_list: list of nodeset members in this

nodeset (for nodeset member identification)

3.2.3. distribution Object Structure in PetaSIM Estimator

distribution has the following properties:

� name : one per distribution object

� type : choose from block1dim, block2dim, block3dim

(can obviouslyadd more to this in analogywith HPF) to

specif ygeometrical structure of entitybeing distributed.

Note most computer architectures are implicitlydone as

one-dimensional block distribution

3.2.4. dataset Object Structure in PetaSIM Estimator

dataset has the following properties:

� name : one per dataset object

� type : choose from grid1dim, grid2dim, grid3dim ,

specifies type of dataset

� bytesperunit : number of b ytes in each unit. If 5 field

values at each grid point and double precision used, then

bytesperunit is 40

� floatsperunit : update cost as a floating point arithmetic

count. Differences between double or single precision,

should be reflected in values of CPUnodeset.floatspeed

and dataset.bytesperunit

� operationsperunit : operations in each unit. A dataset

contains totalsize of units , operationsperunit then

reflects the operations in each unit for the CPUnodeset

to calculate the computing time.

� update(): ethod that updates given dataset which is

contained in a CPU nodeset and with a grainsize

controlled b ylast memory nodeset visited.

� transmit() : method that calculates cost of transmission

of dataset between memorylevels including either

communication (between distributed nodes) or

movement up and down hierarch y. Note classic grid

problems are assumed to be implemented using ghost

cells and that this involves the edges of regions being

transmitted.

3.2.5. Execution Script

Much of the execution is controlled b ymethods in nodeset,

linkset and dataset objects. Some typical additional

commands that implicitlyinvoke these methods are:

� send DATAFAMILY from MEM-LEVEL-L to MEM-

LEVEL-K

� Here DATAFAMILY is a dataset specified b yname

� MEM-LEVEL-K, MEM-LEVEL-L are nodesets labeled

b yname which must be linked b ya linkset .

� move DATAFAMILY from MEM-LEVEL-L to MEM-

LEVEL-K

� Use distribution DISTR IBUTION on

NODESET1,�, LINKSET1,�,DATASET1

� compute DATAFAMILY-A,DATAFAMILY-B .. on

MEM-LEVEL-L

� synchronize s ynchronizes all processors (loosely

s ynchronous barrier). Pipelining which is normally

assumed, is stopped bythis.

3.3 Interface of PetaSIM with PSL

Right now, PetaSIM takes architecture description and

application description input from files. Here, we

have five files, corresponding to nodeset, linkset,

dataset , distribution description, and execution

script, respectively. PetaSIM accesses these files

using a standard socket connection.

In the architecture description of Machines,

we have two parts, nodeset and linkset , which

describe the detailed memoryhierarch yand the

linkage relationship between each hierarch y

level. The nodeset description file contains all the

information about each nodeset , and all of its

nodeset members , and the linkage neighbors of

each nodeset member . The linkset file contains

the features of each linkset , and their linkset

members, which link together two of the nodeset

members.

Now considering the execution script for an

application, PetaSIM can either read the

execution script from a file or dynamicallyread it

from a pipe connecting to saya Universit yof

Maryland application emulator. We can either

read all the data at once or do it in block or

streaming fashion.

4. Exa mples and Experi mental Results

In this section we summarize some preliminaryresults from

PetaSIM with 3 data-intensive applications Pathfinder, Titan

and Virtual Micro-Scope from the Universityof Maryland.

The architecture and application description files are all

automaticallygenerated b yUniversityof Maryland’s

emulators[11].

The results are plotted against the number of parallel SP2

nodes except for one case (Pathfinder) where we also

compare results plotted against number of I/O nodes in the

s ystem. From the benchmarks we can see that the PetaSIM

estimate results are quite close to the measured application’s

running time on SP2 machine. We have looked a few

different machine configurations and in fig 3, we illustrate

PetaSIM´s abstraction of the SP2 system used in the results

presented in fig. 4.

Fig.3:Typical SP2 configuration used in fig. 4 showing

the nodeset and linkset components

Fig.4:Measured Execution Time compared to the estimated execution time

from PetaSIM for four examples. We also show the sequential execution time

needed to produce the estimate.

This should illustrate how the linkset and nodeset objects

described in sec. 3 are used in practice. These figures also

show the actual wall clock time used by PetaSIM to produce

the estimates. As this runs on a sequential machine and the

execution script is not explicitlydata-parallel, this time to get

an estimation increases linearlywith the number of nodes. If

one looks at the estimation time for simple data-parallel

s ystems such as finite difference problems, PetaSIM would

be much faster (as just a few not a few thousand lines of

execution script) and take a time roughlyindependent of the

number of nodes on the target machine. In fact we have

recentlyabstracted the operations in the applications shown

in fig. 4 to a ^primitive data parallel operation~ and have

correspondinglydrasticall yreduced the time needed to

produce the estimate. One can expect to initiallyuse a simple

crude loop over parallel nodes foreach new type of

computation. If used enough, it can be implemented in data

parallel fashion and added to PetaSIM´s libraryof

operations.

PetaSIM provide the abilityto easilymodif ythe features

of the architecture and application behavior, which helps

greatl yin the architecture conceptual design and get accurate

performance estimation. And PetaSIM provide the interface

for both inputs from the emulators (like our experience with

the Universityof Maryland’s emulators ) and from the hand-

written code of the s ystem designers, which make it even

more flexible.

5. PetaSIM and Distributed Collaborative Engineering

Above we have concentrated on performance estimation for

parallel machines although we saw a complex structure when

we linked data access and computation. Here we note that

PetaSIM´s support for hierarchical memories naturally

allows its use for computational grids ˘ a geographically

distributed collection of people, computers and data

resources. We take a particular example a collaborative

engineering scenario as is targeted b yNASA´s Information

Power Grid. Here we imagine a geographicallydistributed

set of engineers who are collaborating to design a new

vehicle. This would involve interactive linkage to planning

and design tools such as CATIA, web and database

information resources, multi-component (structures,

acoustics, airflow) simulations and their visualization. Both

the engineers and the computational components are

geographicallydistributed with a dynamicallyheterogeneous

network linkage. Superficiallyone can handle this b y

mapping the computing and information resources into

nodesets and the complex network into a suitable

hierarchical d ynamic collection of linksets and nodesets.

PetaSIM´s support for rapid prototyping translates into a fast

estimation capability, which can be used for adaptive

resource management. Again one does not need veryprecise

estimates as such dynamic s ystems are inevitablyspecified

imprecisely. There will be some straightforward extensions

of PetaSIM to handle different geometrical distribution and

for its use in a feedback loop as part of a control system.

However there are also some qualitativelynew

circumstances, which we now discuss.

The linkset performance estimator would be linked to the emerging set of low level network qualityof service tools. In

this regard, PetaSIM would be regarded as the application

level qualityof service interface. The collaboration (shared

visualizations, information and standard tools such as audio-

video conferencing and whiteboards) can be handled b y

s ystems like Habanero or Tango Interactive [12,13]. However

there is an opportunityto link PetaSIM with these

collaborative s ystems in non-trivial fashions. For example,

these shared event collaboration environments typically

allow different views of a particular shared object for each

client. In this regard, information from PetaSIM could be

used bythe collaborative s ystem to decide on the frame-rate

and code (MPEG, H263 etc.) to be used in multimedia

streams. PetaSIM can be used in this tactical fashion, for

Tango Interactive to determine preferred audio , video or

image format for each client. Alternatively, one can use it in

strategicall yin the design of the network and associated

information servers ( nodesets). As a particular example,

consider a shared browser (providing a shared web page)

which is at the heart of Tango Interactive´s support of

distance education. In this case it provides the curricula

information provided b ythe teacher to the students. However

in collaborative engineering, this would be a briefing, the

current corporate time-lines, an important memo or similar

information to be shared and discussed. In the case of the

Web, we are used to asynchronouslydeliver yof information

in this fashion. However this shared application has to be

delivered at the same time to within seconds at all clients so

it can indeed be discussed synchronouslywith the linked

audio-video and other resources. The s ystems engineer

would address this constraint byeither providing appropriate

(possiblymulti-cast) network bandwidth, byuse of mirror or

proxyweb servers or d ynamicallyb yadjusting the resolution

used for the images sent to individual clients. Note that a

high qualityshared image or visualization requires

substantiallymore bandwidth than the typical low bit rate

video needed for ^talking heads~ video-conferencing. In

either case the value of a performance estimator such as a

PetaSIM is clear and further one would need significant

extensions in its capabilities to describe the new data streams

and different goodness measures.

Now let us turn to the computational component of this

collaboration. Here we have supposed a set of geographically

distributed simulation and data modules linked together as a

Fig. 5: Support for coarse grain modules in PetaSIM meta-problem. These could be supported b ys ystems such as

NPAC´s Web Flow [14] and often would be linked in some

d ynamic dataflow paradigm. This is familiar in the image-

processing arena where the s ystem Khoros [15] is often used

to coordinate such modules. In these examples, modules are

relativel ylarge and coarse grain. Often each module is

internallydata-parallel and could be running on a tightly

coupled parallel machine. PetaSIM has been designed from

the start to support a mix of coarse-grain functional

( dataflow) of data parallelism as shown in fig.5. However we

have not yet implemented or tested all these new capabilities.

The computational part of a collaborative session would be

used both as ynchronouslyand synchronously. In the first

case, a large scale multi-module metacomputing application

would be run off line producing results which could be part

of the shared information resource used in a collaborative

session. More ambitiously, perhaps the linked computational

modules would be running during the collaborative session

to update a planning tool or drive a shared visualization.

PetaSIM could support either type of activity.

6. Related Projects and Further Work

PetaSIM bases its performance estimate on several inputs:

namelythe computer architecture description, nodeset and

linkset , and application description, dataset and distribution ,

and the data operation description, execution script , of the

application. This has similarities to the approach used b ythe

POEMS group led b yUniversityof Texas at Austin. In the

POEMS s ystem, it divides the performance estimation into

application domain, s ystem and software domain, and

hardware domain. In each domain, theyprovide a model to

describe the features of both application and architecture.

The performance estimation will be based on the information

provided. [10]

Compared with some other performance estimators,

PetaSIM has some special characteristics. Most of the other

simulators, such as the Universityof Maryland´s s ystems [9],

[11], base their simulation on the task graph describing the

application. PetaSIM instead uses an execution script for the

application specified in ASCIIformat, which corresponds to

a coarse grained description of the application. PetaSIM´s

approach appears to provide a more intuitive interface to

both application and resource description, which naturally

supports rapid prototyping studies over a wide range of

computer architectures. In some cases PetaSIM´s interpreted

processing of the ASCII execution script [3], maybe too

slow and some pre-processing (compilation) of the execution

script should be added as an option. Remember one of our

goals was to support the stud yof a range of architectures for

a fixed application suite and in this case, it makes sense to

compile the execution script.

Other extensions of PetaSIM include execution of the

estimate in parallel and perhaps more interestingly, adding

capabilityto address the novel types of problems sketched in

sec. 5.

References

[1] "The P etaflops Systems Workshops", P roceedings of the

1996 P etaflops Architecture Workshop (P AWS), April 21-

25, 1996 and P roceedings of the 1996 Petaflops System

Software Summer Study( P etaSoft), June 17-21, 1996,

edited byMichael J. MacDonald (P erformance Issues are

described in Chapter 7).

[2] Geo ffreyC. Fox, RoyD. Williams, and P aul C. Messina,

Morgan Kaufmann, "P arallel Computing Works!~, 1994

[3] Kivanc Dincer and Geoffrey C. Fox, "Using Java in the

Virtual P rogramming Laboratory: A web-Based P arallel

P rogramming Environment", to be published in special

issue of Concurrency: P ractice and Experience on Java for

Science and Engineering Computation.

[4] Geo ffreyC. Fox and Wojtek Furmanski, Computing on the

Web -- New Approaches to P arallel P rocessing-- Petaop

and Exaop P erformance in the Year 2007", submitted to

IEEE Internet Computing,

http://www.npac.syr. edu/users/gcf/petastuff/petaweb/

[5] M. Rosenblum, S. Herrod, E. Witchel, A. Gupta,

"Complete Co mputer SystemSimulation: The SimOS

Approach", IEEE P arallel and Distributed Technology:

Systems and Applications, 3(4), winter, 1995, pp 34-43.

[6] E. Brewer, A. Colbrook, C. Dellarocas, W. Weihl,

" P roteus: A High-P erformance P arallel Arhictecture

Simulator", P erformance Evaluation Review, 20(1) Jun

1992, pp 247-8.

[7] D. P ark, R. Saavedra, "Trojan: A High-P erformance

Simulator for Shared Memory Archtectures", P roceedings

of the 29th Annual Simulation Symposiu m, April 1996, pp

44-53.

[8] J. Veenstra, R. Fowler, "MINT: A Front-end for Efficient

Simulation of Shared-MemoryMultiprocessors",

P roceedings of International Workshop on Modeling,

Analysis and Simulation of Computer and

Telecommunication Systems, Feb 1994, pp 201-7.

[9] M. Uysal, A. Acharya, R. bennett, J. Saltz, "A

Customizable Simulator for Workstation Networks",

P roceedings of the International P arallel Processing

Symposium, April 1997.

[10] Deelman, Bagrodia, Dube, Browne, Hoisie, Luo, Lubeck,

Wasserman, Oliver, Teller, Sundram-Stukel, Vernon,

Adve, Houstis, and Rice, P OEMS: End-to-end P erformance

Design of Large P arallel Adaptive Co mputational Systems:

Technical Report, August 1998

[11] Mustafa Uysal, Tahsin Kurc, Alan Sussman, Joel Saltz,

P erformance P rediction Framework for Data Intensive

Applications on Large Scale P arallel Machines, University

of Maryland Technical Report: CS-TR-3918 and UMIACS-

TR-98-39, July1998

[12] Tango Collaboration System , developed at NP AC mainly

for distance education and online at

http://trurl.npac.syr.edu/tango

[13] Habanero Collaboration System , pure Java collaboration

systemdeveloped at NCSA at:

http://www.ncsa.uiuc.edu/SDG/Software/Habanero

[14] E. Akarsu, G. Fox, W. Furmanski and T. Haupt,

" WebFlow - High-Level P rogramming Environment and

Visual Authoring Toolkit for High P erformance Distributed

Computing", paper submitted for Supercomputing 98,

http://www.npac.syr. edu/users/haupt/ALLIANCE/sc98.htm

l

[15] Khoros Integration Software fro m Khoral Research and

online at http://www.khoral.com/