
AN MPI IMPLEMENTATION OF A SELF-SUBMITTING PARALLEL JOBQUEUEJOHN M. NEUBERGER, NÁNDOR SIEBEN, AND JAMES W. SWIFTAbstra
t. We present a simple and easy to apply methodology for using high-level self-submittingparallel job queues in an MPI environment. Using C++, we implemented a library of fun
tions,MPQueue, both for testing our 
on
epts and for use in real appli
ations. In parti
ular, we haveapplied our ideas toward solving 
omputational 
ombinatori
s problems and for �nding bifur
ationdiagrams of solutions of partial di�erential equations (PDE). Our method is general and 
an beapplied in many situations without a lot of programming e�ort. The key idea is that workersthemselves 
an easily submit new jobs to the 
urrently running job queue. Our appli
ations involve
ompli
ated data stru
tures, so we employ serialization to allow data to be e�ortlessly passedbetween nodes. Using our library, one 
an solve large problems in parallel without being an expertin MPI. We demonstrate our methodology and the features of the library with several exampleprograms, and give some results from our 
urrent PDE resear
h. We show that our te
hniquesare e�
ient and e�e
tive via overhead and s
aling experiments. For 
ompleteness, we in
lude adetailed des
ription of the library fun
tions enabling our methods, along with an overview of theirimplementation. 1. Introdu
tionOur methodology is mainly motivated by our work in 
omputational 
ombinatori
s [26℄ andpartial di�erential equations (PDE) [21, 22, 23℄. In 
ombinatorial appli
ations, we have the needsand methods to follow trees. The bifur
ation diagrams we study in PDE are similar in stru
tureto these trees, and so we 
an supervise their generation using similar ideas. Traditional approa
hesto parallel PDE solvers obtain speed up by distributing operations on large matri
es a
ross nodes.Our methodology instead uses job queues to solve su
h problems at a higher level. Our parallelimplementation for 
reating bifur
ation diagrams for PDE is suggested by the nature of a bifur
ationdiagram itself. Su
h a diagram 
ontains bran
hes and bifur
ation points. These obje
ts spawn ea
hother in a tree hierar
hy, so we treat the 
omputation of these obje
ts as stand-alone jobs. ForPDE, this is a new and e�e
tive approa
h. Pro
essing a single job for one of these appli
ationsmay 
reate several new jobs, thus a worker node needs to be able to submit new jobs to the bossnode. These jobs require and produ
e a lot of 
ompli
ated data. For our proof of 
on
ept testsand real appli
ations, we have implemented our ideas in a library of C++ fun
tions, in part to takeadvantage of that language's fa
ility with 
ompli
ated data stru
tures. In this arti
le, we refer toour library as MPQueue.The Message Passing Interfa
e (MPI) [12℄ is a well-known portable and e�
ient 
ommuni
ationproto
ol whi
h has seen extensive use. In spite of its advantages, MPI is di�
ult to use be
auseit does not have a high-level fun
tionality. MPQueue is small, lightweight, and remedies someof these short
omings. It uses MPI behind the s
enes, is easy to use, and is Standard TemplateLibrary (STL) friendly. MPQueue has a high-level fun
tionality allowing for the rapid developmentof parallel 
ode using our self-submitting job queue te
hnique. In order to easily pass our dataDate: September 26, 2010.2000 Mathemati
s Subje
t Classi�
ation. 65Y05, 35J60, 37G40.Key words and phrases. MPI, job queue, MPQueue, bifur
ation, non-atta
king queens.This resear
h was supported in part by the National S
ien
e Foundation through TeraGrid resour
es provided byNCSA (TG-DMS090032). 1
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tures between nodes, our library uses the Boost Serialization Library (BSL) [24℄. It was adesign goal of ours to make everything as simple as possible, so that one does not have to worryabout the details of MPI or serialization when applying our methods. MPQueue is freely availablefrom the authors' web site.Se
tion 2 
ontains a brief overview of some popular software pa
kages that fa
ilitate parallelprogramming. These fall into roughly three 
ategories, threaded appli
ations for shared memorymulti-
ore pro
essing, message passing for multi-node, distributed memory 
lusters, and single-system image 
lusters. Our library uses message passing and is intended for use on distributedmemory 
lusters. Se
tions 3 and 4 explain line-by-line two simple example programs, one forfa
toring an integer, and the other for squaring a matrix. The purpose of these examples is notto provide e�
ient solutions for these demonstration appli
ations, but to present our methodologyand des
ribe the key features of MPQueue in full detail. In Se
tion 5 we give a more seriousexample, namely that of �nding pla
ements of non-atta
king queens on a 
hessboard. This 
odeis more 
ompli
ated, and while not optimal, it does solve the problem on a 20 × 20 board, whi
hwould not be possible in a timely manner using serial 
ode. We also investigate e�
ien
y, s
aling,and speedup for this example. A 
omputationally intensive and mathemati
ally 
omplex exampleresult for PDE 
an be found in Se
tion 6. The full mathemati
al details of the parti
ular PDE weare interested in 
an be found in [23℄, along with our state of the art numeri
al results whi
h useMPQueue. Se
tion 7 
ontains a detailed des
ription of the library interfa
e. In Se
tion 8 we givean overview of the implementation of MPQueue. This se
tion also in
ludes an overhead experimentand summarizes the eviden
e of our implementation's solid performan
e. Se
tion 9 
ontains some
on
luding remarks, in
luding possible future re�nements to MPQueue.The authors thank the Department of Physi
s and Astronomy and the College of Engineering,Forestry and Natural S
ien
es for providing a

ess and support in the use of two Linux 
lusterslo
ated on the Northern Arizona University 
ampus. We also appre
iate the TeraGrid resour
esprovided by NCSA, supported in part by the National S
ien
e Foundation.2. Related workIn this se
tion we give a short des
ription of some existing systems o�ering parallel 
omputingsolutions.2.1. Shared memory multithreading systems on multi
ore pro
essors. Many existing li-braries share some features with MPQueue, but unlike MPQueue, use a shared memory modelwith multithreading. These systems are not designed for use with a distributed memory 
luster.They 
ould 
on
eivably be e�e
tively used with some single-system image 
luster software (seeSe
tion 2.3).
• Intel's Cilk++ language [17℄ is a linguisti
 extension of C++. It is built on the MIT Cilksystem [5℄, whi
h is an extension of C. In both of these extensions, programs are ordinaryprograms with a few additional keywords: 
ilk_spawn, 
ilk_synk and silk_for. A programrunning on a single pro
essor runs like the original 
ode without the additional keywords.The Cilk system 
ontains a work-stealing s
heduler.
• Fast�ow [1℄ is based on lo
k-free queues expli
itly designed for programming streamingappli
ations on multi-
ores. The authors report that Fast�ow exhibits a substantial speedupagainst the state-of-the-art multi-threaded implementation.
• OpenMP [9℄ is presented as a set of 
ompiler dire
tives and 
allable runtime library routinesthat extend Fortran (and separately, C and C++) to express shared memory parallelism. It
an support pointers and allo
atables, depending on the 
hosen underlying language, andextends X3H5 
on
epts while to support 
oarse grain parallelism. It also in
ludes a 
allableruntime library with a

ompanying environment variables.
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• Intel Threading Building Blo
ks (TBB) [25℄ is a portable C++ template library for multi-
ore pro
essors. The library simpli�es the use of lower level threading pa
kages like Pthreads.The library allo
ates tasks to 
ores dynami
ally using a run-time engine.
• Pthreads [6℄ is a POSIX standard for the C programming language that de�nes a largenumber of fun
tions to manage threads. It uses mutual ex
lusion (mutex) algorithms toavoid the simultaneous use of a 
ommon resour
e.2.2. Message Passing Interfa
e systems. There are a few existing libraries that are built ontop of MPI. These are C++ interfa
es for MPI, without job queues, and mostly without higherlevel fun
tionality. It would have been possible to implement MPQueue on top of some of thesepa
kages, in parti
ular, on top of Boost.MPI.
• The Boost.MPI library [14, 16℄ is a 
omprehensive and 
onvenient C++ interfa
e to MPIwith some similarity to our library. Like MPQueue, Boost.MPI uses the BSL to serializemessages.
• MPI++ [2℄ is one of the earliest C++ interfa
es to MPI. The interfa
e is 
onsistent withthe C interfa
e.
• mpi++ [15℄ is another C++ interfa
e to MPI. The interfa
e does not try to be 
onsistentwith the C++ interfa
e.
• Obje
t Oriented MPI (OOMPI) [19℄ is a C++ 
lass library for MPI. It provides MPI fun
-tionality though member fun
tions of obje
ts.
• Para++ is a generi
 C++ interfa
e for message passing appli
ations. Like our interfa
e, itis a high level interfa
e built on top of MPI and is meant to allow for the qui
k design ofparallel appli
ations without a signi�
ant drop in performan
e. The arti
le [8℄ des
ribes thepa
kage and in
ludes an example appli
ation for PDE. Para++ uses task hierar
hies butdoes not implement job queues.2.3. Single-System Image (SSI) Cluster software. A single-system image 
luster [7, 18℄ ap-pears to be a single system by hiding the distributed nature of resour
es. Pro
esses 
an migratebetween nodes for resour
e balan
ing purposes. In some of its implementations, it may be possibleto run shared memory appli
ations.
• Kerrighed [20℄ is an extension of the Linux operating system. It allows for appli
ations usingOpenMP and Posix multithreading, presenting an alternative to using MPI on a 
lusterwith distributed resour
es. This approa
h is seemingly simpler than message passing, butthe memory states of the separate nodes must be syn
hronized during the exe
ution of ashared memory program. This probably is not as e�
ient as a 
arefully designed messagepassing solution.
• OpenSSI is another SSI 
lustering system based on Linux. It fa
ilitates pro
ess migrationand provides a single pro
ess spa
e. OpenSSI 
an be used to build a robust, high availability
luster with no single point of failure. It is a general purpose system that is not spe
i�
allydesigned for parallel 
omputing.
• The Linux Pro
ess Migration Infrastru
ture (LinuxPMI) is a Linux Kernel extension forsingle-system image 
lustering. The proje
t is a 
ontinuation of the abandoned openMosix
lustering proje
t whi
h is a fork of MOSIX [3℄.2.4. Summary of Alternatives to MPQueue. As resear
hers in PDE and 
ombinatori
s, wehave a need for the 
omputational power only obtainable through parallel programming. To bepra
ti
al, we need a method that uses the distributed memory 
lusters available to us. Our key,proven e�e
tive programming idea is to use self-submitting job queues. We did not �nd an exist-ing pa
kage that 
ompletely satis�ed all of our requirements, and so wrote our own, MPQueue.Our main design goal was to make a simple library that is easy to use, allowing e�ortless, rapiddevelopment of s
ienti�
 experiments requiring parallel exe
ution, without sa
ri�
ing performan
e.
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'&%$ !"#5 '&%$ !"#2 '&%$ !"#2 '&%$ !"#3 '&%$ !"#2Figure 3.1. A possible order of jobs in the job queue during the fa
torization of 120. The arrowsrepresent the job submission pro
ess. The 
ir
led jobs are the prime number outputs and so theydo not produ
e new submissions.Existing shared memory model software for multi
ore systems have some similar fun
tionalityas MPQueue, but they do not suit all needs be
ause of the limitations on the number of 
ores on
urrently available hardware. It may be a possibility to use some su
h systems on top of SSI 
lustersoftware to implement te
hniques similar to ours over a distributed memory 
luster, but we do notbelieve that this would be any simpler than or have as good performan
e as our simple, more dire
tmessage passing approa
h.Other message passing systems are mainly 
on
erned with lower level tasks. They o�er a largevariety of ways to send and re
eive messages e�
iently, but generally do not o�er higher level
onstru
ts. It would probably be a reasonable programming alternative to implement our key ideaof the self-submitting job queue on top of some of these existing systems, but we do not thinkthe result would be as simple to use or have better performan
e than our implementation. In thesequel, we demonstrate with examples how our simple message passing system handles low leveldetails automati
ally and o�ers an easy to use yet powerful and e�
ient programming methodologybased on the self-submitting job queue.3. Fa
toring exampleListing 3.1 shows an example program using the MPQueue library for fa
toring an integer. Thisexample demonstrates many of the features of the library. In parti
ular, it shows the generalstru
ture of a program, in
luding the 
reation, supervision, and post-pro
essing of job queues. Italso shows the me
hanism by whi
h workers themselves 
an submit new jobs.The main idea of the algorithm is to split the input as a produ
t of two integers that are as largeas possible, and then submit these fa
tors to the job queue for further splitting. These submissionsare done by the workers. The job submission pro
ess is visualized in Figure 3.1. Note that the orderof job submissions is not fully determined.We now present the detailed explanation of the 
ode in Listing 3.1
• line 1: We load the MPQueue library. This automati
ally loads all the libraries needed touse MPI. It also loads the required parts of the BSL [24℄.
• line 5: Every job type has a positive integer identi�er. In this simple example we only haveone type of job.MPQswit
h:
• line 8: This fun
tion is 
alled every time a new job needs to be done. In this example, thefun
tion is only exe
uted by worker nodes. The job.type variable determines the type of thejob, although in this 
ase there is only one type. Typi
ally a program has several kinds ofjobs and so this fun
tion 
ontains a swit
h statement. The job.data variable 
ontains theserialized input of the job at the time the fun
tion is 
alled. This variable is repla
ed bythe serialized output of the job. The output is the same as the input if the input is a prime,otherwise the output is empty.
• lines 9�10: The input is deserialized into the variable x.
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lude "MPQueue . h"2 #in
lude "math . h"3 using namespa
e s td ;45 
onst int SPLIT = 1 ; // on ly one job type , so no6 // 
ases in MPQswit
h78 void MPQswit
h (Tjob & job ) {9 int x ;10 f r om_st r i ng (x , job . data ) ;11 int sqt = int ( s q r t (double (x ) ) ) ;12 for ( int y = sqt ; y > 1 ; y−−) // sear
h f o r d i v i s o r s13 i f (0 == x % y ) { // found a d i v i s o r14 MPQsubmit (Tjob (SPLIT , x/y ) ) ; // submit two new j o b s15 MPQsubmit (Tjob (SPLIT , y ) ) ;16 job . data = "" ; // no output to re turn17 return ;18 }19 }2021 int main ( int arg
 , 
har ∗argv [ ℄ ) {22 MPQinit ( arg
 , argv ) ;23 MPQstart ( ) ; // on ly the boss r e turns24 Tjobqueue inqueue , outqueue ;25 int x = 1120581000; // f a 
 t o r t h i s number26 inqueue . push (Tjob (SPLIT , x ) ) ; // add one job to the job queue27 MPQrunjobs ( inqueue , outqueue ) ; // sup e r v i s e queue pro
e s s ing28 
out << x << " f a 
 t o r s  as : \ n" ;29 while ( ! outqueue . empty ( ) ) { // ge t the r e s u l t s30 int f a 
 t o r ; // one f a 
 t o r31 f r om_st r i ng ( f a 
 to r , outqueue . f r on t ( ) . data ) ;32 
out << f a 
 t o r << " " ;33 outqueue . pop ( ) ;34 }35 MPQstop ( ) ;36 } Listing 3.1. Prime fa
torization example program.
• line 11: The worker 
al
ulates the square root of x. We hope to split x into the produ
t oftwo integers that are as large as possible. Thus, the sear
h for these fa
tors starts at thesquare root of x.
• line 12: The loop tries to �nd a fa
tor y of x.
• line 13: Che
k if we have found a fa
tor.
• lines 14�15: The worker has found a fa
tor y. The worker submits two new jobs to the
urrent job queue to split the two fa
tors y and y/x.
• line 16: The split produ
es no output sin
e the further splitting of the found fa
tors is goingto be done by other workers. Hen
e the output is set to empty.
• line 17: The job is done.
• line 19: We did not �nd any divisors so x is a prime. Thus the un
hanged job.data 
ontaining

x is returned to the boss node as the result of the job.main:
• line 21: The main fun
tion is exe
uted by every node.
• line 22: The MPI is initialized.
• line 23: The nodes are split into one boss and several workers. Only the boss returns fromthis fun
tion 
all. The workers are ready to a

ept jobs.
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• line 24: The boss 
reates two job queues, one for storing jobs to do, and another for storingresults.
• line 25: The goal is to �nd the prime fa
torization of this number.
• line 26: The boss pla
es one splitting job into the job queue.
• line 27: The boss starts the supervision of the workers. The workers split numbers intofa
tors and submit these fa
tors to inqueue for further splitting. The workers return theprime fa
tors, whi
h the boss 
olle
ts in the outqueue. The boss node spends the vastmajority of its running time in this fun
tion.
• line 29: The boss retrieves all the prime fa
tors from the output queue.
• line 30�33: One of the prime fa
tors is retrieved and printed.
• line 35: The boss halts all the workers.4. Matrix square exampleListing 4.1 shows an example program for 
al
ulating the square of a matrix. The exampledemonstrates several new features of the MPQueue library. Namely, it shows how to e�
ientlyshare a large amount of data with all the workers using MPQsharedata, how to serialize stru
tdata types using a template fun
tion, and how to use MPQtask to return results to the boss forimmediate pro
essing rather than using the output job queue. Unlike the �rst example, this programuses several job types so there is an a
tual swit
h statement in the MPQswit
h fun
tion.We now present the detailed explanation of the 
ode in Listing 4.1
• line 4: There are three types of jobs in this example. The job types need to be positiveintegers, so NONE is added to take the unused value of zero.
• line 6: The variable matrix 
ontains the input matrix. The variable square 
ontains thesquare of the input matrix, whi
h is the result of the program.
• line 7�10: This data type is used to send ba
k one row of the result matrix, together withthe position of this row.
• line 12�16: The BSL requires a simple template fun
tion for the serialization of ea
h stru
-ture.MPQswit
h:
• line 18: This fun
tion is exe
uted by the workers with the job.type variable set to DATA orMULTIPLY. It is also exe
uted by the boss with job.type set to RESULT.
• line 19: The variable data 
ontains one row of the result produ
ed by a worker.
• line 20: De
ide the type of the 
urrent job.
• lines 21�23: The input matrix is shared by all the workers. Ea
h worker re
eives the matrixas a DATA job. The workers deserialize it and store it lo
ally in the variable matrix.
• line 24�29: A worker 
al
ulates one row of the goal matrix.
• line 25: The input is deserialized into data.pos. It tells the worker whi
h row to 
ompute.
• line 26: The 
al
ulated row is stored in data.result.
• lines 27�29: The row is 
al
ulated using standard matrix multipli
ation.
• lines 30�31: The worker sends the 
al
ulated row to the boss.
• line 33�36: The boss re
eives a row and puts in into the result matrix square.
• line 34: The row is deserialized.
• line 35: The row is pla
ed at the appropriate lo
ation.main:
• line 41: The MPI is initialized.
• line 42: The nodes are split into one boss and several workers.
• line 43: The example input matrix 
ontains rows of length 10 
ontaining a 1 at ea
h position.
• line 44: The input variable matrix is initialized.
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lude "MPQueue . h"2 using namespa
e s td ;34 enum { NONE, DATA, MULTIPLY, RESULT } ;5 typedef ve
 to r < int > Trow ;6 ve
 to r < Trow > matrix , square ;7 typedef stru
t {8 int pos ; // row index9 Trow r e s u l t ; // output row10 } Tdata ;1112 template < 
lass Ar
hive > void // needed to s e r i a l i z e Tdata13 s e r i a l i z e (Ar
hive & ar , Tdata & data , 
onst unsigned int ver s i on ) {14 ar & data . pos ;15 ar & data . r e s u l t ;16 }1718 void MPQswit
h (Tjob & job ) {19 Tdata data ;20 swit
h ( job . type ) {21 
ase DATA: // r e 
 e i v e the input matrix22 f r om_st r i ng (matrix , job . data ) ;23 break ;24 
ase MULTIPLY :25 f r om_st r i ng ( data . pos , job . data ) ; // ge t the row po s i t i on26 data . r e s u l t = Trow (matrix . s i z e ( ) , 0 ) ;27 for ( int j = 0 ; j < matrix . s i z e ( ) ; j++) // 
 a l u t a t e one row28 for ( int k = 0 ; k < matrix . s i z e ( ) ; k++)29 data . r e s u l t [ j ℄ += matrix [ data . pos ℄ [ k ℄ ∗ matrix [ k ℄ [ j ℄ ;30 job = Tjob (RESULT, data ) ; // prepare the r e s u l t31 MPQtask ( job ) ; // send r e s u l t to boss32 break ;33 
ase RESULT : // r e 
 e i v e one output row34 f r om_st r i ng ( data , job . data ) ;35 square [ data . pos ℄ = data . r e s u l t ;36 job . data = "" ; // noth ing to re turn37 }38 }3940 int main ( int arg
 , 
har ∗argv [ ℄ ) {41 MPQinit ( arg
 , argv ) ;42 MPQstart ( ) ;43 Trow row (10 , 1 ) ; // input matrix 
on ta in ing44 ve
 to r < Trow > mat ( row . s i z e ( ) , row ) ; // 1 at every entry45 square . r e s i z e ( row . s i z e ( ) ) ; // 
on ta iner f o r the output46 MPQsharedata (Tjob (DATA, mat ) ) ; // input matrix s en t to workers47 Tjobqueue inqueue , outqueue ;48 for ( int i = 0 ; i < mat . s i z e ( ) ; i++) // every row i s a separa t e j ob49 inqueue . push (Tjob (MULTIPLY, i ) ) ;50 MPQrunjobs ( inqueue , outqueue ) ; // run the j o b s51 for ( int i = 0 ; i < row . s i z e ( ) ; i++) { // p r i n t the output matrix52 for ( int j = 0 ; j < row . s i z e ( ) ; j++)53 
out << square [ i ℄ [ j ℄ << " " ;54 
out << "\n" ;55 }56 MPQstop ( ) ;57 } Listing 4.1. Matrix square example program.
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Figure 5.1. A partial pla
ement of queens on a 5× 5 board. In the example 
ode, this pla
ementis en
oded as the ve
tor (0, 3, 1, 4). This partial pla
ement 
an be extended to the full pla
ement
(0, 3, 1, 4, 2). There are 10 distin
t pla
ements on the 5 × 5 board.

• line 45: The output variable square is resized to the 
orre
t dimensions.
• line 46: The input matrix is sent to all the workers
• lines 48�49: The job queue is �lled with MULTIPLY jobs, ea
h requesting the 
al
ulationof one row of the goal matrix.
• line 50: The boss starts the supervision of the workers. At the end of this work, the goalmatrix square will have been 
al
ulated. No other result is 
reated, so outqueue is empty.
• lines 51�55: The goal matrix is printed.
• line 56: The boss halts all the workers.5. Non-atta
king Queens exampleWe now present an appli
ation that illustrates how to avoid the too many jobs obsta
le to s
ala-bility. The example uses lo
al job queues to avoid ex
essive 
ommuni
ation 
osts. This te
hniqueenhan
es the �exibility of our methodology, allowing for the e�
ient use of the library in somewhatunexpe
ted situations.The n-queen puzzle is a well-known problem in mathemati
s. It 
on
erns the pla
ement of nnon-atta
king queens on an n×n 
hess board. Figure 5.1 shows a valid partial pla
ement with onemissing queen. For a survey of results on the generalizations of this problem see [4℄. Listing 5.1shows an example program whi
h 
ounts the number of solutions on an n × n board. Figure 5.2shows the serial pseudo 
ode. We were able to run this 
ode for n ≤ 20 on a 
luster 
ontaining 24Intel(R) Xeon(TM) 2.80GHz dual CPUs with hyper-threading. For n = 20, it took 9.0 hours (seeFigure 5.3) using the 96 = 24 × 2 × 2 
ores to �nd the 39, 029, 188, 884 solutions. Note that thestate of the art is n = 26, that is, the number of solutions for n = 27 is not known.Our 
ode uses a parallel version of a standard ba
ktra
king algorithm. A worker keeps a lo
aljob queue 
ontaining possible sear
h bran
hes, that is valid partial pla
ements. If this queue growslarge enough, then the worker submits one of the partial pla
ements to the boss node as a job sothat another worker 
an pro
ess it. Submitting jobs to the boss node too early may result in a verylarge global job queue and a lot of unne
essary 
ommuni
ation between the nodes. Submitting jobstoo late 
an starve the workers for jobs. The de
ision depends on the number of nodes, the speedof the nodes, and the bran
hing fa
tor of the sear
h tree. Our 
ode uses a simple heuristi
 thatdepends on an over�ow value that we have adjusted experimentally. Figures 5.3, 5.4, and 5.5 showthe e�e
t of di�erent 
hoi
es of the value. This very simple submission pro
ess 
ould be �ne tunedusing the MPQinfo 
ommand listed in Se
tion 7. Many of the task distribution s
hemes dis
ussedin the survey paper [13℄ 
ould be implemented using the MPQinfo 
ommand.Table 5.1 and Figures 5.4 and 5.5 show that our approa
h to the problem s
ales well. For the size15 board, we 
ould have used more than the available 96 nodes; to attempt the unknown n = 27
ase we 
ould make good use of a very large number of nodes.
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lude "MPQueue . h"2 #in
lude <deque>3 using namespa
e s td ;45 enum { NONE, PLACE, RESULT } ;6 typedef ve
 to r < int > Trow ;7 unsigned long int a l l s o l u t i o n s = 0 ; // t o t a l number s o l u t i o n s8 int over f low = 70 ; // 
 o n t r o l l s l o 
 a l queue s i z e9 
onst int s i z e = 20 ; // s i z e o f the board1011 bool inl ine f i t s ( 
onst Trow & row ) {12 int j = row . s i z e ( ) − 1 ;13 for ( int i = 0 ; i < j ; i++)14 i f ( ( row [ i ℄ == row . ba
k ( ) ) | | ( abs ( row [ i ℄ − row [ j ℄ ) == j − i ) )15 return fa l se ; // queens i n t e r f e r e16 return true ; // l a s t queen f i t s17 }1819 void MPQswit
h (Tjob & job ) {20 Trow row ; // a p a r t i a l p la
ement21 deque < Trow > rows ; // l o 
 a l j o b queue22 unsigned int s o l u t i o n s = 0 ; // l o 
 a l number o f s o l u t i o n s23 swit
h ( job . type ) {24 
ase PLACE : // add queen in next 
olumn25 f r om_st r i ng ( row , job . data ) ;26 rows . push_ba
k ( row ) ; // popu la t e a l o 
 a l j o b queue27 while ( ! rows . empty ( ) ) { // s t i l l l o 
 a l j o b s to do28 row = rows . ba
k ( ) ;29 rows . pop_ba
k ( ) ;30 for ( row . push_ba
k ( 0 ) ; row . ba
k ( ) < s i z e ; row . ba
k ()++)31 i f ( f i t s ( row ) ) // does the new queen f i t ?32 i f ( row . s i z e ( ) == s i z e ) // a l l queens added33 s o l u t i o n s++; // found a new s o l u t i o n34 else {35 rows . push_ba
k ( row ) ; // add to l o 
 a l j o b queue36 i f ( rows . s i z e ( ) > over f low ) { // i f too many l o 
 a l j o b s37 MPQsubmit (Tjob (PLACE, rows . f r on t ( ) ) ) ; // send one to the boss38 rows . pop_front ( ) ;39 }40 }41 }42 job = Tjob (RESULT, s o l u t i o n s ) ; // prepare the r e s u l t43 MPQtask ( job ) ; // send r e s u l t to the boss44 break ;45 
ase RESULT :46 f r om_st r i ng ( s o l u t i on s , job . data ) ; // update t o t a l s o l u t i o n s47 a l l s o l u t i o n s += s o l u t i o n s ; // wi th new r e s u l t48 job . data = "" ; // no r e s u l t to re turn49 }50 }5152 int main ( int arg
 , 
har ∗argv [ ℄ ) {53 MPQinit ( arg
 , argv ) ;54 MPQstart ( ) ;55 Tjobqueue inqueue , outqueue ;56 inqueue . push (Tjob (PLACE, Trow ( ) ) ) ; // i n i t i a l empty pla
ement57 MPQrunjobs ( inqueue , outqueue ) ;58 
out << a l l s o l u t i o n s << " s o l u t i o n s \n" ;59 MPQstop ( ) ;60 } Listing 5.1. Non-atta
king queens example program.



10 JOHN M. NEUBERGER, NÁNDOR SIEBEN, AND JAMES W. SWIFTInput: sizeOutput: solutionsadd empty row to the queue of partial pla
ements // no queens pla
ed yet1 while queue is not empty do2 move the last job from queue into row3 in
rease the size of row // add room for the next 
olumn4 for i ∈ {0, . . . , size} do5 set the last 
oordinate of row to i // pla
e the next queen into the i-th row6 if row is a good partial pla
ement then7 if row is a full pla
ement then8 in
rement solutions9 else10 add row to queue11 Figure 5.2. Pseudo 
ode for the serial non-atta
king queens pla
ement program. Thealgorithm uses simple ba
k tra
king.
a
tivejobsover�ow = 70

time (se
) 3262820000100000
400030002000100095

a
tivejobsover�ow = 85

time (se
) 381423000020000100000
300200950Figure 5.3. Load diagrams of the 20-queen pla
ement example 
ode for two di�erent values ofthe over�ow variable. In both 
ases there were 95 available workers. The shaded region shows thenumber of workers a
tively working on jobs. The solid 
urve shows the number of jobs availablein the global job queue together with the number of a
tive workers. The unshaded region below95 represents idle workers. The pi
tures show that the 
hoi
e of 85 for over�ow is too large, sin
ewith this 
hoi
e there are not enough available jobs and so the program takes longer to �nish. Theoptimal value of 70 was determined experimentally. From Figures 5.4 and 5.5 it appears that theoptimal over�ow value is somewhat predi
table and depends only on the size of the problem, notthe size of the 
luster.We did not take advantage of the symmetry of the problem, whi
h would have immediatelyresulted in a four-fold speedup. This 
ould be done with minimal work, but our goal here is topresent a meaningful yet simple example demonstrating the use of our library and methodology. A
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232221,2420,25

nodes p

speedupT(1)
/T

(p
)

908070605040302010

4035302520151050Figure 5.4. Speedup as a fun
tion of nodes for the 12-queen pla
ement problem. The bold numbersindi
ate the over�ow values used for a given 
urve. The dashed line is the theoreti
al maximumspeedup of p − 1, the number of workers. It appears that adding more than 55 nodes does notin
rease the speedup. This limitation is the result of the small board size. The number of solutionsis only 14,200.

45
353025,40
2015nodes p

speedupT(1)
/T

(p
)

908070605040302010

9080706050403020100Figure 5.5. Speedup as a fun
tion of nodes for the 15-queen pla
ement problem. The boldnumbers indi
ate the over�ow values used for a given 
urve. It appears that the optimal over�owvalue does not depend on the number of nodes, only on the size of the problem. The dashed lineagain 
orresponds to the theoreti
al maximum speedup. The number of solutions for this boardsize is 2,279,184.



12 JOHN M. NEUBERGER, NÁNDOR SIEBEN, AND JAMES W. SWIFTNodes p Run time T (p) Worker usage Total usage E�
ien
y T (1)
pT (p)1 94.08 se
 94.08 CPU se
3 47.05 se
 94.10 CPU se
 141.15 CPU se
 0.676 18.77 se
 93.85 CPU se
 112.62 CPU se
 0.8424 4.11 se
 94.53 CPU se
 98.64 CPU se
 0.9548 2.05 se
 96.35 CPU se
 98.40 CPU se
 0.9672 1.44 se
 102.24 CPU se
 103.68 CPU se
 0.9196 1.11 se
 105.45 CPU se
 106.56 CPU se
 0.88Table 5.1. Pro
essing times for the 15-queen pla
ement problem using the over�ow value 30.The Worker usage 
olumn is the number of workers multiplied by the run time, while Total usagein
ludes the boss as well. A 
onstant worker usage would indi
ate perfe
t s
aling. For larger boardsizes, the e�
ien
y in
reases up to and beyond our maximum available 96 nodes.possible future extension to the MPQueue library that 
ould help redu
e the number of idle workersfor problems like this one would be the implementation of priority job queues.We now present the detailed explanation of the 
ode in Listing 5.1.

• line 6: A pla
ement of queens is stored in a ve
tor. In a valid pla
ement, every 
olumn
ontains exa
tly one queen. The i-th entry of the ve
tor 
ontains the lo
ation of the queenin the i-th 
olumn.
• line 7: The total number of solutions is stored in this global variable.
• line 9: We work on a 20 × 20 board.�ts:
• lines 11�17: This fun
tion 
he
ks if the queen in the last 
olumn of a pla
ement interfereswith the other queens.MPQswit
h:
• line 21: Ea
h worker keeps a lo
al job queue of partial pla
ements.
• line 22: Solutions found by a worker are 
ounted lo
ally.
• line 24: A worker re
eives a partial pla
ement and tries to extend it.
• line 25: The input is deserialized.
• line 26: The initial job re
eived from the boss is stored as the �rst job in the lo
al job queue.
• line 27: The worker �nishes all the jobs in the lo
al job queue.
• lines 28�29: The worker re
eives the �rst job in the lo
al job queue.
• line 30: The job 
ontains a partial pla
ement of queens. The worker tries to add a queen inevery possible position of the next 
olumn.
• line 31: If this parti
ular pla
ement of the new queen does not interfere with the otherqueens, then this new pla
ement is a possible extension of the original pla
ement.
• lines 32�33: If the extended pla
ement is a full pla
ement, then this is a new solution.
• line 35: The extended pla
ement is not yet a full pla
ement, so it is stored as a new job inthe lo
al job queue.
• lines 36�39: If the lo
al job queue size is large enough, then it is time to submit one of thelo
al jobs to the global job queue.
• lines 42�43: When the lo
al job queue is empty, the worker sends the number of solutionsit found to the boss node. This method is more e�
ient than the use of the output queuewould be, sin
e there is a large number of results and we are only interested in the sum ofthem.
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• lines 45�48: The boss re
eives a result from a worker and updates the total number ofsolutions.main:
• line 56: The job queue originally 
ontains an empty pla
ement 
ontaining no queens.6. Appli
ation to Nonlinear Ellipti
 PDEOur library has provided us with an easy way to port to a parallel environment our serial 
odefor solving PDE. The resulting in
rease in 
omputational power has enabled us to solve the 
om-putationally intensive problem

∆u + fs(u) = 0 in Ω(6.1)
u = 0 on ∂Ω,where ∆ is the Lapla
ian, Ω is the square or 
ube, and fs is the family of nonlinearities fs(u) =

su + u3, parameterized by s ∈ R. Other regions and nonlinearities 
an be handled as well. Wehad previously developed serial C++ 
ode for obtaining good approximations of solutions to pa-rameterized PDE su
h as (6.1), provided that the dimensions involved were not too big. The reader
an refer to [21, 22℄ (serial) and [23℄ (parallel) for the mathemati
al details of our PDE algorithms,whi
h are based on Newton's method operating in a 
oe�
ient spa
e 
orresponding to eigenfun
tionexpansions of solution approximations. Generally, our C++ 
ode follows bran
hes of solutions bystarting with an initial point on a bran
h and an approximate tangent ve
tor to the bran
h, applyingNewton's method to �nd a next point and 
orresponding tangent, and repeating until a window isexited. Ea
h time a new bifur
ation point is identi�ed on a bran
h, our 
ode seeks points on new,bifur
ating bran
hes, whi
h 
an then also be followed. Pro
essing a bifur
ation point 
an be veryqui
k but it 
an also take more time than following a bran
h. Thus, it is natural that following abran
h and analyzing a bifur
ation point are the two job types we use.The required input for both job types is 
ompli
ated. Ea
h input is a stru
ture with 18 dif-ferent �elds, 
ontaining su
h data as the dis
retized solution approximation at N grid points, the
orresponding M eigenfun
tion expansion 
oe�
ients, the parameter s, the 
urrent tangent ve
tor,the bran
h history, and C++ parameter values that lead to the 
urrent state (speed, toleran
es,maximum iteration 
ounts, et
). For large problems, the embedded ve
tors may be very large. Theautomati
 serialization feature of our library makes it easy to pass su
h data between nodes.Figure 6.1 shows a partial bifur
ation diagram when Ω is the square (0, π)2. The horizontal axis isthe parameter s and the verti
al axis is the value of the solution at a generi
 point (x∗, y∗) [22℄. Thediagram demonstrates how bran
h following 
reates a tree stru
ture whose growth is unpredi
table.Details of the size and speed for this simple example are shown in the �rst row of Table 6.1. Usingtwo nodes is essentially a simulation of our serial 
ode, sin
e there is only one worker.The se
ond row of Table 6.1 shows the same summary for a problem where Ω is the 
ube (0, π)3and we sear
h for the bran
hes 
onne
ted to the bifur
ation point on the trivial bran
h at s =
18. Parallelization is essential sin
e it takes about a minute to 
ompute ea
h of the thousands ofsolutions.We 
on
lude the se
tion with a few details of our implementation for 
reating bifur
ation di-agrams. Solution approximations lie in a subspa
e spanned by the �rst M eigenfun
tions of theLapla
ian, whi
h themselves have been previously and independently approximated by M ve
torsin RN , obtained via 
alls to ARPACK if not known in 
losed form. For the example results in
ludedin this se
tion, these bases are well known in terms of sine fun
tions. The 
onstru
tion of the Ja-
obian of the obje
t fun
tion for Newton's method requires order M2 numeri
al integrations, ea
hrequiring order N arithmeti
 operations. The number of integrations is redu
ed somewhat in thepresen
e of symmetry. The sear
h dire
tion system is solved via a standard LAPACK subroutine.Ea
h approximated point requires roughly 4 iterations of Newton's method. Finding bifur
ation
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b6 b7Figure 6.1. The �rst four primary bran
hes and all the bran
hes 
onne
ted to them for PDE (6.1)on a square region. For this example, a total of 12 jobs are pla
ed on the job queue. The lowerdiagram represents a possible 
reation order of these jobs in the job queue during the generation ofthe bifur
ation diagram presented in the upper diagram. A solid arrow represents the submissionof a bifur
ation analysis job, while a dotted arrow represents a bran
h following job. The trivialbran
h u = 0 lying on the horizontal axis is the �rst bran
h to be followed. This job, labeled b1,is the �rst and only job to be pla
ed in the job queue by the boss. One of the workers follows thistrivial bran
h and en
ounters the 3 primary bifur
ation points and submits 3 bifur
ation jobs P1, P2,and P3. These three bifur
ation points are ea
h pro
essed by a di�erent worker, whi
h leads to thesubmission of 4 bran
h jobs. This pro
ess 
ontinues until the job queue is empty. The workers donot send results to the boss using the outqueue; they store all their results in separate �les whi
hare post pro
essed by other s
ripts after the termination of the program.points requires the 
omputation of the eigenvalues of the Ja
obian, 
omputed by another LAPACKroutine. 7. Detailed des
ription of the library interfa
eIn this se
tion, we give a detailed des
ription of the library interfa
e.
• Job data type. Every job has one of several possible job types stored in the type �eld. The data�eld 
ontains the serialized input for un�nished jobs and the serialized output for �nished jobs.stru
t Tjob {int type ;string data ;} ;
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Ω M N Bran
hes Bifur
ations Solutions Nodes Run time Worker usage

(0, π)2 323 412 7 5 165
24 8.17 min3.73 min 8.17 CPUmin11.19 CPUmin

(0, π)3 564 213 385 364 19724
265076 22.4 hour11.5 hour8.98 hour 560.0 CPUhour563.5 CPUhour673.5 CPUhourTable 6.1. Pro
essing times for PDE examples. These results are using NCSA's IA-64 TeraGridLinux Cluster (Mer
ury) with 1.3 GHz nodes [11℄. The data for the square region 
orresponds tothe diagrams found in Figure 6.1. The entries for the 
ube region are typi
al of the results foundin [23℄. Note that the 
ube problem s
ales well sin
e there are many jobs.There is a template 
onstru
tor that takes 
are of the automati
 serialization of the data.template <
lass T>Tjob ( int type , T data ) ;

• Jobqueue data type. This type is used to de
lare the input queue of unassigned jobs, as well asthe output queue. The output queue might remain empty if the workers produ
e empty outputs.typedef queue < Tjob > Tjobqueue ;
• Initialize MPI. This is usually the �rst fun
tion 
alled by the main fun
tion. The global variablesMPIrank and MPIsize are set. Note that MPIrank ranges from 0 to MPIsize−1; the boss nodealways has MPIrank set to 0.void MPQinit ( int arg
 , 
har ∗argv [ ℄ ) ;
• Split the workers from the boss pro
ess. Only the boss pro
ess returns from a 
all to MPQstart;the workers start waiting for jobs.void MPQstart ( ) ;
• Submit a job into the 
urrently running job queue. Only a worker 
an 
all this fun
tion.void inl ine MPQsubmit ( 
onst Tjob & job ) ;
• Ask the boss to run a task. A task is a short job that is immediately run by the boss and notpla
ed on the job queue. Only a worker 
an 
all this fun
tion. The job.data variable 
ontains theserialized input at invo
ation and the serialized output upon 
ompletion. The fun
tion MPQtask
an be used, for example, to ask for the value of a 
ounter to 
reate a unique �le name. It 
an alsobe used to return the result of a job as shown in Listing 4.1.template < 
lass T >void inl ine MPQtask (Tjob & job ) ;
• Get the number of jobs in the running job queue and the number of workers 
urrently workingfrom the boss. The workers exe
ute this fun
tion, for example, when they need to de
ide if a newjob should be submitted to the 
urrently running job queue.void MPQinfo ( int &queues ize , int &sent ) ;
• Assign the jobs in inqueue to the workers and 
olle
t the results in outqueue. Only the nonemptyresults are 
olle
ted in the output queue. During the exe
ution of this fun
tion, the boss a
ts as
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olle
ts the results, a

epts new jobs submitted by workers viaMPQsubmit, and exe
utes tasks requested by the workers via MPQtask.void MPQrunjobs (Tjobqueue & inqueue , Tjobqueue & outqueue ) ;
• Send data to all the workers. The implementation uses a broad
ast me
hanism as an e�
ient wayto share a large amount of data, enlisting workers to help in the distribution after they re
eive thedata.template < 
lass T >void inl ine MPQsharedata ( 
onst Tjob & job ) ;
• Exe
ute a job. This fun
tion must be implemented by every program. The workers exe
ute thisfun
tion when they re
eive a job to run. The boss exe
utes this fun
tion when it re
eives a jobrequest via MPQtask. The job.data variable 
ontains the serialized input at invo
ation and theserialized output upon 
ompletion.void MPQswit
h (Tjob & job ) ;
• Release the workers and stop MPI gra
efully. This is usually the last line of the program.void MPQstop ( ) ;
• Serialize any variable. That is, turn it into a string. The above listed fun
tions whi
h take asinput data stru
tures use this fun
tion behind the s
ene. Standard STL variables are automati
allyserialized. Serializing a 
lass requires a bit more e�ort; the 
reation of a simple template fun
tionis required. Consult the BSL for details.template < 
lass T >string t o_s t r i n g ( 
onst T & in ) ;
• Deserialize a variable. That is, de
ode the serialized variable out stored in the string str.template < 
lass T >void f r om_st r i ng (T & out , 
onst string & s t r ) ;
• Generate load data. Turning on the 
ompiler dire
tive results in the 
reation of a data �le usedto produ
e a load diagram. See Figure 5.3.#define LOAD_DIAGRAM 8. Implementation8.1. Design. Passing 
ompli
ated data stru
tures between nodes requires a signi�
ant amount ofwork in MPI. To avoid this di�
ulty, we rely on the BSL. This library en
odes every standard STLdata stru
ture automati
ally as a string, and more 
ompli
ated data types 
an be en
oded with aminimal amount of work. The serialization is done mostly automati
ally using template fun
tions.A serialized data string is sent between the nodes in two steps. In the �rst step, a preliminarymessage is sent 
ontaining the size of the string together with some additional information like thejob type. In the se
ond step, the string itself is sent. Most of this is done using point-to-point
ommuni
ation with MPI_Send and MPI_Re
v. The ex
eption is the MPQsharedata 
ommand,whi
h uses point-to-point 
ommuni
ation for the preliminary message and uses MPI_B
ast for thedata string.As a result of 
alling MPQstart, all the nodes be
ome workers ex
ept node zero, whi
h be
omesthe boss. The workers go into a waiting loop, as shown in Figure 8.1, and the boss 
ontinues itsown work. When the boss requires help, it builds a queue of jobs and be
omes a supervisor using



AN MPI IMPLEMENTATION OF A SELF-SUBMITTING PARALLEL JOB QUEUE 17Input: noneOutput: nonerepeat1 wait for a message from the boss2 swit
h the message is a3 
ase data share request4 a

ept the broad
ast message from the boss5 
all MPQswit
h to handle the broad
ast message6 
ase job7 
all MPQswit
h to run the job8 send the result ba
k to the boss9 
ase stop 
ommand10 stop11 Figure 8.1. Pseudo 
ode for the main loop of the workers. The workers get to thisloop from the MPQstart fun
tion.Input: input queueOutput: output queuewhile input queue is not empty or workers are working do1 if input queue is not empty and there are idle workers then2 assign a job to a worker3 remove the job from the input queue4 else5 wait for a message from a worker6 swit
h the message is a7 
ase job submission8 add the job to the input queue9 
ase job result10 if result is not empty then11 add the result to the output queue12 
ase task13 
all MPQswit
h to run the task14 send the result ba
k to the worker15 
ase info request16 send the info ba
k to the worker17 Figure 8.2. Pseudo 
ode for the MPQrunjobs fun
tion. This fun
tion is run by theboss.



18 JOHN M. NEUBERGER, NÁNDOR SIEBEN, AND JAMES W. SWIFTMPQrunjobs, as shown in Figure 8.2. The boss then assigns jobs in the job queue to availableworkers and removes these jobs from the job queue. The workers exe
ute MPQswit
h with the job.When a worker �nishes a job, it sends a message to the boss, letting the boss know that theresult is available. The boss a

epts the result from the worker and stores it in the output queue.The boss keeps tra
k of the number of jobs sent out. If the job queue is empty or every worker isworking already, then it only a

epts messages and does not try to assign jobs. The supervisionphase ends when the job queue is empty and the result of every assigned job is re
eived.During the supervision phase, the workers 
an 
reate new jobs by sending a job to the boss usingMPQsubmit. The boss puts these jobs into the 
urrently exe
uting job queue.The workers 
an use MPQtask to ask the boss to exe
ute a task immediately and return the resultto the same worker. To satisfy this request, the boss exe
utes MPQswit
h. This feature 
an be used,for example, to set or get the value of a global variable like a 
ounter. This allows for rudimentary
ommuni
ation between the workers. The feature 
an also be used for returning results to theboss. This allows the boss to post-pro
ess the results while the workers are busy with their jobs. Asequen
e diagram of the supervision phase is shown in Figure 8.3. At the end of the program, theboss uses MPQstop to tell the workers to quit.8.2. S
aling and overhead. In the non-atta
king queens example we presented eviden
e suggest-ing that our methodology s
ales well. In parti
ular, we show with load diagrams that all workers
an be kept e�e
tively busy if the problem has very many small jobs that 
an be managed via a lo
aljob queue to avoid ex
essive 
ommuni
ation. We show that the e�
ien
y of our parallel solutionto this typi
al appli
ation is very good, up to a 
ertain number of nodes, and that this number ofnodes is very large if the problem is su�
iently big. We show that the speedup for this example
an be 
lose to ideal when using the optimal over�ow, that this optimal over�ow value appears tobe independent of the number of nodes and only dependent on the size of the problem, and thatfor a su�
iently large problem, an arbitrary number of nodes 
an be e�e
tively used. For our PDEappli
ation where there are a lesser number of mu
h larger jobs and lo
al job queues are not needed,we have observed similarly good performan
e indi
ators (see Table 6.1 and [23℄).In a �nal test, we demonstrate that the overhead of our implementation is reasonable. To observethe 
ost of bookkeeping, data serialization, and 
ommuni
ation, we ran two experiments where ea
hjob was an instru
tion to the workers to sleep for one se
ond. In the �rst experiment, we sent noadditional input or output data, only the type of the job. In the se
ond experiment, ea
h job wassent with a ve
tor 
ontaining 1000 doubles as input, and then the same ve
tor was returned asoutput. The addition of data 
auses some unavoidable delay on our distributed memory systemdue to the serialization time and inherent 
ommuni
ation speed of the network. The results aresummarized in Table 8.1. It shows that the 
orresponden
e between the overhead and the numberof jobs is linear in both experiments. 9. Con
lusionsWe have demonstrated that parallel self-submitting job queues are a powerful 
omputationalparadigm. Job queues are high-level 
onstru
ts not available in other MPI libraries. The ability ofworkers to submit jobs to the job queue is the key 
omponent that gives our method its �exibilityand power. We implemented our ideas in a light-weight and easy to use library based on MPI. Thelibrary, MPQueue, has been used su

essfully in real resear
h appli
ations. Using our interfa
e savese�ort by avoiding low-level 
oding; s
ientists without expertise in parallel programming 
an rapidlydevelop 
ode to obtain good results for serious resear
h problems. Experts in parallel programming
an also take advantage of our methodology for appli
ations that 
an be broken into relatively largepie
es. In appli
ations su
h as our PDE example found in Se
tion 6, this de
omposition is obvious.We also �nd the approa
h to be e�e
tive in less obvious situations, as demonstrated in the queensexample in Se
tion 5 whi
h uses lo
al queues on top of the global job queue to avoid the ex
essive
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Figure 8.3. An example sequen
e diagram for the 
ommuni
ation between the boss and workernodes. The boss sends out some global data to the workers using MPQsharedata. The boss 
reatesa job queue with a single job and then be
omes the supervisor by 
alling MPQrunjobs. The �rstworker takes this job and realizes that an extra job should be 
reated. It uses MPQinfo to 
he
k ifthere are available workers to take this additional job. The se
ond worker is not busy, so the �rstworker submits the new job. The new job is assigned to the se
ond worker. Both workers needthe value of a global variable so they use MPQtask to get it from the boss. When the workers are�nished, they send the results to the boss and the supervision phase stops.



20 JOHN M. NEUBERGER, NÁNDOR SIEBEN, AND JAMES W. SWIFTwithout data with dataJobs n Run time T (p) Overhead T (p) − n/95 Run time T (p) Overhead T (p) − n/95760 8.02 0.02 8.73 0.733040 32.07 0.07 24.88 2.8812160 128.19 0.19 139.50 11.5048640 512.76 0.76 557.90 45.90194560 2051.09 3.09 2231.28 183.28778240 8204.51 12.51 8964.35 772.35Table 8.1. The time in se
onds to exe
ute sleep(1) jobs on 96 nodes. We used the same 
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i�ed in Se
tion 5. Sin
e there are 95 workers, it takes at least n/95 se
onds to do n su
h jobs.The rest of the time is the overhead. The overhead is approximately 16 mi
rose
onds per job withno data sent, and 98 millise
onds per job with a ve
tor of 1000 doubles serialized, deserialized andsent both ways for every job.
ommuni
ation that would result from transmitting too many small jobs a
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iated withour implementation has been demonstrated to be reasonable. Possibilities for appli
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