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Chapterr 3 

Modellingg and Simulation of Hybrid 
Architectures* * 

3.11 Introduction 

Inn this chapter the performance model that we developed to simulate the behaviour of hybrid 
architecturess is introduced. Hybrid architectures were presented in section 1.3.4 as systems 
wheree a high performance general purpose computer is coupled to one or more Special Pur-
posee Devices (SPDs). They can be seen as a special case of computer systems described 
byy the heterogeneous computing paradigm (Preund &: Siegel, 1996; Palazzari et al., 2000). 
Inn section 1.3.4 we also discussed why such a system can be the optimal choice for several 
fieldsfields of Computational Science. The relevance of the GRAPE in the field of Numerical 
Astrophysicss has been discussed in section 1.3. Quantum Chromodynamics is another field 
thatt has benefited substantially from the use of SPDs. In a recent review on Computational 
Quantumm Chromodynamics the state of the art for the use of dedicated computers in that 
fieldfield has been presented, with the Japanese CP-PACS computer (Aoki et al., 1999), the 
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QCDSPP machine built in the USA (Mawhinney, 1999), and the APE system developed in 
Europee (Tripiccione, 1999). 

Configuringg a hybrid system and finding the optimal mapping of the application tasks 
ontoo the hybrid machine often is not straightforward. Performance modelling, which we 
discussedd in section 1.6, provides a tool to tackle and solve these problems. We developed a 
performancee model to simulate a hybrid architecture consisting of a parallel multiprocessor 
wheree some nodes are the host of a GRAPE board. GRAPE, introduced in section 1.3, is a 
veryy high performance SPD used in Computational Astrophysics. 

Wee present here the general modelling framework, and the methodological approach 
thatt we used to build our model. Based on this modelling background, and on the experi-
mentall  data presented in chapter 2, we developed the performance models described in this 
chapter.. We present here the details of the implementation of both the model used for 
thee simulation of the direct code, introduced in section 1.4.1 and discussed in detail in sec-
tionn 2.2.2, and the model for the simulation of the treecode, introduced in section 1.4.2. We 
validatee the accuracy and versatility of our models by simulating existing configurations, and 
usee them to forecast the performance of other architectures, in order to assess the optimal 
hardware-softwaree configuration. 

Forecastingg and analysing the performance of a hybrid architecture is not trivial. Per-
formancee modelling can provide a solution to this problem. The range of applications of 
performancee modelling in Computer Science is vast. Recently, in a review of performance 
modellingg research, applications were presented spanning the range from scheduling in global 
computingg systems (Aida et al, 2000) to modelling of large-scale scientific applications (Adve 
&&  Sakellariou, 2000), based on both the analytical approach (e.g., Gunther, 2000; Hoisie et al., 
2000)) and on simulation (e.g., Kurc et al, 2000). 

Analyticc models (see, e.g., Cremonesi Sz Gennaro, 2002) easily become intractable due 
too the complexity of the simulated system, and usually show a limited flexibility.  Simulation 
modelss (Bagrodia et al, 1998; Adve et al., 2000) allow for the study of very complex systems. 
Theirr high degree of versatility makes it possible to estimate the performance of hardware 
orr software architectures during the various phases of their development (see, e.g., Pimentel 
etet al, 2001). 

Wee have built a performance model, based on functional task modelling (Dikaiakos 
etet al, 1996). Our model simulates the behaviour of a parallel multiprocessor, where specific 
nodess can act as the host of an SPD. This helps us to understand the interactions between the 
SPD,, the host, and the application that is run on the hybrid system. Our aim is to have the 
possibilityy to adapt and modify the hardware model, in order to find the configuration that 
givess the best performance, and to simulate a different software application just by changing 
thee higher level software specifications. Hence we developed a model able to make predictions 
off  the performance of the system for a given algorithm, and to tell us how hardware and 
softwaree can be adapted to one another to obtain the best performance. 

Thee hybrid system that we used to validate our model consists of a local cluster of 
thee DAS parallel computer (Bal et al, 2000), where two nodes are the host of a GRAPE 
board.. A direct summation N-boAy code (Aarseth, 1999) that, as described in chapter 2, 
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wee parallelised and adapted for use with the GRAPE, was executed on this system. We val-
idatedd our performance model on this architecture, and used the model to make predictions 
onn the system behaviour, when both hardware and software modifications are introduced. 
Furthermore,, we also studied the behaviour of a treecode (Barnes & Hut, 1986) on such a 
system. . 

3.22 Design considerations 

3.2.11 Requirements 

Hybridd Architectures can be complex to design, and expensive to realise. Performance mod-
ellingg is an effective tool to estimate their performance rapidly and inexpensively. We aimed 
too build a versatile model, able to simulate different applications running on different com-
puterr architectures. Therefore, we have structured our model so as to separate the modelling 
off  the hardware from the modelling of the algorithm. This allows us to modify the model of 
thee application, leaving intact the underlying model of the machine, and vice versa. 

Scopee of our model 

Generally,, performance models are designed to simulate an application or a hardware archi-
tecturee in great detail, and need powerful simulation environments, such as POEMS (Adve 
etet al., 2000), a comprehensive environment for the study of complex computer systems, or 
Artemiss (Pimentel et aL, 2001), specifically developed for embedded systems design and 
analysis.. In our case, we do not aim at simulating our application down to the single in-
structionn level, or our machine at the single electronic component level. We focus on the 
interactionn of the SPD with the parallel host, and the interplay of those two components with 
thee application executed on them. We use an iterative refinement approach, starting coarse, 
and,, if necessary, refining those modules that produce unacceptable errors. For this pur-
pose,, we found it sufficient to model the system components at a functional level (Dikaiakos 
etet a/., 1996). This approach involves much less model complexity, still giving us sufficiently 
accuratee results. 

Levell of granularity 

Thee level of granularity of our model is dictated by the accuracy that we want to reach 
inn our simulations, taking into account that the aim of our performance analysis research 
iss the optimal performance of the software application, typically achieved by balancing the 
hardwaree components' workload for a given set of software application tasks. As shown 
below,, we get a satisfactory accuracy with a rather "coarse grained" functional model. The 
basicc unit of our abstract algorithm is the task, defined as a code block which encompasses a 
sett of instructions performing a specific operation. This operation is characterised by having 
aa non negligible execution time, accessing a set of resources which is constant in time, and 
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dependingg on a limited number of application parameters. Similarly, the model granularity 
forr the architectural components has been set at the level where the atomic units are the 
majorr computing elements, such as the SPD and the host node. 

Modell structure 

Thee computational environment that we model is specified, at the more abstract level, by a 
numberr of formal entities. These are the algorithm, the hybrid machine, and the mapping 
interface.. In the specific case described here, the algorithm computes the numerical solution 
off  the gravitational iV-body problem. The algorithm model generates simulation parameters, 
andd activates basic operations. The different operations of this code have different demands 
forr computational power, the force computation being by far the most demanding task. The 
designn of the hybrid architecture on which this algorithm is executed matches these require-
ments,, by including a model of a specialised hardware for the gravitational force evaluation. 
AA sequence of tasks describes the behaviour of each component, and the concurrent access 
too machine components by a set of application tasks is treated as a critical section. 

3.2.22 Functional model and implementation environment 

Ourr functional model approach has been presented in section 1.6, where we described how 
wee identify the main constituents of the modelling environment. We make a model of the 
softwaree application in the application model, where we specify the time spent on each task 
%% as a function of the application parameters TT,. Similarly, in the machine model, the 
characteristicss of the hardware resources Tlj depend on the machine parameters ^». The 
mappingmapping interface maps each % of the application model on the appropriate Hj of the 
machinee model. The resulting simulation model returns the simulated execution time, which 
dependss on both the 7r» and fa. In this way, we can study the performance of existing systems, 
andd forecast the performance of the systems under design. 

Thee simulation language used to implement our model is PAMELA (PerformAnce Mod-
Elingg LAnguage) (van Gemund, 1993, 2003), developed by Arjan van Gemund at the Delft 
Universityy of Technology, aimed at either simulation or analytic performance analysis. PAMELA 
iss a C-style procedure-oriented simulation language where a number of operators model the 
basicc features of a set of concurrent processes. In a procedure-oriented language, concurrent 
processs interaction takes place via shared variables, in contrast to message-oriented lan-
guages,, which describe communications in terms of explicit messages between interacting 
processes. . 

Thee execution time of a process is modelled by the delay statement; the sequential 
executionn of processes is implemented by the seq (prefix) or ; (infix) construct. Parallelism 
iss specified by means of the par (prefix) and I I (infix) constructs, which are implemented 
inn a fork/join fashion (i.e. with implicit synchronisation). Explicit synchronisation between 
aa couple of processes is implemented with the wait and s ignal operators, while mutual 
exclusionn is realised with the P and V semaphore statements, which implement Dijkstra's 
classicall  solution to the resource contention problem (see, e.g., Tanenbaum, 2001, § 2.3.5). 
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PAMELAA  models the execution of processes in terms of the Discrete Event Simulation 
paradigm,, as the use of the delay primitive suggests. A model can be material-oriented, 
whenn the execution flow of the process is specified in terms of the various system resources 
thatt the process will access, or machine-oriented, where the emphasis is on the resource, with 
aa specification of the series of operations that each resource should accomplish. PAMELA is 
moree suited for the first procedural approach, although machine-oriented models can also be 
builtt within this framework. 

Inn order to show how PAMELA is typically used to describe a parallel system, we give as 
ann example the model of a client-server system, where C concurrent clients execute N iter-
ationss each. An iteration consists of local processing with duration rj , followed by a request 
too access the server s which, once accessed, is used for a time rB. Such system is modelled by: 

p a r ( p = l . . . C) ) 
seqq (i = 1 . .. N) 

{de lay( r i ) ;; P(«) ; delayfo) ; V(s) } 

wheree line breaks and indentations are used for the sake of clarity, and have no syntactic 
meaning.. A detailed overview on PAMELA is given in van Gemund (1993). 

3.33 Model implementation 

Inn this section we describe how our performance model reproduces the tasks of the codes 
underr study. The direct code tasks have been described in section 2.2.2. Here we specify the 
dependencee of the execution time of each task on the application parameters, like Nt, the 
numberr of i-particles, and Nj, the number of ^-particles.1 

3.3.11 Direct code 

Ourr application model for the direct code is modelled as a sequence of tasks, as sketched in 
fig.fig. 3.1. Each computation task is implemented by a delay statement (see section 3.2.2), 
possiblyy followed by a support function that sets the value of time dependent parameters, 
ass Ni and Nj. As described in section 2.3, there are communication operations at the end 
off  the i-particle search and force compute tasks, and both are global all-to-all operations. 
Theyy are implemented in the model by means of a synchronisation operation, followed by 
aa delay statement. The delays in the model of each task depend on the model parameters 
accordingg to the formulae reported in table 3.1. These expressions have been obtained by 
analysingg the data presented in chapter 2, and inferring the dependence of the execution 
timee of each task on the model parameters. In the following section we describe the subset 
ViVi of application parameters that affect the performance of each task %. 

1Wee recall that t-particles are the particles on which force is computed, whereas ^'-particles are the 
particless from which force is computed. 
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initialisation n 

Andd new particles to be updated 

extrapolatee all particles' positions 

computee force 

integr.. particles orbits and store results -»-<Cif (not exj 

Figuree 3.1: Basic sketch of the direct iV-body code tasks. 

tasks s 

i-particlee local search 

z-particlee global communication 

extrapolationn on host (non-GRAPE 
case) ) 

extrapolationn on host (GRAPE case) 

locall  force (non-GRAPE case) 

locall  force (GRAPE case) 

j-particlee send to GRAPE 

i-particlee send to GRAPE 

receivee results from GRAPE 

forcee global communication 

orbitt integration 

modellingg formulae 

MPP ' TTsrc ' N/P 

V>LV>L  Kigl +fJ>L-P+{VL-  7Ti«i + flB ' ^ib ' l o g ( P ))  Nt 

fipfip  N/P 

MPP  Ti t r  Ni 

tiptip  7Tfrc  Nt  N/P 

(ps(ps + MG  N/G)

1*>P1*>P  Kprep " 90 0 

PCPC  Kipart ' 

t*Ct*C  TTres " 

Ni Ni 

++ MC  Tjport " fy 

*i*i  . 

""  '''pipes 

'' Pmax 

(l*L(l*L  If f I + MB ' *fb  l 0 g ( P ))  Nt 

MPP  Korb  ^ 

Tablee 3.1: Synopsis of the application tasks, and the modelling formulae for their time dependence 
onn the model parameters, whose values are given in table 3.2. Here, G is the total number of 
GRAPEE boards, rijpee is the number of pipelines in a GRAPE board, Pmax is the maximal number 
off  pipelines in a GRAPE board; for the GRAPE-4 Pmax = 96 (see section 1.3 for details). The 
otherr variables are defined in the text. 
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Applicationn model 

Forr an A/-body code, the most important parameter is obviously N, the total number of 
particles,, which is a measure of the problem size. Moreover, the dynamical parameter that 
affectss the performance of each task in a block time step code is Nit the number of particles 
forr which force is going to be computed. We observed a highly oscillatory behaviour for this 
parameter,, shown in fig. 3.2. This oscillation of Ni between high and low values can be due 
too a small number of binary stars, which have a strong mutual interaction, requiring a small 
timee step, or to close encounters between pairs of stars. The high occurence of low values 
off  Ni between iteration #60 and iteration #300, implying that one or two particles evolve 
withh a low time step, is an indication of the presence of a binary system in that simulation. 
Thee number of particles having a larger time step is also larger; when they are selected as 
i-particles,, the value of Ni becomes much higher. We give the value of Ni at each iteration, 
obtainedd from the trace of real runs, as an input to our simulator. 

i-particlee search. The task of finding the Ni particles is modelled as a linear function 
off  N, since the search is done over a set of candidates, whose number is a nearly constant 
fractionn of JV. In the parallel case, each processor searches a local list of candidates, which 
iss a subset of the local particle set. The actual i-particles are chosen after this local search 
iss completed, again by selecting from the candidates those particles with the smallest time 
value. . 

Thiss global search uses a collective communication. The measured communication time 
showss both a linear dependence on the number of processors P, and on N  ̂ The Ni scaling 
factorr is modulated by a term proportional to log P. Based on our measurements, we used 
thee fitting formula given in fig. 3.3 to model the global search task. 

Fig.. 3.3 shows the dependence of this task on Ni, for three different representative sets 
off  values for N and P. A data point in this graph is the average value of the timings on 
eachh processor at a given iteration of the code. Occasionally, values much higher than the 
averagee have been measured, as shown in the figure, arguably due to external data traffic in 
thee network. The fitting formula is not affected by these spurious values. 

Extrapolation.. The extrapolation phase, in the non-GRAPE case, consists of a fixed 
numberr of operations done on every particle in the system. Each processor extrapolates only 
itss own j-particle positions, thus the extrapolation time shows a linear dependence on N/P, 
i.e.. the workload per processor. A sketch of the dependence of the execution time for this 
taskk on N/P is given in fig. 3.4. Each point here is the average value over the entire run, 
forr a given pair (JV, P). This figure shows a jump in the dependence of t on N/P, due to 
aa cache effect.2 We chose to model only the out-of-cache behaviour, because we are more 
interestedd in situations characterised by a large workload. 

2Thee cache size of our system is 256 Kbytes per processor, and each particle carries about 200 bytes of 
data.. Then a workload per processor larger than about 1000 particles will cause the problem to run out of 
cache. . 
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machinee parameters 

flp flp 

VL VL 

V>B V>B 

fJ-s fJ-s 

V>G V>G 

Vc Vc 

(fjs(fjs to perform a processor cycle) 

(networkk latency in /is) 

(//ss to transmit a byte over the network) 

(fis(fis to startup the GRAPE pipeline) 

(/js(/js for the GRAPE to compute a force interaction) 

(^ss to transmit a byte on the GRAPE-host channel) ) 

1/200 0 

40 0 

1/150 0 

75.6 6 

0.19 9 

1/133 3 

applicationn parameters 

TTsrc c 

Kxtr Kxtr 

Kfrc Kfrc 

^orb ^orb 

ïïprep ïïprep 

computations s 

(i-particle e 
search) ) 

(part.. pos. 
extrapola--
tion) ) 

(forcee compu-
tation) ) 

(orbitt inte-
gration) ) 

(format t 
conversions s 
inn packet 
preparation) ) 

54 4 

260 0 

260 0 

420 0 

480 0 

networkk communications 

KigiKigi  (i-particle 
commum. . 
startup) ) 

itirditird  (i-particle 
transmission) ) 

iTfiiTfi  (force data 
transmission) ) 

no,no, (i-particle 
broadcast) ) 

7T/&&  (force broad-
cast) ) 

3.5 5 

0.0025 5 

0.5 5 

22.5 5 

105 5 

host-GRAPE E 
communications s 

KjpaHKjpaH O'-part- send 
too GRAPE) 

KipartKipart («-part, send 
too GRAPE) 

7rrecc (receive re-
suitss from 
GRAPE) ) 

80 0 

40 0 

130 0 

Tablee 3.2: Values of the performance parameters appearing in the modelling formulae in table 3.1. 

Whenn GRAPE is used, the application code has to perform the extrapolation only for 
thee i-particles. The GRAPE contains an extrapolation pipeline for the j-particles, but it 
doess not extrapolate the i-particle positions; the host must perform this operation. Hence, in 
thiss case, the extrapolation task is modelled as a linear function of A^, and is mapped on the 
host.. Since every host must extrapolate all the z-particle positions, there is no dependence 
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Figuree 3.2: Time evolution of N% for a simulation with N = 32 768. The first 20 values are 
connectedd by a line, to make the oscillation clear. The unity (or twice the unity) value that can be 
seenn on the bottom-right side is a hint of the presence of a binary star. 

onn P. The GRAPE performs the j-particle extrapolation simultaneously with the force 
computation.. When the GRAPE computes the force exerted by a certain particle j \ , the 
ji'i-dataa fetched from the GRAPE memory are passed through to the extrapolation pipeline. 
Thee pipeline outputs the extrapolated position of j \ , which is input to the force pipeline. 
Thee timing of the force computation task also includes the extrapolation. This is why there 
iss no separate modelling for the j-particle extrapolation done on the GRAPE in table 3.1. 

Forcee computation. The force computation task in the non-GRAPE case scales linearly 
withh Ni  N/P. Fig. 3.5 shows this dependence for a representative set of runs. Also in this 
casee a data point refers to a single iteration, and is the average value of the timings for all 
thee processors. 

Whenn forces are computed on the GRAPE, it does this task on Np particles at the same 
time,, using its array of pipelines. Then the same amount of time is spent to compute forces, 
forr a number of i particles ranging from 1 to Np. This time scales linearly with N/G (see 
fig.fig. 3.8) where G is the number of GRAPEs available, since the force computation consists 
inn an iteration on the N/G particles constituting the particle subset assigned to a GRAPE. 
Thee operation of receiving the result data from GRAPE is similar to the i-particle send, 
showingg the same step behaviour. 

Thee force computation task performed on the GRAPE shows a rather complicated 
structure.. A number of communication procedures between the GRAPE board and the host 
mustt be performed, besides the actual force computation task. Figures 3.6, 3.7, and 3.8 
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Figuree 3.3: Timings averages of the global communication operation associated with 
thee i-particles search. The formula we obtain by fitting the measurement values, 
whichh is used in the simulation model, and reproduced here as a continuous curve, is: 
tt = 0.14 + 0.038 • P + (0.97 • 10 - 4 + 0.15 • 10~3 • log(P)) • Nt (see parameterised expression in ta
blee 3.1). 
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Figuree 3.4: Timings of the extrapolation task for the non-GRAPE case, and fitting formula used 
intoo the model. A cache effect is clearly visible at N/P = 1024. We are interested in situations 
withh high workload, thus we fit only the out-of-cache subset. 
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Figuree 3.5: Timings and fitting formula for the local force computation in the non-GRAPE case, 
forr a set of representative runs. 

illustratee these tasks. Before GRAPE computes forces, the host sends it the j-particle 
positionss that have changed in the last iterations. Since GRAPE stores the j-particle data 
inn its internal memory, only the updated j-particle data need to be sent to it. Moreover, 
alsoo the time-advanced position of the i-particles need to be sent in the same packet as the 
j-particles.. In this way GRAPE avoids computing the self-interaction for the i-particles. 
Thee actual delivery of data is done in packets of up to 90 particles, and shows a linear 
dependencee on the amount of data sent, plus a fixed latency time for each actual send 
operation.. The j-particles send step is then a function of Ni and Nj. Fig. 3.6 shows the 
measuredd performance of this operation as a function of the data sent. 

Anotherr send operation is performed to send the z-particles to GRAPE. The actual 
dataa delivery is done in packets of Np particles, where Np is the number of active pipelines 
onn the GRAPE board (up to 96). The time dependence of this operation with respect to AT,, 
thee number of particles sent, is then a simple step function. Fig. 3.7 shows this dependence, 
forr Np = 62. 

Besidess the local force computation, a global communication is also needed for the 
parallell GRAPE code, as the total force computation requires a global sum. The execution 
off this operation does not differ between the GRAPE and non-GRAPE codes. Measurements 
off this operation from real runs show a communication time linear in Nt • log P, as shown in 
tablee 3.1. 

i-particlee update. The final operation, i.e. orbit integration, updating and storing of the 
particless physical quantities, is a linear function of Ni: with no dependency on P, since every 
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Figuree 3.6: GRAPE related tasks. Timings of the j-particle send task as a function of the workload 
aree shown. Measurements of the communication tasks show some occasional spike due to external 
processes,, e.g. operating system function calls. A GRAPE with 62 pipelines is used for these 
measurements. . 
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Figuree 3.7: Same as fig. 3.6; here we show timings of the t-particle send task. 
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Figuree 3.8: Same as fig. 3.6; here we show timings of the force computation task. The pipeline 
startupp latency [Ms — 75/us is clearly visible. 

processorr performs this task for all the i-particles. 

3.3.22 Treecode 

Thee treecode, introduced in section 1.4.2, is widely used in Computational Astrophysics for 
thee simulation of systems that do not require high computational accuracy. By trading lower 
accuracyy with higher speed, the treecode is able to reduce the computational complexity of 
thee TV-body problem from the Ö(N2) scaling of the direct code to Ö(N log N). 

Thee treecode computes force on a given particle i by grouping particles in larger and 
largerr cells as their distance from i increases, force contributions from such cells being trun
catedd multipole expansions. A simple pseudo-code sketching the basic tasks of the treecode 
iss given in fig. 3.9. 

Thee first task of a treecode iteration is to build a tree structure by hierarchically 
connectingg each cell to the "child" cells that the cell encompasses (see section 1.4.2 for details). 
Thenn force is computed for each i-particle by traversing the tree, and looking for cells that 
satisfyy an appropriate acceptability criterion (see section 1.4.2 and chapter 4 for details on 
acceptabilityy criteria). 

Thee original treecode algorithm has been modified in several ways to improve its per
formance.. An optimisation of the tree traversal phase has been realised by grouping particles 
accordingg to their spatial proximity (Barnes, 1990). Then a single traversal for each group is 
performed,, whereas the original algorithm performs a tree traversal for each particle. This 
drasticallyy reduces the number of tree traversals, and allows for concurrent force computa-
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tt  =  0 
whilee ( t  <  t_end ) 

buil dd tre e 
forr eac h i-particl e 

travers ee tre e t o 
integrat ee orbit s 
tt  =  t  +  A t 

comput e e force s s 

Figuree 3.9: Pseudocode sketching the basic tasks in a treecode. 

tionn on vector machines. This optimisation is also suited for the use of the treecode with 
GRAPE,, because each pipeline of the array contained in a GRAPE board can compute 
forcee on a different particle simultaneously. The drawback of this technique is an increase in 
memoryy use. In fact, for each particle group, an interaction list containing the information 
concerningg all the cells interacting with the group must be written and stored in memory. 

Thee use of interaction lists is also useful for parallelisation on distributed systems, 
ass in the parallel treecode (Warren &: Salmon, 1993, 1995). The possibility of decoupling 
treee traversal and force computation through interaction list compilation, allows for the 
implementationn of latency hiding algorithms for the retrieval of cell information stored in a 
remotee processor memory (Warren & Salmon, 1995; Salmon & Warren, 1997). We will refer 
too this version of the parallel treecode as HOT, the acronym of Hashed Oct-Tree, as the code 
wass called by Salmon and Warren. 

Anotherr modification, introduced in the code GADGET (Springel, Yoshida, &; White, 
2001),, consists in implementing the individual time step scheme, originally introduced in 
thee direct Af-body code, as described earlier in sections 1.4.1 and 2.3.1. In this manner, 
eachh particle is assigned an individual time step, and at each iteration only those particles 
havingg an update time below a certain time are selected for force evaluation (Springel et a/., 
2001),, so that force is computed only on a small fraction of the N particles. In this code, 
aa different approach for remote interactions computation is also implemented: data of the 
selectedd particles are sent to the remote processors, interactions are computed remotely, and 
resultss are received back. A further modification consists in rebuilding the local tree less 
frequentlyy than at every iteration. This version will be referred as GDT, which is a short for 
GADGET.. In fig. 3.10 we give a pseudo-code representation of the generic algorithm that 
ourr model simulates. 

Applicationn model 

Manyy different versions of the treecode have been proposed, implementing different tools 
andd techniques. A recent report on this is given in (Springel et a/., 2001). Our performance 
modell is designed to reproduce the behaviour of state-of-the-art parallel treecodes, running 
onn distributed architectures, and able to make use of dedicated hardware. In this section, 
wee describe each task of our application model, together with their modelling expressions. 
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tt  =  0 
whil ee ( t  <  t_end ) 

i ff  cod e i s GDT 
i ff  i t  i s  tim e to  rebuil d tre e 

buil dd loca l  tre e 
els ee i f  cod e i s HOT 

buil dd loca l  tre e 
exchangee data to build global tree 

iff cod e i s GDT 
forr each se lec ted p a r t i c l e 

t r ave r s ee loca l t r e e t o compute loca l forces 
sendd par t i c l e s t o remote nodes 
receivee par t i c l e s from remote node 
computee force on remote p a r t i c l e s 
sendd forces t o remote nodes 
receivee forces from remote nodes 

elsee if code i s HOT 
forr each group 

(communication(communication needed for remote data retrieval) 
forr each group 

forr each p a r t i c l e in group 
computee forces 

in t eg ra tee o r b i t s 
tt = t + At 

Figuree 3.10: Pseudocode sketching the generic parallel treecode tasks. HOT and GDT are the 
twoo versions of the treecode modelled in this work. Tasks involving communication are highlighted 
usingg |i=gëpr background;. 

Tablee 3.3 shows a synopsis of the modelling expressions, given as functions of the appropriate 
applicationn parameters. 

Treee building. The tree building task consists of two operations: particle insertion into 
thee tree structure, and computation of multipole terms for each cell of the tree. Both opera
tions,, as long as local trees are concerned, do not require communication among processors. 
Thee particle insertion operation scales as nlog(n), where n is the number of particles per 
processor.. The multipole terms computation depends linearly on the number of cells per 
processorr nc, which is set equal to 0.1 n divided by the number of particles per leaf cell. 
Eachh computing node processes all the particles independently to build a local tree. When 
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task k 

buildd local tree 

dataa exchange 
forr HOT global 
tree e 

treee traversal 

dataa exchange 
forr HOT global 
lists s 

computee forces 

dataa exchange 
forr GDT remote 
forces s 

remotee i-parti-
clee data sent to 
GRAPEE hosts 

forcee data sent 
backk by GRAPE 
hosts s 

integratee orbits 

parameterr definition 

n:: number of particles per processor 

nc:: number of cells per processor 

n-mp-n-mp- operations per cell to compute multi-
poles s 

P:P: number of processors 

m:: fraction of particles selected for force 
computationn (= 1 if code is HOT) 

nngg:: number of groups per processor 

jioc'.jioc'. number of local force sources per 
group p 

$:$: opening angle (accuracy parameter 
forr the force computation) 

KjtKjt scaling coefficient for force sources 

j r m t :: number of sources per group from re
motee processors 

j :: total number of force sources per 
group p 

AT:: total number of particles 

forfor parameter definition see above 

forfor parameter definition see above 

forfor parameter definition see above 

forfor parameter definition see above 

modellingg formula 

nn • log(7Tfc • n)+ 

•***? •***? 

TTtt-m-ng-TTtt-m-ng- jioc 

jiocjioc = Krd-3-\og(e3-n) 

jmajma = Kr6~3-logP 

7rcc ƒ • m • n • j 

jj = Kr6-3-\og(63-N) 

Mrf^m^M^l^P Mrf^m^M^l^P 

::i^;f»ii »;*#.:%) 

KgtKgt''  ui*» 

•n„•n„ 'Vd'U 

Tablee 3.3: Synopsis of the modelling expressions for each task of the application model. All n 
termss are constant factors depending on the operations per particle performed, or the bytes per 
particlee transmitted. Communication task expressions are highlighted using a grey background . 
Parameterr values are given in table 3.4. 
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thee tree building task is accomplished, the local tree contains all the particles which are lo
catedd within the geometrical domain assigned to the processor. GDT uses only local trees for 
thee force computation task, hence it does not execute other operations to complete the tree 
buildingg task after the local tree building. Conversely, the HOT code exchanges information 
amongg the processors after the local tree building, so that each processor is able to build a 
globall tree. In this way, no communication will be necessary during the force computation 
task.. The data exchanged to build the global tree, the so-called local essential tree, are 
assumedd to be equal for each processor, so that this operation is assumed to scale linearly 
withh the number of processors P. 

Treee traversal . This task is performed by HOT before the force computation, while GDT 
performs,, for each i-particle, tree traversal and force computation as the same task. Namely, 
HOTT first traverses the tree in order to build an interaction list for each group of nearby 
particless (an input parameter states how many particles make up a group), then uses the 
listt to compute forces on each particle of the group (see also section 3.3.2 above). GDT 
instead,, for each particle selected for force computation, traverses the tree and computes 
forcee simultaneously. The local tree traversal has to be done once for each particle group 
(GDTT does not use groups, so in this case the number of groups is equal to the num
berr of particles). It depends linearly on the number of local force sources. An expression 
forr the total number of force sources j was found by Makino (Makino, 1991b), who gives 
jj <x 0~3 log^JV), where 8 is the opening parameter (see equation 1.3 in section 1.4.2). The 
numberr of local force sources is then ju>c <* # - 3 logfö3iV/P), and the number of remote force 
sourcess is jrmt = 3 — jioc oc 0~z log P. GDT performs this operation only for a fraction m of 
thee particles per processor n. In the case of HOT, we simply set m = 1. 

Thee HOT code completes this task with a communication operation, where informa
tionn concerning remote force sources is received by each processor. This operation depends 
linearlyy on the number of groups, and on the number of remote force sources jma-

Forcee computat ion. The cost of the force computation task on each processor is propor
tionall to the number of t-particles per processor m • n, times the number of force sources j . 
Forr the HOT code, this task does not require communication, since all information about 
remotee force sources has been exchanged in the tree traversal task. In the GDT case, lo
call i-particles are sent to the remote processors, then remote partial forces are retrieved to 
finallyfinally obtain the total force on each i-particle. This operations are global communication 
operations,, and are assumed to depend on log P, consistently with the modelling formulae of 
thee global communication tasks of the direct code model in section 3.3.1 (see also table 3.1). 
Thiss task also depends linearly on the total amount of data exchanged, i.e. on the total 
numberr of i-particles m- N. 

Iff GRAPEs are used, the force computation task is performed only by the GRAPE 
hosts.. As a consequence, the communication operation executed in the HOT case during the 
treee build task in order to build the global tree, is executed only by the GRAPE hosts. As 
farr as the actual force computation is concerned, the GRAPE hosts first compute force on 
theirr local particles, then receive remote i-particles and corresponding interaction lists from 
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HOTT on Delta GDTT on T3E seq.. tree on GRAPE-5 

machinee parameters 

VPVP [gsy 

»"»" [hfel 

12.5 5 

0.05 5 

1 1 

0.002 2 

1.67 7 

n/a a 

codee dependent application parameters 

m m 

nn9 9 

1 1 

n n 

0.02 2 

n n 

1 1 

nn • 0.0005 

codee independent application parameters 

KjKj (force sources in tree traversal) 

7rww (build local tree) 

KmpKmp (compute multipoles in local tree) 

TTgtTTgt (HOT global tree) 

nntttt (tree traversal) 

7T7Tglgl (HOT global lists) 

trtrccff (compute forces) 

7rr// (GDT remote forces) 

iTgriTgr (remote i-part. sent to GRAPE hosts) 

TTTTg3g3 (forces sent back by GRAPE hosts) 

iToriTor (integrate orbits) 

100 0 

0.15 5 

10 0 

3200 0 

0.4 4 

32 2 

0.15 5 

48 8 

32 2 

24 4 

0.3 3 

Tablee 3.4: Values of the performance parameters appearing in the modelling formulae in table 3.3 

thee "un-graped" processors, compute force on remote i-particles, and finally send back forces 
too the remote processors. 

Thee actual force computation operation on the GRAPE is modelled using the same 
expressionn as in table 3.1, where the number of i-particles is in the present case put equal to 
thee number of particles per group n/ng, and the number of ^'-particles (JV/GRAPEs in the 
formulaa in table 3.1) now is equal to the total number of force sources per group j . 

Thee cost of the communication operation to send remote particle data to the GRAPE 
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hostt is proportional to the amount of bytes which are sent, which is proportional to the 
numberr of i-particles sent, plus the length of the correspondent interaction lists. Hence it 
iss modelled as a linear function of the number of «-particles m • n plus the number of force 
sourcess for all groups j-ng. The cost of sending back the forces is proportional to the number 
off i-particles m • n. 

Orbitt integration. This task consists in the updating of the i-particles positions, and 
doess not require communication. It is modelled as a linear function of the i-particles per 
processorr m • n. 

Computerr architecture 

Thee parallel system simulated in our machine model is a generic distributed multicomputer, 
wheree given nodes can be connected to one or more SPDs. When SPDs are present, the 
appropriatee task is executed on them. The application model needs no modification in this 
case.. According to an input parameter which tells whether SPDs are present, the mapping 
interfacee chooses the routine that maps the task to the SPD, or to the general purpose 
processor.. Since we are interested in SPDs dedicated to the gravity force computation, the 
machinee model of the SPD reproduces the GRAPE activity, and its communication with the 
host.. The modelling of the fairly complicated data exchange machinery between GRAPE 
andd its host is discussed in section 3.3.1. 

Thee hardware characteristics of the simulated multicomputer are parameterised by two 
constants,, ftp and /x^, where \ip accounts for the processor speed, in nanoseconds per floating 
pointt operations, and /ijv accounts for the network speed, its value being the transfer rate 
inn /is/B. In the execution model, each computation-related function will be multiplied by 
fip,fip, and each communication-related function (those highlighted with a gray background 
inn table 3.3) will be multiplied by /iff. Parameter values for the simulations presented in 
sectionn 3.4.3 below are given in table 3.4. 

3.44 Simulations 

Inn section 3.3 the modelling of the various application tasks of the AT-body codes that we 
studyy have been described. In this section, we show how our models reproduce the real 
system,, and simulate possible modifications. The models consist in a sequence of tasks, as 
describedd in section 3.3, each one specifying, by means of appropriate delay operations, how 
muchh wall-clock time is spent to perform them. The access to GRAPE is controlled by a 
semaphore.. Model results are compared with data obtained from the performance analysis 
studyy of our system reported in section 2.4. 
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Figuree 3.11: Model validation. Points indicate the data obtained from actual timings, lines are 
simulationn results. GRAPEO refers to the system where the GRAPE has 62 pipelines. 

3.4.11 Serial direct code 

Validation n 

Thee reliability of our model has been checked by making a comparison between the simulation 
results,, and the actual measurements of a set of runs of NBODY1 on a system consisting of 
aa GRAPE connected to its host, which is a node of the DAS, as described in section 2.2.1. 
Twoo separate series of runs have been performed, on each GRAPE at our disposal. The 
GRAPEE board with 62 pipelines is labelled GRAPEO; the other board, with 94 pipelines, 
GRAPE1.. Each run consists of 300 iterations, with N ranging from 1024 to 32 768. The 
initiall condition is a Plummer model (Plummer, 1915), i.e. a star distribution with density 
decreasingg as the fifth power of the distance from the cluster centre (see, e.g., Spitzer, 1987, 
p.. 13). In section 3.3.1 we compared measurements with simulation for single tasks. Now, 
inn fig. 3.11 and 3.12, we present a global comparison, where we show how each task scales 
withh N. In these figures we plot the time share spent by the application in accomplishing 
eachh task. These figures show that our model produces results in good agreement with the 
reall measurements. These measurements are presented in section 2.4.3. 

Itt can easily be seen how the system performance is strongly penalised by communica
tionn overhead, unless the workload is high (i.e. TV > 16384). Even in such cases, GRAPE is 
nott fully exploited yet, due to the large time-share taken by host computations. It is clear 
fromm this that a faster host and an improved communication interface are needed to achieve 
ann optimal GRAPE utilisation. A comparison between fig. 3.11 and 3.12 shows that the time 
sharee for the force computation is smaller for GRAPE1. This is due to the higher number of 
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Figuree 3.12: Model validation. Same as fig. 3.11. GRAPE1 refers to the GRAPE where the 
numberr of pipelines is 94. 

pipeliness in this GRAPE board, which makes the force computation faster. See also fig. 2.14 
andd 2.15 on page 45, where the same performance data for the real system are presented. 

Too test the versatility of our model, we also validated it with respect to a system 
configurationn without GRAPE. In this case the mapping interface of the model, instead of 
selectingg the procedure where the use of GRAPE is modelled, maps the force computation 
taskk on a different procedure, where the force computation task is modelled as a linear 
functionn of Nt • N. The user selects whether the force computation will be modelled as a 
hostt related task, or as a task involving the use of GRAPE, simply by changing an input 
parameter.. Fig. 3.13 shows the task time shares, while fig. 3.14 shows the total execution time 
forr the application that does not make use of GRAPE. Measurements data and simulation 
resultss are compared. 

Fig.. 3.13 shows that the force computation task dominates the system activity. From 
aa comparison with fig. 3.11, where the force computation share is remarkably smaller, it 
becomess clear how effective is GRAPE in optimising this task. In fig. 3.14 the execution 
timee for the code that uses GRAPE1 is also plotted to show how large is the speedup achieved 
thankss to the GRAPE. 

Predictions s 

Thee above discussion highlights the need for a faster host and communication interface. Our 
modell has been used to forecast the benefit obtainable by operating such improvements. 

Wee modified our model to simulate a host twice as fast as our present host, and with 
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Figuree 3.13: Model validation for a system not using GRAPE. Since the force computation time 
sharee for this code is by far larger than the other task shares, the y-axis scale has been changed to 
makee data more readable. 

Executionn time 

10 0 

1 1 

0.1 1 

0.01 1 

0.001 1 

0.0001 1 

measurementss x 
simulation n 

1000 0 10000 0 

Figuree 3.14: Model validation for a system not using GRAPE. Comparison of the total execution 
timess of the GRAPE system and the non-GRAPE system. 
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Figuree 3.15: Simulated time shares for a system with a faster host and communication interface, 
butt with the same GRAPE board as GRAPE1. 

communicationn performance two times faster as well.3 In this manner we try to reproduce 
thee system measured in Kawai et al. (1997), consisting of a DEC workstation 500MHz, 
usingg a GRAPE board with 94 pipelines of the GRAPE-4 cluster. The time-shares, and a 
comparisonn of the estimated performance gain of the simulated system with respect to the 
systemm described in the previous section are given respectively in fig. 3.15 and 3.16. 

Thesee figures show that the GRAPE board is used more efficiently now, and the overall 
systemm performance benefits of this. Nevertheless, it appears that when the workload is high, 
thiss performance gain decreases. This is predictable, since in this case the relevance of the 
hostt and the communication interface is not as large as with a lighter workload. The estimate 
inn Kawai et al. (1997) is in agreement with ours, it only attributes a larger time share to the 
hostt computation tasks at small values of N. This discrepancy can be explained considering 
thatt they model JVj = 1.6 • N1?2, with no oscillation. In this way, when N < 3600, Ar

i is 
alwayss smaller than 96, i.e. the maximal number of pipelines in a GRAPE board. Now, 
sincee the force computation and communication step is always done in a single iteration, the 
relevancee of GRAPE and the communication interface is reduced. Conversely, if the value of 
N(N( can oscillate and assume values greater than the number of pipelines in a GRAPE board, 
ass it happens in our model, two or more iterations are necessary, increasing the relative load 
off the communication and GRAPE computation tasks. 

Anotherr use of our model is the estimation of the performance gain that can be reached 
byy improving the communication operations. As mentioned above, the i-particle send and 

3Moree precisely, the performance is set to be two times faster for the send operations, and five times 
fasterr for the receive operations, in order to reproduce in any aspect the performance figures given in Kawai 
etet al. (1997). 
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Figuree 3.16: Simulated performance gain for a system with a faster host and communication 
interface,, but with the same GRAPE board as GRAPE1. 

thee result retrieval are performed in a buffered fashion, where data are sent for a number 
off particles always equal to Np, also when TVj is less than Np. For the result retrieval, the 
situationn is even worse; in that case, the operation is performed always for 96 particles, i.e. 
thee maximal number of GRAPE pipelines. 

Onee may then wonder how much the system performance could benefit, if this communi
cationn protocol is improved. We simulated a situation where the send and receive operations 
aree accomplished by transmitting a variable size packet of up to Np particles per time, in 
aa fashion similar to the j-particle send. However, an extra amount is added to the packets 
too represent the defective pipelines in the GRAPE board. Every GRAPE board includes 96 
pipelines,, but some of those can be defective. We assume the worst-case situation, in which 
thee Nd = 96 — Np defective pipelines are the first ones to be accessed. Assuming that data 
regardingg N, = N particles have to be transmitted, the operation that we model consists in 
writingg to (or reading from) the first AT non-defective pipelines. Then our packet contains 
NNdd + N items. 

Thee results of this simulation are shown in fig. 3.17 and 3.18. The simulated board 
hass 94 pipelines working, and 2 defective. It can be seen how little influence the discussed 
modificationn has on the system performance. In this case, the model forecast discourages 
thee enterprise of implementing such a modification in the real system. This example shows 
howw performance modelling can be useful in evaluating whether a new project is promising, 
or,, as in this case, it is likely to be unsuccessful. 
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Figuree 3.17: Simulated time shares for a system with modified communication operations. The 
GRAPEE board is the same as GRAPE1. 
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Figuree 3.18: Simulated performance gain for a system with modified communication operations. 
Thee GRAPE board is the same as GRAPE 1. 
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Figuree 3.19: Model validation: comparisons of the overall execution times (real and simulated). 

3.4.22 Parallel direct code simulations 

Validation n 

Inn order to check the validity and the versatility of our model, we compare our simulation 
resultss with the performance analysis data presented in section 2.4. In the first case, we 
considerr a situation with 2 processors, each one connected to a GRAPE; in the second case, 
wee scale up to 24 processors. This corresponds to the architecture at our disposal, described 
inn section 2.2.1. Each run, either real or simulated, consists of 300 iterations, with N ranging 
fromm 1024 to 16 384 for the non-GRAPE case, and to 32 768 for the GRAPE case. As initial 
conditionn in the real runs we used, as in the serial case, a Plummer model (Plummer, 1915). 

Timingg results for the overall execution time are presented in fig. 3.19. We show results 
forr the non-GRAPE case, with two different values of P, and for the GRAPE case with the 
twoo GRAPEs each attached to its own host. The ability of our model to fit the measurement 
valuess can be readily inferred from this figure. The worst case error amounts to ~ 40% for 
thee non-GRAPE case with P = 24, N = 2048 (a case that lies well outside the parameter 
rangee that we are really interested in), whereas the average error is ~ 10%. 

Besidess the overall timing, we also show the fraction of time spent to perform each 
task.. Fig. 3.20 and 3.21 are for the non-GRAPE case, and fig. 3.22 is for the GRAPE case. 
Itt can be seen in figures 3.20 and 3.21 how the different application tasks scale with N, i.e. 
withh the total workload. For the case with P = 24, shown in fig. 3.21, a large communication 
overheadd at low values of N is visible. 

Thee large share of execution time taken by the force computation task is a clear evidence 
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Figuree 3.20: Model validation for the parallel non-GRAPE system. For each task, the ratio 
Uask/UotUask/Uot is shown, as a function of N. Here a system with two processors is shown. Points are 
measurementt data from test runs, lines are simulation results. The scale on the y-axis does not 
startt from 0 (cf. fig. 3.13 for the serial case). 
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Figuree 3.21: Model validation for the non-GRAPE system. Same as fig. 3.20. In this case a system 
withh 24 processors is shown. 
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Figuree 3.22: Model validation: time shares of the GRAPE system. See also fig. 2.16 on page 46 
forr the performance measurements of the real system. 

off the need for a tool to accomplish this task faster. Fig. 3.22 shows how effectively GRAPE 
solvess this problem. The relative importance of the force computation task has been drasti
callyy reduced by using GRAPE, even though at the cost of a large communication overhead 
withh the SPD. 

Systemm comparison. Fig. 3.19 shows that the GRAPE system is two orders of magnitude 
fasterr than the non-GRAPE system having the same number of processors, while with re
spectt to the most powerful non-GRAPE configuration available, the one with 24 processors, 
thee performance gain is still about one order of magnitude. Our model can reproduce the 
behaviourr of both systems quite satisfactorily. In the following, we use our model to predict 
howw this behaviour changes as a consequence of system modifications. 

Predictions s 

Inn this section we present some examples of the use of our model in order to predict the 
performancee of systems where either hardware or software modifications have been carried 
out.. Performance estimation and algorithmic design are the main fields of application that 
ourr simulation model is designed to serve. 

Clusteredd GRAPEs vs distributed GRAPEs. A fundamental question that we want 
too answer is whether it is more efficient to connect several GRAPEs to the same host node, 
orr to have a network with several nodes, each one being the host of a GRAPE. The first 

comm.. with GRAPE 
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Figuree 3.23: Simulation of different host-GRAPEs configurations. The execution time for each 
simulatedd configurations is divided by the timings of the fastest run, which is in all cases the one 
withh P = 1 and GRAPEs = 4. The actual time range can be inferred from fig. 3.19. 

configuration,, which also reflects the original system architecture for this device,4 does not 
exploitt a multiprocessor host in order to perform the particle search in parallel but, on the 
otherr hand, does not incur any overhead cost for the two global communications required 
byy the parallel code. The configurations that we simulated contain 1, 2 or 4 GRAPEs, 
eitherr connected to one single host, or distributed one GRAPE per host. The result of our 
simulationn is shown in fig. 3.23. The total number of particles is increased up to 32 768 
particless per GRAPE board. It can be seen that the performances are almost equal for all 
casess having the same number of GRAPEs. The gain for the multiprocessor configuration to 
distributee the local search, is roughly of the same amount as the loss due to communication 
overhead.. It can be inferred that both hardware configurations analysed here, i.e. localised 
SPDss versus distributed SPDs, perform about equally well, the single host configuration 
performingg slightly better. 

AA more realistic AT-body code. The code modelled in the preceding sections is a basic 
A-bodyy code. State-of-the-art astrophysical codes will contain additional functionality, e.g. 
too model close encounters to binary stars and the evolution of stars. In state-of-the-art direct 
A-bodyy codes, a binary star is treated as a single entity. When a third star approaches the 
binary,, the motion of the two components of the binary, plus the encountering star, is resolved 
analytically,, by means of a rather complex procedure (Funato et al., 1996). This additional 
functionalityy must be provided by the host, leading to an additional workload. In this case, 

4I.e.. the GRAPE-4 system at the University of Tokyo, consisting of 36 GRAPE boards connected, in a 
hierarchicall fashion, to a single workstation (see section 1.3 and fig. 1.5). 

PP =  1 ,  GRAPEs =  1 
PP =  2 ,  GRAPEs =  2 
PP =  1 ,  GRAPEs =  2 
PP =  4 ,  GRAPEs =  4 
PP =  1 ,  GRAPEs =  4 
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Figuree 3.24: System performance comparison when an extra task, modelled as t = r/ • Ni/P, 
iss added, where rj is an experimental factor of proportionality. In this case is N = 32 768. 

itt is interesting to see when the multiple host configuration begins to outperform the single 
hostt configuration. This extra task is assumed to be linearly dependent on Nt through a 
coefficientt rj, and perfectly parallelisable. This last condition is likely to hold in reality as 
longg as P remains reasonably small. 

Wee simulated the case with N = 32 768, and compared the "clustered" case where 
onee processor hosts four GRAPEs to the "distributed" case where four processors host one 
GRAPEE each. From the previous section, the clustered configuration is faster when the 
algorithmm without the extra task is used. The results are shown in fig. 3.24. We can see that 
thee configuration with P — 4 begins to perform better at r\ ~ 0.01, when the time spent in 
thee extra task is still negligible compared to that spent in the force task (at least for the 
distributedd case). In order to compare r\ with the parameters reported in table 3.2, we have 
too divide it by the processor time cycle, which is 0.5 • 10 - 5 ms. This results in TV ~ 2000, i.e. 
aboutt ten times the value of the extrapolation or local force task parameter in table 3.2. The 
amountt of computations for the close encounters procedure mentioned above, is of this order 
off magnitude. This example shows that the multiple host configuration is more appealing 
becausee of its better performance potential. 

Distributedd GRAPEs load balancing. A problem in the distributed GRAPEs config
urationn is the load balancing of the force computation task. When the number of pipelines 
perr board is not the same for all the boards, the boards with the highest number of pipelines 
aree faster in performing the force computation, because they handle more i-particles per 
unitt time. In our case, the idle time is up to 10% of the total averaged time of the two 
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Figuree 3.25: Load balance optimisation. Workload imbalance for a configuration with two 
GRAPEss on different hosts. 

GRAPEE boards, which means that the fastest board is idle for about 20% of the time. For 
thee sake of readability, the idle time was not shown explicitly in fig. 3.22, but was included in 
thee communication with GRAPE task. We used our performance model to find the optimal 
partitioningg of particles between the two GRAPEs in the distributed configuration, where 
eachh GRAPE is connected to its own host. 

Fig.. 3.25 shows the result of this study. The configuration analysed here includes a 
GRAPEE with 62 pipelines, called GO, and a GRAPE with 94 pipelines, Gl. The total num
berr of particles is 32 768. The figure shows how the total execution time changes, as the 
numberr of j-particles on Gl is increased in order to better exploit its higher computational 
potential.. The optimal distribution, i.e. the one with the minimal idle time, is not reached 
whenn the ratio r between the j-particles on the two GRAPEs is equal to 94/62 ~ 1.52, i.e. 
thee ratio between the pipelines, but at a slightly higher value of r. Unbalance between the 
twoo GRAPEs is due to both computation and communication. When r = 94/62, only com
putationn is balanced. The host-GRAPE communication time is faster for Gl , because the 
timee cost of the receive result operation is inversely proportional to the number of pipelines 
(seee table 3.1). Then, at r = 94/62, Gl is still faster than GO, because of its better com
municationn performance. A further slight overload of Gl, such that r ~ 1.6, balances the 
overalll execution time of the two devices. 

Thiss somehow unexpected result, produced by the complex dependence of the compu
tationn and communication tasks on Nt and Nj, illustrates how a detailed simulation is useful 
too analyse the behaviour of a hybrid architecture. 
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HOTT on Delta 

real l 

112 2 

528 8 

864 4 

--

simulated d 

144 4 

955 5 

1433 3 

--

GDTT on T3E 

real l 

0.175 5 

0.394 4 

--

simulated d 

0.145 5 

0.468 8 

--

seq.. tree on GRAPE-5 

real l 

3.00 0 

2.00 0 

6.90 0 

3.11 1 

simulated d 

4.07 7 

2.03 3 

9.57 7 

4.99 9 

buildd tree 

traversee tree 

computee force 

host-GRAPEE commun. 

Tablee 3.5: Comparison of the timings breakdown between the real measurements and the simula
tionn risults. Timings are in seconds for a single code iteration. The HOT on Delta case refers to a 
8.88 million particle run on 32 i860 40 MHz processors;; GDT on T3E refers to a 0.5 million particle 
runn on 16 Alpha 300 MHz processors, and seq. tree on GRAPE-5 to a one million particle run 
onn a 500 MHz Alpha processor connected to a GRAPE-5 board. 

3.4.33 Parallel treecode 

Modell validation 

Wee present here the result of running our simulation model of the treecode, described in 
sectionn 3.3.2. We use this model with parameter values such that performance measurements 
reportedd in the literature are reproduced. We show for each case the scaling with the total 
particlee number N of each task of the code, compared with the corresponding real system 
timings,, as reported by the measurements authors. Finally we present a plot comparing 
thee total compute time for a code iteration of each configuration. We had to deal with 
thee fact that in most cases data were available only for one measurement run. Therefore a 
conclusionn on the ability of our performance model to reproduce the scaling behaviour of the 
simulatedd system can only be incomplete from these data. The partial information that we 
obtainn from this work is nevertheless fundamental to provide us the main guidelines for the 
realisationn of a parallel environment for the simulation of JV-body systems, as reported in the 
sectionn on model forecasts. Once this environment will be realised, we will be able to validate 
ourr performance model thoroughly, having a system of our own to carry out performance 
measurements.. In table 3.5 we show the comparison between the timings breakdown of the 
reall measurements and our simulation results. In fig. 3.27 the compare the global timings of 
thee various cases. 

HOTT on Touchstone Delta. The Touchstone Delta was a one-of-a-kind machine installed 
att Caltech in the early nineties. It consisted of 512 i860 computing nodes running at 40 MHz, 
andd connected by a 20 MB/s network. The performance measurements reported in (Warren 
&& Salmon, 1993) are based on a run using the whole 512 nodes system, and consist in a timing 
breakdownn of a code iteration taken during the early stage of evolution of a cosmological 
simulation,, when the particle distribution is close to uniform. The total number of particles 
iss N = 8.8 • 106. Implementation limitations prevented our performance model to simulate 
5122 concurrent processes, so that we limited our simulation to 32 processes, and scaled 
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Figuree 3.26: Timings of the GDT tasks. The real system timings are also reported. The hardware 
architecturee is a Cray T3E. Performance scaling with the number of processors, with N = 500000. 

downn 16-fold the measured compute time reported in (Warren & Salmon, 1993). Since the 
communicationn overhead for that run was just ~ 6%, we assumed a linear scalability of the 
code.. The timings breakdown of our simulation is presented in table 3.5. The real system 
measurementss are reported for comparison. 

Thee table shows that the force computation task and the tree traversal are the most 
expensivee tasks. The relative computational weight of each task is qualitatively well repro
ducedd by our model. Quantitatively, a large discrepancy between our model and the real 
systemm timings originates from an over-estimation of the tree traversal and the force compu
tationn tasks, which also results in over-estimating the total time, as shown in fig. 3.27. We 
mustt conclude that in this case our model is not sufficiently well matched. 

GDTT on T3E. This case reproduces the configuration described in (Springel et al., 2001), 
wheree the GADGET code is run on the T3E hosted at the supercomputing centre in Garch-
ing,, Germany. Each computing node has a frequency of 300 MHz, and the communication 
networkk has a throughput of 500 MB/s. Three cases are reported in (Springel et al., 2001), 
eachh running the same cosmological simulation, where a system of 500 000 particles is evolved 
forr 3350 time steps. The difference among the three cases is in the number of processors used. 
Sincee in this case measurements from three different hardware configuration are reported, we 
couldd compare our model results with a larger set of timing values. As reported in (Springel 
etet al., 2001), we assumed that only 5% of the particles are selected on average at each time 
stepp for force computation. Similarly, we assumed that the local tree is rebuilt each 10 time 
steps.. Timing breakdowns are shown in fig. 3.26 and in table 3.5. 

Fig.. 3.26 shows the performance gain as the number of processors increases. The trend 
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inn the measurements suggests a saturation in the attained performance, arguably due to 
ann increasing load imbalance. This trend is not visible in our model results, because load 
imbalancee is not modelled. Data in table 3.5 show that, with respect to the HOT case, now 
thee tree build task is more expensive, despite the fact that it is performed only every ten 
iterations.. This is to be expected, since the tree build task is performed for all particles, 
whilee the tree traversal and force computation tasks are performed only for a small fraction 
(5%)) of the selected particles. Also in this case our model results match the real system 
timings.. Springel et al. (2001) did not provide separate values for the tree traversal and the 
forcee computation tasks, so that only the aggregate value can be reported on the plot. 

Sequentiall treecode on GRAPE-5. Here we simulate the configuration described in 
(Kawaii et a/., 2000). In that case, a modified treecode is used to simulate a system containing 
onee million particles, and groups of ~ 2000 particles share the same interaction list. This 
codee is run on a Compaq workstation with a 500 MHz Alpha 21264 processor, connected 
too a GRAPE-5 board containing 96 virtual pipelines,5 each one able to compute a force 
interactionn in 75 ns. Estimating a force interaction as 30 flops, the aggregate performance 
off a GRAPE-5 board is 38.4 Gflop/s. Table 3.5 shows the results of our simulation model, 
comparedd with the real system timings, as reported in Kawai et aL (2000). 

Inn this case, the force computation task is performed by the GRAPE. An important 
fractionn of the total timing is taken by the communication between the host and the GRAPE. 
Thee decrease of importance of the tree traversal task, due to the particle grouping technique, 
iss clearly observable. 

Casess comparison. We compare here the three cases presented above. We show in 
fig.fig. 3.27 a plot of the time taken by a code iteration versus N, as obtained from our simulation 
model,, compared with the real system measurements. The value for the HOT code on the 
Touchstonee Delta is 16 times greater than the value reported in Warren &; Salmon (1993), 
inn order to scale their 512 processor run to our 32 processor simulation. Conversely, scaling 
ourr simulation data for 32 processors to 512 processors, would have resulted in simulation 
valuess overlapping the values for the GRAPE case. 

Thee simulation values match within approximately a factor 2 the real system measure
ments.. In the next section we present results of a performance simulation, where our model 
iss used to forecast the behaviour of other configurations. 

Modell forecasts 

Inn this section we explore the possibility of using a hybrid architecture consisting of a dis
tributedd general purpose system, where single nodes host zero or more GRAPE boards. We 
spann the two-dimensional parameter space defined by the two quantities P, the number 

55 A GRAPE-5 board contains in fact 16 physical pipelines, each one running at 80 MHz, which is 6 times 
thee speed of the board bus. The board "sees" 16*6 = 96 logical pipelines, running at 80/6 MHz. Appropriate 
hardwiringg manages the data exchange between the pipelines and the board. 
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Figuree 3.27: Predictions of a code iteration for the three simulated configurations. Note that 
GADGETT moves only 5% of all particles on average in a time step, and the HOT case refers to a 
systemm with 32 processors, instead of the 512 of the original system. 

off nodes, and G, the number of GRAPEs. We assign to those quantities values as follows: 
PP € {1,2,4,8,12,16,20,24}, G e {0,1,2,4,8,12,16}. We simulate the same software config
urationn as described in the previous section with respect to the case related to the sequential 
treecodee on GRAPE-5. The SPD we simulate in this case is the GRAPE-4 (Makino et al, 
1997),, whose performance per board is 30 G9op/s, comparable to GRAPE-5's. It provides 
aa higher accuracy with respect to GRAPE-5, and is used in fields as Globular Cluster dy
namicss on Planetesimal evolution (Hut & Makino, 1999), where high computing precision is 
required.. The general purpose nodes are assumed to perform a floating point operation in 
22 ns, and the communication network is assumed to have a 100 MB/s throughput. 

Whenn a node of the distributed system is a GRAPE host, forces on its local particles 
cann be computed on the GRAPE that it hosts. Forces on particles residing on nodes that 
doo not host GRAPEs can be computed on remote GRAPEs, provided that both particle 
positionss and particle interaction lists be sent to the appropriate GRAPE host. This implies 
aa very large communication traffic. With our simulation we try to evaluate the effect of this 
communicationn overhead. 

Fig.. 3.28 shows our results. It is clear that, as long as all nodes are connected to 
onee or more GRAPEs, a significant performance gain is obtained. For comparison, we also 
providee timings of a system without GRAPEs. When not all nodes are GRAPE hosts, 
thee very large communication overhead due to sending particle and interaction list data is 
disruptivee for performance. This result suggests that the communication task needs a very 
carefull analysis, in order to design an efficient parallel treecode for hybrid architectures. 
Heree we assumed that an "un-graped" node sends all its data to a single "graped" node. We 

ADGETT on T3E, 16 PEs 
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Figuree 3.28: Timings for a system with P processors and G GRAPEs. Comparison with a system 
withoutt GRAPEs (marked as 0 G) is also provided. The software configuration is the same as in 
thee treecode on GRAPE-5 described above. The total number of particles is Â  = 1000 000 . 

discusss this point further in the next section. The plot in fig. 3.28 also features an oscillatory 
behaviour,, particularly evident in the case with 8 GRAPEs. The local minima (i.e. better 
performances)) correspond to configurations where P is an exact multiple of G. In this case 
thee computational load on the GRAPEs is perfectly balanced, whereas in the other cases 
somee GRAPE bears a higher computational load from remote data. 

3.4.44 Direct code vs treecode 

AA main goal of our research is to develop a distributed hybrid architecture optimised for the 
treecode.. The treecode does not compute all particle-particle interactions directly. Instead, it 
computess partial forces on a given z-particle from a truncated multipole expansion of groups 
off particles, see section 1.4.2. The force interaction from a group is computed if the group is 
farr enough, according to a Multipole Acceptability Criterion (MAC). Groups become larger 
andd larger as their distance from the i-particle increases. This technique allows a decrease in 
thee computing time of the force evaluation to ö(N\ogN), at the cost of a reduced accuracy, 
duee to the truncated multipole expansion. Moreover, this asymptotic performance is reached 
forr large values of N. Because of this, the treecode is widely used to simulate systems like 
clusterss of galaxies, or large scale structures, where high accuracy is not needed, and N is 
large. . 

Forr a sufficiently large problem a treecode can outperform a direct code also for the 
simulationn of systems that require high accuracy. In order to increase the treecode accuracy, 
wee can tune two parameters: the highest term of the multipole expansion, and the MAC 
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parameterr that decides if a group is far enough to compute the interaction. As already 
discussedd in section 1.4.2, the most widely used MAC (see, e.g., Barnes & Hut, 1986) states 
thatt a multipole expansion is accepted if 

ll-<e-<e (3.i) 

wheree / is the size of the cell containing the group, d is the distance of the i-particle from the 
cell,, and 6 is the MAC parameter. For the low accuracy computations that usually involve 
thee treecode, is 6 < 1. A more accurate code will run more slowly. 

Inn order to have a higher accuracy code, 0 has to be smaller. A realistic choice for 
aa multipole expansions up to the quadrupole term, is 6 = 0.2. For a comparable accuracy 
withh a multipole expansion up to the octupole term, we have to set 6 = 0.5 (McMillan &: 
Aarseth,, 1993). There is a trade-off between the two choices. A smaller 6 implies a much 
largerr amount of interactions to compute; it has been shown that the number of interactions 
scaless as 0~3 (Makino, 1991b). On the other hand, a multipole expansion up to the octupole 
termm implies a larger number of computations to obtain the multipole terms, and a larger 
numberr of computation to evaluate the force contributions from the octupoles. With our 
model,, we can simulate the two cases, and obtain an indication of the most effective choice. 
InIn our simulations, we assume that also the force contributions from the multipoles can be 
computedd on the GRAPE, by means of a pseudo-particle transformation (see chapter 4). In 
thiss case, multipole expansions are converted to pseudo-particle distributions that produce 
thee same force. In this way, GRAPE can also compute force contributions from the multipole 
terms. . 

Moreover,, we compare the performance of two different parallel treecodes, i.e. the HOT 
andd GDT codes described in section 3.3.2. The main difference between the two codes is 
thatt in HOT, i.e. the parallel treecode originally developed in Warren & Salmon (1995), each 
processorr computes forces only on the local i-particles. Information about remote particle 
groups,, the so-called local essential tree, is obtained before the force computation starts. 

Conversely,, in the GADGET code (Springel et al., 2001) (referred here as GDT), pro
cessorss do not exchange information about remote particle groups. Instead, local i-particles 
aree sent to remote processors. With our model, we can see which approach is better suited 
forr a distributed hybrid architecture. 

Ourr comparison has the goal to assess whether a system size exists at which treecodes 
outperformm the direct code for the simulations of systems requiring high accuracy. Then 
wee use our performance model to find which hardware-software combination gives the best 
performance,, provided that high accuracy is ensured from the treecodes, either by decreasing 
8,8, or increasing the multipole order. Therefore, we choose for each method the most suitable 
hybridd architecture. Namely, we simulate the direct code running on a system including a 
singlee host with 16 GRAPEs attached to it, since the clustered configuration has the best 
performance,, as shown in section 3.4.2. As treecodes place a higher load on the host, the 
optimall system for them is a distributed 16 processor hybrid machine, each node hosting a 
GRAPEE board. High accuracy from treecodes is obtained by setting 0 = 0.5 with octupole 
termm expansion, and 6 — 0.2 with expansions up to the quadrupole term. 
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Figuree 3.29: Performance of the treecode, compared to the direct code. We report here the 
simulatedd execution times of 300 code iterations. The direct code runs on a single host connected 
too a 16 GRAPE cluster, the treecodes run on a 16 processor machine, each node hosting a GRAPE. 
Quadd refers to multipole expansions up to the quadrupole term, with 6 = 0.2, and Oct to octupole 
expansions,, with 6 = 0.5. Other symbols are explained in the text. 

Fig.. 3.29 shows the results of our simulation. We can see in the figure how the direct 
codee performs better for low TV, but is eventually outperformed by the treecodes. The two 
treecodee implementations show a very similar performance. Both perform better than the 
directt code for high particle numbers, and are faster when an expansion up to the octupole 
termm is used. We can conclude that a distributed hybrid architecture can be the system 
off choice for the simulation of large astrophysical systems requiring a high accuracy, such 
ass stellar globular clusters. A treecode equipped with the software tools for the accurate 
treatmentt of close encounters could supersede the direct code for the realistic simulation 
off phenomena such as globular cluster secular evolution, or black hole binary formation in 
mergingg galaxies (Hut & Makino, 1999). 

3.55 Discussion 

AA hybrid architecture is a system with a high degree of heterogeneity among its components, 
whosee complex interplay requires an appropriate tool in order to be understood and opti
mised.. Performance modelling is an important tool to study the behaviour of such complex 
systems.. We implemented and tested a simulation model able to reproduce the behaviour 
off hybrid architectures. We validated this model against our GRAPE-DAS system, both 

Directt code 
GDTT Quad 
HOTT Quad 

GDTT Oct 
HOTT Oct 
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forr the serial and the parallel case. We showed some examples of its use for predicting the 
performancee of other configurations, where hardware and/or software modifications have 
beenn introduced. We simulated the use of several different hardware systems, and numerical 
algorithmss for the solution of the TV-body problem, as the direct particle-particle code, and 
thee treecode. We showed that performance simulation allows us to discover unexpected be
haviourss of a complex computer system, as in the case described at the end of section 3.4.2. 
Inn our case-studies, distributed hybrid architectures show their superior computational po
tential,, as compared to "clustered" configurations, when large problems, at the higher limit 
off the available computational capability, are considered. 

Ourr research is particularly focussed on the efficient integration of treecodes and hybrid 
architectures.. This could lead to a very high performance computational environment for 
thee solution of the TV-body problem. We validated our treecode model by simulating existing 
configurationss and comparing our results to real system measurements, even though very few 
measurementt data were available, limiting the accuracy of our model calibration. We used 
ourr model to evaluate the performance of a hybrid architecture used to run the treecode, 
andd highlighted that an efficient implementation of the treecode on such architecture is 
madee difficult by an intrinsically high communication overhead. Issues like latency hiding, 
orr partial redistribution of work to remove load imbalance, could help to solve this problem, 
andd will be the object of further research. The model would also benefit from an accurate 
parameterisationn of load imbalance. 

Inn the next chapter, we describe our research in the framework of the aforementioned 
efficientt integration of treecodes and hybrid architectures. We have implemented a version 
off the treecode, which makes use of pseudo-particles (Makino, 1999; Kawai &; Makino, 2001) 
inn order to represent the multipole expansion of the gravitational potential. This approach 
allowss us to make use of the GRAPE not only for the computation of the force from the 
monopolee term. The pseudo-particle scheme allows the GRAPE to compute force contribu
tionss from all terms of the multipole expansion. In chapter 4 the pseudo-particle method will 
bee described, together with the accuracy and performance improvements that we introduced. 




