Exploitation of Latency Hiding on the KSR1 Case Study: The Barnes Hut Algorithm^�

Chaitanya Tumuluri and Alok N. Choudhary 121 Link Hall, ECE Department Syracuse University Syracuse, NY-13244 Email:(tumuluri, choudhar)@cat.syr.edu April 5th, 1994

Abstract This study is aimed at examining the performance of dynamic, irregular and loosely synchronous class of applications on the KSR1 distributed shared memory COMA system. The Barnes-Hut tree based algorithm for simulating galactic evolution [1], was chosen as representative of this class of applications. The performance measures include the overall time-stepping loop execution time, the efficacy of the scaling rules (EES and RCTS) proposed in [2] as well as the computational load balance achieved by the CostZones data partitioning scheme [1] under these scaling rules.

We define notions of geographical locality, transfer locality flux and partition locality flux to explain the sources of remote memory accesses in the application. The contributions of our study include two runtime latency hiding techniques PST and PREFH proposed for the effective and automatic utilization of the poststore and prefetch instructions to hide the latencies of remote memory accesses. The architectural support assumed, compiler analysis required and code instrumentation schemes for the �This research was supported in part by an NSF Young Investigator Award CCR-9357840.

implementation of the PST and PREFH techniques are presented in this paper. We also examine the scalability of our schemes under the aforementioned scaling rules.

These schemes were tuned for a 32k particle simulation size on a 112 processor configuration, producing a reduction of 30% in the overall loop execution time of the simulation. Further, a combination of the schemes, PREPST, produced an overall reduction of 50% in the loop execution time of simulation. These improvements were traced to a reduction in the problems of locality fluxes which arose as the application was scaled under the EES and RCTS rules. Interestingly, the problems of locality fluxes manifested themselves as load imbalance conditions in the application. We found that our schemes did not scale too well under EES scaling, but produced appreciable reductions in execution timings under RCTS scaling.

It needs to be emphasized that our work involved the study of a whole application and on a 128 processor KSR1 machine, as opposed to most other work reported to date which examine performances of computational kernels on 32 or 64 processor configurations only.

2

1 Introduction

In recent years, two interesting variants of the distributed shared memory architectures have emerged as viable alternatives to the message passing architectures. The Stanford DASH [3] and MIT Alewife [4] multiprocessors are examples of directory-based, hardware cache coherent NUMA architectures; while the Kendall Square Research KSR1 [5] and Swedish Institute of Computer Science’s DDM [6] are examples of Cache Only Memory Architecture (COMA) architectures. In NUMA architectures, the allocation, movement and coherence of data in the caches is managed automatically by the hardware, while in main memory it is managed explicitly by the user or implicitly by the system software and hardware. Also, the NUMA architectures require the designation of a home node for each memory location and consequently, colocation of the home node with the local node where data is processed becomes important.

COMA architectures are similar, but the main memory is replaced with a very large hardware managed cache, thereby effectively decoupling the location of data from it’s physical address. This necessitates a demand driven migration/diffusion of data based on the access patterns of the application. Thus, COMA architectures hold the promise of scalability for distributed shared memeory architectures, given the location-decoupled addresses in programs. However, the tradeoffs lie in the more complex coherence protocols in COMA architectures as well as in their need for a search mechanism to locate valid cache lines in the system. In this context, latency hiding features such as prefetching and poststoring are of critical importance and allow the programmer to help the system in maintaining locality of programs, thereby minimizing penalities of remote accesses as the machine sizes are scaled.

In our literature survey to date the emphasis has been found to be on the study of either regular applications or of computational kernels in exposing the need for latency hiding techniques and modelling their use in such applications [7, 8, 9, 10]. In [11] however, there is a comparitive study of the Barnes Hut application’s performance on the KSR1 and the Stanford DASH machines. But they do not relate the performance of the application to the performance of the memory system of the machine which is the major bottleneck to extracting scalable high performance of irregular, dynamic and loosely synchronous applications.

In the current study, we provide such an examination of the performance of the COMA system of the KSR1 with respect to the performance of the Barnes Hut application. We also explore techniques for hiding the remote memory access latencies, which would benefit from support provided at the architectural and runtime system level in the KSR1. The nature of this support and the techniques are discussed in subsequent sections.

The Barnes Hut algorithm was chosen for this study, since it is representative of the class of irregular, dynamic and loosely synchronous applications [12] such as molecular dynamics [13] and particle in cell methods [14].

We propose two latency hiding techniques PST and PREFH for the effective utilization of the poststore and prefetch instructions to hide the latencies of remote memory accesses in the Barnes Hut application. The PST scheme utilizes measures of the number of local and remote references issued by processors, while the PREFH scheme utilizes a moving average of subpage distances in order to determine when to issue the poststore and prefetch instructions respectively.

These schemes which were tuned for a 32k particle simulation size on a 112 processor configuration, produced a reduction of 30% in the overall loop execution time of the simulation. Further, a combination of the schemes, PREPST, produced an overall reduction of 50% in the loop execution time of simulation. Secondly, we examined the issue of how the application performance scaled on the KSR1, under different scaling rules proposed in [2]. Thirdly, this study also evaluated the scalability of our schemes and found that our schemes produce appreciable reductions in execution timings under RCTS scaling, but did not scale as well under EES scaling.

1.1 Road Map

The rest of the paper is organized as follows. The next section provides an architectural overview of the KSR1 machine, in detail relevant to our presentation. Section 3 provides more details about the Barnes Hut algorithm. Section 4 provides a detailed look at the locality problems encountered in this class of applications. Subsequently, Section 5 provides a description of our schemes which utilize the poststore and the prefetch instructions, to improve the program locality. Section 6 provides details on the scaling rules we used. It also derives the problem sizes and application parameters for those sizes determined from the scaling rules. Section 7 then provides an analysis of the performance of the Barnes Hut algorithm on the KSR1 system, both at the application level and also by taking a closer look at the correlations between the application performance and the performance of the ALLCACHE memory system. Finally, Section 8 concludes the paper with the contributions that we derived from our studies, as well as with suggestions for further work.

Figure 1: KSR Memory Architecture

2 KSR1 Architectural Summary

The KSR1 [5] is built as a hierarchical group of ALLCACHE engines arranged in a two-level hierarchy. Each level:0 ring is connected to 32 processor cells and upto 2 ALLCACHE directories. This is illustrated in Fig. 1.

Most of the related work reported on the KSR1 on such applications has been done for a single ring:0, 32 processor configuration as in [11, 10, 15, 16], for example. Our work however reports results for a 128 processor configuration involving four level:0 rings.

2.1 COMA System

The architecture provides for sequentially consistent shared memory, where an invalidation based cache coherency protocol is used to maintain sequential consistency in the COMA memory.

There are 0.5MBytes of onboard split primary cache memory (called a subcache, consisting of 0.25MB of memory each for data and instructions) and 32 MBytes of secondary cache (called the local cache) at each processing node. The unit of data transfer in the system is 128 bytes, which is termed a subpage in the KSR1 system. Allocation in the local cache is in chunks of 16kBytes pages while allocation in the subcache is in terms of 2KBytes, i.e., 5 subpages at a time.

Each subpage can be in one of four states, viz., shared, exclusive, atomic and invalid states. These terms have the standard meanings associated with them in the literature. The unit of transfer between a local cache and the subcache is 64 bytes, i.e., half a subpage.

For the purpose of locating subpages within a single level:0 ring a snooping protocol has been implemented. A read miss generated by a particular cell is intercepted in it’s traversal around the ring, by a remote cell on the ring which has the necessary subpage in a non-invalid state. The interceptor then provides the necessary subpage which completes the traversal around the ring back to the requesting processor. Thus each transaction must make one complete traversal of the ring.

2.2 Latency Hiding Features in KSR1

Network read requests elicit a response from the first cache on the ring which has the subpage in a non-invalid state. All the local caches enroute between the responder and the requester that have an invalid place-holder for this subpage automatically update their subpage entries, “if the local caches are not too busy”. Unfortunately, there is no quantitative study of the efficacy of this feature called Automatic Updates, nor are there any concrete definitions of when a cache is “too busy”. The Prefetch instruction requests the local cache to move a specific subpage into the local cache. The Poststore instruction, on the other hand, issues a broadcast of the specified subpage onto the ring and all local caches which have place-holders for this subpage update their entries for this subpage.

For further details of the architecture, please refer to Appendix 1.

3 N Body Simulations: The Barnes Hut Algorithm

The application performs an N body simulation of stars in interacting galaxies, using a hierarchical algorithm [1]. The original algorithm was expositied in [17], and a message passing implementation of the algorithm was developed by John Salmon in [18]. Subsequently, Jaswinder Pal Singh et al, developed a shared memory version of the algorithm as part of their SPLASH suite of benchmarks for distributed shared memory architectures [1]. We adapted and ported the SPLASH code to the KSR1 and the studies reported here are based on our ported version

Figure 2: Barnes-Hut Tree::CostZones

of the original SPLASH code. The simulation proceeds in discrete timesteps in which the gravitational forces acting on all the bodies in the system are computed, based on which body velocities and positions are updated.

The code studied here comes in four flavours. The first is the unaltered original version, referred to as the Norm version of the code. The remaining three versions utilize schemes for automatically instrumenting code with the KSR1-provided Poststore and Prefetch instructions to anticipate and overcome remote data access latencies. The second version, incorporating the Poststore instruction into the Barnes Hut (BH) application code, is called the PST version. The third version, PREFH, instruments the BH code with the Prefetch instruction. Finally, the PREPST version incorporates both these instructions together into the BH code. The last three versions of the code are compiled with the particle and cell data structures aligned onto subpages to avoid any false-sharing problems. Further details of these schemes are presented in section 6.

3.1 Data Structure Overview

The main data structure of the Barnes Hut algorithm is an octree (for the three dimensional simulation), which models the physical space.

An illustration of a two dimensional space and the corresponding Barnes Hut quad tree has been adapted from [1] and is presented in Fig 2. Internal cells of the tree represent recursively subdivided partitions of the physical

Figure 3: Computational Flow

space, while the terminal leaf cells of the tree represent the actual bodies (stars) in the physical space. Hence, a left to right, in-order traversal of the Barnes Hut quadtree corresponds to a clockwise traversal of the physical space as indicated by the numbering scheme in the figure.

The data structure of each internal cell has a field containing pointers to the data structures of it’s child cells. It is assumed that the runtime system has access to this field. This field is utilized in issuing prefetches as detailed in Section 5.2.2.

3.2 Computational Structure Overview

The basic computational structure of the Barnes Hut algorithm is detailed in Fig 3 and is reproduced from [1]. The program first performs a one time initialization of the particle positions and velocities. After that, the code iteratively performs the computations described in the boxes delineated by the TrackTime in Fig 3, for as many time steps as specified. Thus the track time is indicative of the total time spent over all the time steps. The TrackTime constitues approximately 80% to 95% of the total ComputeTime, and this is why our analysis and studies are based on the TrackTime.

The scheme used to partition the bodies among the various threads is the CostZones scheme outlined in [1]. The physical application domain is highly non-uniform and manifests irregular, dynamically changing inter-particle

Figure 4: Illustration of Locality Problems

interactions and hence memory access patterns. As indicated by the first three boxes within the TrackTime, these variations are large enough to warrant a repartitioning of the cells and the bodies among the processors at each time step in order to maintain locality and load balance. It should be noted that the terms body and particle are used interchangeably in the remainder of this paper.

Further details and references for this application may be found in [1], [17] and [18].

4 Latency Hiding: Problem Statement

In what follows, when we say ’remote reference’ or ’remote access’, we mean a reference (to a datum) produced by a processor, whose data partition for that iteration of the main computational loop does not contain that datum. Also, reference here implies the read and/or write access made to one or more fields of the data structure of the datum.

Consider the illustration in Fig 4. Datum D owned currently by processor A, is shown to interact with groups of remotely-owned data from processors X, Y and Z. Such remote-data interactions for updating locally owned data (such as D), engenders the problem of Geographical Locality. We refer to the affinity of datum D with processors X, Y and Z as it’s remote-processor affinity. The need for datum D to interact with the data in each of these remote processors then constitutes datum D’s remote-subpage affinity.

Usually, loosely synchronous scientific applications have two distinct activity phases within the time-stepping or main computational loop (such as the TrackTime loop in Fig 3), viz., the Load/Data Partitioning phase and the Computational phase. Assume that processor A acquired D (in Fig 4) in the partitioning phase, from processor Z which had owned it in the previous timestep. Processor A now references new remote-data needed to update D, thereby producing new Geographical Locality across the previous and current timesteps. Processor A’s newly acquired geographical locality needs is labelled the problem of Transfer Locality Flux and is indicated by the solid lines labelled Remote Interaction in Fig 4. Further, when two data elements within a processor’s partition evince substantially different remote-subpage affinities, then they produce marked changes in the geographical locality within a timestep. Such a flux in the locality arising within a processor’s partition is labelled the problem of Partition Locality Flux.

Hence, temporal changes within and across timesteps in the geographical locality produce the additional problem of locality fluxes in the computational phase.

The solutions to the two problems involve an informed give and take of data at each processing node in the system as illustrated in Fig 5. In Fig 5(A), the remote-processor affinity of a local subpage is first quantified and compared with a predetermined threshold. The comparison attempts to determine whether poststoring this subpage after a local update, would reduce stall times at remote processors. This is the “give” part of the solution. In Fig 5(B), indications of impending problems of locality fluxes in the local processor’s working set triggers the extraction of remote-subpage affinities. Consequent prefetching of required remote subpages reduce stall times of the local processor and such active solicitation of remote-subpages constituting the “take” part of the solution. Further details are presented in the following sections.

5 Latency Hiding: Proposed Solutions

This section outlines the use of the KSR1 latency hiding primitives (prefetch and poststore instructions) in the code, to obtain the PST, PREFH and the PREPST versions of the code alluded to earlier in Section 3. The efforts aim at minimizing the remote access latencies (i.e. processor stall times) in a DSM architecture, by trying to overlap the computation with the communication. Hence, information regarding the affinity of locally owned subpages with remotely owned subpages, was used to predict and satisfy remote-data access requirements of the application ahead

Figure 5: Overview of Solutions To Latency Problems

of time.

The solution to the twin problems of geographical locality and locality fluxes entail answering the following questions:

1. What COMA system information is necessary for determining locality fluxes?

2. Under what runtime conditions should the prefetch and poststore be issued, i.e. what are the PST and PREFH schemes?

3. Where, in the user code, should the call to the PST and PREFH scheme(s) be placed?

The answer to the first question requires maintaining information on a per-subpage and on a per-processor basis, to extract the necessary remote-processor affinity information and detect problems of locality fluxes. The various counters, variables and flags used are described in Section 5.1. The answer to the second question (in Section 5.2), describes the runtime usage of the above information, to determine which subpages should be prefetched or poststored. Finally, the answer to the third question advocates a syntactic analysis of the code from which rules are derived for inserting calls to our prefetching and poststoring schemes in the application code. This is provided in Section 5.3.

5.1 Processor and Memory State Information

We make the assumption that the user data structures (’C’ language structs) are aligned onto subpage boundaries. We also assume that only the owner of each subpage, determined during data-partitioning, updates it and the needs of all other processors can be satisfied by read-shared copies (owner computes rule). The Owner and ExtFlag descriptors are maintained on a per-subpage basis and are assumed to be implemented in hardware to provide the necessary architectural support for the runtime system and the compiler. Lacking that, we have instrumented the application data (body and cell) structure with these two additional variables.

1. Owner: A number indicating the single processor which has the privilege and the responsibility of writing updates to the datum. In other words, the datum is part of this single processor’s data partition.

2. ExtFlag: A flag which would be set by the first processor that references the datum and is not it’s owner, as defined above.

The PST scheme requires information about the remote-subpage and remote-processor affinities of a subpage. The ExtRefCount and TotRefCount counters provide this information. Further, the PREFH scheme requires a moving average of the inter-subpage distances which is culled from the CurrDist and AvgDist variables described below:

1. ExtRefCount: A count of the number of read-references made to remote subpages, in updating a local subpage. This is a private variable on each processor.

2. TotRefCount: A count of the total number of references made to all shared subpages in updating a local subpage. This is a private variable on each processor.

3. CurrDist: Consider two subpages X and Y that were updated in that order. CurrDist is a distance measure (square of the difference) between the values at the same offset into these local subpages. In other words, a distance measure between the values of particular field in two instances of the user data structure. This variable is private on each processor.

4. AvgDist: A moving average of the CurrDist value defined above, which is computed every time a local subpage is updated and thus averages over all the subpages updated in the timestep so far. This value is reinitialized to zero for every timestep. This variable is private on each processor.

Finally, the following two variables are maintained on a system-wide basis:

1. PstThresh: A threshold on the measure determining when a poststore instruction could be issued. This variable is globally shared.

2. PreThresh: A threshold on the measure determining when a prefetch instruction could be issued. This value is globally shared.

5.2 Runtime Rules:PST and PREFH Schemes

The second question asks when the runtime system should issue the prefetch or poststore instructions. The answers to this question differ in the two activity phases of the main computational loop and are detailed in Section 5.2.1 and Section 5.2.2 below.

5.2.1 Data Partitioning Section

1. PST Scheme: If data partitioning entails transfer of subpage ownership across timesteps, as described in Section 4, then the Owner descriptor of the subpage is updated. This update invalidates remote copies consequently producing remote processor stalls which can be minimized by poststoring that subpage. Thus potential transfer locality flux problems arising from ownership transfer are minimized by poststores. Also, the ExtFlag descriptor is reset in every subpage in this phase of the time-stepping loop.

2. PREFH Scheme: Assuming ownership transfers have occurred, it would be useful to prefetch the remotesubpages that newly acquired subpages would need in the current timestep, into the local memory. This would entail storing remote-subpage affinity information per-subpage in every processor’s partition. Clearly, this would be very expensive. So, the problem of new Geographical Locality can be solved if there were some way of learning and compactly retaining the affinity patterns of subpages. Lacking that, we were unable to implement any useful prefetch schemes for this phase of the time-stepping loop.

5.2.2 Computational Section

In this section, both the transfer and partition locality flux problems arise due to temporal changes in the geographical locality. We define the Poststore Measure, Poststore Threshold, Prefetch Measure and Prefetch Threshold, which are then utilized in the prefetching and poststoring schemes described subsequently.

1. Poststore Measure: The poststore measure for a shared subpage is defined as ExtRefCount/T otRefCount.

2. Poststore Threshold: This is a threshold on the value of the Poststore Measure. If the Poststore Measure value exceeds the Poststore Threshold for a subpage, poststoring the subpage after the update (write) would reduce remote processor stalls.

The poststore threshold (PstThresh) was empirically determined for the 32k particle on 112 processor EES simulation to be 0.4. For simulations of different sizes (involving nbody bodies) on different number of processors (involving nproc processors), the poststore threshold was scaled using the following scaling rule:

P stT hresh^{nbody}_{nproc} = nbody 32k ∗ nproc 112 ∗ 0.4

3. Prefetch Measure: The Prefetch Measure monitors the locality fluxes in the application. The prefetch measure for a subpage is it’s value of CurrDist variable.

4. Prefetch Threshold: If the CurrDist value for a subpage exceeded 1.5 times the value in AvgDist, it was indicative of impending locality fluxes and prefetching was enabled for the current subpage.The prefetch threshold value 1.5 was derived from simulation results, for optimizing the 32k particle on 112 processor simulation. It was not possible to define any scaling rules for the Prefetch Measure and the Prefetch Threshold that produced any reasonable performance; so, the value of 1.5 was used in all the EES and RCTS simulations.

We now present the rules for the issue of poststores and prefetches by the runtime system in the computational phase.

1. PST Scheme:

(a) If the subpage write-referenced is part of the local partition and it’s ExtFlag is set, then the datum is poststored.

(b) If the subpage write-referenced is part of the local partition and it’s ExtFlag is unset, then we apply the Poststore Measure and Threshold to determine if a poststore should be issued.

(c) If the subpage read-referenced is not part of the local partition, then check to see if it’s ExtFlag is set. If so, do nothing; otherwise, the ExtFlag is set and a poststore instruction is issued for the subpage.

2. PREFH Scheme: A remote-subpage interaction history for the first local subpage updated, is maintained in a local array private to the processor. Subsequently,

(a) The interaction history mechanism is activated on a per subpage basis subject to the condition that the Prefetch Measure for the subpage exceeds the Prefetch Threshold.

(b) Once activated, at the deviant point in the history array, the next remote-subpage, if any, is prefetched.

This is possible under the assumption stated in Section 3.1.

In other words, since the data structures are aligned onto subpages of the KSR1 COMA memory system, we are implementing one subpage lookahead prefetching for a linked list of data structures. This is analogous to the one-block lookahead algorithm espoused in [19] for systems with Virtual Memory.

5.3 Code Instrumentation Rules

The question of where to issue calls to the prefetch and poststore schemes in the user code is answered below. In answer to this question, two rules for positioning the poststore and prefetch instructions as proposed, prior to which we outline the concept of a Textual segment (T-segment) of user code.

The computational and partitioning phases of the time-stepping loop are comprised of one or more (recursive or otherwise) function invocations, loops (nested or otherwise) and conditional structures all of which, we shall call T-segments (for Textual segments). In order to talk cogently about the nesting depth of the T-segments in the code, we define order(1) constituents of the program to be one of:

• A function (but not it’s constituent code text) whose invocation occurs directly within the program driver function, i.e., the main() function.

• A loop and it’s constituent code text, that is defined directly within the program driver function. This would not include the code text of functions which are invoked within this loop nor the code text of subloops (nested loop) of this loop.

• The sequence of statements (conditional or otherwise) which occur directly within the driver function and are not nested within any other function.

The order(2) constituent of the program is defined recursively to be the order(1) constituent of each order(1) constituent of the program. Thus, the T-segments of interest are order(n) constituents of the program, for some integer value n > 1. Henceforth, whenever we refer to order(x) constituents, we mean the order(x) constituents of the relevant T-segment under discussion. These constituents are order(x + n) constituent of the main() loop if the T-segment itself was an order(n) constituent of the main() loop. T-segment as used below, refers to either the data-partitioning T-segment or the computational T-segment within the time-stepping loop of the program.

1. PST Scheme Invocation: Given the T-segment and it’s constituents as described; the invocation is positioned after the last write to the subpage, within each of the order(n) constituents of the T-segment, or within the order(n + 1) constituents of the T-segment if there are no writes within the corresponding order(n) constituent, ∀n > 1.

Information about the last write could be generated from a static analysis of the T-segment code, but the only difficulty may be in determining the last write within recursive function calls. Even in the latter case, the static analysis should indicate the recursive nature of the function invocation and consequently, position the poststore as the next executable statement after the appropriate order(n) function invocation statement.

2. PREFH Scheme Invocation: Given the T-segment and it’s constituents as described; the invocation is always positioned as the first executable statement before the first reference to subpage within each of the order(n) constituents of the T-segment, or within the corresponding order(n+1) constituent if there are no references to shared data within the order(n) constituent, ∀n > 1.

Again, static analysis should be able to indicate the occurrence of the first reference to shared data structures within the T-segment and it’s constituents of various orders.

6 Scaling Application Sizes

We first explain the EES and RCTS scaling rules and then derive the application sizes and parameter values for those sizes using the scaling rules. We assume as many cells as bodies in the application for our calculations below and a body requires 136 bytes of storage overall. Hence, the Total Memory (TM) requirements of the application is 272 × n bytes, where n is the number of (bodies+cells) used in the application.

6.1 Scaling Rules

The following three simulation parameters are of interest in scaling the application to different problem sizes, as prescribed in [2]. The first parameter is the number n of bodies in the simulation. The second parameter is the Barnes Hut accuracy parameter θ which determines the degree of approximations in the force computation. The third and final parameter is the physical duration of each time step t in the simulation. As per the guidelines suggested on pp 11 of [2], the following scaling rules are adopted:

1. Equal Error Scaling Rule(EES Rule): This rule states that all the sources of error should scale such that their error contributions in the scaled simulation are proportional to their error contributions in the unscaled simulation.

• If n scales by a factor s, then • θ scales to^θ_4p_s • t scales to^t_4p_s 2. Realistic Constant Time Scaling Rule(RCTS Rule): This rule states that under realistic conditions, as the number of processors is scaled by a factor k, the size of the simulation n, should be scaled proportional to √ k, to maintain approximately the same execution timings. Having scaled n realistically, θ and t are then scaled by an application of the EES rule stated earlier.

6.2 Application Sizes

There are two different sets of problem (i.e. application) sizes that are considered. The first set is derived in order to study the relationship of the latencies/capacities of the KSR1 memory hierarchy and the working sets of different simulation sizes. This simulation version is derived from an application of the EES rule and is referred to as the EES simulation. The second set is derived from the RCTS Rule and these simulation sets are used to study the scaling of the latencies and the efficacies of the latency hiding techniques when applied to realistically scaled problems. This simulation is referred to in the rest of the paper as the RCTS simulation.

Simulation Sizes & Parameters::RCTS Simulation NPROC 4 24 40 56 64 80 96 112 120 NBODY n 4096 10034 12952 15325 16384 18312 20066 21674 23170 THETA θ 0.8 0.64 0.6 0.58 0.55 0.55 0.54 0.53 0.51 TIME t 0.05 0.04 0.037 0.036 0.034 0.034 0.033 0.033 0.032 Table 1: Simulation Sizes::Set2

6.3 EES Simulation Parameters

Assume that initially the memory required to hold a processor’s partition of the particle and cell information does not fit into any one particular subcache, but, would fit into the subcache at some point as the number of processors used in the simulation is scaled. Also, the total memory required to hold all the particle and cell information should be less than the size of one local cache.

Assume that TM would eventually fit into 32 data subcaches.

This would mean that T M = 32 ∗ 0.25 MBytes. Further T M = 272 ∗ n and hence, n = 32k particles. Assuming a (n = 512, θ = 1.5, t = 0.05) simulation to be the base case, an application of the EES Rule yeilds (n = 32768, θ = 0.53, t = 0.018) for the EES scaled application size.

6.4 RCTS Simulation Parameters

Under this scaling rule, we assume a base case for the number of processors and particles and then scale them using the RCTS rule.

The base case assumed here is that of a 4 processor simulation for (n = 4k, θ = 0.8, t = 0.05). From this base case, the other problem sizes for different numbers of processors as detailed in Table 1, are derived by an application of the RCTS scaling rule.

7 Performance Analysis

The performance analysis presented here is based on the information gleaned from timing results of various parts of the code (refer Fig 3) as well as KSR1 specific hardware counters measuring the memory and CPU performances. The analysis is organized along the lines indicated in Fig 6.

The TrackTime, i.e., the time spent over all the time-steps, accounts for approximately 80% to 95% of the total

Figure 6: Organization of The Performance Analysis

ComputeTime in all our simulations, so our attention is focussed the TrackTime and it’s components in the analysis that follows.

7.1 Application Behaviour

This section examines the scalability of the Norm version and the PST/PREFH/PREPST versions of the EES/RCTS simulations in general. It also examines the way each component of the TrackTime scales in each version, based on which observations are made about existence of load imbalances in the parallelism and the efficacy of the scaling rules used.

7.1.1 Scalability of the Application

In the Norm version of the EES simulations, the overall TrackTime speedup scales well only upto a limit of 64 processors, as seen in Fig 7.

The speedups shown in both these graphs are relative to the 4 processor performance. The ForceTime depicted in Fig 8, however, shows very good scalability. This suggests that the non-ForceTime components of the TrackTime do not scale well. This observation is also true for the RCTS simulation.

Among the latency hiding versions of the EES simulation, the PST version evinces the least scalability while the PREFH and PREPST versions exhibit the best TrackTime scalability.

Figure 7: TrackTime:EES Simulation

However, a look at just the scalability of the application is not enough, and a deeper look at the application and machine performances, which would explain the apparent lack of scalability, is presented in the remainder of this section.

7.1.2 Scalability of TrackTime Components: Norm Version

The bar charts in Fig 9 for the EES simulation and in Fig 10 for the RCTS simulation indicate that the components of the TrackTime do not scale in proportion to one another. The ’R’ time is spent in synchronization, etc. as indicated in Fig 3.

The ForceTime decreases from representing more than 90% of the TrackTime to approximately 20% - 30% of the TrackTime in both the EES and the RCTS simulation results, as the number of processors is scaled from 4 to 120 processors. Concomittantly, the ‘T’ and ‘R’ times together increase from representing about 10% of the TrackTime to 60% of the TrackTime, thus dominating the ComputeTime in the simulation runs involving more than 2 level:0 rings.

This is due to the increased geographical locality arising from the finer data partitions in runs with more than 64 processors. The finer partitions coupled with the increased number of processors reduces the ’F’ time, but the increased geographical locality causes increased remote interactions and increased of lock contention in computing

Figure 8: ForceTime:EES Simulation

Figure 9: TrackTime Components:EES Simulation

Figure 10: TrackTime Components:RCTS Simulation

the new global root cell dimensions leading to increased ’R’ times. 7.1.3 Scalability of TrackTime Components: Latency Hiding Versions

The benefits of using the latency hiding schemes becomes apparent for runs using more than 64 processors. As a specific case we compare the various latency hiding versions of the RCTS code with the Norm version using the bar graph in Fig 11 for a 18k particles on 80 processor run. It is seen that the PST and PREFH versions of the RCTS code, produced reductions of approximately 21% in the total TrackTime while PREPST produced a 10% reduction in the TrackTime over the Norm version.

Similarly, Fig 12 shows that the PST version of the EES simulation produced a 35% reduction, the PREFH version produced a 37% reduction while the PREPST version produced a 50% reduction in the total TrackTime for the 32k on 112 processor simulation.

It can be seen from both Fig 11 and Fig 12 that the ForceTime in all four versions of the EES and the RCTS simulations remained almost the same. However, the PST, PREFH and PREPST versions had reduced the overall ‘R’ and ‘T’ times put together.

This indicates that the latency hiding schemes produced (a)better scaling of the components of the TrackTime and (b)improved overall execution time of the application.

Figure 11: Latency Hiding::80 Processor, 18k Particles RCTS Simulation

Figure 12: Latency Hiding: 112 Processor 32k Particles EES Simulation

7.1.4 Load Imbalances in Code

In the original SPLASH code, the force computation time is the time taken by thread#0 to finish it’s velocity updates for it’s partition. But, our studies have shown that there are threads whose ForceTimes are 20% to 30% more than that for thread#0. This leads to a load imbalance condition, where different threads take varying amounts of time to complete their force computation phases and hence, spend different amounts of time at the subsequent synchronization point, thereby increasing the ’R’ time (RestTime). Due to the better locality and latency hiding of remote reads afforded in the PST, PREFH and PREPST versions over the Norm version, the variations in the ForceTime among the different threads is reduced from 20% - 30% to less than 5% in these versions. This consequently reduced the synchronization time and hence the RestTime as well.

So, it is a moot point that load imbalances in such irregular and dynamic applications are actually manifestations of the problems of locality fluxes. Overlapping the computation with the remote read requests (the communication) via the latency hiding schemes helps overcome such load imbalance conditions. 7.1.5 RCTS Rule Evaluation

An interesting fact emerges from Fig 13 and Fig 14 representing the TrackTime and the ForceTime for the RCTS runs. The RCTS rule for the Norm version holds only in runs involving less than 64 processors and does not seem to hold otherwise for the TrackTime, while it seems to be valid throughout for the ForceTime. The TrackTime almost doubles from it’s value for the 64 processor simulation (approx. 60sec) to it’s value in the 120 processor simulation (approx. 100secs.).

The reason for this is the degradation in program locality as larger number of processors are used in the simulation, causing load imbalance conditions in the code. This was rectified with the PST version of the code for the RCTS simulation as explained in Section 7.1.4. This is apparent from an examination of the PST version plot in Fig 13, which indicates a reduction in the TrackTime over that for the Norm version between 21% to 50%. This indicates that the RCTS scaling rule should be dependant on the computation (number of processors) and the communication characteristics (memory latencies) of the algorithm in larger systems.

Figure 13: TrackTime:RCTS Simulation

Figure 14: ForceTime:RCTS Simulation

7.2 KSR1 Machine Behaviour

In this section, correlations between the application behaviour and the subcache misses, local cache misses as well as the CPU stall times are deduced via the relative working set sizes of the various simulations.

The graphs for the subcache misses and the subpage misses in the local cache are plots for the number of misses per 10,000 CPU cycles versus the number of threads (number of processors) in the simulation . These misses are the maximum number of misses experienced by a processor recorded among all the processors in the simulation and is recorded over the entire CPU cycles taken by the TrackTime. The plot of the Stall times is a plot of the maximum stall time experienced by a processor among all the processors, expressed as a percentage of the total TrackTime of the thread on that processor.

The reason that the maximum values were chosen for analysis is the intuition that the thread with the maximum number of misses would be the one to experience the maximum Stall times and consequently, have the most adverse impact on the the execution timings of the application. This intuitive correlation between the thread with the maximum number of subcache and / or local cache misses and the thread with the worst case TrackTime has been borne out in empirical data derived from our simulations. 7.2.1 Local Cache Performance

1. Effect of Scaling Working Set The scaling rules produced used, produced successively smaller partitions for each processor [2]. Hence, the working set of each processor produced increased problems of geographical locality as the machine and problem sizes were scaled.

This is manifested in gradually increasing number of local cache subpage misses evidenced in Fig 15 and Fig 16 for the EES and RCTS simulations respectively. This trend continues uniformly from the 4 processor case to the 64 processor case.

2. Effect of Automatic Updates Usage of half of a third level:0 ring in the simulations produces a peak in the the subpage miss rates curve at the 80 processor reading in both the EES and the RCTS simulations. The half-ring peak is also manifested at the 96 and 112 processor points, though to a lesser extent. The reason that the subpage miss rate peaks is due to the effect of automatic updates. The half-ring peak is not as readily visible in the 24 processor and the 56 processor cases because the processor working sets at these machine sizes

Figure 15: Subpage Misses in Local Cache::EES Simulation

Figure 16: Subpage Misses in Local Cache::RCTS Simulation contain enough locality to outweigh any problems of geographical locality that may exist.

3. Effect of Using Poststores The effects of the PST version is a smoothing effects on the half-ring peaks (analogous to the use of an imaginary low pass filter to mitigate the effects of high frequency reads). This is clearly in evidence in the RCTS simulation curve in Fig 16. The PST version of the EES code however produces no effect in the half-ring peaks, but the PREFH version of both the EES and the RCTS simulations show the necessary smoothing effect. This may mean either that our scaling rule for the Poststore threshold does not work very well or that these readings for the subpage misses are aberrations.

4. Effect of Using Prefetches The limited benefits of the PREFH version of the code is obvious from a look at the curves in Fig 15 and Fig 16. This is because our scheme for predicting remote-subpage affinities based on the remote interaction histories cannot completely capture completely the emergent locality fluxes. For example, our scheme would not issue a prefetch for remote siblings with which the previous particle had interacted but which may subsequently have been subjected to updates creating an invalid local copy. Combining the PREFH and the PST schemes should therefore yeild better results and the PREPST curve in these figures bear testimony to this fact, which show that the PREPST scheme suffers less subpage misses in the local cache than the PREFH version of the code in both the EES and the RCTS simulations.

7.2.2 Subcache Performance Analysis 1. EES Simulation Case

By our calculations in Section 6 for the EES simulation, the processors should be able to fit their partitions into the subcache when more than 32 processors are used in the simulation. Given the low value of the accuracy parameter θ in our simulations, the actual working set of each processor is larger than it’s partition and would hence fit into each processor’s subcache when more than ‘k’ processors are used (k > 32) for the EES simulations.

From Fig 17 representing the subcache miss rates for the EES simulation, this starts to occur at 64 processors. The working sets finally fit into the subcaches when 80 or more processors are used. All versions of the EES simulation evince a fairly high but stable subcache miss rate in simulations using between 4 and 64 processors,

Figure 17: Subcache Misses:EES Simulation

when finally the working set decreases enough to fit in the subcaches in the 80 processor EES simulation.

2. RCTS Simulation Case The subcache miss rate curve in Fig 18 for the RCTS simulation exhibits slightly different behavioural characteristics than it’s EES simulation counterpart. The working set (approximated for this purpose as (2 − θ) ∗ partitionsize) of the 4 processor simulation does not fit into it’ subcaches. However, it can be seen that the working set fits into the subcache at the 24 processor run. This explains the initial marked rise and fall of the Norm RCTS simulation curve in Fig 18, and the attenuated peaks for the PST, PREFH and PREPST runs as well.

Following a stable subcache miss rate until the 64 processor run, we see a marked decrease in the subcache miss rate for runs involving 64-96 processors. This decline in the subcache miss rate corresponds to the half-ring peak in Fig 16. The RCTS simulation involving 56 to 96 processors produce partitions whose remote-subpage affinity increase (as evidenced by the half-ring peak) is offset to a large extent by the formation of working sets which have predominantly local interactions for larger and larger number of processors used in the RCTS simulation.

Figure 18: Subcache Misses:RCTS Simulation

7.2.3 Stall Time Analysis

The Stall times for the both the EES and RCTS simulations shown in Fig 19 and Fig 20 track the respective local cache subpage miss curves well. This correlation and the higher stall time percentages in scaled simulations suggest that a reduction in the local cache misses would result in significantly reduced stall times.

Given the higher proportion of the stall times in the overall TrackTime (almost 90% in the 120 processor RCTS simulation and 60% in the 112 processor EES simulation) in scaled simulations, it is an inescapable conclusion that a reduction in the local cache subpage misses would improve the execution timings of the application. This is almost self-evident from an examination of Figs. 7, 17, 19 and Figs. 13, 18, 20.

In the RCTS simulations using 56 to 120 processors, a decrease in the subpage miss times leads to a decrease in the individual processor stall times which in turn leads to a decrease in the overall TrackTime. The only difficulty as has been observed above, lies in capturing the dynamically evolving irregular access / interaction patterns based on which a more effective prefetching and poststoring mechanism could be implemented.

In general, the StallTime is indicative of the computation to communication ratio in the application and as the graphs indicate, the RCTS scaling rule produce simulations which decrease the computation to communication ratio. This is in keeping with the results derived in [2] based on their simulations on the DASH multiprocessor.

Figure 19: CEU StallTime::EES Simulation

Figure 20: CEU StallTime::RCTS Simulation

8 Conclusions and Extensions

The Barnes Hut algorithm is an important application that evinces dynamic and irregular locality behaviour. As such it constitutes a good test of the performance of any distributed memory architecture. The scalability of the speedup performance and of the latency hiding techniques are important performance evaluation criteria that were examined in this study.

8.1 Conclusions

In general, it was found that the application performance scaled well in the Norm versions of both the EES and the RCTS simulations up until the 64 processor simulations, beyond which the TrackTime speedups did not scale as well in the RCTS simulation as they did in the EES simulations.

A deeper look at the worsening TrackTime scalability revealed that load imbalance conditions caused the degradation in the TrackTime speedup scalability.

The PST and PREFH schemes produced a significant 35% reduction in the TrackTime over the Norm version of the 120 processor EES simulation. The PREPST scheme, produced an even better 50% reduction in the TrackTime over the 120 processor Norm EES simulation. The only drawback of these schemes were that they did not scale very well, and sometimes produced small degradations (5%-10%) in the TrackTime performances.

The PST/PREFH/PREPST schemes were also found to mitigate the earlier load imbalance conditions, which conditions were actually manifestations of marked problem of geographical locality as the application was scaled.

The processor StallTimes tracked the increases in the local cache subpage miss rate curves, indicating that the application evinced lower and lower computation to communication ratios (primarily due to increased communication) as the simulations were scaled using the EES and RCTS rules. The PST scheme was found to counter the decrease in the computation to communication ratios in both the EES and the RCTS simulations via overlapping ongoing computation with the remote memory accesses (and so reduce the subpage miss rates in the local caches).

Finally, the effects of automatic updates were observed as the half-ring peaks in the subpage miss rate curves for the local caches. But the effects of automatic updates was not appreciable on the overall performance of the application.

8.2 Extensions

Ideally, we would like to prefetch/poststore the data creating the locality fluxes, based on a knowledge of the dynamically evolving patterns of remote-subpage and remote-processor affinities. Hence, there is a need for architectural and runtime support systems that would dynamically learn and store the emergent affinity patterns of data. We are presently at work on schemes for capturing such dynamically emergent affinity patterns.

9 Acknowledgements

We would like to thank the Stanford SPLASH group for maintaining the SPLASH code publicly. In particular, we would like to acknowledge the help received from Paul Schwarz and Lynn Baird of the Cornell Theory center. Also, Richard Foster of the KSR corporation provided help with porting the Barnes Hut application onto the KSR1 and with developing a stable version of the PARMACS package from Argonne National Laboratory, for the KSR1, which was used in the code.

Finally, this study was conducted using the resources of the Cornell Theory Center, which receives major funding from the National Science Foundation and IBM Corporation, with additional support from New York State Science and Technology Foundation and members of the Corporate Research Institute.

References

[1] W.-D. W. Jaswinder Pal Singh and A. Gupta, “SPLASH: Stanford Parallel Applications for Shared Memory,” Computer Architecture News, vol. 20, pp. 5–44, March 1992.

[2] A. G. Jaswinder Pal Singh, John L. Hennessy, “Implications of Hierarchical N-body Techniques for Multiprocessor Architecture,” Technical Report CSL-TR-92-506, Stanford University, 1992.

[3] D. Lenoski et al., “The Directory-Based Cache Coherence Protocol for the DASH Multiprocessor,” in Proceedings of the Seventeenth Annual International Symposium on Computer Architecture, pp. 148–159, 1990.

[4] A. Agarwal et al., “APRIL: A processor architecture for multiprocessing,” in Proceedings of the 17th Annual Symposium on Computer Architecture, pp. 104–114, 1990.

[5] K. S. R. Corporation, KSR1 Principles of Operations, 1992.

[6] A. L. Erik Hagersten and S. Haridi, “DDM - A Cache-Only Memory Architecture,” IEEE Computer, pp. 44–54, September 1992.

[7] R. S. G. Rafael H. Saavedra and M. J. Carlton, “Micro Benchmark Analysis of the KSR1,” in Proceedings of the IEEE Supercomputing Conference, pp. 202–213, 1993.

[8] E. Rosti et al., “The KSR1: Experimentation and Modelling of Poststore,” in Proceedings of the 1993 Sigmetrics Conference on Measures and Modelling of Computer Systems, pp. 74–85, 1993.

[9] W. Azeem, “Modeling and Approaching the Deliverable Performance Capability of the KSR1 Processor,” MS Thesis CSE-TR-164-93, University Of Michigan, 1993.

[10] S. R. U. Ramachandran, G. Shah and J. Muthukumaraswamy, “Scalability Study of the KSR-1,” in Proceedings of the 1993 International Conference on Parallel Processing, pp. I–237–I–241, August 1993.

[11] J. P. Singh et al., “An Empirical Comparison of the Kendall Square KSR-1 and the Stanford DASH Multiprocessors,” in Proceedings of IEEE Supercomputing Conference, pp. 214–225, 1993.

[12] G. Fox et al., Solving Problems on Concurent Processors, vol 1, ch. 3, pp. 43–44. Prentice Hall, 1988.

[13] B.R.Brooks et al., “CHARMM: A Program for Macromolecular Energy Minimization and Dynamics Calculations,” Journal of Computational Chemistry, vol. 4, no. 2, pp. 187–217, 1983.

[14] D. Walker, “Characterizing the Parallel Performance of a Large Scale Particle-In-Cell Plasma Simulation Code,” Concurrency: Practise and Experience, vol. 2, pp. 257–288, December 1990.

[15] D. Windheiser et al., “KSR1 Multiprocessor: Analysis of Latency Hiding Techniques in a Sparse Solver,” in Proceedings of the 7th International Parallel Processing Symposium, pp. 454–461, April 1993.

[16] S. G. A. Eric L. Boyd, John-David Wellman and E. S. Davidson, “Evaluating the Communication Performance of MPPs Using Synthetic Sparse Matrix Multiplication Workloads,” in International Conference on Supercomputers, pp. 240–250, July 1993.

[17] J. E. Barnes and P. Hut, “A Hierarchical O(NlogN) Force Calculation Algorithm,” Nature, vol. 324, no. 4, pp. 446–449, 1986.

[18] J. K. Salmon, Parallel Hierarchical N-Body Methods. Phd thesis, California Institute of Technology, December 1990.

[19] J.-L. Baier and G. R. Sager, “Dynamic Improvement of Locality of Virtual Memory Systems,” IEEE Transactions on Software Engineering, vol. SE-2, pp. 54–62, March 1976.

[20] S. Hotovy, “Linear Algebra and Performance.” Proceedings of the KSR1 Users Group Workshop, May 1993.

[21] T. H. Dunigan, “Kendall Square Multiprocessor: Early Experiences and Performance,” Technical Report ORNL/TM-12065, Oakridge National Laboratory, April 1992.

APPENDIX #1

1 Application Specific Effects of Latency Hiding Schemes

A conceptual sketch of the application specific situations where the schemes proved applicable in the Barnes Hut algorithm are detailed below. It should be noted that when we say a local particle we mean a particle that is contained in the costzone allocated to the thread referencing the particle. Correspondingly, a remote particle is one which is in a costzone allocated to a thread other than the thread referencing the particle. So, in Fig. 2, particle number 1 would be local to the thread which was allocated costzone CZ1, but would be a remote particle for the thread which had been allocated costzone CZ2.

1.1 Poststore Scheme

There are three points in the time-stepping loop (TrackTime in Fig. 3) where the particle data structures are written into, which may cause invalidations of the remote copies thus generating subsequent misses. These are during the partitioning phase, the force computation phase and the position update phase.

1. Poststore in the Partitioning Phase: In the Partitioning phase, a poststore is issued if the newly acquired local body was a remote body in the previous timestep. This is beacuse the previous owner’s costzone in the current timestep may still contain particles that need to interact with this body. This addresses the problem of Transfer Locality Flux.

2. Poststore in the Force Computation Phase: Force computation involves an in-order traversal (from left to right in a depth first fashion) of the Barnes Hut octree. Two scenarios are described below based on which the benefits of poststoring instructions inserted in the code were explained.

• Scenario #1:

Consider the physical partitions labelled B and C in costzone CZ2 and CZ3 respectively, in Fig. 2. Assume that bodies in B need to interact with the bodies in C. Then, the thread owning CZ3 would update the bodies in C earlier in the force computation phase (since they are in the beginning of the CZ3 partition) than the remote interaction requests generated by the thread updating bodies in B (since the bodies in B are towards the end of the CZ2 partition).

Therefore, during the velocity update phase in any timestep, local bodies that are updated early by the owner thread, may be referenced later by a thread owning a neighbouring costzone. Not only do we need to identify such early updates which may cause later remote misses, but we have to determine if such bodies in C would actually be referenced by the thread owning CZ2, since the latter thread may find that bodies in B do not need to interact with those in C based on the value of θ. The only way to determine such temporal dependancy needs dynamically, is to determine a threshold value for a measure measuring interactions suffered by bodies such as those in partition C. Then, bodies whose measure value exceeded the threshold should be referenced later by the thread owning CZ2 and would hence need to be poststored.

The poststore measure we used was the ratio of the remote body interactions to the local body interactions suffered by a body. The poststore threshold for the poststore measure was empirically determined for the 32k particle on 112 processor EES simulation run to be 0.4.

The 32k particle on 112 processor simulation was chosen as the base case, since it is realistic to expect that astrophysists would chose to run the largest sized problem on the maximum number of processors available, and hence optimization of this sized EES simulation would be of the most interest. Also, in the RCTS simulation, the granularity of each processor’s partition is decreased as the simulation is scaled to a larger number of processors, thereby increasing the number of remote references to local bodies. Similarly, in the EES simulation, as the number of processors are increased for a constant number of particles, the chances of remote references to local particles increases due to the finer and finer granularity of the octree partitions allocated to each processor. This forms the basis for the Poststore Threshold scaling rule that was derived earlier, for use in the RCTS and the EES simulations for both their PST and the PREPST versions.

• Scenario #2:

Consider now the particles in partition B in CZ2. These bodies are possibly referenced by the thread owning CZ3 earlier in time in the force computation phase, than the time they are updated by the thread owning CZ2. An example of such particles would be the particles in the segment B within CZ2, which may have been referenced remotely earlier by the thread owning CZ3.

Poststoring all such particle data structures after the velocity update in the current timestep would circumvent read misses (under the assumption of slowly changing localities) in the thread owning CZ3 in the next timestep.

3. Poststore in the Position Update Phase: Consider Scenario #2 above. Here, under the assumption of slowly changing localities, updates to the bodies in partition B during the current position update phase would cause invalidations of all remote copies and consequent read misses for the thread owning CZ3 in the next timestep’s force computation phase.

Hence, in the Postion update phase, those local particles were poststored, which had had external references made to them before their velocity update write had occurred during the immediately preceeding force computation phase. This would compensate for remote invalidations due to the position updates in the current timestep, which otherwise might have produced remote misses in the next timestep.

Thus, it was determined that the body data structures were written into at three points in the code. At each point a slightly different application specific criteria was used to explain the insertion of the poststore instruction.

1.2 Prefetching Scheme

Given the irregular and dynamically evolving inter-particle interaction patterns, the simplest prefetching scheme was an interaction-history based method that was implemented and tuned to the 32k particle on 112 processor EES simulation. Since remote references are made only during the velocity update phase, this was where the scheme was installed in the code. Basically, a local body’s interaction history with remote particles and cells are stored in a local array private to the thread owning the particle. If the next local body’s interactions deviate from the history stored in the array, the new history is writen over the old one in the same array. If the deviant point in the history array is a reference to a remote body (cell), then all the remote siblings of the body (cell) in the Barnes Hut octree are prefetched. We found in our simulations that this produced too many (of the order of thousands of) prefetches per

Latency Hiding Schemes::PST and PREFH Summary Features PostStore Scheme Prefetch Scheme Locality Temporal Locality Spatial Locality Feature needs are met changes are anticipated Code Phase (1) Body Partition (1) Force Computation where (2) Force Computation only installed (3) Position Update Measure Ratio of remote Moving average of adopted to local interactions particle displacement Threshold for 0.4 1.5 Measure 32k on 120proc 32k on 120proc Table 2: Features Summary of Latency Hiding Schemes

timestep and consequently the costs of prefetch issues (approx. 32 cycles, refer [15]) far outweighed the potential advantages. So, prefetch issues had to be restricted. This was done with the following scenario in mind.

• Scenario #3:

Prefetches would provide immense advantages in partitions which are not physically contiguous, since there is a drastic change in interaction patterns when the thread moves from one segment to the next. This is typified in Fig. 2 by the segments A and B in costzone (data partition) CZ2. So, when the thread moves from updating bodies in A to updating bodies in B, the interaction and hence memory access patterns change drastically. Such Partition Locality Flux is also characterized by an inordinate change in the coordinates of the particles as one moves from A to B, for example.

The prefetch measure of the change in the locality of the application was a moving average of the physical distances between successive particles updated by the thread in the force computation phase. At any time that the distance between the current particle and the previous particle exceeded 1.5 times the poststore measure, prefetch requests were issued for the current particle. As such, the prefetch threshold for the prefetch measure is actually a moving threshold, that adapted dynamically to the emerging locality changes.

The number of prefetches issued per local body was found to be much smaller (of the order of several hundred prefetches per timestep).

The scenarios are summarized for easy reference in Table 2.

APPENDIX #2

1 KSR1 Architectural Summary

The KSR1 [5] is built as a hierarchical group of ALLCACHE engines arranged in a tree hierarchy. Each level:0 ring is connected to 32 processor cells and upto 2 ALLCACHE directories. Apart from the processor cells there also Ring Routing Cells (RRC) which take care of routing packets along a ring or up and down the ring hierarchy. To date 34 rings at level:0 can be connected by a single level:1 ring for a maximum configuration of 1088 processors. This is illustrated in Fig. 21.

Most of the related work reported on the KSR1 on such applications has been done for a single ring:0, 32 processor configuration as in [11, 10, 15, 16], for example. Our work however reports results for a 128 processor configuration involving four level:0 rings.

A summary of the Processor Cell and the Ring Cell architectural features are presented in [15], from which details relevant to our work have been extracted and presented here.

1.1 Processor Cell Configuration

Each processing node (called a cell in KSR1 and used interchageably with node in this paper) consists of four functional units, viz., the Cell Execution Unit (CEU), the eXternal IO Unit (XIU), the Floating Point Unit (FPU) and the Integer Processing Unit (IPU). The RISC architecture has been extended to allow the issue of two instructions/cycle (one for the CEU or XIU and one for the FPU or IPU), resulting in a peak performance of 40 MFLOPS. There are 0.5MBytes of onboard split primary cache memory (called a subcache, consisting of 0.25MB of memory each for data and instructions) and 32 MBytes of secondary cache (called the local cache) at each processing node. The local cache is a 128 set, 16 way set associative cache with LRU replacement strategy. Each of the functional units is pipelined.

Typical memory access latencies in the KSR1 as found in [5] are presented in Table 3. These figures are found to be in general agreement with the figures reported to date, by independent studies undertaken to establish these statistics [15, 20]. In fact, the figures given in Table 3 are seen to represent an upper bound on the latencies.

Memory Latency Times::KSR1 Cache Cache Access level Capacity (MBytes) Latency (Cycles) Subcaches 0.5 2 Local Cache 32 18 Level:0 Directory 1,024 175 Level:1 Directory 34,816 600

Table 3: COMA hierarchy access latencies in KSR1

Figure 21: KSR Memory Architecture

1.2 Ring Cell Architecture

In a single ring, upto 32 processors are interconnected using a unidirectional slotted pipelined ring with 34 slots in the lowest level ring. Two address-interleaved subrings of 12 slots each provide for the transfer of multiple packets in the ring at any time. Peak bandwidth of the ring is 1 GByte/sec, while the maximum acheived bandwidth to date has been reported at 731 MBytes/sec [21]. The unit of data transfer in the system is 128 bytes, which is termed a subpage in the KSR1 system. Allocation in the local cache is in chunks of 16kBytes pages while allocation in the subcache is in terms of 2KBytes, i.e., 5 subpages at a time.

1.3 COMA System

The architecture provides for sequentially consistent shared memory, which is called the System Virtual Address (SVA) space and is global to the entire system. The programmer however, is aware of only the Context Address (CA) space, that is unique to each processor. The CA addresses are translated into SVA addresses using Segment Translation Tables. An invalidation based cache coherency protocol is used to maintain sequential consistency in the COMA memory.

Each subpage can be in one of four states, viz., shared, exclusive, atomic and invalid states. These terms have the standard meanings associated with them in the literature. Upon allocation of a page in the local cache, only the accessed subpage is brought into the local cache while the other subpages are brought in upon demand. The unit of transfer between a local cache and the subcache is 64 bytes, i.e., half a subpage.

For the purpose of locating subpages within a single level:0 ring a snooping protocol has been implemented. A read miss generated by a particular cell is intercepted in it’s traversal around the ring, by a remote cell on the ring which has the necessary subpage in a non-invalid state. The interceptor then provides the necessary subpage which completes the traversal around the ring back to the requesting processor. Thus each transaction must make one complete traversal of the ring.

1.4 Latency Hiding Features in KSR1

Network read requests elicit a response from the first cache on the ring which has the subpage in a non-invalid state. All the local caches enroute between the responder and the requester that have an invalid place-holder for this subpage automatically update their subpage entries, “if the local caches are not too busy”. Unfortunately, there is no quantitative study of the efficacy of this feature called Automatic Updates, nor are there any concrete definitions of when a cache is “too busy”. The Prefetch instruction requests the local cache to move a specific subpage into the local cache. The Poststore instruction, on the other hand, issues a broadcast of the specified subpage onto the ring and all local caches which have place-holders for this subpage update their entries for this subpage.