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Abstract

Pipelines that operate on buffers often work well to mitggtite high latency inherent in interprocessor commu-
nication and in accessing data on disk. Running a singldipgen each node works well when each pipeline stage
consumes and produces data at the same rate. If a stage wmgloince data faster or slower than it produces data, a
single pipeline becomes unwieldy.

We describe how we have extended the FG programming envaonia support multiple pipelines in two forms.
When a node might send and receive data at different ratésgdinterprocessor communication, we use disjoint
pipelines that send and receive on each node. When a nodencessind produces data from different streams on the
node, we use multiple pipelines that intersect at a pagicstiage. Experimental results for two out-of-core sorting

algorithms—one based on columnsort and the other a disivilbbbased sort—demonstrate the value of multiple

pipelines.

*Work performed while Elena Riccio Davidson was at DartmadDdilege.



1 Introduction

The FG programming environment[3, 4, 5, 6, 7, 8] uses pigslio mitigate the high latency inherentin interprocessor
communication and in accessing the outer levels of the mgimerarchy. For example, in out-of-core programs, the
dataset is so large that it exceeds the size of the main merandyso it resides on one or more disks. Several
algorithms in the literature for solving out-of-core prebis (see the survey by Vitter [12]) have similar structures.
They make multiple passes over the data, where each pass enigtil high-latency operations such as disk 1/0 or
interprocessor communication. These programs move dd@aks in order to amortize the high cost of transferring
data. FG's developers claim that it makes such programdemfaister, and quicker to develop [4, 5].

FG uses software pipelines in order to make it easy to overpegrations. While high-latency operations are in
progress, CPUs are often free to perform other functiongh\WG’s pipeline structure, one stage of a pipeline can
perform a high-latency operation on one block of data whiteeo pipeline stages work on different blocks of data,

much like how hardware pipelines work. FG advances buffamgesponding to blocks, through the pipeline.

FG background. An FG pipeline is composed of stages. By mapping each stage tavn thread, FG allows
the stages to run asynchronously so that stages perforrnghgi&itency operations can overlap their work with other
stages. Because buffers correspond to blocks for tramsfedata, the buffer size typically equals the block size.
Each buffer is described by a small object calletthambnail, which contains, among other information, a pointer to
the buffer. FG places a queue of thumbnails between eaclopeimsecutive stages in the pipeline, so that a stage
conveys a buffer to its successor by placing the buffer's thumbnsd ithe queue between the stage and its successor.
The stage can then immediatelgcept the next buffer from the queue between it and its predecgasdrthen it can
start working on the buffer. Queues actually contain paste thumbnails, and each thumbnail contains a pointer to
its corresponding buffer. In this way, no copying need o@sua buffer progresses through the pipeline.

FG adds two stages to every pipeline: a source stage at thamstba sink stage at the end. The source stage injects
buffers into the pipeline by conveying them to the first stéajlowing the source. The sink recycles each buffer that
reaches it back to the source stage, so that only a small patdining a fixed number of buffers needs to be allocated.
The sink also shuts down the pipeline when the last bufferqgboose) reaches it.

The typical parallel program that uses FG runs one copy ofglepipeline on each node in a cluster. See Figure 1



(T{ source l—)l stage :'TI stage ‘|—>| stage :
S node ( I

[—>< source }T{ stage:'ﬁl stage:|—>I stage { I
-

g

~
J

node ]

Figure 1: A standard FG pipeline comprising a source, a sink, and tbiteer stages running on two nodes. Each black rectangle
represents a buffer. Where a buffer appears inside a stagstdge is currently working on that buffer. Buffers in gegappear

below the arrows between stages. The arrow from the sinketgahirce represents how buffers are recycled.

for an example of a standard FG pipeline running on two nodege that in Figure 1, and in all the figures that follow,
pipelines are shown on two nodes only for illustration pwgm In general, we can have any number of nodes, each

running its own copy of the pipeline.

Our extensionsto FG. In some programs, a given pipeline stage accepts and cohuéfgss at the same rate, even
when the stage performs interprocessor communication.si@en for example, the stage shown in Figure 2. This
stage repeatedly accepts a buffer from its predecessag stm@nput, performs interprocessor communication, and
conveys the buffer to its successor stage in the pipelinee cidmmunication stage sends data from the buffer and
receives data into the buffer. If the amount of data thisessgnds equals the amount of data it receives every time,
then the rate at which data enters the stage from its pres@cstage equals the rate at which data exits the stage
to its successor stage. In this case, we can convey to thessarcthe same buffer that the stage accepted from its
predecessor.

Sometimes, however, a given pipeline stage needs to acadptamvey buffers at different rates. For example,
if the communication stage in Figure 2 sends more data fromffeithan it receives into the buffer, then this stage
will need to convey buffers to its successor at a slower tzda ft accepts buffers from its predecessor. Conceptually,
buffers begin to pile up within the stage. Conversely, iftiiage sends less data than it receives, then this stage will

need to convey buffers at a faster rate than it accepts themceptually, this stage needs to acquire new buffers in
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Figure 2: A pipeline stage that performs interprocessor commurocath copy of the pipeline runs on each node, with individual

buffers represented by black rectangles. The source, aimi,other stages involved in the pipeline are not shown. Téges
repeatedly accepts a buffer from its predecessor stageipifieline, sends data from that buffer to its counterpages in other
nodes (communication is indicated by dashed gray arrowsgives data from its counterparts into the buffer, and Hesms the

buffer to its successor stage in the pipeline.

order to have some to convey. In either case, it would be diffto convey to the successor stage the same buffer that
entered.

This paper describes how we extended FG to support pipelinasich stages accept and convey buffers at
different rates. We augmented FG in two ways: support fortiplel disjoint pipelines and support for multiple
pipelines that intersect at a particular stage. These sidrato FG arose from the design requirements of an out-of-
core distribution-based sorting algorithm for a clusteralprior sorting algorithm for a cluster [2], which was based
on out-of-core columnsort, all interprocessor communicasent and received the same amount of data every time,
and so the single-pipeline model sufficed. In contrast, éndistribution phase of a distribution-based sort, eactenod
can send more or less data than it receives during interpsoceommunication. In the merging phase, a distribution-
based sort consumes data from sorted runs at different mltésh also differ from the rate at which the merging phase
produces sorted data.

Experimental results on a cluster show that our distributi@sed sorting algorithm runs faster than the columnsort-
based algorithm in most cases. The columnsort-based #igohias the advantage that its disk-1/0 and communication
patterns are oblivious to the data values, and so all diSkalid communication operations are predetermined. In the

distribution-based sort, on the other hand, the exact d8kand communication operations depend heavily on the



data being sorted. The distribution-based sort is ablendaster because it performs fewer disk-1/0 operationshBot
algorithms make multiple passes over the data, where passtreads each record to be sorted once from one of the
disks in the cluster and writes each record once to one oflttster’s disks. The distribution-based sort requires only
two passes over the data (plus a little bit more to seledtsplialues), whereas the columnsort-based algorithm smake
three passes.

Therefore, we see that with our extensions, FG successfidlys latency when stages accept and convey buffers

at different rates and even when the sequence of high-katgperations is dynamically determined.

The remainder of this paper is organized as follows. Se@isummarizes the columnsort-based algorithm, which
uses only one pipeline per node. Section 3 shows how we extieR@ to support multiple disjoint pipelines and
multiple intersecting pipelines. The extensions to FG ftethe structure for the implementation of the distribaotio
based sort described in Section 4. Section 5 presents exgetal results on a cluster, showing that with our exterssion
to FG, the distribution-based sort fares well compared wWithcolumnsort-based method. Finally, Section 6 offers

some concluding remarks.

2 Out-of-core columnsort

Without our extensions to FG, all programs that use FG arteictesd to only a single pipeline per node. FG allows
several variations on simple, linear pipelines—such ak-foin constructs and even arbitrary DAG configurations—
but all of these additional features work only within a comtef one pipeline on each node. We implemented in FG
an out-of-core sorting algorithm, described in [2] and lgase Leighton’s columnsort algorithm [10], using only a
single, linear pipeline on each node.

Our implementation of out-of-core columnsort mirrors thestment in [2], which we summarize here. Columnsort
sortsN records, which are considered to be inrar s matrix, whereN = rs. There are additional restrictions on
the heightr and widths of the matrix:r must be evens must divider, andr > 2s2. At completion, the matrix
is sorted in column-major order. Columnsort takes eighpstevhere each odd-numbered step sorts every column
individually. Each even-numbered step performs a spedified permutation on the matrix. Step 2 transposes the

matrix and reshapes it back into arx s shape. Step 4 performs the inverse permutation of step B.65¢hifts each
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Figure 3: The pipeline structure of the four-pass version of out-afeccolumnsort. Each node runs a copy of this pipeline during

each pass. Buffers are not shown. The exact operation obthecommunicate, and permute stages varies among the &ssep.

column down byr /2 positions: it moves the bottom half of each column to theftalf of the next column, and the
top half of each column into the bottom half of the same coluime top half of the leftmost column is filled with
—oo values, and a new rightmost column receives the bottom lalfeolast column in its top half, with the bottom
half filled with co values. Step 8 performs the inverse permutation of step 6.

A relatively simple four-pass implementation of out-ofre@olumnsort groups together steps 1 and 2 into a first
pass, steps 3 and 4 into a second pass, steps 5 and 6 intoatss;cand steps 7 and 8 into a fourth pass. In each pass,
each node of the cluster runs a copy of the same pipeline.ré&@gghows the pipeline’s structure, which is similar
across all four passes. As each buffer traverses the pgelie read stage reads a column of the matrix from the disk
into the buffer, and the sort stage accomplishes the apiptepydd-numbered step. The communicate and permute
stages accomplish the appropriate even-numbered steghanrite stage writes a column to the disk. The exact
nature of the sort, communicate, and permute stages vaoesdass to pass, according to known characteristics of
the columns entering the pass and to the permutation pegfibimthe even-numbered columnsort step.

In order to achieve a three-pass implementation, we can wmgteps 5-8 of columnsort, which map to the
latter two passes in the four-pass implementation, intanglsipass. The key observation is that in the four-pass
implementation, the communicate, permute, and write stadehe third pass, together with the read stage of the
fourth pass, just shift each column down 42 positions, as described above. By replacing these fogesthy a
single communicate stage, we can eliminate one pass.

The three-pass implementation, which we call “csort” froeméhon, has two important properties. First, as men-
tioned in Section 1, the disk-1/0 and communication patteare predetermined. That is because csort is oblivious
to the data values, except for steps that sort internallpiwieach node. Thus, it is relatively easy to structure the

implementation to overlap disk I/O, communication, and pamation. Second, in every communication step, each



node receives exactly as much data as it sends. That is leettEuSOMMunication steps correspond to highly regular
permutations such as transposing a matrix or sending hatlidf node’s data to the next node. Indeed, all interproces-
sor communication in the implementation is via the MPI c#8 _Sendr ecv_r epl ace, MPl _Al l toal | , and
matching pairs oVPI _Send andMPI _Recv with equal data sizes specified.

The csort algorithm resulted from extensive engineerisgaionly off-the-shelf software, applied to Leighton’s

columnsort algorithm. Mechanisms such as active messagsiamory-mapped I/O were specifically avoided.

3 FG support for multiple pipelines

We have extended FG to support multiple pipelines that ajeidi and multiple pipelines that intersect. This section

discusses these new features in more detail.

FG basics. FG transforms a series of programmer-defined C/C++ funstioto one or more pipelines of asyn-
chronous stages that operate on buffers. The programmersnai straightforward function that implements each
pipeline stage, containing only synchronous calls. FG thasstages asynchronously, via calls to standard POSIX
pthreads functions [9], and it manages the buffers. An gzafyer on FG [3] shows that programs that use FG can be
as fast as, or even faster than, hand-tuned programs thatlwedads functions directly.

FG defines classes for its basic building blocks: stagesatt, and pipelines. To create a single pipeline, the
programmer first creates an object for each stage and, @fjpan object for each thread. After associating a
function with each stage object, the programmer then cseatarray of pointers to stage objects and passes that array
to a function that creates a pipeline with these stages,derorAfter creating the pipeline, the programmer sets its
attributes (e.g., the number and size of the buffers), aradlyifixes the pipeline’s final configuration and runs it.

As mentioned in Section 1, FG adds source and sink stage®ty pipeline so that buffers can be reused. The
buffer queues that FG maintains between successive sthgesSer stages to accept and convey buffers as soon as
they are ready to do so. In this way, each stage can conveyex bufts successor regardless of whether the successor

is ready to accept the buffer at that time.
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Figure 4: Disjoint pipelines running in each node, shown for just tveal@s. The send pipeline has a send stage, which sends data
from buffers to various nodes. The receive pipeline has aivecstage, which receives data sent by the various senesstéthin
a node, each pipeline progresses at its own pace, whichésieted in part by the amount of data sent and received. Thrbau
of buffers and their sizes (represented by different-stdedk rectangles) can differ between the two pipelines ah emde. The

sink recycling buffers back to the source is not shown eitplin this figure.

Managing multiple digoint pipelines. To support multiple pipelines, we added a pipeline-manatgess to FG.
Now the programmer may create several pipeline objects hed &n array of pointers to these pipeline objects.
The programmer then creates a single pipeline-managectlgjassing the array of pipeline-object pointers to the
constructor, and calls a pipeline-manager function to fict am all the pipelines belonging to that manager.

When the multiple pipelines are disjoint, each stage beddagne and only one pipeline. Because the pipelines
are linear, each stage has a unique predecessor and a unégpessor. Thus, when a stage accepts or conveys a buffer,
it is always unambiguous which stage it is accepting fromamveying to.

Figure 4 abstracts how we use multiple disjoint pipelinesdive the problem of a stage sending more or less data
than it receives, as discussed in Section 1. Each node hgspeiines. Thesend pipeline acquires data into a buffer,
processes the buffer, and then sends the data in the buffle tearious nodes of the cluster. Treeive pipeline
receives into a buffer the data sent by each of the send stagasg on the nodes, processes the buffer, and then

saves the data in the buffer. The details of the acquire gsm@nd save stages are unimportant here. What matters is



that the pace at which buffers progress through the two jpiegiin the same node may differ, according to the rate at
which each node sends data and the rate at which each nodesdata.

The only way in which the two pipelines interact is that oneyraand data via interprocessor communication to
the other. Each of the two pipelines has its own source arkd gsown number of buffers, and its own buffer size.
Although data may move from send pipelines to receive pigslivia interprocessor communication, each buffer is

tied to a specific pipeline.

Managing multiple intersecting pipelines. The situation for multiple pipelines that intersect atammon stage

is more complicated than for disjoint pipelines. As withjdist pipelines, the programmer creates multiple pipeline
objects and a single pipeline-manager object. We have @&tbRG so that if it determines that a particular stage object
belongs to more than one pipeline, then it treats theseipgseas intersecting at that common stage. FG creates only
one thread for the common stage, which can accept buffems &y of its predecessor stages on any of the pipelines
it belongs to.

Because the common stage has multiple predecessors, wtegstiag a buffer, it must specify which pipeline to
accept from. The function in the stage class that accepfsisus overloaded to allow the programmer to specify
the pipeline. Every buffer is tied to a particular pipelifmiffers cannot jump from one pipeline to another. Each
buffer's thumbnail contains a pipeline identifier. Thus,amha common stage conveys a buffer, it does not specify
which pipeline to convey the buffer along: this informatismgleaned from the buffer's thumbnail.

Figure 5(a) abstracts how we use multiple intersectingljpipe on a node to merge several small, sorted runs
of data into a single large, sorted output sequence. Inpuesdnto the merge stage—the common stage—from the
vertical pipelines, and output goes from the merge stagetiv@ horizontal pipeline. Each vertical pipeline has astag
that acquires a buffer containing a section of an individuated run, feeding into the merge stage. The merge stage
accepts empty buffers from the horizontal pipeline’s sewtage, filling them with data that came in along the vertical
pipelines, and once it has filled a buffer, it sends the bfeng the horizontal pipeline for further processing.

As with multiple disjoint pipelines, pipelines that intecd can have differing numbers and sizes of buffers. For
example, in Figure 5(a) the buffer sizes differ between tbgical and horizontal pipelines. Buffers in the vertical

pipelines are relatively small, since there might be marthei. Although the sorted runs in the vertical pipelines are
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Figure 5. Multiple intersecting pipelines on a given node. These Ipips merge several small, sorted runs of data traveling
the vertical pipelines into a single, large sorted sequérameling the horizontal pipeline. To reduce clutter, leuéf and arrows
connecting the respective source and sink stages are nohshithe merge stage, which is the common stage in the intérgec
pipelines, accepts small buffers from the vertical pipediand merges them into larger buffers along the horizoipealipe, where

the buffers undergo further processirfg) The conceptual view with multiple vertical pipelingb) How the vertical pipelines are
implemented when the acquire stages are designated aalvigach box represents a single thread. All the acquireestagthe
vertical pipelines share a common thread, as do all the s@teges and all the sink stages. Each arrow is associatiea Witffer
queue, so that only one queue feeds into the acquire and tsig&ss but several queues feed into the common merge stage. W

omit the feedback arrows from the sink to source stages,dmit source stage has only one incoming queue.

small compared to the output sequence, each sorted run i tinggs the size of the vertical pipeline buffers. There
is only one horizontal pipeline, however, and so its buffens be much larger than those in the vertical pipelines.

The merge stage operates as follows. It repeatedly chobsesntallest value not yet chosen from any of the
buffers that it has accepted along a vertical pipeline. éntbopies this value into the next available position in the
output buffer that it has accepted along the horizontallpipe Once an output buffer fills, the merge stage conveys
it along the horizontal pipeline for further processinggddhen the merge stage accepts a new, empty buffer from the
horizontal pipeline’s source stage. Whenever the merggdias consumed all the values from an input buffer along a
vertical pipeline, it conveys this spent buffer to the sitdeg that particular vertical pipeline, where it will be yexted

back to the source. The merge stage then accepts the negt boffn the same sorted run along the same vertical



pipeline. Of course, once a vertical pipeline sends itsba#fer (i.e., its caboose), the merge stage should no longer
try to accept a buffer along that pipeline, nor should it édesvalues from that pipeline’s run when making decisions
about merging.

Each of the pipelines operates at its own rate. The merge s@gsumes data from each vertical pipeline buffer
according to how the merging proceeds, and it fills each bat& pipeline buffer at a rate that is likely to be different

from the rate at which it consumes any of the vertical pipeboffers.

Virtual stagesand virtual pipelines. Observe that in Figure 5(a), each of the vertical pipeliresthe same struc-
ture. There could easily be hundreds of such vertical pigslion a given node. Because FG normally creates one
thread per stage, including the source and sink, FG woulbtcyeate hundreds or even thousands of threads per node
when executing these intersecting pipelines.

Most current systems cannot handle hundreds of threadsy ditieer grind to a halt or simply disallow more
threads to be created after reaching a limit.

We overcame this problem withirtual stages. The programmer can designate multiple, identical stagssparate
pipelines as virtual. Instead of creating one thread fohezdhese stages, FG creates a thread for only one of the
stages. The remainder of the corresponding stages sharthitbad. Pipelines containing any such stageviaitaal
pipelines.

In the example of Figure 5(a), the programmer could desetiet acquire stages as virtual. Figure 5(b) shows the
result: if there aré vertical pipelines, FG will create only one thread for theuaice stages rather thdthreads.

We extended FG to economize in other ways with virtual pipedi Whenever FG detects that pipelines are virtual,
it automatically makes the source and sink stages for theséimes virtual as well. Furthermore, as Figure 5(b) shows
if k identical stages are designated as virtual, then insteadeatingk individual queues feeding into these stages,
FG creates just one queue.

How do the stages of virtual pipelines differ from a commamgstthat belongs to multiple pipelines? For example,
let us consider the acquire stages and the merge stage akF@). The acquire stages all have the same stage
function, which accepts a buffer, places data into the Ipudiied conveys the buffer. The acquire function accepts any

buffer that is ready, regardless of which pipeline that éuffelongs to. Because they are virtual, all of the acquire
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stages share one buffer queue. The first buffer to be readhatrqieue could be from any one of the virtual pipelines.
The acquire stage processes the buffers in the order in whéharrive in the queue.

The merge stage, on the other hand, accepts a buffer fromc#isgepeline. If there ard vertical pipelines, all
virtual, thenk + 1 buffer queues feed into the merge stage: one from each d&f teetical pipelines, and one from
the horizontal pipeline. Each time the merge stage accepiffer, it must specify which pipeline to accept from. FG
waits until a buffer appears in the queue on that pipelingamess of how many buffers are available in the other

queues.

4 Qut-of-coredistribution sort

This section describes how we designed and implemented taof@ore distribution sort using the extensions de-
scribed in Section 3. We call this program “dsort.” As mengd in Section 1, dsort entails two passes over the data,
following a preprocessing phase. The preprocessing plesetssplitters, which define how the first pass partitions
the data among the nodes. After the first pass, each nodeim®stveral sorted runs. The second pass merges the
sorted runs to create a single sorted sequence and thentesrtha sorted records across the cluster to perform load
balancing and to create striped output.

By “striped output,” we mean that it appears in the order aefim the Parallel Disk Model [13]. The records
reside in fixed-size blocks, which are assigned in roundrrobder to the disks in the cluster. Assuming that each
node has one disk and that each block cont&8necords, therefore, the fir® records reside on node 0’s disk, the
next B records on node 1's disk, and so on. If the cluster Rawdes, then a block on node— 1 is followed by a

block on node 0. Both dsort and csort create striped output.

Selecting splitters.  The first pass partitions th records among th® nodes such that each record in nadeas
a key less than or equal to the keys of all records in nioglel, fori = 0,1,..., P — 2. In order to decide which
processor each record belongs to, we need to select a $&t-ot key values, known asplitters. Splitters are the
multiway analogue of the pivot value when partitioning aigriquicksort. Ideally, the splitters should partition tRe
records intoP partitions ofN/P records each. In practice, we do not achieve such perfeathnioed partitions, but

we can get close almost all the time.
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The preprocessing step finds the splitters using the teakrifpversampling, as done by Blelloch et al. [1] and by
Seshadriand Naughton [11]. Each node selects a unifornorasdmple o$ candidatesfrom among itsN /P records,
where the parametsris known as theversampling ratio. Each node then sends its set of candidates to node 0, which
gathers thesP candidates and sorts them. TRe- 1 final splitters are the records at rark®s, 3s, ..., (P — 1)sin
the sorted list of candidates. Node 0 then broadcastBthel splitters to all other nodes.

This method of selecting splitters almost always works wedlll the input keys are distinct, but it can lead to
unbalanced partition sizes if many keys happen to have time sealue. In order to circumvent this problem, we
extend each candidate record’s key with two additional $i¢tdbreak ties: the number of the node that the candidate
comes from (0 td® — 1), and the candidate’s offset within the node (NP — 1). With these extensions, all keys are
uniqgue. When deciding where to send each record, the firstqgfaisort extends each record’s key in the same manner
and compares each record with the splitters using the egtehdys. Only the original keys, and not the extended
parts, are used afterward.

If the oversampling ratis is large enough, then the partitions are reasonably wediizad with very high proba-
bility. We let p denote the ratio between the maximum partition size andvbeage partition sizé&\/P. Ideally, we

would havep = 1. Seshadri and Naughton [11] show that

P—ua s(P-1)
P— 1)

Prip > a} < Pas(

In our experiments, we used an oversampling ratis ef 1000 andP = 16 nodes. WithN = 230, the probability
that some partition size exceeds the average by morediigtess than IN for all « > 1.23, and it is less than/IN?

forall @ > 1.32. In fact, over several dozen runs, we never observed & wdju above 110.

Pass 1: Partitioning and distribution. Pass 1 partitions and distributes the records among thesnact®rding

to the splitters that have been selected and broadcastreFégshows the pipeline structure of pass 1. Distribution
requires interprocessor communication, and the numbezarfrds that a node sends at any one time almost certainly
differs from how many records it receives. Hence, we users¢épaend and receive pipelines, as in Figure 4, but
with the following stages renamed: acquire becomes reatgss in the send pipeline becomes permute, process in
the receive pipeline becomes sort, and save becomes wrigach case, we have just made the action more specific.

Buffer sizes in the send and receive pipelines are equal.
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Figure 6: The pipeline structure of pass 1 of dsort, shown for two nodée structure is similar to that of Figure 4. Buffers and

sink-to-source connections are not shown.

The send pipeline works as follows. The read stage readsfertmifrecords from the disk, which it then conveys
to the permute stage. The permute stage uses the splitetextanded keys to rearrange the records in the buffer so
that all records belonging to the same partition are cootigiit uses an auxiliary buffer so that the permutation need
not be performed in-place. The buffer then travels to thelstage, which doles out the records of each partition to
their target node.

In the receive pipeline, the receive stage repeatedlyveseecords sent by send stages into a temporary buffer. It
copies received records into a pipeline buffer until thespirpe buffer fills, at which time it conveys the pipeline beiff
to the sort stage and accepts a new, empty pipeline buffex.sbht stage simply sorts the records (according to the
original, non-extended keys) using an auxiliary buffeq aonveys them to the write stage, which writes the buffer to
disk. Each buffer written contains a sorted run.

The send stage actually sends three types of messagesit@reeges, and each receive stage keeps track of its
communication with the send stage of every node. One typeessage simply tells the receive stage the number
of records about to be sent, and another type of messageir®iiie records. The third type of message tells the
receiving node that the caboose has gone through this neéled pipeline, and hence this sending node is finished
sending records in pass 1. Once each receive stage re¢eaash messages, it can shut down its pipeline.

It is important to assign the right number of buffers to eaieline. Too few and stages may starve for buffers,
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Figure7: The pipeline structure of pass 2 of dsort, shown for two nodiég structure is a combination of those in Figures 4 and 5.

Buffers and sink-to-source connections are not shown.

thereby limiting how much we can overlap disk I/O, commuti@a and computation. Too many, and buffers may
spend too much time sitting in queues between stages, waitibe processed. We found that three pipeline buffers

and one auxiliary buffer per pipeline worked best.

Pass 2: Merging, load balancing, and striping. At the end of pass 1, we have sorted runs of records, which we
need to merge into longer sorted output sequences. If thmallave had to do, then the structure in Figure 5 would
suffice, with the stage labeled “process” writing the sogedquences out to local disks.

We need to do more, however. Because the partition sizesedreluring pass 1 are not necessarily all equal
to N/P, we need to load balance the records across nodes. Furtfeenm need to stripe the output when writing
to disk. We omit the details of how we compute which node eacbnd goes to after merging, and we focus instead
on how we perform the interprocessor communication. Figusbows how. After the merge stage fills a buffer, that
buffer travels to a send stage, which disperses the recortieibuffer to various nodes. Just as in pass 1, the rate
at which each node sends records differs from the rate athathie node receives records. Hence, we use separate

pipelines for sending and receiving. As in pass 1, the piedlhat receives records copies them into a pipeline buffer
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until that pipeline buffer fills. The buffer then travels teetwrite stage, which simply writes out the sorted block. The
send and receive stages coordinate using the same threedfymessages as in pass 1.

We might use two buffer sizes for the three types of pipelir@sth of the pipelines drawn horizontally in Fig-
ure 7—that is, the pipeline containing the send stage angiffedine containing the receive stage—use buffers equal
to the block size for striping. The vertical pipelines, besathere are so many of them (we have approximately 32
of them when sorting 64 gigabytes on 16 nodes using 1 gigalf\R&AM per node), may require buffer sizes smaller
than those used in the horizontal pipelines.

As in pass 1, we need to assign the right number of buffers¢h pgpeline. We want each vertical pipeline to
always have a buffer ready to feed the merge stage; the mdailzzend pipeline to always have a buffer ready to merge
into and another buffer being scattered to the various nadekthe horizontal receive pipeline to always have a buffer
in which to receive data and another buffer being writtenis.dWe found that two buffers per vertical pipeline, two
buffers per horizontal send pipeline, and 32 buffers peizontal receive pipeline (two buffers per sending node, at

16 nodes) worked best.

5 Experimental results

In this section, we summarize our experiments with dsort daster. We compare dsort’s performance to that of csort
using FG. (We found, incidentally, that csort using FG iglslly faster than the non-FG version reported in [2].)

The cluster is a Beowulf-class system in which we used 16 siodéach node has two 2.8-GHz Intel Xeon
processors, 4 GB of RAM, and an Ultra-320 SCSI hard drive. Tbdes run RedHat Linux 9.0 and are con-
nected by a 2-Gb/sec Myrinet network. We use the C stdiofaterfor disk 1/0, calling r ead_unl ocked and
fwrite_unl ocked. We also callf read, fwrite, fl ock, andf unl ock because our programs are multi-
threaded, with multiple threads reading from the same filgaiss 2 of dsort. We use the ChaMPlon/Pro for interpro-
cessor communication because this particular MPI impleatem is thread safe.

Each experiment sorts a total of 64 gigabytes of data, Higed evenly among the 16 nodes. We ran experiments

with two different record sizes: 16 bytes for a total of 4 gig@ords, and 64 bytes for a total of 1 gigarecord. All
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Figure 8: Running times of dsort and csort on various input distriimsi of 64 GB of data on 16 node¢a) 16-byte records.

(b) 64-byte records.

results reported here are for the best choices of buffessiZach result represents the average of three runs; running
times varied only slightly within each group of three.

We compared dsort and csort with various key distributiomsiform random, all keys equal (but extended as
described in Section 4), standard normal, Poisson with 1, and a distribution designed to elicit poor performance
in dsort. In the latter distribution, we designed the key#st communication is unbalanced in pass 1 of dsort. Each
time communication occurs in pass 1, almost all the recoadtognly g out of the 16 nodes, with the remaining
16 — q nodes receiving very few records. Which nodes compriseghefs varies over time, so that eventually each
node receives its full complement of records. For low valofes, communication is highly unbalanced. We designed
input distributions folg = 1, 2, 4, 8, and 16.

Figure 8 shows the results for the uniform random (averaged three distinct input datasets), all-keys-equal,
standard normal, and Poisson distributions. In each caset lbeat csort, taking time in the range 74.26%—85.06% of
csort’s time.

As Figure 9 shows, the distributions designed to foil dsadtribt always succeed. Indeed, for 64-byte records,
dsort beat csort by a comfortable margin for all valueq.offor 16-byte records, however, dsort was slowerfet 1,

2, 4, and 8 and faster only for = 16. These results differ greatly from those for the versiohdsort and csort that
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Figure 9: Running times of dsort and csort for 64-GB datasets desigsdahd inputs to dsort. In each communication of pass 1,
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do not use FG in [2]. For 64-byte records and without FG, dseatt dsort fog = 1, 2, and 4, and dsort was faster for

g = 8 and 16. Without FG, dsort took over twice as long as csorgfer 1, but with FG, the difference is under 1%.

6 Conclusion

When we started this project, we expected results in link thibse in [2], in which csort prevailed because it is obliv-
ious to the key values (except for the internal sorting gtefde thought that because the disk-1/0 and communication
patterns of dsort depend so heavily on the key values, it dvbale higher latencies in these operations. Although
dsort might take longer to perform disk-1/0 and communimatit turned out that the advantage of taking one fewer
pass than csort usually prevailed.

It was our extensions to FG that accounted for the surprigeex@ending FG to support situations in which data
is consumed and produced at different rates, we were ableetdap disk I/0, communication, and computation suf-
ficiently to overcome dsort’'s dependence on key values. iMaltlisjoint pipelines support communication in which
nodes send and receive different amounts of data, and neuhigrsecting pipelines support stages that consume data
from one or more pipelines and emit data into one or more ipslat varying rates. Moreover, each stage and each

pipeline is fairly simple to program; FG assumes the burdegluong them together properly.
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