
The E�ects of Thread Placement on the KSR1�T.D. Wagner, E. Smirni, A.W. Apon, M. Madhukar, and L.W. DowdyDepartment of Computer ScienceVanderbilt UniversityNashville, TN 37235AbstractThis paper describes a measurement study of thee�ects of thread placement on memory access timeson the Kendall Square KSR1 multiprocessor. TheKSR1 uses a conventional shared memory program-ming model in a distributed memory architecture basedon a ring of rings of 64-bit superscalar microproces-sors. Memory consists of local cache memories at-tached to each processor and is managed in a Cache-Only Memory Architecture (COMA) fashion.Experiments run on the KSR1 across a variety ofthread con�gurations show that shared memory accessis accelerated through strategic placement of threadswhich share data. The experiments \stress test" theautomatic prefetching feature of the hardware. Strate-gies to keep the KSR1 memory access times nearlyconstant even when the number of participating threadsincreases are proposed.1 IntroductionTypically, as the number of processors increases in ashared memory multiprocessor, memory access timesalso increase due to contention on a common commu-nication path or at the shared memory. The KSR1system has a distributed memory architecture thatmakes it possible for average memory access times toremain roughly constant as the number of processorsgrows. The architecture is based on a ring of rings ofprocessing cells. Each processing cell has a 64-bit mi-croprocessor and a local memory that is managed as acache. Up to thirty-two processing cells are connectedon a level 0 ring. Up to thirty-four rings may be con-nected in a level 1 ring, for a total of 1088 processingcells.�This work was partially supported by sub-contract 19X-SL131V from the Oak Ridge National Laboratory managed byMartin Marietta Energy Systems, Inc. for the U.S. Departmentof Energy under contract no. DE-AC05-84OR21400.

The KSR1 has a shared memory programming en-vironment, but a valid copy of a data item must existin the local cache of a processor in order to be ac-cessed. Many processors may have a valid read-onlycopy of a data item in their local cache. The ALL-CACHE Engine is the distributed mechanism respon-sible for �nding a valid copy of a data item, copyingit to a processor's local cache when referenced by thatprocessor, and maintaining sequential consistency be-tween caches.One processor is the designated owner of each dataitem, but this ownership is not bound to any particularprocessor. When a processor writes a data item, it �rstobtains ownership of the data item in its local cacheand all other copies of this item in other processors'caches are marked as invalid. When a processor readsa data item and a valid copy is not available in its localcache, then a read-only copy of the data item is ob-tained via the ALLCACHE Engine. Each subsequentread of the same data item will be to the local copyand will require a minimal amount of time. The mem-ory architecture o�ers three ways to move a read-onlycopy of a data item to a local cache prior to a request:two programmer options poststore and prefetch, andone architectural feature automatic prefetching. Post-store and prefetch have been addressed elsewhere [1,2].The focus of this paper is to examine the e�ects ofautomatic prefetching and thread placement in reduc-ing average memory access times for shared data in amulti-threaded application. The results indicate thatstrategic thread placement across multiple rings of theKSR1 can substantially reduce memory access timefor shared data items. Related work includes studieswhich focus on the implementation of speci�c applica-tions on the KSR1 [3, 4], analysis using micro bench-marks [5], and performance studies of the KSR1 [6,7].2 Memory architectureThe general KSR architecture is a multiprocessorsystem composed of a hierarchy of rings of proces-
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Figure 1: KSR1 with two ACE:0 Ringssors [8, 9]. At the lowest level is the processor cell,which contains a 64-bit superscalar processor and 32MB of local cache memory. Each processor has .5MB of traditional cache referred to as subcache mem-ory. Each processor cell is connected to two neighborsto form the lowest level ring. The lowest level ring,termed ALLCACHE Engine:0 (ACE:0), is a slottedring with a peak data transfer rate of 1 GB per sec-ond. Each ACE:0 ring includes at least one specialcell, termed the ALLCACHE Routing and Directory(ARD) cell, which is responsible for routing to thenext higher level ring. Up to 32 processing cells maybe connected on a single ACE:0 ring. The next higherlevel ring, termed ACE:1, is composed of up to 34ACE:0 rings.The KSR1 system used in this study consists of twoidentical ACE:0 rings, each containing 32 processingcells, linked on an ACE:1 ring (see Figure 1). Memorycapacities and latencies are shown in Table 1 [8].Each local cache has a directory which contains athree bit descriptor for each subpage in the cache thatgive the state of the subpage. There are three classesof subpage states: Invalid, Read-only, and Owner. Asubpage is invalid if the page containing the subpagehas a descriptor in the local cache, but the subpage isnot present. If any processor holds a subpage in read-only state, then any number of other caches can alsohold the subpage in read-only state. Before a subpagemay be written to, it must be held in an exclusiveowner state.The ARD cells on each ACE:0 ring are responsiblefor directing requests between the ACE:0 ring and thehigher level ACE:1 ring. Each ARD maintains a direc-tory that includes the state of every subpage presenton the ACE:0 ring to which it is attached. This stateinformation speci�es: 1) whether or not the owner ofthe subpage is on the local ring, 2) whether or notthere are valid read-only copies on the subpage on the

Table 1: Memory capacities and latenciesLocation of Total Latency insubpage capacity (MB) cycles (50 ns)Local subcache 0.5 2Local cache 32 18ACE:0 1,024 175ACE:1 34,816 600Disk 400,000local ring, and 3) whether or not there are valid read-only copies on other rings. The state information issu�cient for an ARD to know whether or not a re-quest can be satis�ed on its local ACE:0 ring. Animportant task of the ARD is to serve as a �lter formultiple requests to the ACE:1 ring for the same sub-page by allowing only one of several identical requeststo pass to the ACE:1 ring.When there are many shared subpages in the sys-tem, the ALLCACHE architecture allows subpagesto be copied prior to a request through automaticprefetching. In automatic prefetching, when a copy ofa subpage is sent through the search engine to satisfya request, any processor whose cache has a descrip-tor for that subpage which is invalid may acquire aread-only copy as the subpage passes by on the ACE:0ring. Automatic prefetching takes place as long as theprocessor is not \too busy" performing other mem-ory accesses [8]. Automatic prefetching is a powerfulmechanism which reduces memory access time in ap-plications with a high degree of read-only sharing. Thecombined e�ect of automatic prefetching, ARD �lter-ing, and the placement of processing threads is thefocus of the experiments in the following section.3 Experiments3.1 Workload descriptionFive suites of experiments examine the e�ects ofthe number and placement of processing threads. Asynthetic workload is constructed which is executedin each suite of experiments. Two types of processingthreads are used in the synthetic workload. An ownerthread has the only valid copy in memory of the dataset (i.e., is the owner of each subpage) at the start ofeach experiment. A reader thread has a descriptor forevery subpage of the data set, but these descriptorsare made invalid when the owner thread writes to thesubpages. A reader thread requests a read-only copyof each subpage in its portion of the data set after the



owner thread has written the entire data set.The workload performs the following steps:1. A number of reader and owner threads arespawned, each of which binds to a unique pro-cessor for the duration of the experiments.2. Each reader thread and owner thread reads a pre-determined portion of the data set.3. Each owner writes its portion of the data set.4. A barrier synchronization is performed for allthreads.5. Timing begins for each reader thread.6. Each reader thread sequentially reads its portionof the data set.7. Timing ends for each reader thread.Steps 1 and 2 represents the overhead required forspawning threads, binding them to a processor, andallocating pages of local cache memory for the dataset. Step 2 ensures that each local cache has a validdescriptor of every subpage in the data set so thatall subsequent accesses to a subpage require only datamovement, and do not require local cache memory al-location. The size of the data set for Suite 0 dependson the number of reader threads, but is at most 16MB. The size of the data set for Suite I through SuiteIV is 50K subpages (6.4 MB). The entire data set �tsinto the local cache thereby obviating the e�ects ofpaging to disk.Step 3 sets the state of each subpage in each ownerthread to exclusive owner and sets the state of eachsubpage in all other threads to invalid. The �rst ac-cess by a reader thread to a subpage causes the stateof the subpage to become non-exclusive owner in theowner thread. In step 6, one word per subpage is read,so that one entire subpage is copied for each read op-eration. This is the maximum rate of data copyingpossible, emphasizing the e�ects of thread placement.The experiments and the synthetic workload aredesigned to analyze how memory access times can beimproved when only thread placement is varied. Thisworkload exhibits behavior that is intended to test thelimits of the hardware prefetch feature.The suites of experiments progressively illustratethe e�ects of placement of reader and owner threadson the KSR1. The performance metric of interest inall experiments is the average access time per subpage.3.2 Suite 0The goal of Suite 0 is to identify the performancewhen no automatic prefetching or �ltering by the ARDoccurs, and all reader threads access the data from the

same common owner. The methodology of Suite 0 isto eliminate the advantages of automatic prefetchingby partitioning the data set among the reader threads,and measuring average access time per subpage as thenumber of reader threads varies from 1 up to 63. Theowner thread is placed on Ring A in cell 31. The �rst31 reader threads are placed on Ring A in processororder. The next 32 reader threads are placed on RingB in processor order.The data set is divided into disjoint subsets of size2K subpages each, and each reader thread accessesa unique subset of the data set. Each reader threadreads the same number of subpages, irrespective of thetotal number of readers, in order to compare with theexperiments in Suite I through Suite IV.The graph in Figure 2 shows the average accesstime per subpage for readers on Ring A, the averageaccess time per subpage for readers on Ring B, andthe overall average access per subpage for all readers.The graph shows that the owner thread can satisfyrequests in nearly constant time until the owner threadsaturates at roughly 8 reader threads. As additionalreader threads are added the average access time persubpage increases almost linearly.Each reader thread accesses each subpage in itsunique subset of the data set exactly one time, so thateach reference to a subpage results in one request be-ing sent to the owner. As the number of reader threadsincreases, the number of requests increases proportion-ally, the FIFO extract bu�ers used for extracting mes-sages from the ring at the owner �ll, and requests mustbe denied. Thus, queueing e�ects are seen, and the av-erage access times per subpage increase proportionallyto the number of reader threads.3.3 Suite IIn all experiments in Suite I through Suite IV, allreaders share a single large data set. The size of thisdata set is 50K subpages (6.4 MB). All readers readthe entire data set.The goal of the experiments in Suite I is to exam-ine memory access times as the location of the ownerof the data set is varied on the same ACE:0 ring.The methodology of this experiment is to measurethe average read time per subpage as the number ofreader threads varies from 1 to 63. The owner threadis placed on Ring A. The �rst 31 reader threads areplaced on Ring A in processor order. The second 32reader threads are placed on Ring B in processor or-der. The location of the owner thread is varied fromcell 0 to cell 31 on Ring A.Figure 3 illustrates the results of Suite I. Results
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Figure 2: Suite 0: No automatic prefetching, oneowner threadwere obtained for each possible location of the ownerfrom cell 1 to cell 31, but are not presented for the sakeof brevity. In Figure 3(a) the owner is on cell 1. This�gure is characteristic of the performance obtainedwhen the owner thread is placed on cells 1 through 11.In Figure 3(b), the owner is on cell 31 and is character-istic of performance obtained when the owner threadis placed on cells 12 through 31.When the number of readers is less than 32, allreaders are on the same ACE:0 ring, Ring A. Whenall readers are on Ring A, the results of this exper-iment show that average read time per subpage in-creases as the number of additional threads increases.Further, when all reader threads are on Ring A, theaverage read time per subpage is insensitive to theplacement of the owner thread, as shown in Figure 3.Since all reader threads are accessing the same sub-page at about the same time, little automatic prefetch-ing takes place. This situation is similar to that shownin Figure 2. As the number of requests increases, morerequests are denied at the owner, and queueing e�ectsare seen.When the number of reader threads is 32 or more,then at least one reader thread is placed on Ring B.When the owner thread is at cell 1 and at least onereader thread is placed on Ring B, then average ac-cess times are constant as the number of readers isincreased beyond 32, as shown in Figure 3(a). Thisdemonstrates the e�ect of the ARD �ltering multipleidentical requests from Ring B.When the location of the owner thread is varied
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(a) owner on cell 1
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(b) owner on cell 31Figure 3: Suite Iaround the ring, the average read times decrease forall threads on both Ring A and Ring B as the numberof reader threads is increased beyond 31. This e�ect isobserved in the experiments when the owner cell is oncells 13 through 31. Figure 3(b) shows average accesstimes when the owner thread is on cell 31. In this case,the barrier release mechanism has released some of theremote readers before all of the local readers. Thismeans that a request for the �rst subpage to be readis sent from a remote reader before all of the requestsfrom local readers have been ful�lled. The net e�ectis that some of the remote readers can actually getahead of the local readers and automatic prefetchingat the readers local to the owner will be increased.In Suite I, the owner is on Ring A. Reader threadson Ring A are on a local ring with respect to the ownerof the data. Reader threads on Ring B are on a re-mote ring with respect to the owner of the data. It wasfound that placing some number of reader threads on a



ring which is remote to the owner can improve the per-formance of reader threads on both Ring A and RingB depending on the placement of the owner threadSuite II investigates tradeo�s in the number of remotethreads versus the number of local threads.3.4 Suite IIThe goal of the experiments in Suite II is to measureaverage memory access times for remote threads as thenumber of local threads is varied. The owner of thedata set is placed on Ring A. The methodology of thisexperiment is to vary the number of remote readerthreads (reader threads on Ring B) from 1 up to 32.Four experiments in Suite II set the number of localreader threads (reader threads on Ring A) to be oneof 0, 10, 20, or 30. The location of the owner thread isselected to be typical of the two types of performanceobserved in Suite I, either cell 1 or cell 31.
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(b) 30 local readers
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(c) All on A vs all on BFigure 4: Suite IIFigure 4(a) illustrates average read times per sub-page for Ring B threads as the number of reader

threads on Ring B increases from 1 up to 32. Theowner is on Ring A, and 0 reader threads are on RingA. When all readers are remote to the owner of thedata, the placement of the owner on Ring A has asmall e�ect on the average read times per subpage.Figure 4(b) illustrates average read times per sub-page for Ring B threads as the number of readerthreads on Ring B increases from 1 up to 32. Theowner of the data is on Ring A, and 30 reader threadsare on Ring A. This graph is similar to the right halfof the two graphs in Figure 3. When there are 30 localreader threads on Ring A, then the placement of theowner on Ring A has a signi�cant e�ect on the averageread times per subpage for the reader threads on RingB. Figure 4(b) illustrates that average read times persubpage improve as much as 30%, depending on theplacement of the owner thread. Experiments with 10and 20 local reader threads give intermediate results.An interesting observation can be made for thegraphs in Figure 4(a) and the left half of the graphin Figure 3(b). In both experiments the owner is onRing A, and the total number of reader threads in-creases from 1 up to 31. In the left half of Figure 3(b)all readers are on Ring A, which is local to the owner.In Figure 4(a) all readers are on Ring B, which is re-mote to the owner. Figure 4(c) shows these two curveson the same graph. There is a crossover point in thegraph. When more than 20 reader threads are execut-ing, better performance is observed when all readerthreads are on the remote ring as compared to whenall readers are on the same ring as the owner. Thise�ect is due to the behavior of the ARD, which �ltersrequests from Ring B, and the e�ects of automaticprefetching by the reader threads on Ring B.3.5 Suite IIIThe goal of the experiments in Suite III is to �x thelocation of the owner thread, and examine the e�ectsof various placements of reader threads. Cell 31 onRing A is chosen as the location for the owner (basedon the results of Suite I). The methodology of thissuite is to place from 1 up to 63 readers, one at atime, where the choice of ring is determined by thebatch size of the experiment. The batch size is oneof 1, 2, 4, 8, 16, or 32. If the batch size is N , thenthe �rst N readers are placed on Ring A, the secondN readers are placed on Ring B, the third N readersare placed on Ring A, and so on, until all 63 readerthreads are placed. Thus, N = 32 corresponds tothe Suite I experiments. The results of the run withbatch size equal to 8 is shown in Figure 5(a) wherethe overall average subpage access time and the access



time for the processors on each ring is graphed. Thiscase exhibits the most improvement over the originalbatch size of 32 from Suite I.
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(a) Batches of 8
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(b) Batches of 8 and 32Figure 5: Suite IIIOne result of the �ltering performed by the ARDis that many reader threads on Ring B appear to theowner as only one additional reader thread. While theaverage access time for the �rst eight readers boundto Ring B is somewhat higher than the average accesstime for the �rst eight readers on Ring A, the additionof those eight readers on Ring B have the same e�ecton the Ring A reader threads as adding only one lo-cal reader thread. When the second eight threads areadded to Ring A, the Ring A curve takes on the char-acteristic shape seen in Suite I, but the times for RingB do not change, as shown in Figure 5(a). Once RingA is full, the curve is similar to the curve from Suite I,Figure 3(b), with the owner on cell 31. A comparisonof the results using a batch size of 8 and the resultsfrom Suite I with the owner bound to cell 31 is shown

in Figure 5(b). It is clear that the placement of thereader threads across the two rings can a�ect the over-all average subpage access time, especially when thenumber of reader threads is less than the full comple-ment of processing cells.3.6 Suite IVThe methodology used in this experiment is thatthe reader threads do not access the subpages in thesame order. Each reader thread starts reading at adi�erent point in the data set. With this staggeredreaders technique each reader thread has a di�erentaccess pattern from every other reader thread and thee�ect of automatic prefetching is more pronounced.Figure 6 illustrates the average subpage access timeof staggered readers as the number of reader threadsvaries from 1 to 63. The owner thread is placed oncell 31 on Ring A. The performance improvement isdue to automatic prefetching of subpages as they passby on the ring. This e�ect is noticeable from 1 to2 reader threads. With only one reader thread au-tomatic prefetching will not occur. When a secondreader thread is added automatic prefetching occursand the average access time drops. As the numberof reader threads increases, the access time becomes
at, because a larger number of subpages that havenot been requested yet are automatically prefetchedby each reader thread. Thus, the owner thread cansupport more reader threads before it begins to satu-rate.When the number of readers is larger than 31 (i.e.,at least one reader thread is not on the same ring asthe owner), the overall average access time increasesbecause of the requests from the second ring. How-ever, the access time of the reader threads on Ring Breduces as the number of readers on Ring B increasesbecause more subpages are brought by the ARD toRing B and automating prefetching becomes e�ectiveon Ring B as well.Automatic prefetching does not take place betweenACE:0 rings. Therefore, the readers on Ring B cannottake advantage of the subpages requested by Ring Aprocessors (the ring local to the owner thread). Theaccess time of the reader threads on Ring A remains
at because the reader threads on Ring A are ableto continue automatic prefetching of the responses torequests from Ring B as they circulate on Ring A.After a threshold is crossed (about 57 readers in bothrings), the access time on Ring A begins to increasedue to queueing e�ects.
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Figure 6: Suite IV: Staggered readers, owner threadon cell 314 Programming strategies and futureworkThe results of the experiments show that withstrategic thread placement and coding techniques thattake advantage of the architecture, memory accesstimes on the KSR1 can remain fairly constant as thenumber of threads that share a data set increases. Anumber of implications for applications programmerscan be identi�ed:� A good understanding of the architecture and itsnovel features are essential for improving the per-formance of application codes.� The placement of the owner thread of a data seta�ects performance.� Suite I shows that additional threads that sharea data set can actually improve performance, aslong as the threads are placed strategically to takeadvantage of automatic prefetching and ARD �l-tering.� The placement of the owner thread of a dataset particularly a�ects the performance of readerthreads that are placed on a remote ring, as shownin Suite II.� The strategic distribution of reader threads acrossmultiple ACE:0 rings can improve performancesubstantially, as shown in Suite III.� Code changes that allow a shared data set to bedistributed among several owners, or stagger theaccess pattern among readers, can also substan-tially improve the performance, as shown in SuiteIV.
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