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Abstract:  HMSort is a minimal functionality external sort written to demonstrate the advantages of combining overlapped IO with a well thought out sorting algorithm.  The PennySort, a type of sorting benchmark designed to run on inexpensive machines available to the average user, is a good place to demonstrate what can be gained by using this programming approach.  HMSort was able to sort 2.58 GB
 for a penny, not quite double last year’s performance.  For a direct comparison, we also ran last year’s Indy winner NTSort on our lower cost system. NTSort was able to sort 1.98 GB for a penny.  This paper documents these results and also provides performance data on the Datamation and the proposed Performance/Price sort benchmarks.

Why Stenograph LLC?   Stenograph LLC is a company dedicated to providing stenographic transcriptionists with the highest quality supplies and productivity tools.  Court reporters, who make up the majority of our market, use computer based dictionaries of up to 250,000 entries to provide a mapping from their shorthand to English words and phrases.  Managing these dictionaries has traditionally been a time consuming activity with limited functionality.  With the use of efficient sorting, we are removing the frustrations of waiting on the software to complete dictionary tasks and providing functionality that was not available before.  By entering the PennySort competition we hoped to learn from and compare ourselves to the current sort programs on the market.

1999 Indy PennySort

Problems with selecting a system:   Purchasing a system for the competition turned out to be a frustrating experience.  Initially, we were not aware any guidelines existed for what was required, and there was no guarantee that someone wouldn’t just purchase a refurbished 486 system and have a disproportionate amount of time to run their sort. It would be a shame to turn this merely into a shopping competition – especially as we seemed to have more trouble with shopping than with debugging our program.  We placed several orders with vendors who had what we needed “in stock” only to find our order canceled later due to “lack of stock”.

There are good reasons, however, to allow individuals to choose their own hardware.  If someone can tailor their sort to use the cache on a particular processor to their advantage they should be allowed to do so.  Also, on a cost/speed basis, it could be useful to compare multiple to single processor systems, or an alternative mass storage device to traditional hard drives.

Our view is that the focus of the competition should be on understanding and using the latest hardware to its fullest potential.  That would be easier if there were a specification for what parts constitute a minimum PennySort machine.  Obviously that should include:

a)    Processor(s)

b) Case, Power Supply, and Motherboard

c) Memory

d) Operating System

e) Storage Device(s) (to hold original file, resultant file, and all temporary files)

and anything else necessary to run the sort program.  Other parts like monitor, CDROM, floppy disk, etc. could be ignored.  It would also alleviate shopping fears if all entrants were given the opportunity to run their sort on the winner’s machine choice for the final results.

Our Choice:   Because IO is the bottleneck on large sorts, we focused on getting the fastest hard drives for our money rather than more memory or a faster CPU.  We considered SCSI drives in a RAID 0 configuration, but the additional cost of 3 or 4 drives plus a SCSI controller outweighed the performance that would be gained.  Turning to IDE drives, we found that Ultra ATA/66 drives were available, but we chose Ultra ATA/33 drives instead.  Although data can move between the disk cache and main memory twice as quickly with Ultra ATA/66 drives, the internal transfer rate from the disk media into the drive’s cache depends on rotational speed and media density.  We found that the Ultra ATA/66 drives that were available had the same internal transfer rate as the Ultra ATA/33 drives, around 15MB/sec max.  As we were dealing with over 2.5 GB of data, we expected the drive’s internal cache to be flooded nearly all the time, making the transfer rate to and from the media the most important measure of the drive’s performance.

For comparison with last year’s 3.1 GB Ultra ATA/33 5400rpm drives, we used the UNBUFCPY sample program from the Win 32 SDK
 to move 1.41GB (15,000,000 101 byte records) from one disk to the other.  This copy finished in 118.7 seconds with 7.9 seconds of that being User or Kernel time.  A full two pass sort moves the sort data to and from disk twice.  This means that there would be a minimum of 221.6 seconds of data IO when sorting a 1.41 GB file on our machine. This is 46% less time than last year’s 411 seconds to do the same task.

Applying the same unbuffered copy to this year’s 2.58 GB of data shows that the IO portion of the two pass sort takes 431.3 seconds.  (A one way copy took 227.9 seconds elapsed time and 12.2 seconds User or Kernel time.)  This is the theoretical minimum amount of time the sort could take.

As was done last year, we shopped on the web at www.pricewatch.com for our hardware, trying to stay around $1,000.  We purchased our system from Nova Computers of Texas (www.novatexas.com) who seemed to have the lowest prices on pricewatch for many systems.

Our PennySort system is described in Table 1: 
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Table 1: Price breakdown of 1999 PennySort Machine




Quantity
Description
Cost
Total

2
7.5 GB UDMA 7200 rpm Maxtor DiamondMax+ Hard Drive
$214.40
$428.80

1
333 Pentium II Processor W/ Bx Motherboard, Mini Tower Case, power supply, and 8M AGP Video 3D
$308.00
$308.00

1
64 MB 8 ns SDRAM PC100
$94.00
$94.00

1
Windows NT 4.0 Operating System
$99.00
$99.00

1
3.5 inch Floppy Drive
$14.00
$14.00

1
ACER 10/100Mbps Network Card
$25.00
$25.00

1
Assembly
$15.00
$15.00

1
Shipping
$48.08
$48.08

Total


$1031.88

The time budget for the PennySort assumes a three year depreciation of the hardware and is calculated, therefore, by dividing the number of seconds in three years (94,608,000) by the system cost.  Our system cost of $1031.88 yields 917 seconds/penny.

The prices of systems are continually dropping.  In addition to our 333 MHz Pentium II system, we had hoped to report results on an $868 300 MHz non-Pentium system which would have given 1090 seconds in which to run.  Unfortunately, we were not able to make the disk subsystem run reliably.  We found that the final sorted file contained a small (32 byte) error.  We spent a couple days trying to find out what was wrong with our sort program.  We were quite puzzled until we found that, when checking whether the intermediate merge files were correctly sorted one of them failed the test.  Then, seconds later, the same file passed the test.  We then realized that we could not reliably read from our drives with this system.  To be certain, we copied a correctly sorted file from one drive to the other.  Checking it showed another error.  We tried the latest IDE drivers, but the problem persisted.  Not having the time to determine where the problem lay exactly (memory timing, bus master IDE drivers, system board,, etc.), we returned to our 333 MHz system.

Results: We tested three sorts
 on Windows NT 4.0 Service Pack 4: 

(1) HMSort -- our own combination sort that is not yet commercially available

(2) NTSort – a version of the NT 5.0 Beta sort that runs on NT 4.0 supplied by Jim Gray

(3) The Postman’s Sort™ v 3.25 by Robert Ramey commercially available for $49 for a two year license
 

We generated files with 100-byte records using a modified
 version of the SortGen program.
  We ran each of the sorts with several different sizes of files searching for the maximum amount they could sort in 917 seconds.  We decided not to normalize the results because sort time does not always increase in a linear fashion.  For example the normalized results would indicate that HMSort could only sort 172.8 MB in a minute, but it was actually able to sort 210.8 MB in a minute.

Unfortunately the Postman’s Sort™, which was last year’s Daytona winner, was unable to sort files near or above 2GB.  We discussed this with Robert Ramey and he confirmed this to be a problem.  He has an excellent sorting program, however, so we have included results in the Performance/Price and Datamation sections of this paper.

We made a post-April 1st version of HMSort (described below in “Achieving the theoretical minimum time”) that was able to sort 30.2 million records, more than double last year’s winning value.  For this sort it turned out to be a better choice to use 128 MB of memory and a higher system cost than to stick with the 64 MB used for the pre-April tests.  The results are recorded in table 2.

Table 2: 1999 PennySort Times.








Product
Time Budget
Best Time
Kernel
User
Total CPU Time
Sorted GB
Category

HMSort
917
907.5
27.1
413.7
440.8
2.58
Indy

NTSort
917
902.0
15.3
539.4
554.7
1.98
Indy

Post-April 1st HMSort
840
814.5
38.0
507.7
545.7
2.81
Indy

We noticed a variance of around +/- 4% in the amount of time taken by each of the PennySorts to completely sort a given file.  We speculate that the variance was produced by differing disk latency – the time taken waiting for the disk to rotate the desired sectors under the head for writing.  Normally, a large number of random reads and writes would average out to a consistent total disk latency time.  But while sorting or copying a file the writes occur a consistent amount of time after their corresponding reads, possibly skewing the average.  The amount of time this adds is leveraged by the amount of data being moved.  For example, if every read from one drive and write to the other were 64K in size, there would be 42,267 read/write pairs just to copy the 2.58 GB file.  If every write had to wait the maximum time for the disk to rotate the correct starting sector into position (one full revolution = 8.333 ms.), 352 seconds could be used up just waiting for the disk to rotate.  Fortunately, this is not the typical case as we know we can copy the file in 227.9 seconds.  But if from one run to the next the average disk latency changed by plus or minus one tenth of a revolution (0.833 ms) that could easily add up to and explain the variance we observed.

Achieving the theoretical minimum time:   HMSort gains most of its efficiency because its computation and IO are overlapped.  At 917 seconds, however, it is still a long way from the theoretical minimum of  431 seconds to perform a two pass sort on 2.58GB.

One reason a two pass sort on a file takes longer than copying the same file twice is the large amount of seeking done during the merge phase.  During the first phase there is one input file and one output file (at a time), which is identical to the copy scenario.  During the second phase of sorting, however, there are many merge files and one output file.  For instance, if the sort produces 124 21MB merge files and it reads 64K at a time, it will seek over 41,900 times before retrieving all of the data.  If each seek takes an average of 9 milliseconds, this would slow the merge phase down by 377 seconds. In order to reduce this time, as Table 3 shows, increasing the amount read at a time is more effective than using fewer merge files. 

HMSort uses two buffers per file so it can overlap reading with merging.  For the 2.58GB sort the buffers were each 128K and there were 124 merge files.  This results in 189 seconds lost to seeking.

Looking for other reasons HMSort didn’t meet the theoretical minimum, we noticed calls to the Windows API function WriteFile took a disproportionate amount of time to return even though we called them as overlapped functions.  Specifically, during the time we were sorting as much as we could in a minute, 23 out of 55 seconds were spent waiting for WriteFile to return compared to 0.5 seconds spent in the similar call to ReadFile.  This means that 40% of HMSort’s user time is spent unproductively even when other reads or writes have finished and demand attention.  As a result, disk IO completes 99.6% [image: image2.wmf]1999 PennySort Machine ($1031.88)
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of the time before HMSort is ready to process it.  After April 1st, we found a way to reduce the impact of this delay in WriteFile.  At the beginning of the sort we created a second thread and immediately suspended it. Whenever the main thread was ready to write something to a file it would signal the second thread.  The second thread then called WriteFile and took the delay while the main thread was free to process other IO completions.  This post-April 1st version of HMSort was able to finish sorting 2.58GB in 868 seconds, 40 seconds faster than the original.  Even more dramatic, with an additional 64MB of memory it was able to sort 2.58GB in 745 seconds, outweighing the cost of the memory.

After accounting for the seek time and WriteFile delays there are still several minutes difference between the theoretical minimum and actual sort times.  Perhaps there are ways to use IO more efficiently than HMSort does, or there may be sorting algorithms that would fit more naturally with overlapping.  This would be a good place to do research for future PennySort programs.

Datamation Sort Results

The Datamation sort benchmark tests a one pass sort of one million 100 byte records.  Because this is a one pass sort, reading and writing cannot be overlapped with each other.  The Datamation sort, therefore, places more emphasis on the efficiency of the sorting algorithm used and on how much of its computation can be overlapped with either reading or writing.  Normally the Datamation sort does not take into account the cost of the system (the 1999 winner finished in 1.18 seconds), but because it shows the speed of a one pass sort it is valuable for comparing how the PennySort entrants perform on smaller files.

We added 64MB to the 1999 PennySort machine in order to run a Datamation Sort in one pass with each of the sorting programs.  HMSort averaged 23 seconds.  The Postman Sort averaged 25 seconds, getting its best results when we specified a buffer size of 64K. NTSort averaged 33 seconds after being given a memory hint of 105MB as was done last year.  Our post-April 1st HMSort was able to sort 1 million records in 16 seconds.
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1999 Performance/Price Sort

We agree with the assertion in last year’s PennySort document that the Performance/Price Sort is a better benchmark than the PennySort for the long term.  Timing several 15+ minute sorts was a tedious task, and it will only get worse next year.  But, for the near future, we hope that results will be reported for both benchmarks, so we can see how they perform on several gigabytes of data.

Again, we chose not to normalize the results from the PennySort because sorting times do not increase linearly.  For the Postman sort we ran the test with 128 MB of memory instead of 64 MB because it performed much better for us that way.

(1) Sort the largest file you can in a minute.

(2) Divide file size in GB by 60 to calculate GB/s.

(3) Compute the system price in $ per second (3-year depreciation => system price divided by 9.5e-7 ).

(4) Compute the GB/$ sorted by dividing item 2 by item 3.

The Performance/Price results as recorded in last year’s PennySort document
 are shown in Table 2 with our 1999 results added onto the end:

Table 2: Historical Performance/Price results.

year
MB/sec
GB/$
System
Sys price (M$)
CPUs


1985
0.02
0.05
M6800  Bitton et al
0.03
1
Datamation

1986
0.03
0.01
Tandem  Tsukerman
0.3
3
Datamation

1987
3.85
0.05
Cray YMP, Weinberger
7.0
1
Datamation

1991
14.29
0.54
IBM 3090, DFsort/Saber
2.5
1
Datamation

1990
0.31
0.15
Kitsuregawa
0.2
1
Datamation

1993
1.20
0.11
Sequent, Graefe
1.0
32
Datamation

1994
1.72
0.16
IPSC/Wisc  DeWitt
1.0
32
Datamation

1994
11.11
5.25
Alpha, Nyberg
0.2
1
Datamation

1995
28.57
2.70
SGI/Ordinal, Nyberg
1.0
16
Minute/Daytona

1995
19.61
37.10
IBM, Agarwal
0.05
1
Minute/Indy

1996
100.00
15.76
NOW, Arpaci-Dusseau
0.6
32
Minute/Indy

1997
140.17
8.41
Now 95 , Arpaci-Dusseau
2.0
95
Minute/Indy

1997
86.21
6.27
SGI/Ordinal, Nyberg
1.3
14
Minute/Daytona

1998
1.74
125.00
PostmanSort
0.0013
1
Penny/Daytona

1998
1.74
144.00
NTSort
0.0012
1
Penny/Indy

1999
2.23
174.99
Postman Sort
0.0012
1
Penny/Daytona

1999
2.46
220.59
NTSort
0.0010
1
Penny/Indy

1999
3.51
314.51
HMSort
0.0010
1
Penny/Indy

1999
3.78
338.17
HMSort Post-April 1st
0.0010
1
Penny/Indy

Conclusion

HMSort sets Performance/Price sorting records consistently for scales from as small as the Datamation benchmark up to the PennySort benchmark. These results demonstrate the value of overlapping IO with both computation and other IO operations.  There is plenty of room for improvement, however, in coming up with better sorting algorithms, improvements in the operating system, and in faster, lower cost hardware. As Knuth has pointed out, “The problem of efficient sorting remains just as fascinating today as it ever was.”
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� Throughout this paper KB=1024 bytes, MB=10242 bytes, and GB=10243 bytes.  Therefore 27,700,000 records of 100 bytes each = 2.58 GB


� �HYPERLINK "http://msdn.microsoft.com/library/devprods/vs6/vc++/vcsample/vcsmpunbufcpysamplefastcopyroutines.htm"��http://msdn.microsoft.com/library/devprods/vs6/vc++/vcsample/vcsmpunbufcpysamplefastcopyroutines.htm�


� After April 1st we also tested 3wareSort from 3ware.  For a full description of how this sort works see 3ware’s submitted paper at � HYPERLINK http://research.microsoft.com/barc/sortBenchmark ��http://research.microsoft.com/barc/sortBenchmark� 


� Jim Gray is a senior researcher in �HYPERLINK "http://research.microsoft.com/"��Microsoft Research's� �HYPERLINK "http://research.microsoft.com/barc/Scaleable/"��Scaleable Servers Research Group� and manager of Microsoft's �HYPERLINK "http://research.microsoft.com/barc"��Bay Area Research Center (BARC).� Internet site: �HYPERLINK "http://research.microsoft.com/%7EGray"��http://research.microsoft.com/~Gray�





� Robert Ramey Software Development, Santa Barbara, CA.  Internet site: � HYPERLINK http://www.rrsd.com/ ��http://www.rrsd.com/�





� We modified SortGen.c to open its file in binary mode instead of text mode.  This prevents fwrite from translating the “\x0d\x0a” into “\x0d\x0d\x0a” so the records are exactly 100-bytes as specified in the benchmark rules.


� SortGen at � HYPERLINK http://research.microsoft.com/barc/SortBenchmark ��http://research.microsoft.com/barc/SortBenchmark� 


� PennySort.doc at � HYPERLINK http://research.microsoft.com/barc/Sortbenchmark ��http://research.microsoft.com/barc/Sortbenchmark� 


� Knuth, D.E., Sorting and Searching, The Art of Computer Programming 2nd ed., Addison Wesley, Reading, MA., 1998, p.390
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Chart1

		0		0		0

		63.4002685547		95.100402832		190.2008056641

		84.5336914063		126.8005371094		253.6010742188

		95.100402832		142.650604248		285.3012084961

		101.4404296875		152.1606445313		304.3212890625

		105.6671142578		158.5006713867		317.0013427734

		108.6861746652		163.0292619978		326.0585239955

		110.9504699707		166.4257049561		332.8514099121

		112.7115885417		169.0673828125		338.134765625

		114.1204833984		171.1807250977		342.3614501953

		115.273215554		172.909823331		345.8196466619

		116.2338256836		174.3507385254		348.7014770508

		117.0466496394		175.5699744591		351.1399489183

		117.7433558873		176.6150338309		353.2300676618

		118.3471679688		177.5207519531		355.0415039063

		118.87550354		178.3132553101		356.6265106201

		119.3416819853		179.0125229779		358.0250459559

		119.7560628255		179.6340942383		359.2681884766

		120.1268246299		180.1902369449		360.3804738898

		120.4605102539		180.6907653809		361.3815307617

		120.7624162946		181.143624442		362.2872488839

		121.0368763317		181.5553144975		363.110628995

		121.2874702785		181.9312054178		363.8624108356

		121.5171813965		182.2757720947		364.5515441895

		121.728515625		182.5927734375		365.185546875

		121.9235933744		182.8853900616		365.7707801232

		122.1042209201		183.1563313802		366.3126627604

		122.2719464983		183.4079197475		366.815839495

		122.4281047953		183.6421571929		367.2843143858

		122.5738525391		183.8607788086		367.7215576172

		122.7101972026		184.0652958039		368.1305916079

		122.8380203247		184.2570304871		368.5140609741

		122.9580965909		184.4371448864		368.8742897727

		123.0711095473		184.606664321		369.213328642

		123.1776646205		184.7664969308		369.5329938616

		123.2782999674		184.9174499512		369.8348999023

		123.3734955659		185.0602433488		370.1204866976

		123.4636808697		185.1955213045		370.391042609

		123.5492412861		185.3238619291		370.6477238582

		123.6305236816		185.4457855225		370.8915710449

		123.7078410823		185.5617616235		371.123523247

		123.781476702		185.672215053		371.344430106

		123.8516874092		185.7775311137		371.5550622275

		123.9187067205		185.8780600808		371.7561201616

		123.9827473958		185.9741210938		371.9482421875

		124.044003694		186.0660055409		372.1320110819

		124.1026533411		186.1539800116		372.3079600233

		124.1588592529		186.2382888794		372.4765777588

		124.2127710459		186.3191565689		372.6383131378

		124.2645263672		186.3967895508		372.7935791016

		124.314252068		186.471378102		372.942756204

		124.3620652419		186.5430978628		373.0861957257

		124.408074145		186.6121112176		373.2242224351

		124.4523790148		186.6785685221		373.3571370443

		124.4950727983		186.7426091974		373.4852183949

		124.5362418039		186.8043627058		373.6087254116

		124.5759662829		186.8639494243		373.7278988487

		124.6143209523		186.9214814285		373.842962857

		124.6513754635		186.9770631952		373.9541263904

		124.6871948242		187.0307922363		374.0615844727

		124.7218397797		187.0827596696		374.1655193391

		124.755367156		187.133050734		374.266101468

		124.7878301711		187.1817452567		374.3634905134

		124.819278717		187.2289180756		374.4578361511

		124.8497596154		187.2746394231		374.5492788462

		124.8793168501		187.3189752752		374.6379505504

		124.9079917794		187.3619876691		374.7239753382

		124.9358233284		187.4037349925		374.8074699851

		124.9628481658		187.4442722486		374.8885444973

		124.989100865		187.4836512974		374.9673025949

		125.0146140515		187.5219210772		375.0438421545

		125.0394185384		187.5591278076		375.1182556152

		125.0635434503		187.5953151755		375.190630351

		125.0870163376		187.6305245064		375.2610490129

		125.1098632813		187.6647949219		375.3295898438

		125.1321089895		187.6981634843		375.3963269685

		125.1537768872		187.7306653308		375.4613306615

		125.1748891977		187.7623337966		375.5246675931

		125.1954670194		187.7932005291		375.5864010581

		125.2155303955		187.8232955933		375.6465911865

		125.2350983796		187.8526475694		375.7052951389

		125.2541890958		187.8812836438		375.7625672875

		125.2728197948		187.9092296922		375.8184593844

		125.2910069057		187.9365103585		375.8730207171

		125.3087660846		187.9631491268		375.9262982537

		125.3261122593		187.9891683889		375.9783367778

		125.3430596713		188.014589507		376.029179014

		125.3596219149		188.0394328724		376.0788657449

		125.3758119733		188.06371796		376.1274359199

		125.3916422526		188.0874633789		376.1749267578

		125.4071246137		188.1106869205		376.221373841

		125.4222704017		188.1334056025		376.266811205

		125.4370904738		188.1556357107		376.3112714214

		125.4515952252		188.1773928378		376.3547856757

		125.4657946135		188.1986919202		376.3973838405

		125.4796981812		188.2195472717		376.4390945435

		125.4933150773		188.239972616		376.479945232

		125.5066540776		188.2599811165		376.5199622329

		125.5197236032		188.2795854048		376.5591708097

		125.5325317383		188.2987976074		376.5975952148

		125.5450862469		188.3176293704		376.6352587407

		125.5573945887		188.336091883		376.6721837661

		125.5694639336		188.3541959003		376.7083918007

		125.5813011756		188.3719517634		376.7439035269

		125.5929129464		188.3893694196		376.7787388393

		125.6043056272		188.4064584408		376.8129168816

		125.6154853607		188.423228041		376.8464560821

		125.6264580621		188.4396870931		376.8793741862

		125.6372294295		188.4558441442		376.9116882884

		125.6478049538		188.4717074308		376.9434148615

		125.6581899282		188.4872848923		376.9745697846

		125.6683894566		188.5025841849		377.0051683698

		125.6784084624		188.5176126936		377.0352253872

		125.6882516961		188.5323775442		377.0647550884

		125.6979237432		188.5468856148		377.0937712296

		125.7074290308		188.5611435463		377.1222870925

		125.7167718349		188.5751577524		377.1503155048

		125.7259562864		188.5889344296		377.1778688592

		125.7349863774		188.602479566		377.2049591321

		125.7438659668		188.6157989502		377.2315979004

		125.7525987862		188.6288981792		377.2577963585

		125.7611884445		188.6417826668		377.2835653336

		125.7696384337		188.6544576505		377.3089153011

		125.7779521327		188.666928199		377.3338563981

		125.7861328125		188.6791992188		377.3583984375

		125.7941836403		188.6912754604		377.3825509208

		125.8021076833		188.703161525		377.40632305

		125.8099079132		188.7148618698		377.4297237396

		125.8175872093		188.726380814		377.4527616279

		125.8251483624		188.7377225436		377.4754450871

		125.832594078		188.748891117		377.497782234

		125.8399269798		188.7598904696		377.5197809393

		125.8471496123		188.7707244185		377.5414488369

		125.8542644444		188.7813966666		377.5627933331

		125.8612738715		188.7919108073		377.5838216146

		125.8681802189		188.8022703283		377.6045406566

		125.8749857436		188.8124786154		377.6249572308

		125.8816926376		188.8225389564		377.6450779127

		125.8883030295		188.8324545442		377.6649090884

		125.8948189872		188.8422284807		377.6844569615

		125.9012425199		188.8518637799		377.7037275598

		125.9075755804		188.8613633707		377.7227267413

		125.9138200667		188.8707301		377.7414602

		125.9199778239		188.8799667358		377.7599334717

		125.9260506466		188.8890759698		377.7781519397

		125.9320402799		188.8980604198		377.7961208396

		125.9379484216		188.9069226323		377.8138452647

		125.9437767235		188.9156650853		377.8313301705

		125.9495267932		188.9242901898		377.8485803796

		125.9552001953		188.932800293		377.8656005859



192K Reads

128K Reads

64K Reads

Number of Merge Files

Seconds

Table 3: Time Lost to Seeking



Price

		1		bx Motherboard w/ 100MHz bus +  8M AGP Video 3D + Soundpro + Intel Pentium II 333 MHz + Mini Tower Case with 250 watt power supply		$308.00																Table 2: 1999 PennySort Times.

		1		64 MB 8 ns SDRAM PC100		$94.00				Disk		$428.80										Product		Time Budget		Best Time		Kernel		User		Total CPU Time		Sorted GB		Category

		1		Floppy Drive		$14.00				CPU/Board		$308.00										HMSort		917		907.5		27.1		413.7		440.8		2.58		Indy

		2		7.5 GB UDMA 7200 rpm Maxtor DiamondMax+ Hard Drive		$428.80				Software		$99.00										NTSort		917		902.0		15.3		539.4		554.7		1.98		Indy

		1		ACER 100Mbps Network Card		$25.00				Memory		$94.00

		1		NT 4.0 Workstation software		$99.00				Network, Floppy		$39.00

				Assembly		$15.00				Assembly, Shipping		$63.08

				Shipping		$48.08						$1,031.88

						$1,031.88





Price

		0

		0

		0
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		0

		0



1999 PennySort Machine ($1031.88)



Seeks

		

		Total size of all merge files

		2770000000

		Number of bytes read at a time

		196608

		131072

		65536

		Average Seek Time		Seconds lost to seeking

		0.009		192K Reads		0		63.4002685547		84.5336914063		95.100402832		101.4404296875		105.6671142578		108.6861746652		110.9504699707		112.7115885417		114.1204833984		115.273215554		116.2338256836		117.0466496394		117.7433558873		118.3471679688		118.87550354		119.3416819853		119.7560628255		120.1268246299		120.4605102539		120.7624162946		121.0368763317		121.2874702785		121.5171813965		121.728515625		121.9235933744		122.1042209201		122.2719464983		122.4281047953		122.5738525391		122.7101972026		122.8380203247		122.9580965909		123.0711095473		123.1776646205		123.2782999674		123.3734955659		123.4636808697		123.5492412861		123.6305236816		123.7078410823		123.781476702		123.8516874092		123.9187067205		123.9827473958		124.044003694		124.1026533411		124.1588592529		124.2127710459		124.2645263672		124.314252068		124.3620652419		124.408074145		124.4523790148		124.4950727983		124.5362418039		124.5759662829		124.6143209523		124.6513754635		124.6871948242		124.7218397797		124.755367156		124.7878301711		124.819278717		124.8497596154		124.8793168501		124.9079917794		124.9358233284		124.9628481658		124.989100865		125.0146140515		125.0394185384		125.0635434503		125.0870163376		125.1098632813		125.1321089895		125.1537768872		125.1748891977		125.1954670194		125.2155303955		125.2350983796		125.2541890958		125.2728197948		125.2910069057		125.3087660846		125.3261122593		125.3430596713		125.3596219149		125.3758119733		125.3916422526		125.4071246137		125.4222704017		125.4370904738		125.4515952252		125.4657946135		125.4796981812		125.4933150773		125.5066540776		125.5197236032		125.5325317383		125.5450862469		125.5573945887		125.5694639336		125.5813011756		125.5929129464		125.6043056272		125.6154853607		125.6264580621		125.6372294295		125.6478049538		125.6581899282		125.6683894566		125.6784084624		125.6882516961		125.6979237432		125.7074290308		125.7167718349		125.7259562864		125.7349863774		125.7438659668		125.7525987862		125.7611884445		125.7696384337		125.7779521327		125.7861328125		125.7941836403		125.8021076833		125.8099079132		125.8175872093		125.8251483624		125.832594078		125.8399269798		125.8471496123		125.8542644444		125.8612738715		125.8681802189		125.8749857436		125.8816926376		125.8883030295		125.8948189872		125.9012425199		125.9075755804		125.9138200667		125.9199778239		125.9260506466		125.9320402799		125.9379484216		125.9437767235		125.9495267932		125.9552001953

				128K Reads		0		95.100402832		126.8005371094		142.650604248		152.1606445313		158.5006713867		163.0292619978		166.4257049561		169.0673828125		171.1807250977		172.909823331		174.3507385254		175.5699744591		176.6150338309		177.5207519531		178.3132553101		179.0125229779		179.6340942383		180.1902369449		180.6907653809		181.143624442		181.5553144975		181.9312054178		182.2757720947		182.5927734375		182.8853900616		183.1563313802		183.4079197475		183.6421571929		183.8607788086		184.0652958039		184.2570304871		184.4371448864		184.606664321		184.7664969308		184.9174499512		185.0602433488		185.1955213045		185.3238619291		185.4457855225		185.5617616235		185.672215053		185.7775311137		185.8780600808		185.9741210938		186.0660055409		186.1539800116		186.2382888794		186.3191565689		186.3967895508		186.471378102		186.5430978628		186.6121112176		186.6785685221		186.7426091974		186.8043627058		186.8639494243		186.9214814285		186.9770631952		187.0307922363		187.0827596696		187.133050734		187.1817452567		187.2289180756		187.2746394231		187.3189752752		187.3619876691		187.4037349925		187.4442722486		187.4836512974		187.5219210772		187.5591278076		187.5953151755		187.6305245064		187.6647949219		187.6981634843		187.7306653308		187.7623337966		187.7932005291		187.8232955933		187.8526475694		187.8812836438		187.9092296922		187.9365103585		187.9631491268		187.9891683889		188.014589507		188.0394328724		188.06371796		188.0874633789		188.1106869205		188.1334056025		188.1556357107		188.1773928378		188.1986919202		188.2195472717		188.239972616		188.2599811165		188.2795854048		188.2987976074		188.3176293704		188.336091883		188.3541959003		188.3719517634		188.3893694196		188.4064584408		188.423228041		188.4396870931		188.4558441442		188.4717074308		188.4872848923		188.5025841849		188.5176126936		188.5323775442		188.5468856148		188.5611435463		188.5751577524		188.5889344296		188.602479566		188.6157989502		188.6288981792		188.6417826668		188.6544576505		188.666928199		188.6791992188		188.6912754604		188.703161525		188.7148618698		188.726380814		188.7377225436		188.748891117		188.7598904696		188.7707244185		188.7813966666		188.7919108073		188.8022703283		188.8124786154		188.8225389564		188.8324545442		188.8422284807		188.8518637799		188.8613633707		188.8707301		188.8799667358		188.8890759698		188.8980604198		188.9069226323		188.9156650853		188.9242901898		188.932800293

				64K Reads		0		190.2008056641		253.6010742188		285.3012084961		304.3212890625		317.0013427734		326.0585239955		332.8514099121		338.134765625		342.3614501953		345.8196466619		348.7014770508		351.1399489183		353.2300676618		355.0415039063		356.6265106201		358.0250459559		359.2681884766		360.3804738898		361.3815307617		362.2872488839		363.110628995		363.8624108356		364.5515441895		365.185546875		365.7707801232		366.3126627604		366.815839495		367.2843143858		367.7215576172		368.1305916079		368.5140609741		368.8742897727		369.213328642		369.5329938616		369.8348999023		370.1204866976		370.391042609		370.6477238582		370.8915710449		371.123523247		371.344430106		371.5550622275		371.7561201616		371.9482421875		372.1320110819		372.3079600233		372.4765777588		372.6383131378		372.7935791016		372.942756204		373.0861957257		373.2242224351		373.3571370443		373.4852183949		373.6087254116		373.7278988487		373.842962857		373.9541263904		374.0615844727		374.1655193391		374.266101468		374.3634905134		374.4578361511		374.5492788462		374.6379505504		374.7239753382		374.8074699851		374.8885444973		374.9673025949		375.0438421545		375.1182556152		375.190630351		375.2610490129		375.3295898438		375.3963269685		375.4613306615		375.5246675931		375.5864010581		375.6465911865		375.7052951389		375.7625672875		375.8184593844		375.8730207171		375.9262982537		375.9783367778		376.029179014		376.0788657449		376.1274359199		376.1749267578		376.221373841		376.266811205		376.3112714214		376.3547856757		376.3973838405		376.4390945435		376.479945232		376.5199622329		376.5591708097		376.5975952148		376.6352587407		376.6721837661		376.7083918007		376.7439035269		376.7787388393		376.8129168816		376.8464560821		376.8793741862		376.9116882884		376.9434148615		376.9745697846		377.0051683698		377.0352253872		377.0647550884		377.0937712296		377.1222870925		377.1503155048		377.1778688592		377.2049591321		377.2315979004		377.2577963585		377.2835653336		377.3089153011		377.3338563981		377.3583984375		377.3825509208		377.40632305		377.4297237396		377.4527616279		377.4754450871		377.497782234		377.5197809393		377.5414488369		377.5627933331		377.5838216146		377.6045406566		377.6249572308		377.6450779127		377.6649090884		377.6844569615		377.7037275598		377.7227267413		377.7414602		377.7599334717		377.7781519397		377.7961208396		377.8138452647		377.8313301705		377.8485803796		377.8656005859

				Number of Merge files		1		2		3		4		5		6		7		8		9		10		11		12		13		14		15		16		17		18		19		20		21		22		23		24		25		26		27		28		29		30		31		32		33		34		35		36		37		38		39		40		41		42		43		44		45		46		47		48		49		50		51		52		53		54		55		56		57		58		59		60		61		62		63		64		65		66		67		68		69		70		71		72		73		74		75		76		77		78		79		80		81		82		83		84		85		86		87		88		89		90		91		92		93		94		95		96		97		98		99		100		101		102		103		104		105		106		107		108		109		110		111		112		113		114		115		116		117		118		119		120		121		122		123		124		125		126		127		128		129		130		131		132		133		134		135		136		137		138		139		140		141		142		143		144		145		146		147		148		149		150





Seeks

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



192K Reads

128K Reads

64K Reads

Number of Merge Files

Seconds

Table 3: Time Lost to Seeking
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Chart2

		NTSort

		Postman's Sort

		HMSort

		Post April 1st HMSort
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Price

		1		bx Motherboard w/ 100MHz bus +  8M AGP Video 3D + Soundpro + Intel Pentium II 333 MHz + Mini Tower Case with 250 watt power supply		$308.00																Table 2: 1999 PennySort Times.

		1		64 MB 8 ns SDRAM PC100		$94.00				Disk		$428.80										Product		Time Budget		Best Time		Kernel		User		Total CPU Time		Sorted GB		Category

		1		Floppy Drive		$14.00				CPU/Board		$308.00										HMSort		917		907.5		27.1		413.7		440.8		2.58		Indy

		2		7.5 GB UDMA 7200 rpm Maxtor DiamondMax+ Hard Drive		$428.80				Software		$99.00										NTSort		917		902.0		15.3		539.4		554.7		1.98		Indy

		1		ACER 100Mbps Network Card		$25.00				Memory		$94.00

		1		NT 4.0 Workstation software		$99.00				Network, Floppy		$39.00

				Assembly		$15.00				Assembly, Shipping		$63.08

				Shipping		$48.08						$1,031.88

						$1,031.88





Price

		



1999 PennySort Machine ($1031.88)



Seeks

		

		Total size of all merge files

		2770000000

		Number of bytes read at a time

		196608

		131072

		65536

		Average Seek Time		Seconds lost to seeking

		0.009		192K Reads		0		63.4002685547		84.5336914063		95.100402832		101.4404296875		105.6671142578		108.6861746652		110.9504699707		112.7115885417		114.1204833984		115.273215554		116.2338256836		117.0466496394		117.7433558873		118.3471679688		118.87550354		119.3416819853		119.7560628255		120.1268246299		120.4605102539		120.7624162946		121.0368763317		121.2874702785		121.5171813965		121.728515625		121.9235933744		122.1042209201		122.2719464983		122.4281047953		122.5738525391		122.7101972026		122.8380203247		122.9580965909		123.0711095473		123.1776646205		123.2782999674		123.3734955659		123.4636808697		123.5492412861		123.6305236816		123.7078410823		123.781476702		123.8516874092		123.9187067205		123.9827473958		124.044003694		124.1026533411		124.1588592529		124.2127710459		124.2645263672		124.314252068		124.3620652419		124.408074145		124.4523790148		124.4950727983		124.5362418039		124.5759662829		124.6143209523		124.6513754635		124.6871948242		124.7218397797		124.755367156		124.7878301711		124.819278717		124.8497596154		124.8793168501		124.9079917794		124.9358233284		124.9628481658		124.989100865		125.0146140515		125.0394185384		125.0635434503		125.0870163376		125.1098632813		125.1321089895		125.1537768872		125.1748891977		125.1954670194		125.2155303955		125.2350983796		125.2541890958		125.2728197948		125.2910069057		125.3087660846		125.3261122593		125.3430596713		125.3596219149		125.3758119733		125.3916422526		125.4071246137		125.4222704017		125.4370904738		125.4515952252		125.4657946135		125.4796981812		125.4933150773		125.5066540776		125.5197236032		125.5325317383		125.5450862469		125.5573945887		125.5694639336		125.5813011756		125.5929129464		125.6043056272		125.6154853607		125.6264580621		125.6372294295		125.6478049538		125.6581899282		125.6683894566		125.6784084624		125.6882516961		125.6979237432		125.7074290308		125.7167718349		125.7259562864		125.7349863774		125.7438659668		125.7525987862		125.7611884445		125.7696384337		125.7779521327		125.7861328125		125.7941836403		125.8021076833		125.8099079132		125.8175872093		125.8251483624		125.832594078		125.8399269798		125.8471496123		125.8542644444		125.8612738715		125.8681802189		125.8749857436		125.8816926376		125.8883030295		125.8948189872		125.9012425199		125.9075755804		125.9138200667		125.9199778239		125.9260506466		125.9320402799		125.9379484216		125.9437767235		125.9495267932		125.9552001953

				128K Reads		0		95.100402832		126.8005371094		142.650604248		152.1606445313		158.5006713867		163.0292619978		166.4257049561		169.0673828125		171.1807250977		172.909823331		174.3507385254		175.5699744591		176.6150338309		177.5207519531		178.3132553101		179.0125229779		179.6340942383		180.1902369449		180.6907653809		181.143624442		181.5553144975		181.9312054178		182.2757720947		182.5927734375		182.8853900616		183.1563313802		183.4079197475		183.6421571929		183.8607788086		184.0652958039		184.2570304871		184.4371448864		184.606664321		184.7664969308		184.9174499512		185.0602433488		185.1955213045		185.3238619291		185.4457855225		185.5617616235		185.672215053		185.7775311137		185.8780600808		185.9741210938		186.0660055409		186.1539800116		186.2382888794		186.3191565689		186.3967895508		186.471378102		186.5430978628		186.6121112176		186.6785685221		186.7426091974		186.8043627058		186.8639494243		186.9214814285		186.9770631952		187.0307922363		187.0827596696		187.133050734		187.1817452567		187.2289180756		187.2746394231		187.3189752752		187.3619876691		187.4037349925		187.4442722486		187.4836512974		187.5219210772		187.5591278076		187.5953151755		187.6305245064		187.6647949219		187.6981634843		187.7306653308		187.7623337966		187.7932005291		187.8232955933		187.8526475694		187.8812836438		187.9092296922		187.9365103585		187.9631491268		187.9891683889		188.014589507		188.0394328724		188.06371796		188.0874633789		188.1106869205		188.1334056025		188.1556357107		188.1773928378		188.1986919202		188.2195472717		188.239972616		188.2599811165		188.2795854048		188.2987976074		188.3176293704		188.336091883		188.3541959003		188.3719517634		188.3893694196		188.4064584408		188.423228041		188.4396870931		188.4558441442		188.4717074308		188.4872848923		188.5025841849		188.5176126936		188.5323775442		188.5468856148		188.5611435463		188.5751577524		188.5889344296		188.602479566		188.6157989502		188.6288981792		188.6417826668		188.6544576505		188.666928199		188.6791992188		188.6912754604		188.703161525		188.7148618698		188.726380814		188.7377225436		188.748891117		188.7598904696		188.7707244185		188.7813966666		188.7919108073		188.8022703283		188.8124786154		188.8225389564		188.8324545442		188.8422284807		188.8518637799		188.8613633707		188.8707301		188.8799667358		188.8890759698		188.8980604198		188.9069226323		188.9156650853		188.9242901898		188.932800293

				64K Reads		0		190.2008056641		253.6010742188		285.3012084961		304.3212890625		317.0013427734		326.0585239955		332.8514099121		338.134765625		342.3614501953		345.8196466619		348.7014770508		351.1399489183		353.2300676618		355.0415039063		356.6265106201		358.0250459559		359.2681884766		360.3804738898		361.3815307617		362.2872488839		363.110628995		363.8624108356		364.5515441895		365.185546875		365.7707801232		366.3126627604		366.815839495		367.2843143858		367.7215576172		368.1305916079		368.5140609741		368.8742897727		369.213328642		369.5329938616		369.8348999023		370.1204866976		370.391042609		370.6477238582		370.8915710449		371.123523247		371.344430106		371.5550622275		371.7561201616		371.9482421875		372.1320110819		372.3079600233		372.4765777588		372.6383131378		372.7935791016		372.942756204		373.0861957257		373.2242224351		373.3571370443		373.4852183949		373.6087254116		373.7278988487		373.842962857		373.9541263904		374.0615844727		374.1655193391		374.266101468		374.3634905134		374.4578361511		374.5492788462		374.6379505504		374.7239753382		374.8074699851		374.8885444973		374.9673025949		375.0438421545		375.1182556152		375.190630351		375.2610490129		375.3295898438		375.3963269685		375.4613306615		375.5246675931		375.5864010581		375.6465911865		375.7052951389		375.7625672875		375.8184593844		375.8730207171		375.9262982537		375.9783367778		376.029179014		376.0788657449		376.1274359199		376.1749267578		376.221373841		376.266811205		376.3112714214		376.3547856757		376.3973838405		376.4390945435		376.479945232		376.5199622329		376.5591708097		376.5975952148		376.6352587407		376.6721837661		376.7083918007		376.7439035269		376.7787388393		376.8129168816		376.8464560821		376.8793741862		376.9116882884		376.9434148615		376.9745697846		377.0051683698		377.0352253872		377.0647550884		377.0937712296		377.1222870925		377.1503155048		377.1778688592		377.2049591321		377.2315979004		377.2577963585		377.2835653336		377.3089153011		377.3338563981		377.3583984375		377.3825509208		377.40632305		377.4297237396		377.4527616279		377.4754450871		377.497782234		377.5197809393		377.5414488369		377.5627933331		377.5838216146		377.6045406566		377.6249572308		377.6450779127		377.6649090884		377.6844569615		377.7037275598		377.7227267413		377.7414602		377.7599334717		377.7781519397		377.7961208396		377.8138452647		377.8313301705		377.8485803796		377.8656005859

				Number of Merge files		1		2		3		4		5		6		7		8		9		10		11		12		13		14		15		16		17		18		19		20		21		22		23		24		25		26		27		28		29		30		31		32		33		34		35		36		37		38		39		40		41		42		43		44		45		46		47		48		49		50		51		52		53		54		55		56		57		58		59		60		61		62		63		64		65		66		67		68		69		70		71		72		73		74		75		76		77		78		79		80		81		82		83		84		85		86		87		88		89		90		91		92		93		94		95		96		97		98		99		100		101		102		103		104		105		106		107		108		109		110		111		112		113		114		115		116		117		118		119		120		121		122		123		124		125		126		127		128		129		130		131		132		133		134		135		136		137		138		139		140		141		142		143		144		145		146		147		148		149		150
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1999 PennySort Machine ($1031.88)

428.8

308

99

94

39

63.08



Sheet1

		1		bx Motherboard w/ 100MHz bus +  8M AGP Video 3D + Soundpro + Intel Pentium II 333 MHz + Mini Tower Case with 250 watt power supply		$308.00

		1		64 MB 8 ns SDRAM PC100		$94.00				Disk		$428.80

		1		Floppy Drive		$14.00				CPU/Board		$308.00

		2		7.5 GB UDMA 7200 rpm Maxtor DiamondMax+ Hard Drive		$428.80				Software		$99.00

		1		ACER 100Mbps Network Card		$25.00				Memory		$94.00

		1		NT 4.0 Workstation software		$99.00				Network, Floppy		$39.00

				Assembly		$15.00				Assembly, Shipping		$63.08

				Shipping		$48.08						$1,031.88

						$1,031.88
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