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Abstract

This paper isan empirical study of the random and segquential I/O performance of Windows 2000™ using the NT
File System. It continues the work done by Riedel, et. al. in their 1997 paper exploring sequential 10 performance
under Windows NT 4.0™. This paper explores the performance and overhead of today’s Intel Pentium 111 ™ based
memory and 10 subsystems, including the processor bus, the PCI bus, the disk controllers, the SCSI and IDE buses,
and the disk media. It also examines the performance available from IDE RAID, arelatively new technology built
from inexpensive IDE disks. Network 1O performance is briefly covered. We describe how to achieve good
throughput, and discuss the major bottlenecks. While Riedel’s model of software performance remains largely
unchanged, increases in hardware performance have made the 32bit, 33MHz PCI bus the dominant bottleneck
reaching saturation with three disks.
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1 Overview

Much has changed in the three years since Riedel’ s 1997 study of sequential 1/0 performance [Riedel]. Disk
capacities have increased; today’ s biggest hard drives are over four times larger than the largest drives available
then. Single disk sequential 1/0 throughput has also improved with 10,000 RPM drives. Processors have increased
in speed and number. SMP is now available for the desktop. Memory and system buses have improved. SCSI has
also improved over the last two years with Ultral60 SCSI promising a four-fold improvement in adapter to disk
bandwidth. With today’ s technology, we were able to achieve almost 24 MBps of read throughput on asingle disk.
Write throughput on asingle disk peaked out at 22.5 MBps. Thisrepresents a 2.5 to 3 timesimp rovement over the
throughput Riedel measured. The disks used for our study were representative of drives commonly available at this
time but not necessarily the highest performance disks on the market. The fastest drives now exceed 30 MBpsin
sequential transfers.

The software landscape has also changed, as Windows 2000 is replacing Windows NT4. Windows 2000 introduced
dmio, anew volume manager, to replace ftdisk. Despite the fact that dmio and ftdisk are very different in
implementation, our IO performance measurements show only minor performance differences between them.
Processor overhead for dmio is somewhat higher so a processor-bound application might see a slightly different
picture.
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|
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Figure 1 — Peak Advertised Performance (PAP) vs. Real Application Performance (RAP). The graphic above
shows the various hardware components involved with disk 10: the processors, memory/system bus, PCI bus, SCSI
and IDE buses, and individual disks. For each component, the PAP is shown in bold while the RAP we measured is
shown below in parentheses.




We first measured single disk sequential 1/0 performance on NT4SP6 and Windows 2000 Advanced Server. We
then compared our results to those of the original sequential I/O study of NT4SP3 by Riedel, et. al.

Performance of all three operating systems was similar. Windows NT4SP6 and Windows 2000 Advanced Server
have very similar performance, and show almost identical performance to NT4SP3 except:

0 Theoverhead for large buffered read and write requests was substantially higher on NT4SP3.
o Small (2KB and 4KB) requests no longer show the 33% to 66% decrease in throughput seen in NT4SP3.
0 Thehbuffered 10 throughput “dip” of NT4SP3 above 64KB is corrected.

Sequential 1/0 performance under NT4SP6 shows afew improvements compared to NT4SP3. Differences were
incremental rather than radical: the models of NT performance are still valid. Win2K compared to NT4 similarly
shows incremental improvement in I/O performance. Basic volumes and the new dynamic volumes have similar
sequential 1/0 performance.

With the sequential 10 throughput of disks and controllersincreasing, the bottleneck has shifted to the one thing that
has not improved much: the PCI bus. Our modern workstation was capable of 98.5MBps acrossits PCI bus. When
compared to the 72MBps Riedel was able to achieve, our workstation’s PCI busis only 37% faster while its disks
are 300% faster. What this means is while two years ago it would take nine disks spread over three adaptersto
saturate a PCI bus, today three to four disks on one adapter can saturate a PCI bus. The multiple 64-bit 66 MHz PCI
buses found on high-end servers, and the future Infiniband™ 10 interfaces will likely change this, but today the PCI
busisabottleneck for sequential 1O on low-end servers.

Of course, most applications do random rather than sequential 10. If applications are doing random 8KB 10s
against modern disks, then each disk can deliver about 1MBps, and so a modern controller can manage many (16 or
more) disks, and asingle PCI bus can carry the load of 64 randomly accessed disks. Faster PCI technologies such as
PCI-X and the 64bit / 66MHz flavors of PCI are still premium products.

Along with the advancesin SCSI drive technology, IDE drives are beginning to grow beyond the desktop market
into the workstation and server markets, bringing with them considerably lower prices. The ANSI standard ATA
(Advanced Technology Attachment) interface, more commonly called Integrated Drive Electronics (IDE), was first
created to provide cheap hard drives for the PC user. Asthe Intel x86 architecture has become more popular, price
conscious consumers have purchased | DE drives rather than pay a premium for drives with more expensive
interfaces such as SCSI. Today, IDE drives have evolved to include DMA and 66M Hz (500M bps) connections and
still hold awide margin over SCSI drivesin terms of units shipped. With their higher volume, IDE prices benefit
from economies of scale. At present, aterabyte of IDE drives costs $6,500 while a terabyte of SCSI drives costs
$16,000. When optimizing for cost, IDE drives are hard to beat.

Of course, cost isonly one of the factorsin purchasing decisions. Another is undoubtedly performance. Since IDE
was designed as an inexpensive and simple interface, it lacks many SCSI features like tagged command queuing,
multiple commands per channel, power sequencing, hot-swap, and reserve-release. The common perception of IDE
isthat it should only be used when performanceisn’t critical. Conventional wisdom says that SCSI is the choice for
applications that want high performance or high integrity. As such, most desktops and portables use IDE while most
workstations and servers pay the SCSI price premium. Thisis despite the fact that most drive manufacturers today
use the same drive mechanism across both their IDE and SCSI lines— the only difference is the drive controller.

It is possible to mitigate some of IDE’s performance penalties by using a host bus adapter card that makesthe IDE
drives appear to be SCSI drives. Indeed, Promise Technology? and 3ware? aretwo companiesthat sell such cards.
These cards add between $38 and $64 to the price of each disk. These controller cards are typically less expensive
than corresponding SCSI controller cards, so they potentially provide a double advantage — SCSI functionality at
about half the price.

Among other things, this report compares IDE and SCSI performance using micro-benchmarks. We used a 3ware
3W-5400 IDE RAID card to allow usto connect four IDE drives to our test machine. In summary, we found that
individual IDE drive performance was very good. In our comparison of an SCSI Quantum Atlas 10K 10,000 RPM
drive to an IDE Quantum Ics08 5400 RPM drive, the IDE drive proved to be 20% slower on sequential loads and at



most 44% slower in random loads. But the SCSI drive was more than 250% more expensive than IDE drive. Even
with the lower random performance per drive, buying two IDE drives would be cheaper, and a mirrored pair would
give both fault-tolerance and read | O performance superior to asingle SCSI drive. The IDE price/performance
advantage gets even better for sequential workloads. For the same price as SCSI, IDE delivers aimost double the
sequential throughput of asingle SCSI disk.

However, SCSI features like tagged command queuing, more than two disks per string, long cable lengths, and hot
swap don’t currently exist for native IDE — although 3ware promises hot-swap in their next model (3W-6000)

The report also examined the performance of file 1O between aclient and afile server using the CIFS/SMB
protocol, either as a mapped drive or viaUNC names. These studies showed that clients can get about 40 MBps
reading and half that writing. But, there are several strange aspects of remote file |O. Unfortunately, there was not
time to explore the details of this problem.

In summary:

Yesterday’s 10 Performance:

o Smaller, slower disks

0 SCSI bus saturation can be reached by a small number of disks
o PCI bus saturation requires many disks.

Today’s 10 Performance:

o Disksarefour times bigger and three timesfaster.

0 SCSI buses now have a higher advertised bandwidth than PCI so how...

0 For sequential loads, 32bit 33MHz PCI is how the major bottleneck. PCI bus saturation can be achieved with
only three disks, a configuration not uncommon on workstation machines.

o0 Random loads aren’t affected as they don’t come anywhere near PCI bus saturation.

IDE drives:

0 Best price/performance ratio.

o Lack many features like command queuing, long cables, power sequencing...

o0 Some features such as command queuing and hot swap, can be done by the controller card.

SCSI drives:

0 Roughly 2.5x more expensive than IDE.

0 Havethe best performance: 1.7x better on random, and up to 1.2x better on sequential when comparing 10,000
RPM SCSI drivesto 5,400 RPM IDE drives.

o0 Havefeatureslacking in IDE, such as being able to connect 15 devices to one string and being able to hot swap
devices, fiber channel connection, tagged command queuing, power sequencing, ....

0 SCSI RAID isamore mature technology and widely supported by hardware vendors.



2 Introduction

We first sought to measure and compare the 1/0 performance on aworkstation similar to that of Riedel’ s running
NT4SP6 and then Windows 2000 to compare performance between the two operating systems. We called these the
old-old and old-new tests: signifying that we were testing old hardware and the old OS, and old hardware with the
new OS. We then tested a modern workstation and the Windows 2000 operating system. These tests were called the
new-new tests. The software and hardware test naming matrix is shownin Table 1.

Thefirst old-old and old-new measurements were conducted on hardware similar to that used in the original study.
The processor is faster, but the disks and controller that were the main bottlenecks in the original report, remain the
same. We measured both Win2K and NT4SP6. Our objective for these tests was twofold: first, to compare the
results of the original study by Riedel, et. al. with the most recent version of NT4 on comparable hardware to see if
there have been any changes in performance. Second, to explore the differences and similarities between Windows
NT4SP6 and Win2K.

The new-new measurements were taken on a Dell Precision 420 test machine with the latest processors, memory,
and SCSI disks (When we started in January 2000): Dual Intel Pentium 111 processors running at 733 MHz, Rambus
memory, an Ultral60 SCSI adapter, and four 10K RPM SCSI drives. Each of these has an advertised bandwidth of
1.6GBps, 160MBps, and 18 to 26M Bps respectively. We also added a 3ware 3W-5400 IDE RAID card, along with
four Quantum Fireball 1ct08 5400 RPM drives with an advertised internal throughput of 32MBps each! PAP (Peak
Advertised Performance) however is often is quite different than RAP (Real Application Performance). We wanted
to exp lore what kind RAP today’ s hardware is actually able to achieve, along with how to achieve good performance
with minimal effort.

Softwar e Hardware
Old Windows NT4SP6 333 MHz Pentium I1
4 GB 7200 RPM Ultra-Wide
SCSl drives
(RAP: 9MBps per drive)
New Windows 2000 2 x 733 MHz Pentium |11

18GB SCSI 10,000 RPM
Ultral60 SCSI drives

(RAP: 24MBps per drive)
27GB 5,400 RPM UltraATA/66
IDE drives

(RAP: 19MBps per drive)

Table 1—- The experiments.

To allow price comparisons, here are the prices we paid for the various components.

Dell Precision 420 $3,750
Dual Channel SCSI controller $235
Quantum Atlas 10K Ultral60 SCSI 18 GB disks $534
3ware 3W-5400 IDE RAID adapter $255
Quantum Fireball |ct08 ATA/66 26GB disk $209
Table 2 — Prices of hardware components

1 Vendorstypically quote internal and external datarates, which are burst rates. These can’t necessarily be directly
correlated to sustained throughput, however the internal datarateis generally the number closest to being an actual
advertised throughput.



2.1 Hardware Configuration

Unless otherwise noted, all of the old-old and new-old tests were run on the following hardware. Note that the

Riedel study used a 200 MHz Pentium I1.

Table4—"0Id” machine hardwar e configuration.

Host Gateway E-5000
Processor: 333 MHz Pentium |1
RAM: 64-bit wide, 66 MHz memory interconnect
1x 128 66 MHz SDRAM
Bus: 32-bit wide, 33 MHz PCI
Host bus adapter: Adaptec 2940UW Ultra-Wide SCSI adapter
IDE controller: 2 independent PCI bus mastering interfaces
Disk Name Interface Capacity | RPM Seek | Transfer Rate Cache
Time Size
Seagate SCSI-2 43 GB 7200 Avg External 512 KB
Barracuda Ultra-Wide 4.2ms 40 MBps
4P ASA I range Internal
Ultra-Wide 1-17 10 MBpsto
(ST34371W) 15MBps
Software Old: Microsoft Windows NT 4.0 SP6 using the NT file system
New: Microsoft Windows 2000 Advanced Server using the NT file system
Unless otherwise noted, all of the new-new tests were run on the following:
Table 5—“New” machine hardwar e configuration.
Host Déll Precision 420
Processor: 2 x 733 MHz Intel Pentium 111
RAM: 64-bit wide, 133 MHz memory interconnect
2 x 128 ECC PC800 RDRAM
Bus: 32-bit wide, 33 MHz PCI
Host bus adapter: Adaptec AIC-7899 Ultral60/m SCSI adapter
3ware 3W-5400 IDE RAID adapter
IDE controller: 2 integrated bus mastering interfaces
Disk Name Interface Capacity | RPM | Seek | Transfer Cache
Time | Rate Size
Four Quantum Ultral60 182 GB | 10,000 | Avg | Externa 2MB
Atlas 10K WidelLVD 5.0ms | 160 MBps
(QM318200TN-LW) Internal
18to0 26
MBps
Four Quantum Ultra 260GB | 5400 | Avg | External 512 KB
Fireball Ict08 ATA/66 9.5ms | 66.6 MBps
Internal
32 MBps

Software | Microsoft Windows 2000 Workstation

striped and mirrored dynamic volume I DE experiments.

NT file system. SQLIO for basic volume striping experiments, Windows 2000 dmio RAID for
dynamic volume striping experiments. The 3ware controller’s hardware RAID was used for




3 Device Internals Performance

In this section, we examine the performance of some of the internal subsystemsin the new-new Dell Precision 420
test machine.

3.1 System Memory Bus Throughput

System memory bandwidth was measured using memspeed. memspeed is covered in detail below, in the Testing
Methodology section. The results are shown in Figure 1 and Table 6. Rambus RAM isadvertised as being capable
of athroughput of 1,600M Bps. [Rambus] However, on our test machine we were only able to achieve 975MBps on
reads and 550M Bps on writes. This represents 61% and 34% of the PAP respectively. Compared to what we
measured on previous Intel systems, this represents a huge 5x advance in read bandwidth and 3x advance in write
bandwidth.

3.2 SCSland PCI bus Throughput

The RAP for our 32bit, 33MHz PCI bus was 98.5MBps, afull 74% of the PAP of 133MBps when 1MB reguests
were sent to the controller cache. Thisis 37% more throughput than Riedel was able to achieve on his machine. PCI
chipsets have clearly improved. When smaller 64K B requests were used, the RAP was 83.6MBps.

Ultral60 SCSI advertisesitself asa 160MBps bus. However, even under ideal conditions, our Ultral60's PAPis
unachievable. The standard 32hit, 33MHz PCI bus found in PCs only has a PAP of 133MBps. Thislimits Ultral60
adaptersto 133MBps at most. In practice, our PCI bus never actually achieves 100% of the PAP so our Ultral60
adapter was limited by its PCI bus interface to 98.5MBps. Even so, its RAP was a respectable 62% of the PAP.

3.3 IDE controller and Throughput?

The 3ware 3W-5400 is a PCI card that supports four IDE/ATA drives. The newer 3W-5800 card supportsup to 8
drives. Each IDE driveis set to master and given its own string. The 3ware card and its driver software presents the
IDE drivesto the Windows or Unix host as SCSI drives. The drives can be presented to the system as either just a
bunch of disks (JBOD), or as large logical disksthrough RAIDO and RAID1. Since the 3ware card offloads much of
the 1O processing from the CPU, the processor overhead was similar to that seen on SCS| adapters.

All of our IDE measurements were taken with WCE as the 3W-5400 enables the drive write cache automatically.>
Unlike most SCSI controllers, the current 3ware card only allows WCE to be disabled on a per-request basis. At the
time of our tests, it did not allow WCE to be disabled globally.

It is possible to measure the PCI and controller throughput by reading from the controller cache, rather than going to
the disk media. We measured the peak throughput using the tool DiskCache program described in the Testing
Methodology section. By reading directly from disk cache from four Fireball IDE drives, we were able to achieve
58.9 MBps from the 3ware card using 64K B requests. Thisisthe card’ s PCI limit and larger request sizes had no
effect. Other experiments with SCSI controllers delivered as much as 84MBps. The first generation of 3ware cards

2 We had initially intended to test the Promise FastTrak66 IDE RAID card in addition to the 3ware card, but were
unableto do so. Although the FastTrak66 functioned correctly as a basic UltraATA/66 IDE controller, we were
unableto use the RAID features offered by the card on Windows 2000. We were unable to do even basic operations
such as formatting of RAID volumes within Win2K. Promise’ s technical support told us Windows2000 is not yet
supported. They are currently working on these problems, but the fixes were not yet available.

3 Write Cache Enabl e(WCE) is adrive parameter that allows the drive to acknowledge completion of awrite without actually
writing the bits to disk. Instead, the bits are held within the drive's cache, allowing it to schedule, coalesce, and otherwise
optimize the write requests to improve throughput. WCE improves write performance at the cost of reliability: if power to the
driveislost, then the contents of the controller cache are lost and the bits are never written to disk. This can lead to data
corruption. However, software can force individual requests to be written to the mediafor operations that could otherwise cause
data corruption after loss of power.



were limited by their PCI implementation. Second generation 3W-6000 series cards, which were not availablein
time for this study, have a higher PCI throughput. Tests performed on a 3W-6800 show a peak

read throughput of 101 MBps and peak write throughput of 85 MBps read throughput when accessing

four Fireball IDE drives. For random workloads, the bandwidth demand of 4 drivesislessthan 5MBps, so the PCI

bus speed is not anissue.

Peak Advertised Performance

Real Application Performance

Memory bus 1,600 MBps 975 MBpsread
550 MBpswrite
327 MBps copy
PCI bus 133 MBps 98.5 MBps
SCSI bus (Ultral60) 160 MBps 98.5 MBps @ 1 MB read reqg.
83.6 MBps @ 64K B read req.
50 MBps write
3ware 3W-5400 Greater than 55M Bps 58.9 MBps @ 64KB read
40 MBps write
3Ware 3W-6800* 100+ MBps 101 MBps @ 256K B read
(Alphatest unit) 85 MBps @ 256K B write
Hard disk 18MBpsto 26MBps 17 MBpsto 24 MBps
(Atlas 10K)
Hard disk Upto 32 MBps 12.4 MBpsto 19 MBps
(Fireball Ict08)

Table 6— PAP vs. RAP across multiple buses. The SCSI bus's throughput was hampered by the adapter’s PCI
businterface, asthe Ultral60 SCSI’ s advertised PAP is higher than that of the PCI bus. The first generation
3ware card, despite being able to interface with four drives, has alimited throughput of 58.9MBps, or
approximately the combined throughput of three of our Fireball IDE drives reading sequentially. However, in
each of these cases, the half-power point was achieved.

3.4 Symmetric Multiprocessing (SMP)

All of ourtests were run on adual processor system. We found SMP had little effect on our throughput
measurements. Since the measurements are already 10 bound, increasing the number of processor cycles available
doeslittle to improve performance. We tested the single CPU case by booting Win2K using /NUMPROC=1 as an
argument. This causes Win2K to function in a uniprocessor mode, ignoring the second processor. Overhead
increased slightly when two CPUs were used as there was now some additional overhead incurred by
synchronization code. In addition, Windows 2000 only allows one outstanding deferred procedure call (DPC) per
SCSI adapter. We only had one adapter. For each of these reasons, we weren’t able to take advantage of the
additional parallelism offered by the additional processor.




3.5 DMAvs.PIO

IDE controllers have two protocols to transfer data to and from the disk to main memory: direct memory access
(DMA) and programmed input/output (P1O). The main difference between them is that while PIO requires the
processor to poll the drive repeatedly and places the burden of copying the data on the processor, DMA allowsthe
processor to just initiate atransfer and places the burden of copying the data on the controller. While the controller is
copying the bits, the processor can perform other tasks. PIO is 85 times more expensive than DMA — that’ s 8,500%!

DMA and PIO can be selected through the Device Manager in Win2K. We connected one IDE driveto an IDE
channel on the motherboard and measured the affects of DMA and PIO. Table 7 shows the dramatic performance
penalty of PIO. Not only did throughput decrease by 75% for unbuffered 64K B reads, but also processor utilization
jumped to 50% across both processors. The first step to good IDE performance isto ensure that DMA is enabled.
Since the 3ware IDE RAID card masquerades as a SCSI adapter, DMA and Pl O selection was not necessary.

DMA PIO

64K B unbuffered read throughput 19 MBps 4.3 MBps

3% of two 733Mhz processors | 50% of two 733Mhz processors

A CPU utilizati
verage utiiization ~ 2 cpu clocks per byte ~ 170 cpu clocks per byte

Table7- DMA vs. PIO — 64K B unbuffered reads. DMA delivers greater throughput with less CPU
utilization. DMA needsto be enabled for good performance. Since IDE RAID cards masquerade as SCSI
controllers, they don't require the user to specify DMA or PIO.




4 Testing Methodology

This section examines how these measurements were done along with issues we encountered.

4.1 Throughput measurement

SQLIO served as the primary test program for our measurements. SQLIO is aworkload generation and measurement
tool that allows the user to specify for how long afile should be read or written and various parameters about how
the 10 should be done. Along with measuring throughputs, SQLIO outputs system and kernel timing information.
SQLIOisused by Microsoft's NT Performance Group for their tests. sqlio2 is a complete rewrite of SQLIO. Among
its features are the ability to plug in 10 “personalities’ which are modules specifying different ways of doing disk
IO, acleaner code base, and more flexible test parameter specification and result output.

In order to ensure the uniformity of results, each disk wasfirst formatted before test files were copied to the disk in
the same order. This made certain that our tests were always run from the same outer tracks on each disk, reducing
the problem of media banding and maximizing test results.

We also scrubbed the file system cache between buffered runsin order to ensure our requests were going to disk
instead of cache. Unless otherwise noted, SQLIO was used to generate all of the resultsin this paper except for
buffered tests. SQLIOwas found to underreport the throughput of buffered reads during testing so cacheflush was
used for all buffered measurements. SQLIO was modified to generate atrace file that is easily imported to an Excel
spreadsheet or relational database. The format of the trace file is acomma-separated list where each line has the
format:

Field Description

MB/s 1/0 throughput in MB/s

10/s 1/Os per second

Operation Specifies reading or writing (read/write)
BlockSize Request sizein KB

OutstandinglOs | Depth of asynchronous 1/0s (0 = Synchronous)
Buffering Oand Y - File system and controller caching

S—File system caching only (FILE_FLAG_WRITE_THROUGH)

H — Controller caching only (FILE_FLAG_NO_BUFFERING)

N — No caching (FILE_FLAG_WRITE_THROUGH |
FILE FLAG_NO_BUFFERING)

NumT hreads Number of threads

Time User specified timeto run

FileSize Size of thefile being read/written in KB

Clock(s) Actual amount of time the test took. Used for calibration purposes.
User(ms) Total user mode processor time as reported by GetProcessTimes()
Kernel(ms) Total kernel mode processor time as reported by GetProcessTimes()
Time Stamp Time and date the test was run

Comment String containing a user specified comment. (no commas allowed)

Table 8— Theformat of the SQLIO trace file, a comma separ ated values (CSV) file.

cacheflush is a simple program which does a buffered read of afile and then quits. It measures throughput and
processor consumption, and outputs atracefile in the same format asSQLIO. In earlier tests, we often saw erratic
measurements that would alternate between throughputs higher than the maximum throughput of adrive to
throughputs below. This was because each test was somewhat dependent upon those before it. The results were
thrown off since the system was sometimes able to retrieve part of the file from cache. Our solution to the problem
wasto fill up the cache using buffered reads from a scratch file. Ascacheflush read in the scratch file, the FS buffer




was cleaned of any lingering datafrom the previous test. After cacheflush was run before each buffered test, the
erratic measurements disappeared.

Tests were automated using batch files generated by a program named cmdgen. cmdgen takes asitsinput the
environmental variable sglio_note which contains comments about the current test target. It then outputs a batch file
containing multiple callsto SQLIO varying the arguments along with appending information about buffering and
synchronism.

We measured the system memory bus using memspeed. memspeed has eight different tests by which it measures the
memory bus bandwidth. 10MB isread, written, or copied for each test. In order to calibrate the instruction overhead,
before each test a null test was run where no actual reads or writes took place. Thisinstruction overhead isthen
subtracted from each subsequent test’stime. Reads and writes are measured using two methods: the first method
read and wrote 64 bits at atime using doubles. In the read case, the 10MBs are read from memory into aregister
double. In the write case, the register double is repeatedly written to main memory. The second method used the file
system calls WriteFile() and ReadFile() to read and write 64KB at atime. A cached file was created using

FILE_ FLAG DELETE _ON_CLOSE and FILE_ATTRIBUTE_TEMPORARY . In the read case, bits were read
from this cached file into a 64K B buffer. In the write case, bits were written from the buffer into the cached file. The
last test used memcpy/() to copy data between two 10MB buffers. On multiprocessor machines, the double read/write
tests and the memcpy() test were rerun with multiple threads. The number of threads was equal to the number of
CPUs.

memspeed was al so used to measure the SCSI, IDE, and PCI bus saturation points by reading a small amount of data
on adisk repeatedly using two-deep requests. On thefirst read, the drive must access the disk in order to fulfill the
request. This dataisthen placed in the drive cache. On subsequent requests, the drive can fulfill the request straight
from its cache without going to disk. Tests were run on 1 to 4 disks. This allowed us to measure the burst throughput
of single and multiple drives, along with quantifying throughput limitations of the SCSI, IDE, and PCI buses.

The programs we used for workload generation and measurement are available online, along with the raw test
results, at http://research.microsoft.com/BARC/sequential 10/

4.2 Overhead Measurement

The Win32 API has afunction called GetProcessTimes() which extracts timing information from a process. The user
time and kernel time consumed by a process are among the information it returns. We originally used
GetProcessTimes() as our only overhead measurement. However, it became clear that GetProcessTimes() often
understated the actual processor cost that was being incurred, because GetProcessTimes() only returns the processor
cost which was charged to that process. Measuring the cost per 10 is complicated by the fact that not all of the
processor time used is charged to processes. During certain situations, such as interrupt time, processor cycles aren’t
charged to any process. Those cycles are unaccounted for by GetProcessTimes(). M easurements taken with
GetProcessTimes() are the lower bound of the range of actual CPU overhead.

To get the upper bound, we measured system idle time. We measured idle time by using a soaker: athread or set of
threads running at idle priority that are set in abusy loop. They try to consume all availableidle cycles, effectively
becoming the idle process. By first measuring the soaker’s processor time while the system isidle, then measuring
the soaker’ s processor time while running atest, and finally calculating the delta, we can subtract out the
background processor overhead and find the processor time being consumed by 10 generation and the previously
unaccounted processor time associated with the 10 requests. Since the soaker looks only at total system idletime
rather than processor consumption by individual processes, the soaker does not return results for a single process
alone, but may include processor time used by other applications. The overhead reported by the soaker isthe upper
bound on CPU overhead. Unless otherwise noted, all of the overhead graphs shown are taken using a soaker.

At small request sizes, the upper bound can show a significant difference in the measured overhead from the lower
bound. However, at larger request sizes these upper and lower bounds generally converge.
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4.3 Zoned Disk and Variable Media Rates

Modern disks are zoned: tracks have a variable number of
sectors and therefore avariable size rather than afixed
size. Each track’ s sizeisafunction of its circumference.
Since tracks on the outer edge of the media have alarger
circumference than tracks on the inner edge, outer tracks
have more bits traveling under the disk head per second
than inner tracks due to the disk’ s constant angular
velocity. The Ziff Davis WinBench 99 was used to
generate Figure 2 that shows a throughput map of the disk
asthe head is moved from the outer to the inner tracks
[ZD]. The stair stepping is due to banding on the media
Each band hasthe same number of sectors per track.
Within each band, the throughput remains the same. From
band to band however, the sectors per track changes,
resulting in a sudden change in throughput. Figure 2 also
shows that there is considerabl e variance among read
speeds ranging ? 10%.

4.4 File Pre-allocation

Throughput of 18GE Quantum Atlas
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Figure 2 — Read throughput variation across the
Quantum Atlas 10K surface. The read throughput on
theinner band of the mediais significantly less than
the outer band. The inner band on the Atlas 10K has
35% less throughput than on the outer band.

M easurements taken on the Fireball 1ct08 showed its
inner band had 40% |ess throughput than on its outer
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For security reasons, Windows NT4 and Windows
2000 force writes to become synchronous if writing
to anew file, writing to anewly extended area of a
file, or writing beyond the end of afile. Thisis
because C2 security requires avalue of zero to be
returned when reading data that has not been
previously written. In order to prevent users from
allocating storage and then reading its previous
contents, like NT4, Windows 2000 must balance the
need for performance with the need for security.

AsFigure 3 shows, file extension severely impacts
asynchronous unbuffered write performance -- unless
writes are appended to the end of thefile or the
writes are to a pre-allocated file, write throughput
decreases by 50%. Buffering can help reduce the

)

Throughput (MB/s

Win2K 1 disk Dynamic
File Extension Speed

25

N
o

Unbuf. Write First

5 aded INDUT, Write Extend
& Buf. Write First

—&— Buf. Write Extend

0 T T T T

64 128 256 512
Request Size (KB)

1024

impact of file extension, but for applications
concerned with write throughput, files should be pre-

allocated or writes should be to the end of thefile.
The figure shows that programs sequentially writing
afile (writing at EOF) get the full disk speed. But, if
aprogram first writes the last block and then
sequentially writes the file, the write proceeds at half
the speed because Windows2000 first zeros thefile,
and then writesit. When growing afile, itis
important to write it in sequential order. Otherwise
Windows writes each block twice: onceto zero the
“gap” and once to write the actual data when the need
write finally isissued.

Figure 3 — File extension. The file system must balance
the security verses performance. In order to prevent an
application from allocating space on disk and then reading
its previous contents, the file system serializes write
reguests. Asthe graph above shows, thisleads to poor
write performance on file extension unless one writes only
at the end of thefile. Applications concerned with good
write performance should pre-allocate their files, or only
append to them.
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5 NT4SP6 vs. NT4SP3 Sequential 10 Performance

We will first examine the sequential 10 performance on the old-old and old-new configurations. We compared NT4
Service Pack 6 to the original NT4 Service Pack 3 used by Riedel. The graphsinFigure 4tell the story for buffered
0. Thingsare mostly unchanged except that the performance bug discovered by Riedel was fixed by NT4SP6. In
NT4SP3 buffered read requests of 128K B and above had half the sequential 10 bandwidth (see left graph in Figure
4). Theright graph inFigure 4 indicates this problem is has disappeared. Asis expected, WCE writes show much
better performance than writes without WCE.
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Figure 4 — Synchronous Buffered throughput: NT4SP6 vs. NT4SP3. The dip in the left graph isdueto a
performance bug in NT that caused decreased throughput at 128K B read requests and above. Buffered reads at
small request sizes of 2KB and 4KB run at the full disk speed under NT4SP6.




Figure 5 shows buffered overhead in NT4SP3 and NT4SP6. Riedel’ s results on the left were taken using
GetProcessTimes() while our graph on the right was taken using a soaker. The left graph therefore may be under-
reporting processor overhead while the right graph may be over-reporting. M easurements using both
GetProcessTimes() and a soaker showed lower overheads for buffered writes at request sizes above 64KB. Riedel’s
results show both the overhead of buffered reads and writes per MB remains constant for requests above 8KB, with
aslight increase for writes for requests above 64KB. Writes in both NT4SP3 and NT4SP6 cost more than reads. In
order to compensate for the faster processor in our 333 MHz machine compared to Riedel’ s 200 MHz machine, we

have scaled the NT4SP6 graph so that the relative heights on the two graphs correspond to the same number of
instructions executed.

Under NT4SP6, the fixed cost is 20?s per request and marginal cost is 16?sper KB on a 333 MHz Pentium I11.
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Figure5 — Synchronous Buffered overhead: NT4SP6 vs. NT4SP3. Theright graph shows alower
overhead for large request sizes and read requests of all sizes. Theright graph’s vertical axis has been scaled
to compensate for differencesin processor speed between the two machines used for each study. Note that the
graph on the left was measured using GetProcessTimes() and may be under-reporting the overhead.
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Figure 6 shows the significant improvement in throughput for 2KB unbuffered reads and writes under WCE. Using
SP3, the previous study measured a drop of about 4MBpsin throughput for 2KB unbuffered write requests with

WCE. Under SP6, there is no longer a penalty for 2KB unbuffered writes. With WCE, 2KB writes were able to
reach the disk throughput maximum.
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Figure 6 — Synchronous unbuffered throughput: NT4SP6 vs. NT4SP3. The right graph compared to
the left and middle graphs of the original SP3 measurements shows SP6’ s improved read and WCE write
throughput. Unbuffered overhead between NT4SP6 and NT4SP3 was the same. Note that due to a plateau

in unbuffered writes, the unbuffered write tests on NT4SP6 were run on ST34572 drives rather than the
ST34371.

13



Figure 7 compares the asynchronous read and write throughput of SP3 and SP6. Asynchronous reads and writes
under SP6 have the same improvements at small request sizes as synchronous unbuffered requestsinFigure 6. The
new measurements are on disks that are slightly faster (9MBpsvs. 7MBps), so the reader should focus more on the
relative shapes of the curves.

Unbuffered read throughput at small request sizesimproved dramatically as shown by the upper two graphs.
Unbuffered write tests run on a ST34572 drive followed the trend shown by the lower right graph: increasing the
write depth up to a depth of four leads to higher disk throughput due to increased parallelism. The bottom right
graph showing unbuffered writes on NT4SP6 shows alower throughput than the bottom left graph of NT4SP3 at
2KB requests. Thisislikely dueto the fact that different drives were under test between the two experiments. As
with the previous graphs, the reader should focus on the relative shapes of the curves.

Depths beyond four showed no additional throughput gains. Writes of three deep and beyond reach the same
performance as WCE at 32KB requests.
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Figure 7— Asynchronous throughput using no file system buffering: NT4SP6 vs. NT4SP3. Read and
WCE write throughput for small requests hasimproved in SP6 as 2KB and 4K B requests now generate the
same throughput as larger request sizes. The right graphs show a higher peak throughput as they were using
faster SCSI drives. Unbuffered writes were measured on a ST34572 drive instead of our ST34371. The lower
unbuffered write throughput we were able to achieve on NT4SP6 islikely dueto differencesin the drives
under test, rather than due to differences between NT4SP3 and NT4SP6.
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6 Windows 2000 vs. NT4

Now we contrast Windows 2000 on “old” hardware with NT4 on “old” hardware. As Figure 8 indicates, peak

sequential 1/O performance under Windows 2000 is virtually identical to that of NT4SP6. Read and write
performance, and their associated overheads, are the same as NT4SP6. This holds true with both basic and dynamic
volumes. Just asin NT4SP6, the buffered read performance bug for requests above 64KB is gone.

Windows 2000 NTFS unbuffered write throughput is comparable to NT4SP6. Like NT4SP6, increased write depth
increases throughput up to four deep writes. Beyond that, the deviceis saturated, and additional outstanding

requests do not increase throughput.
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Figure 8 — Windows 2000 Advanced Server buffered and unbuffered throughput on a Basic volume.
These graphs are show the sequential 1/O performance attained using basic volumes under Win2K. Win2K is
shown as having an almost identical performance to NT4SP6. Differences in buffered write performance are
dueto drive banding. Buffered reads under Win2K don’t show adip at 128KB and above as the performance
bug which caused the dip in NT4SP3 buffered reads doesn’t exist in Win2K.
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Two different things are being shown in Figure 9. Thefirst is,
unlike NT4SP3, small 2KB and 4KB unbuffered
asynchronous read requests in Windows 2000 no longer incur
the 33% to 66% performance hit. WCE writes showed similar
results. The second is the significant performance degradation
seen with requests deeper than one-deep. Thisislikely an
artifact of the drive or driver, rather than Windows 2000, as
measurements taken with different drives on different SCSI
adapters don’t show any such degradation in performance.

The new dynamic volumes, introduced with Win2K, have the
same performance curves as basic volumes. Throughputs and
overheads remain the same except for an 8% drop in
throughput for 2KB unbuffered requests. Figure 10 shows
CPU overhead for a dynamic volumeis slightly higher than
that of a basic volume due todmio’slonger code path lengths.
The fixed cost for basic volumesis 50?s per read request and
567s per write request, while the marginal cost is .46?s per
KB read and .517?s per KB written. The fixed cost for dynamic
volumes is 58?s per read request and 54?s per write request,
while the marginal cost is.43?s per KB read and .507?s per
KB written.
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Figure 9—Windows 2000 unbuffered
asynchronousreads. Read request depth beyond a
depth of one shows a significant performance hit of
66%. Writes show similar behavior. Thisislikely
due to the drive firmware, and not Win2K. Our
Win2K tests using different drives did not show a
performance penalty. Unlike NT4SP3, at one deep
requests, both reads and writes receive no
performance hit.
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Figure 10— Synchronous unbuffered overhead comparison of NT4SP3, NT4SP6, and Win2K. Although basic and
dynamic volumes under Windows 2000 both attain similar throughput performance, dynamic volumes have a higher
processor cost.
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7 Windows 2000 SCSI I/O Performance

Having compared NT4SP6 with Win2K on the old hardware, we move on to Win2K on the new hardware (see
Table 5): adual 733MHz Pentium |11 processor machine with 10K RPM disks.

7.1 Windows 2000 SCSI Random I/O

Wefirst look at random 10 performance. Although this paper is primarily focused on sequential 1/O, no discussion
of the 10 subsystem would be compl ete without some discussion of random 1/O.

The Quantum Atlas 10K disks showed good unbuffered random 10 performance. Both basic and dynamic volumes
had the same results. When we increased the number of disks, the number of 10s per second increased linearly with
additional drives.

We used SQLI0 to randomly read 8KB blocks from files that each filled an 18GB Quantum SCSI disk. Figure 11
shows that as the request depth increases, the driver and the disk drive are able to optimize the arm movement in
order to service the requests more efficiently. One and two-deep requests show the same number of 1Os per second.
Thisis because at one deep, the accesses are random. At two -deep, as the first request comesin and the drive begins
to serviceit, the second request also arrives. Since the driveis already servicing the first request, and must commit
to the second request before it is given the third request, the drive is unable to optimize the movements of its arms so
it achieves only one deep performance. Beyond two-deep requests, the disk is able to optimize by permuting the
order requests are serviced, and so the | O rate increases.

With FS buffering, random 10 performance, like sequential 10 performance, is independent of request depth
because the file system is buffering the requests. The file system serializes multiple read requests into one-deep
gueue of requests for avolume, and the lazy -writer thread also has only one outstanding request. FS buffering
improved read performance, but lowered write performance. With FS buffering, the number of 1Os per second on
reads improved by afactor of two compared to aone deep read. The disk is spinning at 167 revolutions per second,
and the disk is performing 220 reads per second (see Figure 11). So, it seems that the reads are being sorted and
achieving about 1.3 8KB 1Os per revolution. Buffered random writes per second of about 110 10psis comparable to
the 1-deep unbuffered random write throughput (see figure 11). Figure 11 doesn’t show the high the fact that each
buffered random write is actually a 64KB random read and then an 8KB write.  When abuffered write request is
received, the cache manager memory maps a 256K B view into the file. It then pagesin the 64KB frame continuing
the changed 8K B, and modifies that 8KB of data. This means that for each buffered random write includes one or
more 64KB reads. Theright side of Figure 11 shows this 100% IO penalty.
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Figure 11— Win2K singledisk random 10s per second. The Quantum Atlas 10K drives showed good unbuffered
random | O performance. When FS buffering is used, there is a significant 66% improvement in the read 10/s rate
(compared to the one-deep rate), but the write |O/s suffers from the additional read. Win2K sorts requests to optimize
disk arm movement. These measurements were all taken with WCE.
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Figure 12 shows that processor cost per MB for 8K B buffered random requests is about 20ms for reads and 35ms for
writes. For random writes, the additional cost of the additional read for each write is reflected by the write overhead
being almost double that of the read overhead.

Unbuffered random reguests cost much less than their buffered counterparts. Unbuffered requests averaged slightly
over 9ms per MB on both writes and reads. This cost issimilar for 2, 3, and 4 disk configurations.
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Figure 12— Buffered and unbuffered random | O overhead. Random 10 overhead for unbuffered requests remains low
for random unbuffered requests. Buffered random requests are more than twice as expensive than unbuffered requests for

reads, and over four times as expensive for writes. The additional read that each buffered random write generates causes the
cost of doing random buffered writes.
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7.2 Windows 2000 Out-of-the-Box Sequential Buffered SCSI Throughput

Next we measure the performance of Windows 2000 when sequentially reading and writing SCSI disks. Riedel’s
graph of NT4SP3, the left graph of Figure 13, is of measurements taken on a slower machine with slower disks.
Compared with Riedel’s machine, the “new” test machine's processors have more than seven times the number of
available clock cycles between the two of them and the “new” drives are amost 2.5 times faster. We can learn much
however from comparing Riedel’ s graph to the current measurements since although the vertical scale has changed,
the trend lines remain the same. NT4SP3 shows a much greater disparity between WCE writes and reads.

Basic and dynamic volumes are shown in the middle and right graphs of Figure 13. They have ailmost identical
throughputs. Both buffered reads and writes show good performance for all request sizes. Particularly good
performance was achieved at small request sizes as FS buffering coal esced the requests into 64K B blocks. This
allowed the small requeststo run at disk speed. The only exception to this rule was the case of 2KB writes where the
throughput was slightly less than 11.5MBps with WCE and slightly less than 7MBps without WCE. Thisis since,
for each 2KB write, Win2K reads a 4KB page off disk and then merges the 2KB write with it. The 4KB read before
each 2K B write more than doubles the overhead for each request. Even with this additional overhead, buffered 2KB
writes still offered athroughput advantage over unbuffered 2K B writes. Increasing the depth of buffered requests
resulted in minimal performance gains.
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Figure 13— Singledisk buffered throughput. Basic and dynamic volumes show similar performance for buffered reads
and writes. Buffered reads improve throughput for small read and write requests. Unlike unbuffered 4KB, and 8K B requests,
buffered requests at those same sizes run at disk speed. 2KB write requests are the only exception to this: they require a4KB
read before each 2KB write. Buffered writes without WCE plateau at 10MBps. Thisis the same write plateau seen for
unbuffered writes, however the plateau is earlier. Thisis because buffered writes smaller than 64K B are coalesced into 64KB
blocks before they are written to disk. Aswe will show later, at 64K B requests and above, writes without WCE see a
throughput ceiling of 10MBps due to the disk. The left graph’s dip in read performance at requests sizes larger than 64KB is
due to aperformance bug. Win2K does not contain this bug which is why the Win2K graphs show no such dip in their read
throughputs.
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Buffered request processor overheadsin Figure 14 show similar overhead between basic and dynamic volumes with
read and write requests showing similar overheads. Due to read-ahead and lazy writes, much of the actual request
overhead was not being charged to our process. Instead, it was only being charged for the buffer copy.
GetProcessTimes() therefore can significantly under-report the actual cost per request. 2KB write requests for both
dmio and ftdisk can cost more than twice the processor time of larger requests. Thisis due to the extraread and
merge that must take place for such small requests. Total processor cost equal s fixed request cost plus the marginal
cost per byte times the number of bytes per request. Since the overhead is the same per megabyte across all requests
other than 2K B writes, thisimplies that the fixed overhead for each request is negligible while the marginal cost per
byte dominates. On our machine, the fixed cost for both dynamic and basic volumes was 127s. The marginal cost
for dynamic volumes was 77?s per KB read and written while the marginal cost for basic volumes was 67?7s per KB
read and 7?s for each KB written.

In Windows 2000, writes still show a significant penalty for small 2KB requests, but the drop in overhead is much
more drastic compared to NT4SP3 (see Figure 5). There is no significant penalty for small requests except for 2KB
writes which must do aread before each write.
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Figure 14— Single disk buffered overhead. Buffered overheads for both basic and dynamic volumes show little difference.
2K B writes show a significantly higher overhead than reads. Thisis due to the additional 4KB read and merge that takes
place before each 2KB write, effectively more than doubling the request overhead incurred.

Theright graph implies that for dynamic volumes, a single processor saturates at 200M Bps, and two processors
saturate at 400M Bps given 5ms of processor time per MB with 64K B read requests. For writes, one and two
processors saturate at 125M Bps and 250M Bps respectively given 8ms per MB written with 64K B requests.



7.3 Windows 2000 Unbuffered Sequential SCSI Throughput

Figure 15 shows the almost identical performance between basic and dynamic volumes with WCE on one-deep
unbuffered sequential requests. As synchronous requests are one deep from the standpoint of the disk, one-deep
asynchronous and synchronous requests have the same results unless otherwise noted. We will show later in the
paper that dynamic volumes have aslightly higher processor overhead than basic volumes. Despite this increased
processor overhead, we did not see any effect on unbuffered throughputs on our test machine. This was dueto the
imbal ance between the processor and the disks. On our unloaded machine, the processors are easily able to handle
the increased workload of dynamic volumes. Regardless of whether basic or dynamic volumes are used, large
requests with WCE combine to provide optimal performance.

A sizable 30% improvement is seen for 2K B reads on two-deep and greater read requests over one-deep requests. At
one-deep read requests, the throughput is 17.7MBps, while at two-deep and above the throughput is just slightly
under disk speed at 23MBps. Thisis due to additional pipelining: the amount of time that the disk sitsidleis
decreased. The computer works to try to ensure that one request is always ready for the disk. There was no
improvement for increased write depth. The plateau on writesis an artifact of the disk drive and is explained later.
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Figure 15— Single disk unbuffered WCE throughputsfor basic and dynamic volumes. Basic and dynamic volumes
have similar unbuffered WCE throughput. For clarity, three, four, and eight deep reads have been omitted from these
graphs as their results were identical to that of two deep. Similarly, two, three, four, and eight deep writes and WCE writes
have also been omitted, as they were identical to the one deep results. Dynamic volumes have up to 25% more overhead
than basic volumes at small request sizes. At 2KB requests, basic volumes show a 10% higher throughput when compared
to dynamic volumes. Throughput for reads deeper than one-deep show improved throughput due to increased parallelism.
Unbuffered writes show no improvement from increased request depth. The write plateau is a property of the disk, as
explained later.
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Small requests (2KB and 4KB) are expensive: 2KB requests show an overall 40% utilization across both processors
in Task Manager. Small reads on dynamic volumes have more CPU consumption than small requests on basic
volumes, asthe fixed overhead per request is higher. Figure 16 shows as request size isincreased, the differencein
overhead between basic and dynamic volumes decreases. Thisimplies that dynamic volumes have a higher fixed
cost per reguest than basic volumes, but the incremental costs per byte thereafter are similar. Our measurements
support this theory, as the fixed cost for reads on a basic volume was 507?s per request. There was a marginal cost of
.487?s per KB. For dynamic volumes, the fixed cost was 58?s per request while the marginal cost was .43?s per KB.
Dynamic volumes have a higher overhead per request, but as the fixed request overhead gets amortized over more

bytes, the overheads between dynamic and basic volumes become similar. Still, buffered 10 has twenty times more
processor consumption than unbuffered 10.
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Figure 16 — Windows 2000 unbuffered over head. The fixed overhead for requests on dynamic volumesis higher than that
of basic volumes. At small request sizes, this overhead becomes more predominant causing dynamic volumes to be more
expensive. This may be related to the increased throughput of basic volumes over dynamic volumes on small 2KB and 4KB
reguests.




7.4 Windows 2000 Multiple SCSI Disk Performance

In this section, we explore the effects of multiple disks and striping. Striping improves performance through creating
alargelogical volume out of smaller disks by interleaving fixed size blocks among the actual disks. Wefirst created
atwo-disk RAIDO stripe set using the Win2K built-in software RAID support. In Windows 2000, the default block
sizeis 64K B. Since blocks are interleaved, sequential requests are optimal for taking advantage of the additional
parallelism afforded by multiple disks. In atwo-disk configuration, the first request can go to the first drive,
followed immediately by a second request going to the second drive. With two drives streaming data off disk at the
same time, the potential throughput is doubled. As Figure 17 shows, adding an additional drive doubles throughput
for requests larger than 4KB. Small requests don’t benefit from additional drives without increased request depth as
they don’t allow the system to take advantage of the additional parallelism provided. Thisis due to the disks being
interleaved in 64KB chunks. For a small request of 2KB for exanrple, thirty-two requests must be issued before we
reach the next chunk on the next drive. This effectively serializes access to the disks since, with 2KB requests, the
system is spending most of itstime accessing only one disk at atime.

Because Windows 2000 can only create dynamic volume stripe sets, and since basic and dynamic volumes show

little difference in performance for simple and striped volumes, dynamic volumes were used for all the
measurements below.
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Figure 17— Oneand two disk stripped unbuffered throughput. Two disks show a doubling of throughput over
that of one disk with three deep requests. The drives are still the main bottleneck. The write plateau is an artifact of
the Quantum Atlas 10K disk controller and the controllers of someother drives.




As more drives are added, limitations in other parts of the system become more critical. Each disk is capabl e of
approximately 25MBps. With three disks, there should be 75MBps of bandwidth if disks were the limiting factor. At
four disks, there should be 100M Bps of bandwidth. However, the host bus adapter and the PCI bus soon become the
limiting factor. Figure 18 shows three drives peaking at 73MBps and four drives at 87MBps. The controller could
only handle 50M Bps on writes which lead to marginal peak throughput gains of 2.5MBps and 2.8MBpsfor athird
and fourth drive respectively. We tested PCI bandwidth by reading directly from disk caches, eliminating media
speed as afactor. 87MBps was the maximum PCI bandwidth that we were able to achieve at 64KB requests. Due to

this PCI limitation, adding more than three drives on our system gives little to no appreciable additional sequential
1O read performance.
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Figure 18— Three and four disk striped unbuffered throughput. As more disks are added, additional performance
gains are no longer alinear 25M Bps per disk. A third disk adds an additional 20M Bps while afourth disk adds only
10MBps. The system is now becoming limited by the PCI bus limit of 87MBps and unable to take full advantage of

the increased raw disk bandwidth. The 50M Bps plateau for writesislikely due to the host bus adapter rather than the
PCI bus.

Dueto testing constraints, the four-disk configuration was tested on three dynamic volumes and one basic volume
using SQLIO for striping. Despite the mixing of disks, since basic and dynamic disks have shown littleto no

differencesin actual throughput, our comparison of striping done across dynamic and basic disks to striping on just
dynamic disksisstill valid.
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Win2K’s dmio striping shows very little overhead. Compared with processor overhead on a single disk, striping
across multiple disks costs close to nothing in processor overhead. Even with three disks running almost at PCI bus

saturation, the processor shows no significant additional load. The fixed and marginal costs incurred for three striped
diskswas virtually identical to that of the one disk configuration.
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Figure 19— Onedisk and three disk striped dynamic volume unbuffered overheads. The graphs above were

measured using GetProcessTimes(). They show disk striping on dynamic volumes adds no additional overhead for
unbuffered requests.
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8 Windows 2000 IDE I/O Performance

In the introduction, we showed how | DE disks are substantially cheaper than SCSI disks per GB of capacity and per
disk arm. In these next sections, we look at IDE performance to see what these inexpensive drives are capable of .

8.1 Windows 2000 IDE Random I/O

Unbuffered 8K B requests randomly spread across the entire drive delivered approximately 100 10s per second using
32-deep requests. At 5400 RPM, thisis 1.1 10s per revolution, the same number we saw from tests on our 10K RPM
SCSl drives. Asthe request depth increases from 1 to 32, the driver, controller, and the disk drive are able to
optimize the arm movement in order to service the requests more efficiently. One and two-deep requests show 66

I Os per second for reads and 92 10s per second for writes— 37% lower on reads and 12% lower on writes than that
of asingle SCSI Quantum Atlas 10K drive. Thisis because at one-deep, the accesses are random with an average
servicetime of 15msfor reads. At two-deep, as soon as the first request comesin, the drive beginsto service the
request. The second request arrives after the drive has been committed to servicing the first request, eliminating the
possibility of reordering. The net result is read performance equal to one deep performance. Beyond two-deep read
requests, the controller is able to optimize the order in which requests are fulfilled, and so the read 1O rate gradually
increases. Writes are buffered by WCE, hence 1-deep requests in the file system are potentially very deepinthe
controller. The controller can sort the random write requests, and so get shorter average seek times.

Random 10 performance isintimately linked to drive latency. Each time the heads seek to a new track, they must
wait for the right sectorsto travel under the drive head. Aswe increase the number of RPMs, the drive latency
decreases so the drive waits for a shorter period of time before the desired sectorstravel under the drive head.
Considering that a 5400RPM drive rotates 46% slower than a 10K RPM drive, it is easy to see the effects of rotation
rate. Similarly, the Quantum Atlas 10K had an advertised seek time of 5.0ms while the Quantum Fireball’s
advertised seek timeis 9.5mswhich is 48% slower. The Atlas 10K SCSI driveis about two and a half times more
expensive than aFireball IDE drive, so IDE turns out to be cheaper in terms of 10s per dollar. At $209, the Quantum
Fireball costs $3.17 per KAPS (kilobyte access per second) while the Atlas 10K costs $534 or $5.09 per Kaps. The
number of 10s per second scales linearly with the number of drives, so two and a half drives would give us 2.5* (66)
| Os per second or 165 1 Os per second. Compared with the 105 10s per second achieved on an Atlas 10K, for the
same amount of money, you get 57% more | Os per second than asingle SCSI drive.

Drive Random 8KB Dollars per KAPS
10s per second

Quantum Atlas 10K (10,000 RPM) 105 read $5.09
105 write

Quantum Fireball 1ct08 (5,400 RPM) | 66 read $3.17
90 write

Table9— SCSI and IDE random 10 performance.

Indeed, when we tested a Maxtor 40GB DiamondMax™ drive that spins at 7200 RPM, we saw 107 random reads
per second. This $250 drive comes closer to the random read performance of the 10K RPM SCSI drives. However,
its write performance suffered with only 58 random writes per second. Thisis likely due to poor controller
performance in the Maxtor hampering WCE write performance. In other tests we found that the Maxtor had poor
performance on its outer 5GB as it was missing revolutions due to aslow controller. Performance improved on the
inner bands as the media speed decreased and the controller was able to keep up.
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With file system buffering, random 10 performance, like sequential 10 performance, isindependent of request
depth. For buffered reads and writes the file system serializes requests into one-deep requests. For buffered reads,
the cache manager is apparently scheduling requests. With FS buffering, the number of 10s per second on reads
doubled compared to a one deep unbuffered read. Thisis comparable to the gap on asingle SCSI disk. Thedisk is
spinning at 90 revolutions per second, and the disk is performing an average of 120 writes per second (see Figure
19). So, it seemsthat driver, controller, and drive are sorting the writes and achieving about 1.3 8KB 10s per

revolution.
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Figure 20— 8K B random 10s per second vs. request depth. Random 10 performance is dependent upon the disk
RPM. Compared with a10K RPM Atlas 10K SCSI drive, the 5400 RPM Fireball IDE drive has 46% fewer RPM, a
decrease similar to the decrease in 10s we measured across the two drives. The Atlas 10K however, costs more than
two-and-a-half times the cost of asingle IDE drive. Interms of 1Os per second on asingle disk, SCSI is better, but

for 10s per dollar, multiple IDE drives have 57% more | Os than a single SCSI drive for the same amount of money.

Buffered random 10 for IDE is similar to that of SCSI. Reads cost 22ms per MB on average, while writes cost 35ms

per MB. The higher overhead for writesis again due to the cost of the extraread associated with each write request.

Unbuffered random requests cost half to atwo-thirds less than their buffered counterparts. Unbuffered requests
averaged slightly over 10ms per MB on both writes and reads. This cost issimilar for 2, 3, and 4 disk

configurations.
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Figure 21— 8K B random buffered and unbuffered overhead. Buffered random writes are expensive — the
overhead per MB was 270ms compared to 20ms per MB buffered reads. Reads and writes show similar unbuffered

overheads at 12ms per MB.
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Multiple IDE drives provided near linear gains with each additional drive. With four disks at a request depth of one
per disk, we were able to achieve over 262 10/s for reads and 358 1 O/s on writes. We measured the peak number of
I Os per second possible in the system by sending random requests to each of the disks.
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Figure 22— Windows 2000 Multiple IDE disk 10s per second.

Aswith SCSI, the number of |Os per second

scales linearly with the number of IDE drives are added to the system. The request depths shown above are the

reguests outstanding per drive.
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Figure 23 shows unbuffered random KAPS for two disks along with atwo disk RAIDO stripe set. Unlike Figure 22,
the request depths shown are the total number of 1Os outstanding instead of the number per drive. Thus, afour-deep
request depth in Figure 23 is equal to two-deep per drive for two disks, or one-deep per drive for four disks. The
point to notein Figure 23 is that adding additional disksto a stripe set does not result in linear gains. Thisis
because, unlike the case in Figure 22, random requests aren’t being sent to each disk individually but rather to a
singlelogical volume. Thus, parallelism isn’t guaranteed. When sending two random requests to alogical volume,
thereis a50% chance that both requests will go to the same drive rather than separate drives.
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Figure 23— Windows 2000 Multiple I DE disk random |10Os per second: RAIDO vs. peak |10s per second. The
graph on the left shows the peak number of 10s per second available in atwo disk system. We measured peak
number of 10s per second by issuing requests to each of the disksindividually, ensuring that the workload was split
evenly between the two disks. The request depth shown on the |eft graph is per disk. The right graph shows the 10s
per second achieved with the two disksin a RAIDO stripe set. The request depth shown istotal number of
outstanding requests, not per disk. RAIDO shows lower |Os per second than the peak 10 rate. Thisis due to the fact
that the workload is not evenly split evenly between the two disks. For two deep requests, there is a 50% chance that
both 10swill go to the same drive, leaving the other drive idle. When both requests go to asingle disk, we lose the
parallelism of having that second disk which reduces our overall number of 10s per second.




8.2 Windows 2000 Out-of-the-box Sequential Buffered IDE Throughput

Figure 24 shows buffered sequential throughput on both a Quantum Atlas 10K SCSI drive on an Adaptec Ultral60
SCSI controller and a Quantum Fireball 5400 RPM IDE drive connected to a 3ware controller. Despite having half
the rotational rate of the Atlas, the Fireball is able to achieve about 80% of the Atlas’s throughput — more than
19MBps. Thisis dueto the Fireball having a higher areal density than the Atlas. Thus, the lower rotational rate of
the Fireball is offset by a greater number of bits per inch.

There are no surprises here; the buffered throughput trend lines of the IDE drive are similar to that of SCSI drives.
Both buffered reads and writes showed good performance for all request sizes and are able to achieve disk speed.
Particularly good performance was achieved at small request sizes as FS buffering coal esced the requestsinto 64KB
blocks. Thisallowed the small requeststo run at disk speed. The only exception to this rule was the case of 2KB
writes where the throughput was slightly less than 5SMBps with WCE. This was because for each 2KB write, Win2K
reads a 4KB page off disk and then merges the 2KB write with it. The 4KB read before each 2KB write more than
doublesthe overhead for each request. Even with this additional overhead, buffered 2KB writes still offered a
throughput advantage over unbuffered 2K B writes. Increasing the depth of buffered requests resulted in minimal
performance gains.
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Figure 24— Windows 2000 SCSI and I DE buffered sequential 1O performance. Despite having half the rotation
rate, the IDE drive compares favorably to its more expensive SCSI cousin. 2KB writes show the characteristic

performance penalty. The IDE drive shows slightly more than half the throughput of its SCSI counterpart for 2KB
writes.




As shown in Figure 25, buffered request processor overheads are similar for both SCSI and IDE. Thisis expected
since requests for both the SCSI and IDE drives were offloaded to hardware controllers: an Adaptec Ultral60/m

SCSl controller and a 3ware 3W-5400 controller respectively. Differences between the SCSI and IDE overheads are
due to differencesin their respective drivers.

Dueto read-ahead and lazy writes, only part of the total request overhead is being charged to our process. Instead,
the processis just being charged for the buffer copy. Therefore, measurements taken with GetProcessTimes()
under-report the actual number of processor cycles used. A soaker process was needed to include cycles used by the
cache manager into account. That process measures the “free” time, and so can measure the entire system overhead
being consumed on behalf of SQLIO. Figure 25 shows the results measured by using the soaker.

In Windows 2000, writes still show a significant penalty for small 2KB requests (because they first read the 4KB

page from disk), but the drop in overhead is much more drastic. There is no significant penalty for small requests

except for 2KB writes. For small 2KB and 4K B requests, buffered requests show a lower overhead than unbuffered

requests due to request coalescing. The 8KB request size isthe breakeven point; at request sizes greater than 8K B,

unbuffered requests have alower overhead than buffered reguests. The resulting equation is approximately:
Cpu_cost = 12us + RequestSize* .8ns + (Request_Sze/64KB)* 451s.

Thefirst term isthe cost of calling the buffer manager, the second term is the cost of the memory copy, the third
term isthe amortized cost of the lazy writer.
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Figure 25— Windows 2000 buffer ed sequential overhead. Both SCSI and IDE have similar buffered overheads.
Thisis expected since both offload much of the |O processing on to a separate controller card. 2KB writes show a
significantly higher overhead than reads. Thisis dueto the additional 4KB read and merge that takes place before

each 2K B write, effectively more than doubling the request overhead incurred. Due to request coal escing, requests

smaller than 8KB actually have less overhead with FS buffering enabled. For requests larger than 8K B, unbuffered
requests have alower overhead.
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8.3 Windows 2000 Sequential Unbuffered IDE Throughput

Figure 26 shows single disk unbuffered throughput across both a SCSI and an IDE disk. Like buffered throughput,
unbuffered throughput on the Fireball IDE drive shows good sequential performance. At one deep requests,
maximum disk throughput is attained at read requests of 16KB or more and write requests of 64KB or more.
Optimal throughput is reached through two-deep reads and one-deep writes (except on the 3ware card which

required two-deep writes) which both attain disk speed at 8KB requests. Increased depths showed no additional
improvement in throughput.

Unlike the unbuffered SCSI throughput, | DE read throughput suffers at small 2KB request sizes. Thisis an artifact
of the 3ware card and not of the Fireball drives. As Figure 26 shows, when the Fireball IDE drive is connected to the
motherboard’ s IDE channel using DMA, small requests show the same general trend lines as SCSI; 2KB read

reguests no longer have the dip seen with the 3ware card. The 3ware wasn’t handling as many 10s per second as the
motherboard IDE channel.
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Figure 26— Win2K SCSI and IDE unbuffered throughput. Likeits buffered throughput, the Fireball’s
unbuffered throughput was very good. The trend lines of the Fireball IDE drive, connected to the motherboard
IDE controller with DMA, were similar to that of the Atlas 10K SCSI drives with two-deep as the optimal depth
of reads, providing disk speed at all request sizes. A depth of one was optimal for writes, providing disk speed at
8KB and larger requests. When the Fireball was attached to the 3ware card, small 2KB reads suffered. The 3ware
card wasn't handling as many 10s per second as the motherboard IDE channel.
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Figure 27 shows both SCSI and IDE unbuffered overheads. Only overhead for an IDE drive connected to the 3ware
card is shown, as unbuffered overhead for an IDE drive connected to the motherboard controller had almost
identical results. Unbuffered overhead for the 3ware card was slightly higher than that of SCSI per request. Each
IDE reguest had afixed cost of 57?s. The marginal cost was .42?s per KB written and .537?s per KB read. This
comparesto afixed cost of 32?s and amarginal cost of .25?s per KB for SCSI.
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Figure 27— Win2K SCSI and IDE unbuffered overheads. As shown above, overhead between SCSI and IDE is
very similar. Overhead for the 3ware card was slightly higher than that of the Adaptec SCSI controller.




8.4 Windows 2000 Multiple IDE Disk Performance

The previous section showed that good sequential performance is easy to obtain with individual IDE drives. Figure
28 shows unbuffered sequential throughput of two IDE drives connected to a 3ware controller. The driveswere
bound together into alogical volume using Win2K’ s software striping.

For sequential workloads, Figure 28 shows that two drives doubl e read throughput and nearly double write
throughput. Reads peaked out at 39M Bps while writes peaked at 35MBps. As Figure 28 indicates, request depths of
four or eight are required to achieve the throughput offered by the second drive. Increasing the number of requests
outstanding enables additional parallelism in the system. With only one request outstanding, only one driveis active
at atime, effectively serializing requests. The exception to thisrule is one-deep requests larger than 64KB in size.
NTFS breaks such large requests into 64K B chunks that are then distributed among the drives. Consequently,

128K B and 256K B requests show the greater throughput of deeper requests as Win2K is dividing the large requests
into multiple 64K B requests and issuing them concurrently.
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Figure 28— Win2K 2 disk I DE software RAIDO throughput. Performance at two disks scales nearly linearly
with the addition of adisk with reads peaking at 39M Bps and writes at 36.5MBps. In order to take advantage of the
parallelism offered by the second drive, deeper requests are required.




One of the features provided by the 3ware card is hardware striping. As Figures 28 and 29 show, the sequential
throughput attained through 3ware’ s hardware striping is ailmost identical to that of Win2K’ s built-in software
striping. The only difference between the two was at one-deep, 64K B requests. For 64K B requests, Win2K had a
throughput of 20MBps for both reads and writes, while the 3ware showed a throughput of 30MBps. Thisimplies at
one-deep 64K B requests, Win2K is still only accessing one disk at atime.
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Figure 29— Win2K 2 disk IDE hardware RAIDO throughput. 3ware’ s hardware striping shows similar

performance to Win2K’ s software striping. Requests smaller than 64K B show decreased throughput since the stripe
chunk size is 64KB. Multiple requests must be issued to a single disk before moving on to the next disk in the stripe.

Figure 30 shows the unbuffered overhead for both hardware and software RAIDO. Both hardware and software
RAIDO have similar processor cost per MB. RAIDO had afixed cost of 577s, and amarginal cost of .46?s per KB
read and .52?s per KB written.
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Figure 30— Hardwar e and Software RAIDO unbuffered overhead. Windows 2000’ s software RAIDO and
3ware' s hardware RAIDO show almost identical results.




When file system buffering is used, Windows coal esces smaller requestsinto 64K B chunks and issues one deep
requests to the disk. Since software RAIDO peaks at 20M Bps for one-deep, 64K B requests while hardware RAIDO
peaks at 30MBps, the peak buffered throughputs matched correspondingly. Riedel found that host-based RAID
controller cards provided performance generally poorer than software RAID. However, given the 3ware card’s
hardware RAIDO has slightly less overhead, almost identical unbuffered performance, and much better buffered
throughput, it is advantageous to use the hardware RAIDO provided on the controller.
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Figure 31— Hardwar e and software RAIDO buffered throughput. In the unbuffered throughput section, we
described how the 3ware’' s hardware RAIDO shows better one deep, 64K B request throughput than Win2K’s

software RAIDO. Since FS buffering coalesces multiple requests into 64K B chunks that are issued one deep to the
drive, thisisreflected in the 3ware’ s better buffered throughput.




Figure 32 shows the unbuffered sequential throughput of three and four Fireball IDE drives bound together using
3ware’ s hardware striping. Like the two drive cases explained earlier, request depth and request size are parameters
that play alargerolein the throughput attained. The larger the two parameters become, the greater the throughput.

At three disks, we begin to reach the PCI bandwidth limitation of the 3ware card we tested. While reads have still
scaled fairly linearly with the number of drives, unbuffered writes have plateau at 40M Bps— an improvement of
only 5MBps over the two drive configuration. For reads, three disks peak at 55M Bps.

At four disks, the 3ware card becomes the limiting factor for sequential accesses. Writes show a IMBps
improvement over three disks, while reads show a negligible improvement. The additional fourth disk addslittleto
overall sequential throughput in our tests on the outer edge of the disk. However, performance at the inner diameter
can still beimproved substantially by the fourth disk. This can be important in video streaming applications where
an important metric is the minimum streaming bandwidth across the entire disk. Although the first generation 3ware
card we tested was limited by its PCI interface, second generation cards no longer have this limitation and additional
drives should result in almost linear gains— up to 98MBps for reads and up to 70 MBps for writes.
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Figure 32— Win2K three and four disk hardware RAIDO unbuffered sequential throughput. With three
drives, reads scale fairly linearly with each additional drive, however writes plateau at 40M Bps. When an additional
fourth drive is added, reads show a negligible increase in performance. The 3W-5400's PCl interface is unable to
keep up with the increased drive bandwidth on the outer edge of the four disks.
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One of the advertised features of the 3ware card is aform of mirroring technology called “ TwinStor” that offers
RAID1+0 read performance using two drives. [Horst] Rather than reading just one drive, TwinStor spreads reads
across both drives to provide RAIDO performance. As the odd-looking left graph shows, TwinStor is very much
dependent upon request size and depth. It is not until there was atotal of 256K B of sequential requests outstanding
did TwinStor give us any benefit. TwinStor achievesits best sequential performance with deep read requests and
large request sizes. On writes, slightly less than single disk performance was achieved.

The TwinStor algorithm intentionally produces this behavior. The firmware examines the request history to
determine if it is mostly sequential or mostly random. Requests smaller than 256K B are treated as random to allow

the second disk to independently service a second request.

Win2K 2 disk 3ware hardware RAID1
unbuffered read
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Figure 33— Win2K two-disk hardware RAID1 sequential throughput. One of the advertised features of the

3ware card isatechnology called “ TwinStor” which offers RAID1+0 read performance using two drives.

However, in order to achieve good rest performance, we had to make deep requests at large request sizes. It is not
until there was atotal of 256K B of requests outstanding did TwinStor give us any benefit. On writes, slightly less

than single disk performance was achieved.




The 3ware card shows good random read 1O performance with its hardware RAID1. Figure 34 shows both RAIDO
and RAID1 unbuffered random performance with 8KB requests. Asthe graph on the right indicates, the additional
request scheduling being done by the 3ware controller has improved random read | O performance significantly over
that of a RAIDO stripe set. At two deep, the 3ware card shows almost linear gainsfrom the second disk. The
additional performanceis due to both drives containing the same data. In the case of aRAIDO stripe set, thereisa
50% chance that both random Os will be for only one of the disks with two requests outstanding. This means for
the second request, half of the time one of the diskswill be idle while the other is busy servicing both outstanding
requests. This can be seen in the left graph as the single disk performance of 66 |O/s only reaches 99 10/s (66 |O/s +
.5* 66 10/s) with two requests outstanding. The RAID1 TwinStor drive however can efficiently dispatch the second
1O 100% of the time to the second disk, making full use of the second set of arms. This can be seen on the right
graph as two-deep requests result in 119 1O/s or close to two times the 66 10/s performance of asingle disk.

With deep queue depths, total random read throughput is higher with TwinStor than with RAIDO for a different
reason: the controller reorders the requests in away that minimizes disk arm movement on both drives. This
produces a more than doubling of random 10 performance on two drives compared to one.

Write performance with TwinStor was similar to that of asingle disk. Thisis due to the cost of mirroring: writing
two copies of the bits uses both drives at the same time. The additional parallelism offered by the second driveis
lost. RAIDO is not subject to this constraint asit lacks data redundancy, so it is able to take advantage of the second
drive.
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Figure 34- Win2K two disk hardware RAID1 random | Os per second. By scheduling read requests to both
drives, atwo disk TwinStor RAID1 array shows better performance than atwo-disk RAIDO array. However, write
performanceis only that of asingle disk as both disks are utilized during writes in order to mirror the bits, so the
parallelism offered by the second driveislost. The RAIDO array is not subject to this constraint, so it is able to take
advantage of the additional disk.




Asshown in Figure 35 below, the overhead measured for hardware RAID1 is similar to the overhead for asingle
disk. Thisis as expected as hardware RAID1 offloads the additional RAID1 processing onto the 3ware card
requiring additional processor cycles. The fixed cost for asingle disk was 57?s, while the marginal cost was .53?s

per KB read and .42?s per KB written. A RAID1 set had afixed cost of 57?s, and amarginal cost of .55?s per KB
written and .607?s per KB read.
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Figure 35—Win2K hardware RAID1 over head. Hardware RAID1 has similar overhead to that of asingle disk.

Thisis as expected as hardware RAID1 offloads all processing onto the 3ware card rather than burdening the
processor.

To repeat, as suggested in Table 6, the next generation of 3Ware host-bus adapters and drivers improve on many of
these results.



9 Network 10 Performance

So far, we have been examining local |0 performance using Windows 2000. As networking and broadband have
become more ubiquitous, file-sharing performance is becoming nore important, even within the home. In this
section, we briefly examine network 10 performance using CIFS, the Common Internet File System. CIFS was
chosen because it is the network file system most commonly used with Windows NT and Windows 2000
installations. This section isabrief overview rather than a comprehensive study of the intricate world of network 10
performance. In our configuration, we measured a point-to-point connection with very low latency. Networks with
greater latency or multiple strearms may see different results.

We connected the new-new Dell Precision 420 to a comparable Dell Precision 410 machine with two 750MHz PIl|
processors and 256M B SDRAM. In order to ensure that the disks on the Precision 410 were not the bottleneck, we
used three Atlas 10K drives and used RAIDO to create a stripe set. Local throughput on the Precision 410 was
greater than that of the highest throughput we were able to achieve through our simple Gigabit Ethernet LAN. We
used two SysKonnect SK-9821 copper Gigabit Ethernet cards and a single crossover cable to connect the two
computers together. Both computers were running Windows 2000 Server with the addition of the alpha versions of
the SysKonnect driversfor the SK-9821. We got a 7% increase in throughput with the following registry key
settings. All testsreported here use these settings:

The keys are al relative to
Hkey_| ocal _machi ne\ Syst eml Current Control Set\ Servi ces\ Tcpi p\ Paranet ers

Maxi munfFranmeSi ze = 9014 /* use junbo franmes
Nunber Of Recei veBuffers = 100 /* use nenory if you need it
Nunber of Transmi tBuffers = 50 /* ditto
Max| RQper Sec = 2500 /* interrupt coal escing

/* and noderation

The tests were run using the same methodol ogy that we applied to local 10. The UNC and mapped drive tests were

run on the new-new machine. The network tests were run on the new-new machine with it as the client and the
Precision 410 as the server. We wanted to see what out-of-box performance we could attain.
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Figure 36 shows both read and write throughput to alocal Quantum Atlas 10K disk using both Universal Naming
Convention (UNC) path (such as\\Ichung\e$) and a network mapped drive (the network share \\Ichung\e$
masguerades as drive F:). Compared with accessing the local drive directly, accessing the disk through UNC paths
and mapped drives gives substantially lower performance — especially if requests are larger than 16KB.

Mapped drives show better read performance than UNC paths at request sizes of 64KB and above. Where our
mapped drive ran at near disk-speed with large requests, UNC reads dropped to the one and two MB per second
range. Asthe request size increased, the throughput decreased. Interestingly, mapped drives showed good
performance at large request sizes, however additional depth caused throughput to decrease. Overall, a depth of two
seemed to be the optimum value for both UNC and mapped drives, reading and writing. For good performance,
drives should be mapped rather than accessed using their UNC paths.

Unlike reads, writes showed disappointing results for both UNC and mapped drives. Throughput increased with
reguest size until disk speed was achieved with 16K B reguests, then suddenly dropped to 2.1MBpswith 32KB
requests, and finally plateaued at 5.5M Bps to 6M Bps— showing conclusively that size does matter!
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Figure 36— A comparison between UNC paths and mapped drives accessing a local Quantum Atlas 10K
drive. Accessing files using both UNC and mapped drives adds additional system layers and overhead to each
request. Compared with single disk results, this resultsin degraded throughput. Although write performance isthe
same for both UNC and mapped drives, read performance differs substantially. For good performance, mapped
drives should be used.
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Accessing local filesthrough UNC and mapped drive paths forces the 10 to go through the network stack despite the
fact that the |O islocal. This combined with some sub-optimal buffering and serialization choices result in poor

performance. Since programs will increasingly be using network-transparent names from the Active Directory, this
will be an increasingly important issue.

The primary cost of UNC and mapped drivesis processor time. Compared with single disk overhead, requests to
UNC and mapped drives can cost ten times more processor time per MB. On our machine, 2KB unbuffered mapped
reads consumed over 71% of both processors. On small request sizes, UNC showed significantly less overhead for
small 2KB writes than on mapped drives. Mapped drives had a fixed overhead of 563us per write request while
UNC paths had afixed overhead of 454ps per write. 2KB reads showed a smaller impact. Asthe request size
increases, both UNC and mapped drives converge to 27ms per MB.
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Figure 37— Unbuffered UNC and mapped overhead. UNC and mapped 10 are expensive, with up to ten times as
much overhead per MB compared with local drives. UNC showed lower overhead than mapped drives for small
requests, however this difference in overheads diminishes with increased request size. Thisimpliesa higher fixed
overhead for mapped drives. We' ve truncated the left graph’s read overhead at the 16K B request size for reads. This
is dueto the large performance degradation that’s seen with UNC reads with large request sizes. Asthe number of

I Os per second dropped to single digits, the error bound on our soaker became larger than the results, so we were
unable to measure that overhead.




CIFS read throughput over Gigabit Ethernet was very good. We were able to achieve over 37.5MBps using
sequential 32K B read requests. At 1GBps, the PAP of Gigabit is 125MBps. In round numbers, the half -power point
is 63MBps. Although we were unabl e to achieve the half-power point, thisislikely due to the PCI bus as our
machines did not reach processor or disk saturation. At 37.5MBps, the server must read from the SCSI controller at
37.5MBps and then write to the Gigabit Ethernet adapter at 37.5MBps. The total bandwidth being used by both
reads and writesis 37.5* 2 or 75MBps, which is nearly the maximum throughput we were able to achieve using
local disks.

Unbuffered write throughput was less than half the read throughput. Using 16K B requests, we were only ableto
achieve 15MBps. With requests larger than 16K B, a performance hit similar to the local UNC case shown in Figure
34 is seen. Thisindicates that the poor write performance may be due in part to the drive mapping translation. In
addition, unlike reads requests that stream data from the server with little acknowledgement from the client, writes
require more handshaking as we observed much higher bi-directional network traffic with writes.

Processor utilization for readsisless per MB than that for writes. Whichever system was having data pushed to it
had the higher overhead. For reads from the server, processor utilization on the server was 28% compared to 32.2%
on the client for 2KB four-deep read requests. For 128K B requests, the server processor utilization was 14% while
the client processor utilization was 23.4%. For writesto the server, the server processor utilization was 11.6% for
2K B writes and 7% for 128K B writes, while the client’ s processor consumption was 6% and 9.3% respectively.
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Figure 38— Unbuffered mapped throughput over Gigabit Ethernet. CIFS read performance is very good: at
37.5MBpsit reaches PCI bus saturation on the server. It islikely that with afaster PCI bus, the throughput would be
greater. Unbuffered writes showed poorer performance, with peak write performance less than half peak read
performance. The curves of the write throughput graph are similar to those of mapped writesin Figure 35.




10 Summary

To summarize:
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(0]

(o]
o

o

Win2K and both SP6 and SP3 of NT4 show similar one-disk sequential 1/0 performance.

NT4SP6 has no performance penalty for small -unbuffered requests. NT4SP3 shows significant penalties for
both unbuffered synchronous reads and unbuffered asynchronous requests.

Basic and dynamic volumesin Win2K produce similar results.

For sequential workloads, 32bit 33MHz PCI is how the major bottleneck. PCI bus saturation can be achieved
with only three disks, a configuration not uncommon on workstation machines.

Random workloads limited by the PCI bus. A PCI bus can handle about 10,000 random |10s per second,
approximately the capacity of 100 disks.

Single disk IDE performance is very good, especially relative to their much more expensive SCSI cousins. Good
performance is easy to attain; the rules for optimizing performance on SCSI drives still hold true for IDE. Although
the 3ware card we tested was hampered by its PCI bus interface and unable to take full advantage of all four disks,
second generation 3ware cards show good PCI performance and no longer have thislimitation.

(0]

(0]

Single disk IDE drives are the clear winner on bang for the buck. For sequential loads, they come very near the
performance of SCSI drives that are more than three times as expensive. On random 10, IDE drives have a 25%
better | Os per second per dollar ratio than SCSI drives.

3ware’s | DE adapter card offers alinear improvement in sequential throughput for reads and good scal ahility
for writes up to three IDE drives. Filling the last slot with afourth drive giveslittle to no improvement in
sequential 10 performance on our outer band measurements due to limitationsin our 3ware card’ s PCI bus
interface. Second generation 3ware cards have no such limitation. Random IO performanceis still good, asthe
throughputsinvolved are much lower so four drives don’t come anywhere near saturating the card or bus.

IDE drives show similar overhead to that of SCSI drives, unlessPIO isused. Avoid PIO asit severely degrades
performance while dramatically increasing processor overhead. DMA is needed for good performance.

Table 10: Summary of the performance and price-performance of SCSI and IDE drives

SCSI: Quantum Atlas IDE: Quantum Fireball

GB/drive 18 26

KAPS/drive (KB accesses/s/disk) 105 78
MAPS/drive (MB accesses/s/disk) 20 15
$/drive 534 209

MB/$ 34 124

KAPS/$ 0.20 0.37

MAPS/$ 0.04 0.07

Network accessto local and remote files has high overhead and some serious performance problems. The good
newsisthat using Gigabit Ethernet, a client can read at nearly 40MBps from a server and can write at half that rate.
But there are many irregularities in the performance curves, and the overheads are quite high.

Table 11. Cpu cost of IOson 733MHz Pentium I11.
Random 8KB Buffered Read 150 ps
WHrite (= 64KB read + 8KB write) 275 s
Unbuffered Read 70 us
Write 85 us
Fixed (us) | Margina (usKB)
Sequential Buffered Read 12 ps 6us/KB
Write 12 pys 7us/KB
UnBuffered Read 50 us 0.5us/KB
Write 50 us 0.5us/KB
Network sequential UNC local Read and write 450 us 450 us /KB
(CIFS/SMB) Mapped local Read and write 560 us 560 us /KB
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