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Abstract

This paper examines the performance of desktop appli-
cations running on the Microsoft Windows NT operating
system on Intel x86 processors, and contrasts these appli-
cations to the programs in the integer SPEC95 benchmark
suite. e present measurements of basic instruction set and
program characteristics, and detailed simulation results of
the way these programs use the memory system and proces-
sor branch architecture. We show that the desktop appli-
cations have similar characteristics to the integer SPEC95
benchmarks for many of these metrics. However, compared
to the integer SPEC95 applications, desktop applications
have larger instruction working sets, execute instructions
in a greater number of unique functions, cross DLL bound-
aries frequently, and execute a greater number of indirect
calls.

1 Introduction

Progress in microarchitecture, memory hierarchy,
and instruction-level parallelism quickly outpaces the
benchmarks that are designed to assess the perfor-
mance of modern computer systems. It is clear
that SPEC92 is aready obsolete. Newer bench-
mark suites such as SPEC95 [SPEC95] and Instruc-
tion Benchmark Suite [Uhligetal. 95] for scientific
and engineering applications, server and commercial
applications [Maynardetal. 94], and paralel applica
tions [Woo et al. 95] have emerged to provide arich set of
insights about application performance characteristics from
a UNIX-based batch application environment. However,
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most of the world's personal computers and workstations
run some flavor of the Microsoft Windows operating system
on Intel x86 processors. Moreover, most of these comput-
ersrun personal productivity and entertainment applications
rather than engineering or server workloads.

Recently, there has been some progress in understand-
ing applications running under the Windows NT operat-
ing system. [Chen et a. 95, Endo et a. 96] have looked at
the characteristics of different operating systemsrunning on
top of the Intel x86 processors using performance counters.
[Perl & Sites 96] have measured the memory performance
of three Windows NT applications (a SPEC application, a
compiler back-end and a database application) running on
the DEC Alpha platform. However, no clear picture of the
execution characteristics of desktop applicationsrunning on
Windows NT on the x86-platform has been published.

This paper makes two contributions. First, it character-
izes a set of instruction and address traces from the runs of
five common desktop applicationsrunning on WindowsNT.
Second, using these traces, it compares these desktop ap-
plications to the SPEC95 applications from the perspec-
tive of the processor architecture and memory system. Our
traces were generated using Etch, a binary instrumenta-
tion engine developed for Windows NT on the x86 plat-
form[Romer et a. 97].

There are some obvious qualitative differences between
desktop applications and traditional benchmarks that intu-
itively suggest differences in hardware utilization and pro-
gram behavior:

e Desktop applications are interactive. The execution
path of interactive programs may be less predictable
than the paths of batch applications since the user pro-
videsinput that directs execution during the lifetime of
the application.

o Desktop applications are graphical. While traditional
benchmarks output their results in a text file consist-
ing of a few pages of output, many desktop applica-
tions draw tens or hundreds of graphical widgets and
pictures to the screen in addition to generating more
conventional output.

e Desktop applications are feature rich. While tradi-
tional benchmark applications often perform a single



task, most desktop applications support many func-
tions in addition to their main task (e.g., drawing
graphs in Powerpoint). These features lead to bigger
binaries and make procedure calls across the address
space more likely.

o Desktop applications tend to be multithreaded both as
a structuring mechanism and as a way of hiding long
latency operations from the user.

e Desktop applications tend to more heavily use shared
system libraries (Dynamic Linked Libraries or DLLS)
to capture commonly used functionality, both as away
of saving memory and disk space, and of presenting a
uniform “look and feel” to the user.

Whether these differencesin qualitative propertiestrans-
late into significant quantitative dissimilarities in program
behavior characteristics and architectural performanceisan
open question. For example, one could expect interactive
applications that use many different DLLs and an increased
level of multithreading to exhibit worse locality than batch
applications. Graphical output might also involve larger
code and data working sets, thus influencing the memory
hierarchy performance.

Our results show that desktop applications differ from
SPEC95 integer applications in two important ways: Firgt,
desktop applications have a bigger instruction working set
size dueto the fact that they tend to call agreater number of
distinct functions. Second, the desktop applications tend to
execute many more indirect calls. However, in many other
respects the desktop applications are similar to the SPEC95
benchmarks.

The rest of the paper is organized as follows. Section 2
describes our methodology. Section 3 describes the ap-
plications in our benchmark suite and considers their high
level application characteristics. Section 4 presents mea-
surements of these applicationswith traditional architecture
metrics for cache and branch prediction behavior. Finally,
Section 5 summarizes our findings.

2 Methodology
2.1 Etch

We use Etch [Romer et al. 97], a binary instrumenta-
tion engine for the x86-Windows NT platform, to gather
user level traces. Etch alows a user-provided instru-
mentation module to insert arbitrary code at well-defined
points in the binaries. For our study, we use Etch to
insert calls to tracing routines at each instruction and
at each load and store; Etch provides instruction ad-
dresses of the original unetched binary and load-store ef-
fective addresses when it calls our tracing routines. The
techniques used by Etch are very similar to those em-
ployed by other static instrumentation engines such as

QPT [Larus& Ball 92], EEL [Larus& Schnarr 95], and
Atom [Srivastava & Eustace 94].

To ensure that we had consistent input to an ap-
plication across al our metrics, we wrote a Visua
Test [Rational Software Corporation 96] script for each
desktop application. We then gathered traces on a single
machine in order to eliminate the effects due to the differ-
ences between the states of different machines (e.g., the lo-
cations and versions of shared libraries).

Aside from containing instruction, data, and branch ad-
dresses, the traces a so include additional information about
the current state of the program: which module, procedure,
and thread is currently executing. This extrainformationis
meant to aid in associating high level application behavior
with low-level architecture metrics.

2.2 Limitations

This subsection discusses the limitations of our method-
ology and caveats for the reader to be aware of when inter-
preting the numbers presented in this paper. These limita-
tionsfall into two broad categories: limitations of Etch and
limitations due to the nature of software instrumentation.

Although Etch can instrument most NT hinaries, it
currently does not understand kernel drivers and occa
sionally fails to instrument some DLLs (These DLLs
either have hand-coded assembly routines or communi-
cate with other processes through well-known addresses).
To quantify the extent of these limitations we used
VTune [Intel Corporation 97], a PC sampling tool from In-
tel to determine if we were missing a significant fraction
of the instructions from unetched modules. Using VTune,
we determined that the kernel driver responsible for graph-
ics and windowing functionality (win32k.sys) constitutes
from 15 to 30% of the application total instruction count
for a given application run. Given this, and the general
rule of thumb that operating system code has less locality
than application code, our numbersfor cache missrates and
branch predictability should be interpreted as being opti-
mistic. Running V Tune on our benchmarks also show that
we miss less than 1% of executed user-level instructions.

Using software instrumentation to gather traces also
presents a series of issues. First, software instrumentation
tools insert code into the binary and thus change the ad-
dresses seen by the CPU [Srivastava & Eustace 94] (for our
tracing tool, Etch expandsthe size of the code by afactor of
32). Etch compensates for this by sending the instruction
addresses that came from the original unetched program
to the tracer rather than the address of the etched binary.
A similar mechanism is used to fix references to data ad-
dresses in the module itself. Heap addresses, though, are
offset due to the increased size of the binaries. The ad-
dresses should just be a fixed offset off of the original heap
so cache results should still be valid since the indices de-
pend on the low order hits.

Second, tracing slows down the application significantly.



Application

Description

Instructions
Executed
(millions)

acrord32

Adobe Acrobat Reader 3.0: Reader for portable document format (PDF) files. The benchmark loads
acrobat.pdf (a 277 KB file) from the standard acrobat reader distribution, and navigates through the
document three different ways: through the hyperlinks in the document itself, through the forward
and back button provided by acrobat reader, and through a view of the document outline provided by
acrobat reader. Finally, the benchmark searches for the word “buy” in the document before closing the
program.

408

netscape

Netscape Navigator 3.1 web browser. The benchmark opens four web pages:
www.cs.washington.edu, www.cnn.com, www.mtv.com, and www.washington.edu.

These pages were viewed on March 18, 1998. The java module for netscape was turned off because
Etch does not handle the dynamically generated code generated by the java just-in-time compiler.

92

photoshp

Adobe Photoshop 4.0 image editing package. The benchmark loads fruit.jpg (2 591 KB still-life pho-
tograph of fruit) from the standard distribution and applies the color pencil, accented edges, diffuse
glow, and add noise photo filters to the image.

1,511

powerpnt

Microsoft PowerPoint 7.0b dlide preparation package. The benchmark loads in a 311 KB 18-page
presentation (the presentation included five pages of graphs and six pages of figuresin addition to text)
in slide mode, scrolls through 3 pages, edits a figure, and continues scrolling through until the end of
the document. The benchmark then goes into the outline mode and creates a new page and goes back
into the slide mode to move text around. Finally, the benchmark goesinto slide sorter mode and moves
some dlides around.

209

winword

Microsoft Word 7.0 word processor. The benchmark simulates a user typing in seven paragraphsin an
eight page document (document size is 29K). The benchmark then performs four search and replace
commands on the document before saving a text version of the file. The interactive spell checker was
turned on.

351

compress

SPEC95 version of the UNIX compress utility. The benchmark generates afile of agiven size using a
random number generator then compresses and decompresses the file. The measurements were for a
file of size 136K.

403

gcc

SPEC95 version of the GNU C compiler (version 2.5.3) which takes a preprocessed source file and
cornverts these into Sparc assembly. The input to gcc was ceep.i from the test directory in the SPEC95
distribution.

1,158

go

SPECO5 version of the game of go. The benchmark was run with a play level of 40 and a 10x10 board
size.

315

perl

SPECO5 version of the popular Perl interpreter (version 4.0.1.8). The benchmark was run with jum-
ble.pl and jumble.in from the test directory in the SPEC95 distribution.

2,013

vortex

SPECO5 version of asingle-user object-oriented database transaction benchmark. The input to vortex

2,147

was the database and schema provided in the test directory in the SPEC95 distribution.

Table 1. Benchmarks used for this study. The SPEC95 applications were compiled with Microsoft Visual C++ (MSVC) 4.2 using
the makefiles from the distribution. The traces of these gpplications were produced on a dual Pentium Pro 200 system running

Windows NT Workstation 4.0 service pack 3.

For a small application, the traced application runs about
85-100 times slower than the original. For most applica-
tions, running slower means that external events like user
input, disk 1/O, and screen refreshes appear to complete
faster [Eggerset a. 90]. We cope with this time dilation
effect in two ways. First, our scripts feed commands to
the application based on the response from the application,
so the effect on the rate of user input should be minimal.
Second, since most of the applications are not disk inten-
sive and would wait for screen refreshes anyway, the ef-
fect due to “faster” disk and video subsystems is minimal.
The only exception here is thread preemptions. Applica-
tions running slower means that thread preemptions happen
more frequently. However, 4 of the 5 desktop applications
spent greater than 97% of their timein a single thread, sug-
gesting that preemptions were rare.

3 Application Characteristics

This section first describes the five desktop and the five
SPEC95 integer benchmarks used in this study. We con-
trast their overal characteristics, namely the size of their
executables and the use of DLLs. We then look at the im-
plications of the execution environment provided by Win-
dows NT (i.e., the use of multithreading and the presence
of shared DLLSs). In the third part of this section, we
look at instruction set and program structure characteris-
tics at a level closer to the architecture. We look at mea-
sures such as proportion of load/store instructions, basic
block lengths, control flow instructions, and function char-
acteristics. The numbers here do not directly measure the
performance of the programs on any specific architecture,
rather they broadly characterize the applications and point
out similarities and differences between the desktop and the
SPEC95 applications.



3.1 TheBenchmark Suite

We measured five Windows NT applications that repre-
sent a variety of different tasks commonly performed on
desktop computers. Table 1 gives the description of these
applicationsaswell asthat of the SPEC95 programsthat we
used for comparison purposes. Table 2 presents the charac-
teristics of the object files that compose the different appli-
cations. Windows NT applications are composed of the ap-
plication binary, shared system DLLs, and application spe-
cific DLLs.

Thefirst striking difference between the desktop and the
SPEC95 applications is that the desktop applications have
much larger executable file sizes: from 3 to 10 times larger
than the SPEC95 applications. Thisis to be expected as the
desktop applications tend to have more features which re-
sultin larger code sizes. The second major differenceisthat
desktop applications make extensive use of DLLS, many of
these shared with other applications, while the SPEC95 ap-
plications do not. The desktop applications tend to use on
average 30 DLLs, increasing their memory footprint by a
factor of three. Each application used between 21 and 25
shared system DLLs, the remaining ones being application
specific. These shared system DLLs contain functional-
ity commonly used in different applications, including ac-
cess to operating system services, user interface functions,
a graphics library, networking, a user interface library, and
aCruntimelibrary. On averagethe shared syssem DLLsare
about 212 KB in size, contributing approximately 4 MB to
the memory footprint of the application. In contrast, the
SPEC95 applications incorporate only two system DLLs
contributing 727 KB to their memory footprint. The larger
binary sizes of the desktop applications may lead to more
function calls that cross page boundaries and conflict in the
instruction cache.

3.2 Impact of Execution Environment

The desktop applications make extensive use of the ex-
ecution environment provided by Windows NT. Program-
ming to the services provided by this environment makes
the desktop applications different from the SPEC95 appli-
cations in two respects. desktop applications are multi-
threaded and they use DL Ls extensively.

To determine the potential impact of threads on appli-
cation performance, we counted the number of instructions
executed by each thread in the program. Table 3 shows the
distribution of instructions among different threads in each
application. With the exception of powerpnt, very little is
done outside of the primary thread, so we expect minimal
impact on performance due to resource contention among
the threads.

Table 4 shows the distribution of instructions across the
application binary and DLLs. As shown, the desktop appli-
cations execute an average of 11% of their instructions in
three system DL Ls (user32.dll, gdi32.dll, and kernel 32.dll).

Application | Executable | Sizewith | #DLLsused
Size(MB) | DLLs(MB) (shared)
acrord32 2.26 9.73 | 34 (29
netscape 317 995 | 28 (29
photoshp 3.65 135 | 44 (25)
powerpnt 4.36 125 | 26 (21)
winword 3.78 112 | 26 (21)
compress 0.122 0849 | 2 (2
gcc 1.15 18| 2 (2
go 0.295 102 2 (2
perl 0.323 105 2 (2
vortex 0.570 130 2 (2

Table 2. Application object file characteristics. Desk-
top applications have larger executable file sizes than the
SPEC95 benchmarks. The total footprint (size with DLLS)
of the desktop applications is even larger. The desktop
gpplications use an average of 30 DLLs with over 20 of
them being shared across all applications. The SPEC ap-
plications only used kernel32.dll and ntdll.dll. Even if the
SPEC benchmarks were linked with the shared C library
(msvcrt.dil), this would have only increased the tota foot-
print of each application by 281 KB.

Application | # of Prim | Thread | Thread | Others

Trds | Trd(%) 2 (%) 3(%) (%)
acrord32 3 98.63 1.37 0.00 -
netscape 4 99.58 0.26 0.16 0.00
photoshp 5 97.16 284 0.00 0.00
powerpnt 8 78.93 18.38 2.56 0.14
winword 3 99.92 0.08 0.00 -

Table 3. Thread instruction distribution. Nearly all in-
structions are executed in the primary thread.

While the execution stream of the programsreside mostly in
the applications and application specific DLLS, the effects
of these three system DL Ls cannot be ignored.

To determine how DLLs are used by applications, we
looked at the length of time spent inside DLLs. DLL calls
are more expensive than calling statically linked functions:
i) Unlike regular function calls, DLL calls areimplemented
as indirect function calls; ii) DLLs are shared between ap-
plications, so improving instruction locality through tradi-
tional reordering algorithms [Pettis & Hansen 90] is more
difficult; and iii) the caller and callee must live in different
pages in the address space (as DLLs are aligned on page
boundaries). Frequent crossing of DLL boundarieswill re-
quire pages from both DLLSs to be resident in the address
space even though only a small portion of these pages are
actually used by the application (i.e., there is internal frag-
mentation).

Table 5 shows the distribution of the number of instruc-
tions executed between the time an application performs a
call to a DLL to the time the application executes again.
For example, the table shows that when acrord32 performs



Application | app | user32.dll | gdi32.dll | kernel32.dll | other(>1%) | other(<1%)
acrord32 94.0 1.6 0.8 3.0 0.0(0) 0.6(31)
netscape 56.1 3.9 3.7 42 30.6(3) 1.5(22)
photoshp 36.8 3.3 0.3 34 55.8(3) 0.5(38)
powerpnt 75.9 50 6.7 109 1.1(2) 0.5(22)
winword 833 76 17 31 35(2) 0.9(21)

Table 4. Percentage of instructions executed in different program modules. The first “other” column shows the sum of instruc-
tions executed in the remaining DLLs that contribute more than 1% to the total execution, and the second “other” column sums the
remainder. The number of DLLs contributing to these totals are in parentheses. The SPEC95 benchmarks only use kernel32.dll and
ntdll.dll, and each of these DLLs contribute less than 1% of the instructions executed. Netscape relies heavily on mfc40.dll (8.0%):
the Microsoft foundation class library, a C++ class library that encapsulates the programming interface to the Win32 API; and
msvcrt.dll (20.0%) : the C run-time library. Photoshp uses three modules: accented.8bf (9.0%), coloredp.8bf (34.4%), and dif-
fuseg.8bf (12.4%), to implement the image filters we used in our experiment. No other shared system DLL contributed more than

1% for any of the applications.

Application Length of DLL Res.
DLL Cadl Length

50th 95th 50th 95th
%-tile | %-tile | %-tile | %-tile
acrord32 35 157 7 26
netscape 43 411 10 45
photoshp 36 217 12 39
powerpnt 45 571 19 52
winword 62 198 17 50

Table 5. Instructions spent in DLLs. The length of DLL
call gives the number of instructions executed between an
gpplication call toaDLL and itsreturn. The DLL residence
length give the number of instruction an application staysin
asingle DLL before transferring to a different DLL. Most
DLLscdlls are short and involve callsto other DLLs.

aDLL cal, haf of these calls return after executing fewer
than 35 instructions. In fact, 95% of all DLL calls return to
the application after executing fewer than 571 instructions.
Thisimplies that applications use DLLs mostly as function
libraries. A small number of these calls (about 20%) actu-
ally end up calling into the operating system. If these oper-
ating system calls are long lived, then there may be phases
of the program where the performance characteristicswould
be operating system call specific. However, for most DLL
calls, thisis not the case.

Table 5 aso shows the distribution of instructions exe-
cuted inside any particular DLL before control transfers to
adifferent DLL. Theseinstruction sequences are very short,
most sequences execute less than 60 instructionsinside any
particular DLL. In other words, desktop applications cross
DLL boundaries frequently, paying the price of the greater
number of indirect function calls and crossing page bound-
aries frequently.

To seeif thereis an opportunity to optimize the applica-
tion executable through better DLL code layout, we mea
sured the distribution of instructions in the different mod-
ules that comprise the executable. The same 30% of all
the functions in user32, 13% of al the functionsin gdi32,
and 28% of al the functions in kernel32 contributes more

than 95% of the total number of instructions executed in
these DLLs in all the applications. This suggests that one
may be able to optimize the memory footprint of these ap-
plications through techniques like Just-In-Time Code Lay-
out [Chen & Leupen 97] which loadsin DLLs one function
at atime. However, further study is needed to validate this
observation for most applications and most users.

Instruction Set and Function Call

Characteristics

33

Instruction set measurements give a high level approxi-
mation of the usage pattern of a program. These usage pat-
terns paint abroad picture of the architecture characteristics
of a program and point out areas where effort needs to be
concentrated [Patterson & Hennessy 96].

Application | Loads/ | Stores/ | Ctrl Flow/ | Avg BB

Inst Inst Inst Len(inst)
acrord32 0.34 0.24 0.15 6.6
netscape 0.35 0.19 0.21 47
photoshp 0.35 0.22 0.15 6.6
powerpnt 0.36 0.20 0.23 43
winword 0.52 0.37 0.19 53
compress 0.35 0.17 0.19 5.2
gcc 0.35 0.19 0.21 4.7
go 0.40 0.17 0.21 4.7
perl 0.32 0.22 021 4.7
vortex 041 0.30 0.19 52
Avg(Dtop) 0.38 0.24 0.19 55
StdDev 0.08 0.07 0.04 11
Avg(SPEC) 0.37 0.21 0.20 49
StdDev 0.04 0.05 0.01 0.3

Table 6. General benchmark characteristics. For these
metrics, the desktop applications look similar to the SPEC
applications.

The ratio of memory reference and control flow instruc-
tionsto the total number of instructions reflects the relative
importance of the memory system and the branch prediction



Application | % Ctrl % % % % Inst/ Application Branches Cdls
Flow | Cals | Rets | Brches | Brks | Brk % % % % % % %
acrord32 51| 11| 11 128 102 | 98 CB (T) | DB |IB| DC | IC | DLL
netscape 213 | 30| 20 163 129 7.7 acrord32 893 (58) | 99| 07| 823 107| 70
photoshp 51| 14| 14 23] 60| 166 netscape 912 (44)| 76| 12| 502 160| 339
powerpnt 230 | 45| 38 147 125| 80 photoshp 971 (24| 26| 03] 85| 83| 61
winword 89| 22| 21 146 | 120| 84 powerpnt 948 (24) | 50| 02 689 201 | 110
compress 194 29[ 29 136 | 123 82 winword 895 (47| 101 ] 04] 8.2] 58] 70
gce 211 | 17| 17 178 127 79 compress | 90.7 (42) | 93] 00| 1000] 00| 00
go 212 | 16| 16 179 134 75 gce 923 (49) | 37| 39| 980| 20| 00
perl 211 22| 19 171 | 145| 69 go 957 (55) | 40| 03[ 1000| 00| 00
vortex 91| 25| 25 41| 98| 102 perl 895 (57) | 60| 45| 872| 127 | 00
Avg(DTop) 187 24 21 141 107 | 101 vortex 931 (29| 66| 03] 1000 00| 00
StdDev 36| 14| 10 16| 28| 37 Avg(DTop) | 924 (39 | 70| 06 748 122] 130
Avg(SPEC) 204 | 22| 21 161 | 125| 81 StdDev 34 15 32|04 155| 58| 118
StdDev 10| 05| 06 21 17| 13 Avg(SPEC) | 923 (46) | 59| 1.8 970 29| 00
StdDev 24 11 23| 22 56| 55| 00

Table 7. Control Flow Characteristics. The table shows a
breakdown in the control flow instructions of the program.
9% Breaks shows the percentage of instructions which cause
abreak in the sequential flow of the instructions.

architecture to the performance of the program. Table 6 in-
dicates that as far as the instruction set is concerned, the
desktop applications and the SPEC95 applications are very
similar. Both average about 0.38 loads and 0.24 stores per
instruction. Both average close to the same number of con-
trol flow instructions per instruction (around 0.19).

To get a better sense of the demands that the desktop ap-
plications will have on the branch prediction architecture,
we broke down the control flow instructions into different
types. We also measured the number of breaks in sequen-
tial flow of instruction in the application. The number of
instructions per break gives an indication of the extent to
which instruction prefetching would be beneficial. Table 7
shows that with respect to control flow instructions, desktop
applications and SPEC95 again are very similar.

Table 8 shows the break down of the types of calls and
branchesin the applications. This table shows that for con-
trol flow characteristics, desktop applications differ from
the SPEC95 applications in only one important respect:
desktop applications use a higher proportion of indirect
cals. averaging about 25% (IC + DLL) versus none for
SPEC95 with the exception of perl. Although these indi-
rect calls till constitute asmall fraction of the total number
of instructions executed, it does imply that microarchitec-
ture improvements that rely on being able to extract long
sequences of instructions from the execution stream (e.g.,
trace caches) need to pay more attention to indirect calls
than would be suggested by the SPEC95 benchmark suite.

The increased number of indirect callsin desktop appli-
cations may imply that most of the desktop applications are
written in an object oriented style. [Calder et a. 94] ob-
served that on average, C++ programs tend to have more
indirect calls because C++ programs tend to use dynamic
dispatch (i.e., virtual function calls) to take the place of

Table 8. Branch and Call Breakdown. We show the break-
down of branches into conditional branches (CB), direct
unconditional branches (DB), and indirect unconditional
branches (1B). We also show the percentage of conditional
branches that are Taken (T). Under the Call category, we
show the breakdown of calls into direct calls (DC), indirect
calls (IC), and DLL calls (DLL). We differentiate between
indirect calls and DLL calls because although DLL calls
are implemented as indirect calls, they call a single target
for the entire duration of a program run.

conditional logic (i.e., if-then-else or switch statements).
For our benchmark programs, netscape, photoshp, and most
of powerpnt are written in C++, while acrord32 is writ-
ten in object-oriented style C. Winword is written mostly
in C. However, [Calder et a. 94] also found that C++ pro-
grams tend to have smaller function sizes and longer basic
block sizes. None of the desktop applications have partic-
ularly longer basic blocks and only powerpnt has signifi-
cantly smaller functions.

To determine the impact of the larger executable size on
the application performance, we measured the number of
unique (static) functions that an application touches during
its run. The application binary may be large but the appli-
cation may only use asmall fraction of it at atime. Table 9
shows that the desktop applications call at least one order
of magnitude more unigue functions than the SPEC95 pro-
grams; thisisnot surprising since the application executable
is bigger and the function sizes are about equal: the desktop
applications simply have more functionsto perform. How-
ever, the number of unique functions is not correlated to
tracelength; program execution tendsto be dispersed across
more functions compared to the SPEC95 applications. This
increases the probability of conflict and capacity missesin
theinstruction cache.



Application # Insts # Funcs # Avg
Exec'ed Called Unique | Insts/

(millions) | (millions) | Funcs | Func

acrord32 408 4.49 7,882 | 909
netscape 92 2.76 5766 | 33.3
photoshp 1,511 21.15 9598 | 714
powerpnt 209 940 | 11,012 | 222
winword 351 7.72 6,909 | 455
compress 403 11.69 143 | 345
gce 1,158 19.67 1,310 | 588
go 315 5.04 450 | 625
perl 2,013 44.29 334 | 455
vortex 2,147 53.67 707 | 40.0
Avg(Dtop) 8233 | 527
StdDev 2,005 | 281
Avg(SPEC) 589 | 483
StdDev 452 | 120

Table 9. Use of functions in desktop and SPEC95 appli-
cations. # Unique Functions refer to the number of unique
static functions that are touched by the program.

4 Architectural Characteristics

Two major sources of performance degradation in cur-
rent microprocessor systems are stalls due to the mem-
ory system and incorrect prediction of the speculative path.
In this section, we present measurements of the perfor-
mance of desktop applications on severa typical memory
and branch prediction structures, and compare these mea-
surements with similar ones for the SPEC95 benchmarks.

4.1 CacheBehavior

To measure the impact of the structure of desktop appli-
cations (i.e., large number of functions and frequent DLL
calls) on the memory subsystem, we measured the cache
miss rate of the applications for cache and associativities
that are typical of today's machines. Figure 1 shows the
results of these measurements.

For small direct mapped instruction caches, three of the
desktop applications (netscape, powerpnt, and winword),
and four of the SPEC applications(gcc, go, perl, and vortex)
have poor instruction cache performance. Except for win-
word and gcc, many of these misses are conflict misses and
disappear with a 4-way associative cache. Winword, pow-
erpnt, and gcc appear to suffer from mostly capacity misses.
Asthe cache size increases, the miss rates of these three ap-
plications all decrease by a substantial fraction. Photoshp
sits in a tight loop while applying a photo filter to a large
picture, hence the low missrate.

Notice that as instruction cache sizes become bigger
(around 32 KB), the desktop applications start to improve
less rapidly than the SPEC95 applications. For exam-
ple, netscape has better I-cache behavior than most of the
SPEC95 applicationsfor cacheslessthan or equal to 16 KB.

However, at 32 KB, netscape has about the same miss rate
asgcc and vortex, and becomesworse at 64 KB. Thishigher
miss rate with larger caches is probably due to the fact
that the desktop applications reference many more unique
functions than the SPEC95 applications (cf., Section 3.2).
The working sets of neither the desktop applications nor of
the SPEC95 applications fit in the small caches. However,
dlightly larger caches are able to capture most of the func-
tions touched by the SPEC95 applications, but the larger
number of unique static functions needed by desktop appli-
cations still do not fit in the cache.

For the data caches, our measurements suggest that the
desktop applications and the SPEC95 applications have
comparable performance. For example, except for com-
press and winword, all the applications have miss rates be-
low 2% for a 16 KB 4-way associative cache. Both sets of
applications suffer from conflict misses as shown by the big
drop in miss rates going from a direct mapped to a 4-way
set associative cache (e.g., comparing 16 KB caches, the
miss rate of photoshp drops from 3.5% to 1.1%, similarly
the miss rate of go drops from 8.2% to around 1.7%).

For combined caches, the verdict for direct mapped
caches is more muddied: acrord and photoshp have lower
miss rates than most of the SPEC95 applicationswhile win-
word has a higher miss rate. Again our measurements sug-
gest that both the desktop applications and the SPEC95
applications suffer from conflict misses. The miss rates
improve significantly moving from a direct mapped to 4-
waly set-associative caches; thisis especialy telling with go
(from 1% to almost 0% for 4 MB combined caches), and
to alesser extent winword (from 1% to 0.13% for 256 KB
combined caches).

4.2 TLB Behavior

Frequent calls to many different small functions in a
big executable and frequent switches between DLLs take
agreater toll on theinstruction TLB than on the instruction
cache. With a big executable, it is likely that many of the
functions live in different pages in the address space. This
is definitely the case for functionsin different DLLs. Fig-
ure 2 shows the TLB behavior of our benchmark applica-
tions. Theinstruction TLB behavior of the desktop applica-
tionstend to be worse than that of the SPEC95 benchmarks.
For example, with a 32-entry instruction TLB, all the desk-
top applications have a TLB miss rate greater than 0.05%
while only gcc and vortex have comparable miss rates for
the SPEC95 applications. Even photoshp which had a very
low instruction cache miss rate showsa TL B miss rate com-
parableto gcc for a32-entry ITLB.

For the data TLB, our measurements indicate that the
desktop applications have better locality than the SPEC95
applications. For example, at 32 entries, none of the desktop
applications has greater than a 0.75% miss rate while only
gcc among the SPEC95 applications has less than a 0.75%
miss rate. Interestingly, while photoshp and acrord32 had
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Figure 1. Cache performance. This figure shows the miss rates for different sized Instruction, Data, and Combined caches, for
direct-mapped and 4-way associative caches. Line size is 32-bytes. Write policy is write-allocate/write-back. For the data and
combined caches, we show the miss rates for data loads. We simulated the effects of stores on the cache state but do not report
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data cache miss rates comparabl e to netscape and power pnt
(cf., Figure 1), they have much better data TLB behavior
than either of the two.

4.3 Predicting Conditional Branches

To seeif the interactive desktop applications which have
to respond to user actionswould be less predictable than the
SPEC95 batch applications, we measured the predictability
of conditional branches for two common types of branch
predictors and a static predictor.

The first predictor is a simple bimodal predictor that
uses a two-hit saturating counter per branch. The sec-
ond one is a gshare predictor that uses a global shared
history of taken/not-taken decisions (patterns) xor'ed with
the PC to obtain the index into a table of two-bit saturat-
ing counters [Yeh & Patt 92, McFarling 93]. Essentially,
the gshare predictor is able to distinguish different paths
through the execution stream of the program and make pre-
dictions based on the path rather than just relying on the
branch PC. We aso looked at the mispredict rate of a static
Backward-Taken/Forward-Not-Taken predictor to serve as
apoint of comparison.

Figure 3 shows the performance of the branch predic-
tors. Clearly, the static predictor does a really poor job of
determining the direction of the branches except for photo-
shp which staysin tight loops. Adding alittle bit of history
improves the predictor performance quite significantly. For
the desktop applications, with a 512-entry bimodal predic-
tor, winword goes from over a 40% mispredict rate to just
over 15%. Acrord32 and netscape also see a drop in their
mispredict rate of more than 20%. A similar trend can be
seen for the SPEC95 applications.

The bimodal predictor exploits bigger branch predictor
tables by capturing more unique branches for the program

into distinct slots in the branch table. However, for all our
applications (desktop and SPEC95), the bimodal predictor
improves very little above a table size of 8192 entries. For
exampl e, power pnt has amispredict rate of about 6% for 8K
and 32K entry bimodal predictors. The gshare predictor is
able to exploit bigger tables as it distributes different paths
to different entries in the table. At smaller sizes, however,
the aliasing of multiple pathsinto common entriesincreases
the misprediction rate of these predictors[Young et al. 95].
As expected, the gshare predictor works better as the ta-
bles get bigger. For example, at 512 entries, winword has a
misprediction rate of 20% for the gshare predictor and only
15% for the bimodal predictor. At 32K entries, the situation
is reversed with the gshare predictor giving a misprediction
rate of 4.6% and the bimodal predictor giving a mispredict
rate of 6.4%.

With respect to the branch predictors, al the desktop ap-
plications tend to perform better than go, gcc, or compress.
This implies that the interactive nature of the desktop ap-
plications do not trandate into unpredictability at the mi-
croarchitecture level. Thisis probably due to the fact that
user interaction happens at a coarse level relative to the de-
cisions that are made in the microarchitecture. For exam-
ple, a single mouse click in winword takes a few thousand
instructions (and hence a few hundred conditionals) to pro-
cess. It is the path through these hundreds of conditionals
that determine the performance of the branch predictor. An-
other way of putting it is that the user tells a program “what
to do” (e.g., process mouse click at location (x,y)), rather
than “how to do it” (e.g., the structure of the mouse click
processing code).
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Figure 4. Branch Target Buffer Miss Rates. The BTB's
are direct mapped. The BTB is used to predict the target
of al control flow instructions. The numbers given are
in misses per instruction and show all the times when the
BTB fails to correctly give the address of the next instruc-
tion in the program. For most branches, this is just due to
branches not being present in the BTB. However, for indi-
rect branches, this may also be due to the entry in the BTB
containing the wrong branch target.

4.4 Predicting Branch and Call Targets

Pipelined processors typicaly compute the target ad-
dress of control flow instructions during the decode phase
of the pipeline. This inserts a bubble into the pipeline (a
misfetch) since the fetch stage proceeds down the sequential
path until the decode stage informsiit of the branch target.
To handle this situation, many processors employ a small
cache called the Branch Target Buffer (BTB) which holds
the last target address of a given control flow instruction.
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All branches and calls cause a misfetch when the branchiis
not present in the BTB. Indirect branches and calls present
an additional challenge: even if the indirect branch or call
isin the BTB, the cached branch target may be wrong and
cause the fetch unit to proceed down awrong path.

Figure 4 shows the number that the BTB mispredicted
per instruction. For the desktop applications, acrord32,
netscape, and photoshp perform well with even a small
number of BTB entries while powerpnt and winword re-
quire larger BTB's. For the SPEC95 applications, all but
compress require alarger number of entries.

For direct cals, direct branches, and conditiona
branches, BTB misseswill recover by the decode stage. For
indirect branches and calls, BTB misses do not recover un-
til after the execute phase of the pipeline because the branch
target has to be computed or fetched from memory. If the
target is contained in a memory location then the memory
reference could missin the cache.

The desktop applications have more indirect calls than
the SPEC95 applications (cf., Table 8). Figure 5 shows the
misprediction rate per instruction for indirect branches and
calls. For netscape and powerpnt, small BTB's cannot pre-
dict the indirect branches because there are not enough en-
tries to hold the branches. This suggests an opportunity to
use software techni ques such as caching the target addresses
of indirect branches in the instruction stream to improve
their performance[Ungar et a. 84].

As BTB's get larger, the smple BTB prediction algo-
rithm (predict the last target of the indirect branch or call)
becomes the barrier to better BTB performance. For ex-
ample, most of the mispredicts in powerpnt for a 64-entry
BTB comefrom missesinthe BTB whenit is needed. How-
ever, with 16K entries, most of the mispredicts are due
to the BTB containing the wrong data for the entry. For
the desktop applications, especially powerpnt, much of the
BTB mispredicts stem from indirect calls. However, for
the SPEC95 applications where the misprediction matters
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(gcc and perl), most of the BTB mispredicts stem from
indirect branches. For these applications, increasing the
size of the branch target is insufficient: the branch predic-
tion algorithm for the BTB needs to become more sophisti-
cated [Driesen & Holzle 97].

5 Summary

We traced and measured several desktop applications
running under WindowsNT on the x86 processor, and com-
pared these to severa SPEC95 applications on the same
platform. We found that the desktop applications have
larger instruction working set sizes because they access a
larger number of DLLs, execute instructions in a greater
number of unique functions, and cross DLL boundariesfre-
quently. This leads to worse instruction cache behavior
for these applications for moderate sized (32 KB) caches
and poor instruction TLB behavior. The data cache be-
havior of the desktop applications is comparable to that of
the SPEC95 applications while the data TLB behavior is
dightly better than that of the SPEC95 applications.

As far as instruction set characteristics are concerned,
we found that the desktop applications are similar to the
SPEC95 applications with one exception: desktop applica
tions execute a greater number of indirect calls. Thesein-
direct calls imply the need for larger BTB's or the use of
software to improve the performance of indirect branches.

In the introduction, we presented some “obvious’ qual-
itative differences between desktop applications and tradi-
tional benchmarks. We now revisit these differencesand try
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to note their impact on performance.

e Desktop applications are interactive and hence may
have less predictable behavior. We looked at the
branch prediction performance of the desktop appli-
cations and they were not worse than the SPEC95 ap-
plications. This indicates that the user inserts unpre-
dictability at alevel coarser than that which can affect
the microarchitecture.

Desktop applications are graphical. Aside from per-
haps making the applications run more code this also
does not seem to affect performance. The data cache
and data TLB behavior of the desktop applications is
no worse than that of the SPEC95 applications.

Desktop applications are feature rich. On this count,
there are measurabl e differences in application perfor-
mance. Since the desktop applications run more in-
structions that tend to be farther apart, the instruction
cache and instruction TLB behavior of these applica-
tionsisworse.

Desktop applications are multithreaded. For the met-
rics we measured, this does not result in much of a
performance impact. 4 of the 5 desktop applications
spent most of their time running in the primary thread.
For powerpnt, which executed 20% of its instructions
in other threads, the cache, TLB, and branch predic-
tion performance were not different from other appli-
cations.



o Fifth, desktop applications use DLLs. We found that
DLL callstend to be short, and furthermore that DLL
boundaries tend to be crossed often. This crossing
probably contributes to the worse TLB behavior of the
desktop applications relative to SPEC95.

We believe that the traces gathered for this study
will provide a means for the research community
to evaltuate architectura ideas against the work-
loads that run on most peoples desktops. The de-
tails for obtaining these traces is on our web page:
http://memsys.cs.washington.edu.
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