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ABSTRACT
Despite the numerous optimization and evaluation studies that have
been conducted with TLBs over the years, there is still a deficiency
in an indepth understanding of TLB characteristics from an appli-
cation angle. This paper presents a detailed characterization study
of the TLB behavior of the SPEC CPU2000 benchmark suite. The
contributions of this work are in identifying important application
characteristics for TLB studies, quantifying the SPEC2000 appli-
cation behavior for these characteristics, as well as making pro-
nouncements and suggestions for future research based on these
results.

Around one-fourth of the SPEC2000 applications (ammp, apsi,
galgel, lucas, mcf, twolf and vpr ) have significant
TLB missrates. Both capacity and associativity are influencing
factors on miss-rates, though they do not necessarily go hand-in-
hand. Multi-level TLBs are definitely useful for these applications
in cutting down access times without significant miss rate degrada-
tion. Superpaging to combine TLB entries may not be rewarding
for many of these applications. Software management of TLBs
in terms of determining what entries to prefetch, what entries to re-
place, and what entries to pin has a lot of potential to cut down miss
rates considerably. Specifically, the potential benefits of prefetch-
ing TLB entries is examined, and Distance Prefetching is shown to
give good prediction accuracy for these applications.

1. INTRODUCTION
Virtual to physical address translation is one of the most critical
operations in computer systems since this is invoked on every in-
struction fetch and data reference. To speed up address transla-
tion, computer systems that use page based virtual memory pro-
vide a cache of recent translations called the Translation Lookaside
Buffer (TLB). The TLB is usually a small structure indexed by the
virtual page number that can be quickly looked up by the memory
�This research has been supported in part by several NSF grants
including Career Award 9701475, 0103583, 0097998, 9988164,
9900701, 9818327 and 0130143.

management unit (MMU) to get the corresponding physical frame
number. The importance of the TLB has always been recognized,
and emerging technological and application trends only reaffirm its
dominance in determining system performance. Increases in in-
struction level parallelism, higher clock frequencies, and the grow-
ing demands for larger working sets by applications continue to
make TLB design and implementation critical in current and future
microprocessors.

Several studies have quantified the importance of TLB performance
on system execution [16]. Anderson et al. [1] show that TLB miss
handling has an important consequence on performance, and this
is the most frequently executed kernel service. TLB miss handling
has been shown to constitute as much as 40% of execution time [14]
and upto 90% of a kernel’s computation [27]. Studies with specific
applications [28] have also shown that the TLB miss rate can ac-
count for over 10% of their execution time even with an optimistic
30-50 cycle miss overhead.

With its importance widely recognized, the TLB has been the tar-
get for several optimizations to reduce access latency, miss rates
and miss handling overheads. With regard to TLB structures them-
selves, there have been investigations on suitable organizations in
terms of size, associativities and multi-level organizations [31, 23,
6]. Superpaging is a concept that has been proposed to boost TLB
coverage. Hardware and software techniques for supporting this
mechanism have come under a lot of scrutiny [31, 32, 11]. Most
prior work in TLB optimizations has targeted lowering miss rates
or miss handling costs. It is only recently [28, 25, 3, 20] that the is-
sue of prefetching TLB entries to hide all or some of the miss costs
has started drawing interest. Many research findings on TLBs have
also made their way into commercial offerings. A very nice survey
of several of these TLB structures can be found in [15]. In all, a
good deal of research has been undertaken on TLB design and eval-
uation. However, to our knowledge, there has not been any study
looking at characterizing the TLB support that is required from an
application’s perspective. At the same time, different studies have
used different workloads to evaluate their designs/improvements,
and the lack of a common ground makes a uniform comparison dif-
ficult. Further, one may ignore one or more issues when optimizing
any particular detail, and such omissions can play an important role
in the effectiveness of the optimizations. It is essential to uniformly
examine a wide range of application characteristics at the same time
(from an application’s perspective) to gain better insights on:

� How can TLB structures/organization be optimized to reduce
misses?



� How much scope is there to benefit from superpaging?
� Can we use the program’s static code structure and/or dy-

namic instruction stream to trigger optimizations?
� Would the flexibility provided by software TLB management1

offset the higher overheads of miss handling compared to a
hardwired approach?

� How well suited are applications to prefetching TLB entries?
Which prefetching techniques should be employed, and un-
der what circumstances?

� Do we have a large enough window to benefit from prefetch-
ing? If not, what other techniques should we employ for
latency tolerance/reduction?

Characterizing the behavior of an application is crucial in any sys-
tems design endeavor as many application-driven studies have shown
[17, 9]. Application characteristics can specify what is really im-
portant from an application’s perspective, identify bottlenecks in
the execution for a closer look, help evaluate current/proposed de-
signs with real workloads, and even suggest architectural/OS en-
hancements for better performance. While there have been charac-
terization efforts in the context of other processor features, caches,
I/O and interconnects, this issue has not been looked at previously
for TLBs.

Towards addressing this deficiency, this paper sets out to exam-
ine the different characteristics of applications from the SPEC2000
suite that affect TLB performance to answer many of the questions
raised above. The SPEC2000 [8, 13] suite contains 26 candidate C,
C++ and Fortran applications for CPU evaluations, that encompass
a wide spectrum of application domains containing interesting and
important problems for several users. We have used all the appli-
cations from this suite in this study to quantify their TLB behavior
for different configurations, but focus specifically on those incur-
ring the highest miss rates for the characterization effort. We limit
ourselves to d-TLB (only data references) in this study since data
references are usually much less well-behaved than instructions in
terms of misses (i-TLB miss rates in our experiments are very low).

The next section gives a quick overview of prior research on TLBs.
The experimental set up is detailed in Section 3, and the results
from the characterization are presented in Section 4. Section 5 sum-
marizes the lessons learnt from this study and outlines suggestions
for future TLB design and optimization.

2. RELATED WORK
As was mentioned earlier, many studies [7, 15, 1, 14, 27] have
pointed out the importance of the TLB and the necessity of speed-
ing up the miss handling process.

Several studies [31, 15, 23] have looked at hardware TLB struc-
tures/organization and their impact on system performance in terms
of capacity and/or associativity. While some of these have focussed
on single (monolithic) TLBs, there have been studies which have
investigated the benefits of multi-level TLBs [6, 2]. There are
also implementations of multi-level TLBs in commercial proces-
sors such as MIPS R4000, Hal’s SPARC64, IBM AS/400 PowerPC,
1We would like to differentiate between the terms software TLB
management and software TLB handling in this paper. We use the
latter to denote that the miss handling is done by the software i.e.
the operating system, and the former term is used to denote more
sophisticated software that can control placement, pinning and re-
placement of TLB entries. While many current systems provide
software miss handlers, software TLB management has not been
investigated extensively.

AMD K-7 and Intel Itanium. With instruction level parallelism
(ILP) being exploited by most current processors, there is a need to
provide multi-ported TLBs to allow several concurrent instruction
streams to access the TLB. Austin and Sohi [2] show how multi-
ple ports can impact access latencies, and argue for interleaved and
multi-level designs.

TLB miss handling costs need to be kept low for good performance.
Commercial processors use either a hardware mechanism or a soft-
ware mechanism to fill the TLB on a miss. Unlike hardware han-
dled TLB misses which have a relatively small refill penalty, han-
dlers for software managed TLBs need to be carefully crafted to
both reduce misses as well as reduce the miss handling costs. Na-
gle et al. [23] study the influence of the operating system on the
software managed MIPS R2000 TLB, and investigate the impact
of size, associativity and partitioning of TLB entries (between OS
and application). They point out that the operating system has a
considerable influence on the number and nature of misses. Bala et
al. [3] focus in specifically on interprocess communication activi-
ties, and illustrate software techniques for lowering miss penalties
on software managed TLBs.

Superpaging is another well investigated technique to boost the
coverage of the TLB and better utilize its capacity [31, 32, 30,
12]. Studies have looked at hardware and operating system sup-
port for providing superpage translations in the TLB. Recent work
in this area [12] is investigating memory controller support for re-
mapping pages so that there is more scope for creating superpage
entries (without incurring the overheads of copying).

While most of the prior work has looked at lowering TLB misses
or miss handling costs, the issue of hiding/tolerating TLB fills via
prefetching has come under investigation only recently [28]. Prefetch-
ing cold start entries have been studied in [3] and [25]. On the other
hand, capacity related misses are typically much more dominant (as
our results will show) particularly for the large codes such as those
in the SPEC2000 suite. Prefetching TLB entries for capacity re-
lated misses has been undertaken in [28] and [20]. More details on
these approaches are discussed later in this paper when we examine
their suitability for the SPEC2000 benchmarks.

3. EXPERIMENTAL SETUP
We have studied the TLB behavior for all 26 applications from the
SPEC2000 suite. The benchmarks were compiled on an Alpha
21264 machine using Compaq’s cc V5.9-008, cxx V6.2-024, f77
V5.3-915 and f90 V5.3-915 compilers using -O4(-O5 for Fortran)
optimization flags which enable loop unrolling, software pipelining
using dependency analysis, vectorization of some loops, inline ex-
pansion of small functions etc. All the simulations are conducted
using the SimpleScalar-3.0 toolset [4] that simulates the Alpha ar-
chitecture. Since we are mainly interested in the TLB behavior, we
have modifiedsim-cache component of this toolset, by adding a
TLB simulator that traps all memory references.sim-cache does
a functional (not a cycle-by-cycle) simulation of instructions, and
we only examine the memory references for the d-TLB investiga-
tion. While there could be some possible effects due to instructions
retiring in a different order than that with a cycle accurate simu-
lator, we do not feel that this will substantially change the results
given in this paper since we usually find that TLB misses are rea-
sonably spaced to affect the relative ordering of the misses. We also
found that differences in what gets replaced is also not significantly
affected by the coarser simulation granularity.



Appln. i-TLB Missrate Appln. i-TLB Missrate Appln. i-TLB Missrate Appln. i-TLB Missrate

galgel 1:4� 10
�8 mcf 4:4� 10

�9 ammp 7:3� 10
�9 apsi 2:46� 10

�7

vpr 7:2� 10
�9 lucas 1:1� 10

�8 twolf 1:28� 10
�8 facerec 8:8� 10

�8

art 3� 10
�9 bzip2 4:4� 10

�9 parser 8:28� 10
�8 vortex 2:74� 10

�4

crafty 1:8� 10
�8 swim 1:3� 10

�8 applu 5:75� 10
�8 gcc 1:08� 10

�4

mesa 3:6� 10
�8 mgrid 1:5� 10

�8 equake 5:55� 10
�9 perlbmk 3:35� 10

�5

wupwise 1:2� 10
�8 sixtrack 8:8� 10

�8 gap 2:34� 10
�8 fma3d 3:42� 10

�5

gzip 5� 10
�9 eon 6:8� 10

�8

Table 1: i-TLB Missrates for all the applications using a 64-entry, 4-way set-associative i-TLB for the first 7 billion instructions.

As was mentioned earlier, we are only examining the data refer-
ences (d-TLB). Table 1 shows the i-TLB miss rates which are very
low for these applications. Some studies have pointed out the in-
fluence of the OS on TLB behavior [23]. However, similar to what
many other studies [28, 6] have done, in this paper we examine
only application TLB references (we do not simulate the OS) since
our focus is more on investigating application level characteristics.
Issues about the interference between application and OS TLB en-
tries, or reserving some entries for the OS are not considered here
(we understand that these issues can and have been shown to have
a considerable influence on TLB performance). The effect of co-
existing applications and context switching is not considered, i.e.
TLB fills after a context switch. One could perhaps think of the
TLB being saved and restored at context switches to capture purely
application effects. Simulations have been conducted with differ-
ent TLB configurations - sizes (64, 128, 256, and 512 entries), and
associativities (full, 4-way and 2-way) and we assume a page size
of 4KB. We do not consider the effect of page faults on TLB behav-
ior (the entry needs to be invalidated on a page replacement), since
we believe that page faults are much less frequent than TLB misses
to have a meaningful influence. Further, all these applications take
less than 256MB of space, which can be accommodated in most
current systems.

Simulation of these benchmarks is time-consuming as has been
pointed out by others [24, 5]. In this study, we do not attempt to
execute these applications to completion. Rather, we have exam-
ined the TLB behavior overfive billion instructions after skipping
the first two billion instructionsof the execution for each applica-
tion. We believe that this ignores the initialization/start-up prop-
erties of the application, and captures the representative facets of
the main execution. The simulated instructions constitute around
1%(parser )-12%(mcf ) of the application run time [5].

Forgzip/bzip2 , perlbmk andvortex the input files that we
used areinput.source , diffmail.pl andlendian3.raw
respectively.

The term,miss rate, which is often used in the following discussion
is defined as the number of TLB misses expressed as a percentage
of the total number of memory references.

4. CHARACTERIZATION RESULTS
4.1 What is the impact of TLB structure?
As a starting step, we first examine the overall TLB performance
for the different applications for 9 different TLB configurations
(combinations of three sizes - 64, 128, and 256, and three associa-
tivities - fully associative (FA), 4-way and 2-way). The resulting
miss rates are shown in Figure 1, and we observe the following:

� A diverse spectrum of TLB characteristics is exhibited by
these applications. We have applications such asgzip , eon ,

perlbmk , gap , vortex , wupwise , swim , mgrid , applu ,
mesa, art , equake , facerec and fma3d which incur
few TLB misses. On the other hand, applications such as
vpr , mcf , twolf , galgel , ammp, lucas , sixtrack
and apsi have a significant number (greater than 1%) of
TLB misses (at least in some of the configurations). TLB
miss penalties can be quite significant. For instance, the IBM
PowerPC 603 that handles misses in software, incurs a la-
tency of 32 cycles just to invoke and return from the handler,
leave alone the cost of loading the TLBs [10]. Even if we
optimistically assume a TLB miss penalty of 30 cycles, a 1%
TLB miss rate can result in significant overheads - around
10% of the overall execution time for a CPI of 1.0, with over
one-third of the instructions in these applications being mem-
ory references. Other studies have pointed out that TLB miss
handling overheads can be even higher [12, 28, 11]. Ap-
plications such asbzip , gcc , crafty and parser fall
between these extremes.

In the interest of space, we focus on the six applications
which incur higher miss rates -galgel , lucas , mcf , vpr ,
apsi and twolf - for clarity in the rest of this paper.

� Even though making the TLB larger helps, the benefit is not
very significant in most of these applications exceptvpr ,
twolf andmcf .

� Applications suchvpr , mcf , twolf , lucas andapsi are
more influenced by the associativity than the others.

These results reiterate the importance of the TLB in the execution
of these applications. Nearly a fourth of the SPEC 2000 suite have
reasonably high TLB miss rates to be affected by its miss penalty.
While capacity and associativity do help in cases, they are not the
universal solutions to address the TLB bottleneck.In the interest of
space, we focus on a 128-entry fully associative TLB in the rest of
the paper.

4.2 Will a multi-level TLB help?
Processors such as the Itanium (32-entry L1, 96-entry L2), AMD
Athlon (32-entry L1, 256-entry L2) etc. provide multi-level TLB
structures, instead of a single monolithic TLB, i.e. lookup in a
smaller first level TLB, and only on a miss there do we go to the
second level TLB. With a smaller first level TLB, overall TLB
lookup time can become much lower as long as we have good
hit rates in the first level. Performance of 2-level TLBs has been
conducted by others [6], but its benefit for SPEC2000 workloads
has not been investigated to our knowledge. An in-depth investi-
gation of the impact of multi-level TLBs requires varying numer-
ous parameters for each of the levels. Rather than undertake such
a full factorial experiment, we limit our study to a 2-level TLB
with a 32-entry fully associative 1st level and a 96-entry fully as-
sociative 2nd level that is similar to the Itanium’s(IA-64) structure.
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Figure 1: Figure showing TLB miss rates of all the SPEC2000 applications with different TLB sizes (64, 128, 256) and three different
associativities (2-way, 4-way and FA).

We also assume that the 2-level TLB obeys the containment prop-
erty(whatever is in the first level is duplicated in the second level).
Table 2 shows the hit and miss rates with this 2-level structure for
the applications.

To study the impact of a hierarchical TLB, we compare these re-
sults with that of a single monolithic TLB of the same size (32 + 96
= 128 entries) in Table 2. It is to be expected that the 2-level TLB
is making less effective use of the overall space because of the con-
tainment property and as a result we do find slightly higher miss
rates for the six applications (especiallytwolf , vpr , apsi and
mcf ). On the other hand, the benefit of a multi-level TLB would
be felt due to the much lower access time of the 1st level TLB and
the avoidance of accessing the second level - which is inturn deter-
mined by the miss rates for the 1st level TLB.

Assume that the access time for a single monolithic TLB (i.e. 128-
entry in this situation) isa. Let the access time for the 1st and 2nd
level TLBs in the hierarchical alternative bea1 anda2 respectively.
Let us denote the miss fraction of the monolithic TLB, the 1st level
and 2nd level of the hierarchical TLB to bem,m1, andm2 respec-
tively. Also, let the cost of fetching a translation that is not in the
TLB be denoted byC. Then, the cost of translating an address in
the monolithic structure (Cm) is calculated by

Cm = a+m�C (1)

The cost of translating an address in the 2-level TLB (Cs) is given
by

Cs = a1 +m1 � (a2 +m2 � C) (2)

The 2-level TLB is a better alternative when

a1 +m1 � (a2 +m2 �C) < a+m� C (3)

i.e.,

m1 <
a� a1 +m� C

a2 +m2 � C
(4)

Actual access times for associative memories of different sizes are
hardware sensitive and fairly accurate models have been developed.
We use the model described in [22]. According to this model, ac-
cess times for 32, 96 and 128-entry TLBs would approximately
be2:7ns, 2:9ns and3:0ns respectively. Plugging in these values
and assuming an optimistic 30 cycle miss penalty(C = 30) for a
1 GHz processor, we find that the miss rate (m1) in the first level
TLB has to be less than 10.15%, 4.05%, 4.97%, 2.44%, 3.04% and
21.71% formcf , twolf , vpr , lucas , apsi andgalgel re-
spectively. If we compare these numbers with the actual miss rates
in the 1st level TLB in Table 2, multi-level structure is definitely a
better choice fortwolf , vpr , lucas andapsi . For mcf and
galgel , the choice is questionable since the difference in miss
rate is not significant (and we have used a very optimistic 30 cycle
miss penalty).

4.3 Can we improve TLB coverage? (Super-
paging)

The previous set of results showed how much we can gain by im-
proving the structure (i.e. capacity and associativity) of the TLB,
and these gains are obtained with an increase in hardware complex-
ity. The recent trend [31] to improve performance without signif-
icantly increasing hardware costs is through the concept of super-
paging. TLBs that support superpaging use a single entry for trans-
lating a set of consecutive virtual pages - the number of pages for a
single entry is typically a power of two - as long as these pages are
located physically contiguous as well. As a result, pages that are
accessed at around the same time and which are adjacent to each



Application 1st Level TLB 2nd Level TLB Overall Miss Rate Monolithic TLB
Hits Misses Hits Misses for 2-level TLB Hits Misses

mcf 89.5% 10.5% 11.2% 88.8% 9.24% 91.01% 8.99%
twolf 96.57% 3.43% 53.2% 46.8% 1.60% 98.71% 1.29%
vpr 94.5% 4.5% 56.6% 43.4% 1.95% 98.36% 1.64%

lucas 98.33% 1.67% 2% 98% 1.64% 98.37% 1.63%
apsi 97.39% 2.61% 12.6% 87.4% 2.28% 98.04% 1.96%

galgel 77.1% 22.9% 0.05% 99.95% 22.8% 77.2% 22.8%

Table 2: Hit and Miss Rates for the 2-level TLB configuration. Table shows the hits and miss rates for each of the 2-levels as a
percentage of the number of references to that level, as well as the overall miss rate which is the percentage of references that do not
find a translation in either of the levels. Also shown are the miss rates for a single monolithic TLB of the same size.
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Figure 2: Figure showing what size TLB would suffice when we combine contiguous virtual page translations with superpage entries.
A 128-entry fully associative TLB is used. The horizontal line shows the average.

other virtually can share the same TLB entry, thus freeing up slots
for other translations (to improve TLB coverage).

To study the potential benefits of superpaging for these applica-
tions, we next examine the contents of the TLB during the course of
execution. In particular, we are interested in finding out how small
a TLB would suffice to hold all the translations if it supported su-
perpaging. At every miss (since TLB changes only on a miss), we
examine all the TLB entries and find out how many of them can be
combined into a single one (they are virtually contiguous pages).
The number of resulting entries is plotted in Figure 2 during the
course of execution (in terms of the misses in thex-axis). It should
be noted that we are not restricting ourselves to a power of two and
are assuming that the operating system will automatically allocate
these virtually contiguous pages in contiguous physical locations,
since our goal here is to examine the potential of superpaging from
an application perspective. For better clarity, only a small window
of the execution is plotted (similar execution is seen over a much
larger window).

We find quite different behaviors across the applications. Applica-
tions like lucas , mcf , galgel andapsi may not benefit much
from superpaging. These applications require at-least around 100
TLB entries on the average without too much scope for combining
these entries. Provisioning superpage support may not show much
improvement in the performance while adding hardware complex-
ity. On the other hand, applications liketwolf andvpr show the
potential to benefit significantly from superpaging mechanisms.

4.4 Where are the Misses Occurring?
We move on to examining how the TLB misses are distributed over
the execution of the program. This can help us identify hot spots
in the execution that are worth a closer look for optimizations. Dy-
namically chosen/triggered optimizations based on different phases
of the execution may perhaps be beneficial, if we do find well-
defined phases.

Since we are working with thesim-cache version of SimpleScalar,
we do not have the time stamps for the memory references and the
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Figure 3: TLB misses as the application is executing.x-axis denotes the number of instructions executed in thousands, andy-axis
denotes the number of misses for every thousand instructions.

TLB misses. Instead, we plot the TLB misses as a function of the
number of executed instructions (in thousands) in Figure 3. Note
that the scale of the graph can make it look as though there are
multipley values for a givenx, while this is actually not the case.

While mcf does show some phases of distinct TLB miss activ-
ity, we found that most of the other applications do not have such
demarcated phases. The TLB misses are more or less uniformly
distributed through the execution, suggesting that dynamic triggers
in those cases may not be very helpful.

We would like to mention that we also have results showing what
program counter values incur these misses. We usually find that
just a handful of program counter values contribute to the bulk of
TLB missesas is shown in Figure 4 formcf , twolf andvpr .

4.5 How far apart are the misses temporally?
The temporal separation of misses is an important characteristic for
examining possible optimizations. If most misses are fairly close
to each other temporally, then mechanisms that prefetch a TLB en-
try based on the previous miss may not enjoy a large enough win-
dow of overlap to completely hide miss latencies. In such situa-
tions, we should explore techniques for bulk loading/prefetching
TLB entries. A significantly larger window suggests that more so-
phisticated prefetching techniques (which may take more time) can
be viable. To our knowledge, no previous work has looked at the
temporal separation of TLB misses previously. Figure 5 shows the
cumulative density distribution of temporal miss separations (i.e.
they-axis shows the fraction of misses that are separated by at most
a given value on thex-axis), where the separations are expressed
in terms of instructions. A steep curve indicates that more misses
have very short temporal separations.

For nearly all applications, a large portion of misses are separated
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Figure 5: Cumulative Density Function (CDF) of miss separa-
tion/interval. x-axis shows the number of instructions between
successive misses in increasing order, andy-axis denotes the
fraction of misses that have miss separations of at most this
many instructions.

by at most 30-50 instructions. For instance,galgel andapsi
have over 90% of misses separated by less than 50 instructions.
mcf also has small temporal separation with around 70% of misses
falling within 50 instructions. Onlytwolf and vpr have less
steep curves. In some applications (lucas andgalgel ), a few
miss-distances dominate the execution, suggesting that the TLB
misses are occurring very periodically/regularly.

These results provide insight on the time constraints that prefetch
mechanisms need to operate under. As CPIs get smaller, this win-
dow can shrink further. This suggests that prefetching techniques



4.19 4.2 4.21 4.22 4.23 4.24 4.25 4.26 4.27 4.28 4.29

x 10
6

0

2

4

6

8

10

12

14
x 10

5

N
um

be
r o

f M
is

se
s

Program Counter
4.15 4.2 4.25 4.3 4.35 4.4 4.45 4.5 4.55 4.6 4.65

x 10
6

0

0.5

1

1.5

2

2.5

3

3.5

4
x 10

5

N
um

be
r o

f M
is

se
s

Program Counter
4.15 4.2 4.25 4.3 4.35 4.4 4.45 4.5

x 10
6

0

2

4

6

8

10

12

14

16

18
x 10

4

N
um

be
r o

f M
is

se
s

Program Counter

mcf twolf vpr

Figure 4: PC Values Incurring TLB Misses

not only need to be accurate (note that better accuracy would in-
crease the temporal separation between misses), but also nimble
enough to make fast predictions without adding too much overhead.

4.6 How would software TLB management
help?

TLB management is essentially trying to (i) bring the entry that
is needed into the TLB at some appropriate time, and (ii) evict
an entry currently present to make room for this incoming entry.
These two actions play a key role in determining performance.
The first action determines the overhead that is incurred when a
miss is encountered, while the latter affects the miss rate itself
(the choice of replacement candidate will determine future misses).
Hardware TLB management, though fast, hardwires these mecha-
nisms allowing little scope for flexibility. Typically, the missing
entry is brought in on demand at the time of a miss (if we dis-
count any prefetching), and the replacement is determined usu-
ally based on LRU (either global in terms of fully associative, or
within a set in case of set associative). On the other hand, select-
ing the replacement candidate in software - either by the applica-
tion or by the compiler - can potentially choose better alternatives
than a hardwired LRU. This is an issue that has not been investi-
gated in prior research to our knowledge in the context of TLBs.
Most current TLBs do not provide such capabilities, but any strong
supporting arguments in favor of this could influence future offer-
ings. Prefetching TLB entries to tolerate/hide the miss latency is
discussed later in section 4.8.

A detailed investigation of software directed replacement techniques
is well beyond the scope of this paper. Rather, we would like to find
out what is the best that we can ever do, so that we can get a lower
bound of achievable miss rates with any software directed replace-
ment scheme. Such a study can be conducted by simulating the
OPT replacement policy, i.e. at any instant replace the entry whose
next usage is furthest in the future. It can be proved that no other
replacement scheme can give lower miss rates than OPT (which is
itself not practical/implementable). We simulate a TLB using OPT
and compare the results with that for a fully associative TLB using
LRU of the same size. We would like to mention that simulation
of OPT exactly is extremely difficult (pointed out by others [29])
since it involves looking into the future (infinitely). Instead, at ev-
ery miss, we look ahead one million references in our simulation
(which we call OPT’). We have tried looking further into the future
and the results are not very different, leading us to believe that the
results with OPT’ are very close to that of OPT. Table 3 compares
the miss rates for OPT’ and the TLB using LRU for three different
sizes (particularly note the columns denoting the ratio of miss rates

between the two approaches).

When the TLB size is very small, either scheme incurs a lot of
misses, and the differences between the schemes are less significant
than at larger TLB sizes (in many cases). At the other end, when
the TLB size gets large enough that the working set fits in it, the
differences between the schemes again become less prominent. We
find that in these applications, a 256-entry TLB is still small enough
that the benefits of OPT’ over LRU continue to increase with size.
mcf is an exception at small TLB sizes.

There are some interesting observations/suggestions we can make
from these results. First, we find that in many situations, OPT’
gives substantially lower miss rates than LRU, suggesting that soft-
ware directed replacement needs to be explored further. In some
applications (such asammp), the reference behavior is statically an-
alyzable, making compiler/application directed optimizations wor-
thy for exploration. While the dynamic reference behavior in other
applications may not be readily amenable for static optimizations,
our results show that it is definitely worthwhile to explore a com-
bination of static and runtime approaches to bring the miss rates
closer to OPT’.

Second, despite the significant improvements with OPT’, we still
find that there is still a reasonably large miss rate that any software
directed replacement scheme cannot reduce. This motivates the
need for miss latency tolerance techniques such as prefetching (by
software or hardware) which is explored later in section 4.8.

4.7 How far apart are the misses spatially?
Having seen the temporal separation of misses, we next move on
to examining the spatial distribution of the misses in terms of the
virtual addresses themselves. Any observable patterns/periodicity
would be extremely useful for prefetching TLB entries from both
the architectural and compiler perspectives. Figure 6 shows what
virtual addresses (on they-axis) incur misses during the execution
of the applications (expressed in terms of the misses on thex-axis).
In consideration of the scale of the graph, thex-axis only shows a
small representative window of the execution so that any observ-
able patterns are more noticeable. Again, the scale of the graph
may make it appear as though there are twoy-values for a given
x-value, though this is not really the case. It should be noted that
there are earlier studies which have drawn such graphs [6] for ap-
plication reference behaviors. The difference is that we are looking
at the misses (not the references) since that is what TLB prefetch
engines work with as is discussed next, and also in that no one has
looked at these graphs for SPEC2000 applications.



Application 64-entry 128-entry 256-entry
OPT’ LRU OPT’/LRU OPT’ LRU OPT’/LRU OPT’ LRU OPT’/LRU

mcf 9.3% 9.73% 0.955 8.86% 8.99% 0.985 7.34% 8.1% 0.90
twolf 1.3% 2.08% 0.625 0.65% 1.29% 0.503 0.2% 0.53% 0.377
vpr 1.54% 2.58% 0.596 0.80% 1.64% 0.487 0.23% 0.66% 0.348

lucas 1.64% 1.64% 1.0 1.62% 1.63% 0.99 1.57% 1.61% 0.975
apsi 1.85% 2.34% 0.79 1.38% 1.96% 0.704 0.77% 1.79% 0.43

galgel 22.5% 22.8% 0.986 19.8% 22.8% 0.868 14.4% 22.7% 0.634

Table 3: Comparing miss rates for OPT’ and LRU replacement policies
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Figure 6: Figure showing the data addresses that miss during the course of program execution shown in thex-axis in terms of misses
(Time).

We observe that many applications exhibit patterns in the addresses
that miss, which repeat over time. For applications such asgalgel ,
apsi , and to a lesser extentmcf andlucas , the patterns are more
discernable. Intwolf andvpr , the patterns if any, are not very
clear. These patterns are a result of the iterative nature of many of
these executions that repeat reference behavior after a while.

4.8 What is the benefit of prefetching?
As was pointed out in section 4.6, despite all the optimizations we
can do to reduce the miss rates (either with fancy TLBs or with
fancy management schemes), it is still important to be able to re-
duce the latency incurred on a miss by hiding some or all of this
cost. Prefetching is one such approach that has been explored in
depth in the context of caches and I/O, but it has drawn little inter-
est in the context of TLBs until recently [28, 3, 25, 20]. In a broad
sense, prefetching mechanisms can be viewed in two classes: ones
that capture strided reference patterns and those that base their de-
cisions on history. We consider three prefetching mechanisms in
this paper to estimate the potential of prefetching TLB entries. The
first technique is based on limited history -Markov prefetching

which has been studied previously [18] in the context of caches,
and we have adapted it for TLBs. The second technique called
Recency-based prefetchingis based on a much larger history (until
the previous miss to a page) and is described in [28]. The third is
a stride-based technique calledDistance Prefetchingthat has also
been proposed for TLBs [20]. Markov and Distance implemen-
tations use a prediction table of entries. Markov indexes this ta-
ble with the current missing page, and the table gives two other
pages that also missed immediately after this page, which need to
be prefetched. Distance Prefetching indexes the table based on the
current distance (difference in page number between current miss
and previous miss), and the table gives two other distances that oc-
curred immediately after this distance was encountered. Recency
prefetching keeps an LRU stack of TLB misses by maintaining two
additional pointers in each page table entry (kept in memory). The
reader is referred to [18, 28, 20] for further implementation details.
Since TLB access is extremely time critical (at least on the hit path),
prefetching is usually attempted only at the time of a miss. As a re-
sult, all the prefetching techniques we consider observe only the
miss reference stream to make decisions. We assume the existence



of logic to observe these misses, make predictions, and bring those
entries into a prefetch buffer. At the time of a miss, this buffer
can be consulted concurrently with searching the TLB to find out
if the entry has already been prefetched. Prefetching does not in-
crease/reduce the number of misses since it never directly loads the
fetched entries into the TLB. The only drawback of wrong predic-
tions is in evicting entries from what is already there in the prefetch
buffer and in the additional memory traffic that prefetching induces.

We useprediction accuracyto compare the effectiveness of the
techniques. Prediction accuracy is the fraction of misses whose ad-
dresses were accurately predicted and translations for these can be
found in the prefetch buffer when these misses are actually encoun-
tered. Remember that mispredictions can only throw away entries
from prefetch buffer (not from TLB). A 16-entry prefetch buffer is
used in all cases for a uniform comparison.

We would like to mention that an in-depth investigation of these
prefetching mechanisms varying all the different parameters is not
conducted here and interested readers can refer to [20]. While
we have investigated several parameters, the prediction accuracy
is shown in Figure 7 for all the SPEC2000 applications for a fully
associative TLB of 128 entries. For markov and distance prefetch-
ing, the number of entries maintained in the prediction table and
the associativity of the table are also varied and these parameters
are indicated in the figure where D stands for direct-mapped and F
for fully-associative (2 or 4 refers to the associativity). For exam-
ple, Markov512D means a markov predictor with 512 table entries
which is direct-mapped.

We observe that prefetching has the potential to reduce the TLB
misses significantly in 18 applications(gzip , gcc , crafty , parser ,
gap , vortex , wupwise , swim , applu , mgrid , mesa, galgel ,
art , facerec , ammp, equake , sixtrack andapsi ) while
applications likevpr , mcf , eon , bzip , twolf andfma3d hardly
benefit from prefetching. In others, the mechanisms provide mod-
erate accuracy.

Distance Prefetching does better than recency and markov in 13
applications. It does extremely well compared to markov in many
applications(gzip , mgrid , applu , wupwise , ammp, lucas ,
swim ) because these applications have very large working sets and
hence require large number of entries in the markov prediction ta-
ble. Since distance prefetching requires fewer entries to be main-
tained to capture such regular patterns, it does much better. In some
applications such astwolf andcrafty , markov does better than
distance because their working set is much lower (only 2-4 MB)
and markov gives a very good indication of past history than dis-
tance. While it may appear that some bars are missing in this graph
(bars foreon ) this is not really the case. The prediction accura-
cies here are very low. In many cases(gcc , gap , vortex , mesa,
lucas , parser andsixtrack ) though distance does not out-
perform both recency and markov, it either does equally well or
better then atleast one of them. Another characteristic that we find
is that distance prefetching is not very sensitive to the choice of ta-
ble parameters that are considered, while markov shows more vari-
ability across these parameters. This is a consequence of the fact
that distance is able to capture the patterns in a much smaller space.

Overall, we find that distance prefetching is either the best or shares
first place in prediction accuracy for 18 of the 26 applications. It
is thus a better alternative than markov prefetching. Between re-
cency and distance, the advantage of the former is that it does

not maintain a prediction table. However, the additional page ta-
ble size cost of recency and the additional memory traffic that it
induces (several pointers in the page table need to be updated to
maintain LRU ordering) can tilt the balance in favor of the latter.
Remember that we do not have too large a window to accommo-
date such costs as shown in Section 4.5. The poor performance of
prefetching in some applications suggest a lot more work is needed
in hardware/runtime/compiler directed prefetching. This is particu-
larly true formcf , twolf andvpr where these prefetching mech-
anisms are not as affective and the miss rates are high.

5. DISCUSSION OF RESULTS AND CON-
CLUDING REMARKS

Examining several TLB characteristics of the SPEC2000 applica-
tions has revealed interesting results and insights. Our results re-
iterate what others have pointed out - TLB design and optimiza-
tion for lowering miss rates and miss penalties is extremely crit-
ical. Around one-fourth (seven) applications from the suite have
miss rates higher than 1% on a 128-entry fully associative TLB
(that is representative of current structures). This can result in a
10% overhead in terms of time even if we optimistically figure a
30 cycle miss penalty, and a CPI of 1.0. Some other studies have
used miss penalties that are even higher [12, 11], and lower CPIs
[21, 26] for these benchmarks. Further, as processor ILPs and clock
speeds continue to increase, the TLB miss handling bottleneck will
become even more significant.

From the viewpoint of TLB organization, there are some applica-
tions where associativity is more important than capacity (beyond
say 128-entry TLB), and some applications where the vice-versa is
true. We also find that the 2-level TLB, that is already available on
some commercial processors, would benefit the SPEC2000 appli-
cations by reducing the access times in the common case without
significantly affecting miss rates.

There are differences between the applications in the extent to which
they can benefit from superpaging. Some applications access sev-
eral contiguous virtual pages at the same time, requiring just a few
superpage entries in the TLB. But we found others where super-
paging does not have much potential. It should be noted that this
study has only considered the potential for superpaging (at the vir-
tual address level) and has not dwelled on other practical issues
such as adjacency of the pages in physical memory, or how much
of this can actually be exploited by the OS. On the other hand, these
results motivate ongoing and future work on superpaging.

These applications usually have a small code region that is repeat-
edly executed (in a loop) to take up the bulk of the execution time.
This is also the region where most of the TLB misses occur. Con-
sequently, we do not find well demarcated phases (discounting ini-
tializations) differing in the number of TLB misses except in a few.
This suggests that it may not be worthwhile to trigger optimization
techniques dynamically based on increases/decreases in the num-
ber or frequency of TLB misses. Any such technique is likely to be
always dormant or always triggered, and the overhead of keeping
track of changes in TLB behavior could discount such optimiza-
tions. Incidentally, we have also conducted some studies to explore
possible benefits of procedure level TLB management (i.e. asso-
ciate a separate virtual TLB for each procedure that is stored and
restored upon exit and invocation to prevent interference between
procedures). Results for these studies can be found in [19] which
show that there is not really a strong case for doing this.
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Figure 7: Benefits of Prefetching

We find that the applications with high TLB miss rates include
not just those with dynamic data reference patterns, but also some
with quite regular reference patterns (such asammp, galgel,
apsi ) This suggests that application level (restructuring algorithms
or code/data structures) or compiler directed optimizations have an
important role to play in reducing TLB misses or alleviating their
cost. This is an area that has been little explored and holds a lot
of promise for future research. Such techniques can give directives
and/or hints to (a) prefetch TLB entries before they are needed (ei-
ther one at a time or bulk pre-loading), (b) pinning entries so that
they are not replaced until told to do so (to over-ride a simple LRU
based approach that current TLBs use), or even for (c) superpag-
ing. In our simple experiment where we used an algorithm close to
optimal for replacement (which indicates what is the best one can
achieve by pinning entries), we observed over 50% improvement in
miss rates in several cases. This again reiterates the possible ben-
efits of software directed TLB management. Until now, systems
only provide or employ software handling capabilities (i.e. a miss
is handled in software which in turn fetches the next entry and puts
it into the TLB). Determining what entries to keep (pin) or replace
is not really exploited in any current system even though some pro-
cessors such as the UltraSparc-IIi provide mechanisms for allowing
this. Identifying what mechanisms should be exported by the TLB
hardware (such as non-blocking load of an entry for prefetch, load-
ing an entry into a particular slot, pinning an entry, etc.), what sup-
port needs to be provided by the OS (to ensure that we still provide
protection), and exploiting these mechanisms at the application and
compiler level is part of our ongoing work. We refer to all this as
software TLB managementand differentiate this fromsoftware TLB
handlingwhich is what some current systems provide.

Even with all the improvements that software TLB management
can provide, we still find a significant number of misses remain.
In such cases, hardware and/or runtime techniques to tolerate or
reduce the miss penalties by prefetching is important. Of the three
prefetching mechanisms considered, we find that Distance prefetch-
ing gives good accuracy in prediction for 18 applications of the
suite where there is some amount of regularity. When the access
behavior is very chaotic, the prefetching mechanisms break down
as is to be expected. One should be careful in univocally advocat-
ing prefetching. While the previous studies [28, 20] and ours show
that we can get good prediction accuracies, there are a few issues
to consider. First, our characterization results show that we do not
have too large a time window between successive misses, and if
the fetched entry cannot be loaded fast enough then we do not gain
significantly from prefetching. This suggests that one may want to
considerbulk prefetching- i.e. fetch several entries at once. This
has been considered to a limited extent in [3] where it is specifi-
cally used for certain kernel functions (inter-process communica-
tion). On the other hand, we suggest exploring this for actual appli-
cation executions. The regularity of the address patterns that miss
in many applications suggest that we may be fairly successful in
prefetching several entries (that may be needed) at a time. Second,
one should keep the possible increase in memory bandwidth im-
posed on the system and how this affects the rest of the execution
as illustrated in [20].

We believe that this paper has made important contributions by (i)
identifying application characteristics that are important for TLB
design/optimization, (ii) providing detailed results for these char-
acteristics in several SPEC2000 benchmarks with a unified frame-
work, and (iii) suggesting directions for future research based on



these results.
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