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As computer system main memories get larger and processor cydes-per·instruction (CPls) get smaller,
the time spent in handling translation k>okaside buffer (TLB) misses coukt become a pertonnance bottle­
nedt We explore relieving this bottleneck by (a) increasing the page size and (b) supporting two page
sizes.

We discuss how to build a TlB to support two page sizes and examine both alternatives experimentally
with a dozen uniprogrammed. user-mode traces tor the SPARe architecture. Our results show that
increasing the page size to 32KB causes both a significant ino-ease in average working set size (e.g.,
60%) and a signihcant reduction in the TlB's contribution to CPI, CPlns (namely a factor of eight) com­
pared to using 4KB pages. Results for using two page sizes, 4KB and 321<8 pages, on the other hand,
show a small increase in working set size (about 10%) and variable decrease in CPfTl.8o from negligible to
as good as found with the 32KB page size). CPI1L8 when using two page sizes is consistently better for
tully associative TLBs than for set·associative ones.

Our results are preliminary, however, since (a) our traces do not indude multiprogramming or operating
system behavior. and (b) our page size assignment policy may not reflect a real operating system's policy.
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1. Introduction

A translation IookaJide buffer (TLB) is a fast buffer containing recently used virtual-la-physical
address translations [CIE85.HeP90,SaB8I,Smi82]. Most computers that support paged virtual memory
[Den701 use TLBs to reduce average address translation time.

Ten years ago, 11..8 miss handling was responsible for only a small fraction of a machine's cycles­
per-instruction (CPt). A 11..B could map a substantial fraction of main memory (e.g., a.5MB), machines
had large ePIs (e.g., 10 cycles), and programs had small working sets. For example. Clark. and Erner
[ClE85] report that the VAX·llnSO loses only 5% of its perfonnance to 11..B misses. Wood et al.,
[WEG861 report 11..B miss rates to be around 0.03 - 3% for some machines built in the early 1980s.

However. technological and architectural trends have led to increasing main memory sizes. decreas­
ing CPls. and programs with larger working sets. Today's workstations can have memories larger than
32MB and an average CPI of two cycles or less_ In a few years. we expect main memories of 256MB and
CPls of 0.5 cycles to be common. The larger memories are needed to support programs with larger work­
ing sets or to keep resident the working sets of mUltiple programs. Thus. TLB miss handling may
become a performance bottleneck unless TLBs miss less often despite having to map larger working sets.

One way of improving TLB performance is to make the TLB hold more entries. The extent to
which the TLB size can be increased depends on whether the level-one cache uses physical tags. If il
uses physical tags. then TLB access mUSt complete before the cache access does (even if the cache uses
vinual index as in the MIPS R4(00). Furthermore. for superscalar machines that may do multiple
memory references per cycle. the TLB may need to be multi-ported. Therefore, if the TLB gets 100 large,
it will adversely affect the latency of every memory reference.

If the level-one cache uses virtual tags. it is much more straightforward to build a large TLB, since
it is accessed only on level-one cache misses. To date. few computer designers have used vinually·
lagged caches due to concerns about the complexity of handling synonyms (i.e.• mUltiple virtual
addresses that map to the same physical address), cache nushes on contex.t swiLChes and multiprocessor
issues.

A second mel.hod for improving TLB perfonnance is to make the page size larger. The advantages
are lhat the TLB maps more memory "for free," the size of operating system data Slructures decreases,
and disk paging is more efficient (since the delay of disk head movement is amortized over more data
transferred). 11lere are. however, several reasons why typical page sizes have not increased. Firsl, page
sizes are much harder to change than cache block sizes. Page size is an architectural parameter, nOl jusl
an implementation issue, as il affects memory management by the operating system. Thus, established
architcctures like the IBM 370 and DEC VAX·11 slill use their original page sizc. Second, as we will
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Show, larger pages result in larger working sets due to internal fragmentation fDcn70l, i.e., memory
wasted due to the page size being larger than what the program needs. Third, the protection granularity
becomes coarser. Appel and Li [ApL91] describe some applications that would benefit from smaller
pages.

A third method for improving TI..B performance is to use two page sizes and to require page sizes to
be powers of two and pages to be aligned (Le., a page of size B must be placed in virtual and physical
memory at an address that is a multiple of B). If the large page size can be judiciously used, this method
can make the TLB map more memory without a significant impact on working set size and no effect on
minimum protection granularity.

However, supporting multiple pagc sizes has several disadvantages. First, like a larger page size.
this change impacts a computer's architecture. Second, new TLB implementations must be built to han­
dle multiple page sizes, which is not straightforward (SCction 2). Third, software must select a proper
page size assignment policy to take advantage of the larger pages. Fourth, memory management and
page replacement policies must accommodate multiple page sizes. Fifth. external fragmentation is now
possible. which does not exist with a single page size. External fragmentation is waste due to the page
size being larger than a contiguous region of available memory.

Nevertheless, supporting two page sizes is mueh simpler than supporting Multies-style segments
[Org72] or many page sizes. Supponing segments that can be of arbitrary length starting at arbitrary
addresses, requires TLBs to form physical addresses by addition rather than by concatenation, and
software for mitigating external fragmentation is harder. Supporting mUltiple page sizes that are aligned
and all powers of two, allows physical addresses to be formed by concatenation, but still requires
software to handle external fragmentation and makes the usc of sct-associative TLBs difficult.

We are aware of two supercomputers and four recent microprocessor architectures that suppon mul­
tiple page sizes. However, there has been little software suppon for general usc of the larger pages. The
CDC CYBER 200 rCOC8ll supported two page sizes (64K.B and a selectable smaller page size) using a
fully associative page table. The ETA 10 [ETA86] supercomputer supports two page sizes - a large page
size of 64KW or 256KW and a small page size of IKW, 2KW or 8KW (word is 64 bits). The R4000
[Sla91] suppons thil1ccn page sizes (4KB to 16MB) and has a 48-entry fully associative TLB. Super­
SPARe fBIK92j suppons four pages sizes (4KB, 256KB, 16MB and 4GB) using a 64-enll)' fully­
associative TLB. Hewlett Packard's PA-RISC 1.1 Architecture [HP90] has a 4-entry fully associative
Block TLB for large pages (256KB to 16MB), and a separate fully-associative TLB for 4KB pages. The
Intel i860 XP microprocessor UNT911 supports one very large page size with a 16-emry TLB for 4MB
pages and a separate 64-entry TLB for 4KB pages (both TLBs are four-way set-associative). All require
pages to be aligned.

In this study we compare usc of two page sizes versus a single page size. We explore the utility of a
medium-sized page (e.g., 32KB) instead of megabyte-sized pages that will be used in specific applica­
tions only. We consider examining multiple page sizes beyond our scope for two reasons. First, we think
it prudent to initially examine lhe simpler ex.tension. Second, we do not know of a goad operating system
poliey for sclecting among many page sizes.

In this paper we show that increasing page size dramatically improves TLB performance at the cost
of a large increase in working sel size. By using a combination of small and large pagcs, I.e., 4KB and
32KB, preliminary sludies show that it is possible to improve TLB performance with little increase in
working set size. For some programs. we show that using two page sizes can result in a better perfor­
mance than using a single page size of 8KB. We also explore ways to build set-associative TLBs to sup­
port two page sizes.

This paper leaves open research issues related to efficient TI..B miss handling, page size assignment
policies, memory management and page replacement policies for multiple page size systems.
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5.1. Fully Associative TLBs

Figure 5.1 shows CPI1tB for a J6-entry fully associative 11.8. Using a single large page size
(32KB) gives the best CPITL/J. 1be TI..B now maps eight times more memory than when using a single
page size of 4KB and the CPITLB reduces by approximately a factor of eight Using a single page size of
8KB doubles the mapped area and nearly halves the CPITUl .

CPITUl when using two page sizes are only slightly worse than that oblained when using a single
large page size of 32KB. TIle difference in CPI1Ul is mostly due to the increase in miss penalty if using
two page sizes. The results show that there is a significant benefit in using a combina1.ion of large and
small pages. Funher the improvement does oot require a large increase in working set size (Section 4).

For many programs the two page sizes scheme has lower CPITUJ than using a single page size of
8K.B. The use of large pages (32KB) in the two page sizes scheme has the potential to map a much larger
area than a single page size of 8KB. Further, using two page sizes has a penalty comparable in working
set size to using a single page size of 8K.B. It should be noted, however, that the choice of page sizes is
an architectural issue and the decision should not be based on any particular implementation.

5.2. Two-Way Set-Associative TLBs
Figure 5.2 shows the CPITl.JJ for 16-entry and 32-entry, two-way set-associative TI..Bs. The histo­

grams compare CPITl.JJ when using the exact index for the two page sizes scheme with CPITLB for a sin­
gle page size TI..B. We use exact indexing for the two page size TI..Bs as we expect this to do the best
Section 5.2.1 compares the different inde~ng schemes. The results for two-way set-associative TI..Bs
are. however. not as regular as in the fully associative case.

Using large pages lowers the CPITUJ quite significantly because the same TI..B now maps a larger
region of memory. Malrix300 is an extreme example: CPITUl reduces from 1.56 for4KB pages to 0.11
for 32KB pages (for a 32-entry 11.B). Using a single page size of 32KB has the lowest CPI1Ul. A single
page size of 8K.B, also produces a significant improvement in CPI1tJJ-

For eight of the twelve programs. using two page sizes delivers lower CPITL/l than using a single
page size of 4K.B, even with the increased miss penalty for the two page sizes scheme. The improvement
in CPITl..JJ varies from vcry large (e.g., malrWOO. nasa7) to moderate (e.g.• verilog, xnews). This shows
that it is possiblc to suppon two page sizes using set-associative TI..Bs while improving 11.B effective­
ness. However, for a couple of programs (e.g.• espresso, worm) there is a degradation in CPITl.JJ by using
two page sizes. This is due to insufficient use of large pages during page size assignment and the larger
miss penalty for the two page sizes scheme.

WSNoTROllliud for thc two page sizes scheme and for a single page size of 8KB are comparable. Com~
paring CPlTL/J in the two cases, however. there are no clear trends. For a 16-entry 11.B, the small pro­
grams seem to benefit more from using two page sizes. On the other hand, for a 32-entry 11..B, the small
programs seem to benefit more from a single 8KB page size. For large matrix-manipulation programs
(e.g.• nasa7 and marrix300) using two page sizes is a better option as they use mostly large pages and get
CPITL/J comparable to using 32K.B pages. The results might suggest that increasing the page size to 8KB
is better than using two page sizes. However. as programs continue to gct targcr. there may be more
benefit in moving to a combination of small and large pages than to a single page Si7.e of 8KB.

To consider the effcct of increase in miss penalty for 11..Bs supponing two page sizes, we look at
the critical miss penalty increase. &np(4KB/32KB) varies from 30% to 1200% for programs that show
an improvement in CPITUJ when using two page sizes. This shows that even with a 30% increase in miss
penalty for two page sizes, the same trendS/results will hold. We conclude tllat a moderate increase in
miss penalty when using two page sizes can be tolerated.

Though there is a general trend of decreasing CPI1tJJ when using larger pages, there are some
exceptions. For example. Tomcal\l has a quickly degrading CPIrl.JJ for increasing page sizes for two-way
set-associative 11..Bs. The program's access pattern causes the 11..B to thrash even with larger pages.
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Alexander et aI .• [AKB8S) report similar behavior for different traces. We do not see any such anomalies
for higher associativilies, which indicates that they arc due to interaction between the access pattern and
the bits used to index the TLB.

The resulls show that there is potential for improving CP/rUJ by using a combination of small and
large page sizes. We have also shown that a moderate increase in miss penalties for the more compli­
cated TLBs does not affect the trends. Since the policy for allocation of pages (Section 3.4) is not realis·
tic however, these results are only preliminary. Furthennore. with a real operating system using twO page
sizes, we expect the allocation pattern to change and result in different TLB behavior-sct conOicts are
sensitive to allocation of data structures in the virtual address space. Exact perfonnance gains for using
two page Sil.eS can only be estimated with realistic policies for page size assigruncnt, more accurate esti­
mates for miss penalty. estimales of the impact of increased working set size on the system page fault
rate. and sludies of larger and mulliprogrammed workloads.
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Table 5.1. Comparison of indexing schemes.

5.2.1. Comparison of Indexing Schemes ror Set·Associative TLBs

Table 5.1 compares CPlnJJ using different indexing schemes for 16- and 32-entry two·way set­
associative TI..Bs supporting two page sizes.

Exact indexing is intuitively the bener indexing scheme. Although there are more cases where the
exact index does better than lhe large page index. in more than 50% of the programs the CPITLlJ are
roughly comparable. The two indexing schemes differ only in how they handle small pages. This com­
parable behavior might be due to the following (a) There may be few small pages (e.g., for matrix300).
Hence, the CPITLB is similar to using all large pages and the indexing scheme for the small pages has tit­
tle effect. (b) In our page size assignment, small pages are used only if I, 2 or 3 of the blocks in a large­
page region are accessed. Associativity covers the cases of one or two blocks. So the large page index
docs worse only if three blocks in a large page region are accessed. We expect this to be infrequent

Use of large page indexing is based on the assumption that enough large pages will be allocated
(Section 2.2). Suppose that a system supports two page sizes and uses the large page index, but the
software docs not allocate any large pages. 1bc simulations show that this results in a severe degradation
in CPITUJ (comparing first two columns in Table 5.1). 1lle degradation occurs because the bilS used as
the large page index are a poor choice if one is using only small pages. Thus, the effectiveness of
hardware to support two page sizes depends on the operating system to do a good page size assigrunem.
Without software support, hardware supponing two page sizes may do worse than when supporting a sin­
gle page size of 4KB. This is an important issue if the new hardware has to work with older versions of
the operating system.
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6. Summary and Conclusions

As main memories get larger and processor cycles-per-instruction (CPI) get smaller, the time spent
in handling TLB misses is becoming more significant. It may not be possible to increase the number of
TLB entries to map the gigantic memories of the future when using a physically tagged level-Qne cache
without adversely affecting the latency of all memory references. Two alternatives for making a TLB
more effective are (a) increasing the page size and (b) supporting two page sizes.

We experimentally examined both alternatives with a dozen uniprogrammed, user-mode traces for
the SPARe architecture. Our results show that increasing the page size to 32KB reduces the TLB's con­
tribution to CPt CP1T!.8, by factors of about three to eight (sometimes more) compared to using 4KB
pages. However, this CPI decrease is accompanied by a significant increase in average working set size
(e.g., 60%). Without making many additional assumptions it is not possible to translate the increased
working set size to a CPI penalty. Nevertheless, unless main memory is underutilized, larger working
sets either demand a larger main memory, cause a higher page fault rate, or both.

Our results show that the use of two page sizes--4KB and 32K.B-Iceeps the increase in average
working set size modest (about 10%), and makes CPlns reductions that depend on whether the TLB is
fully associative or sct-associative. Results for a 16-entry fully associative TLB show that performance
of two page sizes is mostly comparable to using the large page size. With two-way sct-associative TLBs,
due to the complexity of indexing with two page sizes, the results range from no improvement to CPITLB
comparable to using 32KB pages. In a few cases, there is even a degradation in CPITUJ resulting from
using two page sizes. Furthermore, CPITUJ is adversely affected by using the large page index if the
operating system docs not allocate any large pagcs.

We also compared using two page si7-cs with increasing the single page size to 8KB. Results show
that (a) both causc a similar, modest increase in average working set size, and (b) using two page sizes
leads to a lowcr CPITl./J with a fully associative TLB, but (c) results are mixed for set-associative TLBs
due to indexing issues.

Even if all our assumptions are accurate, our results neither conclusively reject nor conclusively
support the use of two page sizes. Furthermore, there are three important reasons not to infer too much
from our results. First. the two page size results critically depend on the operating system's policy and
mechanism for selecting between the two page sizes. Instead of modifying the operating system, we used
traces generated with CUfTCnt software and dynamically remapped page sizes in response to usage pat­
terns. A real page-mapping policy may perfonn much better (e.g., by reorganizing code and data for the
new page sizes) or much worse (e.g., mapping policies might use less dynamic information). Second.
despite consuming nearly 5.5 months of CPU simulation time. our traces are inadequate to exercise large
TLBs, in part, becausc they do not include the effect of multiprogramming and operating systems
behavior. Third, the selection of page size or sizes is detennined by more factors than we have examined,
including disk performance, paging perfonnance and protection granularity. Furthermore, the selection
of page size is typically an architectural, not an implementation, decision. Thus, one should not be
satisfied that a page size is good for a particular machine. but ask whether it is likely to be good for most
implementation technologies and workloads the architecture is likely to encounter in the future. One
should not, for example. select page sizes that require the use of a fully associative TLB unless one
expects that most future technologies will support fully associative TI..Bs well.

We hope that this paper motivates more research, particularly operating system research, to solve
the problcms associated with supporting multiple page sizes and to see whether they should be the pre­
ferred alternative.
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