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Abstract—The parallel hybrid memory system that combines
Non-volatile Memory (NVM) and DRAM can effectively expand
the memory capacity. But it puts lots of pressure on TLB
due to a limited TLB capacity. The superpage technology that
manages pages with a large granularity (e.g., 2MB) is usually used
to improve the TLB performance. However, its coarse-grained
granularity conflicts with the fine-grained page migration in the
hybrid memory system, resulting in serious invalid migration
and page fragmentation problems. To solve these problems, we
propose to maintain the coexistence of multi-granularity pages,
and design a smart TLB called GATLB to support multi-
granularity page management, coalesce consecutive pages and
adapt to various changes in page size. Compared with the existing
TLB technologies, GATLB can not only perceive page granularity
to effectively expand the TLB coverage and reduce miss rate,
but also provide faster address translation with a much lower
overhead. Our experimental evaluations show that GATLB can
expand the TLB coverage by 7.09x, reduce the TLB miss rate by
91.1%, and shorten the address translation cycle by 49.41%.

Index Terms—TLB, multi-granularity pages, parallel hybrid
memory

I. BACKGROUND AND MOTIVATION

Nowadays, parallel hybrid memory architecture composed of
DRAM and non-volatile memory (NVM) can greatly expand
the available memory to meet the ever-increasing memory
requirements of modern applications. In this architecture, both
DRAM and NVM are treated as main memory equally, aiming
at building large-capacity hybrid memories. To avoid NVM’s
weakness, hot pages are usually put on the DRAM and cold
pages are placed in NVM through page migration technology.

The hybrid memory architecture brings large capacity, but it
also puts great pressure on address translation of the translation
lookaside buffer (TLB). The rapid expand in memory capacity
exacerbates the problem of TLB misses and triggers large num-
ber of long-latency page table walks, which leads to memory
access performance degradation. In order to reduce the TLB
miss rate, the most direct way is to increase the capacity of the
TLB. However, this method is impractical because increasing
the TLB size not only results in higher hardware overhead and
longer look-up latency, but a small increase in TLB capacity
cannot effectively reduce the TLB miss rate.

Another commonly used effective method is to expand the
TLB coverage (the mapping range of each TLB entry) by
leveraging superpages [1] - [3] in main memory. Compared
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to the increase in TLB capacity, using superpages can expand
the TLB coverage by several times while slightly increasing the
hardware overhead. For example, if we use 2MB superpages
instead of 4KB normal pages in memory, one entry that was
previously mapped to one normal page can now be mapped to
512 normal pages, which will greatly expand the TLB coverage,
thereby reducing the TLB miss rate. Many studies have shown
that using superpages can indeed effectively reduce the TLB
miss rate [4] - [6], leading to 49.6% performance improvement
[7]. Although superpages can effectively extend TLB coverage,
directly replacing normal pages with superpages in the hybrid
memory system will cause new problems.

A. Superpage Issues in Hybrid Memory

As mentioned above, page migration is used in the hybrid
memory system to gain performance improvement. However,
when superpages are used in this architecture, the invalid page
migration and page fragmentation problems would arise.

Invalid page migration: Existing research [8] shows that
the memory references of most applications are mainly concen-
trated on a few 4KB hot pages, while most of the remaining
pages are cold pages. Moreover, these hot pages and cold pages
are mixed together and distributed on the superpages. There-
fore, migrating an entire superpage will bring a large number
of small cold pages to DRAM, thereby wasting transmission
bandwidth and valuable DRAM space. Besides, in order to
make room for the migrated pages, DRAM will evict pages
into NVM, and these pages may contain small hot pages that
are hotter than those small cold ones migrated to DRAM,
which violates the rules of putting hot data in DRAM and
storing cold data in NVM. In addition, if these small hot pages
migrated to NVM are accessed intensively in the future, they
would be returned to DRAM again, resulting in frequent page
swaps. These additional page swaps will cost a heavy system
overhead [9], which far exceeds the benefit of page migrations.
In this paper, we refer to this type of migration as invalid
page migrations. In our preliminary studies, we found that the
proportion of invalid page migration is very high. As shown
in Fig. 1(a), for the SPEC 2017 workload [10], the average
percentage of invalid migrations caused by migrating the entire
2MB superpage is about 60.3%.

Page fragmentation: The problem of invalid migration can
be solved well if we only migrate the small hot pages in a
superpage, but such fine-grained page migration will destroy the
continuity and integrity of superpages. Because in the parallel
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(a) The invalid migrations caused by migrating superpages. (b) The page fragmentation caused by migrating small pages.

Fig. 1: The statistic evidence of invalid migration and page fragmentation.

hybrid memory architecture, pages cannot reside in both NVM
and DRAM. The origin space of the small hot pages in NVM
will be reclaimed when they are migrated to DRAM. Only
after all the small pages in the superpage have been reclaimed
can the space be allocated to other pages. Otherwise, the
empty ones scattered in the superpage caused by migration will
neither be used nor allocated to other pages, resulting in page
fragmentation problems. In the worst case, each superpage is
a fragmented page and the available NVM space will soon
be used up. Finally, it needs to swap superpages to disk to
make room for new pages, resulting in unbearable overhead and
performance degradation. As shown in Fig. 1(b), the proportion
of fragmented pages in NVM caused by migrating small hot
pages in SPEC 2017 workloads is about 26.61% on average
and up to 45.69%.

The above analysis and statistical evidence clearly show
that due to the conflict between fine-grained migration and
coarse-grained superpage management, it is not appropriate to
directly use superpages in a hybrid memory system. In addition,
since different applications always require different sizes of
superpages [12] and most applications use a high percentage
of small pages, it is not suitable to use fixed-size superpages
for all applications [11]. So in this paper, we propose the
coexistence of multi-granularity pages to alleviate the incom-
patibility between coarse-grained superpages and fine-grained
page migration in a hybrid memory system. However, when
using multi-granularity pages, TLB needs to perceive different
page sizes and obtain the correct physical address for each page,
which brings great difficulties and challenges.

B. Challenges of TLB Support for Multi-granularity Pages
Using multi-granularity pages instead of default 4KB or 2MB

pages will cause uncertainty in page size. However, in the
address translation process, only by knowing the page size
in advance can the TLB obtain the correct physical address.
Therefore, the uncertainty of page size brings the following
challenges to TLB management.

Challenge 1: which bits in the virtual address should be
selected as the index? When performing an address look-
up operation in a set-associative TLB, the virtual address is
commonly divided into three parts, including Tag, Index and
Page Offset. Index is used to locate the set in the TLB, Tag
and Page Offset help to find the correct entry in the specified
set and obtain the full physical address respectively. However,

due to the use of multi-granularity pages, the Page Offsets
corresponding to different page sizes are different [13], so the
corresponding Index values are also different. Taking an 8-
set 4-way set-associative TLB as an example, if the page size
is 4KB, the Index value corresponds to the bits 12-14 of the
virtual address. While if the page size is 2MB, the Index value
corresponds the bits 21-23 of the virtual address. Therefore,
when using multi-granularity pages, the uncertainty in page size
makes it difficult to determine the position of the Index and it
is impossible to obtain the correct physical address, resulting
in invalid TLB work.

The fully-associative TLB that checks all entries for the
requested address can be easily extended to support multi-
granularity pages [14]. However, considering the translation
speed, the fully-associative TLB can only support a limited
number of entries. When the number of entries becomes large,
each translation will take a long time, resulting in performance
degradation. Therefore, we focus on designing a novel set-
associative TLB to support multi-granularity page.

Challenge 2: which management granularity should we
choose to use in the TLB? The uncertain problem of In-
dex can be solved by setting a uniform page management
granularity in the TLB. However, this will also fall into a
dilemma. Specifically, the optimal page granularity varies from
application to application [15] [12]. Even the same application
has different page granularities at different stages [15] [11]. If
the page granularity is small, then large pages need to store
multiple TLB entries in different sets, resulting in very low
TLB utilization and address coverage, which conflicts with
the idea of using superpages to extend TLB coverage. On the
contrary, if a large page size is selected as the TLB management
granularity, all small pages in a large page will be mapped to the
same TLB set with the same Tag and cannot be distinguished.
Therefore, the correct physical page address of each small page
cannot be obtained through normal address transformation.

The direct solution is to use split TLBs [8] [16] to provide a
dedicated TLB for each page granularity. However, this method
is only suitable for applications with few page granularities.
When the number of page granularities is large, it is difficult to
maintain a dedicated TLB for each page granularity in the lim-
ited TLB space. Besides, different applications have different
requirements for page granularities [12]. For some applications,
maintaining too many TLBs will cause some TLBs to be idle
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[17] [18], resulting in low TLB space utilization.
Other existing solutions still choose normal 4KB pages as

the TLB granularity, while coalescing consecutive pages near
certain selected pages [15] [12] or adding dedicated TLBs
to store large pages [19]. However, these methods also have
limitations. First, it can only coalesce consecutive pages near
certain selected pages, and cannot make full use of page
continuity to effectively extend the TLB coverage. In addition,
it may take two look-ups to find the correct TLB entry, one for
small pages and another for large pages, which may take a long
time. Second, adding a dedicated TLB with limited capacity
can only store a limited number of large pages, and cannot
fully support on-demand multi-granularity pages. Therefore, it
is very challenging to design an efficient TLB to support the
coexistence of multi-granularity pages.

Challenge 3: how to deal with page size changes? Due
to page migration in the hybrid memory architecture, the page
size often changes. For example, when a small page is migrated,
a large page will be divided into multiple smaller pages, and
multiple consecutive small pages can also form a larger page.
Therefore, it’s necessary to re-check the page continuity and
update the corresponding TLB entries to ensure the correctness
of address translations. The existing methods [15] [12] mainly
rely on re-traversing the page table to check the page continuity
and update the corresponding TLB entry, which is costly. So
how to design a smart TLB that can adapt to frequent page size
changes with low overhead is really challenging.

The above analysis and observations show that existing TLBs
cannot address these challenges and manage multi-granularity
pages efficiently. In this paper, we propose a new TLB called
GATLB to support multi-granularity pages in the hybrid mem-
ory system, which can meet the following requirements. First,
GATLB can use clear Index bits to manage pages of different
granularities. Second, GATLB can perceive page granularity
and adapt well to page granularity changes caused by page mi-
gration. Third, GATLB can provide greater coverage expansion
and support efficient address translation with low overhead. Our
extensive experiments show that GATLB can expand the TLB
coverage by 7.09x and reduce the TLB miss rate by up to 91.1%
with 49.41% fewer address translation cycles.

II. DESIGN OF GATLB

The overall GATLB consist of three parts: a unified TLB,
entry coalescing logic and an address-aware allocation method.
The unified TLB can efficiently store TLB entries for multi-
granularity pages in a unified way. Entry coalescing logic can
perceiving and coalescing consecutive pages to expand TLB
coverage. And address-aware allocation method can increase
the page continuity in memory to facilitate the TLB entry
coalescing. Below, we will introduce each part in detail.

A. Unified TLB

The unified TLB (U-TLB) is a novel set-associative TLB
that can support multi-granularity page address translation. In
order to manage pages of different granularity in a unified
way, U-TLB uses the largest possible granularity as the man-
agement granularity according to the access characteristics of

Fig. 2: An exmaple of the TLB entires in Unified TLB.

the applications, while considering both the TLB set conflict
and TLB coverage. For example, for applications with large
memory footprint and strong access continuity, it can use the
granularity of 2MB in the TLB. In this case, assuming that an
8-way TLB with 1024 entries is used, U-TLB uses bits 21-27
of virtual address as the Index to locate the TLB set, and bits
28-63 are used as the Tag (marked as High Tag) for entry
comparison, as shown in Fig. 2.

However, the above method brings a new problem, that is,
small pages within one superpage will have the same Index
and Tag and correspond to one TLB entry. In this case, it’s
impossible to distinguish which small page the TLB entry
belongs to. To solve this problem, we introduce two extra fields,
Start Tag and Size, for each TLB entry to distinguish these
small pages and identify the page granularity. For a certain
granularity page P, Start Tag records the bits 12-20 of the
virtual address (marked as Low Tag) for the start small page
of page P. This is because the small pages in a superpage have
the same High Tag, but their Low Tag are different, which
can be used to distinguish them. Size holds the number of
consecutive small pages contained in page P, which indirectly
clarifies the page granularity of each TLB entry. In addition,
for consistency, the PFN field in the TLB entry also stores
the physical page frame number of the start page.

Fig. 2 shows an example, where P1 and P2 are two pages
with different granularities in the same superpage and their
information is recorded in TLB entry A and B. P1 is a 4KB
small page, thus Start Tag of TLB entry A records the
Low Tag of page 10 and Size stores the page granularity of 1.
For P2, it contains five consecutive small pages (page 3 - page
7), so Start Tag of the TLB entry B records the Low Tag
of the start page 3 and Size stores the page granularity of 5.

Based on the above analysis, U-TLB only adds two fields
to support multiple-granularity pages. Besides, it can identify
the virtual and physical address range of the page through
calculations based on Start Tag, PFN and Size fields,
which makes the TLB look-up efficient and simple. Moreover,
according to the address range of the TLB entry, it can be
recognized whether the pages corresponding to the two TLB
entries are consecutive, which simplifies the coalescing of the
TLB entries in Section II-B. Below, we will introduce the TLB
look-up and update operation.

TLB look-up: Fig. 3 shows the look-up process of U-TLB.
First, the Index bits are selected from the given virtual address
VA to locate the TLB set. Then the High Tag of VA will be
compared with the High Tag stored in all TLB entries in the
set. If there is a match, the Low Tag of VA will be determined
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Fig. 3: The look-up process of U-TLB.

whether it is within the virtual address range of the TLB entry.
Finally, we can get the required physical address if one TLB
entry hits. Note that, the comparisons of the given VA with
TLB entries in the same set will be performed in parallel to
save time.

TLB update: Page migration will cause TLB update op-
erations, and different migration methods can cause different
update operations. For page migration from DRAM to NVM,
the migrated page is cold, so there is no need to store its
corresponding TLB entry. If it exists, the corresponding old
TLB entry needs to be invalidated. For page migration from
NVM to DRAM, the migrated page is considered to be hot, so
it is necessary to invalidate the outdated TLB entry and insert a
new TLB entry corresponding to the migrated page. It should be
noted that during the migration process, large-granularity pages
in NVM are likely to be divided into multiple smaller pages. In
this case, it is still only necessary to insert TLB entries for the
migrated pages, because pages that have not been migrated are
considered cold, and these TLB entries should not be inserted
to occupy the TLB space.

B. Two-stage Coalescing

Based on the unified TLB design, GATLB can support
multi-granularity pages to address challenge 1 and challenge 2
described in section I-B. However, just using the unified TLB is
not enough to effectively expand the TLB coverage. Therefore,
in order to allow as many consecutive pages as possible to be
represented by a single entry, GATLB is designed to use a two-
stage coalescing method to detect and coalesce consecutive
pages. The two-stage coalescing method includes two parts,
page table entry (PTE) coalescing and TLB entry coalescing.
Both are executed after returning the physical address and will
not affect the memory access performance.

1) PTE Coalescing: PTE coalescing detects and coalesces
consecutive PTEs to increase the TLB coverage. Specifically,
when a TLB miss occurs, the page table is accessed, and
multiple adjacent PTEs are usually prefetched into the CPU
cache based on spatial locality. In this process, GATLB will
check the continuity of these PTEs, coalesce consecutive PTEs
whose PFN are also consecutive, and then insert a large-page
granularity TLB entry to increase the TLB coverage.

2) TLB entry Coalescing: TLB entries with consecutive
addresses will be mapped to the same set and occupy multiple
ways, wasting TLB space. Therefore, when a new TLB entry

Fig. 4: An example of two-stage coalescing.

is inserted, GATLB will detect and coalesce TLB entries with
consecutive addresses. Here, GATLB uses the Start Tag,
PFN and Size fields stored in the TLB entries to check
whether the virtual and physical addresses covered by the two
TLB entries are consecutive, which can be performed with
much low overhead.

Taking the pages in Fig. 4 as an example, the TLB entry A
currently stored in unified TLB contains five consecutive pages
from page 3 to page 7. When accessing page 8, PTE coalescing
will detect that pages 8 to 10 are consecutive, and then coalesce
the three PTEs into a TLB entry B with Start Tag being 0x8.
In addition, since all these pages are in the same superpage and
have the same High Tag as entry A, entry B will be mapped
to the same TLB set as entry A. In the TLB entry coalescing
stage, entry A and entry B are finally coalesced into entry C.
The old entry A will be replaced by the new entry C with a
larger coverage.

C. Address-aware Allocation

Based on the above design, GATLB can support the manage-
ment of multi-granularity pages in the TLB and the coalescing
of consecutive TLB entries to improve TLB coverage. However,
the effectiveness of this design is constrained by the limited
consecutive pages in memory. Therefore, in order to further
improve the possibility of coalescing, we propose address-
aware allocation to increase the proportion of consecutive
pages in memory.

The basic principle of address-aware allocation is to allocate
contiguous physical space for pages with consecutive virtual
addresses. So when a new page is allocated, it is necessary
to refer to the physical address of the allocated pages whose
virtual address are consecutive with that of the new page.
Fortunately, we can obtain this information by reading PTEs
in the cache to guide page allocation. For example, the page
with the virtual page number A is now in the physical page
frame X. If the page frame X+1 is free when the new page
A+1 is allocated, we can first allocate the page frame X+1 to
the new page.

In NVM, considering its capacity is much larger than
DRAM, we reserve NVM space for consecutive pages to further
strengthen the page continuity. Specifically, we reserve 2MB
superpage frame for consecutive 512 small pages within the
same 2MB superpage and record the information of reserved
physical superpage frame in the page table. When allocating
a new page, we can easily use the information stored in the
page table to calculate the final physical address reserved for
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(a) The overall TLB miss rate (b) The L1 TLB miss rate

Fig. 5: TLB Miss Rate.

the new pages. Then if the above ideal page frame allocated
for new page is not available, we will re-allocate free pages
according to the conventional allocation method.

III. EVALUATION

A. Methodology

We simulate GATLB in the full system mode of gem5 [22]
and use UIMigrate [23] as the page migration method. We set
DRAM size to between 10% to 50% of the workload size, and
NVM is large enough to accommodate the entire workload.
Due to space limitation, here we only show the experimental
results when DRAM size is 30% of the workload size.

We choose 14 classic workloads from SPEC CPU 2017 [10]
and compare GATLB with three existing TLB schemes, includ-
ing Base TLB and two state-of-the-art methods CoLT [19] and
Anchor [15]. In GATLB, the management granularity of TLB
is set to 64KB according to the size of the workloads. Base
TLB uses L1 and L2 TLBs with 4KB management granularity.
CoLT adds a fully-associative super TLB on the basis of normal
TLBs to support pages of different granularities and there is
also entry coalescing in the super TLB. Anchor selects a subset
of PTEs as anchor entries, and records the information of page
continuity in the anchor entries. The detailed configuration in
our experiment is shown in the Table I.

B. TLB Coverage

Table II compares the TLB coverage between GATLB and
the other three existing TLBs, and normalizes the results to
those of Base TLB. GATLB has achieved the highest expansion
of TLB coverage. Compared with Base TLB, GATLB expands
the TLB coverage by 7.09x, which is 3.15 times and 4.40 times
of CoT and Anchor respectively. This is because GATLB not

TABLE I: TLB confguration

Schemes TLB Configuration
Processor 10 cores, 2.2GHz, x86
Super TLB 8 entries, fully-associative
L1 TLB 64 entries, 4-way set-associative
L2 TLB 1024 entries, 8-way set-associative

Latency
7 cycle regular L2 hit latency [20]
8 cycle Anchor/GATLB hit latency [15]
50 cycle page table walk [21]

TABLE II: TLB coverage

Base CoLT Anchor GATLB
perlbench r 1 1.16 1.56 4.60
perlbench s 1 1.18 1.56 4.64

gcc r 1 1.11 1.46 4.75
gcc s 1 1.11 1.46 4.92
lbm r 1 13.89 1.80 14.14
lbm s 1 9.69 1.81 13.00

xalancbmk r 1 1.10 1.41 3.09
xalancbmk s 1 1.10 1.42 3.19
deepsjeng r 1 12.62 1.80 14.36
deepsjeng s 1 10.63 1.80 13.37
imagick r 1 1.28 1.21 6.89
imagick s 1 1.05 1.52 7.13

leela r 1 1.07 1.37 2.80
leela s 1 1.06 1.33 2.38

only actively coalesces TLB entries and PTEs, but also con-
siders making pages consecutive during allocation to increase
the probability of page coalescing, which greatly expands the
TLB coverage. For CoLT, it just adds an additional super TLB
to expand the coverage of the TLB. The small size of the
super TLB greatly limits the expansion of its coverage. While
for Anchor, it relies on coalescing pages that are consecutive
to the anchor entries. However, due to the limited number of
the anchor entries, page continuity cannot be fully utilized to
expand the TLB coverage. Therefore, because of the design
constraints, the TLB coverage of CoLT and Anchor is much
lower than that of GATLB.

C. TLB Miss Rate

The TLB miss rate is a key indicator of TLB performance.
Here we show two miss rates, the overall TLB miss rate and
the L1 TLB miss rate. In order to highlight the improvements,
all results are normalized to the result of Base TLB.

Fig. 5(a) shows the overall TLB miss rate of the four TLBs.
Compared with Base TLB, GATLB can reduce the TLB miss
rate by an average of 51.31% and up to 91.1%, while CoLT
and Anchor only slightly reduce the TLB miss rate by 19.56%
and 22.35% on average. This is because in CoLT and Anchor,
they only perform very limited page coalescing to expand
address coverage (see Table II), so the miss rate is much
less reduced. While in GATLB, it uses two-stage coalescing
technology and address-aware allocation method to make full
use of page continuity and coalesce consecutive pages, thereby
greatly expanding the TLB coverage and reducing the miss rate.
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Fig. 6: The breakdown of translation CPI.

Fig. 5(b) shows the L1 TLB miss rate of the four TLBs. As
seen from the results, GATLB has the lowest L1 TLB miss rate.
In GATLB, entries in the L1 TLB are not coalesced to meet
the low latency requirements, but many large-granularity TLB
entries from L2 TLB or PTE coalescing can be inserted into
L1 TLB when it misses. Therefore, the coverage of L1 TLB
has been effectively expanded, thereby achieving a lower L1
TLB miss rate. Such a low miss rate shows that GATLB can
complete more address translations in the fast L1 TLB, which
will provide better performance than other methods. Compared
with the results of Base TLB, GATLB can reduce the L1 miss
rate by an average of 45.25%, while CoLT can reduce the miss
rate by about 25.17%, and the miss rate of Anchor is the same
as that of Base TLB due to the same L1 TLB entry management
schemes between them.

D. Translation CPI

Fig. 6 compares the breakdown of the cycles spent per
instruction in the address translation, normalized to those of
Base TLB. Here we use the latencies showed in Table I to
calculate the CPI for each method. Note that the access latency
of L1 TLB is hidden as it is accessed in parallel with the cache
[21], so it is omitted in the results. L2 hit in Fig. 6 denotes CPIs
spent for regular L2 TLB entry hit, while Anchor or GATLB
hit represents CPIs spent for anchor entry or GATLB entry hit
in L2 TLB.

Compared with Base TLB, GATLB can reduce the trans-
lation cycles by an average of 49.41%, which outperforms all
the other methods. This is because GATLB achieves the largest
TLB coverage and has the lowest TLB miss rate compared to
its competitors, resulting in the fewest number of page table
walks. Thus, GATLB not only spends the least cycles on the
L2 TLB but also on the page table walks, thereby achieving
the lowest address translation cycles.

IV. CONCLUSION

Inspired by the problems of invalid migration and page
fragmentation caused by the conflict between coarse-grained
superpage management and fine-grained page migration, we
proposed the coexistence of multi-granularity pages in a hybrid
memory system, and designed GATLB to support the manage-
ment of TLB entries with different page granularities. After
extensive experimental evaluations, it is found that GATLB not
only greatly expands the TLB coverage and reduces the TLB

miss rate, but also significantly shortens the address translation
cycles and can provide fast address translation.
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