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Abstract—Modern chip multiprocessors continue to scale in
core count and private cache capacity, increasing storage
pressure on coherence directories. Prior work has addressed
this challenge through compressed sharing information, sparse
directories, and coarse-grain tracking. Multi-grain directories
reduce storage requirements while preserving tracking pre-
cision by supporting dual granularity: block and region. At
region granularity, multiple private blocks held by the same
core are represented by a single entry. Yet, existing designs rely
on complex structures that hinder practical implementation,
and their trade-offs remain insufficiently characterized.

This work provides a detailed characterization of multi-
grain coherence directories. Unlike conventional single-grain
designs, these directories impose constraints on how blocks
map to distributed shared cache banks. We analyze alternative
mappings and their implications for directory organization.
Based on this analysis, we introduce minimal modifications
that enable entry merging comparable to state-of-the-art multi-
grain designs without requiring complex structures. Our re-
sults show that this simplified design matches state-of-the-
art performance while significantly reducing implementation
complexity.

1. Introduction
The sustained growth in core counts and per-core private

cache capacity of server-class chip multiprocessors makes
maintaining cache coherence progressively more costly [1].
Directory-based protocols [2, 3] tackle this by maintaining
a centralized record of which cores hold each cached block.
However, the storage that this record demands grows with
aggregate private capacity. Contemporary server chips al-
ready integrate 128–192 cores [4, 5, 6], each backed by
several megabytes of private cache, requiring the directory
to track millions of 64-byte blocks. Decoupling the di-
rectory from the last level cache (LLC) through a sparse
design [7, 8] keeps the entry count low, yet this count
stays proportional to the aggregate capacity of the private
caches; a directory provisioned for worst-case occupancy
thus dedicates a substantial fraction of on-die area to entries
that remain idle throughout most of the execution.

Multi-grain directories [9, 10, 11, 12] approach this
problem from a different angle: rather than always allocating
one entry per cached block, they also allow grouping all
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private blocks with the same owner within a contiguous
address range into a single region entry—a shorter tag, an
owner pointer, and a per-block presence bitmap. On work-
loads dominated by private data, this coarser granularity
allows grouping many block entries into a single region
entry, reducing the number of directory entries needed to
keep track of each coherent block. In this way, they reduce
storage while preserving tracking precision.

The state-of-the-art implementation of this approach is
the Dual-Grain Directory (DGD) [9], a multi-grain directory
that fixes the region size to the default memory page used
by the operating system. This directory design achieves
high region-entry utilization through a combination of three
mechanisms: a constrained address-to-home mapping that
forces all blocks belonging to the same region to share
the same home directory bank, a per-way hash function
that partitions block and region entries throughout the as-
sociativity, and a ZCache [13] that evicts and relocates
conflicting entries. The latter mechanisms add non-trivial
implementation complexity [14, 15, 16], yet DGD has been
evaluated only as an integrated system, leaving it unclear
which mechanisms drive the observed gains and whether
the same benefit could be obtained with a simpler design.

This paper argues that by extracting the core principles
of DGD, it is possible to deliver comparable performance
through a much simpler implementation. To do so, this
article isolates the contribution of every mechanism in DGD
(and of the address mappings that region entries silently
demand) to design CE-DGD, a cost-effective dual-grain
directory built atop a conventional set-associative cache.
On a 128-core processor running SPLASH-4 and PARSEC
benchmarks, CE-DGD captures essentially all of DGD’s
performance while requiring less area and complexity.

This paper makes the following contributions.

• We characterize the impact of the address mappings
required by region-based directories and propose a
scheme that maps contiguous blocks to the same
directory set. We show that, for small regions, this
mapping achieves performance comparable to the
standard multi-grain mapping. (Section 3)

• We decompose DGD into its constituent mecha-
nisms, i.e., way distribution, ZCache, dual-access
lookup, and static partitioning, and measure the per-
formance impact of each contribution. (Section 4)

• We propose CE-DGD, a cost-effective dual-grain di-
rectory built on a conventional set-associative orga-
nization, which is enabled by the directory mapping
proposed in this work and reduces the complexity
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Figure 1. Entry formats of a DGD directory entry

of the original DGD proposal. (Section 5)
• We discuss how CE-DGD can be adapted to the

more complex address-hashing schemes used by
modern processors. (Section 6)

• We evaluate the design on a 128-core processor
running SPLASH-4 and PARSEC benchmarks, in-
cluding a tag-storage analysis. (Sections 7 and 8)

2. Background
2.1. Sparse vs. tag-embedded directories

Inclusive last-level caches (LLCs) naturally support a
tag-embedded directory, where each LLC entry stores its co-
herence state and sharer vector [17]. Although this approach
amortizes tag storage, it is inefficient because LLCs contain
many more lines than private caches, and most entries do
not carry coherence information. Sparse directories [7, 8]
decouple the directory from the LLC and size it according
to the aggregate private cache, enabling support for non-
inclusive LLCs. As a result, they are the de-facto choice for
many-core systems and serve as the baseline in this work.
However, sparse directories still require one entry per private
cache block, which becomes prohibitive as core counts and
private cache sizes scale.

2.2. Region-based coherence directories
The DGD directory [9] uses two types of directory entry:

block and region (see Fig. 1). Block entries track the sharers
of a single block with a bit vector. Region entries track
a group of private blocks within an address range with a
pointer of log2(Ncores) bits. They also include a presence
bitmap that indicates which blocks of the region are tracked
by the entry. Region entries use a shorter tag than block
entries, and the size of the region matches the granularity
of the OS page, so that block and region entries have
comparable sizes despite their different formats.

It is important to remark that the region size does not
need to match the OS page size, but as shown in [9],
matching the OS page size helps to improve performance on
workloads where private data structures prevail (e.g., partial
results stored in a per-thread matrix or the process stack).

To support both formats in a single access, DGD relies
on a ZCache [13] with a constrained per-way hash func-
tion. ZCache look-ups use a different hash per way and
resolve insertion conflicts through breadth-first relocation of
resident entries, reducing evictions at the cost of requiring
breadth-first search (BFS) traversal hardware and an adapted
replacement policy.
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Figure 2. Multicore organization considered in this work

Apart from the directory organization, region-based di-
rectories impose a key requirement: To avoid the substantial
overhead of cross-bank coordination when creating region
entries, region-based directories strictly require all blocks
within a given region to be mapped to (homed at) the
same directory bank. This constraint fundamentally alters
the block mapping policy compared to a conventional block-
interleaved baseline, serving as the foundational premise for
our subsequent analysis.

3. Analysis of Mappings to LLC and Directory
This work considers a conventional tiled multicore mem-

ory hierarchy, as illustrated in Fig. 2. Each tile comprises
private L1 and L2 caches. The shared LLC is partitioned
into banks distributed across tiles. Coherence among private
caches is maintained using a sparse distributed directory co-
located with the LLC banks. Each directory entry includes a
valid bit, tag, state, and sharer vector. The tiles are connected
through a 2D-mesh network.

In a shared distributed LLC and directory design, each
memory block is assigned to a home bank, where its data
and coherence information reside. Traditional directory de-
signs use a static home mapping to determine this assign-
ment. This choice affects performance in two ways: it deter-
mines access latency by selecting where requests are served,
and it influences conflict behavior by distributing blocks
across sets in LLC and directory banks. Poor mappings
can increase directory pressure, leading to directory-induced
invalidations that evict actively used private-cache blocks.

To maximize efficiency, the LLC and the directory typi-
cally share the same home mapping. This alignment enables
parallel access to both structures, allowing coherence checks
and data retrieval in a single step. In contrast, mismatched
mappings require additional hops to access the data and
update the directory, increasing both latency and complexity.

In conventional set-associative caches, each address is
assigned to a single set. Although alternative designs allow
for more flexible placement across sets [13, 14, 15], our
proposal assumes a conventional organization and evaluates
its impact on directory performance.

Mapping addresses to distributed LLC banks and direc-
tory slices becomes particularly important in region-based
directories. These designs impose stricter constraints than
block-granularity approaches: all blocks within a region
must map to the same directory home to preserve correct-
ness. In our design, this constraint is further strengthened,
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Figure 3. Mapping on a distributed directory under (a) the block-interleaved baseline, (b) region-to-same-home interleaving, and (c) region-to-same-set
interleaving

requiring that all blocks within a region also map to the same
directory set, which simplifies the directory organization
compared to prior work.

Changing the address mapping can impact the perfor-
mance of the system even without modifying the directory
design. To isolate this effect, we evaluate how different
mappings influence the execution time of the benchmarks.
Specifically, we consider three mapping strategies, illus-
trated in Fig. 3: block interleaving, region-to-same-home
interleaving, and region-to-same-set interleaving.

3.1. Baseline mapping: Block interleaving
The baseline mapping used in this work is block inter-

leaving (first mapping in Fig. 3), which assigns contiguous
blocks to successive LLC banks. This mapping is applied to
both the LLC and the directory; however, we focus on the
directory mapping for clarity. The lower log2(block size)
bits of the physical address define the block offset. The
next log2(cores) bits select the home bank, followed by
the log2(sets of dir) bits that index the set, with the
remaining higher-order bits forming the tag. The mapping
for the physical address 0x08C is illustrated in the figure,
and explained below (from least to most significant):

• Block offset: considering a standard 64-byte block
system, the log2(64) = 6 lower bits map each byte

of the block.
• Home: in the 4-tile system of the example, the next

log2(4) = 2 bits select the bank where this block is
stored (for address 0x08C, bank 2).

• Set: in the 4-set directory of the example, the next
log2(4) = 2 bits select the set inside the home
directory (for address 0x08C, set 0).

• Tag: the remaining bits are used as tag to identify
the block.

We can also observe in the example that adjacent blocks
A0 − A3, corresponding to physical addresses {0x000,
0x040, 0x080, 0x0C0}, are assigned to different banks.
As mentioned previously, it is important to note that the
LLC follows essentially the same mapping as the directory.
However, since the number of sets in the LLC may differ
from that of the directory, the number of set bits can change,
but their starting position in the address remains the same.
If a non-bijective hashing scheme is used, as in skewed
caches [15], the set bits are combined with way-specific
hash functions rather than mapped directly to a single set.

3.2. Region-to-same-home mapping
Region-based directories require the mapping to direc-

tory banks to be adapted so that all blocks within a region
are mapped to the same bank. To achieve this, the home
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Figure 4. Speedup as a function of the home offset for an 8-way directory,
normalized to a block interleaving baseline

bits are moved toward the most significant bits, depending
on how many adjacent blocks are placed in the same bank.

This region-to-same-home mapping (or in short same-
home mapping) uses the bits immediately following the
block offset to index the cache set, rather than the home
node. The number of set bits depends on how many adjacent
blocks are placed in the same bank. For example, if a region
consists of four memory blocks, i.e., a 256-byte region, the
home bits start at bit 8, which is two bits (log2(4) = 2)
after the 64-byte block offset. In many cases, the number
of bits used for the home is smaller than the number of bits
used for the set. In such cases, the set bits continue after
the home bits, and the remaining higher-order bits form the
tag (the set bits are split in two parts).

Fig. 3 depicts the case in which 256-byte regions A0−A3

are placed inside the same directory bank, but in different
sets. Below the set and home selection is described:

• Home: should be shifted as many bits as the
log2(region size). In a 256-byte region, it is shifted
8 bits; in a 1 KB region, it is shifted 10 bits. In our
example, address 0x08C maps now to bank 0.

• Set: the least significant bits of the block address
(from the block offset on) that do not identify the
home are used to determine the set inside a bank. In
our example, address 0x08C maps now to set 2.

As in the block-interleaved mapping, the same bits must
be used to select the home bank in both the directory and
the LLC. Otherwise, communication traffic and execution
time of applications would increase significantly.

Changing the mapping of blocks to LLC banks can affect
the performance of the system [18]. For this reason, we
evaluate the impact of changing the home-offset from a 6-
bit shift (i.e., baseline block interleaving) to a 12-bit shift
(where 4 KB regions are mapped to the same home). The
results of this analysis, shown in Fig. 4, are performed on
an 8-way directory where the directory has the same entries
as the private L2 and the rest of the system is the same as
described in Section 7. The speedup is nearly identical for
16- and 32-way directories.

On average, modifying the home bits using different
home offsets has a small impact on execution time. How-
ever, two benchmarks show noticeable variations in oppo-
site directions: lu_cb and ocean_cp. In lu_cb, as the

home offset increases, LLC latency increases, resulting in
higher execution times. In ocean_cp, the time spent on
synchronization decreases as the offset increases, meaning
that some threads finish earlier than others. These variations
are not due to one mapping being inherently better or worse,
but rather to the relative proximity of home banks to the
cores issuing requests that miss in the private caches. Since
this proximity is essentially random, some applications can
benefit from a lucky placement and run faster, while others
may suffer from a worse placement. Average, however,
shows no important variations.

3.3. Region-to-same-set mapping
The same-home mapping is needed for multi-grain direc-

tory approaches. However, as mentioned, these proposals are
based on complex directory cache designs. If a simple cache
structure was used for the directory, a multi-grain directory
approach would be inefficient, as block entries would map
to different sets than region entries. We elaborate on this
problem in Section 4.

Hence, with the goal of having block and region entries
not only in the same home, but also in the same directory
set, as required by our proposal (Section 5), we present
a different mapping named region-to-same-set (or in short
same-set). As in the same-home mapping, the home bits
do not change position. However, the bits used to select
the directory set are placed after the home bits. This allows
contiguous entries to reside within the same directory set (of
the same bank). The bits between the home and the block
offset are incorporated into the tag.

Again, the example is shown in Fig. 3: the first 6
bits form the block offset, the home bits start at bit 8
(allowing 256-byte regions to reside in the same bank), and
the set-index bits follow the home bits (forcing the 256-
byte regions to the same set). The example illustrates how
adjacent addresses [A0 − A3] are now placed within the
same directory set.

However, this mapping can be critical for performance,
if no restrictions are given. We evaluate this mapping for 8-,
16-, and 32-way directories, again varying the size of the
regions that are mapped to the same home and set (from 6
bits –64 bytes– to 12 bits –4 KB– regions, x axis). Fig. 5
shows that for small regions the average performance does
not vary significantly (again, with some outliers attributed to
random mapping effects). However, performance decreases
significantly for large region sizes. For the 8-way directory,
where each set can track 8 blocks (a region of 512 bytes),
using this mapping for regions greater than 512 bytes de-
grades its performance significantly. A similar trend happens
for the 16-way directory for regions larger than 16 blocks,
i.e., 1 KB, and for the 32-way directory for regions larger
than 32 blocks, i.e., 2 KB.

The performance drop occurs because larger regions
increase the probability of conflicts within the same set. For
example, in a 4-way directory with regions larger than 256
bytes, e.g., 512 bytes (8 consecutive blocks mapped to the
same set), after the first 4 blocks are placed in a set, the next
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Figure 5. Performance normalized to block interleaving for the same-set mapping for 8-, 16-, and 32-way directories as the region size grows

4 blocks would evict them, increasing directory-induced
invalidations and undermining spatial locality across threads.
That is, conflict misses in the directory increase.

When the region size equals the region tracked by the
directory set, performance can still be degraded because
conflicting blocks are likely to evict each other. In this case,
all the blocks in a region can be tracked by the directory,
but if two regions map to the same set (e.g., from different
threads and having private blocks), then directory conflicts
explode. This is visible in fft with the 8-way directory:
when the directory set size equals the region size (home
offset = 9), speedup drops by more than 20%.

4. Analysis of the Dual-Grain Directory (DGD)
Once we have analyzed how different mappings affect

region-based directories, we break down each of the tech-
niques described in DGD, and propose a simpler design. As
previously shown in Fig. 1, the DGD directory uses two
entry formats: block entries and region entries of 4 KB.

4.1. Distribution of block and region entries
The DGD directory performs a single lookup to find

both the block and the region entries assigned to the target
address. This cannot be achieved with a conventional cache
(unless a same-set mapping is employed); instead, it requires
the modified skewed-access design of ZCache, which dis-
tributes region and block entries across different ways.

On a lookup, given the target address, DGD selects the
ways where either a block or a region for that address can
be placed. If the selected way is for a block entry, the block
address (removing the home bits) is hashed to determine the
set within that way. If the selected entry is for a region, the
region address (removing the home bits) is hashed instead.
This design intentionally uses different hash functions for
region and block entries to prevent blocks within the same
region from conflicting. For example, if different blocks
within a region cannot coexist in the same region entry (e.g.,
because they are shared), each block can still be placed in
the same way (but of another set), since the hash function
uses the block address rather than the region address.

However, distributing a region entry and a block entry
across each way is non-trivial. For a w-way directory, the

hash function must be able to select half of the ways to find
a block entry and the other half to find a region entry. This
function should select one of the

(︁
w

w/2

)︁
possible partitions.

As there is no specification on how it is designed in the
original article, we first assume an ideal distribution: when
we want to find an entry, we pseudo-randomly select one
of the available partitions. Even if it is pseudo-random, this
distribution is deterministic, meaning that given a region
address, it always selects the same partition.

In practice, a function able to distribute regions and
blocks equally between ways would increase significantly
the complexity of the hardware implementation. We propose
a simpler design that is easier to implement to study its
impact on performance.

We evaluate a function that distributes blocks and region
entries across ways using two partitions defined on Eq. 1.
This DIST function assigns a subset of ways to search a
block depending on the result of hashing the region tag
(H3(reg tag)). If H3(region tag) returns zero, the first
half of the ways are used to search for a block entry, and
the remaining half for a region entry during a lookup. If
H3(region tag) returns one, {0, 1, 2, 4} ways are used to
find a block and the other ways to find a region entry. This
design is more flexible than the SS-DGD [10] that uses two
caches, one for blocks and another for regions.

DIST(reg tag) =

{︄
{0, 1, 2, 3}, if H3(reg tag) = 0

{0, 1, 2, 4}, if H3(reg tag) = 1
(1)

4.2. ZCache vs. Skewed cache
DGD relies on a ZCache-based lookup, which uses a

different hash function per way. In addition, on insertion,
it can displace entries to make room for new ones using a
breadth-first search (BFS) to swap entries.

The ZCache reduces evictions when the directory occu-
pancy is high, a regime typical of private-block-dominated
workloads; as sharing grows, fewer entries are needed and
the benefit of relocation decreases. This is because a ZCache
behaves similarly to a highly associative cache, due to its
ability to relocate existing entries when it needs to allocate
a new one in a set that is full. However, with high directory



pressure, there is a certain point at which searching for
an empty entry is not worth the effort, either because no
candidate is found to replace the entry, or because the
per-set hash function already provides a good distribution,
making relocation unnecessary. For this reason, we evaluate
in Section 8 whether the benefit comes in DGD from the
skewed access to cache alone (e.g., a Skewed cache) or from
the replacement policy of the ZCache, by removing the BFS
traversal but keeping the per-way hash functions.

4.3. Dual-access directory
A skewed cache is still more complex than a traditional

cache. DGD can be implemented on top of a traditional
cache. However, in this design, when a same-home mapping
is employed, a block entry could reside in a different set than
its corresponding region entry. This design, while simpler
than the original one, would require two ports to access both
sets in parallel, doubling the directory cost. An alternative
would be to use way-partitioned caches [19, 20, 21], but
this would limit the number of block or region entries that
can coexist in the directory. Another drawback is that it
cannot support lazy merging, by which a block entry sharing
an owner with a resident region entry is folded into it on
eviction. Lazy merging captures regions whose blocks are
not installed simultaneously, and it could be essential to
reduce directory-induced invalidations.

5. A Cost-Effective Dual-Grain Directory
The DGD design has three properties: (1) it supports

4K-sized regions to minimize the number of entries, (2)
it uniformly distributes regions and blocks across directory
ways, and (3) it minimizes directory evictions. While it
relies on a ZCache to support 4K-sized regions, the need
to reallocate blocks to reduce conflicts and distribute blocks
and regions across each way significantly increases design
complexity.

For this reason, we propose a DGD variant that uses
a conventional cache, which we call Cost-Effective Dual-
Grain Directory (CE-DGD). As the directory associativity
increases, a ZCache is no longer needed to avoid replace-
ments. In addition, if a same-set mapping is employed, the
entries are naturally distributed as needed within the same
set. On the other hand, relying on associativity may require
smaller region sizes, but, as we show in this work, large
regions are not required to achieve low directory utilization.

5.1. Design principles
The Cost-Effective Dual-Grain Directory (CE-DGD) is

built on two design choices: (1) all block and region entries
of the same region are mapped to the same directory set
and the same home bank (same-set mapping); (2) the region
size in blocks is smaller than or equal to the directory
associativity. The first choice enables a single-set lookup
for both formats and removes both the per-way hash and
the ZCache. The second choice is the key design parameter:
with w ways and a region of r blocks, up to w/r regions

can coexist in a set. A larger r raises the compression
factor of the directory; a smaller r trades compression for
robustness. For example, with regions up to 4 KB, in the
best scenario, we could compress 64 blocks of 64 bytes
into a single region entry. However, in the worst case where
none of them can be compressed, it is necessary to store
each of the blocks in the same set as seen in Section 3.3.
If this worst case cannot be avoided, then blocks within the
same region could be evicted on contiguous accessing as
they cannot be placed in the directory at the same time.
This is one of the limitations encountered, however, as the
associativity increases, the size of each region can increase
without encountering this pathology.

5.2. Operation
A CE-DGD lookup examines a single set using a same-

set mapping, checking all w ways in parallel. Instead of
distributing half of the ways with block formats and half
with region formats, as the same mapping is used for both,
entries of the same region can be mapped to the same ways
whether they are block or region entries. The per-way format
bit selects whether the entry is compared as a block or
as a region. In a region, checking the presence bits allows
checking whether the block is present inside the region.

Two operations require special handling, as in the DGD.
When a coherence event adds a second sharer to a block
represented by a region entry, CE-DGD demotes the block
to a dedicated block entry and clears the presence bit. On the
eviction of a block entry, CE-DGD opportunistically folds
it into a region entry of the same set sharing its owner;
because the lookup already inspected the entire set, this
merge introduces no additional access. Otherwise, the entry
is evicted using the directory’s normal replacement policy
(e.g., LRU).

5.3. Storage analysis
Because CE-DGD uses a simple set indexing, the set-

index bits are removed from the tag as in a traditional
cache. However, in a per-way hashed cache those bits should
be maintained. For a 48-bit physical address space, 64 B
blocks, 128 tiles, and a 16-way directory, the tag shrinks
to ∼24 bits per entry, against 35 bits in the original DGD
design (whose ZCache prevents this reuse). On the evaluated
256 KB directories the saving is only 4.85 %, but on future
chips with 2 MB private caches it would reduce the per-bank
tag footprint from 660 KB to 616 KB.

Table 1 reports the tag width and footprint as a function
of the directory size for a 16-way directory with 128 tiles,
64-byte blocks, and a 48-bit physical address. It can be
seen that as the number of entries increases, the directory
reduction grows beyond what the DGD design achieves in
terms of tag reduction alone. In a directory with 16384
entries (which keeps track of 1 MB of private cache blocks),
it could reduce the directory by 20 KB. However, it is true
that reducing the tag array size is less important to the
overall directory size than increasing the associativity.



TABLE 1. PER-ENTRY TAG WIDTH AND PER-BANK TAG FOOTPRINT AS
THE PRIVATE CACHE SCALES (128 TILES, 16-WAY DIRECTORY, 64 B

BLOCKS, 48-BIT PHYSICAL ADDRESS)

Private cache
entries

Tag width (bits) Per-bank size (KB)

Sparse DGD CE-DGD Sparse DGD CE-DGD

512 30 35 30 10 10.31 10
1024 29 35 29 19.88 20.62 19.88
2048 28 35 28 39.5 41.25 39.5
4096 27 35 27 78.5 82.5 78.5
16384 25 35 25 310 330 310

6. Adapting to realistic directory mappings
The mapping of cache slices and cache lines in real

processors is often more complex than the one proposed
here. On Ryzen processors [22], the set and home indices are
hashed using a custom XOR function. This hashing does not
significantly change the design, as it could be implemented
similarly to the proposed one, applying the hash function to
the raw index before the access.

On Intel processors [23, 24, 25, 26], however, the
mapping is more complex and varies across generations,
requiring the entire address (except for the block offset)
to be hashed in order to determine its slice and set. This
mapping is not publicly documented and differs between
processor generations, so it has only been approximated
through reverse engineering. In these scenarios, the hash
of the address without the block offset is used to determine
the home.

Adapting this to a region-based directory is straightfor-
ward: the slice is determined by hashing the address without
the whole region offset (i.e., using log2(page size) bits for
the region offset instead of log2(block size) bits for the
block offset). In this way, all blocks within a region are
mapped to the same slice and set.

7. Methodology
To evaluate the performance of our proposal, we use

a cycle-accurate simulator based on GEMS 2.1 [27], fed
with x86 instructions generated by the Sniper simulator [28].
The interconnection network is modeled using Garnet [29].
We simulate a chip multiprocessor with 128 cores, private
L1 and L2, and a logically-shared yet physically distributed
LLC. Private caches are kept coherent using a MESI cache
coherence protocol modeled in the SLICC language. The
complete configuration is described in Table 2.

7.1. Simulation Setup
Our evaluation includes benchmarks from the

SPLASH-4 (simmedium: barnes, cholesky, fft,
lu_cb, lu_ncb, water_spatial; simsmall: ocean_cp,
ocean_ncp, radiosity, radix, raytrace, volrend,
water_nsquared) and PARSEC (simmedium:
blackscholes, bodytrack, canneal, dedup,
fluidanimate, vips; simsmall: freqmine) suites.
We account for the variability of parallel applications by
repeating each execution 4 times. We also take the parallel

TABLE 2. SIMULATED SYSTEM CONFIGURATION

Core parameters

Type Out-of-order
Number of cores 128
Issue queue / ROB 205 / 512 entries
Load / store queue 192 / 114 entries

Memory parameters

Block size 64 B
L1 I/D cache 32 KB, 8-way, 4-cycle
L2 cache 256 KB, 8-way, 11-cycle
LLC 1 MB/tile, 16-way, 18-cycle
Sparse-8× 256 KB/bank, 5-cycle
Directory 512-entry/bank, 5-cycle
Cache organization L2 inclusive, LLC non-inclusive
Physical address 48 bits
Memory (round trip) 77 cycles

Network parameters

Topology 2D mesh (16× 8), HBM-attached
Flit size 16 B
Message size 5 flits (data), 1 flit (control)
Link latency / BW 2 cycles / 1 flit per cycle

region of each application as the Region of Interest. All
the directory designs analyzed have a lookup and insertion
latency of 5 cycles. Even if an insertion on a ZCache could
produce numerous movements that could spend numerous
cycles, as described in the original paper [9], the usage of
Miss Status Holding Registers (MSHRs) as an insertion
buffer to delay the replacement process could remove those
extra cycles from the critical path.

7.2. Evaluated Directory Designs
In our evaluation we use the following directory designs:

• Sparse-8×: Sparse directory that uses a bit-vector
sharer representation with a block-interleaving map-
ping. We evaluate 16-way directories with 4K entries
per bank (8× larger than our standard 512-entry
configuration).

• Sparse: 16-way sparse directory with a block-
interleaving mapping.

• Samehome9: 16-way sparse directory with a same-
home mapping using a home offset of 9 bits.

• SameSet9: 16-way sparse directory with a same-set
mapping using a home offset of 9 bits.

• DGD: A dual-grain directory derived from the orig-
inal DGD design, with a 4 KB region size, 8 ways,
and a same-home12 mapping. As increasing the
replacement depth further could affect the critical
path of LLC accesses, we use a ZCache replacement
depth of two levels. For example, with replace-
ment depth of three levels and 8 ways, the design
would require 21 lookups (1 first-level lookup, 4
second-level lookups, 16 third-level lookups); even
if pipelined, this could increase directory latency
for smaller directory sizes. It implements the ideal
distribution described in Section 4.1.
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Figure 7. RAPKI in the directory for the different directory designs
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Figure 8. Normalized execution cycles for the different directory designs

• CE-DGD: Our cost-effective dual-grain directory
with a same-set mapping using a home offset of 9
bits. We evaluate a 16-way directory and a region
size of 512 bytes.

For the ablation study we add the following designs:

• DGD Simple Dist: Uses the simplified distribution
described in Section 4.1 instead of the ideal distri-
bution assumed in DGD.

• DGD Skewed: Same as the DGD design but instead
of using a ZCache, uses a Skewed cache based on
the same lookup as the ZCache.

• Dual access DGD: The double-port directory de-
scribed in Section 4.3 where we search for a block
entry in a set and in another set for a region entry.

8. Results
8.1. Analysis of compression factor

We begin by evaluating the extent to which region entries
reduce the number of directory entries required to track
the blocks held in the private caches. As discussed in the
previous sections, grouping multiple blocks under a single
region entry allows the directory to track a larger working set
with fewer entries. Fig. 6 reports the distribution of entry
formats across the SPLASH-4 and PARSEC benchmarks,
characterizing both the potential reduction in directory oc-
cupancy and, under high directory pressure, the ability of
region entries to track multiple blocks within a single entry.

Relative to the Sparse directory, both DGD and CE-DGD
require substantially fewer entries to track the same number
of blocks on benchmarks that do not saturate the directory,
such as lu_cb, bodytrack, water_spatial, and vips.

This headroom enables a further reduction of the directory
size on these workloads without incurring additional latency.

On benchmarks where the directory is fully occupied un-
der DGD or even CE-DGD, namely fft, fluidanimate,
and ocean_ncp, a large fraction of entries are represented
as region entries, allowing the corresponding blocks to be
tracked without triggering directory-induced invalidations.
For instance, fft exhibits a predominantly per-core private
access pattern and therefore benefits the most from region-
format compression; on this benchmark, even the Sparse-8×
directory reaches roughly 70% occupancy.

Overall, every benchmark employs region entries under
the region-based designs. We note, however, that the larger
number of region entries observed for CE-DGD does not
imply a higher compression ratio than DGD. Because a
DGD region entry can represent more blocks than a CE-
DGD region entry, DGD can achieve the same coverage
with fewer entries. This behavior indicates that increasing
the region size could reduce the number of region entries
required, as observed in ocean_cp and water_nsquared,
where a single DGD region entry corresponds on average
to four CE-DGD region entries. Conversely, coarser regions
do not always reduce the entry count: in freqmine and
water_spatial, finer-grained regions yield fewer direc-
tory entries, suggesting that 4 KB regions tend to be shared
by more than one core, whereas smaller regions remain
private.

Nevertheless, the most decisive indicator of whether a
region-based directory is beneficial is the degree of reduc-
tion in directory-induced invalidations, as can be seen in
Fig. 7. Not all benchmarks exhibit a high replacement rate
in the baseline configuration; the most representative ones
are canneal, cholesky, fft, ocean_cp, ocean_ncp, and
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Figure 10. RAPKI in the directory for the ablation study of the DGD design
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Figure 11. Execution cycles normalized with respect to DGD

radix. For ocean_cp, fft, and radix, representing en-
tries as regions reduces directory evictions by approximately
one half. In contrast, on canneal and ocean_ncp, region
entries do not reduce the number of replacements.

8.2. Execution time
The central premise of our proposal is that directory-

induced invalidations degrade execution time; in the absence
of this effect, directory size becomes irrelevant and alterna-
tive strategies would be preferable. Fig. 8 confirms a clear
correlation between the number of directory replacements
and the resulting execution times across the SPLASH-4
and PARSEC benchmarks. Benchmarks whose replacement
count does not decrease appreciably, such as canneal and
ocean_ncp, yield only marginal improvements. Conversely,
fft, cholesky, and ocean_cp attain execution times com-
parable to the Sparse-8× directory, demonstrating the effec-
tiveness of region-based directories.

The address mapping likewise influences the perfor-
mance of each directory design. On average, the mappings
described in Section 3 introduce little penalty. Nonethe-
less, block interleaving outperforms same-set interleaving
in some cases, exposing the corresponding degradation of
CE-DGD. For example, raytrace loses some performance
under the same-set mapping relative to block interleaving,
although the compression of several block entries into fewer
region entries mitigates this loss.

8.3. Ablation study
Examining the entry-format distribution of each region-

based design in Fig. 9, we observe that the simplest dis-
tribution scheme is among the most adversely affected.

In canneal, for instance, the abundance of block entries
leads to a higher number of evicted shared entries and,
consequently, longer execution times. In other benchmarks
such as radix, a distribution that uses fewer region entries
can paradoxically reduce the total number of directory re-
placements, but, because the remaining replacements affect
shared entries, each produces more invalidations and hence
is considerably more costly. This evidences that a balanced
distribution is needed for performance.

Alternative mapping strategies, such as skewed caches
or the Dual-Access DGD directory, provide no average
benefit over the baseline DGD design, indicating that DGD
is largely insensitive to the choice of mapping. While these
variants remain competitive, DGD attains the best overall
performance by exploiting the higher effective associativity
brought by the ZCache.

CE-DGD preserves a favorable entry distribution despite
operating under the least favorable mapping, and it remains
competitive across all evaluated designs. On average, it
matches the more complex designs, achieving comparable
RAPKI (Replaced Addresses per kilo instructions) and ex-
ecution times as seen in Fig. 10 and Fig. 11.

It is important to remark that in the ablation study, DGD
and DGD Simple Dist increase their energy consumption
compared with CE-DGD and DGD Skewed on benchmarks
like ocean_ncp and canneal as replacements are common.

9. Related Work
Several proposals in the literature further reduce di-

rectory size by targeting different objectives: reducing the
number of directory entries, shrinking the size of each entry,
or filtering out entries unnecessary for coherence.



To reduce the size of each entry, proposals such as Lim-
ited Pointers [2] compress the sharing code by only tracking
a subset of the sharers, and broadcast the messages to all
the cores when the sharing code overflows. This reduces the
entry size optimizing for the common scenario of having a
few sharers, but increases the traffic in the interconnection
network as well as the latency when the number of sharers
is larger. Coarse Vectors [30] track sharers not per core, but
per cluster. As the size of clusters increases, the reduction
in entry size is greater, but it also increases the traffic in
the interconnection network as well as the latency. SPATL
[31] identifies common sharing patterns and stores them in
a cache. Each block in the directory can reference these
sharing patterns, thus reducing the size of the directory, as
the number of sharing patterns is much smaller than the
number of directory entries, but it relies on the assumption
that sharing patterns are stable, which is not always the case
and is dependent on the workload and the number of cores
involved. Tagless directories [32], on the other hand, use
Bloom filters to track which sets of each different core hold
each address. It reduces the size of the directory as it does
not need to track the tag of each entry and also uses Bloom
filters to track the sharers. However, this design does not
scale well with many cores and a large number of sets per
directory, and uses a special structure, 2D Bloom filters, to
group multiple Bloom filters [33] per set into a single one.

Since different workloads exhibit different sharing pat-
terns, modern directory designs focus on supporting multiple
entry formats tailored to sharer requirements, enabling more
flexible and adaptive coherence structures. Pool directories
[34] have different formats of entries, one with limited
pointers for addresses with few sharers, and another with
segment vectors for addresses with many sharers. Instead
of needing a full-bit-vector of sharers, segment vectors
address cases when sharers are in clusters. However, this
requirement is mostly effective when the operating system
(OS) is aware of assigning cores in the same cluster to
threads that are good candidates to share data. In other cases,
the reduction could be less effective. SCD [35] uses the
same concept as the pool directory, but it uses the ZCache
to store the different formats of entries. As a ZCache tries to
avoid replacements by relocating entries in different ways,
it increases the complexity of the directory design. Way
combining [36] uses multiple ways for representing sharers
of the same address. When enough entries can be used,
sharers are represented using limited pointers, but when the
number of sharers grows, a more compact coarse vector
is used, reducing the precision of the information. This
directory design is more scalable, but it uses an imprecise
representation of sharers and is dependent on the number of
ways of the directory and the number of sharers per address
to maintain enough sharer precision.

Filtering coherence reduces directory size by tracking
only the entries needed for coherence. Since not all blocks
in private caches are shared across cores, there is no need
to track the state and sharers of unshared blocks in the
directory. By storing only coherence-critical entries, filtering
reduces the directory size while maintaining correctness.

Some works [37] filter directory entries using TLBs, as
blocks accessed only by one core do not need coherence.
However, it requires OS recovery methods when an entry is
filtered but then needs to keep track of its coherence. Other
proposals improve the filtering of the directory by using
block-level filtering [38], which allows filtering entries at
block level instead of page level but has more overhead.

Multi-grain directories that require changes to the co-
herence protocol are present in different proposals. Region-
Scout [39] uses a region-based cache to track unshared
regions and uses this information to optimize snoop coher-
ence protocols. However, its importance lies not in reducing
directories, but in reducing the number of snoops in a snoop-
based coherence protocol. Protozoa [11], on the other hand,
uses multi-grain directories but based on smaller block sizes
to avoid the problem of false sharing. However, the directory
design does not need to be modified, so it does not address
the problem described in this article. SS-DGD [10] statically
separates the directory into two different caches, one for
regions and the other for blocks. However, it relies on an
inclusive LLC to reduce the directory size.

Other NUCA mappings like First-Touch or Reactive
NUCA, where the home of a cache line is determined by
the OS [18, 40], could also be considered. However, we
maintain a simpler mapping to simplify our evaluation, as
improving the mapping is not within the scope of this work.

10. Conclusion

This work analyzes the trade-off between maximizing
performance with a complex directory organization and
adopting a simpler, lower-cost implementation. The orig-
inal DGD design achieves strong performance but relies
on complex way-distribution functions and ZCache-based
relocation that are difficult to implement in practice.

We propose CE-DGD, a cost-effective alternative that
preserves most of DGD’s performance while substantially
reducing implementation complexity. By mapping region
entries to the same set and eliminating ZCache relocation,
CE-DGD uses a conventional cache structure with a sim-
pler access path and can reduce tag overhead compared
with DGD. Our results show that practical region-based
directories can retain most of multi-grain coherence benefits
without inheriting the full complexity of DGD.
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