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Abstract: In the field of supercomputing, one key issue for scal-
able shared-memory multiprocessors is the design of the directory
which denotes the sharing state for a cache block. A good direc-
tory design intends to achieve three key attributes: reasonable
memory overhead, sharer position precision and implementation
complexity. However, researchers often face the problem that gain-
ing one attribute may result in losing another. The paper proposes
an elastic pointer directory (EPD) structure based on the analysis
of shared-memory applications, taking the fact that the number
of sharers for each directory entry is typically small. Analysis re-
sults show that for 4 096 nodes, the ratio of memory overhead
to the full-map directory is 2.7%. Theoretical analysis and cycle-
accurate execution-driven simulations on a 16 and 64-node cache
coherence non uniform memory access (CC-NUMA) multiproces-
sor show that the corresponding pointer overflow probability is
reduced significantly. The performance is observed to be better
than that of a limited pointers directory and almost identical to the
full-map directory, except for the slight implementation complex-
ity. Using the directory cache to explore directory access locality is
also studied. The experimental result shows that this is a promis-
ing approach to be used in the state-of-the-art high performance
computing domain.

Keywords: directory, scalability, memory overhead, positioning
precision, overflow, cache coherence non uniform memory access
(CC-NUMA).
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1. Introduction

As a feature of shared-memory multiprocessors, implicit
communication enables programmers to use conventional
load and store instructions to issue memory requests. This
feature provides better programmability than explicit com-
munication primitives for non-shared-memory computers
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[1]. As applications have become more diverse in the su-
percomputing field than the past and the number of non-
expert users has grown [2], the easiness of programming is
becoming increasingly in demand.

In a distributed multi-processor system with a single
address space, the average memory access latency can
be reduced with high cache hit rates. However, in multi-
processor environments, the caches for shared data lead to
the cache coherence issue, due to multiple copies of shared
objects. Solving this issue relies on the coherence protocol,
which not only determines the validity of the system, but
also affects the system performance, since the protocol’s
execution induces extra traffic.

For a directory-based cache coherence protocol, the data
sharing unit is a cache line, typically in 64 Bytes. This is
much smaller than the usual 4 KB page size, thus the occur-
rence of false sharing is reduced. The directory maintains
the shared information for each cache line.

Different directory structures have different memory
overheads, sharer positioning accuracy, and implementa-
tion complexity. The memory overhead affects the scal-
ability of a directory protocol. Positioning precision for
sharers has a direct impact on the traffic generated while
executing a coherence protocol. The lower precision the
scheme with, the more consistent messages will be sent
to the nodes which are not real sharers. Therefore, there
are more unnecessary premature invalidations. Meanwhile,
implementation complexity has a considerable influence
on the reliability and cost of the circuit.

When considering the above three aspects, the con-
ventional directory organizations usually fail to satisfy all
requirements simultaneously. For example, the full-map
directory scheme is difficult to be applied directly into
a large-scale system due to the memory overhead. The
overflow processing for the limited pointers scheme de-
grades the performance. The chained directory scheme re-
sults in complex hardware design and long memory access
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time. The multi-level directory scheme involves implemen-
tation problem.

Based on the analysis of shared-memory applica-
tions, this paper proposes an elastic pointer directory
(EPD). Given that in most cases there are few sharers of
each directory entry, this proposed directory structure re-
duces the probability of overflow, compared with the lim-
ited pointers directory. Meanwhile, it reduces the cost of
“Link” compared with the dynamic pointer allocation, and
increases the degree of operation parallelism since most
operations occur in the limited pointers area. Due to the
EPD’s high positioning precision, its performance is better
than the limited pointers directory and almost identical to
the full-map directory, with few increases in implementa-
tion complexity. The memory overhead is almost identical
to that of the limited pointers scheme, and it is significantly
reduced when compared with full-map.

For emerging multi-core or many-core processors, how
to design scalable shared memory architecture remains a
question. On one hand, due to memory overhead, there is
no hardware support for the cache coherence in both 48-
core single-chip cloud computer (SCC) many-core proces-
sor [1] and 80-tile TeraFLOPS processor [3]. On the other
hand, some famous scientists such as Martin, Hill, and
Sorin predicted that on-chip coherence and the program-
ming convenience are necessary [4]. Furthermore, some
explorations have been done. For example, a directory or-
ganization based on duplicated tags was proposed [5,6],
though it has limited scalability and possible long laten-
cies.

As shown in Fig. 1, we developed a 16-way high pro-
ductivity computer based on Godson 3A chip multipro-
cessor [7,8], which is composed of four 4-way cache co-
herence non uniform memory access (CC-NUMA) units
rather than one 16-way CC-NUMA unit. Due to the full-
map directory of the CPU only directly support 16 sharers,
the CC-NUMA scale is confined. The practice of the de-
sign is of instructive significance for the contributions of
this paper, and the research result is promising to be used
in state-of-the-art high performance computers.

Fig. 1 One rack unit 16-way NUMA high performance computer
with four 4-way CC-NUMA unites

The remainder of this paper is organized as follows. In
Section 2, a review of related works is presented. The EPD
structure and corresponding protocol operations are pro-
posed in Section 3. Analytical evaluation on the memory
overhead and the overflow probability of EPD are provided
in Section 4. Evaluation via simulation is presented in Sec-
tion 5 in terms of the application performance improve-
ment. And finally, Section 6 concludes this paper.

2. Related works

In terms of the method of keeping track of the sharers, di-
rectory organizations can be divided into following cate-
gories: the full-map, limited pointers, chained, coarse vec-
tor, one-level hybrid, multi-level, etc. Analyses of mem-
ory overhead, position precision, and implementation com-
plexity are presented for each organization, respectively.

Full-map The full-map sharing code (also referred
to as bit-vector) uses a presence bit vector to identify the
exact sharers of a memory line. Although it is efficient
for small-scale systems, its scalability is limited. Its size
(in bits) increases linearly with the number of nodes, and
therefore, the overall memory overhead is O(N2).

To reduce the storage requirement, Li et al. [9] proposed
a dubbed associative full map directory (ADirpNB). Kong
et al. [10] also proposed to use physical address mapping
on the memory modules to reduce the directory size. How-
ever, the corresponding protocols have to be modified and
some hardware addition is needed.

Limited pointers The basic idea behind the limited
pointers scheme is to use several pointers, each with
log2 N bits, to encode the unique identities of caches con-
taining the data block, regardless of the scale of the sys-
tem. However, with only a few pointers in each entry, it
is possible to use up the pointers in an entry. This occurs
when a read miss occurs and there is no free space remain-
ing in that entry to record the new coming sharer. There
are several strategies for handling this situation, such as the
broadcast scheme (denoted DiriB), non-broadcast scheme
(denoted DiriNB), and super-set scheme. These strategies
cause system performance degradation, especially for ap-
plications with many simultaneously shared accesses to a
memory block.

Chained The idea behind is to distribute directory
information across the sharers to simulate the full-map
mechanism. In order to get the sharer list, the entire di-
rectory link list must be searched which can be the singly
or doubly linked list.

The memory overhead of distributed chain directory is
O(N log2 N). In terms of position precision, it is superior
to the limited pointers directory whose performance is im-
pacted by directory overflow.
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The disadvantages of the distributed chain directory
are as follows. First, it has to maintain a chain for each
memory line, causing additional hardware complexity and
longer response time. Second, write invalidation has to se-
rially go through the entire sharer list from the list head to
the tail, while it can be executed in parallel for the full-map
directory. Finally, it requires extra and costly cache capac-
ity, while the full-map can reside in low cost dynamic ran-
dom access memory (DRAM).

Coarse vector Each bit in the coarse vector direc-
tory represents a group of nodes. Due to the coarseness
of sharing information, invalidation messages may have to
be sent to a group of processors represented by the coarse
bit, regardless of whether they are real sharers of the data
block. Compared with the full-map scheme, this sharing
code scheme reduces memory overhead at the cost of po-
sitioning precision of sharers.

Binary tree compressed sharing codes Acacio et al.
[11] proposed three compressed sharing schemes. The ad-
vantage is that the memory overhead is quite small. The
disadvantage is that position precision is lower than the
full-map even after improved, and decoding of the com-
pressed sharing code also inevitably introduces some hard-
ware complexities [12].

One-level hybrid If a directory structure is selected
among different representations, it is referred to as one-
level hybrid structure. For example, the Silicon Graphics
(SGI) Origin 2000 and Origin 3000 directory entry can be
dynamically interpreted among three formats, i.e. limited
pointers, coarse vector, and full-map.

The advantage is that it is possible to exploit the bene-
fits of one more directory structures adapting to different
situations. The disadvantage is that extra hardware is re-
quired in determining shared status, so as to choose a suit-
able form to denote it. Once directory state changes, the
special hardware is needed for the conversion between the
three directory formats. These disadvantages increase the
hardware overhead and degrade the system performance,
which should be avoided while designing a one-level hy-
brid directory in future.

Multi-level Acacio [11] and Pan [13] proposed a two-
level directory respectively, consisting of a small full-map
first-level and a the compressed second-level. Decoding of
the compressed sharing code and the transformation be-
tween the code and full-map increases the implementation
complexity.

Unfortunately, when considering memory overheads,
positioning precision for sharers, and implementation
complexity, current directory structures shown in Fig. 2
usually fail to satisfy all requirements simultaneously.

Fig. 2 Directory schemes classification

3. The EPD

As in most cases there are few sharers for each data en-
try, it is not necessary to assign a bit for each poten-
tial possible sharer, and a limited pointers-like structure
may be enough. However, the overflow problem of the li-
mited pointers scheme should be considered. Due to many
pointers in limited pointers directory are not used at the
same time, it is possible to organize the public pointer
section from each directory entry to constitute a common
pool. This is proved effective to reduce the probability of
overflow compared with limited pointers.

With the aid of the clue for architecture conceiving and
innovating [14] to balance between the comprehensive op-
posites, an EPD structure is proposed and illustrated in
Fig. 3, including a private pointers zone and a public poin-
ters zone. Essentially, the directory is a pointers pool. In
terms of memory, the directory is divided into a limited
pointers zone and a public pointers zone.

Fig. 3 EPD

As shown in Fig. 3, each data block corresponds with a
line in the EPD structure, beginning with a “Dirty” field
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and a “Next” field. The “Next” field, initialized as −1,
stores a link that points to a certain line in the directory; the
link is allocated when overflowing. Following the “Next”
field is the “limited pointers” field, containing a number
of pointers (as does the limited pointers directory). Note
that a “Pointer/Link” pair fills the rest of the line. The
“Link” field in the “Pointer/Link” pair identifies the next
“Pointer/Link” pair, which it links to, allowing the pairs to
be organized as a singly linked list. All unused pairs make
up a list as the free public pointers zone, while a “Free list
head link” register is used to store the head pointer of the
list. The “Free list empty bit” indicates whether the list is
empty or not.

Initially, the EPD structure behaves as a limited point-
ers directory structure. However, when the limited pointers
field in EPD overflows, the free public pointer zone allo-
cates an unused “Pointer/Link” pair (from free list head)
to store the new pointer. While new sharers continue com-
ing, EPD uses the Link field to link to the newly allocated
“Pointer/Link” pair. After allocating each pair, the free list
head register points to the next pair in the public pointer
zone (stored in “Next” field of allocated pair as initialized
before) in order to maintain the free pair list.

For a write request, the limited pointers field of the line
is cleared, except the requesting cache ID. Following this,
the pair list is retrieved by the free public pointers zone,
saving extra pointers. That is, the retrieved pairs are in-
serted into the head of the free public pointers list.

Fig. 4 lists the pseudo-code executed at the directory
controller for a read miss to a clean block. A new pointer
identifying the new requester should be inserted into the
corresponding directory entry of the requested block.

Fig. 4 Procedures used in the proposed scheme to implement insert
operation

The operation required for a write hit to a clean block
is shown in Fig. 5. Invalidations must be sent to all of the

sharers indicated by the directory, except for the cache that
issued the request.

Fig. 5 Procedures used in the proposed scheme to implement inva-
lidate operation

4. Evaluation via analysis

Both the memory overhead and positioning precision for
sharers are the key factors that determine the scalability of
the shared memory system.

4.1 Analysis of memory overhead

Assume that the system scale is N , local shared mem-
ory of a single-node is M Bytes(B), size of memory
line is L B, bit width of the “Dirty” field is 1, bit
widths of “Next” and “Link” are both log2(M/L), bit
width of “Pointer” is log2 N , and number of pointers
in a directory entry is i. Then, according to these as-
sumptions, total bit width of each directory entry is
1 + 2 log2(M/L) + i log2 N , the overhead ratio when

compared with data is

⌈
(1 + 2 log2

M

L
+ i log2 N)/8

⌉

L
×

100%, and the overhead ratio when compared with full-

map is

⌈
(1 + 2 log2

M

L
+ i log2 N)/8

⌉

N/8
× 100%.

Suppose the size of a memory module within a node is
1 GB, in which the number of memory line is 1 GB/64 B =
224 (so “Next” and “Link” fields are set as 24 bits respec-
tively), then the public area initially includes 224 pointers.
Suppose the private cache capacity is 64 MB, and the size
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of a cache line is 64 B, then the number of elements in the
pointer pool is 16 times as many as that of the cache lines
within a private cache.

Taking the system scale N = 4 096 for instance, the
format of the directory entry is shown in Fig. 6. That is,
the “Dirty” field bit width is 1, “Next” and “Link” field bit
widths are both 24, the “Pointer” field bit width is 12, and
5 pointers are configured in an entry, so the width of the
entire entry is 109 bits. The percent memory overhead is

�109/8�
64

× 100% = 21.8%.

The memory overhead ratio to full-map is

�109/8�
4096/8

× 100% = 2.7%.

As shown in Fig. 6, first, the percent memory overhead
relative to the data size is increasing linearly with the num-
ber of pointers used in a directory entry. However, even
when 8 pointers are incorporated in a directory entry, and
with large scale N = 16 384, the percent memory over-
head is only 35.9%, which is small compared with that of
the full-map scheme. Furthermore, involving even fewer
pointers without overflow (analyzed in the next section),
the percent memory overhead is more favorable. Finally,
the percent memory overhead is not sensitive to system
scale N , which means that the directory structure has good
scalability in terms of memory overhead.

Fig. 6 Instance of an EPD entry

In Fig. 7, the horizontal axis represents the number
of pointers in a directory entry. The vertical axis reflects
the memory overhead ratio of EPD to full-map. First, the
memory overhead ratio is relatively small, and this trend is
more evident as the system becomes larger. Second, as the
number of pointers in an entry increases, the memory over-
head will increase gradually yet slowly. That means, even
if the configuration contains more pointers, the memory
overhead advantage of EPD relative to full-map remains
stable, which is shown in Fig. 8.

The above analysis is on the proposed directory within
the memory. Furthermore, in order to reduce the memory
overhead and time to access the directory, Ros et al. [15]

moved directory information from the main memory to the
L2 cache level. The same technique can also be used for the
proposed directory, which may further reduce the memory
overhead of EPD.

Fig. 7 Percent memory overhead in terms of different number of
pointers per entry

Fig. 8 Memory overhead ratio to full-map in terms of different
number of pointers per entry

4.2 Analysis of overflow probability

Given a best-case scenario, data in each private cache are
cached in uniform distribution from the memory modules
within the CC-NUMA system. In such cases, it is impos-
sible to overflow if the number of elements in the pointer
pool is no less than that of the cache lines in the private
cache.

However, depending on applications, the cached data
from the memory may not be complete in uniform distribu-
tion. In a worst-case scenario, all of the private caches are
full with data which are cached from a given memory mod-
ule. The number of pointers needed to avoid overflow is the
sum of the number of lines in all the private caches. Such
occurrences are rare. Otherwise, the accessed module will
be overloaded and become a hotspot, resulting in signifi-
cant performance degradation. At this time, the discussion
on whether directory overflow would occur can be left be-
hind.

Below, the probability that the overflow of pointer pool
is close to 0 is demonstrated. Therefore, it is unnecessary
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to set the pointer pool as large as the sum of the number
of lines in all the private caches in order to deal with the
worst-case.

For EPD, event A “pointer pool overflow” is equiva-
lent to “pointers in public pointer area have been used
up”. M/L is the initial amount of pointers in the public
pointer area, and it is also the maximum number. Xj is the
number of the current sharers for memory line j. There are
i pointers in each directory entry, of which (i− 1) is in the
limited pointers area and there is one in the public pointer
area. The possibility of event A is

P (A) = P{
M/L∑
j=1

σ[Xj − (i − 1)] > M/L} (1)

σ(x) =
{

x, x � 0
0, x < 0

. (2)

For the limited pointers scheme, there are i pointers in
each directory entry, and the expectation of overflow times
within a memory module is

E =
M/L∑
j=1

P{Xj > i} =
M/L∑
j=1

P{Xj − (i − 1) > 1} (3)

Xj 0 1 2 3 4 5 6 7
P/(%) 4 50 28 10 5 2 0.6 0.4

. (4)

The above is the distribution law for the number of shar-
ers in each directory entry for an application when the sys-
tem scale is 64. The probability values, which are less than
0.2%, have been omitted.

Values are set to be representative for different applica-
tions, according to the experimental results from the simu-
lation.

M/L = 1 GB/64 B = 224, i = 5

The distribution law of Yj = σ(Xj − 4) is

Yj 0 1 2 3
P/(%) 97 2 0.6 0.4

then

P (A) = P{
224∑
j=1

Yj > 224}. (5)

224 can be considered as a very large number.

P (A) ≈ lim
n→∞ P{

n∑
j=1

Yj > n} =

lim
n→∞P{ 1

n

n∑
j=1

Yj > 1} =

1 − lim
n→∞P{ 1

n

n∑
j=1

Yj � 1} (6)

Given Y1, Y2, . . . , Yj are independent from each other,
and have the same mathematical expectation and variance,
the expectation is

μ = (1× 2 + 2× 0.6 + 3× 0.4)× 1% = 0.044 < 1, (7)

and the variance is d. For any small positive real number ε,

1 − d2/n

ε2
� P{

∣∣∣∣∣∣
1
n

n∑
j=1

Yj − μ

∣∣∣∣∣∣ � ε} =

P{μ − ε � 1
n

n∑
j=1

Yj � μ + ε} �

P{ 1
n

n∑
j=1

Yj � μ + ε} � P{ 1
n

n∑
j=1

Yj � 1} � 1. (8)

If n → ∞ for the above formula,

lim
n→∞P{ 1

n

n∑
j=1

Yj � 1} = 1, (9)

so we can conclude that

P (A) ≈ 1 − lim
n→∞P{ 1

n

n∑
j=1

Yj � 1} = 0. (10)

The expectation of the number of the overflow for li-
mited pointers directory is

E =
M/L∑
j=1

P{Xj > i} = 224 × 1%. (11)

Therefore, P (A) << E. Results are explained as fol-
lows: the overflow probability for each directory entry is
low (0 ∼ 10%); when the overflow of a number of direc-
tory entries occurs simultaneously, the probability is even
smaller; furthermore, many directory entries overflow si-
multaneously and run out of the public pointer area, which
consists of M/L pointers, this case rarely occurs. In sum,
P (A) ≈ 0, hence the proposed EPD is elastic and of little
overflow.

5. Evaluation via simulation

With the respective analysis of memory overhead and over-
flow probability in the above two sections, the evaluation
of the performance through simulation is given as follows.

5.1 Simulation environment and results

Simulation technology can be used to compensate for
the mathematical analysis for cycle-to-cycle application
running [16]. We have modified execution-driven Rice
simulator for ILP multiprocessors (RSIM) simulator for
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the present study in order to model the target sys-
tem [17]. The modeled system has a CC-NUMA with
16 or 64 nodes. These nodes are interconnected with
a two-dimensional (2D) wormhole routing mesh and
an invalidation-based mod-shared-invalid directory cache-
coherent protocol is implemented. The nodes also contain
features such as out-of-order (OoO), superscalar, multi-
stage pipeline, and multi-level cache hierarchy.

The architecture parameters of the target system are
shown in Table 1, the values of which have been chosen to
be similar with the parameters of emerging shared memory
multiprocessors.

Table 1 System architecture parameters

16 or 64-Node system
ILP processor

Processor speed 2.2 GHz
Max fetch/retire rate 4
Instruction window 64

Cache Parameters
Cache line size 64 B
L1 cache write through (WT) Direct mapped, 64 KB
L1 request ports 2
L1 access latency 1 cycles
L2 cache write back (WB) 4-way associative, 1 MB
L2 request ports 1
L2 tag access latency 3 cycles
L2 data access latency 5 cycles
Number of miss status holding registers 8 per cache
(MSHRs)

Directory parameters
Directory access time 21 cycles
First coherence message creation time 12 cycles
Next coherence message creation time 6 cycles

Memory Parameters
Memory access time 18 cycles
Memory interleaving 4

Internal Bus Parameters
Bus speed 3 cycles
Bus width 32 B

Interconnection Network Parameters
Topology 2D mesh
Flit size 8 B
Flit delay at network switches 4 cycles
Arbitration delay at network multiplexers 4 cycles

Table 2 summarizes the applications used in this study
to evaluate the benefits of its proposals. Several scientific
applications covering a variety of computation and com-
munication patterns have been selected. Barnes indicates
an implementation of the Barnes-Hut N-Body algorithm,
solving a problem in galaxy evolution. fft represents the
fast Fourier transformation, which is a key kernel of ap-
plications that use spectral methods. lu indicates an LU
factorization of a dense matrix and is representative of
many dense linear algebra computations. ocean simulates
the influence of eddy and boundary currents on large-scale
flow in the ocean. radix is a radix sort program and wa-
ter is a molecular dynamics simulation of water. These

are from the SPLASH-2 benchmark suite [18]. em3d is a
shared memory implementation of the Split-C benchmark
[19]. Wind tunnel simulation application mp3d is drawn
from the SPLASH suite. Finally, “unstructured” represents
a type of fluid dynamics applications.

Table 2 Benchmarks and input sizes

Benchmark Input
barnes 16 384 bodies, 4 time steps
em3d 38 400 nodes, degree 2, 15% remote and 25 time steps
fft 256 K complex doubles
lu 256×256, block 8
mp3d 50 000 nodes, 8 time steps
ocean 258×258 ocean
radix 524 288 keys, 1 024 radix
unstructured mesh.2k, 5 time steps
water 512 molecules

In terms of execution times of the benchmarks, a perfor-
mance comparison between the proposed EPD and limited
pointers is presented in Fig. 9. The X-coordinate denotes
the used benchmarks, and the Y-coordinate indicates per-
formance improvement when using the scheme proposed,
as compared with limited pointers.

As can be observed from Fig. 9, the performance of the
proposed EPD is close to that of full-map, even when only
2 to 3 pointers are configured in each directory entry. While
memory overheads are nearly all the same, the EPD has
a significant performance improvement over limited poin-
ters, since the number of overflow for the proposed scheme
is far less than that of limited pointers. This result is in
good agreement with the theoretical analysis presented in
Section 4.

Fig. 9 Performance improvement ratio of EPD compared to lim-
ited pointers and full-map (for limited pointers i, i is the number of
pointers in each directory entry)

Furthermore, the application performance is directly re-
lated to broadcast frequency and coherence delay. Broad-
cast frequency that affects memory stall time, depends on
several factors: the distribution of the number of sharers
in the directory entry for a given application, the num-
ber of simultaneous directory entry overflows, application
input size, number of processors, etc. Coherence delay is



Yuhang Liu et al.: Elastic pointer directory organization for scalable shared memory multiprocessors 165

mainly associated with interconnection network and direc-
tory controllers.

5.2 Review from more general perspectives

In the following, the scalablity will be analyzed from a
more general point of view, that is from application and
architecture perspectives.

From the architecture perspective, the efficient use of
directory constitutes the first basis of the scalability of CC-
NUMA in terms of real performance. K denotes the num-
ber of network transactions on the critical path of opera-
tions when the invalidation event occurs. The value of K

depends on the directory organization and the real number
of sharers for a given application. The cycles per instruc-
tion (CPI) [20] in the CC-NUMA architecture is evaluated
for different K values. For random sharing mode appli-
cation, CPI is sensitive to the values of K , so the direc-
tory organization proposed with K being 1 outperforms
the link-list that with K being more than 1.

From the architecture perspective, the innterconnection
network architecture is also an impacting factor, but with
less sensitivity compared with the directory architectue
where the value of K is small.

From the application perspective, the efficient use of on-
chip cache constitutes the second basis of the CC-NUMA
scalability in terms of the real performance.

In the following, we give more discussions on the effi-
cient use of directory which is the most important factor
for scalablity. The basic idea is to intergrat a cache to ac-
celerate the access of directory.

As shown in Fig. 10, based on the proposed partly
shared directory, a directory cache is proposed, which
is capable of forming a two-level directory architecture
combing of EPD and directory cache for exploring direc-
tory access locality.

The first-level directory consists of a small set of direc-
tory entries that are frequently accessed, each one contain-
ing a full-map sharer indicator. Essentially, it is a directory
cache, stored in static random access memory (SRAM)
with small access latency.

In the second level, using the proposed directory sharer
indicator, a directory entry is assigned to each memory
line. It is stored in synchronous dynamic RAM (SDRAM)
with higher access latency but larger capacity compared
with SRAM.

When a read or write request is issued, the home node
of the corresponding memory line will simultaneously ac-
cess the two-level directory. The accessed address consists
of three parts: tag, set index, and offset. First, set index is
used to access the first level to select the proper set. Sec-
ond, if one of the tags for the indexed set equals the tag in
the access address, and valid bit “V” is set, then the “AND”
gate outputs a “true” value. That means a first-level access
hit has occurred, and the “MUX” selects the hit entry from
the first level and outputs it. A “false” output is considered
as a miss, and the following operations are conducted.

(i) Since a directory entry is assigned to each memory
line, the access to the second level directory uses the whole
address as an index, where no misses occur. For the EPD
structure, the second level directory entry should be con-
verted into the full-map format, and the “MUX” is used to
select from the two- level results to output.

(ii) Assuming a multi-way set associative directory
cache with write-back policy is used, one directory cache
item is replaced and wrote back is enabled. Note, this will
occur if all of the ways in the corresponding set have been
used.

(iii) The N -bit full-map vector output by MUX in step
(i) is put at the corresponding position of the replaced item
in the first level directory.

Fig. 10 Two-level directory structure based on the proposed directory organization
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The above operations are different with the scheme pre-
sented by Pan et al. [12,13]. For the scheme where limited-
pointers sharer indicator is used in the second level direc-
tory, overflow occurs when the number of sharers is more
than the limited number of pointers in the second-level en-
try. Some memory stall time is needed to resolve this is-
sue. Suppose the hit ratio of the first-level is h (h ∈ [0, 1]),
the access latencies of the two levels are TL1 and TL2

respectively. Since the first-level is implemented in the
SRAM, hit time and access time are much less than that
of the second-level, TL2 = λ · TL1, λ > 1, λ ∈ R. The
speedup relative to single-level directory is

Speedup =
TL2

TL1 + (1 − h)(TL1 + TL2)
=

1
1
λ

+ (1 − h)(1 +
1
λ

)
. (12)

The formula reflects the relationship between the
speedup and directory cache hit ratio. One can infer from
the formula that while the hit rate is 30% or more, the ac-
celeration effect is at least 14.9%, given the first level is ten
times as fast as the second.

6. Conclusions

The scalability of directory mechanisms is a hot research
topic, and a core issue that the designers of a large-scale
shared-memory multiprocessor must deal with. Based on
an analysis of the strengths and weaknesses of the various
directory schemes, in terms of memory overhead, position
precision, and implementation complexity, the EPD or-
ganization is proposed. EPD achieves good performances
on all these key aspects simultaneously with quality effi-
ciency. Both the analytical and experimental results show
that EPD is a promising technique for the state-of-the-art
high performance shared memory multiprocessors.
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