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Abstract— Dual-addressing memory architecture
is designed for two-dimensional memory access with
both row-major and column-major localities. In this
paper, we highlight two memory management issues in
dual-addressing memory. First, to avoid the external
fragmentation, we propose a virtual dual-addressing
memory design to enable memory management via op-
erating system. After that, to deal with the size mis-
match between user-defined data and dual-addressing
memory, we discuss data arrangement policies at dif-
ferent data granularity. With the proposed memory
management techniques, we are capable of maximizing
the memory utilization of dual-addressing memory.

I. INTRODUCTION

With the increasing latency gap between dynamic ran-
dom access memory (DRAM) and logic, DRAM has be-
come one of the most critical performance bottlenecks in
a computing system [1]. DRAM is conceptually consid-
ered as a one-dimensional array with one serial address for
each memory cell. To maintain a feasible aspect ratio for
memory chip fabrication, the DRAM organization is com-
posed of a regular two-dimensional memory cell array and
two orthogonal address decoding circuits. Consequently,
the serial addresses obtained from address decoding cir-
cuits define neighborhood structure of a DRAM. Once
the neighborhood structure of DRAM is fixed, the access
latency of DRAM cells are determined according to the
spatial locality of the pre-defined neighborhood structure.

Dual-addressing memory organization is proposed to
support two-dimensional memory access patterns [2].
Specialized memory organizations for specific memory ac-
cess patterns are imperative for high performance com-
puting. In this work, translations from virtual dual-
addressing memory to physical dual-addressing memory
is proposed. The translation mechanism enables memory
management via operating system. Furthermore, to make
use of the dual-addressing memory in a generic computing
system, the size mismatch issue between user-defined data
and dual-addressing memory is discussed. With the pro-
posed memory management techniques, we are capable
of maximizing the memory utilization of dual-addressing

memory.

The rest of this paper is organized as follows. The pre-
liminary of commodity memory organization and dual-
addressing memory organization are discussed in Sec-
tion II. In Section III, we propose virtual dual-addressing
memory to tackle the external fragmentation. Data ar-
rangement at different data granularity is discussed in
Section IV. Section V concludes this paper and points
out important issues for future research.

II. PRELIMINARY

In this section, we give preliminary background of com-
modity memory organization and dual-addressing mem-
ory organization.

A. Conventional Memory Organization

Commodity DRAM utilizes one transistor and one ca-
pacitor for one data bit storage. To maintain the DRAM
chip form factor as well as decoding circuit efficiency,
memory address is partitioned into row address and col-
umn address. Conventionally, the higher address bits are
denoted as row address and the lower address bits are de-
noted as column address. Each memory access requires
both row and column access phases. Figure 1 draws the
organization of a conventional memory. Once the memory
address is ready, the row decoder decodes the row address
and asserts a corresponding word line. The memory data
sets on the word line, refer to a page, are then ready to be
processed in the column access phase. According to the
column address, sense amplifier and column decoder are
activated to detect and select the corresponding memory
data set of the page, respectively [3]. In the memory orga-
nization drawn in Figure 1, data sets within the same page
can be directly accessed by column address decodings only
with short access time while data sets from different pages
require the assertions of different word lines followed by
column address decodings with long access time. There-
fore, the sequence of row access followed by column access
explicitly defines the horizontal neighborhood structure of
a DRAM. The horizontal neighborhood structure favors
one-dimensional data array and multi-dimensional data
array with row-major memory access patterns.
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Fig. 1. Conventional memory organization.

B. Dual-addressing Memory Organization

Figure 2 depicts the organization of dual-addressing
memory. There are two transistors and one capacitor
for one data bit storage. Unlike the dual-ported mem-
ory which supports two consecutive memory accesses from
the same address decoding architecture [4], the dual-
addressing memory utilizes two address decoding archi-
tectures. In Figure 2, two word lines and two bit lines
are orthogonal to each other, respectively. Hence, there
are two pairs of decoding and sensing circuits in dual-
addressing memory. The address decoding scheme, which
is the same to conventional memory drawn in Figure 1,
is denoted as row-major decoding. The address decod-
ing scheme, which is orthogonal to conventional row-
major decoding, is denoted as column-major decoding.
As drawn in Figure 2, there are m + n address bits with
enable signal En,., to select one decoding scheme. The
row-major decoding decodes the upper m bits and asserts
a corresponding horizontal word line before multiplexing
vertical bit lines by the lower n bits. The column-major
decoding decodes the lower n bits and asserts a corre-
sponding vertical word line before multiplexing horizontal
bit lines by the upper m bits. Notice that the upper and
lower address bits can be the same (m = n) in practice
such that the decoder and sense amplifier can be shared
by both addressing schemes. Without loss of generality,
we assume m # n in this paper.

To utilize the dual-addressing memory, programmers
are required to specifically declare a dual-addressable
(two-dimensional and multi-dimensional) data structure.
The data structure will then be bound to the dual-
addressing memory after compilation. There are four
types of new instructions required to support dual-
addressing memory access. These instruction types are
row-major read, row-major write, column-major read,
and column-major write. The row-major read and write
instructions behave as read and write instructions for con-
ventional memory, respectively. The column-major read
and write instructions swap the upper and lower address
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bits before performing column-major word line decoding
and bit line multiplexing.

Table I lists row-major and column-major decoding re-
sults with m = 2 and n = 3. The first line in each en-
try represents the decoded address of row-major decoding
(colored in red). The second line in each entry represents
the decoded address of column-major decoding (colored
in blue). From Table I, it is clear that each memory data
set has row-major and column-major addresses for row-
major and column-major memory accesses, respectively.
Consequently, row-major memory access favors horizontal
neighborhood structure while column-major memory ac-
cess favors vertical neighborhood structure. Therefore,
the dual-addressing memory is capable of maintaining
spatial locality in two-dimensional memory access pat-
terns.

Since the memory density of dual-addressing memory
is lower than that of conventional DRAM, it is inefficient
to replace the whole DRAM by using dual-addressing.
Hence, we integrate a small dual-addressing memory into
a computing system to support two-dimensional memory
access behaviors. Figure 3 illustrates the proposed mem-
ory system architecture.
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TABLE 1
ROW-MAJOR AND COLUMN-MAJOR DECODINGS

000 001 010 011 100 101 110 111
00 0 (00000) 1 (0ooon) 2 (00010) 3 (00011) 4 (00100) 5 (00101) 6 (00110 7 (0o111)
0 (00000) 4 (00100 8 (01000) | 12 (01100) | 16 (10000) | 20 10100y | 24 (11000) | 28 (11100)
01 8 (01000) | 9 (0ro01) | 10 01010y | 11 (0r011) | 12 (01100) | 13 (01101) | 14 (01110) | 19 (01111)
1 (0ooo1) 9 (00101) 9 01001) | 13 01101y | 17 ooon) | 21 o101y | 25 11001y | 29 @110y
10 16 (10000) | 17 (10001) | 18 (10010) | 19 (10011) | 20 (10100) | 21 (10101) | 22 (10110) | 23 (10111)
1 2 o010y | 6 o110y | 10 01010y | 14 01110y | 18 (10010) | 22 (10110) | 26 11010y | 30 11110y
11 24 (11000) | 25 (11001) | 26 (11010) | 27 (11011) | 28 (11100) | 29 11101y | 30 11110y | 31 (11111)
3 ooy | 7oty | 11 io1y | 15 o1y |19 ooty | 23 oty | 27 oy | 31 iy
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. Array o Physical frames of dual-addressing memory
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Fig. 4. External fragmentation in dual-addressing memory. , —
76 %4 ‘ P8

III. VIRTUAL MEMORY DESIGN FOR MULTIPLE

DUAL-ADDRESSING MEMORY ARRAYS

In a typical computation scenario, there are multiple
two-dimensional memory arrays declared. Consequently,
all arrays with column-major memory access behaviors
are required to be allocated in dual-addressing memory
in order to achieve less memory access latency. As a re-
sult, multiple dual-addressing memory arrays share a sin-
gle physical dual-addressing memory. Figure 4 shows an
example. There are two dual-addressing memory arrays,
«a and (. Array « is allocated at the top-left corner in
dual-addressing memory. Owing to the limitation of ge-
ometrical shape, array [ is unable to be allocated in the
dual-addressing memory even if the size of unused dual-
addressing memory is enough for array (.

As illustrated in Figure 4, the dual-addressing mem-
ory management for multiple arrays is reducible to a con-
ventional fixed-outline floorplanning problem in electronic
design automation [5]. To tackle this hard problem, vir-
tual dual-addressing memory is proposed in this section to
facilitate memory management in operating system level.

We define the dual-addressing page as a minimum mem-
ory block managed by operating systems. For simplic-
ity, the page dimensions are power of 2 in both row
and column directions. Furthermore, the physical dual-
addressing memory is partitioned into multiple frames
according to the page dimensions. All data stored in a
page/frame is dual-addressable. Figure 5 illustrates the
idea of dual-addressing paging. In Figure 5, arrays o and

Fig. 5. Paging for dual-addressing memory.

(B are subdivided into small virtual pages and allocated in
physical dual-addressing memory frames.

Unlike conventional virtual memory system which re-
quires only one address translation from virtual space to
physical space [6], virtual dual-addressing memory system
requires two address translations to ensure data localities
in both row-major and column-major memory accesses:
(1) user-defined array space to virtual space and (2) vir-
tual space to physical space.

Given a user-defined memory array p with width Uy,
and height Up, the user-defined array address of indices
U, and U, can be derived by Equation 1. The Usqq,
cannot be used for dual-addressing memory access since
Uw and Uy may not be power of 2.

Uaddr = Uy X UW + Um‘ (1)

Therefore, the user-defined array is partitioned in two-
dimensional manner according to the predefined geomet-
rical page shape. In our formulation, the page width and
page height are denoted as Py and Py, respectively. To
obtain the virtual page number of the data pu[Uy][U,], we
use Equations 2 and 3 to calculate the location of parti-
tioned page in X and Y coordinates, denoted as Xpqge
and Yjqg¢, respectively. Similar to Equation 1, the exact
virtual page number can be derived by Equation 4.

X Vs

poge = L) @)
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3 3 3

Fig. 6. Translation of user-defined array address to virtual
address.

U,
Ypage = LF; (3)
Uw
Py = Ypage % [EW + Xpage (4)

In page Py, the column offset and row offset can be
derived by Equations 5 and 6, respectively. Finally, the
virtual address of u[U,][U,] is obtained by concatenating
the page number, page row offset, and page column offset
in Equation 7.

P, = U, mod Py (5)
P, = U, mod Py (6)
Vaddr = Py||Py|| Pz (7)

Figure 6 shows a translation example of the aforemen-
tioned array 3. The dimension of array (3 is 10x 21 and the
dimension of each page is 4 x 8. There are f%W = 3 pages
in X coordinates and [12] = 3 pages in Y coordinates.
The array data ([1][14] is partitioned in page[0][1] since
Xpage = [ 4] =1 and Ypa4e = [ 4] = 0. Therefore, the
page number is Py = 0x 341 = 1. In page[0][1], the page
column and row offsets of 3[1][14] are P, = 14 mod 8 =6
and Py, = 1 mod 4 = 1, respectively. Finally, the virtual
address of §[1][14] is Vagar = 1]|1]|6 = (000101110)s.

Once the virtual address is obtained, we can use the
page table to map a virtual page to its correspond-
ing physical frame. In order to maintain row-major
and column-major localities, the location of each physi-
cal frame is characterized by X and Y coordinates, de-

noted as Xfrgme and Yirgme. Finally, the row-major

Fig. 8. Example of |u| = |s|.

and column-major physical addresses are summarized in
Equations 8 and 9, respectively.

arc%; = YfmmeHPy”XfT'ame”Pw (8)
PLgi™™ = X framel| PellYframel| Py (9)

Figure 7 shows a translation example from virtual ad-
dress to physical address according to the result of Fig-
ure 6. Since the page number is (0001)y, the correspond-
ing physical frame X and Y coordinates are X trgme =
(10)2 and Yyrqme = (011), respectively. The row-major
and column-major physical addresses are obtained by
shuffling the four fields, Yy ame, X frame, Py, and Py.

IV. DATA ARRANGEMENT AT DIFFERENT
GRANULARITY

According to Table I, there are two addresses (row-
major and column-major) associate with each memory
data set. Therefore, the size of dual-addressing memory
data set is fixed. Since the size of user-defined data ele-
ment, denoted as |u|, may not be same to that of dual-
addressing memory data set, denoted as |s|, we need to
select suitable data arrangement policy to access user-
defined data efficiently. Figure 8 illustrates a regular
memory-access behavior when |u| = |s|.

If there is a size mismatch between user-defined data
and dual-addressing memory data set (i.e., |u| # |s|), we
can use the minimum number of dual-addressing mem-
%W memory data sets)
to accommodate the user-defined data. The advantage of
regular stride simplifies memory access at the expense of
padding unused memory. Figure 9 shows two padding ex-
amples. As shown in Figure 9, regular stride may result
in considerable memory wastage.

To avoid memory wastage, we can concatenate all user-
defined data elements as a whole. However, the user-
defined data offsets within a dual-addressing memory data
set vary on data indices. As a result, the irregular offset
complicates dual-addressing memory access. Taking Fig-
ure 10(a) as an example, the first and the second data
elements require only one memory access while the third
data element requires two memory accesses. Similarly,
the first data element require two memory accesses while
the second data element require three memory accesses in
Figure 10(b).

ory data sets as a stride (i.e., [
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Fig. 11. Example of hyper-padding policy.

Accordingly, we suggest hyper-padding to resolve the
size mismatch problem. For the case of |u| < |s|, we con-
catenating L%J user-defined data elements within each
dual-addressing memory data set to minimize memory
wastage. For the case of |u] > |s|, we use (%1 X |s]
as a stride and pad the unused memory to avoid irregu-
lar memory-access situation. Figure 11 draws two hyper-
padding examples. In Figure 11(a), concatenating policy
is applied within each dual-addressing memory data set.
In Figure 11(b), padding policy is applied to avoid irreg-
ular memory-access situation. Table II summarizes the
padding, concatenating, and hyper-padding policies for
different data granularity.

V. CONCLUSIONS AND FUTURE WORK

We have proposed memory management techniques to
support two-dimensional memory access behaviors for



TABLE II
SUMMARY OF ADDRESS COMPUTATIONS

Size Padding Concatenating Hyper-padding
v Wastage (%) | Regularity | Wastage (%) | Regularity | Wastage (%) | Regularity
[u] = |s] 0 Yes 0 Yes 0 Yes
s|—1| &k u
lul < |s] % Yes 0 No M Yes
[ x sl —ul [ x|s|—u]
ul > Js] || Fai | ves 0 Nooo | TiEaw | Y

dual-addressing memory architecture. In operating sys-
tem level, virtual dual-addressing memory is designed to
facilitate memory management and to avoid the external
fragmentation. After that, to deal with the size mismatch
between user-defined data and dual-addressing memory,
we suggest hyper-padding data arrangement policy for
different granularity. With the proposed memory man-
agement techniques, we are capable of maximizing the
memory utilization of dual-addressing memory.
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