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Abstract

Main memory increasingly affects computer system
performance due to the exponentially growing perfor-
mance gap between microprocessor and DRAM tech-
nology. A novel address mapping scheme 1is pre-
sented that, compared to conventional schemes, allows
a much more efficient use of main memory with re-
spect to performance as well as flexible support of dif-
ferent memory configurations. The mapping scheme
can be used to build a high-performance memory that
can adapt its operation to the way it 1s being used.

1 Introduction

The exponentially growing performance gap be-
tween microprocessor and DRAM technology com-
bined with the increasing memory need of programs
make main memory within computer systems a re-
source that must be treated with care [1].

Current techniques for improving main memory
performance are based on the application of multi-
ple independent memory banks in parallel and the
exploitation of fast output buffers that are available
within EDO and SDRAM technologies. The effec-
tive performance gain achieved by these techniques is
dependent on how well an address mapping function
distributes memory accesses over the various memory
banks, and how well it concentrates memory accesses
that are mapped on the same memory bank within
single rows of the DRAM cell arrays.

General-purpose computer systems typically apply
a static mapping function that is based on sequential
interleaving. This has worked reasonably well until
now due to the simple implementation of this scheme
for a power-of-2 number of memory banks and due to
the good match with the sequential nature of instruc-
tion fetches that are an important part of the total

access traffic to main memory. However, the growing
performance gap between microprocessor and DRAM
technology might now have reached a level at which
a mapping scheme that allows dynamic adaptation to
specific memory reference behavior of individual work-
loads can achieve significant performance gains over a
static mapping scheme that only takes some general
access characteristics into account. At the same time,
1t 1s desirable to have a mapping scheme that supports
more flexible memory configurations. Sequential in-
terleaving in its basic form only supports a power-of-2
number of equally sized memory banks, and requires
special logic to support more flexible memory config-
urations, resulting in a nonuniform mapping through-
out the address space with corresponding performance
variations.

This paper presents a mapping scheme that fulfills
these goals. The mapping scheme is introduced in Sec-
tion 2. Section 3 discusses several mapping properties
and features that are supported by the scheme. Sec-
tion 4 describes the support of various memory config-
urations. Section b reasons how the mapping scheme
can be used to build a main memory that can adapt
to patterns that occur in the access traffic. The final
Section 6 summarizes the paper. Throughout this pa-
per, the main focus is on the distribution of memory
accesses over the memory banks. However, the pre-
sented method can also be used to concentrate suc-
cessive memory accesses to a single bank within single
rows of the DRAM cell array in order to exploit the
fast output modes of EDO and SDRAM technologies.
This will not be discussed here.

2 Adjustable Address Mapping

The address mapping scheme presented 1s based on
a small lookup table [2]. The concept is shown in
figure 1. The mapping scheme involves the selection
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Figure 1: Address mapping based on lookup table.

of two portions X and Y within an address, which are
used to index a lookup table for obtaining a bank num-
ber. An internal bank address is obtained by removing
the Y field from the address.

The X and Y fields do not need to cover adjacent
bit positions within the address. It is possible that
various bits that constitute the X and Y fields are
interleaved. It is not allowed that the same bit is part
of both the X as well as the Y field. The size of the
Y field, y, is determined by the number of memory
banks, M, according to

y = [log M.

In a typical implementation, the X and the Y field
have fixed locations. However, it is also possible to
make the selection of the X and Y fields configurable.
The bank numbers contained in the lookup table can
be binary-coded, requiring log M bits per entry for M
memory banks. Alternatively a bit vector can be used
in which each bit position corresponds to exactly one
memory bank. In this case M bits are required per
entry. To achieve a valid address mapping, each row
in the lookup table that corresponds to one X value
should contain each bank number exactly once. De-
pendent upon the dynamics with which the mapping
must be updated, the lookup table can be realized in
PROM, flash memory or SRAM technologies.

3 Mapping Properties and Features

This section will show how the size and positions of
the X and Y fields and the contents of the lookup table
determine the type and the properties of the mappings
that are supported.

For reasons of simplicity i1s assumed that most of
the X and Y fields cover adjacent bit positions, where
the least significant bit of the X field i1s located at
position p and the least significant bit of the Y field
1s located at position ¢. The notion of an address

sequence with a fixed increment, i.e., a stride, will be
used. For example, an address sequence

a,a+s,a+2s,...,a+ks

1s sald to have a stride of s.

3.1 Interleaving of power-of-2 strides

Figure 2 illustrates a basic mapping applied on a
memory consisting of four memory banks. Figure 2(a)
shows the positions of the X and Y fields (with p =0
and ¢ = 10), figure 2(b) shows the contents of the
lookup table, and figure 2(c) shows the resulting map-
ping in which at each memory location the address is
written that is mapped on 1t.

The columns and rows of the lookup table deter-
mine the properties of the mapping. A column cor-
responding to a constant Y value determines how an
address sequence with successive X values 1s mapped
over the memory banks. Such an address sequence
has a stride of 2P. In figure 2 an address sequence
from 0 to 21° — 1 with a stride of 2° = 1 will result in
an Y value equal to 0. According to the first column
of the lookup table shown in figure 2(b) this stride-1
address sequence is interleaved over all four memory
banks, which is illustrated in figure 2(c), e.g., the ad-
dress sequence 0, 1, 2, 3, 4. Owing to the mapping
mechanism, these addresses are mapped on successive
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Figure 2: Interleaving of two power-of-2 strides.



internal bank addresses. Similarly, each row in the
lookup table, corresponding to a constant X value,
determines how an address sequence with successive
Y values is mapped over the memory banks. Such an
address sequence has a stride of 2%2. In figure 2 an
address sequence 0, 400h, 800h, C00h, 1000h, with a
stride of 400h results in an X value equal to 0. Accord-
ing to the first row of the lookup table, this address
sequence 1s interleaved over all four memory banks.
Owing to the mapping mechanism, each group of four
successive addresses in this sequence is mapped on the
same internal bank address.

This example illustrates the unique feature of the
mapping scheme, namely its ability to simultaneously
interleave address sequences with two different power-
of-2 strides over all memory banks. Section 3.2 will
show that it 1s also possible to simultaneously inter-
leave more than two power-of-2 strides.

The total size of the lookup table equals 4 x 4 x 2
bits, which is only 4 bytes.

3.2 Multiple Parallel Mappings

By extending the X field with some bits, it is pos-
sible to create different segments within the address
space and apply different mappings on these segments.

An example is shown in figure 3. In figure 3(a)
one additional bit is added to the X field as the most
significant bit, denoted X1, which is located at bit po-
sition 6 within the address. The segments within the
address space for which X1 equals 0, e.g., the address
ranges from 0 to 3Fh, from 80h to BFh, and so on,
are mapped according to the upper part of the lookup
table (X between 0 and 3) as shown in figure 3(b).
The segments for which X1 equals 1, e.g., the address
ranges from 40h to 7Fh, from COh to FFh, and so on,
are mapped according to the lower part of the lookup
table (X between 4 and 7).

The two mappings that are simultaneously applied
in figure 3 map a stride-1 address sequence with an
interleave factor of 4 (e.g., the address sequence 0, 1,
2, 3), respectively, with an interleave factor of 2 (e.g.,
the address sequence C40h, C41h, C42h, C43h).

By extending the X field with more bits, additional
different segments can be created within the address
space that can be mapped differently. The location of
these segments within the address space is determined
by the bit positions of these additional X field bits,
e.g., bit X1 in figure 3(a).

Section 3.1 showed that two power-of-2 strides can
be interleaved over all memory banks. Figure 3 shows
that even more power-of-2 strides can be interleaved
simultaneously. Besides strides 2° = 1 and 2'° = 400h,
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Figure 3: Two parallel mappings.

the power-of-2 stride 2% = 40h is also two-way inter-
leaved (e.g., the address sequence 0, 40h, 80h). This is
realized by coordinating the two mappings as shown
in figure 3(b) such that within the same column dif-
ferent bank numbers are contained for X values that
are only different in the most significant bit X1 (e.g.,
compare the bank numbers corresponding to X values
0 and 4 in each of the four columns).

In this way it is possible to simultaneously inter-
leave even more than three power-of-2 strides over two
or more memory banks as desired, through a larger
extension of the X field. Of course this will require a
larger lookup table.

3.3 Complex Mapping Emulation

A second application of an extended X field is to
emulate complex mapping schemes, such as prime
degree interleaving [3], skewed-storage, and pseudo-
random interleaving [4].
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Figure 4: Emulation of prime degree interleaving.

Figure 4 shows an example in which the X field is
extended to 5 bits. The lookup table is configured
such that a prime degree interleaving scheme is em-
ulated for stride-1 address sequences. For example,
the address sequence 0, 1, 2, 3, ..., 1Fh i1s 3-way in-
terleaved as is shown in figure 4(c). This 3-way in-
terleaving usually requires expensive logic for modulo
calculation. The 3-way interleaving is emulated. After
each block of 32 successive addresses, the mapping re-
peats itself as shown in figure 4(c). By extending the
X field, the interleaving scheme can be emulated more
accurately for longer address sequences. The total size
of the lookup table in this example equals 4 x 32 x 2
bits, which 1s 32 bytes.

4 Memory Configurations

Efficient use of available memory resources requires
that memory configurations can be composed of any
number of memory banks having a variety of bank
sizes.

The most popular mapping scheme used today in
general-purpose computers is based on sequential in-
terleaving in which the least significant bits of the
address are used as bank number and the remaining
bits form the internal bank address. The basic version
of this mapping scheme requires a power-of-2 number
of equally sized memory banks. Memory configura-
tions with a non-power-of-2 number of unequally sized
memory banks are usually supported by dividing the
storage into partitions covering equally sized parts of
a power-of-2 number of memory banks and applying
sequential interleaving on each of these partitions. For
example, a memory configuration consisting of 7 mem-
ory banks is divided into three partitions consisting
of 4 memory banks, 2 memory banks, and 1 memory
bank. The partitioning is often implemented using ex-
pensive subtract and compare logic, which i1s custom
designed for a given memory system. A second disad-
vantage is that parts of the address space are mapped
differently with varying interleave factors, resulting in
non-uniform memory performance throughout the ad-
dress space.

The presented mapping scheme overcomes most of
these disadvantages. It supports any number of mem-
ory banks in an integral way. A limited variety of bank
sizes 1s supported. To support a non-power-of-2 num-
ber of non-equally-sized memory banks it 1s required,
however, that the Y field cover the most significant
address bits. Figure b shows the support of a non-

01234567

MSB LSB ol o1 23 4 - - =
‘2220: address :1 ’ X1 12340 - - -
: : 2] 2 3 4 1 - - -

Y x 3l 3401 2 - - -

(a) Xand Y fields (b) Lookup table

FFFFFh [2FFFFFh| [3FFFFFh| [4FFFFFh| | FFFFFh | [IFFFFFh

internal 4 [ 4 100004h| [200004h| [300004h | [200004h
ags;lekss 3 [200003h| [300003h]| [400003h 3 100003h
2 [300002h| [400002h 2 100002h| |200002h
1 [400001h 1 100001h| [200001h| [300001h
o| o 100000h | |200000h| [300000h| [400000h

0 1 2 3 4

bank number

(c) Mapping

Figure 5: Support of a non-power-of-2 number of
memory banks.
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Figure 6: Support of non-equally-sized memory banks.

power-of-2 number of memory banks. Figure 6 shows
an example of the support of non-equally-sized mem-
ory banks. This is based on dividing the address space
into two segments, which are mapped on the lower
part of all 4 memory banks and on the upper part of
the first 3 memory banks as shown in figure 6(c).

5 Adaptive Memory

The mapping method can be used to build a main
memory that can adapt itself to access patterns that
occur In successive accesses to memory at different
granularities in more or less dynamic ways. The inten-
tion is to achieve a better distribution of the memory
accesses over the available memory banks in order to
reduce bank conflicts and therefore reduce the aver-
age access time to memory. This section will discuss
briefly how can be adapted to different types of access
patterns, and how various forms of adaptation with
different dynamics can be realized.

5.1 Adaptation to Access Patterns

Access patterns occur at different granularities,
which are typically smaller than the entire stream of
accesses to main memory. Only at the correct granu-
larities will the corresponding access patterns be vis-
ible and can be adapted to by the address mapping
scheme. The following two levels will now be differen-
tiated:

1. Virtual page level. At this level, reference pat-
terns occur within streams of accesses to parts of
the address space comprised of single or multiple
virtual pages.

2. Processor level. At this level, reference patterns
occur within streams of accesses that relate to a
single processor.

At the wvirtual page level, access patterns due to
instruction fetching and data referencing occur. In-
struction fetches typically have a sequential nature
and result in accesses to address sequences with a
stride 1. This type of access patterns goes well
with traditional sequential interleaving based mapping
schemes. Data references within scientific programs
operating on dense arrays or matrices usually pos-
sess very regular patterns, whereas the references in
pointer-intensive and sparse numerical computations
are less predictable. It is well known how good map-
pings can be created for the first type of data refer-
ences [5].

The mapping scheme can be adapted to the access
patterns that occur at the virtual page level by map-
ping the individual segments within the address space
that are used to store instructions and data structures,
in the appropriate way for the access patterns to the
stored information. This can be done at granularities
as small as a single virtual page by creating multiple
parallel mappings as described in Section 3.2. A seg-
ment within the address space containing data struc-
tures with regular access patterns can be mapped us-
ing emulation of well-known mappings such as prime
degree interleaving as discussed in Section 3.3.

Each of the applied mappings also has to take into
account the access patterns that occur at the processor
level. These patterns can occur due to cache opera-
tion. An example is the replacement of a dirty cache
line in a copy-back cache. As the cache index for the
cache line that is replaced and the new cache line will
be the same, pairs of read and write accesses will occur
to addresses that differ from each other by a multiple
of

cache size

cache line size X set associativity



A mapping that is suitable for an address space
segment containing instructions only and has to take
into account the sequential nature of instruction fetch-
ing in combination with the access patterns that oc-
cur due to dirty cache line replacement of a copy-back
cache can be based on the basic mapping described
in Section 3.1. In this case the position g of the least
significant bit of the Y field must be selected equal to

cache size >

=lo — -
1 & <cache line size x set associativity

The resulting mapping interleaves stride-1 address
sequences over all memory banks and reduces the
chance that the read and write accesses involved in
a cache line replacement will go to the same mem-
ory bank to ﬁ in a memory system with M mem-
ory banks. This can be realized with the presented
mapping scheme, but not with conventional mapping
schemes based on sequential interleaving.

Simulations with programs from the SPEC bench-
mark suite have demonstrated that latency reductions
of the order of 25% can be achieved for (high-end)
computer systems and workloads today by adapting
in the described way to the access patterns that are
due to both instruction fetching and cache line replace-
ment [2]. Improved mappings will allow further per-
formance gains which become more important as the
performance gap between microprocessor and DRAM
technology continues to grow.

5.2 Static and Dynamic Adaptation

The mapping scheme can be adapted to access pat-
terns by modifying the contents of the lookup table.
This can be realized in more or less dynamic ways.

A more static adaptation can be used to adapt to
system configuration updates (e.g., memory, proces-
sor and cache) or can be provided by the computer
manufacturer as a form of workload tuning service for
customers that run specific workloads. In this case
the lookup table can be implemented in flash memory
technology.

A simple dynamic adaptation can be realized using
a memory controller that supports a set of predefined
mappings for the entire address space or specific seg-
ments, which are selected through a configuration reg-
1ster. A somewhat more advanced method would be
to perform the selection based on predetermined infor-
mation of the workload and operating system, which
1s provided by the manufacturers for the most popular
applications.

More dynamic versions of adaptation involve the
use of monitoring and online learning functions to se-

lect a suitable mapping for a given workload. Alterna-
tively the input for the adaptation could be obtained
from off-line program analysis tools.

6 Summary and Conclusion

In this paper a new address mapping scheme was
presented. The mapping scheme is based on a lookup
table, which allows mappings to be changed dynam-
ically. The mapping scheme supports several unique
mappings that are not possible with traditional map-
ping schemes, and which provide very good interleav-
ing performance for address sequences with multiple
power-of-2 strides. Multiple mappings can be applied
in parallel on distinct segments within the address
space, which allows a better match with the reference
behavior of single programs at granularities as small
as a virtual page. The mapping scheme supports any
number of memory banks with a limited variety of dif-
ferent bank sizes. The mapping scheme can be used
to build a high-performance memory system that can
adapt its operation to the way it is being accessed.
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