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Processor speeds are increasing so much faster than memory speeds that
within a decade processors may spend most of their time waiting for data.
Most modern DRAM components support modes that make it possible to
perform some access sequences more quickly than others. The authors
describe how reordering streams can result in better memory performance.

emory speeds have not kept up with

processor speeds. More precisely,

DRAM latency has not kept pace:

Processor speeds have been increasing

by at least 70 percent per year, while
DRAM latency has improved only 7 percent annu-
ally. As a result, a contemporary superscalar 300-
MHz DEC Alpha system with a 40-ns DRAM can
perform at least 24 instructions in the time it takes to
access its memory just once. In a few years, if current
trends continue, the number of instructions per access
could increase to a thousand.

Fortunately, memory bandwidth is another matter.
Wider buses, multiple banks, more pins, the integrated
circuit properties of DRAMSs (such as static-column
mode and on-chip cache), and the newer Rambus and
Synchronous DRAM have all contributed to band-
widths that have scaled better than latency. A central
problem for memory system designers is how to
exploit this bandwidth to achieve lower latencies.

In this article, we describe a technique that can con-
vert more than 90 percent of a memory system’s band-
width into low-latency accesses, at least for a particular
class of computations.

The scheme nicely complements traditional caching
in two ways: It handles frequently occurring memory
reference patterns for which caches do not perform
well; and by removing this problematic data from the
cache, it makes the cache more effective for the remain-
ing references.

MEMORY ACCESS PATTERNS

The class of computations on which we focus
involves access to streams of data. Scientific (vector)
computations are one example of streaming, but
streams are increasingly common in more general com-
putations—for example, string processing, multime-
dia codecs, signal processing, and encryption. In all
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these examples, each stream is linearly traversed, and
each element is visited only a small number of times,
often just once. Thus, while such streams have a high
degree of spatial locality, they have almost no tempo-
ral locality.

Although stream accesses do not exhibit temporal
locality, they have the charm of being completely pre-
dictable. Stream accesses are typically generated in
loops; at the moment just before a loop executes it is
possible to know the complete future history of the
stream references. We characterize the reference pat-
tern of each stream in terms of base address (the address
of the first element in the stream), stride (the distance
between successive stream elements), and count (the
number of elements in the stream).

Order-sensitive memory performance

The old notion that DRAM is random access—mean-
ing insensitive to the order of accesses—is not really cor-
rect. (See the sidebar “DRAM Implementations.”)
Consecutive accesses to the same row in page-mode
memory, for example, are faster than random ones.
Consecutive accesses that hit different banks in a multi-
bank system allow concurrency and hence are faster than
ones that hit the same bank. Similarly, for all the other
newer memory chips, if the accesses are ordered prop-
erly we often get significantly better performance.

Avoiding cache pollution

The most common method of using bandwidth to
reduce latency is to lengthen the line size of the cache,
thereby using the memory’s bandwidth to fill several
cache locations on each access. This technique works
in some cases, but it has limitations. For instance, if
the stream has a nonunit stride—streams in which
a(i+1) doesn’t immediately follow a(i) in memory—
the cache will load data that won’t be used, which
actually reduces the useful bandwidth. Lengthening
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DRAM Implementations

The term DRAM—dynamic random
access memory—is slightly misleading: It
was coined to indicate that accesses to any
random location require about the same
amount of time, but most modern DRAMSs
provide special capabilities that make it
possible to perform some access sequences
faster than others.

Packaged DRAM chips contain an array
of memory cells that store data as charge
on capacitors: The DRAM interprets the
presence or absence of charge in a capaci-
tor as a binary 1 or 0. Charges must be
refreshed periodically—dynamically—to
compensate for the capacitors’ natural ten-
dency to discharge. The storage arrays are
typically square, and each cell is connected
toarow line and a column line. To select a
bit, the DRAM splits the word address into
two parts, with the row address transmitted
first, followed by the column address.

DRAM access time is the latency
between when a read request is initiated
and when the data is available on the mem-
ory bus. Cycle time, however, is the mini-
mum time between completion of success-
ive requests. For sustained accesses, cycle
time becomes the limiting performance fac-
tor. Most DRAM devices load an entire
row (or page) of the memory array into a

bank of sense amplifiers, which behave
much like a line of cache.

Fast-page-mode devices exploit this tech-
nigue in two ways. Both the row and col-
umn addresses must be transmitted for the
initial access, but only the column addresses
(and accompanying column address
strobes) are required for subsequent
accesses to the page.

Fast-page mode also takes advantage of
the fact that although a certain amount of
time is needed to precharge and load the
selected page before any particular column
can be accessed, the page remains charged
long enough for many other columns to be
accessed as well.

Rambus

Rambus is an interesting new bus-based
memory technology. The initial DRAMs
were capable of delivering a byte of data
every 2 ns for a block of information up to
256 bytes. The most recent Rambus
DRAMs double the memory channel width
and increase its frequency to 400 MHz to
yield a bandwidth of 1.6 GBytes per sec-
ond. Like fast-page-mode DRAMs,
Rambus devices use banks of sense ampli-
fier latches to cache data. Unfortunately,
these devices offer no performance benefit
for random access patterns: The latency for

accesses that miss the two 1-Kbyte cache
lines is 150 to 200 ns.

Other devices
Other devices offer speed-optimizing fea-
tures or exhibit novel organizations.

« Nibble mode outputs data from loca-
tions a through a+3 after just location
a is addressed.

» Static-column mode does not require
a column address strobe each time the
column is changed.

* Extended data out (EDO) DRAM
adds a latch to the output of a fast-
page-mode DRAM’s sense amplifiers.

e Enhanced DRAM includes a small
amount of SRAM cache on chip.

« Ramlink reduces delays by using a
ring topology instead of a bus.

* SDRAM designs latch information in
and out under the control of the sys-
tem clock.

The details of these DRAM implemen-
tations are not really important here; the
key point is that the order of requests
strongly affects the performance of all these
memory devices. What is needed, then, is a
way to take advantage of the faster access
times as much as possible.

cache lines, therefore, increases effective bandwidth
on unit-stride streams but decreases the cache hit rate
for nonstreamed accesses. There is no perfect balance
between these two disparate forms of access.

Our scheme is based on these observations; Figure
1 illustrates its main features. To avoid polluting the
cache (filling the cache with data that will never be
used), our method provides a separate buffer storage
unit for streamed data; all stream data, and only
stream data, use this buffer. To take advantage of the
order sensitivity of the memory system, we imple-
mented a scheduling unit that is capable of reorder-
ing accesses.

As a program is about to enter a loop that accesses
one or more streams, compiler-generated code pro-
vides the scheduling unit with the base addresses, the
number of elements, and the strides for any streams
accessed in the loop body. Armed with this informa-
tion, the memory scheduling unit (MSU) will reorder
the requests so that even though the processor still
issues requests to the stream buffer unit (SBU) in the
natural order, the order in which associated requests
are made to memory will maximize the use of its band-
width. Finally, given that the polluting stream accesses
are no longer affecting the cache, the cache can be
designed more optimally for the remaining requests.
The combination of the buffer and scheduling unit is
called the stream memory controller (SMC).

Stream memorny
Stream centroller (SRAC)
butfer —
unit hamony
GEL | lscheduling Kl
St Accasses ir“g:}. ACCESSES |8 Moy
issued in the A e issued in
natural order - the optimal
order
Figure 1. System
The SMC project structure overview.

The remainder of this article describes our design
and implementation. Issues we address include

= whether a compiler can detect streams and gen-
erate the appropriate code,

< what the programming model for accessing the
buffer memory is,

= whether the buffer and scheduling units can be
built so that they are simple and fast and do not
slow down nonstream accesses,

« how much storage is needed in the buffer unit, and

< how performance compares with the more tra-
ditional cache-based design.

The results we present show that a relatively simple
implementation can deliver in excess of 90 percent of
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Figure 2. Sample

code for dot product,
for (a) the MIPS
R3000 processor and
(b) a hypothetical
MIPS extension that
includes a stream
control unit.

do 10, i=1, 1000

10s=s+a(i) * b(i)
(a) MIPS (b) MIPS with streaming
L63: sin32i $s0,$11,$9,4
Iw $2,($11) sin32i $s1,$13,$9,4
Iw $3,($10)
mul $3,$3,$2 L63:
addu $6,$6,$3 mul $3,$s0,$s1
addu $10,$10,4 addu $6,$6,%3
addu $11,$11,4 addu $5,$5,1
addu $5,$5,1 bit $5,%$9,L63
blt $5,$9,L63

available memory bandwidth and that codes using our
prototype consistently outperform pure cache imple-
mentations by factors of at least two to three. Moreover,
our mechanism scales: As processor speeds and band-
width increase further, we can continue to keep memory
latencies low for streamed memory references.

CACHES, VECTOR REGISTERS,
AND RELATED ISSUES

The SMC is intended to complement, not replace, a
cache. There is an interesting relationship between the
SMC'’s function and the scatter-gather techniques that
have been used since the 1960s to disassemble or assem-
ble data items from nonadjacent memory locations.

For example, the vector register file of the Titan
minisupercomputer* could be filled with data items
from nonsuccessive memory locations. The use of an
SMC-type device would materially improve the speed
of such a system by reordering the memory accesses to
provide maximum possible data bandwidth to the
scatter-gather hardware.

For similar reasons, the use of an SMC device of the
kind described here would significantly improve the per-
formance of the various blocked prefetching schemes? by
providing the requested data items at the best possible
bandwidth from the memory system. (Prefetching initi-
ates the load of data items from memory ahead of when
they are needed in the computation.)

PROGRAMMING MODEL AND COMPILATION

We have tried to heed the principal lesson from
RISC design, namely to partition what is done at com-
pile time and what is done at runtime, and particu-
larly to keep runtime operations as simple and as
regular as possible. Although there are several possi-
ble programming models for the stream buffer unit
(SBU), the one we are currently investigating is that
of a set of first-in first-out (FIFO) buffers, each man-
aged by a control/status register. Once this register is
initialized, the processor merely reads from (or writes
to) the head of the queue to read (or write) the next
data item in the stream. The act of accessing this loca-
tion dequeues an input data item or queues an output
data item.

Computer

From the memory system’s perspective, these
buffers need not be implemented as FIFOs. The mem-
ory scheduling unit (MSU) tries to fill the buffers in
an order that maximizes memory bandwidth, which
may require accessing the FIFOs’ internal storage loca-
tions in an arbitrary order. Therefore, from the mem-
ory side, the buffers could appear to be a small
addressable memory or register file. The MSU we built
happens to access the buffers in FIFO order, which
yields good performance under most circumstances.

Making the stream buffers behave like FIFOs sim-
plifies the compilation problem. Figure 2 shows the
code for dot product generated for the MIPS R3000
processor and a hypothetical MIPS extension that
includes a stream control unit.

A fairly conventional optimizing compiler gener-
ated the original code, which has had strength-reduc-
tion applied to it. That s, the compiler recognizes that
the computations of the addresses of a(i) and b(i),
which are of the form a+i*4, actually do not have to
perform the multiplication on each iteration. Instead,
before the loop, a compiler-generated temporary loca-
tion is initialized to the base address of the vector and
is merely incremented by four bytes on each iteration.

Except for trivial differences, this is the same infor-
mation needed by the streamed code shown in Figure
2b, which was generated by an experimental compiler
built as part of our project.® At the point where the
optimizer usually initializes a temporary storage loca-
tion to the base address, the streaming compiler emits
code to initialize the FIFO control register—in this
case the sin32i (stream in 32-bit integer) instruction.

In those places where the conventional compiler
loads a(i) and b(i), the streaming compiler references
the head of the stream FIFOs (denoted as $s0 and $s1
here). This example demonstrates the feasibility of
stream detection; the compilation process is not espe-
cially difficult. Using the streaming mechanism reduces
the number of instructions in the inner loop, since the
CPU no longer needs to compute the array addresses.

Although there is some similarity between stream-
ing and vector load/store operations, compiling for
streaming is substantially less complex. In particular,
vectorizing compilers must test for a dependency
between data generated on one iteration and used in
a subsequent one; this dependency analysis is relatively
expensive, but isn’t needed here.

AN EXPERIMENTAL IMPLEMENTATION

To demonstrate that the hardware requirements of
the approach are reasonable and that it can perform at
speed, we implemented two experimental versions in
silicon. Each proof of concept is a single application-
specific integrated circuit (ASIC) interfaced to an Intel
i860 host processor.* We designed both versions of our
SMC ASIC using VHDL for state machine specification,
Mentor Graphics Corporation’s Design Architect for



schematic capture, and Cascade Design Automation’s
Epoch tool for hardware synthesis. We selected the i860
because it was readily available and—more impor-
tantly— because it provides load/store instructions that
bypass the cache. We use these noncaching instructions
to access the stream buffers.

Figure 3 depicts the structure of the prototype sys-
tem; it consists of an Intel i860 motherboard inter-
faced via an expansion connector to an SMC
daughterboard. The motherboard contains an i860XP
processor, a system boot erasable programmable
ROM (EPROM), a memory controller optimized for
cache-line fills, and 16 Mbytes of page-mode DRAM.

Since we did not have the option of implementing
our own general-purpose processor, we were forced to
implement the SMC off-chip. The packaging of the
prototype is thus somewhat different from that sug-
gested by the conceptual design illustrated in Figure 1,
but as Figure 3 shows, the organization is logically sim-
ilar. Memory references to locations higher than the
first 16 Mbytes contained in the i860 motherboard are
directed to the SMC daughterboard by the processor.
The i860’s normal load and store instructions, both
cache-directed and cache-bypassing, work as usual.

In our experiments, we kept the actual i860 instruc-
tions of the benchmarks in low memory to make use
of the cache. We kept all the data for the benchmarks
in high memory on the daughterboard. The references
to stream elements used noncached load/store i860
instructions via the memory-mapped SMC FIFOs.

Thus, in the prototype, the SMC cannot access the
original 16 Mbytes of i860 motherboard memory, but
the normal i860 cache and the SMC can both access
the daughterboard memory. This limitation is merely
an artifact of using the existing i860 board instead of
integrating both CPU and SMC on a single chip. In
an integrated implementation, all memory would be
accessible from both the SMC and the cache.

Prototype daughterboard

Each bank of the DRAM memory on the SMC
daughterboard is composed of two 1 Mbit x 36 page-
mode components with 1-Kbyte pages. These compo-
nents have a minimum access time of 35 ns for memory
locations in the currently open DRAM page. Accesses
to locations outside the current page require 110 ns.
This three-to-one ratio of page-hit time to page-miss
time is typical of modern DRAM components. In the
40-MHz SMC application, page hits require two CPU
cycles of 50 ns, while page misses take at least seven
CPU cycles. Thus, with two interleaved DRAM mem-
ory banks, the SMC can deliver one data item per 25-
ns processor cycle at peak bandwidth.

To meet timing and electrical constraints, we added
a single-stage, bidirectional pipeline to the daughter-
board. This was necessary because the processor takes
approximately 14 ns to assert its address and cycle def-
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inition pins, and the signals take another 5 ns to prop-
agate to the expansion connector, leaving less than
6 ns to latch data into or present data from the SMC.

In addition, the electrical specifications for expan-
sion card connections call for signal-line lengths of
less than one inch before the first level of logic on the
daughterboard. The pipeline component (not shown
in Figure 3) either

« latches the address, data, and cycle definition sig-
nals from the i860 and presents them to the SMC
on the next clock cycle; or

« latches data from the SMC for use by the proces-
sor on the next cycle.

This off-chip implementation thus incurs pipeline
delays in addition to extra time needed to switch the
bus between reading and writing—delays that would
not be present in an on-chip SMC. Nonetheless, as we
will describe later, the performance of the prototype
SMC represents a significant improvement over the
performance of a non-SMC system for stream accesses.

VLSI implementation

The initial prototype is a 132-pin ASIC imple-
mented in a 0.75-mm, three-level metal HP26B
process fabricated through MOSIS, a fabrication ser-
vice run by the Information Sciences Institute and the
University of Southern California (http://www.
isi.edu/mosis). The 40-MHz i860 host can initiate a
bus transaction every other cycle, and quadword loads
(that manipulate data items four times the word size
of the machine) can allow the i860 to read 128 bits
of data in two consecutive cycles. To match this, the
SMC can deliver 64 bits of data every cycle.

We implemented the initial version of the SMC as
a four-way bit-sliced system. We chose this organiza-
tion over a full 64-bit-wide version because the lat-
ter’s size would have been dominated by the I/O pads,
making it too costly for a proof of concept.

Figure 4 shows the decomposition of each 16-bit
SMC ASIC into four logical components:

Figure 3. SMC proto -

type structure.
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Figure 4. SMC ASIC
architecture.
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processor bus interface (PBI),

command status/control (CSC) registers,
FIFO buffers, and

bank controller (BC).

The PBI state machine—illustrated on the left in
Figure 4—provides the logic to interface with the i860
processor bus. The PBI manages the accesses to the
CSC registers, the stream accesses to the memory-
mapped FIFO heads, and the scalar (nonstream)
accesses to the memory subsystem. The CPU trans-
mits the base, length, and stride parameters for each
stream by writing the CSC registers, which are imple-
mented with dual-ported SRAM so that the CPU and
BC can access them simultaneously.

The FIFOs buffer data between the processor and
the memory. The buffer component is composed of
two sections:

e dual-ported SRAM buffers used to implement
the FIFOs, and

« the FIFO controller state machine used to gen-
erate the addresses for the MSU’s accesses to the
FIFOs.

The FIFO controller logic provides signals to tell both
the BC and the PBI how full or empty each FIFO is. The
PBI uses these signals to determine when a given CPU
access can be completed, and the BC uses them in decid-
ing which memory access to perform next. The BC logic
handles the interface to the interleaved memory system
and fills or drains the FIFOs as required. The stream
machine section of the BC generates memory addresses
for all stream elements. The BC also provides support
for scalar accesses to the SMC memory.

The first version of the SMC includes four FIFOs that
are 16 64-bit double words deep and can each be set to
read or write. We designed and built a second version
implementing adjustable-depth FIFOs that are software
programmable. In both versions, the MSU implements
a simple ordering policy: The BC considers each FIFO

Computer

in round-robin order, continually performing accesses
until the current FIFO is filled (or drained) before mov-
ing on to the next. The BC makes the decision about
which FIFO to service next concurrently with memory
accesses for the current FIFO. Despite its simplicity, this
ordering strategy works well in practice; for uniproces-
sor systems, simulations demonstrate that its perfor-
mance is competitive with that of more sophisticated
policies. We need more intelligent schemes to achieve
good performance on computations involving streams
with strides that do not hit all memory banks and on
multiprocessor systems in general.®

Additional details of the design, implementation,
and testing of the initial SMC ASIC and daughter-
board can be found on the SMC Web page® or in the
article “Design and Evaluation of Dynamic Access
Ordering Hardware.”””

EXPERIMENTALRESULTS

For expediency, we chose to build our initial, proof-
of-concept hardware with four FIFOs that are each
only 16 elements deep. For a production SMC system,
the question of how large the FIFOs should be and how
many FIFOs should be implemented needs more care-
ful analysis. We employed several kinds of models to
refine and evaluate such design decisions:

e Analytic models let us derive performance
bounds;

« a behavioral-level, functional simulator made it
possible to explore the large SMC design space
quickly; and

« gate-level simulation of the hardware descrip-
tion verified that the synthesized chip would
meet its specifications.

We used these models to analyze different scenarios.
To illustrate how SMC performance changes as sys-
tem parameters are varied, we present only a small
fraction of these results here. We then present detailed
measurements for the first SMC design we fabricated.



Table 1. Benchmark algorithms.

Kernel Operation Types of streams

Copy for (i=0; i <N; i++) x: read

(Other publications contain more results, along with
discussions of how our approach to the memory band-

y: read and write

width problem relates to those approaches others have e Trdiag - ad for (ST < N iER) s e g read S R
taken.>") To facilitate comparison, we presentresults i =2l (0] -x0-1D;  xowrite
for all systems as a percentage of peak system band- Vaxpy a,x: read

width, which we define here as the bandwidth
requ”,ed tO provide the CPU With one memory access ........................................................................................................................................
per processor cycle. x[i] is retained in a register for use as x[i-1] on the next iteration.

The experimental results presented here are for unit-
stride vectors of equal length. (The article by Sally
McKee and others’ shows results for nonunit strides and
illustrates that SMC performance, relative to cache per-
formance, is even better than for unit-stride vectors.)
The vectors share no DRAM pages in common and are
aligned to begin in the same bank. \We use four bench-
mark kernels, listed in Table 1. Daxpy and Copy are
from the basic linear algebra subroutines,® and Tridiag
is a tridiagonal Gaussian elimination fragment from the
Livermore Fortran Kernels (see http://www.lInl.gov/
asci_benchmarks/asci/limited/IfklREADME.html). Vax-
py denotes a vector operation that occurs in matrix-vec-
tor multiplication by diagonals. We are concerned with
the access patterns to memory, not with the details of
the kernel computations. The access patterns in our ker-
nels are representative of those found in many codes.
For instance, Copy uses a common pattern found in
string processing and multimedia applications involv-
ing JPEG operations.

In all our models, we assume the system is matched so
that bandwidth between the processor and SMC equals
the bandwidth between the SMC and memory. To putas
much stress as possible on the memory system, we assume
the processor only generates stream accesses. That is, we
assume all computation to be infinitely fast and all instruc-
tion and scalar data references to hit in-cache.

The memory systems we model consist of inter-
leaved banks of page-mode DRAMSs, where each page
is 1 Kbyte and the DRAM page-miss cycle-time is
roughly five times that of a page hit. These numbers
correspond to the memory parameters of our proto-
type hardware (facilitating comparison of modeled
and measured results), but the performance for other
parameter values is not qualitatively different.

Functional simulation

Figure 5 illustrates the results of our functional sim-
ulation. The simulated SMC had four FIFOs, the
same number as in the prototype hardware and
enough to provide a FIFO for each stream in the
benchmarks identified in Table 1. The curves in each
graph show the predicted SMC performance as a
function of FIFO depth for vectors of length 128 and
8,192 and memories with one, two, four, and eight
banks. For deep FIFOs and the long vectors of the
graphs (b), (d), (f), and (h), the SMC delivers over 90
percent of the peak system bandwidth for all bench-
marks and systems modeled.

We built the MSU so that it fills an entire FIFO at a
time, which lets it exploit fast-page mode as much as
possible, but it also creates a start-up cost for using
the SMC. For computations that read more than one
stream, the processor must wait for the first element
of the last read-stream while the MSU fills the FIFOs
for all other read-streams. By the time the MSU has
provided all operands for the first loop iteration, it
will have fetched data for many future iterations, so
the processor won’t quickly stall again.

Even though deeper FIFOs allow the MSU to get
more data from a DRAM page each time it is made
current, they cause the processor to wait longer to
complete the first loop iteration. The graphs (a), (c),
(e), and (g)—illustrating FIFO depth of 128 in
Figure 5—show the net effect of these competing
factors. Short-vector computations have fewer total
accesses over which to amortize start-up and page-
miss costs.

For these computations, initial delays can repre-
sent a significant portion of the computation time;
this is easy to see in the performance curves for the
short-vector computations that read two or more
streams (Daxpy, Tridiag, and Vaxpy). The Copy ker-
nel incurs no initial delay, since it only reads one
stream. The curves flatten to the right because per-
formance remains constant once the FIFO depth
exceeds the vector length. In contrast to the short-
vector computations on the left, the longer vector
computations in the right column allow start-up and
page-miss costs to be amortized much more effec-
tively. For these, initial delays have very little effect on
overall performance.

These results emphasize the importance of being
able to tailor the FIFO depth to each computation.
The second version of the prototype hardware sup-
ports FIFOs up to 128 elements and allows the depth
to be selected at runtime. We have derived equations
that the compiler can use to generate code that selects
an appropriate depth.>

Note that performance for systems with multiple
banks appears to be noticeably lower than that for
systems with a single bank. Doubling the number of
memory banks halves the number of vector elements
in each bank, and having fewer elements in a bank
limits the SMC'’s ability to amortize page-miss and
start-up costs (much as short vectors do). To look at
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Figure 5. Modeled
SMC performance for
four FIFOs. These
graphs show the pre -
dicted SMC perfor -
mance as a function

of FIFO depth for vec -

tors of length 128
and 8,192, and
memories with one,
two, four, and eight
banks. The graphs
(@, (c), (e), and (g)
illustrate FIFO depth
of 128 for the four
algorithms, while
graphs (b), (d), (f),
and (h) illustrate
FIFO depth of 8,192.

= 100 128 elements | bank |
? 2 bEniks
= a0 —— 4 kmnks
b —e—ie 8 brriks
=
. a0 =
Gl = ol =3
L = [
= 4 =
- 5
| [ =
5 af =
ﬁ o
O e el e et el o
2 1 32 64 12& 5 51T
FIFO depth
{a) ) R ib)
— 28 elements
ar 1o i
o= o
L )
@ T
= =
E L0
i B2
- — -
L, = g
[ 5 ag e [ o
-0 ]
E ,f-! E
5 | 2
ﬁ u
m
& g ] ] ] | ] B
2 18 33 ) B4 122 WG 512
ic} FIFD depth {d)
- 128 elements
100 ]
En B
o m
e ]
[ e
B g
] i
o 2 ek
T = "
= b =] =
(Lo = =
= =
=] ;
z |
413 (]
i_‘é =g
o m
o | | | 1 | 1]
o 0 o
g 16 E‘I-_.EFDEI I.IE- 358 51Z
|FO depth
e ) A ()
P28 alaments
100
= a
=
L)
e

1 | | 1 1
g 16 33 64 13 2% 512

FIFO depth

Wany
Peak bandwidth {percentage)

=)

it another way, if we assume that total system band-
width scales with the number of banks, then systems
with more banks actually deliver a somewhat smaller
percentage of a much larger total bandwidth. The net
effect is still a significant increase in bandwidth. To

Computer

Peak handwidth {peroentags)

=

illustrate this, Figure 6a shows SMC performance rel-
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Gate-level simulation

In addition to the bus-level, functional simulations
described above, we performed a number of hardware
gate-level simulations to verify the behavior of our
design prior to synthesis. In addition, we augmented
the initial SMC hardware description to support the
four FIFOs with a programmable depth of from 8 to
128 elements, in powers of two, and simulated its per-
formance for medium and long vectors.

Figure 7 illustrates how the hardware and functional
simulation results compare to those of the functional
simulator for the VVaxpy kernel on vectors of length 100
and 10,000 and a memory system with two interleaved
banks (as in our prototype SMC system). The dashed
top line shows the performance bounds defined by the
SMC start-up cost and the minimum number of DRAM
page misses for this computation. The solid lines again
represent our functional simulation results. The dots
indicate the results of our gate-level simulations.

The dotted and long-dash lines show performance
when using normal caching load and noncaching load
instructions to access stream data in the i860 mother-
board’s cache-optimized memory. These lines repre-
sent the maximum effective bandwidth measured for
each computation. Obviously, these performances have
nothing to do with FIFO depth, but we represent them
with lines on these graphs for purposes of comparison.

Performing the computation in the natural order
with caching accesses yields only 27 percent of the sys-
tem’s peak bandwidth. In contrast, the effective band-
width delivered by the SMC for these computations is
between 2.4 and 3.3 times that—from 64 to 90 per-
cent of peak. In general, the disparity between SMC
and cache performance becomes even more dramatic
when performing nonunit stride computations, since
each cache-line fill would fetch unneeded data.

Hardware measurements

We performed numerous experiments on the initial
prototype system to evaluate its performance. For
these experiments, we carefully coded three versions
of each benchmark in i860 assembler:

« one using the SMC,
= one using caching accesses, and
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As before, in order to put as much stress as possible on
the memory system, we assume arithmetic computa-
tion to be abstracted out of each kernel and to be infi-
nitely fast. We execute each loop once before beginning
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Figure 6. Copy perfor -
mance for (a) relative
and (b) absolute band -
widths.

Figure 7. Vaxpy
performance for increas -
ing FIFO depth for (a) 100
elements and (b) 10,000
elements.



Figure 8. SMC perfor -
mance for increasing
vector lengths for (a)
Copy, (b) Daxpy,

(c) Tridiag, and

(d) Vaxpy.
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our measurements so that the loop instructions will
be resident in the i860’s cache.

Figure 8 presents these results. Since our initial
prototype has a fixed FIFO depth, these graphs illus-
trate effective memory bandwidth as a function of
vector length. For short vectors, it is easy to see the
effects of the start-up delay. The agreement between
the simulated and measured performance for vectors
of 128 or more elements is striking: They differ by 5
percent of peak bandwidth or less. As in Figure 7,
the long-dashed curves represent the performance of
the i860’s cache, and the dotted curves indicate per-
formance when the i860’s noncaching, pipelined
loads are used.

The patterns of the performance curves for the other
benchmarks are similar. Variations in the processor’s
reference sequence have little effect on the SMC'’s abil-
ity to use bandwidth. Even an SMC with only a small
amount of buffer space can consistently deliver over
80 percent of the peak system bandwidth and over 90
percent of the attainable bandwidth. SMCs with
deeper FIFOs can exploit nearly the full system band-
width for long-vector computations.

Computer

atching the performance of the memory sys-
M tem to that of the processor will remain one

of the most challenging architectural prob-
lems for the near future. Obviously, for those parts
of a program that exhibit a high degree of both spa-
tial and temporal locality, the answer lies in bigger,
smarter, and multilevel caches.

However, for at least one pattern of accesses that
do not exhibit temporal locality, namely streams, we
have additional information that should be exploited.
For these patterns we have perfect knowledge—at
least in principle—of the future. We have shown that
a compiler can extract from source code the requisite
information about streamed accesses and that rela-
tively modest amounts of buffer storage and control
logic can achieve more than 90 percent of the attain-
able bandwidth, converting that bandwidth into effec-
tive low-latency accesses by the processor and yielding
overall improvements of a factor of two to three over
cache-only schemes. Moreover, the results are rela-
tively independent of benchmark, alignment, and
stride. We have not yet measured the improvement in
cache performance from removing the polluting



stream references, but there is clearly a positive effect.

We recognize that data consistency is an issue when
a particular piece of data could exist in both a stream
FIFO and in the cache. This situation can be avoided
in a single-processor system, since the compiler can
recognize any such data items and cause them to be
uniformly loaded as stream elements. The solution is
not so straightforward for multiprocessor systems,
however, and needs to be addressed. [
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