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Abstract
Vector processors often use a cache to exploit temporal

locality and reduce memory bandwidth demands, but then
require expensive logic to track large numbers of outstand-
ing cache misses to sustain peak bandwidth from memory.
We present refill/access decoupling, which augments the vec-
tor processor with a Vector Refill Unit (VRU) to quickly
pre-execute vector memory commands and issue any needed
cache line refills ahead of regular execution. The VRU re-
duces costs by eliminating much of the outstanding miss state
required in traditional vector architectures and by using the
cache itself as a cost-effective prefetch buffer. We also intro-
duce vector segment accesses, a new class of vector mem-
ory instructions that efficiently encode two-dimensional ac-
cess patterns. Segments reduce address bandwidth demands
and enable more efficient refill/access decoupling by increas-
ing the information contained in each vector memory com-
mand. Our results show that refill/access decoupling is able
to achieve better performance with less resources than more
traditional decoupling methods. Even with a small cache and
memory latencies as long as 800 cycles, refill/access decou-
pling can sustain several kilobytes of in-flight data with min-
imal access management state and no need for expensive re-
served element buffering.

1. Introduction
Abundant data parallelism is found in a wide range of

important compute-intensive applications, from scientific su-
percomputing to mobile media processing. Vector architec-
tures [23] exploit this data parallelism by arraying multiple
clusters of functional units and register files to provide huge
computational throughput at low power and low cost. Mem-
ory bandwidth is much more expensive to provide, and con-
sequently often limits application performance.

Earlier vector supercomputers [23] relied on interleaved
SRAM memory banks to provide high bandwidth at moderate
latency, but modern vector supercomputers [6, 17] now imple-
ment main memory with the same commodity DRAM parts
as other sectors of the computing industry, for improved cost,
power, and density. As with conventional scalar processors,
designers of all classes of vector machine, from vector super-
computers [6] to vector microprocessors [8], are motivated to
add vector data caches to improve the effective bandwidth and
latency of a DRAM main memory.

For vector codes with temporal locality, caches can pro-
vide a significant boost in throughput and a reduction in the
energy consumed for off-chip accesses. But, even for codes
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with significant reuse, it is important that the cache not im-
pede the flow of data from main memory. Existing non-
blocking vector cache designs are complex since they must
track all primary misses and merge secondary misses using re-
play queues [1, 11]. This complexity also pervades the vector
unit itself, as element storage must be reserved for all pending
data accesses in either vector registers [10, 18] or a decoupled
load data queue [9].

In this paper, we introducevector refill/access decoupling,
which is a simple and inexpensive mechanism to sustain high
memory bandwidths in a cached vector machine. A scalar
unit runs ahead queuing compactly encoded instructions for
the vector units, and a vector refill unit quickly pre-executes
vector memory instructions to detect which of the lines they
will touch are not in cache and should be prefetched. This
exact non-speculative hardware prefetch tries to ensure that
when the vector memory instruction is eventually executed,
it will find data already in cache. The cache can be simpler
because we do not need to track and merge large numbers
of pending misses. The vector unit is also simpler as less
buffering is needed for pending element accesses. Vector re-
fill/access decoupling is a microarchitectural technique that is
invisible to software, and so can be used with any existing
vector architecture.

We also propose newvector segment memory instructions,
which encode common two-dimensional vector access pat-
terns such as array-of-structures and loop raking. Vector seg-
ment instructions improve performance by converting some
strided accesses into contiguous bursts, and improve the effi-
ciency of refill/access decoupling by reducing the number of
cache tag probes required by the refill engine.

We describe an implementation of these techniques within
the context of the SCALE vector-thread processor [19] and
provide an evaluation over a range of scientific and embedded
kernels. Our results show an improvement in performance
and a dramatic reduction in the hardware resources required
to sustain high throughput in long latency memory systems.

2. Memory Bandwidth-Delay Products

Thebandwidth-delay product for a memory system is the
peak memory bandwidth,B, in bytes per processor cycle mul-
tiplied by the round-trip access latency,L, in processor cycles.
To saturate a given memory system, a processor must support
at least(B/b)×L independentb-byte elements in flight simul-
taneously. The relative latency of DRAM has been growing,
while at the same time DRAM bandwidth has been rapidly
improving through advances such as pipelined accesses, mul-
tiple interleaved banks, and high-speed double-data-rate in-
terfaces. These trends combine to yield large and growing
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bandwidth-delay products. For example, a current Pentium-
4 desktop has around two bytes per processor cycle of main
memory bandwidth with around 400 cycles of latency, repre-
senting around 200 independent 4-byte elements. A Cray X1
vector unit has around 32 bytes per cycle of global memory
bandwidth with up to 800 cycles of latency across a large mul-
tiprocessor machine, representing around 1,600 independent
8-byte words [6].

Each in-flight memory request has an associated hardware
cost. Theaccess management state is the information re-
quired to track an in-flight access, and thereserved element
data buffering is the storage space into which the memory
system will write returned data. In practice, it is impossible
to stall a deeply pipelined memory system, and so element
buffering must be reserved at request initiation time. The cost
of supporting full memory throughput grows linearly with the
bandwidth-delay product, and it is often this control overhead
rather than raw memory bandwidth that limits memory sys-
tem performance.

Vector machines are successful at saturating large
bandwidth-delay product memory systems because they ex-
ploit structured memory access patterns, groups of indepen-
dent memory accesses whose addresses form a simple pat-
tern and therefore are known well in advance. Unit-stride and
strided vector memory instructions compactly encode hun-
dreds of individual element accesses in a single vector in-
struction [17, 23], and help amortize the cost of access man-
agement state across multiple elements.

At first, it may seem that a cache also exploits structured
access patterns by fetching full cache lines (and thus many
elements) for each request, and so a large bandwidth-delay
memory system can be saturated by only tracking a relatively
small number of outstanding cache line misses. Although
each cache miss brings in many data elements, the processor
cannot issue the request that will generate thenext miss until it
has issued all preceding requests. If these intervening requests
access cache lines that are still in flight, the requests must be
buffered up until the line returns, and this buffering grows
with the bandwidth-delay product. Any request which misses
in the cache hastwice the usual reserved element data storage:
a register is reserved in the processor itself plus buffering is
reserved in the cache.

Data caches amplify memory bandwidth, and in doing so
they can increase theeffective bandwidth-delay product. For
example, consider a non-blocking cache with four times more
bandwidth than main memory, and an application which ac-
cesses a stream of data and reuses each operand three times.
The processor must now support three times the number of
outstanding elements to attain peak memory throughput. With
reuse, the bandwidth-delay product of a cached memory sys-
tem can be as large as the cache bandwidth multiplied by the
main memory latency.

3. Vector Refill/Access Decoupling
An alternative to buffering processor requests after they

are issued is toprefetch cache data ahead of time so that the
processor sees only hits. A successful prefetching scheme
can dramatically improve the cost-performance of a large

bandwidth-delay memory system. The goals of a prefetch-
ing scheme are to fetch only the required data, to do so before
the processor requires the data, and to not evict useful data
from the cache. In this section, we introduce the refill/access
decoupling scheme and describe how it achieves these goals.

Figure 1 shows our baseline system, a cached decoupled
vector machine (DVM) broadly similar to previous decou-
pled vector architectures [9, 25]. DVM includes three com-
ponents: main memory, a non-blocking cache, and a decou-
pled vector processor. In this paper, we treat main mem-
ory as a simple pipeline with variable bandwidth and latency.
The non-blocking cache includes a tag array, data array, and
miss status handling registers (MSHRs). The decoupled vec-
tor processor contains a control processor (CP), vector execu-
tion unit (VEU), vector load unit (VLU), and vector store unit
(VSU). A decoupled vector machine with refill/access decou-
pling (DVMR) extends DVM with a vector refill unit (VRU).

3.1. Non-Blocking Cache

The non-blocking cache shown in Figure 1 is similar to
other non-blocking caches found both in scalar [20] and vec-
tor machines [1, 11]. The cache supports bothprimary misses
andsecondary misses. A primary miss is the first miss to a
cache line and causes a refill request to be sent to main mem-
ory, while secondary misses are accesses which miss in the
cache but are for the same cache line as an earlier primary
miss. Misses are tracked in the MSHR usingprimary miss
tags andreplay queues. Primary miss tags hold the address
of an in-flight refill request and are searched on every miss
to determine if it is a secondary miss. A primary miss al-
locates a new primary miss tag to hold the address, issues a
refill request, performs an eviction if needed, and adds a new
replay queue entry to a linked list next to the primary miss
tag. Replay queue entries contain information about the ac-
cess including the corresponding cache line offset, the byte
width, the destination register for loads, and pending data for
stores. A secondary miss adds a new replay queue entry to
the appropriate replay queue, but does not send an additional
refill request to main memory.

3.2. Basic Decoupled Vector Processor

In a decoupled vector processor the CP runs ahead and
queues vector memory or compute commands for the vector
units. The VEU may include a heavily pipelined datapath or
multiple parallel execution units to exploit data level compute
parallelism. The VLU provides access/execute decoupling,
while the VSU provides store decoupling.

It is useful to explain DVM by following a single vector
load request through the system. The CP first sends a vec-
tor load command to the Vector-CmdQ. When it reaches the
front, the command is broken into two pieces: the address
portion is sent to the VLU-CmdQ while the register writeback
portion is sent to the VEU-CmdQ. The VLU then breaks the
long vector load command into multiple smaller subblocks.
For each subblock it reserves an entry in the vector load data
queue (VLDQ) and issues a cache request. On a hit, the data
is loaded from the data array into the reserved VLDQ entry.
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Figure 1: Basic decoupled vector machine (DVM). The vector pro-
cessor is made up of several units including the control processor
(CP), vector execution unit (VEU), vector load unit (VLU), and vec-
tor store unit (VSU). The non-blocking cache contains miss sta-
tus handling registers (MSHR), a tag array, and a data array. Re-
fill/access decoupling is enabled by adding the highlighted compo-
nents: a vector refill unit (VRU) and corresponding command queue.

The VLDQ enables the VLU to run ahead performing many
memory requests while the VEU trails behind and moves data
in FIFO order into the architecturally visible vector registers.
The VLDQ acts as a small memory reorder buffer since re-
quests can return from the memory system out-of-order: hits
may return while an earlier miss is still outstanding. The VSU
trails behind both the VLU and VEU and writes results to the
memory system.

Decoupling is enabled by queues which buffer data and
control information for the trailing units to allow the leading
units to run ahead. Figure 2 illustrates the resource require-
ments for DVM. The distance that the CP may run ahead is
determined by the size of the various vector command queues.
The distance that the VLU may run ahead is constrained by
the VEU-CmdQ, VSU-CmdQ, VLDQ, replay queues, and
primary miss tags. The key observation is that to tolerate in-
creasing memory latencies these resources must all be pro-
portional to the memory bandwidth-delay product and thus
can become quite large in modern memory systems. In this
system the VLDQ is the reserved data element state, while
the replay queues and the primary miss tags are the access
management state required to support the in-flight memory
requests.

3.3. Vector Refill Unit

We enable refill/access decoupling by extending a basic
decoupled vector machine with a vector refill unit (VRU). The
VRU and associated VRU-CmdQ are shown highlighted in
Figure 1. The VRU receives the same commands as the VLU,
and it runs ahead of the VLU issuing refill requests for the
associated cache-lines. The primary cost of the VRU is an ad-
ditional address generator. Ideally, the VRU runs sufficiently
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Figure 2: Queuing resources required in basic DVM. Decoupling
allows the CP and VLU to run ahead of the VEU. Many large queues
(represented by longer arrows) are needed to saturate memory.
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Figure 3: Queuing resources required in a DVMR. Refill/access de-
coupling requires fewer resources to saturate the memory system.

ahead to allow the VLU to always hit in the cache. A refill
request only brings data into the cache, and as such it needs
a primary miss tag but no replay queue entry. It also does
not need to provide any associated reserved element buffer-
ing in the processor, and refill requests which hit in cache due
to reuse in the load stream are ignored. In this paper we as-
sume that stores are non-allocating and thus the VRU need
not process vector store commands.

Figure 3 illustrates the associated resource requirements
for a decoupled vector machine with refill/access decoupling
(DVMR). The VRU is able to run ahead with no need for
replay queues. The VLU runs further behind the CP com-
pared to the basic decoupled vector machine shown in Fig-
ure 2, and so the Vector-CmdQ must be larger. However, since
the VLU accesses are typically hits the distance between the
VLU and VEU is shorter and the VLDQ is smaller. With re-
fill/access decoupling, the only resources that must grow to
tolerate an increasing memory latency are the Vector-CmdQ
and the number of primary miss tags. This scaling is very ef-
ficient since the Vector-CmdQ holds vector commands which
each compactly encode many element operations and the pri-
mary miss tags must only track non-redundant cache line re-
quests. The only reserved element buffering involved in scal-
ing refill/access decoupling is the efficient storage provided
by the cache itself.

A DVMR implementation will need to carefully manage
the relative steady-state rates of the VLU and VRU. If the
VRU is able to run too far ahead it will start to evict lines
which the VLU has yet to even access, and if the VLU can
outpace the VRU then the refill/access decoupling will be in-
effective. In addition to the rates between the two units, an
implementation must also ensure that the temporal distance
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between the two units is large enough to cover the memory
latency. Throttling the VLU and/or the VRU can help con-
strain these rates and distances to enable smoother operation.

One disadvantage of refill/access decoupling is an increase
in cache request bandwidth: the VRU first probes the cache to
generate a refill and then the VLU accesses the cache to actu-
ally retrieve the data. This overhead is usually low since the
VRU must only probe the cache once per cache line. Another
important concern with refill/access decoupling is support for
unstructured load accesses (i.e. indexed vector loads). Lim-
ited replay queuing is still necessary to provide these with
some degree of access/execute decoupling.

4. Vector Segment Memory Accesses
Vector unit-stride accesses move consecutive elements in

memory into consecutive elements in a single vector regis-
ter. Although these one-dimensional unit-stride access pat-
terns are very common, many applications also include two-
dimensional access patterns where consecutive elements in
memory are moved intodifferent vector registers. For ex-
ample, assume that an application needs to process an array
of fixed-width structures such as an array of image pixels or
polygon vertices. A programmer can use multiple strided ac-
cesses to load the structures into vector registers such that the
same field for all structures is in the same vector register. The
following sequence of vector instructions uses three strided
vector accesses (each with a stride of three) to load an array
(A) of RGB pixel values into the vector registersvr1, vr2,
andvr3:

la r1, A
li r2, 3
vlbst vr1, r1, r2
addu r1, r1, 1
vlbst vr2, r1, r2
addu r1, r1, 1
vlbst vr3, r1, r2

In this example, the programmer has converted a two-
dimensional access pattern into multiple one-dimensional ac-
cess patterns. Unfortunately, these multiple strided accesses
hide the spatial locality in the original higher-order access
pattern and can cause poor performance in the memory sys-
tem including increased bank conflicts, wasted address band-
width, additional access management state, and wasted non-
allocating store data bandwidth. A different data layout might
enable the programmer to use more efficient unit-stride ac-
cesses, but reorganizing the data layout requires additional
overhead and is complicated by external API constraints.

We proposevector segment memory accesses as a new
vector mechanism which more directly captures the two-
dimensional nature of many higher-order access patterns.
They are similar in spirit to the stream loads and stores found
in stream processors [4, 16]. As an example, the following
sequence of vector instructions uses a segment access to load
an array of RGB pixel values.

la r1, A
vlbseg 3, vr1, r1

The vlbseg instruction has three fields: a segment length
encoded as an immediate, a base destination vector register

specifier, and a scalar base address register specifier. The in-
struction writes each element of each segment into consec-
utive vector registers starting with the base destination vec-
tor register. In this example, the red values would be loaded
into vr1, the green values intovr2, and the blue values into
vr3. The segment length is therefore limited by the number
of vector registers. The basic vector segment concept can be
extended to include segments which are offset at a constant
stride enabling strided vector segment accesses. Traditional
strided accesses can then be reduced both in the vector ISA
and the implementation to strided segment accesses with a
segment length of one.

Segment accesses are useful for more than just array-of-
structures access patterns; they are appropriate any time a pro-
grammer needs to move consecutive elements in memory into
different vector registers. Segments can be used to efficiently
access sub-matrices in a larger matrix or to implement vector
loop-raking.

5. The SCALE Decoupled Vector Machine

We evaluate vector refill/access decoupling and vector seg-
ment accesses in the context of the SCALE vector-thread pro-
cessor [19] shown in Figure 4. For this work, we use SCALE
as a more traditional decoupled vector machine and do not
make use of its more advanced threading features. SCALE
is roughly similar to the more abstract DVMR shown in Fig-
ure 1 with several key differences: the VEU contains four
execution lanes with clustered functional units, the VLU and
VSU support segment accesses, and the non-blocking cache
is divided into four banks. In this section we first describe
the SCALE decoupled vector processor and the SCALE non-
blocking cache before discussing the SCALE vector refill
unit.

5.1. SCALE Decoupled Vector Processor

The single-issue MIPS-RISC scalar control processor ex-
ecutes the control code and issues commands to the vector
units. A vector configuration command allows the control
processor to adjust the maximum vector length based on the
register requirements of the application. Avector fetch com-
mand sends a block of compute instructions to the vector ex-
ecution unit, and these may include indexed load and store
operations. Avector load or vector store command specifies
a structured memory access that reads data from or writes data
to the vector registers in the VEU. Each lane in the VEU has
four execution clusters and provides a peak per-cycle band-
width of one load element, one store element, and four cluster
operations. Cluster 0 executes indexed loads and stores, and
uses a load data queue (LDQ) and store address queue (SAQ)
to provide access/execute decoupling.

The VLU and VSU each process one vector command at
a time using either a single unit-stride address generator or
per-lane segment address generators. The address genera-
tors step through each vector command and break them into
subblocks with up to four elements. The VLU manages per-
lane VLDQs. For unit-stride commands, the VLU allocates
VLDQ entries in parallel across lanes for each cache access,
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