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Abstract

We are attacking the memory bottleneck by building a
“smart” memory controller that improves effective mem-
ory bandwidth, bus utilization, and cache efficiency by let-
ting applications dictate how their data is accessed and
cached. This paper describes a Parallel Vector Access unit
(PVA), the vector memory subsystem that efficiently “gath-
ers” sparse, strided data structures in parallel on a multi-
bank SDRAM memory. We have validated our PVA design
via gate-level simulation, and have evaluated its perfor-
mance via functional simulation and formal analysis. On
unit-stride vectors, PVA performance equals or exceeds that
of an SDRAM system optimized for cache line fills. On vec-
tors with larger strides, the PVA is up to 32.8 times faster.
Our design is up to 3.3 times faster than a pipelined, serial
SDRAM memory system that gathers sparse vector data,
and the gathering mechanism is two to five times faster than
in other PVAs with similar goals. Our PVA only slightly in-
creases hardware complexity with respect to these other sys-
tems, and the scalable design is appropriate for a range of
computing platforms, from vector supercomputers to com-
modity PCs.

1. Introduction

Processor speeds are increasing much faster than mem-
ory speeds, and this disparity prevents many applications
from making effective use of the tremendous computing
power of modern microprocessors. In the Impulse project,
we are attacking the memory bottleneck by designing and
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building a “smart” memory controller [3]. The Impulse
memory system can significantly improve the performance
of applications with predictable access patterns but poor
spatial or temporal locality [3]. Impulse supports an op-
tional extra address translation stage allowing applications
to control how their data is accessed and cached. For in-
stance, on a conventional memory system, traversing rows
of a FORTRAN matrix wastes bus bandwidth: the cache
linefills transfer unneeded data and evict other useful data.
Impulse gathers sparse “vector” elements into dense cache
lines, much like the scatter/gather operations supported by
the load-store units of vector supercomputers.

Severa new instruction set extensions (e.g., Intel’s
MMX for the Pentium [10], AMD’s 3DNow! for the
K6-2 [1], MIPS's MDMX [18], Sun's VIS for the Ultra-
SPARC [22], and Motorola's AltiVec for the PowerPC [19])
bring stream and vector processing to the domain of desktop
computing. Results for some applications that use these ex-
tensions are promising [21, 23], even though the extensions
do little to address memory system performance. Impulse
can boost the benefit of these vector extensions by optimiz-
ing the cache and bus utilization of sparse data accesses.

In this paper we describe a vector memory subsys-
tem that implements both conventional cache line fills and
vector-style scatter/gather operations efficiently. Our design
incorporates three complementary optimizations for non-
unit stride vector requests:

1. Weimprovememory locality viaremapping. Rather
than perform aseries of regular cache linefillsfor non-
unit stride vectors, our system gathers only the desired
elementsinto dense cachelines.

2. We increase throughput with parallelism. To mit-
igate the relatively high latency of SDRAM, we op-
erate multiple banks simultaneously, with components
working on independent parts of a vector request. En-
coding many individual requestsin acompound vector
command enables this parallelism and reduces com-
muni cation within the memory controller.
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Figure 1. Memory subsystem overview. The configurable
remapping controllers broadcast “vector commands’ to all bank
controllers.  The controllers gather data elements from the
SDRAMSs into staging units, from which the vector is transferred
to the CPU chip.

3. We exploit SDRAM'’s non-uniform access charac-
teristics. We minimize observed precharge latencies
and row access delays by overlapping these with other
memory activity, and by trying to issue vector refer-
ences in an order that hits the current row buffers.

Figure 1 illustrates how the components of the Impulse
memory controller interact. A small set of remapping
controllers support three types of scatter/gather operations:
base-stride, vector indirect, and matrix inversion. Appli-
cations configure the memory controller so that requests to
certain physical address regions trigger scatter/gather op-
erations (interface and programming details are presented
elsewhere [3]). When the processor issues a load falling
into such a region, its remapping controller sees the load
and broadcasts the appropriate scatter-gather vector com-
mand to all bank controller (BC) units via the bank con-
troller bus. In parallel, each BC determines which parts of
the command it must perform locally and then “gathers’ the
corresponding vector elementsinto astaging unit. When all
BCs have fetched their el ements, they signal the remapping
controller, which constructs the complete vector from the
datain the staging units. In this way, a single cache linefill
can load data from a set of sparse addresses, e.g., the row
elements of aFORTRAN array.

We validate the PVA design via gate-level synthesis and
simulation, and have evaluated its performance via func-
tional simulation and formal analysis. For the kernels we
study, our PVA-based memory system fills normal (unit
stride) cache lines as fast as and up to 8% faster than a
conventional, cache-line interleaved memory system opti-
mized for linefills. For larger strides, it loads elements up

to 32.8 times faster than the conventional memory system.
Our system is up to 3.3 times faster than a pipelined, cen-
tralized memory access unit that gathers sparse vector data
by issuing (up to) one SDRAM access per cycle. Compared
to other parallel vector access units with similar goals [5],
gather operations are two to five timesfaster. Thisimproved
parallel access algorithm only modestly increases hardware
complexity. By localizing all architectural changes within
the memory controller, we require no modifications to the
processor, system bus, or on-chip memory hierarchy. This
scalable solution is applicable to arange of computing plat-
forms, from vector computers with DRAM memories to
commodity personal computers.

2. Related Work

We limit our discussion to work that addresses loading
vectors from DRAM. Moyer defines access scheduling and
access ordering to be techniques that reduce load/store in-
terlock delays by overlapping computation with memory la-
tency, and that change the order of memory requeststo in-
crease performance, respectively. [20]. Access scheduling
attempts to separate the execution of a load/store instruc-
tion from that of the instruction that produces/consumes its
operand, thereby reducing the processor’s observed mem-
ory delays. Moyer applies both concepts to compiler a-
gorithms that optimize inner loops, unrolling and grouping
stream accesses to amortize the cost of each DRAM page
miss over several references to the open page.

Lee mimics Cray instructions on the Intel i860XR using
another software approach, treating the cache as a pseudo
“vector register” by reading vector elements in blocks (us-
ing non-caching loads) and then writing them to a pre-
allocated portion of cache [11]. Loading a single vector via
Moyer's and Lee's schemes on an iPSC/860 node improves
performance by 40-450%, depending on the stride [15].

Valero et al. dynamically avoid bank conflicts in vector
processors by accessing vector elements out of order. They
analyze this system first for single vectors [24], and then
extend the design to multiple vectors [25]. del Corral and
Llaberia analyze a related hardware scheme for avoiding
bank conflicts among multiple vectors in complex memo-
ries [7]. These schemes focus on vector computers with
(uniform access time) SRAM memory components.

The PVA component presented herein is similar to Cor-
bal et al.'s Command Vector Memory System [6] (CVMS),
which exploits parallelism and locality of reference to
improve effective bandwidth for out-of-order vector pro-
cessors with dual-banked SDRAM memories. Instead
of sending individual requests to individual devices, the
CVMS broadcasts commands requesting multiple indepen-
dent words, a design idea we adopt. Section controllers re-
ceive the broadcasts, compute subcommands for the portion



of the data for which they are responsible, and then issue
the addresses to SDRAMSs under their control. The mem-
ory subsystem orders requests to each dual-banked device,
attempting to overlap precharges to each internal bank with
accesses to the other. Simulation results demonstrate per-
formance improvements of 15-54% over a seria controller.
Our bank controllers behaviorally resemble CVMS section
controllers, but our hardware design and parallel access al-
gorithm (see Section 4.3) differ substantialy.

The Stream Memory Controller (SMC) of McKee
et al. [14] combines programmable stream buffers and
prefetching in a memory controller with intelligent DRAM
scheduling. Vector data bypass the cache in this system, but
the underlying access-ordering concepts can be adapted to
systems that cache vectors. The SMC dynamically reorders
stream/vector accesses and issues them serialy to exploit:
a) parallelism across dual banks of fast-page mode DRAM,
and b) locality of reference within DRAM page buffers. For
most alignments and strides on uniprocessor systems, sim-
ple ordering schemes perform competitively with sophisti-
cated ones [13].

Stream detection is an important design issue for these
systems. At one end of the spectrum, the application pro-
grammer may be required to identify vectors, asis currently
the casein Impulse. Alternatively, the compiler can identify
vector accesses and specify them to the memory controller,
an approach we are pursuing. For instance, Benitez and
Davidson present simple and efficient compiler algorithms
(whose complexity is similar to strength reduction) to de-
tect and optimize streams [2]. Vectorizing compilers can
also provide the needed vector parameters, and can perform
extensive loop restructuring and optimization to maximize
vector performance [26]. At the other end of the spectrum
lie hardware vector or stream detection schemes, asin refer-
ence prediction tables [4]. Any of these suffices to provide
the information Impulse needs to generate vector accesses.

3. Mathematical Foundations

The Impulse remapping controller gathers strided data
structures by broadcasting vector commands to a set of bank
controllers (BCs), each of which determines independently
and in tandem with the others which elements of the vector
reside in the SDRAM it manages. This broadcast approach
is potentially much more efficient than the straightforward
aternative of having a centralized vector controller issue
the stream of element addresses, one per cycle. Redlizing
this performance potential requires a method whereby each
bank controller can determine the addresses of the elements
that reside on its SDRAM without sequentially expanding
the entire vector. The primary advantage of our PVA mech-
anism over similar designsis the efficiency of our hardware
algorithms for computing each bank’s subvector.

We first introduce the terminology used in describing
these algorithms. Base-stride vector operations are repre-
sented by atuple, V =< B,S,L >, where V.B is the
base address, V.S the sequence stride, and V. L the sequence
length. We refer to V's it" dement as V[i]. For exam-
ple, < A,4,5 > designates vector elements A[0], A[4],
... A[16]. The number of banks, }/, is apower of two. The
PVA agorithm is based on two functions:

1. FirstHit(V/,b) takesavector V' and abank b and returns
either the index of the first element of V' that hitsin b
or avalue indicating that no such element exists.

2. NextHit(S) returns an increment § such that if a bank
holds V[n], it also holds V'[n + 4].

Space considerations only permit a simplified explana-
tion here. Our technical report contains complete mathe-
matical details [12]. FirstHit() and first address calculation
together can be evaluated in two cycles for power of two
strides and at most five cyclesfor other strides. Their design
is scalable and can be implemented in a variety of ways.
This paper henceforth assumes that they are implemented
asaprogrammable logic array (PLA). NextHit() istrivial to
implement, and takes only afew gate delays to evaluate.

Given inputs b, M, V.S mod M, and V.BmodM , each
bank controller uses these functions to independently de-
termine the sub-vector elements for which it is responsible.
The BC for bank b performs the following operations (con-
currently, where possible):

1. cdculate i=FirstHit(V,b); if NoHit, continue.

2. whilei < V.L do
access memory locationV.B +i x V.S
i += NextHit(V.S)

4. Vector Access Unit

The design space for aPVA mechanismisenormous: the
type of DRAM, number of banks, interleave factor, and im-
plementation strategy for FirstHit() can be varied to trade
hardware complexity for performance. For instance, lower-
cost solutions might let aset of banks share bank controllers
and BC buses, multiplexing the use of these resources. To
demonstrate the feasibility of our approach and to derive
timing and hardware complexity estimates, we developed
and synthesized a Verilog model of one design point in this
large space. The implementation uses 16 banks of word-
interleaved SDRAM (32-bit wide). Each has a dedicated
bank controller that drives 256 Mbit 16-bit wide Micron
SDRAM parts, each of which contains four internal banks
[17]. The current PVA design assumes an L2 cache line of
128 bytes, and therefore operates on vector commands of



32 single-word elements. We first describe the implementa-
tion of the bank-controller bus and the BCs, and then show
how the controllers work in tandem.

41 Bank Controller Bus

Asillustrated in Figure 1, the bank controllers commu-
nicate with the rest of the memory controller via a shared,
split-transaction bus (BC bus) that multiplexes requests and
data. During a vector request cycle, each bus supports a
32-bit address, 32-bit stride, three-bit transaction ID, two-
bit command, and some control information. During a data
cycle, each supports 64 data bits. The current PVA design
targets a MI1PS R10000 processor with a 64-bit system bus,
on which the PVA unit can send or receive one data word
per cycle. No intermediate unit is needed to merge data col -
lected by multiple BCs: when read data is returned to the
processor, the BCstake turns driving their part of the cache
line onto the system bus. Electrical limitations require a
turn-around cycle whenever bus ownership changes, but to
avoid these delay cycles, we use a 128-bit BC bus and drive
alternate 64-bit halves every other data cycle. In addition to
the 128 multiplexed lines, the BC bus includes eight shared
transaction-complete indication lines.

4.2 Bank Controllers

For a given vector read or write command, each Bank
Controaller (BC) isresponsible for identifying and accessing
the (possibly null) subvector that residesin its bank. Shown
in Figure 2, the architecture of this component consists of:

1. a FirstHit Predictor to determines whether elements
of a given vector request hit this bank. If thereisahit
and the stride is a power of two, this subcomponent
performs the FirstHit address calculation;

2. aRequest FIFO to queue vector requests for service;

3. a Register File to provide storage for the Request
FIFO;

4. aFirstHit Calculate module to determine the address
of the first element hitting this bank when the stride is
not a power of two;

5. an Access Scheduler to drive the SDRAM, reordering
read, write, bank activate and precharge operations to
maximize performance;

6. aset of Vector Contexts within the Access Scheduler
to represent the current vector requests;,

7. aScheduling Policy Module within each Vector Con-
text to dictate the scheduling policy; and

8. aStaging Unit that consists of (i) a Read Staging Unit
to store read-data waiting to be assembled into a cache
ling, and (ii) a Write Staging Unit to store write-data
waiting to be sent to the SDRAMSs.

We briefly describe each of these subcomponents. Essen-
tial to efficient operation are several bypass paths that re-
duce communication latency within the BC. Our technical
report fleshes out details of these modules and their interac-
tions [12]. The main modules of the BC manage the com-
putations required for parallel vector access, the efficient
scheduling of SDRAM, and the data staging.

421 Parallelizing Logic

The parallelizing logic consists of the FirstHit Predict
(FHP) module, the Request FIFO (RQF), the Register File
(RF), and the FirstHit Calculate (FHC) modules. The FHP
module watches vector requests on the BC bus and deter-
mines whether or not any element of a request will hit the
bank. The FHP calculates the FirstHit index, the index
of the first vector element in the bank. For power-of-two
strides that hit, the FHP a so cal culates the FirstHit address,
the bank address of the first element. The FHP then signals
the RQF to queue: therequest'sV =< B, S, L > tuple; the
FirstHit index; the calculated bank address, if ready; and
an address calculation complete (ACC) flag indicating the
status of the bank address field.

The RF subcomponent contains as many entries as the
number of outstanding transactions permitted by the BC
bus, which is eight in this implementation. The RQF mod-
ule implements the state machine and tail pointer to main-
tain the RF as a queue, storing vector requests in the RF
entries until those requests are assigned to vector contexts.
Queued requests with a cleared ACC flag require further
processing: the FHC module computes the FirstHit ad-
dress for these requests, whose stride is not a power of
two. The FHC scans the requests between the queue head
pointer, which it maintains, and the tail pointer, multiply-
ing the stride S by the FirstHit index calculated by the FHP,
and then adding that to the base address B to generate the
FirstHit address. The FHC then writes this address into the
register file and sets the entry’s ACC flag. Since this cal-
culation requires a multiply and add, it incurs a two-cycle
delay, but the FHC worksin parallel with the Access Sched-
uler (SCHED), so when the latter module is busy, this delay
is completely hidden. When the SCHED sees the ACC hit
set for the entry at the head of the RQF it knows that there
is avector request ready for issue.

4.2.2 Access Scheduler

The SCHED and its subcomponents, the Vector Contexts
(VCs) and Scheduling Policy Unit (SPU) modules, are re-
sponsiblefor: (i) expanding the series of addressesin avec-
tor request, (ii) ordering the stream of reads, writes, bank
activates, and precharges so that multiple vector requests
can beissued optimally, (iii) making row activate/precharge
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Figure 2. Bank controller internal organization

decisions, and (iv) driving the SDRAM. The SCHED mod-
ule decides when to keep an SDRAM row open, and the
SPUs within the SCHED's V Cs reorder the accesses.

The current design contains four V Cs, each of which can
hold a vector request whose accesses are ready to be issued
tothe SDRAM. TheVC performs a series of shifts and adds
to generate the sequence of addresses required to fetch a
particular vector. These efficient calculations constitute the
crux of our PVA approach, and our technical report explains
their details. The VCs share the SCHED datapath, and they
cooperate to issue the highest priority pending SDRAM op-
eration required by any VC. The VCs arhitrate for this dat-
apath such that at most one can access it in any cycle, and
the oldest pending operation has highest priority. Vector
operations are injected into VC_0, and whenever one com-
pletes (at most one finishes per cycle), other pending oper-
ations “shift right” into the next free VC. To give the oldest
pending operation priority, we daisy-chain the SCHED re-
quests from VC_N to VC_0 such that alower numbered VC
can place arequest on the shared datapath if and only if no
higher numbered VC wishes to do so.

The VCs attempt to minimize precharge overhead
by giving accesses that hit in an open internal bank
priority over requests to a different internal bank on
the same SDRAM module.  Three lines per inter-
nal bank — bank_hit_predict, bank_more_hit_predict, and
bank_close_predict — coordinate this operation. The
SCHED broadcaststo the V Csthe the current row addresses

of the open internal banks. When a VC determines that it
has a pending request that would hit an open row, it drives
the internal bank’s shared line to tell the SCHED not to
close the row —in other words, we implement awired OR
operation. Likewise, VCs that have a pending request that
misses in the internal bank use the bank_close_predict line
to tell the SCHED to close the row. The SPUs within each
of the VCs decide together which VC can issue an oper-
ation during the current cycle. This decision is based on
their collective state as observed on the bank_hit_predict,
bank_more_hit_predict, and bank_close_predict lines. Sep-
arate SPUs are used to isolate the scheduling heuristics
within the subcomponents, permitting experimentation with
the scheduling policy without changing the rest of the BC.

The scheduling algorithm strives to improve perfor-
mance by maximizing row hits and hiding latencies; it does
this by operating other internal banks while a given internal
bank is being opened or precharged. We implement a pol-
icy that promotes row opens and precharges above read and
write operations, as long as the former do not conflict with
the open rows in use by another VC. This heuristic opens
rows as early as possible. When conflicts or open/precharge
latencies prevent higher numbered V Cs from issuing aread
or write, alower priority VC may issue its reads or writes.
The policy ensures that when an older request completes, a
new reguest will be ready, even if the new one uses adiffer-
ent internal bank. Details of the scheduling algorithm are
given in our technical report [12].



4,23 Staging Units

The Staging Units (SUs) store data returned by the
SDRAMsfor aV C-generated read operation or provided by
the memory controller for awrite. In the case of a gathered
vector read operation, the SUs on the participating BCs co-
operate to merge vector elementsinto acacheline to be sent
to the memory controller front end, as described in Section
4.1. In the case of a scattered vector write operation, the
SUs at each participating BC buffer the write data sent by
the front end.

The SUsdrive atransaction_complete line on the BC bus
to signal the completion of apending vector operation. This
line acts as a wired OR that deasserts whenever al BCs
have finished a particular gathered vector read or scattered
vector write operation. When the line goes low during a
read, the memory controller issues a STAGE_READ com-
mand on the vector bus, indicating which pending vector
read operation’s data is to be read. When the line goes low
during awrite, the memory controller knows that the corre-
sponding data has been committed to SDRAM.

424 DataHazards

Reordering reads and writes may violate consistency se-
mantics. To maintain acceptable consistency semantics and
to avoid turnaround cycles, the following restriction is re-
quired: aVC may issue aread/write only if the bus has the
same polarity and no polarity reversals have occurred in any
preceding (older) VC. The gist of this rule is that elements
of different vectors may be issued out-of-order as long as
they are not separated by a request of the opposite polarity.
This palicy gives rise to two important consistency seman-
tics. First, RAW hazards cannot happen. Second, WAW
hazards may happen if two vector write requests not sep-
arated by a read happen to write different data to the same
location. We assume that the latter event is unlikely to occur
in auniprocessor machine. If the L2 cache has awrite-back
and write-allocate policy, then any consecutive writes to the
same location will be separated by aread. If stricter con-
sistency semantics are required a compiler can be made to
issue adummy read to separate the two writes.

4.3 Timing Considerations

SDRAMSs define timing restrictions on the sequence of
operations that can legally be performed. To maintain these
restrictions, we use a set of small counters called restimers,
each of which enforces one timing parameter by asserting a
“resource available” line when the corresponding operation
is permitted. The control logic of the VC window works
like a scoreboard and ensures that all timing restrictions are
met by letting a VC issue an operation only when all the

Kernel ] Access Pattern
copy for (i=0; i<LXS; 1i+=S)
ylil=x[i];

saxpy for (i=0; i<LXS; i+=S)
y[i] += a x xI[i];

scale for (i=0; i<LXS; i+=8)
x[il=a X x[i];
swap for (i=0; i<LXS; i+=S)

{reg=x[i]; x[il=y[i]; y[il=reg;}
tridiag for (i=0; i<LXS; i+=S8)
x[i]=z[1] X (y[i]-x[i-1]);

vaxpy for (i=0; i<LXS; i+=S)
ylil+=ali]l x xI[i];

Table 1. Inner loops used to eval uate our PVA unit design.

resources it needs — including the restimers and the datap-
ath — can be acquired. Electrical considerations require a
one-cycle bus turnaround delay whenever the bus polarity
is reversed, i.e., when aread is immediately followed by a
write or vice-versa. The SCHED units attempt to minimize
turnaround cycles by reordering accesses.

5. Experimental Methodology

This section describes the details and rationale of how
we evaluate the PVA design. The initial prototype uses
a word-interleaved organization, since block-interleaving
complicates address arithmetic and increases the hardware
complexity of the memory controller. Our design can be
extended for block-interleaved memories, but we have yet
to perform price/performance analyses of this design space.
Note that Hsu and Smith study interleaving schemes for
fast-page mode DRAM memories in vector machines [9],
finding cache-line interleaving and block interleaving supe-
rior to low-order interleaving for many vector applications.
The systems they examine perform no dynamic access or-
dering to increase locality, though, and their results thus
favor organizations that increase spatial locality within the
DRAM page buffers. It remains to be seen whether low-
order interleaving becomes more attractive in conjunction
with access ordering and scheduling techniques, but our ini-
tial results are encouraging.

Table 1 lists the kernels used to generate the results pre-
sented here. copy, saxpy and scale arefromthe BLAS
(Basic Linear Algebra Subprograms) benchmark suite [§],
and tridiag is a tridiagonal gaussian elimination frag-
ment, the fifth Livermore Loop [16]. vaxpy denotes a
“vector axpy” operation that occurs in matrix-vector multi-
plication by diagonals. We choose |oop kernels over whole-
program benchmarks for thisinitial study because: (i) our
PVA scheduler only speeds up vector accesses, (ii) kernels
allow us to examine the performance of our PVA mecha
nism over alarger experimental design space, and (iii) ker-
nels are small enough to permit the detailed, gate-level sim-
ulations required to validate the design and to derive timing



[ Type [ Count ]

AND2 1193
D FLIP-FLOP 1039
D Latch 32
INV 1627
MUX2 183
NAND2 5488
NOR2 843
OR2 194
XOR2 500
PULLDOWN 13
TRISTATE BUFFER 1849
On-chip RAM 2K bytes

Table 2. Complexity of the synthesized bank controller.

estimates. Performance on larger, real-world benchmarks
— via functional simulation of the whole Impulse system
or performance analysis of the hardware prototype we are
building — will be necessary to demonstrate the final proof
of concept for the design presented here, but these results
are not yet available.

Recall that the bus model wetarget allowsonly eight out-
standing transactions. This limit prevents us from unrolling
most of our loops to group multiple commands to a given
vector, but we examine performance for this optimization
on the two kernels that access only two vectors, copy and
scale. In our experiments, we vary both the vector stride
and the relative vector alignments (placement of the base
addresses within memory banks, within internal banks for
a given SDRAM, and within rows or pages for a given in-
ternal bank). All vectors are 1024 elements (32 cache lines)
long, and the strides are equal throughout a given loop. In
all, we have evaluated PVA performance for 240 data points
(eight access patterns x six strides x five relative vector
alignments) for each of four different memory system mod-
els. We present highlights of these results in the following
section; details may be found in our technical report [12].

6. Results

This section presents timing and complexity resultsfrom
synthesizing the PVA and comparative performance results
for our suite of benchmark kernels.

6.1 SynthesisResults

Our end goal is to fabricate a CMOS ASIC of the Im-
pulse memory controller, but we are first validating pieces
of the larger design using FPGA (field programmable gate
array) technology. We produce an FPGA implementation
on an IKOS Hermes emulator with 64 Xi-4000 FPGAS, and
then use this implementation to derive timing estimates.
The PVA's Verilog description consists of 3600 lines of
code. The types and numbers of components in the syn-
thesized bank controller are given in Table 2. We expect

that the custom CMOS implementation to be much more
efficient than the FPGA implementation.

We used the synthesized design to measure delay
through the critical path — the multiply-and-add circuit re-
quired to calculate FirstHit() for non-power-of-two strides.
Our multiply-and-add unit has adelay of 29.5ns. We expect
that an optimized CMOS implementation will have a delay
less than 20ns, making it possible to complete this opera-
tion in two cycles at 100MHz. Other paths are fast enough
to operate at 100MHz even in the FPGA implementation.
The FHP unit has a delay of 8.3ns and SCHED has a delay
of 9.3ns. CMOS timing considerations are very different
from those for FPGAs, and thus the optimization strategies
differ significantly. These FPGA delays represent an upper
bound — the custom CMOS version will be much faster.

6.2 Performance Results

We compare the performance of the PVA functional
model to three other memory systems. Figure 3(a)-(c) show
the comparative performance for our four memory models
on strides 1, 2, 4, 8, 16, and 19 for the copy, swap, and
vaxpy kernels, and Figure 3(d)-(f) show comparative per-
formance acrossall benchmarksfor strides 1, 4, and 16. The
annotations above each bar indicate execution time normal-
ized to the minimum PVA SDRAM cycle time for each ac-
cess pattern. Bars that would be off the y scale are drawn
at the maximum y value and annotated with the actual num-
ber of cycles spent. The sets of bars labeled “copy2” and
“scale?” represent unrolled kernels in which read and write
vector commands are grouped (so the PVA sees two consec-
utive vector commands for the first vector, then two for the
second, and so on). Thisoptimization only improves perfor-
mance for the PVA SDRAM systems, yielding a slight ad-
vantage over the unoptimized versions of the same bench-
mark. If more outstanding transactions were alowed on
the processor bus, greater unrolling would deliver larger im-
provements.

The barslabeled “ cache lineinterleaved seriadl SDRAM”
model the back end of an idealized, 16-module SDRAM
system optimized for cache line fills. The memory bus is
64 bits, and L2 cache lines are 128 bytes. The SDRAMs
modeled require two cycles for each of RAS and CAS, and
are capable of 16-cycle bursts. We optimistically assume
that precharge latencies can be overlapped with activity on
other SDRAMs (and we ignore the fact that writing lines
takes slightly less time than reading), thus each cache line
fill takes 20 cycles (two for RAS, two for CAS, and 16 for
the data burst). The number of cache lines accessed depends
on the length and stride of the vectors; this system makes no
attempt to gather sparse data within the memory controller.

The bars labeled “gathering pipelined seridl SDRAM”
model the back end of a 16-module, word-interleaved



Figure 3. Comparative performance for four memory back

ends.
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SDRAM system with a closed-page policy and pipelined
precharge. As before, the memory busis 64 bits, and vector
commands access 32 elements (128 bytes, since the present
system uses 4-byte elements). Instead of performing cache
linefills, this system accesses each vector el ement individ-
ually. Although accesses areissued serialy, we assume that
the memory controller can overlap RAS latencies with ac-
tivity on other banks for all but the first element accessed
by each command. We optimistically assume that vec-
tor commands never cross DRAM pages, and thus DRAM
pages are | eft open during the processing of each command.
Precharge costs are incurred at the beginning of each vec-
tor command. This system requires more cycles to access
unit-stride vectors than the cache line interl eaved system we
model, but because it only accesses the desired vector el-
ements, its relative performance increases dramatically as
vector stride goes up.

Thebarslabeled “min parallel vector access SRAM” and
“max parallel vector access SRAM” model the performance
of anidealized SRAM vector memory system with the same
parallel access scheme but with no precharge or RAS la
tencies. Comparing PVA SDRAM and PVA SRAM system
performances gives ameasure of how well our system hides
the extra latencies associated with dynamic RAM.

For unit-stride access patterns (dense vectors or cache-
linefills), the PVA performs about the same as a cache-line
interleaved system that performs only line fills. As shown
in Figure 3, normalized execution time for the latter system
is between 100% (for copy and scale) and 108% (for
copy2, and scale2, vaxpy, swap) of the PVA's min-
imum execution time for our kernels. As stride increases,
the relative performance of the cache-line interleaved sys-
tem falls off rapidly: at stride four, normalized execution
time rises to between 307% (for scale) and 408% (for
vaxpy) of the PVA system’s, and at stride 16, normal-
ized execution time reaches 1112% (for tridiag). Fig-
ure 3(a), (b), and (c) demonstrate that performance shows
similar trends for each benchmark kernel. Figure 3(d), (e),
and (f) show performance trends for a given vector stride.
Figure 4 shows performance results for vectors with large
strides that still hit all the memory banks. Performances for
both our SDRAM PVA system and the SRAM PVA sys
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tem for stride 19 are similar to the corresponding results for
unit-stride access patterns. In contrast, the serial gathering
SDRAM and the cache-line interleaved systems yield per-
formances much more like those for stride 16.

Some relative vector alignments are more advantageous
than others, as evidenced by the variations in the SDRAM
PVA performancein Figure 5(b). The SRAM version of the
PVA system in Figure 5(a) shows similar trends for the var-
ious combinations of vector stride and relative alignments,
although its performance is dightly more robust. For small
strides that hit more than two SDRAM banks, the minimum
and maximum execution times for the PVA system differ
only by a few percent. For strides that hit one or two of
the SDRAM components, though, relative alignment has a
larger impact on overall execution time.

The results highlighted here are representative of those
for al our experiments [12]. On dense data, the SDRAM
PVA performslike an SDRAM system optimized for cache-
linefills. In general, it performs much like an SRAM vector
memory system at a fraction of the cost.

7. Discussion

In this paper, we have described the design of a Paral-
lel Vector Access unit (PVA) for the Impulse smart memory
controller. The PVA employs a novel parallel access algo-
rithm that allows a collection of bank controllers to deter-

mine in tandem which parts of a vector command are lo-
cated on their SDRAMs. The BCs optimize low-level ac-
cess to their SDRAMs to maximize the frequency of open-
row hits and overlap accesses to independent banks as much
as possible. As a result, the Impulse memory controller
always performs no worse than 1% slower (and up to 8%
faster) than a memory system optimized for normal cache
line fills on unit-stride accesses. For vector-style accesses,
the PVA delivers data up to 32.8 times faster than a conven-
tional memory controller and up to 3.3 times faster than al-
ternative vector access units, for a modest increase in hard-
ware complexity. We are integrating the PVA into the full
Impulse smulation environment, so that we can evaluate
the performance improvements across whole gpplications.

Space limitations prevent us from fully addressing a
number of important features of the PVA, including scala-
bility, interoperability with virtual memory, and techniques
for optimizing other kinds of scatter-gather operations. Ul-
timately, the scalability of our memory system depends on
the implementation choice of FirstHit(). For systems that
use a PLA to compute the firsthit index, the complexity of
the PLA grows with the sguare of the number of banks,
which limits the effective size of such a design to around
16 banks. For systems with a small number of banks in-
terleaved at block-size N, replicating the FirstHit() logic
N times in each BC is optimal. For very large memory
systems, regardless of their interleave factor, it is best to
implement a PLA to calculate the successive vector indices
within a bank. The complexity of this PLA increases ap-
proximately linearly with the number of banks, the rest of
the hardware remains unchanged, and the performance is
constant, irrespective of the number of banks.

Another design issueis how to handle * contiguous’ data
spread across digjoint physical pages. If strided vectors span
multiple pages, additional address translation logic is re-
quired in the BCs. In the current evaluation, we assume the
data being gathered into each dense cache line falls within
a single page or superpage of physical memory. Working
around the limitations of paged virtual memory is discussed
in our technical report [12].

Finally, the PVA described here can be extended to han-
dle vector-indirect scatter-gather operations by performing
the gather in two phases: (i) loading the indirection vec-
tor into the BCs and then (ii) loading the vector elements.
Thefirst phase is simply a unit-stride vector load operation.
After the indirection vector is loaded, its contents can be
broadcast acrossthe BC bus. Each BC determineswhich el-
ementsresideinits SDRAM by snooping this broadcast and
performing a simple bit-mask operation on each address.
Then each BC performs its part of the gather in parallel,
and the result are coalesced from the staging units in much
the same way as for strided accesses,



In summary, we have presented the design of a Paral-
lel Vector Access unit that shows great promise for provid-
ing applicationswith poor locality with vector-machine-like
memory performance. Although much work remains to be
done, our experienceto dateindicatesthat such asystem can
significantly reduce the memory bottleneck for the kinds of
applications that suffer on conventional memory systems.
The next steps are to evaluate the PVA design on a suite of
whole-program benchmarks and to address the issuesraised
above, particularly the interaction with virtual memory and
supporting other scatter-gather operations.
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