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Abstract

A low-power high-performance scratch-pad mem-
ory system for an embedded VLIW processor is presented.
It uses a simple stream address generator capable of im-
plementing a variety of addressing modes. Array variable
rotation, a technique that can replace register renam-
ing and rotating register files is discussed. Factor of 135x
energy-delay advantage is demonstrated using Spice simu-
lations of the processor running speech, vision and signal
processing algorithms.

1. Introduction

The convergence of mobile computing, ubiquitous com-
puting and traditional embedded computing has accelerated
in recent times. To realize the promise and the full poten-
tial of pervasive computing future mobile embedded envi-
ronments need to support sophisticated applications such as
speech recognition, visual feature recognition, secure wire-
less networking, and general media processing. These ap-
plications require significantly more performance than typ-
ical embedded processors can deliver. Even modern high
performance processors can barely keep up with the real
time requirements of sophisticated perception applications
[2]. Because of performance scaling predicted by Moore’s
law, the performance issue is not by itself a critical prob-
lem. The two crucial problems of perception applications
are: a) Energy consumption — The high end processors that
can deliver the performance required to meet real time op-
eration consume too much power to be usable in the embed-
ded space. b) Processor availability — Perception and secu-
rity interfaces are by nature always on. This limits the pro-
cessor availability for other compute tasks such as acting
upon what was perceived.

ASICs are the standard means of reducing power con-
sumption while increasing performance. But their lengthy
expensive design cycles and lack of flexibility make them
undesirable candidates for rapidly evolving applications.
FPGA devices provide a level of specialization while re-
taining significant generality. But they suffer both in perfor-

mance and power when compared to either ASIC or CPU
logic functions. Processors with application domain specific
acceleration mechanisms represent the middle ground.

Our work focuses on the rapid automated generation
of high-performance energy efficient VLIW processors for
perception applications. A number of function units are or-
ganized as a cluster and embedded in a reasonably rich in-
terconnection network which provides communication be-
tween function units and several scratch-pad memories. We
have demonstrated in previous work that perception appli-
cations are stream oriented [2]. A host processor or a DMA
engine streams data into or out of the VLIW processor via
double buffered 1/0 SRAMs. Local storage is provided by
the scratch SRAMs and the cluster is controlled by a mi-
crocode program held in an instruction SRAM. Though the
processor was initially designed with perception applica-
tions in mind, it is equally applicable to other streaming
problems. Several of the benchmarks used in this paper are
from the perception domain, but we have added encryption
and signal processing algorithms to demonstrate the gener-
ality of the approach.

The mix of function units and the organization of the in-
terconnect, the scratch-pad memory and associated address
generators are specified using a configuration file. A clus-
ter compiler automatically generates the Verilog HDL de-
scription of the domain specific processor and customizes
a software simulator for the processor. Details of the over-
all operation of the processor are available in [2]. This pa-
per will focus exclusively on the scratch pad memory sys-
tem which is largely responsible for the excellent perfor-
mance. Even though later sections will use specific num-
bers for the type and number of scratch-pad memories and
bit-widths of datapaths, the memory system is quite generic
and different configurations and bit-widths can be automat-
ically generated. The specified widths only refer to the ac-
tual configuration used to evaluate this work. Using a pro-
cess normalized energy delay product as the metric [5], the
effectiveness of the cluster is compared against the obvious
competition: general purpose processors and ASICs.
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Figure 1. Cluster Architecture

2. Processor Architecture

Figure 1 shows the internal organization of a cluster. It
consists of a set of clock gated function units, a loop unit,
multiple software managed dual ported SRAMs and asso-
ciated address generators (one for each SRAM port), local
bypass paths between neighboring function units as well as
a cluster wide interconnect. A register file is conspicuously
absent because the use of compiler controlled data-flow in
conjunction with array variable rotation which will be dis-
cussed shortly makes architected registers unnecessary [2].
The lack of a large multi-ported register file leads to signif-
icant energy savings.

In general, cluster configurations are intended to have up
to 8 function units (FUs). This limit is imposed by a tar-
get operational frequency of 300 MHz in a 2.5V, 0.25u
CMOS process our processor was originally designed for.
The design has been subsequently scaled to work at 1GHz
in a 0.13y process. In this paper, two hardware configura-
tions whose netlists were generated by the cluster compiler
will be considered: one with 4 ALUs and 4 FPUs and an-
other with 4 ALUs, 2 integer multipliers and 2 empty slots.
Both systems have the same memory configuration shown
in Figure 1. The SRAMs labeled Input and Output are dou-
ble buffered and are 8KB and 2KB in size respectively. In-
put blocks are streamed into the Input SRAM and Output
blocks are streamed out of the Output SRAM. Left over
space is used as temporary storage. The 8KB SRAM named
Scratch holds local state and is not double buffered.

3. Memory System Architecture

Perception applications are stream oriented with a large
number of 2d array and vector accesses per elementary op-
eration. Traditional processors have a limited number or
load/store ports and this limits overall performance because
of the high number of array accesses [2]. To efficiently feed

data to function units a large number of SRAM ports are re-
quired. Increasing the number of ports on a single SRAM
or cache worsens access time and power consumption. This
motivates our choice of multiple small software managed
scratch SRAMs. It is also possible to power down SRAMs
which are not required. For low leakage processes a large
fraction of the energy consumption is in the sense amplifiers
of the SRAM ports. They consume approximately 50% of
the processor energy in our 0.25, implementation. Mech-
anisms to efficiently use these expensive resources are im-
portant for both performance and energy conservation.

Hardware performance counter based measurements on
a MIPS R14K processor showed that 32.5% (Geometric
mean) of the executed instructions were loads/stores for a
set of benchmarks described in Section 4. The high rate of
load/store operations combined with the regular array ac-
cess patterns makes it feasible to overlap computation and
SRAM access possible using hardware accelerators. A large
fraction of the remaining 67.5% execution component is ar-
ray address calculations that support load/store operations.
Our approach is to associate with each SRAM port, an ad-
dress generator that deals with common access patterns of
streaming applications.

Before we delve into details, please note that though
the scratch-pad memory system is evaluated in the con-
text of our processor it is applicable to any processor which
has an immediate constant field in load/store instructions.
To reap the benefits from our approach 4 new instructions
are required: a) write_context context_index, src_reg
— transfer a description of the access pattern from the
source register to a context register within the mem-
ory system. b) load.context dest_reg, context_index
and store.context context_index, src_reg — these
are loads/stores that use our address generation mecha-
nism. The context_index encoded into the immediate
constant field of the instruction specifies the address gen-
erator to be used and the index of a context register within
it. ¢) push_loop context_index — let the memory sys-
tem know that a new loop is starting.

3.1. Loop Unit

The index expressions of array accesses in a multi-level
nested loop will depend on some subset of the loop vari-
ables. The purpose of the loop unit is to compute and main-
tain the loop variables required for address generation in the
memory system while the loop body itself is executed in the
function units. Figure 2 shows a simplified organization of
the loop unit.

In our current implementation, the loop unit can keep
track of four levels of loop nest at a time which is suffi-
cient for our applications. For larger loop nests the address
expressions that depend on additional outer loops may be
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Figure 2. Loop Unit

done in software as in a traditional processor. A four en-
try loop context register file holds the encoded start and end
counts and the increment of up to four inner most for loops.
Loop initiation interval represented as Il in the figure is also
stored. For normal loops the Il is the latency of the loop
body. For modulo scheduled loops this is the modulo initi-
ation interval — the period between starting successive in-
stances of the loop body. Writing a context into the loop
context register file is a single cycle operation. Loop con-
texts represent the static parameters of the loop. The corre-
sponding dynamic values of the loop variables are held in
the loop counter register file. The only other piece of in-
formation required is the current loop nest, i.e., which loop
body the program counter is currently within. A four en-
try loop stack captures this information.

Just before starting a loop intensive section of code,
loop parameters (perhaps dynamically computed) are writ-
ten into the context registers using write_context instruc-
tions. On entry into each loop body, a push_loop instruc-
tion pushes the index of the context register for that loop on
to the stack. The top of the stack thus represents the loop
body within which the program counter is at the moment.
An Il counter repeatedly counts up to the initiation interval
and then resets itself. Every Il cycles, the loop increment is
added to the loop variable that is held in the loop counter
register file. When the end count of the loop is reached, the
inner most loop will have completed. The top entry is auto-
matically popped off the stack and the process is repeated
for the enclosing loop. Note from Figure 2 that the registers
and datapaths have small widths of 4 and 9 bits that cover
most common loops. Loops which don’t fit this size can al-
ways be done in software, so the reduced bitwidths save en-
ergy in the common case.

3.2. Stream Address Generators

Address computation for array and vector references is-
sued to an SRAM port are handled by its attached stream
address generator. The operation of the address generator
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depends on loop counters from the loop unit and array pa-
rameters like base address and row size that are stored in
its address context register file. Figure 3 shows the inter-
nal structure of an address generator.

struct Conplex AIN[M;
struct Conplex B[N [K];
for(i=0; i<N i++) {
for(j=0; j<M j++) {
t1 = Ali][j].img;
for(k=0; k<K; k++) {
t2 = B[i][k].real;

Figure 4. Array Access Example

3.2.1. Array Address Expression To understand how
this simple structure can accomplish a variety of ad-
dress calculations, it is essential to understand how a
compiler generates addresses for array references. Con-
sider the 2d arrays declared and used in C as shown in
Figure 4.

To simplify the discussion, we will assume word oriented
addressing. The size of a Complex, denoted as elem _size
is 2 words. Thus, the size of one row of A is row_size =
elem_size * N. The offset of imag within the struct is 1. If
the base address of A is Base4, then the base addresses
of the imag field will be Basejpm.g = Basea + 1. SO
the address expressions corresponding to the load into ¢1 is
Baseimqg+ixrow_size+ j*elem_size since C stores ar-
rays in row major order. A vector is a single dimensional
array, so its address expression is just a special case where
row_size = (. For more complex index expressions of the
form P x i + Q, the factors P, () may be absorbed into the
row size and base address respectively. A column-walk of
the form A[j][¢] can be evaluated similarly. By constrain-



ing the row size to be a power of two, the address expres-
sion reduces to address = Base + ((i << x)|(j << y)).
The function of the address generator is to compute the
address expression. For cases where row size cannot be a
power of two, to help pack more data into the scratch mem-
ory, row size may be picked as the sum of two powers of two
and separate expressions may be used to access the bulk of
the array and the residue. For arrays with n > 2 dimen-
sions, the base address is repeatedly recalculated to account
for n — 2 dimensions and the last two levels of loop nest
are left to the hardware to deal with. Not all array accesses
need to use the same loop variables. In the example, the ac-
cess of B depends on i, k& unlike A which depends on 1, j.
The address generator knows how to pick the correct loop
variables and plug them into the address expression.

3.2.2. High Level Operation Before entering into a loop
intensive section of code, the compiler uses write_context
instructions to write descriptions of array access patterns
into the address context register files of address generators.
For increased throughput the same access pattern may be
written into multiple address generators. Each address con-
text includes the row and element sizes, the base address as
well as the loop counter indices that correspond to the ar-
rays loop variables. In our current implementation there are
four context entries in each address generator correspond-
ing to a total of 24 access patterns simultaneously. Since
write_context is a single cycle operation, dynamic reconfig-
uration has very low overhead. The parameters for an ar-
ray access pattern are packed into a single 32-bit word with
the base address at the Isb. So arithmetic can be done on the
packed word to update the base address dynamically.

When the compiler generates code for an array access,
the index of address generator and the index of the address
context register within that generator are encoded into the
immediate field of the load/store instruction. The selected
address generator then uses the context index field to re-
trieve the array parameters from the context register file as
shown in Figure 3. The retrieved context entry specifies the
loop variables to be used for calculating the address. The
muxes at the top right of the figure use this information to
select the appropriate loop variables. The shifters then shift
the selected loop variables and the result is O Red and added
to the base address to generate an address. To improve the
processors cycle time, pipeline registers have been inserted
just before the final add operation.

Several special cases are handled in the address genera-
tor. It is common to unroll loops by a small factor and soft-
ware pipeline them for performance. In that case, instead of
using 2 loop variables, it is possible to use one loop vari-
able and one unroll factor to compute the address. The un-
roll factor is packed into the immediate field of the instruc-
tion and selected in lieu of the loop variable using the upper
2x1 mux in the figure. When the access pattern is too com-

plex to be handled by the address generator, the lower 2x1
mux selects an address that is computed by an ALU. To han-
dle vectors and ALU generated addresses with one or zero
loop variables respectively, the loop unit has a special loop
counter which is always zero.

3.2.3. Array Variable Rotation Setting the modulo pe-
riod field in the address context to a non-zero value unlocks
a performance enhancing feature called Array Variable Ro-
tation. Modulo scheduling makes it is possible to overlap
the execution of multiple instances of the inner loop body.
Assume that k loop from our example has a latency of 30 cy-
cles and that after satisfying resource conflicts and data de-
pendences it is possible to start a new copy of the loop body
every 5 cycles. Then, up to 6 copies of the loop body could
be in flight through the execution pipeline. To get data de-
pendences correct for new loop bodies, the loop variable
should be incremented every 5 cycles. However, when it is
incremented, old instances of the loop body which are in
flight will get the wrong value and violate dependences for
load/store instructions that happen close to the end of the
loop body.

The traditional solution is to use multiple copies of the
loop variable in conjunction with the VLIW equivalent of
register-renaming — a rotating register file. Multiple address
calculations are performed, the appropriate values loaded
into the register file and the register file is rotated. For long
latency loop bodies with short initiation intervals, this leads
to increased register pressure. Our solution to this problem
is to increment a single copy of the loop variable every ini-
tiation interval and compensate for the increment in older
copies of the loop body which are in flight. The compen-
sation factor which is really the modulo period is encoded
into the immediate field of load/store instructions. It is sub-
tracted from the loop variable’s value to cause dependences
to resolve correctly. In effect, this has the effect of rotat-
ing the array variable and letting a generic expression like
Ali][4] be re-bound to separate addresses. Array variable ro-
tation, permits using the entire scratch pad memory as a ro-
tating register file with separate virtual rotating registers for
each array in the program. Though array variable rotation
can be used in conjunction with a rotating register file, it is
much more powerful. Our processor does not have an archi-
tected register file a all — it merely uses array variable rota-
tion in the place of register-renaming to achieves very high
throughput at low power.

3.2.4. Addressing Modes The address generator can di-
rectly compute array references of the form A[ix P+ Q][j

R+ S]. field and vector accesses when both loop variables
are nested loops, when one loop has been unrolled, and
more importantly when the inner loop has been modulo-
scheduled. For higher dimensional arrays, the base address



is repeatedly re-computed using an ALU and the last two di-
mensions are handled by the address generator.

Another important access pattern is indirect access of the
form A[B[¢]]. This happens in the bit-reversal phase of an
FFT and is a common ingredient of neural network evalua-
tion. It is also a generic access pattern — any complex access
pattern can be pre-computed and stored in B[] and used at
run-time to access the data in A[]. By passing an ALU gen-
erated B[i] address through the adder in Figure 3 thereby
offsetting it with a base address we provide indirect vec-
tor access. The ALU address can be computed or it can be
streamed into the ALU from SRAM by another address gen-
erator. Using two address generators and an ALU in con-
junction, complicated access patterns may be realized with
high throughput. If the cost in terms of SRAM and func-
tion unit usage becomes too high, the address generator
may be extended for other application specific access pat-
terns. The stream address generator effectively converts the
scratch-pad memory into a vector register file that can op-
erate over complex access patterns and even interleave vec-
tors for higher throughput. Thus, it unifies the vector and
VLIW architecture styles.

4. Evaluation

The benefit of this approach is tested on ten benchmarks
that were chosen both for their importance in future embed-
ded systems as well as for their algorithmic variety. In or-
der to compare our approach to the the competition, four
different implementations are considered: 1) Software run-
ning on a 400 MHz Intel XScale embedded processor. 2)
Software running on a 2.4 GHz Intel Pentium 4 processor.
We note that the Pentium 4 is not optimized for energy effi-
ciency but more efficient processors can not currently sup-
port real-time perception tasks such as speech recognition.
3) A micro-code implementation running on our cluster ar-
chitecture. 4) Half the benchmarks are compared to custom
ASIC implementations.

4.1. Benchmarks

The first two algorithms called GAU and HMM are dom-
inant components of several speech recognizers. Together,
they consume 99% of the execution time of the CMU
Sphinx 3.2 speech recognizer [7, 2]. Fleshtone, Erode and
Dilate, are used for image segmentation in a visual feature
recognition system [2]. Rowley is a neural network based
face detector [10]. Viola is a wavelet based face detector
[12]. FFT, FIR and Rijndael represent the DSP and encryp-
tion domains. These were added to test the generality of our
approach. FFT implements a 128 point complex to complex
Fourier transform on floating point data. The cluster imple-
mentation uses a simple radix 2 algorithm. The software

version on the Pentium uses FFTW, a highly tuned FFT im-
plementation which is believed to be one of the fastest in the
world. FIR implements a 32 tap finite impulse response fil-
ter. Rijndael, the AES standard is used here to encrypt 576
byte network packets using a 128 bit key. Rowley, GAU,
FFT and Fleshtone are floating point intensive. The remain-
ing benchmarks are integer only computations. Some com-
ponents of GAU, Rowley and Fleshtone may be vectorized
while the rest of the algorithms cannot. HMM is intensive
in data dependent branches which may be if-converted.

4.2. Metrics

Gonzalez and Horowitz show that a good metric of archi-
tectural merit should be based on the rate of work per energy
or an energy delay product [5]. Both architecture and semi-
conductor process influence the energy delay product. Since
the feature size of the process, A, has a large impact it is nec-
essary to normalize designs to the same process for compar-
ison. Under ideal scaling conditions the energy delay prod-
uct scales as \* [6]. Since the threshold voltage rarely scales
ideally, a more reasonable energy delay scaling model lies
between A\? and A3 [5]. Hence, we have chosen a A3 basis,
where delay and energy are each scaled by A2 and X respec-
tively.

4.3. Experimental Method

This evaluation is based on a 0.13; hardware design of
our cluster operating at 1GHz, 1.6v. The design is simu-
lated at the transistor level using Spice while running the
micro-code for the benchmarks. Spice provides a supply
current waveform which is used to compute instantaneous
power consumption. Numerical integration of power over
time provides the energy consumption. The SRAMs are
generated as macro-cells by a CAD tool. Simulating the en-
tire SRAM array using Spice is not feasible. For SRAMS
we log each read, write and idle cycle and compute the en-
ergy consumption based on the read, write and idle current
reported by the SRAM generator. Each benchmark is run
for several thousand cycles until the energy estimate con-
verges. Netlists have clock trees and pessimistic heuristic
wire loads incorporated.

For the XScale and Pentium experiments, the PCBs have
been modified to permit a current probe and a digital oscil-
loscope to measure average processor current. The XScale
does not have floating point instructions required for some
of the benchmarks. We therefore compare against an ideal
XScale which has FPUs which have the same latency and
energy consumption as an integer ALU. This is done by re-
placing each floating point operator in the code with a corre-
sponding integer operator. The computed results are mean-
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ingless, but the performance and energy consumption repre-
sent a lower bound for any real implementation with FPUs.

5. Reaults

The basic design of the memory system focused on the
need to provide high data rate to the function units. This
leads to high function unit utilization and high IPC. Fig-
ure 5 shows the IPC of the cluster compared against the IPC
measured using h/w performance counters on a MIPS R14K
CPU. The cluster vastly outperforms the out of order pro-
cessor and the memory system component of the IPC alone
is 2 to 3 times that of the R14K.

For stream computations, a very important consideration
is if a system has sufficient throughput to be able to pro-
cess the data rate in real-time. Figure 6 shows that the clus-
ter architecture outperforms the Pentium 4 by a factor of
1.75 (Geometric Mean). The real advantage of the architec-
ture becomes apparent in Figure 7 where it may be seen that
this throughput is achieved at energy levels that are on av-
erage 16x better than the XScale.

Figure 8 shows that the cluster architecture improves the
energy delay product over the Xscale by 135 times (Geo-
metric Mean). Note that the last two graphs use a log scale.
This radical improvement suggests that when high perfor-
mance, low design time and low energy levels are crucial,
the cluster is an attractive option.
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6. Related Work

The use of memory hierarchies to save power has been
explored by Panda [9] and the use of scratch-pad memo-
ries has been shown to be effective [3]. Increasing perfor-
mance via VLIW techniques is a common theme in mod-
ern embedded systems including mapping and instruction
scheduling techniques [8, 4, 1]. Efforts have demonstrated
the benefit of VLIW architectures for either customization
or power management [11]. Processors like the IBM Elite
DSP include vector extensions that can operate on disjoint
data similar to our cluster.

7. Conclusions

Combining domain specific execution clusters with a
high performance scratch-pad memory system can produce
high performance low-power accelerators for embedded
streaming applications. This approach has a number of ad-
vantages: the design cycle is extremely short when com-
pared to an ASIC; it achieves an energy-delay product that
is 135 times better than an idealized Intel XScale proces-
sor while delivering 1.75 times the performance of a Pen-
tium 1V system; it makes sophisticated perception applica-
tions possible in real-time within an energy budget that is
commensurate with the embedded space.
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