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Abstract

To accomodate standards changes and algorithmic im-
provements, functional reconfigurability is increasingly de-
sired for media processing. Such adaptability, however, gen-
erally comes at significant power cost. This work suggests
that another dimension of adaptation can be beneficial —
power adaptation. Through a unique compiler—hardware ap-
proach, we (1) demonstrate an extension to the state-of-the-
art in data analyzability, yielding better control over scratch-
pad data management, and (2) combine this knowledge with
an SRAM having variable latency and access properties,
yielding adjustable power savings. Building upon the com-
piler techniques presented in [1], we evaluate the severity of
the current on-chip storage power problem and detail how
SRAM structures can be built to enable data power sav-
ings for media applications. We show how the implemented
compiler techniques can be applied to other problems in the
embedded/media processing domain, and present net data
power savings results for a suite of media and telecommu-
nication applications, including MPEG-2, MPEG-4, H.263,
and JPEG-2000.

1. Introduction

In the embedded space, processors were traditionally small
and specialized. However, increases in the performance re-
quirements of consumer devices have necessitated multi-issue
architectures with large amounts of on-chip storage. The in-
creasing proportion of power consumed by this on-chip data
storage is cause for concern. Currently, up to 50% of high-
end embedded device power may be dissipated in on-chip
data storage [2]. Many previous works have focused on em-
bedded cache power consumption [2, 3], but as indicated
in Table 1, numerous embedded processors have significant
amounts of on-chip, non-cache SRAM, which may also con-
sume a large amount of data storage power. Despite being par-
titioned or banked, the large logical capacity of many SRAMs
results in higher static and dynamic power consumption rel-
ative to smaller data caches.® Clearly, the power consump-
tion of non-cache data storage needs to be addressed for high-
performance embedded processors.

tDynamic power estimates in Table 1 were calculated us-
ing XCACTI [4], assuming a 0.13um technology. Dynamic
power considers banking, cache associativity, and port counts;
static power is based only on data array size, neglecting addi-
tional power from tag storage.
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Our study of embedded applications has revealed signif-
icant opportunity for reducing the power consumed by data
accesses by providing differentiated service according to data
access needs (giving fast access to critical loads and using
low-power storage for less access-time or bandwidth critical
data). Software control is necessary to maintain predictabil-
ity and preserve applicability for deadline-conscious systems,
and performance degradation should be explicitly controlled
to allow optimization of system-level power. For the pre-
sented scheme, amortization of any configuration cost can be
ensured, being enforced by use of the compiler to guarantee
extended periods of stability.

This paper suggests a physical structure and presents soft-
ware algorithms for an automated, compiler-managed, ap-
proach to program-wide data power savings. Power reduction
is achieved using configurable SRAM that provides differen-
tiation of data access time and port counts within multi-line
regions of a single on-chip structure. SRAM configuration
leverages recent circuit-level techniques for power savings
in unified SRAM arrays, including Self Reverse Biasing [5],
Floating Bitlines [5, 6], and V4 Throttling [7]. Each was pre-
viously applied for hardware-controlled power savings, but
to increase predictability of both access time and average
power consumption, we instead use them in a collaborative
hardware-software approach. The compiler leverages scalable
interprocedural analysis to provide both safe and optimistic
data usage information, and perform joint operation schedul-
ing and data placement to enable use of low-power SRAM
regions. The combination of an SRAM that supports flexi-
ble low-power regions with compiler technology that can au-
tomatically map data to these regions is termed configurable
SRAM, or C-SRAM. We first outline the C-SRAM structure,
then describe the implemented compiler algorithms and their
applicability to broader scheduling challenges in the embed-
ded domain. The paper concludes with power savings results
for the proposed mechanisms.

2. Configurable SRAM

Figure 1(a) shows a conceptual view of eight multi-line
C-SRAM configuration regions. When not configured, the
baseline data storage is dual-ported and short latency, thus
not very power efficient. Figure 1(b) shows a configuration
with five short latency, dual-port regions; one short latency
single port region; one long latency, dual-port region; and one



Table 1: Embedded/DSP processors: data cache vs. on-chip SRAM power.

Processor D-Cache Size | SRAM Size | Relative Dynamic Power SRAM Static
Cost of SRAM Access Power Contribution

Atmel AT91RM3400 (ARM) 0 96K 100% 100%
Atmel AT91RM9200 (ARM) 16K 16K 11.9% 50%
Atmel AT91FR40162 (ARM) 0 256K 100% 100%
Blackfin ADSP-BF533 32K 36K 55.7% 53%
Blackfin ADSP-BF533 0 68K 100% 100%
Hitachi SH7750S (SH4) 16K 0 0% 0%
Hitachi SH7750S (SH4) 8K 8K 44.0% 50%
Infineon TC1130 4K 92K 83.4% 96%
Motorola MCF5216 2K 64K 92.5% 97%
Motorola MPC8540 32K 256K 57.6% 89%
Power405GPr 16K 4K 21.8% 20%
Power405GP 8K 4K 30.0% 33%
STMicro NOMADIK 16K 48K 55.2% 75%
T1’C6701 0 64K 100% 100%
T1°C6204 0 64K 100% 100%
Xilinx ML310 XC2VP30 0 340K 100% 100%

long latency, single port region. As calculated by the pro-
portion of total SRAM size and power savings from various
configurations, this results in an estimated static power sav-
ings of 22.8% over the baseline fast, dual-port design. Dy-
namic power cost of access to data in long latency regions
is also reduced. However, if the compiler can exploit more
code flexibility (i.e. compensate for more costly memory ac-
cesses), the cooler configuration shown in Figure 1(c) can be
used. This configuration specifies that more data be stored in
a low-power configuration, and results in an estimated 55.6%
static power savings over the baseline design.

Circuit building blocks

Subarray partitioning is common in current SRAM designs
to reduce access latency and power consumption by divid-
ing data into two or more disjoint arrays, each with separate
decoders. Without requiring further decoder replication, the
SRAM macroblock design methodology goes one step further,
calling for bitlines and wordlines to be broken into segments,
and bitline precharge and sense amp logic to be localized.
This forms blocks of memory storage cells, which are placed
adjacent to one another to form an array of the desired size [8].
Such chessboard-like means of array construction allows one
to view the array as easily partitionable both vertically (like
traditional banking) and horizontally (into contiguous multi-
line regions). This construction provides a logical multi-line
granularity for controlling access properties of stored data.

Port configuration

If two different versions of SRAM are built, one dual-
ported and the other with a single port, no control is needed
for port “configuration” and no overhead added to the SRAM
array design. The SRAMs themselves are not configurable,
but the compiler or programmer may choose to allocate ob-
jects to an array with multiple ports or an array with a sin-
gle port. This is the “customized” approach taken in previous
embedded work [9], but it neither scales well with application
growth, nor provides a straight-forward software model.

A simple method for turning a port "off” is to allow its
corresponding bitlines to float. Floating, or leakage-biased,

bitlines are not precharged on each access cycle and reduce
bitline—ground leakage current because the values stored in
SRAM cells set the bitlines to a mid-rail voltage. This voltage
is optimal for reducing leakage current across the cell access
transistors. This means, however, that these cells cannot be
read, so their corresponding port is effectively “off.” Floating
bitlines were applied to the instruction cache and register files
in [6], but the literature lacks a control mechanism that allows
their application to data storage without performance penalty.
Some recent SRAMSs have been designed with selective sub-
array precharge, which allows bitlines to float in subarrays
which do not contain the currently requested data. Early de-
code of upper address bits is used to signal bitline precharging
in a single subarray per data request. Such early decode and
selective port wake-up adds to the total access time for all
SRAM contents. For configurable SRAM, we sought to pro-
vide a port turn-off mechanism with minimal timing penalty
and granularity finer than the subarray (the macroblock). Port
usage is explicitly managed by the compiler and remains sta-
ble for the entire application run, so wake-up need not be de-
signed into C-SRAM cycle time.

Latency configuration

A fundamental rule of processor tuning is performance
sensitivity to first-level memory latency. While an indiscrim-
inate increase in memory latency will likely be detrimental to
performance, large parts of programs are capable of absorb-
ing longer memory latencies. A compiler can distinguish be-
tween those accesses required to be fast from those that can be
slowed with little or no performance impact, allowing latency
to be increased in SRAM sections holding data objects that
are not (or are rarely) accessed on a critical schedule path.

This work proposes use of DVS and Self Reverse Biasing
(SRB) [5] to increase access latency. DVS provides dynamic
power savings, while SRB cuts leakage by 80%, and can be
implemented in a programmable circuit. Both DVS and SRB
increase data access time. To simplify circuit implementation
cost and configuration logic, this work assumes there are just
two memory latencies.
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Figure 1: Conceptual view of Configurable SRAM. (a) SRAM configurable at a multi-line granularity, (b) A "hot” (high
power) configuration that saves an estimated 22.8% leakage power over no configuration, and (c) A cooler configura-
tion saving 55.6% leakage power, resulting from exploiting more code flexibility.

Table 2: Techniques leveraged to provide port and latency configuration.

Circuit Technique Contributed Configurability

Added Components

Power Saved Area Cost

Bitline Floa [5][6]

Port turn-off

Precharge gating and con-
trol

22.5% leakage / port

Bitline Float + SRB = 3%

Self Reverse Bias-

L eakage reduction when latency in-

SRB signal, nFET, pFET

80% leakage

Bitline Float + SRB = 3%

Latency increase
= Sleep

port and latency confi gu-
ration

other control line, enhanced
SRB can provide 90% ‘“deep

ing [5] creased
DVS[7] Dynamic power reduction when la- | DVS signal, second Vg4 | 46% dynamic power <2%
tency increase line
SRB + DVS Both ports off + Components included for | 80% static power; with an- | No additiona area (included

in port and latency confi gura-
tion)

sleep” power reduction

Overhead and power savings of the combination of tech-
niques proposed for C-SRAM configuration are summarized
in Table 2.

3. Object Scheduling

Placement of program data objects into storage with varied
properties, in conjunction with operation scheduling, will be
discussed as the object scheduling optimization problem. Ob-
ject scheduling determines the number, type, and size of prof-
itable data storage regions for a given application. For large,
high-performance embedded applications, balancing the cost
and benefit tradeoffs of various configurations would be an
excessive burden on an assembly programmer, and the high-
level language programmer should not be expected to manage
data layout. The compiler, however, can effectively leverage
and selectively create memory operation flexibility to exploit
power-saving data storage restrictions.

The available storage configurations and accompanying
compiler algorithm leverage both operation slack (manifested
by a schedule’s tolerance to added | oad operation latency)
and memory slot tolerance (demonstrated through memory
slot/port choice). By exploiting these forms of code flexibil-
ity present in telecommunication and media applications, the
compiler can derive both dynamic and static power savings
with either no performance degradation or a performance loss
tuned to maximize the ratio of power savings to application
slowdown [10]. In this way, the compiler bounds performance
degradation to preserve applicability to real-time applications.

Our static compiler analysis provides an object-based view
of application data usage, where an object may be any global
variable; stack array, union, or structure; or heap allocation
site (call to mal [ oc()). Interprocedural pointer analysis

provides unique identifiers for all application data objects and
the code locations in which each object may be accessed. The
compiler combines memory object access information with
knowledge of operation slack to determine the port and la-
tency requirements of each object. After the needs of all ob-
jects are identified and all operations scheduled, objects are
sorted according to their configuration options. The SRAM is
then configured to match the size of each configuration group.

The implemented compiler algorithm was able to identify
a significant amount of object-based port flexibility (average
of 53.8% of dynamic accesses, 53.1% of total data space) and
a moderate amount of latency flexibility (average 6.9% of dy-
namic accesses, 22.5% of total data space) for telecommuni-
cation and media applications. When a small amount of per-
formance degradation is tolerated (2.7%), many more objects
can be scheduled to long latency regions, bringing average
latency flexibility to 24.6% of dynamic accesses and 56.3%
of total data space (corresponding to an average of 9.4% dy-
namic power and 51.7% static data power savings).

3.1. Compilation environment

The compilation framework used is based on IM-
PACT [11]. The process used to obtain scheduled code and
place objects starts with standard C code, as shown in Fig-
ure 2. Interprocedural pointer analysis results guide a series
of classical optimizations, as well as the scheduling process.
Memory profiling provides access weights for each program
data object and helps estimate the size of active heap allocated
data. Finally, the instruction scheduler uses operation slack
and object use information to obtain either a schedule without
performance degradation, or a power-performance balanced
schedule. The following sections provide details of the com-



piler infrastructure; its applicability to other problems in the
embedded/media processing domains; handling of multipro-
gramming and caching; treatment of local and heap variables;
and joint object placement and operation scheduling.

3.2. Interprocedural pointer analysis

Conceptually, pointer analysis aims to describe the poten-
tial targets of each pointer. Pointer access information gives
the compiler a view of an application’s memory activity and
can be critical for tasks like register promotion, scheduling,
memory dataflow, debugging, and verification. It is also cen-
tral to automated software management of data access proper-
ties, since the compiler must ensure that all objects accessible
through the same set of pointers must be placed in compatible
configurations, particularly with regard to port assignment.

While the goal of pointer analysis is straightforward, the
realization of this goal is complicated by the variety of possi-
ble formulations, each with its own strengths and weaknesses
with respect to accuracy and scalability. Accuracy measures
how closely the derived pointer relationships match those ac-
tually realizable by the program. Scalability measures the ap-
plicability of an algorithm to a range of programs with a vari-
ety of characteristics (size is not the only consideration-a 10
million line program lacking pointer use is easy to analyze).
Due to the real-time constraints of many media applications,
it is essential that an analysis be accurate, 2 and since applica-
tion complexity is growing, analyses should be scalable. The
increasing body of media codes written in C and Ct* also
leads us to support unmodified high-level language code, with
arbitrary pointer and dynamic memory usage.

The algorithms we used for interprocedural pointer analy-
sis are similar to, but more general than, those used in [12],
which have been shown to work efficiently for large programs
having complicated pointer usage. The analysis is an Ander-
sen style, offset-based field sensitive, fully context sensitive,
heap object specializing pointer analysis. Indirect calls are
handled by forming an optimistic call graph and then iterat-
ing between pointer analysis and call graph updates until the
solutions converge. External library calls are represented by
procedure stubs that mimic the appropriate pointer behavior.

While the necessary form of pointer analysis is not always
clear, the selection can sometimes be important. For the mem-
ory operations in an MPEG-4 benchmark function, Figure 3
shows which objects these operations appear to access for two
pointer analysis formulations. Figure 3(a) shows the selec-
tion used in this paper, while the more chaotic relationships in
Figure 3(b) result from an algorithm similar to that published
in [13]. For the benchmarks analyzed in this paper, the time
to perform the formulation chosen for this paper ranged from
less than 0.01 second to 1 second on a 2.8GHz Pentium 4.

Pointer analysis is typically provides a conservative ap-
proximation of actual pointer behavior. For example, it may
determine that a variable A points to a variable B when, in

2From the perspective of latency configuration, missing dependencies
could lead to unexpected long latency accesses within critical paths, thereby
violating the program’s deadline constraints.

reality, no program input will result in this situation. How-
ever, a conservative result will never omit a realizable rela-
tionship. Such conservative behavior is necessary to preserve
the correctness of many compiler transformations. However,
our framework optionally allows a modified pointer analysis
algorithm that generates optimistic results, i.e. they are a sub-
set of the realizable pointer behavior. This is done via zero-
weight path exclusion, in which all zero-weight expressions
(based on a control flow profile) are excluded from pointer
analysis. While not valid for general dependence analysis, it
is useful for placement of objects into a configurable SRAM.
It is important to note that pointer analysis always excludes
provably unreachable program code, and zero-weight exclu-
sion analysis additionally eliminates code not touched during
a particular execution profile.

3.3. Variable promotion

Local variables allocated in adjacent locations on the run-
time stack can have very different port and latency require-
ments. Partitioning the run-time stack into 4 sections, so that
each corresponds to a port/latency combination, and would
grow and shrink within a different type of configuration re-
gion, would be unwieldly. In the studied application set, many
local variables (stack objects) are pseudo-global: they exist
for most of the program duration and are used heavily by mul-
tiple functions (passed by reference). To increase the effec-
tiveness of the object placement algorithm, the compiler first
promotes arrays, structures and unions from local stack allo-
cation to static global variable space (where it is correct to do
so, e.g., where there is no recursion). This enables such vari-
ables to be scheduled in a low-power region without requiring
partitioning of the stack. Remaining stack data is kept in non-
configured, i.e., high power, dual-port, short latency storage.

3.4. Heap objects

Since heap allocated objects are created dynamically, many
previous approaches to software data management (e.g., for
compiler-managed caching or scratchpad placement), have
not handled heap data. More recent high-performance appli-
cations (e.g. JPEG and MPEG) commonly make heavy use of
heap allocated objects. For these applications, excluding heap
objects from placement into low power SRAM regions would
significantly limit potential data power savings. Our approach
leverages a specialized implementation of the memory allo-
cation procedure, such as mal | oc() , to force placement of
heap objects into low-power SRAM regions.

The implementation chosen includes a parameter that de-
termines the configuration from which each mal | oc() will
allocate objects. Our interprocedural pointer analysis iden-
tifies all | oads and st or es that can access objects allo-
cated from each static call site to mal | oc() . Thus, the ob-
ject scheduling algorithm can identify the constraints on all
objected allocated from the same static call to nal | oc().
All run-time data objects allocated from a single static call to
mal | oc() must go to the same port and latency configura-
tion. For applications with only a single call to mal | oc(),
this constrains all heap objects in the program to the object



Interprocedural

Pointer Analysis
Unique Object
Identifiers Memory
Object Sizes Profiler
Standard . jmm—————
C {Access Weights!
beeccao- -
Performance
Enhancement

Classic and ILP
Optimizers

2 Ports?
1 Port? Which Port?

Operation 1 Cycle Access?
Slack 3 Cycle Access?
Instruction
Scheduler
Usage
Concurrency

Figure 2: Compiler flow: memory usage information to enable use of low-power SRAM.
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Figure 3: Pointer analysis accuracy for the mpeg4dec function Get Cont ext | nt er. The upper, horizontal row of
squares are data objects. The lower, vertical column of ellipses are memory operations from the function. For the
same memory operations, arcs represent potential object accesses, as determined by (a) the accurate pointer analysis
configuration used in this paper, and (b) a straightforward Steensgaard implementation. Note that many more objects

appear to be accessed in (b).

with the most stringent schedule restrictions. Despite this re-
striction, many heap objects can be allocated into low-power
regions.

One possible drawback to the configuration of heap ob-
jects is allocation beyond the available configuration capac-
ity. Based on an extensive study, we found that though some
allocation sites generate megabytes of data over the course
of program execution, the maximum total live object size for
many allocation sites is small and constant. Leveraging this
characteristic, mal | oc() calls can be specialized to allocate
into a low power region. For safety, such nal | oc() calls
also include a maximum spawn size. If, during the course of
program execution, a given mal | oc() requests more space
than determined as its maximum spawn size during compila-
tion, the newly requested object can be placed either into a
non-configured, i.e., maximum power region, or into DRAM,
according to the system’s specifications. Specialization of
mal | oc() according to object size has been previously im-
plemented to decrease allocation time [14] and improve speed
by minimizing fragmentation [15]. Similarly, specialization
according to chosen data access properties should have little
impact on the overhead of dynamic memory allocation.

3.5.  Algorithm implementation

For default object scheduling, a list instruction scheduler
is used on extended basic block scheduling regions. Prior
to object scheduling, local variables are promoted, machine-
independent optimizations are performed, and code is anno-
tated with profile feedback. The profiler also ranks objects by

their access weight and provides this information to the object
scheduler. A description of the architecture is read in, and a
list of possible SRAM configurations created, prioritized ac-
cording to power savings potential.

Operation scheduling is first performed to calculate a
baseline schedule for all regions. This baseline assumes
the fastest, but highest power, SRAM configuration: all
objects may be accessed through both ports, with a sin-
gle cycle | oad latency. This best-case schedule height
is recorded, along with an anticipated execution time
based on control flow profile weights. Anticipated execu-
tion time, CurrentCyc, is calculated as CurrentCyc =
Y wBlocks  2vFiows FlowWeight x FlowScheduleCyc.
A flow may be either a branch or fall-through path,
and FlowScheduleCyc is counted from the beginning of
the enclosing code region, i.e., for a fall-through path,
FlowScheduleCyc will be the region’s schedule height.

Obijects are greedily scheduled according to their overall
profiled access counts, so as to increase potential dynamic
power savings. First, the highest ranked, unplaced object is
selected. For each region from which the object may be ac-
cessed, new region schedules are computed to evaluate the
effects of placing the current object into a restricted SRAM
configuration. Five configurations need to be considered for
each object: (1) Long latency and just PortA; (2) Long latency
and just PortB; (3) Long latency and both ports; (4) Short la-
tency and just PortA; and (5) Short latency and just PortB.
Increasing latency and restricting access to a single port, (1)



and (2), save the most power. Increased latency alone, (3),
also saves both static and dynamic power but somewhat less
than (1) and (2). Port restriction, (4) and (5), provides the least
benefit, primarily through static power reduction. As code is
scheduled for each configuration, the impact of the current
access properties on schedule height, HeightPenalty, and
estimated cycle count, C'yclePenalty, is recorded.

After code generation, the possible schedules are exam-
ined, starting with the configuration that provides the greatest
power savings. The corresponding schedule’s Cycle Penalty
and Height Penalty are compared against the allowable tol-
erances, CycleT ol and HeightT ol, respectively. If no perfor-
mance degradation can be tolerated for the particular schedul-
ing run, a strict no schedule height increase restriction is en-
forced for all object scheduling decisions, meaning that if
HeightPenalty # 0, another configuration must be consid-
ered. If no schedule meets the specified tolerances, the object
must remain in the default, full-power configuration. After
a scheduling decision is made for an object (“committed”),
CurrentCyc and CurrentHeight are updated and the pro-
cess continues with the next highest ranked object.

When making object access decisions, the compiler is
aware of all program memory usage, and so encounters in-
teractions among various program data objects. Relationships
among data objects can constrain object placement and make
this decision process more difficult. The relationship between
a pair of data objects is determined in two dimensions: ob-
jects may be (1) conjoined by virtue of being accessible from
a common static operation (they are in the same pointer anal-
ysis points-to set); and (2) they may be interactive in being
accessed from within a single scheduling region (e.g., a single
basic block, superblock [16], or hyperblock [17]). Placement
of data objects not conjoined to or interactive with any other
objects may be performed in isolation because their placement
in a particular configuration will not affect scheduling deci-
sions for other objects. Decisions made for conjoined or in-
teractive data, however, may put constraints on other objects.
If a conjoined object is placed in a port-restricted region, all
objects to which it is conjoined must be accessible through
the selected port. Otherwise, at run-time, the schedule could
result in an attempt to access an object through an unavailable
port. A data port could be awoken, but this would cause a pro-
cessor stall. Similarly, if objects are interactive in a schedul-
ing region, the placement of one into a long latency region
will consume slack that might have been used to schedule an-
other long latency | oad operation. These factors sometimes
cause object placement decisions to invalidate configuration
options for lower priority objects. For example, if the object
currently under consideration has a conjoined object that was
previously scheduled to a PortA-only region, tests of Latency-
and-PortB and PortB-only are eliminated from the valid con-
figurations for the current object.

3.6. General applicability

The implemented compiler framework is very general. It
can accommodate (a) an arbitrary functional unit distribution;

(b) more or different latency and port configurations (more
latency steps, more ports); (c) different management of heap
and stack data. The architect thus has freedom to change the
processor and SRAM implementation and still use the com-
piler to identify and exploit code flexibility.

In addition to the compiler’s ability to support various di-
mensions and properties of SRAM configuration, the memory
operation flexibility exploited for configurable SRAM could
also find application for other technologies. Memory tech-
nologies currently being adopted, such as on-chip embed-
ded DRAM (eDRAM), add new dimensions to the current
cache/SRAM/off-chip DRAM hierarchy, and require a sim-
ilar decision process, which differentiates data objects based
upon access properties and performance goals. These deci-
sions are currently made by hand, and joint eEDRAM/SRAM
systems could benefit from automated data partitioning.

Classical DSPs have separate “X” and “Y” SRAMS, in-
tended for use as the source of two separate datastreams.
The canonical X/Y partition places filter tap coefficients in
X memory and signal (filter input) data in the Y memory. The
implemented algorithm was tested for X/Y data placement,
and found to be effective for filter-based telecommunication
applications. For media programs, however, each application
was found to have data conjoined to multiple disjoint object
sets. Such conjointedness requires either (a) placing all sets
of objects linked by overlapping points-to sets into the same
memory, causing severe imbalances in X/Y usage; or (b) du-
plicating the overlapping objects and issuing dual stores on
each write (one st or e operation to each memory).

3.7. Multiprogramming and caching

When considering multiprogramming and caching, three
factors relate to C-SRAM: (1) whether an object is currently
in SRAM storage; (2) whether an object may ever be in
SRAM; and (3) whether virtual memory is used in the sys-
tem. In embedded multiprogramming environments, pro-
grams commonly share data storage, and a processor is de-
signed or chosen based upon the total needs of the antici-
pated application suite. This model is necessary to ensure
predictable data access and is used for real-time systems with
relatively small data footprints. If all data, whether from mul-
tiple programs or a single application, will not fit in the avail-
able SRAM space, dynamic scratchpad allocation algorithms
can be used to swap data in and out of SRAM. Such algo-
rithms require that the compiler use cost and benefit functions
to decide which data should be in SRAM and then accord-
ingly initiate transfers. For a given input profile, the litera-
ture provides an optimal dynamic scratchpad allocation algo-
rithm [18]. The implemented compiler provides automated
power management of data once it is in C-SRAM, so is com-
plementary to previous scratchpad work.

Again, for the sake of predictability, and to store data not
used in a straight-forward LRU fashion, embedded processors
which do have a hardware cache generally also have a sizable
software-managed SRAM, as shown in Table 1. The standard
programming methodology for these mixed systems requires
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Figure 4: Modeled VLIW architecture issue slots.

that data objects be specified as cacheable or uncacheable.
Data selected as cacheable can be easily removed from the
object configuration process, and our methodology will still
facilitate power savings for data kept in non-cache SRAM.

Operating system overhead and loss of predictability also
preclude virtual memory management from use in most cur-
rent embedded systems. However, as previously mentioned,
page-based memory systems have been discussed in the lit-
erature and included in some recent products. Configurable
SRAM easily supports a page-based memory system. C-
SRAM configurations can be changed at run time, so for
either software-swapped scratchpad or virtual memory man-
aged pages, regions can be configured according to the com-
piler’s specification as it is brought into SRAM. Pages should
be sized to a multiple of the macroblock granularity and
placed at an aligned macroblock bound. This ensures that the
number of available configuration regions per page is known a
priori. Configuration bits can then be stored in a page header,
specifying the power states assumed by the compiler when
scheduling the enclosed data.

4. Results

In this section, we examine the significant savings achiev-
able through our collaborative hardware—software approach to
data management, and the impacts of profile feedback and ILP
optimization. The studied benchmarks are listed in Table 3.
While results are presented from traditional embedded ker-
nels (from EEMBC and MediaBench), we also demonstrate
the scalability of our compiler to large multimedia applica-
tions, like MPEG-2, MPEG-4, and JPEG.

Modeled architecture

Code is scheduled for an eight-wide unified VLIW archi-
tecture, with function unit distribution similar to that of the
Texas Instruments *C6x processors [19]. Figure 4 shows the
fixed assignment of functional units to slots. The processor
has eight integer ALUs, two of which can issue integer mul-
tiplies; one branch unit; and two floating-point units. Arith-
metic operations have a latency of 1 cycle; multiplies, 2 cy-
cles; divides, 8 cycles; and floating point arithmetic, 2 cycles.
By default, | oads have a 1-cycle latency, and the proces-
sor has two memory units; long latency | oads return in 3
cycles. Intrinsic operations are used to represent DSP instruc-
tions specified in the g724 benchmarks.

Code Optimization

Control profile guided inlining is applied with an allow-
able touched static code size expansion ratio of 1.2. Classical
compiler optimization is also performed on all code before
scheduling takes place, including constant and copy propa-
gation, dead code removal, loop invariant code removal, and
redundant load elimination. ILP-enhancing techniques used
for results at the end of this section include loop unrolling,

loop peeling, predication, and hyperblock and superblock for-
mation.

4.1,  Scheduling with no performance tolerance

When performance degradation cannot be tolerated, the
compiler is able to identify a significant number of objects for
placement in port-restricted configurations, and a moderate
number for placement in long-latency regions. Net schedule
height, and thus anticipable execution time, is not increased.
Figure 5 shows the dynamic and static SRAM power savings
corresponding to non-degraded object schedules. A value of
40% static power savings in Figure 5 represents a 40% de-
crease in static power alone. For the sake of space, both static
and dynamic power are shown in the same column, but the
two values are independent (if no SRAM data power were
consumed, the column total would be 200%). On-chip data
storage has been indicated to consume upwards of 50% of to-
tal dynamic processor power [2]. In future technologies, en-
ergy dissipation from leakage (static power) may equal that
of switching (dynamic power) [6], so it is important to con-
sider both components of total power consumption (static and
dynamic).

Reductions in data power are shown for data placement de-
cisions made after four types of pointer analysis: (1) an inac-
curate pointer analysis formulation (S, Steensgaard analysis);
(2) a very accurate set of pointer analysis options (Afch, An-
dersen style, field-sensitive, context-sensitive, heap-sensitive
analysis); and (3) zS and (4) zAfch, which are optimistic,
profile-enhanced versions of (1) and (2), respectively. Power
savings generally increase as data objects are placed in low-
power configurations based on increasingly accurate, and in-
creasingly optimistic, pointer analyses. For some application
pairs shown in Figure 5, e.g. g721dec and g721enc, the ac-
curacy of analysis and the effects of profile refinement have
similar effects on data power savings, so only one is shown in
the figure.

For non-optimistic analyses, the strength of an interproce-
dural analysis formulation does not always have a significant
impact on net power savings. This is because many DSP ap-
plications can be accurately analyzed with a relatively inac-
curate Steensgaard formulation. However, in some cases, it
does reduce constraints on critical objects, causing a notice-
able change in power savings, notably for benchmarks con-
ven00 and h263enc, each of which sees a drop of around 10%
in static power, due only to the improved accuracy of memory
usage information between S and Afch analysis formulations.
The benefits of analysis accuracy are generally observed for
applications in the media and image domains, where pointer
usage is more complex. Nevertheless, our best analysis runs
in negligible time (0.1-1 sec), so it is worthwhile to always
use the best analysis, so as to capture these opportunities for
improving results.

4.2. Optimistic, profile-based refinement of IPA

Zero-weight interprocedural analysis noticeably reduces
the total number of dependence arcs present in an applica-
tion. However, for data power savings, it is still important



Table 3: Benchmarks from MediaBench, ETSI, EEMBC, JasPer, and independent authors.

Applications Source (Size - LOC) Description
adpcm{dec]enc} MediaBench (0.3K) Intel/DVI ADPCM codec
g721{dec]enc} MediaBench (1.5K) Voice compression according to the CCITT G.721 standard
g724{dec]enc ETSI (6K,11K) GSM 06.60 EFR speech transcoding, state-of-the-art digital cellular comm.
gsm {dec|enc MediaBench (5K) Lossy sound compression according to the GSM 6.10 RPE-LTE standard
jpeg {dec|enc MediaBench (7K) Independent JPEG Group photo decoder/encoder
h263 {dec/enc Independent (5K, 8K) H.263 video decoder/encoder, Telenor implementation
mpeg2{declenc} | MediaBench (9K, 7K) | MPEG-2 video decoder
mpeg4dec MoMuSys (50K) MPEG-4 simple profi le video decoder
mpg123 Independent (11K) MPEG-2 Layer 3 audio decoder.
jpg2Kdec Independent (27K) JPEG-2000 Part-1 standard (1SO/IEC 15444-1) ref. dec. from JasPer Project.
autcor00 EEMBC (1K) Autocorrelation: Code-Excited Linear Pred. (CELP) fi Iter transfer function matching
conven00 EEMBC (1K) Convolutional encoder: V.xx modem output stream encoding to enable error det/cor
fbital00 EEMBC (1K) Bit allocation: data distribution into ADSL frequency bins
fft00 EEMBC (1K) Fast Fourier Transform: 256-point complex decimation in time algorithm
viterb00 EEMBC (1K) Viterbi decoder: embedded |S-136 channel coding
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that this optimistic analysis have an accurate foundation. The
difference between zAfch and zS results in Figure 5 highlight
the additional power savings benefit (over zS) which may be
achieved when an accurate analysis (Afch) underlies the zero-
weight algorithm.

As explained in Section 3, data configuration decisions
made for objects which are neither interactive nor conjoined
with other objects are made independently of decisions for
other objects. Since they do not consume slack or port re-
sources that might have been allocated to another object, these
object placement decisions are optimal. For a selection of the
benchmarks shown in Figure 5, Figure 6 shows the amount of
power savings which is attributable to independent objects.
Zero-weight analysis clearly reduces the constraints on the
object scheduling problem, and allows many more indepen-
dent object placement decisions.

4.3. Profile-guided performance degradation

Object scheduling results for a moderate performance
degradation bound (no benchmark degraded more than 5% for
the reference input) are shown in Figure 7. These results cor-
respond to the non-degraded Afch results shown in Figure 5.
Allowing this slight slowdown most noticeably increases op-
portunity for object placement in long latency regions, ac-
counting for the increase in dynamic power savings relative
to the undegraded schedules.

When performance degradation is allowed, the compiler
uses a control flow profile to anticipate the net performance
effects of restricting ports or increasing access time of indi-
vidual objects. The average 2.7% degradation for our “moder-
ate” performance tolerance schedule corresponds in Figure 7
to an anticipated data power savings of 51.7% static power
and 9.4% dynamic power. Assuming that on-chip data storage
consumes 50% of overall processor power [2], the system-
wide power : per formance ratio falls well above the thresh-
old of beneficial power-savings techniques. This power bene-
fit relies on an already low-power design style, and low-power
TSMC process parameters are used for calculating anticipated
dynamic power savings.

5. Related Work

Cache adaptation

Configurable SRAM is a form of adaptation to applica-
tion characteristics. The term Complexity Adaptive Proces-
sor was coined in 1998 by Albonesi to mean one whose re-
sources adapted to the needs of an application [20]. Follow-
ing this, most adaptive approaches have targeted the expense
of cache associativity by allowing ways to be disabled dur-
ing periods of high cache hit rates. Among these proposals
are [2], [21], [22], and [23].

Each of these adaptive cache methods only explores one
dimension of configuration — ways, line size, or total cache
size, and thus does not have the potential and flexibility of the
evaluated set of SRAM configurations. Previous approaches
are generally hardware methods, and so introduce perfor-
mance and power variation into the system. With the excep-

tion of [2], the above studies consider general-purpose work-
loads, and none provides a clear explanation of the relation
between application data usage properties and the efficacy of
their adaptation.
Hardware sleep management

While we are not aware of previous work which leverages
concurrent configuration of latency and ports, there are sev-
eral existing mechanisms for reducing SRAM leakage by con-
trolling cache sleep states, including [24], [7], and [25]. Some
of these techniques have only been demonstrated for instruc-
tion caching and most rely on hardware mechanisms.

The Drowsy cache [7], [26] periodically puts all lines into
a data-maintaining state, and then incurs a cycle penalty to
wake accessed lines. Decay caches [25] accelerate eviction of
unused cache lines by turning off lines containing data which
has not been recently accessed. A hardware-based per-line
mechanism masks the inefficiency of cache replacement al-
gorithms, rather than substituting a new mechanism for hard-
ware caching. Decay is not applicable to non-cache SRAM
because the sleep mode used does not maintain data values.
Both Decay and Drowsy caches use per-line control mecha-
nisms so incur significant configuration area expense in the
memory array design. Both techniques also entail perfor-
mance loss which is not predictable, and have swings in the
amount of power consumed on a per-line basis, making them
less attractive for the embedded domain.
Compiler-controlled sleep for leakage savings

Zhang et al. [27] propose a compiler mechanism to place
lines of an instruction cache into either a state-preserving or
state-destroying mode by dynamically scaling supply volt-
age. The technique only applies to instruction caching, and
does not address the power consumption of data storage. We
are aware of only one work that takes a compiler-based ap-
proach to data cache sleep management [24]. [24] leverages
data-reuse analysis to place data that will not be used by cur-
rent computation into a state-preserving sleep mode. The au-
thors discuss the effects of several code transformations on
the performance and power savings of their technique, but
their overall performance degradation is not predictable and
can be worse than that of hardware managed cache sleep tech-
niques. Their approach also significantly differs from ours in
that it does not statically resolve object relationships, does not
reschedule code to achieve further power savings, and does
not necessarily achieve power savings without performance
loss.
Data re-layout

In the general-purpose domain, profile guidance has been
employed for data re-layout to increase hardware cache spa-
tial locality [28],[29]. These works minimize cache misses
(i.e., average access latency), given a fixed instruction stream
and caching mechanism. Power is only impacted peripher-
ally as L2/L3 request servicing is diminished — performance
is the primary target. Our integration with the static instruc-
tion scheduler instead allows modification of operation-level
data access behavior (in terms of expected latency and port
resource utilization). Rather than mitigating the hardware ef-



fects, the C-SRAM approach changes hardware behavior so
as to directly, and predictably, save power.

6. Conclusions

This work has proposed and evaluated configurable
SRAM, a means for leveraging low-power circuit techniques
to expose on-chip SRAM port, latency, and sleep configura-
tion to software. While maintaining applicability to real-time
and performance-constrained embedded systems, C-SRAM
uses compiler analysis to jointly control data power manage-
ment and operation scheduling, requiring no change in the
system programming model, and providing means for stack
and heap data power savings. Circuit, microarchitecture, com-
piler, and programming constraints were all considered in the
design, realizing an effective hardware—software collabora-
tion for addressing the power challenges of high-performance
embedded systems.
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