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Abstract

Low energy consumption is becoming the primary design con-
sideration for battery-operated and portable embedded sys-
tems, such as personal digital assistants, digital still and
movie cameras, digital music playback, medical devices, etc.
For a typical processor-based system, the energy consumption
of the processor-memory component is split roughly 40-60%
between the processor and memory. In this paper, we study the
impact of reordering memory bus traffic on reducing bus
switching activity and power consumption. To conduct this
study, we developed a software tool, called MPOWER, that
lets an embedded system designer collect a trace of memory
bus accesses and determine the switching activity of the trace,
given design parameters such as data and address bus width,
bus multiplexing, cache size, block size, etc. Using MPOWER,
we measured the effectiveness of reordering memory accesses
on switching activity. We found that for small caches, which
aretypical of embedded processors, the number of signal tran-
sitionsin an ideal case can be reduced by an average of 53%.
This paper also describes a practical hardware scheme for
reordering the elements within a cache line to reduce switch-
ing activity. We found that cache line reordering reduces
switching activity by 15-31%.

1. Introduction

In the past decade, the demand for small, battery operated
embedded systems, such as cellular phones, digital motion and
still cameras, persona digital assistants (PDAs), medical
devices, etc., has seen explosive growth. For example, in 1997,
163 million cellular phones were shipped worl dwide with mar-
ket growth expected to reach 356 million units in 2000 [21].

Not only has the sheer demand for battery-operated devices
grown, but the expectations of those devices has also increased
dramatically. As the capabilities of handheld portable systems
continue to increase, there is an ever greater need for more
computing power with extended battery life. Indeed, in the cel-
lular phone and |aptop computer markets, processing capabili-
ties and battery life are two of the most important features that
manufacturers use to differentiate their products.

Although aggressive processors such as Hewlett-Packard’s
PA-8500 [12] and Compaq's Alpha 21264 [13] have the pro-
cessing capabilities demanded by high-performance embedded
applications, they are not suitable for small portable devices
due to high power consumption and heat dissipation (for
example, the Alpha 21264 dissipates 72 watts of power [11]).
To solve this problem, new processors are being developed
which have high performance, while offering low power con-
sumption [8,22].

This paper studies the impact of reordering memory bus
transactions on the switching activity and power consumption
of the memory system. We developed a tool set, called
MPOWER, for evaluating the impact of memory bus design
on power consumption. MPOWER lets an embedded system
designer vary the underlying bus protocol and structure to
determine its effect on the power/energy budget. In this paper,
we use MPOWER to answer the question of whether reorder-
ing memory bus transactions is worthwhile for embedded pro-
cessors, and in what situations to apply it. We aso briefly
outline in this paper a hardware scheme for reordering a cache
line to reduce switching activity based on the encouraging
results from our initial experiments.

The rest of this paper is organized as follows. Section 2
presents background material on power consumption, and Sec-
tion 3 describes the goal of bus transaction reordering. Section
4 presents a detailed performance analysis of the effect of dif-
ferent memory bus structures and cache sizes on the ability of
bus reordering to reduce switching activity. Section 5 briefly
sketches an application of reordering to the data elements of a
cache line and how reordering within a cache line can reduce
switching activity. Section 6 describes related work, and Sec-
tion 7 concludes the paper.

2. Power Consumption

The amount of power consumed by a portable system is a use-
ful metric for determining the maximum current that a battery



must supply. It is also useful for determining the packaging
features needed to handle an embedded processor’s expected
heat dissipation. Along with power consumption, a device's
energy should be considered because it measures power con-
sumption over time and determines battery life:
energy = power ~ time

We need to be careful that architectural features that reduce
power consumption do not increase execution latency so much
that there is no net decrease in energy consumption. In CMOS
circuits, the power consumption due to dynamic switching (or
so called “hit flips”) dominates the power lost to static leakage
[5]. The average power of a CMOS device, caled P, can be
expressed in terms of its switching activity:

Pavg = ar ¥k G ><VZDD
where at is the switching activity factor (i.e., the average
number of signal transitions per clock cycle), fo k isthe clock
frequency, C,y,q IS the capacitance load, and Vp is the supply
voltage. Assuming that fc k, Cjoag, @d Vpp are held constant,
switching activity determines the power consumption of a
device.

In the case of off-chip resources, the capacitance load is
very large relative to on-chip resources, and high C;,,4 leadsto
high power consumption (i.e., the drivers for external pins are
very large and consume much power when driving long wires
with high capacitance). Thus, reducing the average number of
signal transitions when driving externa pins reduces overall
energy consumption, assuming execution latency is not
increased. For the memory bus, which accounts for 15-30% of
the memory hierarchy’s energy consumption [10], reordering
bus transactions to minimize switching activity may signifi-
cantly reduce the energy consumption of the memory hierar-
chy. This paper focuses on reducing ay for the externa
memory bus. Improving a corresponds to reducing the num-
ber of signal transitions that occur over a program’s execution
lifetime, and for this paper, we use the reduction in switching
activity as our metric to indicate reduced power consumption.
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3. Memory Bus Reordering

Because off-chip memory accesses are very expensive power-
wise, we are studying how much reordering bus transactions
(to minimize signa transitions) reduces overall energy con-
sumption.

One strategy for reducing the number of bit flips on the
memory busis to schedule bus transactions (we consider a bus
transaction to be aread or write of a single word) in the order
in which they would cause the minimal signal changes. Of
course, the dependences between bus transactions must be
taken into account. For example, a load that follows a store in
program execution order can not be scheduled before the store
(assuming they use the same address). Likewise, an instruction
that causes a data cache line replacement must be scheduled
before the transactions that replace the line.

To investigate the effect of reordering bus transactions on
energy consumption, we incorporated a transaction scheduler
in MPOWER. The scheduler maintains a list of recently seen

off-chip memory access events (e.g., a request to load a cache
line), and schedules bus transactions from the list according to
which transaction causes the least bit flips given the current
state of the bus. The scheduler ensures that all dependences
between instructions and memory reads and writes are satis-
fied by building the dependence graph on-the-fly and only
scheduling transactions that are leaf nodes. The transaction
scheduler uses priority list scheduling, where the priority isthe
number of bit transitions between successive bus transactions.
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Figure 1: Transaction scheduler

Figure 1 illustrates the operation of the scheduler. The
scheduler accepts an input event from a memory access trace,
and places it in the scheduling list. If the new event causes the
list to reach a threshold size, an event is removed from the list
and scheduled as a bus transaction. Only those events that are
have no dependences with other events in the list may be
scheduled as an output transaction. Of the ready events, the
onethat causesthe least number of signal transitionsis chosen.

The scheduler is locally greedy and may not find an opti-
mal order for the whole trace. However, with large thresholds,
the scheduler gives a good approximation that indicates the
worth of reordering transactions. Furthermore, we do not use
the scheduler as a hardware device to reorder memory bus
transactions. Instead, we use the scheduler to answer the ques-
tion of whether reordering is valuable, and if so, in what situa-
tions to apply it. We are currently studying hardware
mechanisms and compiler support for transaction reordering.
Section 5 presents preliminary results in this regard.

4. Experimental Results

To study the effect of memory bus reordering on switching
activity, we used several applications from the MediaBench
[16] and SPEC’95 benchmark suites. These applications are
described in Table 1 (the ones marked with 1 are from
SPEC' 95). The benchmarks were chosen to be representative
of common applications for communication devices and
PDAs.



MPOWER uses a modified version of the SimpleScalar
processor simulator from the University of Wisconsin [4].
SimpleScalar was instrumented to collect a trace of memory
accesses between the L1 instruction and data caches and off-
chip memory.

Benchmark Description

adpcm Audio decoder

gsm Full-rate speech decoder
g721 V oice compression

jpeg Image compression
perlt Perl interpreter

lit Lisp interpreter

got Game of GO

Table 1: Benchmark applications

Figure 2 shows the structure of atypical processor-memory
interface [8]. Our simulated architecture has small on-chip
separate instruction and data caches, with a narrow bus
between the caches and the off-chip DRAM memory control-
ler. In the experiments that follow, we evaluate different bus
structures (multiplexing and bus width) and their impact on
reordering memory transactions. We first examine the general
issues associated with reordering, and based on our experi-
ments, we briefly describe in the second portion of the paper a
simple hardware scheme for arranging the elements of a cache
line to minimize signal transitions.

D-
Cache DRAM
DRAM
Embedded Memory Memory
CPU
Bus Cntrl
Core DRAM
l-
Cache DRAM

Figure 2: Processor-memory system structure

In the initial experiments, we assume that the external
memory bus has no bidirectional signals; i.e., there are sepa-
rate datainput and output lines. For unidirectional buses, asig-
nal is always driven and will only experience a change in state
when a different bit value is written. We use a unidirectional
busfor our initial experiments because it gives the most sched-
uling freedom and lets us best answer the question of how well
reordering transactions reduces switching activity. The experi-
ments in Section 5 use a bus that has bidirectional data lines
with tristate drivers, as commonly found in embedded proces-
sors such as Motorola' s PowerPC 7400 [20]. In this case, the
busis not driven following a burst transfer (i.e., a cache line),
and the scheduling scope is limited to a cache line.

Although thereislikely to be alatency penalty for reorder-
ing bus transactions, in this paper, we make the assumption
that the order of transactions does not affect latency. We are

currently implementing a form of transaction reordering and
investigating its impact on memory latency. In the initial
experiments, we assume that the memory system does not do
burst transfers, and an individual word in acachelineistrans-
ferred in a single transaction. This assumption is relaxed in
Section 5 where we consider a bus that supports burst trans-
fers.

The experiments in the first part of this paper use a trace of
the first 1.5 million off-chip memory accesses. In Section 5,
the programs are run to completion.

4.1. Data Width and Multiplexing

The processor-memory bus for an embedded system often has
a narrow externd interface to reduce cost. For instance, the
external memory interface of the Motorola M<CORE
MMC2001 embedded processor has a non-multiplexed bus
with a data width of 16 bits (two transfers are done to read/
write a native word of 32 bits) and an address width of 19 bits
[19]. In this section, we examine the effect of bus width and
multiplexing on reodering bus transactions and its associated
switching activity.
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Figure 3: Busstructures

Using MPOWER, we evaluated the impact of the different
bus structures that are shown in Figure 3. In the figure, the bus
structures have unidirectional connections to external memory
(i.e., data input and output). The low performance bus (LPB)
has a bus width of 16 bits that is multiplexed for 32-bit
addresses and data. The medium performance bus (MPB) has
a bus width of 32 bits that is multiplexed for addresses and
data. Finadly, the high performance bus (HPB) has separate
address and data buses that are 32 bits wide, giving atotal bus
width of 96 bits.

Figure 4a shows the assumptions made about bus timing.
In the case of the LPB, the addresses are placed on the bus
starting with the high order address (ag;.16), followed by the
low order address (a5.¢). Data also appears in the same order
for aread or write. The MPB places the full address on the bus
prior to reading or writing data. Finally, the HPB places the
full address and data on the bus simultaneously for writes. For
HPB reads, the data read from memory is available on the next
cycle from the data bus.

Figure 4b shows how hit flip cost is computed for each of
the three bus structures. In the cost equations, pc is popul ation
count (i.e., the number of 1'sin aword) and ~ is exclusive-or.
The cost computation takes into account the unidirectional
data buses and the multiplexing of the address and data bus for
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Figure4: Bustiming and bit flip cost calculation (pcispopulation count and ” isexclusive-or).

2K 4K 8K

Benchmark LPB MPB HPB LPB MPB HPB LPB MPB HPB

adpcm 13.73% 26.36% 36.25%| 14.51% 29.64% 43.62%] 9.23% 23.41% 48.23%
g721 12.79% 54.62% 55.27%|] 12.76% 51.96% 52.94%] 12.90% 55.00% 55.33%
go 13.73% 40.25% 49.57%]| 13.01% 39.14% 48.29%] 12.33% 40.02% 48.51%
gsm 14.14% 49.08% 52.09%]| 13.84% 48.20% 50.98%] 13.79% 49.68% 52.42%
ipeg 18.60% 45.78% 66.43%| 18.92% 43.69% 67.45%] 18.56% 42.89% 66.15%
li 16.63% 42.18% 49.17%| 15.02% 44.98% 52.76%] 13.92% 40.89% 52.22%
perl 17.16% 40.54% 45.62%] 16.69% 39.86% 45.45%] 14.90% 41.20% 45.89%
Average 15.25% 42.69% 50.63%] 14.96% 42.50% 51.64%] 13.66% 41.87% 52.68%

Figure5: Percentage reduction in switching activity with bustransaction reordering.

writes. For the LPB, the bit flip cost of awriteisthe number of
signal transitions that result between successive portions of the
address (high and low halfwords) and the data (high and low
halfwords). The cost of a read is computed similarly, except
the data cost is computed with respect to the data input bus. Bit
costs are computed in a similar way for the other bus struc-
tures, taking into account bus width and multiplexing.

Figure 5 shows the percentage reduction in switching activ-
ity with bus reordering, assuming perfect knowledge about the
instruction and data streams (i.e., the scheduler knows the
value of words read from memory), and a scheduling window
size of 32. The percentages were calculated with respect to a
baseline system with the same cache and bus structures, but
without transaction reordering. The figure shows three differ-
ent instruction and data cache sizes from 2K to 8K. Also
shown are the LPB, MPB, and HPB structures. In the figure,
the reduction in switching activity varies from 12.8-67%
depending on cache size and bus structure.

The figure shows two trends. First, as cache size increases,
the relative reduction in switching activity decreases for most
of the cases. As expected, with larger caches, the miss rates for
the instruction and data accesses is lower, and there are fewer
off-chip accesses to main memory. Because the numbers in
Figure 5 are relative percentages, they do not always show the
decreasing trend in bit flip cost. Although the results are not
reported here, the absolute number of bit flips aways
decreases with an increase in cache size for all benchmarks,
even for the HPB (which shows an increasing trend in Figure
5).

The second trend shown in Figure 5 is that the high perfor-
mance bus benefits the most from cache line reordering. The
HPB has the largest relative decrease in switching activity
because it gives the scheduler the most leeway in choosing
transactions. For the LPB, the cost of a transaction is com-
puted over the individual halfwords in the full native word.
This has the effect that it causes a large number of bit flips
between upper and lower halfwords, which may have very dif-
ferent bit patterns. For example, the instruction format for a
branch typicaly has a small immediate constant encoded in
the lower portion of an instruction with an opcode specified in
the upper portion. Hence, there may be a large number of bit
changes required between reading successive portions of a
branch instruction. For the HPB, the upper opcode bits are not
as likely to change between successive instructions. Further-
more, the switching activity is dependent on only adjacent
words for the HPB, which the scheduler can arrange to mini-
mize bit flips. For the LPB, the scheduler cannot arrange the
halfwords of an instruction or data access to minimize signal
transitions. This behavior suggests that the scheduling granu-
larity should match bus width. If the scheduler could order the
individual halfwords of an LPB access independently, we
expect that there would be a greater decrease in switching
activity for the LPB.

From Figure 5, we conclude that bus transaction reordering
is most effective for embedded processors which have a split
address and data bus with small on-chip caches, but it still



helps for other bus structures (LPB and MPB). For the remain-
der of this paper, we assume an architecture that has a HPB
and 8K instruction and data caches.

4.2. Scheduling Window Size

Figure 6 shows the percentage reduction in signal transitions
for different scheduling window sizes, assuming perfect
knowledge about the memory access trace. The figure demon-
strates the effect that scheduling window size has on reducing
the number of signal transitions.

A window size of 64 does the best overal, ranging from
50-71% reduction, with an average of 57%. However, from
the figure, the reduction quickly levels off, and a window size
of 16 effectively captures most of the reduction in switching
activity. For a window size of 16, the reduction varies from
41-57% with an average of 47%. The small table size is
encouraging since it suggests that a small hardware buffer may
capture most of the energy reduction possible through bus
transaction reordering.
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Figure 6: Percentagereduction in signal transitionsfor dif-
ferent window sizes.

4.3. Instruction vs. Data Reordering

Because the instruction and data streams have very different
properties and behavior, we investigated which stream contrib-
utes the most toward reducing bit flips; i.e., for which stream
is reordering the most effective, and where should we focus
our efforts? Figure 7 shows the percentage of total switching
activity that can be attributed to instructions and data. The bot-
tom portion of each bar shows the percentage of total bit flips
due to data loads or stores, and the top portion shows the per-
centage of bit flips due to instruction accesses.

In Figure 7, the relative contribution of each stream to
switching activity is highly application dependent. For exam-
ple, adpcmand jpeg get the most benefit from reordering the

data stream because these benchmarks have very low instruc-
tion cache miss rates (less than 0.05%). Adpcm and jpeg havea
hot loop that runs directly out of the L1 I-cache, giving a low
instruction cache missrate. Because the on-chip I-cache nicely
captures the kernel loop’s execution, it causes fewer off-chip
accesses, and the data stresm dominates switching activity (the
L1 D-cache miss rate for adpcmand jpeg is 2.7% and 1.3%).
G721 and gsmhave different behavior: they are dominated by
instruction accesses, which means that reordering the instruc-
tion stream is most effective.
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Figure 7: Percentage of the total number of signal transi-
tions accor ding to type (instruction or data).

Not only is reordering dependent on cache miss rates, it is
also dependent on data and address density. For an application
which has dense data (i.e., minimal bit changes between suc-
cessive data items), the data stream will likely contribute less
to the overall reduction in switching activity. Also, the encod-
ing of the instruction set architecture can have a large impact
on switching activity and energy consumption of the memory
hierarchy [3,18]. An encoding that ensures the smallest num-
ber of bit changes for common code sequences is the most
effective at reducing switching activity.

Assuming that we have an efficient hardware scheme to do
reordering, then Figure 7 indicates that we should adjust the
reordering scheme to match an application’s behavior. For
example, adpcm does not need data reordering, so we could
turn off reordering for the data stream to reduce the energy
consumption of the reordering hardware. 1.e., the energy saved
by reordering bus transactions for the data stream may not be
worth the energy spent computing the best order to access
memory. Similarly, if we are building an application-specific
processor, we may leave out instruction or data reordering
depending on the application’s behavior to reduce chip area
Finaly, for a system with a mixed workload, including both
data and instruction reordering is important. In this case, as
suggested above, we will likely want to turn on/off the reorder-
ing hardware on a per application basis using dynamic (e.g.,
counters for cache miss rates) or profile information.



4.4. Reordering with Real Knowledge

The experiments in the previous sections assume perfect
knowledge about the instruction and data streams. Having per-
fect knowledge about the data stream means that the scheduler
knows the value of data reads. Perfect knowledge of the
instruction stream means that the scheduler knows the value of
the loaded instructions as well as the execution paths within
the program. The scheduler takes into consideration the value
of a data or instruction read when deciding which transaction
to schedule. In practice, the values of loaded items would not
be available while reordering transactions. Also, since the
scheduler is trace driven, knowledge of execution paths is
implicit within the traces. However, the previous experiments
give an upper bound on how much we can reduce switching
activity of the memory bus. Section 5 presents the effects of a
cache line reordering technique on switching activity by actu-
ally executing the programs.

In this section, we relax the assumption about perfect
knowledge, and consider the case where the scheduler only
knows execution paths and the value of stores and instructions.
Figure 8 shows the effect of our relaxed assumptions as a
decrease in switching activity over a baseline that does not
reorder bus transactions. The first set of bars shows the
decrease in switching activity when the scheduler only has
knowledge about execution paths and stored values, and the
second set of bars shows the decrease in switching activity
when the scheduler has knowledge about execution paths,
stored values, and instruction values. The latter case is shown
to demonstrate the potential of instruction reordering when the
compiler is able to rearrange the instructions.

In Figure 8, the reduction in switching activity for reorder-
ing with knowledge about execution paths and stored values
varies from 15-57%, with an average of 29%. G721 and gsm
have small decreasesin switching because the majority of their
accesses are associated with instruction or data reads. Never-
theless, evenin this case, it is beneficial to reorder only stores,
especialy since the hardware mechanisms for reordering
stores are likely to be very simple (e.g., a store buffer).

The figure also shows the effect of reordering with knowl-
edge about instruction values (with knowledge about stores
and execution paths). For instruction reordering, the compiler
could arrange instructions in an order that causes the minimal
signal transitions. The reordering scope over which the com-
piler can arrange instructions is limited to sequentia code
sequences (applying trace-based optimization may help to
increase the reordering scope) or to a single cache line. The
compiler must convey to the hardware the dependences
between instructions that would normally be implicit in
sequential code. (Section 5 gives some preliminary results for
such a scheme, where the compiler reorders instructions
within acacheline)

As the second set of barsin Figure 8 shows, adding knowl-
edge about instruction values to the transaction scheduler
greatly improves the ability of the scheduler to reduce switch-
ing activity. In this case, the improvement in switching ranges
from 37-57%, with an average of 46%. In the figure, g721 and
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Figure 8: Percentage decrease in bit flips without knowl-
edge about load values.

gsm have a large improvement due to knowledge about
instruction values. As mentioned previoudly, for these bench-
marks, the switching activity is most strongly associated with
the ingtruction stream. Reordering instructions for these
benchmarks greatly improves the switching activity because
they are dominated by instruction accesses.

From Figure 8, we conclude that reordering with knowl-
edge about instruction and stored values can reduce switching
activity nearly aswell as reordering with complete knowledge
about both the instruction and data streams. The reduction
shown in Figure 8 compares favorably to the scheme that has
full knowledge (see Section 4.1), which reduces switching by
an average of 53% (for the HPB and 8K caches).

5. CacheLine Reordering

The previous sections demonstrate that a significant reduction
in the switching activity of the memory bus can be obtained by
reordering memory bus transactions over a small fixed win-
dow of memory accesses. The techniques described above are
intended to determine an approximation of the very best that
we can achieve given dependences between instruction and
data accesses. Based on our encouraging initial results, we are
investigating hardware structures to do reordering with com-
piler support.

Our initia technique, called cache line reordering (CLR),
considers a small window of accesses. In this scheme, a reor-
dering vector is associated with every cache line that indicates
the order in which individua cache line words should be
accessed. The memory controller must be able to access mem-
ory in an arbitrary order within a cache line and to burst trans-
fer the data to/from the memory system. We reorder accesses
within a cache line to find the order that minimizes the transi-
tions for agiven line. The CLR scheme has the advantage that
it does not have to build a dependence graph dynamicaly, as
the previous technique does.



In this section, we use CLR with a bidirectiona bus that
has tristate drivers and supports burst transfers. Such a bus is
only driven by the CPU or the external memory controller dur-
ing a cache line transfer. Between transfers, the bus is not
driven. Therefore, we do not reorder between cache lines
because the switching overhead is effectively always the same
when starting a new transfer, regardless of the previous one.
However, within a transfer (i.e., cache line), it is possible to
reorder elements to minimize switching.

Because a cache line may contain many words (e.g., a 32-
byte line has 8 32-bit words), we only reorder within a subline
of 4 words. Subline reordering reduces the number of possible
combinations of words from 8! to 2 4! for a 32-byte line.
Although there is a performance loss (i.e., reduction in bit
flips) due to reordering over a smaller set than a full cache
ling, it is more practical to search 4! combinations than 8!
dynamically in hardware.

CLR is applicable to both data and instructions. The first
set of bars in Figure 9 shows the effect of ideal CLR In this
case, the hardware always knows the best order in which to
read or write every cache line. Unlike the previous experi-
ments, the numbers in the figure were collected using execu-
tion-driven simulation that does not have any knowledge about
execution paths. The benchmarks in the figure were run to
completion, except for go and perl which were halted after 50
million instructions. The figure shows that CLR can reduce the
number of signal transitions by 17-31%, with an average of
25%.

Although ideal CLR is not practical for the data cache
(note, however, that we can use profile-feedback optimization
to help for data accesses), it is practical for the instruction
stream. In this case, the compiler knows at compile time the
binary representation of instructions and can reorder instruc-
tions within a cache line. To use this optimization, the com-
piler needs to know the architecture of the memory-processor
interface and to convey to the hardware the reordering vectors
associated with every cacheline.

For the data stream, we can track the best order for each
cache line to determine how to transfer it to/ffrom main mem-
ory. To do the reordering, the hardware computes the best
order for each line whenever it is written back to memory (i.e.,
adirty line replacement) or loaded from memory for the first
time. The best order for each line is stored in a buffer that is
indexed by cache line address. When loading a line, the mem-
ory management unit requests the line from main memory in
the order specified by the reorder vector in the buffer. The
hardware manages the allocation of buffer space.

The second set of bars in Figure 9 (labelled “real CLR”")
shows the effect of compiler-driven reordering of the instruc-
tion stream and hardware dynamic reordering of the data
stream. The figure shows that a practical CLR scheme can
reduce the overall number of signal transitions significantly.
Reordering with a hardware scheme reduces switching activity
nearly as well as cache line ordering with perfect knowledge.
In this case, the reduction is 15-31% with an average of 21%.

Intypical systems, the memory bus can consume a 15-30%
of the memory hierarchy’s energy [10]. In this case, cache line
reordering may reduce energy consumption by 2-9%.
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Figure 9: Percentage reduction in switching activity for
CLR. For ideal CLR, the processor always knows the best
order in which toread or write cachelines. For real CLR,
the hardware reorders instruction cache lines with com-
piler assistance and reorder s data cache lines dynamically.

Although the reduction is small, we believe that like compiler
optimizations, you must apply all the tricksin your bag to sub-
stantially reduce overall energy consumption. Cache line reor-
dering is such atechnique that can be applied in concert with
other energy reduction strategies. Our initial results are prom-
ising, and we are continuing to explore techniques for reduc-
ing the energy consumption of the memory hierarchy. A future
paper will describe our architecture and implementation of
cache line reordering.

6. Related Work

There has been much research on improving power consump-
tion by minimizing processor switching activity. Within a pro-
cessor, switching has been studied in the context of registers
and functional units. Tiwari, Malik, and Wolfe [17,24] perform
power-aware instruction selection to reduce the switching
effects during execution. Register alocation has aso been
studied with the aim of reducing switching activity [6].

In order to reduce off-chip activity, most previous work
focuses on improving cache structures to reduce accesses to
external memory. Cache strategies have been analyzed in the
context of power consumption [1]. Cooper and Harvey pro-
posed a compiler-controlled on-chip buffer [7] to hold spilled
register values to reduce traffic to main memory. Other tech-
niques such as loop [2], filter [15], and victim caches [14]
reduce switching by buffering values between processing ele-
ments (e.g., between the CPU and on-chip caches or between
the CPU and off-chip memory). Our work differs because it
aims to reduce switching cost for a given memory hierarchy
and cache design.

In [9], the authors reduce the power consumption of the
external bus by reordering complex data structures in memory
using a cost function. The previous work that relates most to
ours is that of [23]. In their work, the switching of off-chip
accesses is reduced by encoding addresses with gray codes.



Using gray codes, consecutive addresses differ only by a sin-
gle bit. Gray coding was applied to instruction fetches, which
are sequential within a basic block. Our work considers both
instruction and data accesses to reduce switching. Also the
compiler uses prior knowledge of bus activity during instruc-
tion fetches to reorder the instructions.

7. Summary and Future Work

This paper studies reordering bus transactions to reduce the
switching activity of the external memory interface. We have
developed atool set called MPOWER for studying the impact
of bus structure and transaction reordering on power consump-
tion. In the paper, we use MPOWER to investigate the effec-
tiveness of transaction reordering and in what situations to
apply it. Wefound that for anideal case, switching activity can
be reduced by an average of 53% for a 32-bit non-multiplexed
bus. This paper also briefly sketches a feasible hardware
scheme for bidirectional buses that can reorder the instruction
and data streams with compiler assistance. Our hardware
scheme reduces switching activity by 15-31%, leading to a
possible energy savings of 2-9%. We are continuing to investi-
gate memory bus transaction reordering. In particular, we are:

* extending MPOWER to determine energy consump-
tion for both memory and the processor;

¢ developing and implementing a hardware scheme for
reordering the elements in a cache line to reduce the
energy consumption of the memory bus;

« and developing compiler techniques for reordering the
instruction stream with hardware support, and investi-
gating the use of profile-feedback optimizations for
reordering the data stream (to reduce hardware com-

plexity).
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