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Abstract—Architectures with parameterizable cache and bus
can support large tradeoffs between performance and power. We System Bus
provide simulation data showing the large tradeoffs by such an MIPS
architecture for several applications and demonstrating that the Bus Controller
cache and bus should be configured simultaneously to find the op- .
timal solutions. Furthermore, we describe analytical techniques for -
speeding up the cache/bus power and performance evaluation by
several orders of magnitude over simulation, while maintaining .
sufficient accuracy with respect to simulation-based approaches. < 1 | Bus

Processor Local Bus Bridge

Peripheral Bus |
HE GROWING demand for portable embedded com- | | | >
puting devices is leading to new system-on-a-chip (SOC)
architectures intended for embedded systems [10]. Sucl DMA UART JPEG Decoder
SOC architectures must be general enough to be used acro
several different applications in order to be economically
viable, leading to recent attention to programmable silicon
platforms [8], [15], [16], [18]. Different applications oftengiy 1 Target architecture.
have very different power and performance requirements (and

a single application may have different requirements OV&bles design of such parameterized components. In fact, some
time). Therefore, these platforms must be adaptable not only ; .
atforms come in the form of intellectual property, such as a

each application but also to different power and performanElear dware Description Language (HDL), and thus can be syn-
requirements. '

A typical SOC architecture will have one or more caches arté%isﬁléﬁfatt?ozave only those transistors necessary for a selected

buses [19], which consume a large percentage of system powe . . - .
. . . h this paper, we begin by describing our parameterized ar-
especially in deep-submicrometer technology. The cache can ? ;
. . . . ) chitecture. We summarize related work. We describe our exper-
be made parameterizable by allowing configuration of its fea- .
o . S . mental setup for evaluating the large power and performance
tures like line size, associativity, and total size. The bus can

e . -2 .
made parameterizable by configuring it to use different sizeﬁ‘deOﬁS possible by configuring our architecture, a setup based

and spaced wires and by enabling or disabling encoding tegn_accurate but time-consuming simulation. We then provide

. o > ¢ analytical techniques for speeding up the cache and bus eval-
niques. For example, an application that does not benefit from,. ; ) o

o . uation by several orders of magnitude, while maintaining rea-
large associativity would consume less power if the cache were

configured for smaller associativity. Although this would resuﬁonable accuracy. We conclude that cache and bus parameters

. . ; . should be evaluated simultaneously, and that our analytical tech-
in unused transistors, it would reduce power by reducing com-

parisons. The new-found abundance of transistors on-chip grl]ques are fast enough to permit extensive search for the optimal

configuration for a given application and requirements.

MEM
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part with heaviest traffic and thus accounts for the largest partAn approach that is based on system level and takes into con-
of power consumption. sideration the interdependencies between various system parts

The I-cache and D-cache each have the following design s been proposed by &t al.[5]. Their target system features
rameters: cache size, line size, and associativity. Cache lin@i€PU, a data cache, an instruction cache, and a main memory.
the size of a block of data that is loaded from main memory infthe impact of buses is not accounted for. As a result, the eval-
the cache on a cache miss. Cache associativity is the numbation will be less accurate in new technology, where routing
of slots that a particular cache line can be placed into once itdgpacitance will play a significant role in the system’s power
loaded from main memory. When cache associativity is settconsumption. Fornaciaet al.[3] explore the impact of different
one, a line of data will always map to a single cache line, whéans encoding schemes for embedded systems in terms of power
set to eight, a line of data can map to any of eight possible cadlissipation. Though they study power consumption for various
lines. The range of values considered are: cache sizes of (3ZK¢he sizes, they do not explore all relevant interdependencies
16K, 8K, 4K, 2K, 1K, 512, 256, or 128), line sizes of (8, 16, ofe.g., cache line size, associativity, main memory size, etc.). So,
32), and associativity of (2, 4, or 8). Each bus has the followirtbeir approach basically assumes that most system parameters
design parameters: number of data lines (32, 16, 8, or 4) whhve already been determined, and they focus on finding the
bus invert (on or off). best bus encoding scheme.

We assume that a parameterizable bus is in use such that th& key contribution in reducing bus power has been the en-
number of data wires in use can be selected to be one of 4¢8ding of data, such as bus-invert [12]. Here, the Hamming dis-
16, or 32. The result of such variation is that configuring the biignce of two consecutive data words is computed. If this dis-
to use four wires will result in lowest coupling capacitance [1jance is greater than half the word size, the inverted data are
since the spacing between the wires is increased. As a resuligat and a control signal is asserted to signal decoding of the
bus with four wires will result in the lowest power per transfeiata on the receiver side. Using bus-invert, a theoretical power
but more transfers and hence reduced performance. Conversslyjngs of 25% average and 50% peak is obtainable. However,
using all 32 wires will result in the highest average capacitand®js-invert coding may increase the bus cycle time, resulting in
due to decrease in relative wire spacing. Note that when we saperformance penalty. Limited-weight codes [13] are general-
the size of the bus, we are referring to the number of wires thaed encoding schemes that, using more than one control signal,
that bus is composed of and not the width of the wires. Insteadduce average bit transitions on the bus, resulting in even lower
we assume that the routing area of the bus is constant for gropver consumption.
size bus. Our approach is more comprehensive than approaches pro-

In our experiments, we focus on evaluating bus and cacpesed so far. We take into consideration most of the relevant
parameters together in order to find the best tradeoff betwegarts of a whole embedded system (CPU, instruction/data cache,
power/performance/hardware effort. main memory, and buses) and explore the interdependencies
of different system parameters like cache sizes, associativity,
main memory capacity, bus encoding schemes, and bus widths.
Lastly, we consider, besides power, performance and area as

The related work important to our approach can be dividewell.
into three categories: work on system-level power optimization
in general, architectural power optimization focusing on a single IV. SIMULATION -BASED ANALYSIS

core (like a CPU, cache, main memory, etc.), and work on bus . . : .
In this section, we present a simulation-based approach to ex-

issues like power, performance, and size. e . .
As for the first group, Davet al. [2] introduce a codesign plore parameter optimization in SOC architectures. We consider
methodology that optimizes for power and performance at tﬁ‘e\’\'hoIe system consisting of a CPU, caches, a main memory,

task level. Their procedure for task allocation is based on an ‘%p_d interfaces between those cores, and we demonsitrate the high

erage power consumption and does not take into consideralﬁ'a'?afCt ofan adetzuatel a(tjaptatmfn between core p?ram\%ers '(’Ijllnd
data dependencies on the instruction level to estimate/optim\ Eer ace parameters in terms of power consumption. We wi

power. In addition, they do not take into consideration cache al W thaF cache and bus gqnflguratlons have. a significant im-
bus effects in terms of power and performance. The system-le%‘ﬁt in this res_pe_c_t. In addition, we make the |m_p0rtant obser-
power optimization approach proposed by Haial. [6] has vation that Opt'm'z'.”g for_ p_erformance doe_s n_ot |mpIy_that en-
the same limitations regarding the addressing of architectufady consumpuon is optimized as well. This is especially true
tradeoffs. Rather, they exploit the technique of variable volta&deep submicrometer technology.
scaling in order to minimize power consumption. .

At the architectural level for single system components (i.dY EXperimental Setup
not considering any tradeoff between various system parts)For our experiments, we used the flow shown in Fig. 2, which
high-performance microprocessors have been investigated alidws us to estimate power consumption of the subsystem
specific software synthesis algorithms have been derived gieown in Fig. 1, and estimate its performance for a given set
minimize power by Hsielet al.[7]. Tiwari [17] investigated the of bus and cache parameters. After selecting a set of parameter
power consumption at the instruction level for different CPWalues, the source code of the application is simulated to obtain
and digital signal-processing architectures and derived specdicache trace. This cache trace is then fed into a cache simu-
power optimizing compilation strategies. lator, that is, a cache analyzer that outputs cache performance

Ill. RELATED WORK
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Fig. 2. Simulation-based performance analysis. and thus accumulate and finally output the energy consumption
throughout the run of an application. Further details are found

. , in [5].
metrics, cache power consumption, and bus traces. The cachgache and memory area is obtained by using corresponding
performance metrics, combined with the instruction traggqels as described in [20]. Area used by the bus-invert en-
generated by the simulator, is used in the CPU analyzer too'&?ding is obtained by applying models described in [4]. Area

compute CPU power consumption and system execution timge py the bus routing and CPU were excluded since these were
The bus trace is fed into the bus analyzer, where bus powgj; dependent on our parameter configurations.

consumption is computed and a memory trace is generatede,r o experiments, we deployed four, mostly data-domi-
Likewise, the memory trace is fed into the memory analyz&faieq, applications: an algorithm for computing three-dimen-
where its power consumption is computed. Finally, the powgf, 5 (3-D) vectors of a motion pictua-image,an MPEG-II
consumption of all comp_onents is summed_ to_ obtain the to@lncodermpeg,a diesel engine control algorithdiesel,and a
system power consumption. This process is iterated for ea&nnplex chroma-key algorithizkey (We in fact did a fifth ex-

new set of parameter values. ample of an animation algorithm but omit results for presenta-

To obtain CPU power, we have applied an instruction-basggp, priefess since they matched the others.) The applications
CPU power model. Here, each CPU instruction is characterlz%ged in size from about 5 to 230 kB of C code.

with respect to power. During a simulation, each executed in-
struction contributes to the total power consumption. In addé—
tion, cache misses and pipeline stalls are also accounted for, an o .
their power consumption is added to the total CPU power. ThisFor €ach of the four applications, we ran the cache simu-
approach is outlined in [14]. In [14], a cycle-accurate powersinl@t'on tool for gll different cache configurations and pbtalned

ulation tool for an embedded system, using a strong ARM arcifl€ cache, main memory, and CPU power consumption values
tecture as CPU, is introduced. The reported results are accufiieVell as the CPU-to-cache and cache-to-main-memory bus
within 5% compared to measurements conducted on a hardwifdfic traces. We then input the bus traffic traces to a bus sim-
board. ulator [4] for all possible bus configurations. We thus obtained

To obtain bus power, we have applied the standard pow@fl power (cache plus main memory plus CPU plus bus) con-
model P = 0.5*V2*C* f, where  is the toggle frequency on sumption for 46 656 possible configurations for each exarnple.

the bus wires and’ is the average capacitance of each wireGenerating these power data for each of the four examples re-

We have assumed that the routing area on the chip is const&#{red roughly one week of computation time. We did this pro-
Thus, if less wires are routed, they will be spaced farther aw&gdure for two distinct technologies: an older technology (0.8
reducing the average wire capacitance. For this reason, we h4d); Shownin Fig. 3, and a newer technology (0.18), shown
modeled the capacitance of a bus with fewer wires with a lowl Fi9- 4. The wire-to-gate capacitance ratios for old and new
capacitance. technologies were three and 100, respectively, based on [20] and

For caches and memory, we used analytical power moddiiso supported by data in [11] showing rapidlyincreasi_ng rati_os.
That means that those models resemble a parameterized sth@eh Plotrepresents several tens of thousands of configurations,
ture of the underlying components. For example, a cache is §&Ch configuration representing a point in the plbt.addition,

composed into a decoding part, blocks, output, etc. A block
is decomposed into lines, rows, and cells, and each of thesawe obtain 46 656 as follows. For each of the two caches, we have nine pos-
basic components is associated with some relative capacitary¥e cache sizes and three possible associativities/line sizes. For each of the two

i At ises, we have four possible widths and two data encoding. As a result, we ob-
Model parameterization allows us to match our models accofg;n (9°3)°(973)"(4°2)" (42) = 46 656.

ingly when cache size, line size, and associativity are variedzyote that due to the scale/resolution, many different design points appear as
The cache and memory models are driven by instruction trac@sy one point in the plots.

Fig. 3. Power versus execution time for older technology.

(Fxperiment Overview
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the automated search heuristics seeks the near-optimal power
and execution time points in that region.

As an additional note, some plots show more than four re-
gions, with a regionX appearing directly above another region
Y (actually all plots originally showed four pairs of regions be-
fore being cropped). ThesE andY regions differ in thaft”
uses bus-invert for the CPU-to-cache bus whileloes not. We
see that bus-invert is crucial for low power in newer technology.

sec

D. Size and Differing Cache/Bus Configurations

At the bottom of each region in the new technology, we see
J a very dense set of points. These points correspond to the op-

a 70 ms DD S sec timal or near-optimal power and performance configurations for
that region, each point representing a different cache configu-

Fig. 4. Power versus execution for new technology. ration and cache-to-main-memory bus configuration. We obvi-
ously want to choose the configuration with the smallest size

many inferior data points have been cropped to further improueat is near the optimal within some tolerance.

the presentation. We therefore examined all configurations within a couple per-
) cent of the optimal power, energy, and execution time of each

C. Power and Performance Tradeoff in Newer Technology  region to find the minimum size configuration in this subregion.

Fig. 3 provides plots of execution time{faxis) and total One might expect that the best cache configuration in one region
power ("-axis) for each example in the old technology. Totalvould be the best in the other regions, for a single example. In
power includes CPU, cache, memory, and buses. Note thasirme examples, this was indeed the case. But in other examples,
three of the four examples, the configuration with the lowe#te best configuration was different in different regions.
execution time corresponded with the configuration having thelt must be noted that we consider both power and energy as
lowest power consumption. Only in one example was thergraportant metrics in the design of a system. A system’s power
real tradeoff between execution time and power. consumption dictates the design of heat-sink, power supply, and

Fig. 4 provides plots in the newer technology. Upon exangic-to-dc converter (if needed) used in that system. Moreover, for
ination, we find that all four examples exhibit a tradeoff besystems that are designed for continuous operation, a configura-
tween execution time and power. The reason for this behavtm yielding lower power consumption that meets the system’s
is that the bus power is a significant component of total pow#iming constraints is preferred. Energy, on the other hand, is im-
in newer technology, and bus power is inversely related to exgsrtant for battery-driven systems that perform short tasks.
cution time. In particular, fewer wires implies less wire capaci- Table I illustrates the above-mentioned difference in config-
tance and hence less power, but also implies more bus transfgagions in different regions for two examples. The first three
and hence a higher execution time. data rows correspond to the best configuration in the 32, 16-,

Each plot displays at least four distinct “regions.” In the oldeand 8-bit CPU-to-cache bus regions for thpegexample, and
technology, each region appears as a spike. In the newer téble-second three rows for tdeselexample. Notice that the best
nology, each region appears in an L-shape. Upon investigatieenfigurations for the first example involve variations in cache
of the data, we found that each region corresponds to a particuiies, associativity, and line, and in one case bus invert is not
CPU-to-cache bus size of 32, 16, 8, or 4 (i.e., the four sizes weed on the cache-to-memory bus. In the second example, asso-
evaluated). The leftmost region corresponds to a CPU-to-cachativity and line vary, as do the cache-to-memory bus size and
bus of 32 bits (giving the smallest execution time), and the righttie use of bus invert.
most corresponds to 4 bits. The bottom-most point of each re-Slight changes in these parameters result in significant penal-
gion corresponds to the optimal cache/bus configuration for tHigs. For example, in thdieselexample, after examining the
region based only on power and execution time (not size). Themplete set of data (not shown), we observed that changing
many points above and often to the right of the optimal corréie cache line in the fifth row of the table from eight to 16 (to
spond to different cache and cache-to-main-memory bus ceonatch that of the last row) resulted in a performance penalty of
figurations. Within a region, there is no tradeoff between pow@8%. This is in part due to the fact that the diesel application had
and execution time—the lowest execution time configuration ligtle spatial locality. The key conclusion from the above discus-
also the lowest power configuration in any given region. Thusion is that there is no one best cache configuration independent
we observe that the CPU-to-cache bus size is the major copi-CPU-to-cache and cache-to-memory bus configuration, and
ponent in determining the system’s power and execution tirnige-versa—the two must be sought simultaneously.
metrics. Moreover, for a given CPU-to-cache bus size, one can ) ]
expect a local tradeoff among power and execution time. \iie Tradeoff Between Design Constraints: Old Versus New
conclude from these data that future automated search heutREnnology
tics should begin by selecting a CPU-to-cache bus size that put3 he following experiments have been conducted to demon-
one in the appropriate region based on power and execution tigteate the different behavior of the old and the new technology
constraints and/or cost function for a given application. Theim terms of power consumption and area. In Fig. 5, the upper two
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TABLE |
THE BEST CACHE CONFIGURATION DIFFERS FORDIFFERENT CPU-CACHE BUS SIZE REGIONS

CPU-Cache Bus | Cache-Memory I$ DS Exe. | Power | Energy | ~Area
Bus Time | (watt) (gate)
Width | Code | Width | Code Size Line | Assoc. | Size Line | Assoc. | (¢©)
MPEG
32 Invert | 32 Binary | 16K 16 4 16K 16 4 086 | 43.6 3751 200K
16 Invert | 32 Invert | 16K 8 8 32K 8 8 380 | 114 4433 | 205K
8 Invert | 32 Invert | 32K 16 8 16K 8 8 995 | 3.40 3.381J 304K
Diesel
32 Invert | 32 Invert | 1K 16 4 SK 8 4 .002 | .190 .380mJ | 16K
16 Invert | 32 Invert | IK 16 4 SK 8 4 .003 | .070 210m] | 17K
8 Invert | 4 Binary | 1K 32 2 SK 16 2 005 | .020 100mi | 18K
58 WIS Power (new) 29K Area (new) (in terms of transistor counts), in this case the old technology
; + F shows the same tradeoff (in terms of the shape of the graph; the
+ absolute numbers of the area are different due to different fea-
T e.. ture sizes, of course). Obviously, the question of whether or not
® @ there is a tradeoff depends on the technology as well as on the
$ b ® constraint that is of concern. These are key observations when
0 14K performing design space explorations. Area and power obvi-
0 4 12 0 _ ously behave differently, either showing a tradeoff in conjunc-
Time (sec) Time (sec) tion with performance or not. A branch-and-bound technique,
Power (old) Area (old) for example, coulq use this knowledge for a fast and efficient
28 W 22K ] T search of the design space.
+
) ; F. Simultaneous Optimization of Buses and Caches
+i 4 H ... . . . :
o The implication of the above data is that cache and bus cannot
e o ® ; be optimized independently; they must be optimized in some
27 Wl 14K qombined manner. Any gpprpach that tries to _separate their op-
0 T2 0 timization may produce inferior results, especially when newer
Time (sec) Time (sec) technology is deployed. For example, consider a straightfor-

. . ward heuristic that first optimizes cache without considering bus

Fig. 5. Ckey’'s power, performance, and area tradeoffs using two SDECI{IC . . . . .

configurations for new and old technologies. assuming stgndard 32-bit buses_ with negligible Capz_icr_tam_:e),
which essentially represents earlier cache power optimization

plots show the power/performance tradeoffs (left) and area/pléﬁ‘?rk done for older technology, and that then optimizes the bus.

formance tradeoffs (right) for the newer technology. The lowdY/hile the cache configuration may represent the best power, ex-
two plots show the same for the older technology. The configi¢ution time, and size in some regions, it may represent a rather
ration that yielded the-t” points has a larger data cache than thigferior configuration in other regions. We a_pp_lled th_ls heuristic
configuration yielding the *” points. The points in each plot, to the same two examples above. The heuristic achieves the best

from left to right, are obtained by varying the CPU-to-cache big@Wer and performance within each region but does very poorly
size from 32 down to 16. 8. and 4. in terms of size compared to the best sizes in Table I. For the first

As We can see, the graphs show a strong power/performaﬁéé‘mple’ the sizes obtained for t.he three regiqns were 301272,
tradeoff in dependency of the CPU-to-cache bus. Even if w4472, and 306 072, representing size penalties of nearly 50%
choose half the cache sizex(), the qualitative behavior is the I the first two regions. The sizes for the second example were
same due to the CPU-to-cache bus dominance. For the ol§8@ /2 27872, and 26 872, representing size penalties of 70%,
technology, however, a significant power/performance trade&f70; and 52%, respectively. Thus, we see the need for new
with respect to bus sizes cannot be observed, i.e., all corf@uristics that simultaneously optimize cache and bus.
sponding points are almost located on a horizontal line. This is
because of the already mentioned lower wire/transistor capa%'r—
tance relationship for older technology. We can summarize our observations thus far as follows.

In terms of area/performance tradeoff, we again have a sigrffirst, in older technology, there is hardly a tradeoff between
icant tradeoff for the new technology. But since area is the sampewer and execution times, i.e., small execution times implies

Summary of Simulation-Based Analysis
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application

6 pivot parameters

low power consumption and a large execution time implies system-model
~81 seconds (ckey)

high power consumption. Second, newer technology does
feature a real tradeoff, since bus power consumption becomes
more significant due to a higher wire/gate capacitance ratio
for smaller feature sizes. Third, the dominating source for
power consumption in newer technology is the CPU-to-cache
bus. The selection of this bus’ size, therefore, is the major
factor in making the tradeoff between a system’s power and
performance. Fourthly, for a given CPU-to-cache bus configu-
ration, there is an optimal configuration of remaining cache/bus
parameters that minimizes both power and performance.
However, there is no optimum set of cache parameters across
different CPU-to-cache bus configurations, and therefore the
bus parameters of the CPU-to-cache bus parameters must be
adapted to one another. Lastly, regarding size, for a given
CPU-to-cache bus configuration, there is a near-optimal con- parameter selection
figuration of remaining cache/bus parameters that minimizes + 84 minutes/46k conf.
power, performance, and size. Again, this CPU-to-cache exe. time & power (ckey)
configuration differs for different CPU-to-cache bus configura-

tions, and minor changes to the configuration can yield largg 6. Equation-based performance analysis.

penalties in performance or size.

intdrm. data

equations

to estimate bit-switching activities used by the encoding/de-
coding logic. These formulas, combined with the capacitance
estimation formulas by Cheut al.[1], can be used to perform
aasystem-level exploration of bus size and encoding schemes for

V. ANALYTICAL EVALUATION

Realizing that large tradeoffs are possible by configuring

system’s parameters, but that system simulations are slow, l\%( power d(.35|gns.. . .
$ur work is an improvement on previous work in that the

have devised a technique for fast evaluation of power consume ; _ o
a P n]ﬂ%g cache simulations can be replaced by the fast models in this

by the cache and bus subsystems of our target architecture. ; ! .
technique uses a two-step approach of first collecting imem,;@perto reduce the time to evaluate all cache/bus configurations
g

diate data about an application using a small number of simu I a given application from days/weeks to seconds/minutes.
tions, and then using analytical equations to rapidly predict the

performance and power consumption for each of thousandsppf Approach Overview

possible configurations of system parameters.

Noticing that large tradeoffs are possible by configuring a In our approach, we use a two-step technigue, as shown in
cache for an application, but that cache simulations are sldwig. 6. The first stepcharacterizing simulatiorinvolves simu-
many researchers have focused on speeding up cache simialing the application with typical input vectors once or a small
tions. Kirovski et al. [9] reduces thenumberof trace-driven number of times that is just enough to provide enough interme-
cache simulations necessary for exploring different cache catiate data to characterize the application for the second step. The
figurations by establishing bounds and hence pruning numeraiggond stepparameter explorationjses heuristics to traverse
inferior configurations without having to simulate them. Withe design space of possible parameter configurations, coupled
and Wolf [22] order the search of different cache configuravith fast estimation equations that use the intermediate data to
tions such that, after each cache simulation, they can redyeevide power, performance, and size values for a given config-
the sizeof a given input trace by removing redundant inforuration. These equations evaluate in constant time, so can deal
mation (“trace stripping”), thus speeding up subsequent simulgith huge numbers of possible configurations.
tions of other configurations. Our work differs in that we couple We have chosen to focus initially on developing parameter
cache parameters with bus parameters (and possibly other gstimization for a system’s cache and bus subsystems because
rameters in the future), resulting in an enormous design spakese typically consume a significant percentage of system
and thus seemingly excluding any approach based on repeageder (we plan to soon extend our approach to also consider
simulation. While one-pass cache-simulation [21] is a comm®@MA). We have already developed an approach for buses
technique, in which numerous cache configurations are evajd} involving definition of the intermediate data (bus traffic);
ated simultaneously during one simulation, incorporating tlestimation equations for power, performance, and size as a
myriad of other parameters that we wish to consider [bus, diinction of bus parameters (size and encoding) and traffic;
rect memory access (DMA), peripheral cores, etc.] into such and an exhaustive search heuristic. We now describe the
approach would likely become prohibitively complex. intermediate data and estimation equations necessary for cache

Givargis and Vahid [4] have developed a set of formulas f@arameter optimization, followed by a description of a method
rapidly estimating bit-switching activities on a bus with a givefor coupling the cache methods with that previously developed
size and encoding scheme. They have also contributed formutasbuses.
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B. Cache Performance and Power obtain by using maximum line size and associativity when the
In this section, we discuss the technique that we hag@che size is at its maximum. Given these ratios, we estifiate

employed for rapidly evaluating cache metrics. We defirf@r @ given cache size, line size, and associativity as follows:

the problem as follows. Given a trace of memory references (Ss — Sunm) /S

(referred to hereafter as teace-file), we are to compute the min//omax

number of cache misses, denot®&d for all different caches. (Lj — Luin)/Limax

Two caches are different if they differ in their total cache size,

line size (block size), or degree of associativity. We limit the (A = Awin) /Amax

values for each of these three parameters to a finite range of s(Ny — Ny) + Ny

I(R3 — Ry)+ Ry

tg = CL(R4 - RQ) + R2

powers of two, say
f(Si, Ly, Ap) =t1(1 —ta —t3).

S ={Min, ..., 1K, 2K, 4K, 8K, 16K, ..., Max}
L={Min, ..., 4, 8,16, ..., Max}

A={Min, ... 4,8, 16, ..., Max}.
' ' The first three equations, [, anda, normalize our parameters
Note that for practical purposes, we only consider values that &€ Within a unit range. The next equatignestimates cache
powers of two for each of these parameters. Given a trace-fiféisses using lowest line size and associativity by computing
we must define a functiofi: (S x L x A) — N to compute the @ linear line through the pointd; and N». If more simula-
number of cache misses for any cache configuration. We assuifi@ data are available, the least square approximation is used
that with the aid of a cache simulator, we are able to compuecomputet;. The next two equations andi; estimate the
the above function, for any value from the sétsL, and4, in €xpected improvement gained from higher line size or associa-
linear time with respect to the size of the trace-file. tivity. The last equation combines the previous equations to es-
Intuitively, our approach works as follows. We know that dimate cache miss rate.
low cache sizes, higher line size and associativity have a greater
positive effect than they do at high cache sizes. For exampte, COmbined Cache and Bus
doubling the line size when cache size is 512 B may reduceln this section, we describe how to extend the cache data
cache miss rate by 30%; however, when the cache size is 8ittp bus data for simultaneous cache/bus design space explo-
it may not reduce the miss rate at all. Thus, we are interestedion. The technique described in the previous section allows
in finding these improvement ratios at both low and high cachg to rapidly estimate the number of cache mis§dsr a given
sizes, so that, by line fitting, the improvement ratio for any caclwache parameter setting. This numbéis a measure of cache
size can be estimated. This assumes a smooth design spaceda@ain-memory bus traffic. Likewise, the total number of cache
tween these points. accesses, i.e., the size of the trace-file, is a measure of CPU
Our approach consists of three steps. First, we simulate tbecache bus traffic. Given this traffic, and assuming data of
trace-file for some selectefl, L, and A values and obtain the random nature, we can use equations [4] to compute the bit-
corresponding cache misses. Then we calculate a linear egswgitching activity on the bus and use it, along with wire capac-
tion, using the least square approximation method. Last, we liggce models, to compute power consumption of our system.
our linear equations to compufé for all cache parameters. WeBased on our own experiments and others referenced in [4], the
first simulate the following points in our domain space: random data assumption holds for data buses. (We have only
considered analytical switching models for data buses and have

S (Smin, Lmin, Amin) = N1 relied on simulation for address buses.) In this paper, we con-
(S Amin) = No sider varying the number of data bus wires, e.g., 16 or 32 bits,
wmaoxs Lanin, Ainin and data encoding, e.g., binary or bus-invert.

F(Smin, Lmax, Amin) = N3 For our bus model, we assume that thererare:-bit items
transmitted per unit time on a bus of widthusing binary en-

F(Sniny Linin, Amax) = Ny coding. Hereyn denotes the traffic on the bus and is obtained

F(Smaxs Lmax, Amin) = N5 by estimating cache misses, as described above. The following
equation gives power consumption for the data bus:

F(Smax, Lmin, Amax) = Ne.

Pous = (Chyus) ( {%

- (m item/s) (5 transition/bi}

N | transferiiten) ( bittransfe)
Then we compute the following ratios:

Ry =N;/Ns  Ry=N;/Ny  Rs=Ny/N;

n
Ry = Ny /Ng.

1 .
=5 (Chus) {ﬂ (k)(m) transition/s
Here,R; / R» denotes the improvement we obtain by using maxn this equation, bus capacitance is calculated using models de-
imum line size and associativity when cache size is at its mineloped by Cherret al. [1]. Our equation is expanded to take

imum. Likewise,R3/R, denote the positive improvement weinto account bus-invert encoding. This method uses an extra
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TABLE I
DESIGN SPACE CONFIGURATION PARAMETERS

Config. | Busl | Bus2 1% D$ Line ]
Size Size [
8/0 41 128 512
32/1 32/1 | 512 16K
32/0 | 16/0 | 8K 2K

4/0 8/1 32K 16K
16/0 | 32/1 | 512 4K 16
8/0 8/1 8K 512 16
8/1 16/0 | 4K 16K 32
8/1 4/0 1K 8K 8

16/0 | 16/0 | 1K 256 16
321 8/1 1K 1K 32

>
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control line and extra circuit logic to compute the Hamming dis-

tance (bit transitions) between two consecutive data items. Ifthe [ 3
Hamming distance is greater than one-half the bus width, then

the control line is asserted and the inverted data are sent over the = |

bus [12]

Pl = o) ([2]) o

i)

<k + 1) <k + 1) ;
1 2 =l
BT .1+—2k 24 i
k-+1 : - ap - - -t - ar .
k d)
2 k "
+ ok : 5 (m) transition/s Fig. 7. Equation-based results: (a) diesel application’s performance, (b) diesel

application’s energy, (c) ckey application’s performance, (d) ckey application’s
energy. Light gray is actual measurement and dark gray denotes estimated
measurements.

Given the trafficm on a bus, power can be quickly estimated \yo ¢ompared these results with those obtained using simu-

using _analytlcal models as d(_ascrlbed above. Likewise, S'm"la'iion (described in the previous sections). For the fast estima-
analytical models can be applied to compute cache_and MEMPGH approach, we ran the system simulator only six times for
power (and performance). These have been extensively modqlgéj reference cache configurations described earlier. We then

by [2]. fed the power, performance, and hit-rate information from these
simulations into our cache power/performance models, and next
evaluated the models for all cache configurations. For each such
In order to verify our approach, we performed the followingonfiguration, we also obtained bus traffic data and these data
experiments. We explored power and performance for mappiimgo our bus model for all bus configurations. Obtaining these
the dieseland ckeyto our system architecture and exploring/alues for all possible cache/bus configurations required only
three parameterized parts: cache, CPU-cache (Processor Ld@4linin, instead of seven days, a speedup of 120 times.
bus, and cache-memory (System) bus. The cache parametei&hile we obtained data for all of the 45568 possible
and their possible values were: cache size of 128, 256, 51%;dche/bus configurations, we present data for just a small
K, 2K, 4K, 8K, or 32 K; cache line of 8, 16, or 32; and assubset of ten configurations in Table Il. These configurations
sociativity of 2, 4, or 8. The parameters for each bus were: ddtave been selected to reflect worst, average, and best case
width of 4, 8, 16, and 32; and bus invert encoding either enabledtimates. Fig. 7 provides performance and power respectively
or disabled. for dieselandckeyapplications. The light-gray bars are actual

D. Experimental Results
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measurements and the dark-gray bars estimated measuremen. I. Hong, D. Kirovski, and M. Potkonjak, “Potential-driven statistical or-
While hundreds of times faster, our cache estimation approach__ dering of transformations,” ifroc. DAC'97 1997, pp. 347-352.

[7] C.T. Hsieh, M. Pedram, G. Mehta, and F. Rastgar, “Profile-driven pro-

reS_U|ted In an average error of on_ly 2%, with the worst case gram synthesis for evaluation of system power dissipation Proc.
being 18%, over the entire solution space of thousands of IEEE 34th Design Automation Conf. (DAC91997, pp. 576-581.
cache/bus configurations (and not just the ten configurationd®l ‘International Technology Roadmap for Semiconductors (ITRS),",

1999.
presented_ here)' It should be noted that_ the CPU power[g] D. Kirovski, C. Lee, M. Potkonjak, and W. Mangione-Smith, “Synthesis
consumption was about 44% and 65% (ftieseland ckey of power efficient systems-on-silicon,”, ASP-DAC 1998.
respectively) of total power consumption. [10] C. Kozyrakis and D. Patterson, “A new direction for computer architec-

ture research,/EEE Computerpp. 24-32, Nov. 1998.

Perh.aps ever'] more |mporta_nt than the accyracy reporteﬁh] “Semiconductor Industry Association Roadmap,”, 1997.
above is theelative accuracypr fidelity, of the estimates. We [12] M. R. Stan and W. P. Burleson, “Bus-invert coding for low power 1/0,”
see from the charts that our fast approach orders the varioys EEE Trans. VLSIvol. 3, Mar. 1995.

——, “Limited-weight codes for low power I/O,” iRroc. Int. Workshop

: . . : 13
conflguratlor_w_s the same as the simulation approach_—thu_s, we! Low Power DesignApr. 1994.
have the ability to still pick the best parameter configuration,14] T. Simunic, L. Benini, and G. De Micheli, “Cycle-accurate evaluation of
which is the most important aspect of the approach. energy consumption in embedded systemsPrioc. Design Automation

Conf, 1999, pp. 876-872.
[15] F. Vahid and T. D. Givargis, “The case for a configure-and-execute par-
VI. CONCLUSION adigm,” inProc. Int. Workshop Hardware/Software Codesifj@99.
[16] J.van Meerbergen, A. Timmer, J. Leijten, F. Harmsze, and M. Strik, “Ex-

We have shown that by designing parameterized caches and periences with system level design for consumer ICsPr. VLSI'9§

buses, and varying those parameters for a given application, VY%]

pp. 17-22.
V. Tiwari, “Logic and system design for low power consumption,” Ph.D.

can obtain large tradeoffs in power and performance. We have " issertation, Princeton University, Nov. 1996.
also described analytical techniques that enable rapid expldt8] Velocity product information. VLSI Technology Inc.. [Online]. Avail-

ration of the complete cache/bus configuration space, enabliqgg]

able: http://www.visi.com/velocity
Virtual Socket Interface Association. (1997) Architecture document.

selection of the optimgl configu_ration for a given_application. [Online]. Available: http:/www.vsi.org
The results and analytical techniques can be applied not only 1@0] N. H. E. Weste and K. EshraghiaRrinciples of CMOS VLSI De-

postfabrication parameters but also to prefabrication paramete#sl]
that are configured and then used to synthesize an SOC archi-

sign Reading, MA: Addison Wesley, 1998.
S. J. E. Wilton and N. P. Jouppi, “CACTI: An enhanced cache access
and cycle time model,[EEE J. Solid-State Circuits/ol. 31, no. 5, pp.

tecture customized to a particular application and requirements.  677-688, 1996.

Future work includes further development of adaptive cachet?

Z.\Wu and W. Wolf, “Iterative cache simulation of embedded CPU’s with
trace stripping,” inProc. Int. Workshop Hardware/Software Codesign

and buses, integration of such items with configuration-aware 1999, pp. 95-99.
compilers, and extension of the techniques to parameterized mi-
croprocessors and peripheral cores. In addition, we would like

tqdfurtlrer Investigate the Impact of each of the parameters In%’ny D. Givargis, photograph and biography not available at the time of pub-
vidually. lication.

(1]
(2]

(3]

(4

(5]

REFERENCES

J. H. Cherret al, “Multilevel metal capacitance models for CAD designFrank Vahid , photograph and biography not available at the time of publication.
synthesis systems|EEE Electron Device Lettvol. 13, Jan. 1992.

B. P. Dave, G. Lakshminarayana, and N. K. Jha, “COSYN: Hard-

ware-software co-synthesis of embedded systemsPrac. DAC'97,

1997, pp. 703-708. Jorg Henkel (M'95-SM’01) received the Diploma and Ph.D.s(fmma cum

W. Fornaciari, D. Sciuto, and C. Silvano, “Power estimation for architedaude”) degrees in electrical engineering from the Technical University of
tural exploration of HW/SW communication on system-level buses,” iBraunschweig, Germany, in 1991 and 1996, respectively.

Proc. Int. Workshop Hardware/Software Codesi$899, pp. 152-156. Since 1997, he has worked as a Research Staff Member at the Computer and
T. D. Givargis and F. Vahid, “Interface exploration for reduced powe€ommunication Research Laboratories, NEC, Princeton, NJ. In spring 2000,
in core-based systems,” Proc. Int. Symp. System Synthe4i898, pp. he was a Visiting Professor at the University of Notre Dame, IN. His inter-
117-122. ests include embedded system design, methodologies, architectures, and hard-
Y. Liand J. Henkel, “A framework for estimating and minimizing energyware/software codesign.

dissipation of embedded HW/SW systems,Piroc. IEEE 35th Design Dr. Henkel is the General Cochair of the 10th IEEE/ACM International Sym-
Automation Conf. (DAC98)1998, pp. 188-193. posium on Hardware/Software Codesign CODES’02.



