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Architectural and Compiler Techniques for Energy
Reduction in High-Performance Microprocessors

Nikolaos Bellas, Ibrahim N. HajjFellow, IEEE Constantine D. Polychronopoulos, and George Stamoulis

Abstract—in this paper, we focus on low-power design tech- Sun consumes 58-W maximum power at 296 MHz, the Pentium
niques for high-performance processors at the architectural and Pro Processor consumes 35 W at 200 MHz, and the Alpha
compiler levels. We focus mainly on developing methods for re- 21 164PC chip from DEC consumes 32.5 W at 433 MHz.

ducing the energy dissipated in the on-chip caches. Energy dis- | L d high f llv t
sipated in caches represents a substantial portion in the energy n general, low power and nigh performance are usually two

budget of today’s processors. Extrapolating current trends, this Cconflicting goals at all levels of the design hierarchy. For ex-
portion is likely to increase in the near future, since the devices ample, one common technique for reducing power consumption

devoted to the caches occupy an increasingly larger percentage ofjs to lower the supply voltage. This reduction in supply voltage,
the total area of the chip. however, results in slower circuits. Higher frequencies are de-

We propose a method that uses an additional minicache located . . )
between the I-Cache and the central processing unit (CPU) core sirable for high performance, but they increase power consump-

and buffers instructions that are nested within loops and are tion. Higher activity (and thus utilization) could resultin a larger
continuously otherwise fetched from the I-Cache. This mechanism throughput, but also in higher power. The excessive power con-
is combined with code modifications, through the compiler, that sumption of today’s processors is, in part, the outcome of very
greatly simplify the required hardware, eliminate unnecessary high utilization of their components.
instruction fetching, and consequently reduce signal switching In this devel hni f ducti h
activity and the dissipated energy. Iis paper, we deve op techniques for energy re uctlont. at
We show that the additional cache, dubbed -Cache is much have little or no impact on performance. We focus on reducing
smaller and simpler than the I-Cache when the compiler assumes the activity caused by the I-Cache subsystem which is one of
the role of allocating instructions to it. Through simulation, we the main power consumers in most of today’s microprocessors.
show that for the SPECfp95 benchmarks, the I-Cache remains dis- The on-chip L1 and L2 caches of the 21 164 DEC Alpha chip
abled most of the time, and the “cheaper” extra cache is used in- . . % ofth | f1h 11.The S
stead. We also propose different techniques that are better adapted dissipate 25% of the total power of the pr_ocessor[ 1 ej_ tron-
to nonnumeric n0n|oop_intensive code. gARM SA-110 processor from DEC, which tal’getS SpeCIflca”y
low-power applications, dissipates about 27% of the power in
the I-Cache [2]. In the Pentium Pro processor, the instruction
fecth unit (IFU) and the I-Cache contribute 14% to the total
power consumed [3].
. INTRODUCTION The reason for the high-power consumption in the I-Cache

N RECENT years, power dissipation has become a major diélbsystem is that the execution rate of a processor depends crit-

Sign concern for the microprocessor industry_ The Shnnkinga”y on the rate at which the instruction stream can be fetched
device size and the large number of devices packed in a cHi@m the I-Cache. The I-Cache should therefore be able to pro-
coupled with the large operating frequencies have led to undéde the data path of the machine with a continuous stream of
ceptably high levels of power dissipation. instructions and has therefore very high switching activity. In

The pr0b|em of the wasted power caused by unnecessafwition, the I-Cache drives Iarge Capacitance wires to the CPU

activity in various parts of the central processing unit (CPU’,pre Furthermore, tOday’S caches constitute an ever ianeaSing
during code execution has traditiona”y been ignored in Co@@rtion of the die area and the number of transistors of the pro-
optimization and architecture design. Processor archite€&3SOr.
and Compi]er writers are concerned with system perfor- The remainder of the paper is Organized as follows. Section Il
mance/throughput and they do little, if anything at all, tgliscusses related work, and Section Il provides the motivation
eliminate energy/power dissipation at this level. Howeveb,emnd our approach. Section IV details the Compiler transfor-
power dissipation is rapidiy becoming the major bottleneck mations necessary for our scheme, while Sections V and VI de-
today’s systems integration and reliability. Modern microprgscribe the hardware support and the energy estimation method

cessors are large power consumers: the UltraSPARC-II frofg used for the caches, respectively. Section VIl presents sim-
ulation results for both energy and performance on a subset of

Si:’EC95 benchmarks, and Section VIII discusses an extension
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that views power from the standpoint of the software that exgating, i.e., not allowing the clock ticks to propagate changes
cutes on a microprocessor and the activity that it causes, ratteethe output of the unit by ANDing them with a control signal.
than from the traditional hardware standpoint, has been pro-This is the basic motivation of the architectural support that
posed in [4] and tested in different architectures [5]. is proposed in this research as was also explained in [10] and
In [6] and [7], brief reviews of compiler techniques for powef11]. All the instructions that belong to a loop can be fetched
minimization are presented. As expected, standard compiler opdy the first time the thread of control passes through them.
timizations, such as loop unrolling, software pipelining, etc., afeubsequently, they can be stored in a special internal cache (the
also beneficial for the reduction of energy since they reduce theCache) which is placed between the I-Cache and the CPU
running time of the code. core. Each time the IF unit attempts to fetch an instruction from
More recently, the impact of memory hierarchy in minimizingvithin the loop, the instruction that resides in this cache can be
power consumption and the exploration of data reuse so that tsed instead. In the ideal case, the I-Cache unit can be shut down
power required to read or write data in the memory is reducéef the duration of the loop, as it does not need to operate, and
are addressed in [8] and [9]. its energy dissipation can be saved. Thus, this method exploits
The filter cache [10] tackles the problem of large energy cofe locality in the instruction stream. To be energy prone, this
sumption of the L1 caches by adding a small and thus more éaechanism only accesses the I-Cache and the L-Cache sequen-
ergy-efficient cache between the CPU and the L1 caches. Ty, i.e., in different clock cycles.
penalty to be paid in adding the filter cache is the increased miss'he approach advocated in our scheme relies on profile data
rates and, hence, longer average memory access time. Althofigin previous runs to select the best instructions to be cached.
this might be acceptable for embedded systems for multimedife unit of allocation is the basic block, i.e., an instruction is
or mobile applications, it is not desirable for high-performand@aced in the L-Cache only if it belongs to a selected basic
processors. The filter cache delivers an energy reduction of 584ack! After selection, the compiler lays out the target pro-

for a 256-byte direct mapped filter cache, while reducing pegram so that the selected blocks are placed contiguously before
formance by 21% for a set of multimedia benchmarks. the nonplaced ones. The main effort of the compiler focuses on

In a similar work in [11], a mechanism is described whicRlacing the selected basic blocks in positions so that two blocks

enables the bypass of the I-Cache by storing the instructidhigt need to be in the cache at the same time do not overlap in

within loops in an extra buffer. Only loops with no conditionathe L-Cache.

branching can be accommodated with this method, since thel he compiler maximizes the number of basic blocks that can

mechanism assumes that all the instruction in a loop are stok&placed in the L-Cache by determining their nesting and using

in the extra buffer in the first iteration. their execution profile. The resulting hardware is very simple
The work in [3] focuses on excessive energy dissipation 8nd most of the task is carried out by the compiler. We eliminate

high-performance speculative processors that tend to exediti@ need for a large L-Cache, thus greatly reducing the power

more instructions than are actually needed in a program. Tigsiuirements of the extra cache.

authors use the concept of branch prediction and confidence es-

timation [12] to detect when the CPU fetches and executes in- IV. COMPILER ENHANCEMENTS

structions from a speculative path that has a small probability t(.)The selection of basic blocks to be inserted in the L-Cache is

be taken. The CPU stops execution in the pipeline when ther She by the compiler “statically,” i.e., during compile time, and
a large probability of wrong path execution, and it resumes o t “dynamically” during run time [13]

when the actual execution path is detected. The optimization consists of two distinct phases.

* Function inlining in which the compiler tries to expose as
many basic blocks as possible in frequently executed rou-
tines. This step should be done judiciously since function
inlining can also create performance and locality prob-
lems in the I-Cache. This step aims at exposing as many
basic blocks as possible in frequently executed routines.
Our scheme assumes that no interprocedural basic block
allocation can take place, i.e., at any given time, only
basic blocks that belong to the same function can reside in
the L-Cache. This precaution is taken since the compiler
cannot knowa priori where the linker/loader will place
the functions in the memory address space. Hence, each
function in the source code is considered separately.
Block placementhe main stage of our method, in which
the compiler selects and then places the selected basic
blocks so that the number of blocks that are placed at the
same time in the extra cache is maximized. To that effect,

[ll. M OTIVATION AND APPROACH

During a loop execution, the I-Cache unit frequently repeats
its previous tasks over and over again: if the thread of control
during program execution is caught in a loop, the I-Cache unit
fetches the same instructions to the CPU core, and the ID de-
codes the very same instructions. The problem is that the IF
unit does not operate in an efficient way with respect to power
consumption, but it only tries to satisfy the demand of the ex-
ecution units for high throughput, which is achieved through a
fast first level (L1) instruction cache and high-bandwidth buses
between the cache and the CPU core. This approach works for
performance, but it unnecessarily performs more work; thus, it *
dissipates more power than really needed.

Substantial power gains could be achieved if we could reduce
the amount of instructions that the IF unit fetches and subse-
quently disable the I-Cache system for all the time that it is NOtiA pasic block is a sequence of instructions with no transfers in and out except
needed. The most usual method for disabling a unit is clogkssibly at the beginning or end.
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the compiler avoids placing two blocks that have been se-

lected to reside at the same time in the L-Cache in the same
cache locations. \
The reasoning behind our decision to choose a basic block as
the basic unit of allocation and not a whole loop can be readily Tt @
justified by considering theontrol flow graph(CFG) of a typ- |
ical loop. In most cases, the loop contains basic blocks which are Lot |

seldom executed during typical runs. These are blocks that take
care of an exception condition or do error handling. If the whole l

BB selection

loop was to be allocated in the L-Cache, these basic blocks and placement | ®
would occupy space, but they would hardly ever be used. They |
would also disqualify frequently executed blocks from being cooat |
cached. plocement
The compiler seperates the selected basic blocks from the l
nonselected ones, and places all of them in the global address rion | @

space. For example, consider the following code:

Output code
do 100 i =1, -

n
B1; # basic block
if (error) then
error handling;
B2; # basic block
100 continue

Fig. 1. Block placement overview.

Bi: {LI, L2, L3}=51

B2: {L1,L2, L4}=S2
B3: (LI, L2}=83

B4: {L1, LS, L6, L7} =$4

L3
If the if-statement in the loop is placed between basic blocks E
BS: {L1,15,L6} =S5

B, andB: in the final layout of the code, it may create a conflict

in the L-Cache. This will happen if the size of the L-Cache is E“ gjz‘;;;f;,:;ﬁ
smaller than the sum of the sizes of the basic bldgksB., and B8 L1} =S8

the if-statement, but larger than the sum of the sizes of the basic )
blocks B; and B- alone. If we move the if-statement at the end

L7

5

and placeB3; andB; one after the other, we effectively reduce L
the possibility of an overlap. We identify such cases and move ,E%“
the infrequently executed code away so that the normal flow of 55

control is in a straight-line sequence. This entails the insertion
of extra jump instructions to retain the original semantics of the "
code. E

The block placement algorithm is delineated in Fig. 1. The
object code and profile data for the original program are used
as input to our tool. The output produced is an equivalent objédg- 2. First step of block placement.
code in which some of the basic blocks have been reordered

and placed in specific memory locations. The following sectiongjjer. In other words, basic blocks within a loop which has a
give a detailed description for each of the steps of the methogction call will not be eligible for caching. This restriction
aims at freeing the linker from a possible burden when it maps
a function body to the memory space. Some linkers try to map
The control flow graph is built for each function of the orig+outines that cal each other frequently onto contiguous memory
inal program in Step 1). Note that the program can be either thddresses to increase the locality of accesses. An interfunction
original one or the one that has been created after inlining.basic block allocation would pose additional constraints to the
node in the CFG can have none, one, or more than one preliteker.
cessors, and at most two successors. This is the case when thelkext, in the same step, the tool finds the loops and the nesting
is a branch instruction at the end of the basic block. We intréar every basic block [14]. A LabelSg®) for every basic block
duce a slight modification in our CFG: although a procedutB is the set of loops to whiclB belongs. IfB is not nested,
is normally considered as having only one entry, we generalicabelSetB) = {}. If B is enclosed in loop$,;, L., and L3,
this as follows: if there is a function call within a procedurethen LabelS€tB) = {L,, L2, L3}. These are the same sets used
the return from this function is declared as a new entry to tle[15]. In Fig. 2, an example is given to describe the data struc-
procedure. The reason for this modification is that we do ntires used and the information produced during the first step of
want to place basic blocks across procedures. Each procedthre,algorithm. A loop nesting is shown in Fig. 2(a), the corre-
upon entry, will assume that nothing is in the L-Cache from itgponding CFG in (b), and the LabelSets in (c).

A. First Step: Nesting Computation
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void Allocate(LabelTree T, CacheSize C)
/% T root of the LabelTree, C size of L-Cache */
for every node N in T set size(N) = 0;
for every basic block BB in the program in descending order
of number of times executed do

}:i let N be the node in T that BB corresponds to;
fg,)sc) /+* N is unique */
o if N is the root next;

©60)
/* we don’t place BB which are not nested */

old_size(N) = size(N);
fit = DOWN_TRAV(N, BB, C);

(0.8C)

Fig. 3. LableTree. if (fit == FALSE) then continue; /* next basic block */
UP_TRAV(N) ;
put the basic block BB in the L-Cache in position old_size(N);
end for;

B. Second Step: LabelTree Construction end Allocate;

In Step 2)’ we construct a directed aCyClIC graph (DAG) usir boolean DOWN_TRAV(TreeNode N, BasicBlock BB, CacheSize C)
the LabelSets as follows: the nodes are the different LabelS ¢ (pows_Trav_FIRST(N, BB, C) then

found in the previous step. There is an arc between two st DOWN_TRAV_SEC(N) ;
LabelSets(l;, I} if I; is a proper subset df [Fig. 3(a)]. Our els:eturn true;
data structure, dubbddabelTreg s a tree since no basic block return false;
can have two different nestings. end DOWN_TRAV;

The LabelTree describes the nesting relationship betwe ;.. _ ;. ;
basic blocks. Basic blocks in the same path in the LabeleTt boolean DOWN_TRAV_FIRST(TreeNode N, BasicBlock BB, CacheSize C)

belong to the same nesting, although in different depths. Ba ~ if ( != NULL and flag) then
if (size(N) + size(BB) > C) then

blocks that are near the leaves of the LabelTree are dee flag = FALSE;
nested, whereas basic blocks that are near the root are not. else
temp_size(N) = size(N) + size(BB);
i . . end if;
C. Third Step: Basic Block Selection and Placement for all children of N do
. . . DOWNTRAV_FIRST(N->child);
Step 3) takes over the main part of our allocation algorith ~ _ . . -FIRSTA>ehild)

(Fig. 4). end DOWN_TRAV_FIRST;

A well-known NP-complete problem is that of placing object void DOWN_TRAV_SEC(TreeNode N)

. . . . ) if (N != NULL) then
with a given value and weight into a knapsack so that the to size(N) = temp_size();
value of the placed objects is maximized under the constra for all children of N do
that their weight does not exceed the capacity of the knapsa ~_ if?o""-m"-sm("‘”hﬂd);

We only expect to find a good heuristic which will place th¢ ena pows_trav_sec;
most frequently executed basic blocks in the L-Cache provid
that their size is smaller than the size of the L-Cache. "r°:§‘:‘l‘ze(§f;gzl($°§§°de )

The algorithm scans the basic blocks in descending order N = N->parent;
execution frequency. Hence, the most important blocks are size(N) = max(size(N->child)) among all children;
first to be considered and have a greater chance to be placeu ™ ¢
the L-Cache. For every node in thebelTreewe designate a _ .

. . . . ig. 4. Placement algorithm.
size, which denotes the position in the L-Cache where a basic
block of the node should be placed in every step of the algo-
rithm. The size should always be less than or equal to the cach$ max(size B, ), siz€B;)) + size B3) > C, the placement
size; otherwise the current basic block cannot be placed in #ieBs is not possible, and the algorithm continues with the next
L-Cache. basic block.

The first step is to propagate the effect of the size of the basicSubsequently, the algorithm calls URRAV( ) which propa-
block under consideration toward the leaves of the tree rootgates the effect of the new placement to the outer blocks. This, in
at nodeN (DOWN_TRAV()). Suppose, for example, that theeffect, reduces the chance of the outer blocks to be placed in the
current basic block i3 in Fig. 3(a). Both nodes3; and B, L-Cache, whichis notbothering at all, since we are mostly inter-
have already been considered and placed in the L-Cache. Elsted in the inner, most frequently executed blocks. In Fig. 3(a),
size of B; added to themax(sizg B, ), sizg Bs)) should not the annotatedabelTreefor the example in Fig. 2 is given with
exceed the cache sizg If this is the caseB; is placed in the the final placement of the basic blocks in 3(b). All the blocks ex-
L-Cache. In other word<3; will remain in the L-Cache while ceptBg are placed inthe L-Cache (the positions are in the paren-
B; and B, are executed, and it will not be replaced. This stefhieses and are with respect to the beginning of the L-Cache).
aims at placing3s in a different L-Cache position from botB;, The algorithm is greedy because it tries to accumulate as
andB-. If Bs overlapped with them, it would have to be fetchedhany important basic blocks as possible in the L-Cache. In the
from the I-Cache instead, since it would be replacedBgyor case where the most frequently executed basic blocks are the
B, after being executed. This technique maximizes the numbmaost deeply nested, the algorithm will succeed in putting all of
of basic blocks that are placed in the cache and avoids conflittem in the L-Cache provided that the size of each one is smaller
between them. than the cache size.
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In practice, we only consider a fraction of the basic blocks
of the program, i.e., the ones with a substantial contribution
to the execution time. This will speed up the algorithm signif-
icantly. We rule out any basic block with execution time less
than a user-defined threshold. The complexity of the algorithm
is O((number of basic blocks: 1), whereh is the height of the
LabelTree The maximuniabelTreeneight is2¢, whered is the
depth of the deepest nested loop (usually a small integer).

A basic block will not be selected for placement in algorithm
Allocate( ) if any of the following is true.

» The algorithm finds that the basic block was too large to
fit in the L-Cache. This can be either because the size
of the block is larger than the cache size, or because it
cannot fit at the same time with other, more important,
basic blocks. The algorithm described in this section Bg.5. CFG restructuring example.
used to implement this criterion.

Its execution frequency is smaller than a threshold and\ﬁe notice thatBs cannot be placed in the L-Cache because
thus deemed unimportant. . :

« Itis not nested in a loop. There is no gain in placing sucﬂze{BG) +Size(S;) > €

abasic block in the L-Cache since it will be executed only _ _
once for each invocation of its function. D. Fourth and Fifth Steps: Global Placement in the Memory

* Even if its execution is large, isxecution densitinight  step 4) in our methodology is the placement of the basic
be small. For example, a basic block that is located ingocks in the global address space. The algorithm takes as input
function which is invoked many times might have a largghe placement of the basic blocks with respect to the L-Cache
execution frequency, but it might only be executed a fewnd tries to minimize the necessary space as much as possible.
times for every function invocation. We define the execyzxtra jump instructions are inserted in Step 5) to retain the se-
tion density of a basic block as the ratio of the number ¢fiantics of the original program.

times it is executed to the number of times that the func- |, rig. 5. a complete example of the original and the restruc-
tion in which it belongs is invoked. _ tured CFG is shown for the code of Fig. 2. Blocks and B,
Finally, a very small basic block is not placed in thyi overlap in the L-Cache sincB» will be executed only when
L-Cache even if it passes all the above criteria. The extygs loop of B; exits. On the other hand, B5 overlapped with

jump instructions that might be needed to link it to it:§92 or By, it would miss in every execution of thB; — B;
successor basic blocks will be an important overhead Ii('i‘op.

this case. The user has the ability to adjust the thresholds in the selec-
A basic block is placed in the L-Cache only if it is expectegon of the basic blocks in the first stage, and tradeoff perfor-

to stay there for a long period of time without getting replaceg.]ance degradation with power savings. For example, a smaller

This in effect decouples the communication between ﬂ?ge\sm block frequency threshold will select more basic blocks

[-Cache and the L-Cache and reduces the traffic between th?rﬁ_placement, Iea(_jing to larger energy Sa"if‘gs' and, pos_sibly,
0 & larger delay, since these basic blocks will need extra jump

1) Example: We refer to Fig. 3 to show how the algorithm. X . . .
. . . .. instructions to retain the semantics of the code and will create
works. We consider the basic block with the largest contributign L
. o o . arger conflicts in the L-Cache. In the extreme case, the user
in the execution time first; in that cade,, which belongs to . . :
can either select every basic block to be placed in the extra

LabelSetS,. Basic blockB;, is the first to be considered and .
can be placed in the L-Cache without any conflict. We set t che, or can disable the L-Cache altogether. In the former case,

. . . : the scheme emulates a filter cache organization, whereas in the
variablesizeof S, equal to the size oBy, i.e.,0.3C. We also . o
. latter case, it emulates the original scheme that has no extra
set thesizeof all the LabelSets betweefy and the root t®.3C. . .
cache. These two extremes are subsets of our compiler-driven

We continue withB,, which belongs ta; . Basic blockB1  scheme. The method is very flexible, and individual applica-
can also be placed in the L-Cache since no conflict arises. T§ths can choose from a range of caching policies.

sizevariables ofS, S5, and Sg are set t00.6C. Next, B is
placed in the L-Cache, but ttsézeof S3 andSg do not change.

Basic blockB; is not in a leaf; therefore, we need to use the V. HARDWARE ENHANCEMENTS
DOWN_TRAV( ) function to propagate the effects of the inclu-
sion of B; on its descendants. Since igg) + sizgB;) = In addition to the compiler enhancement, our scheme requires

0.4C < C, we can placeB; in the L-Cache. We also setextra hardware for the implementation of the L-Cache scheme.
sizgS;) = sizgSg) = 0.3C + 0.1C = 0.4C. We continue This is shown in Fig. 6.

in this manner, and we only select a basic block if it does not The program counte(PC) is presented to the L-Cache tag
create a conflict with a block that has already been selected the beginning of the clock cycle. The L-Cache tag will only
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MEMORY SUBSYSTEM CONFIGURATION IN
THE BASE MACHINE

T oo — TABLE |

LCache Hit

Parameter Configuration
L1 I-Cache 32KB/32/1/1/4/8
L1 D-Cache 32KB/32/2/1/4/8

instruction per function, and its effect on performance is negli-

gible.
¢ The comparator can have a negative impact on the clock cycle
\& of the machine if its latency cannot be hidden. The actual im-
/;;m\\\ pact (if any) depends on the specific machine, and whether the
comparator will be placed in the critical path of the processor.
Fig. 6. L-Cache organization. In any case, the effect on performance should be considered in

a real system during the performance versus energy tradeoffs.

output its tag if theblockedpart signal is on. This signal is gen-
erated by the instruction fetch unit (IFU), and its meaning is VI. ENERGY ESTIMATION

explained later. In that case, the comparator checks for a match,
and if it finds one, it instructs the multiplexer to drive the con- e have developed our cache energy model based on the

tents of the L-Cache in the data path. At the same time, the d¥{@"k by Wilson and Jouppi [16] in which they propose a timing
portion of the L-Cache asserts its output and sends the newd7@lysis model for SRAM-based caches [17]. Our model

struction to the data path. The I-Cache is disabled for this cloEReS run-time information of the cache utilization (number of
cycle, since the signdllockedpart is on. accesses, number of hits, misses, input statistics, etc.) gathered

In the case of an L-Cache mistQacheHit is off), the during simulation, as well as complexity and internal cache

I-Cache controller activates the I-Cache in the next clock cycfgganization parameters (cache size, block size, associativity,
and gets the referenced instruction from there. At the sarf@nking, etc.). A 0.§:m technology with 3.3-V voltage supply
time, this instruction is transfered to the L-Cache. Note thi@ssumed. These models are used for the estimation of energy
the L-Cache and I-Cache are only accessed sequentially #hf0th the I-Cache and the L-Cache. _ _
never in parallel. Iblockedpart = off, the I-Cache controller The utilization parameters are available from the simulation
activates the |-Cache without waiting for tHeCacheHit of the memory hierarchy. The cache layout parameters, such

signal. In this way, the L-Cache can be bypassed without®§ transistor and'interconnect physic;al cgpacitances, can .be ob-
delay penalty. tained from previous layouts, from libraries, or from .the final
Recall that the compiler has already laid out the code so tt@yout of the cache itself. We use the numbers given in [16] for
the basic blocks that are destined for the L-Cache are plackf-8#m process.
before the others. A 32-b register is used to hold the address of
the first nonplaced block in the main memory layout. If during VIl. EXPERIMENTAL EVALUATION
program execution theC has a value less than that address, . _
the 32-b comparator will sétiockedpart = on, else this signal A. Simulator Environment
will be set to off. In the former case, the machine will attempt We evaluated the effectiveness of our software/hardware
to access the L-Cache first, whereas, in the latter case, it véiththancements by examining the energy savings on a set of
bypass the L-Cache and it will try to fetch the instruction frofSPEC95 benchmarks. The benchmarks were compiled with the
the I-Cache. This way, the machine can figure out which portidilPSpro compiler using the -O2 optimization flag. Hence, we
of the code executes with only an extra comparison. enabled all the traditional optimizations but we disabled any
This simplification is only possible because of the way thamterprocedural analysis and inlining. That was necessary in
the code has been restructured in the compilation phase. Noticder to test our own inlining heuristic.
also that ifblockedpart = on, the L-Cache can still miss; this To gauge the effect of our L-Cache in the context of a
will happen, for example, when the basic block to be placed iralistic processor operation, we simulated the MIPS2 in-
the L-Cache has not been executed before, i.e., the first time #ieiction set architecture (ISA) using thINT [18] and the
thread of control passes through it. Therefore, the tag portion®peedShojpl9] tool suites. MINT is a software package for
the L-Cache is still needed. instrumenting and simulating binaries on a MIPS machine.
Finally, we extend the instruction set architecture (ISA), andle built a MIPS2 simulator on top of MINT which accurately
we add an instruction callealloc which marks the boundary reflects the execution profile of the R-4400 processor. Table |
between the selected and the nonselected code. This extradscribes the memory subsystem configuration as (cache
struction is used to store the address of the first nonplaced &ize/block size/associativity/cycle time/latency to L2 cache in
struction in the 32-b register, as described in the previous setnck cycles/transfer bandwidth in bytes per clock cycles from
tion, and it is the first instruction to be executed upon entry intae L2 Cache). Both I-Cache and D-Cache are banked both
procedure. The ID stage of the pipeline will decode the instrumw-wise and column-wise to reduce the access time and the
tion and place the address in the register. There is only one seckergy per access [16]. We use the toadti, described in [16],
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TABLE 1l TABLE IV
USERGIVEN THRESHOLDS IN THEL-CACHE EXPERIMENTS NORMALIZED ENERGY RELATIVE TO THE BASE MACHINE FOR A 256-BYTE
AND 512-ByTE EXTRA L-CACHE
Ezperiments Frequency Thres. Size Thres. Ezec. Density Thres.
FP INT FP | INT | FP INT Benchmark 256 B L-Cache 512 B L-Cache
Aggressive (a) 0.01% 0.01% 5 5 5 5 (a) (b) © (a) (b) (©)
Less Aggressive (b) | 0.5% | 0.5% | 10 5 10 5 tomcaty 0.565 | 0.622 | 0.622 | 0.141 | 0.193 | 0.198
Moderate (¢) 1% 1% 20 5 20 5 swim 0.312 | 0.318 | 0.347 | 0.139 | 0.145 | 0.173
su2cor 0.498 | 0.511 | 0.511 | 0.373 | 0.389 | 0.389
hydro2d 0.418 | 0.438 | 0.493 | 0.260 | 0.261 | 0.261
TABLE Il go 0.952 | 0.974 | 0.986 | 0.951 [ 0.974 | 0.986
L-CACHE UTILIZATION STATISTICS: PERCENTAGE OFINSTRUCTIONS compress95 | 0.873 | 0.875 | 0.875 | 0.873 | 0.875 | 0.875
THAT CAUSE AN ACCESS TO THEL-CACHE li 1 1 1 1 1 1
perl 0.934 | 0.94 | 0.949 | 0.934 | 0.94 | 0.949
Bench. L-Cache size
32 in. | 64in. | 128 in. | 256 in. | 512 in. | 1024 in.
tomcatv 15.2% | 40.2% 90.0% 99.8% 99.9% 99.9% TABLE V
swim 0.1% | 72.7% | 91.7% | 99.9% | 99.9% 99.9% NORMALIZED DELAY RELATIVE TO THE BASE MACHINE FOR A 256-BYTE AND
su2cor 10.0% 53.3% 66.9% 98.2% 99.2% 99.2% 512-BYTE EXTRA L-CACHE
hydro2d 22.6% | 39.4% 39.4% | 94.5% 94.5% 94.5%
g0 7.4% 7.4% 7.4% 7.4% 7.4% 7.4% Benchmark 256 B L-Cache 512 B L-Cache
compress | 15.5% | 15.5% 15.5% 15.5% 15.5% 15.5% ) (b) (©) (a) (b) ©)
I 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% tomcatv 1 1 1 1 1 1
perl 8.7% 8.7% 8.7% 8.7% 8.7% 8.7% swim 1 1 1 1 1 1
su2cor 1 1 1 1 1 1
hydro2d 1 1 1 1 1 1
; ; ; o 1.012 | 1.012 | 1.012 | 1.017 | 1.013 | 1.013
to e_s'umate the access .t|r'ne. of the on-chip ca}ches, as well as the gompressg5 oo oos T oo Toss T oore oos
optimal banking that minimizes the access time. I 1 1 1 1 1 1
The L-Cache was 256 and 512 bytes and had a block size _eer! t ! ! 1 1 !

of 4 bytes, i.e., the size of a MIPS instruction. A larger block

size does not significantly increase the hit rate of the L-Cach@ocks and therefore in disabling the I-Cache for a larger period
whereas it negatively affects the dissipated energy per accegsime. In some cases, even a small L-Cache is capable of effec-
The L2 unified cache is off-chip and its energy dissipation i§ely shutting-down the I-Cache for the duration of the program
not modeled. execution. The law of diminishing returns applies here as well,

We also experimented with different scenarios for the us&jfince a very large L-Cache (1024 instructions) is usually as suc-
given thresholds that guide the basic block selection and plag@sfy| as smaller ones. In most cases, a 256 instruction L-Cache
ment in the L-Cache (Table Il). A more aggressive scenario 'pproximates the performance of an infinite size L-Cache.
sults in larger energy gains at the expense of larger performanceyn, the other hand, most integer benchmarks do not have a
degradation. A frequency threshold of 0.01%, for example, Wilirge number of basic blocks that can be cached in the L-Cache.
force the tool to mark for placement only basic blocks that havigyey are also insensitive to the cache size variation, which is
an execution time of at least 0.01% of the total execution timg pe expected since the basic blocks of integer programs are
of the program. A size threshold of ten instructions will forcﬁenerally small. Most of the basic blocks of the SPECint95
the tool to mark only the basic blocks that have at least ten ianchmarks are not nested, or they are nested within a loop that
structions, and so on. Different parameters are selected for ftains a function call: hence, they cannot be included in the
FP and integer programs based on the different features of thesgache. Integer programs with complex control flow graphs,
programs. Our experimental methodology was as follows. Firglych as interpreters, compilers, and so on, have a large number
we ran the benchmarks to collect the profile data. The data Wefigyifierent paths in the CFG. These benchmarks have the worst
used to drive the inline and the block placement heuristics. TRenhavior. Benchmarks with a more regular structure (compres-
tool, along with the restructuring of the body of the programyion programs, simulators, etc.) are better suited to our algo-
selected various statistics regarding the quality of the generatggm_
code. SpeedShop was used for profiling and the MIPSpro com-ape |v shows the energy gains in the I-Cache subsystem
piler was used for compilation and code optimization. The agsr the three different L-Cache configurations. The numbers are
tual simulation was done using MINT. Function inlining wagormalized with respect to the energy dissipation of the original
used only for the SPECInt95 benchmarks. Through experimagztheme. The energy in the modified configurations is due to
tation, we found out that inlining is more beneficial when onlyoth the I-Cache and L-Cache. A result less than one is desirable
leaf functions are absorbed; hence, we limit our inlining procgnce it denotes an improvement in energy or delay with respect
dure to consider only leaf functions. to the original scheme.

The performance overhead of these cache configurations with
respect to the original execution time is given in Table V. This is

The percentage of dynamic instructions that cause the naefull chip simulation that takes into consideration the latency in
chine to access the L-Cache in the course of program executibe memory hierarchy, the structural hazards in the FPU, and the
is shown in Table Ill. This access may result in either a hit or@ata dependency hazards in both the integer unit and the FPU.
miss. This percentage is high for all the SPECfp95 benchmarksA very important feature of the L-Cache approach is the small
reflecting the efficacy of our approach for these programs. A®rformance overhead, which is vital for high-performance ma-
expected, a larger L-Cache is more succesful in storing baslines. The performance overhead is due to the miss rates in the

B. Results
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to a loop that has a function call (85% of them). More than 10%
of the basic blocks have small execution density.

s The problem seems to be inherent to the structure of integer
‘LJN programs, especially when they are written in C/C++. This
$p programming methodology favors small sections of sequential

code, procedural abstraction (many functions), and lack of very
deeply nested loops. The execution time is distributed among a
larger number of basic blocks, many of which do not execute
many times per function invocation. An alternative approach
for selection of blocks for the L-Cache is therefore appropriate
for these programs.

The proposed solution selects a function and places its most
important basic blocks permanently in the L-Cache. In other
r\/\‘/a'ords, they are not replaced when the thread of control leaves
the function. Naturally, we select the function with the largest
contribution in the execution time, as this has been designated

L-Caches_ and th? extra jump i_nstructions that are infserted ‘the profile data. The method consists of two steps as before.
the compiler as discussed previously. The scheme gains bengfit

from the very high hit rates of the compiler-managed L-Cachg.. Function Inlining and Block Placement

An optimal L-Cache has a size of 128 instructions (i.e., 0.5 Before placement, our method performs function inlining to
Kbytes) for the FP benchmarks. Small caches are not very SHfaximize the gains of this approach. The function with the

cesfulin disabling the |-Cache. Larger caches, on the other ha est execution time may contain function calls to other func-

hgve larger energy d|s§|pat|0n per access, yet nqt a_mu_ch b E)egs. If these functions are inlined, the contribution of the orig-
hit rate than average sized caches. The energy dissipation dri?\%

the size | but it i for the | H Pfunction in the total execution time will increase.
as the size increases, but 1t goes up again for the farger cachesy g inlining, the heuristic selects the most frequently ex-

ecuted basic blocks of the inlining function. This selection is
based on user-given compiler options. If all these basic blocks

Integer benchmarks do not perform well under the loop-basetithe function fit in the L-Cache, the block placement algo-
selection algorithm as we have explained in the previous sectigithm will proceed to place them all. The size of the L-Cache is
Most of the basic blocks in the SPECint95 benchmarks are nberefore important, unlike in the loop-based heuristic in which
nested; hence, they cannot be placed in the L-Cache during #e integer benchmarks were almost insensitive to L-Cache size
ecution. variations.

The previous methodology was based on the detection ofin general, the problem can take the form of hel Knap-
nested basic blocks in loops which did not contain function calsackproblem which is NP-complete [20]: Given a finite dét
These basic blocks were candidates for compiler-driven plac#-basic blocksbb, each one with a size(bb), a valuen(bb)
ment in the L-Cache. As is evident from the experimental r#¢hich is the number of executed instructionsbin and a pos-
sults, the method is not succesful for a large category of integéve L-Cache sizeC, find a subset/’ C U of basic blocks
benchmarks, such as interpreters and compilers. Fig. 7 givesduch thaty ", , ., s(bb) < C and such tha}", ..., n(bb) is
sight into the failure of the algorithm for some of the integeas large as possible. Since a basic block can either be placed in
benchmarks. the L-Cache or not (we cannot place part of the block), an op-

Shown is the classification of the dynamic mix of instructimal solution requires exponential time in the number of basic
tions for the most troublesome SPECInt95 benchmarks forbkcks.
0.5-Kbyte L-Cache. An instruction belongs to one of the six fol- We apply a greedy approximation algorithm which
lowing categories: 1) “P” if it has been selected by the algorithmiorks as follows: we order the sdéf of basic blocks by
to be positioned in the L-Cache; 2) “U” if it is in a basic blockhe “key”: (n(bb)/s(bb)) so that (n(bb;)/s(bby)) >
with a small execution frequency (unimportant); 3) “NN” if it(n(bbz)/s(bbz)) > -+ > (n(bby)/s(bb,)). Starting with
is in a block with large execution frequency but not nested i’ empty, we proceed sequentially through the list, each time
a loop; 4) “SD” if it is in a nested block with large executioradding a basic blockb whenever the sum of the sizes of the
frequency but small execution density; 5) “SS” if it belongs tblocks already i’ andbb does not exceed'.

a nested block with large frequency and execution density butin addition, we perform another greedy procedure in which
small size; and 6) “L” if it satisfies all the above criteria buthe list has been sorted using only the number of cyelés)
does not fit in the L-Cache. For this experiment, the frequene§ each basic block, so thatbb; ) > n(bbz) > --- > n(bb,,).
threshold is (1/10 000) of the execution time of the program, tfide best solution among the two is selected. A near optimal
execution density threshold is five executions per function invselution is obtained using this approach in our experiment.
cation, and the size threshold is five instructions.

The single most important reason that disqualifies the baftc
blocks of the integer benchmarks from being cached is nestingln the new experiments we did not set any size or density
Most of the basic blocks do not belong to a loop, or they belomgnstraints. Since the basic blocks are placed in the L-Cache

Fig. 7. Instruction placement results for the SPECint95 benchmarks wit
512-byte L-Cache.

VIIl. M ODIFIED SCHEME FORINTEGER BENCHMARKS

Experimental Evaluation of the Modified Scheme
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TABLE VI [3]
NORMALIZED ENERGY RELATIVE TO THE BASE MACHINE FOR A 256-BYTE
AND 512-ByTE L-CACHE, USING THE MODIFIED SCHEME FOR
INTEGER BENCHMARKS [4]
Benchmark 256-byte L-Cache 512-byte L-Cache

compress95 0.808 0.776 [5]

li 0.286 0.269

perl 0.823 0.823
[6]

when the selected function is executed for first time and remain
there afterwards, it s not necessary to pose extra limitations irm
their selection.

The memory hierarchy subsystem is described in Table I. The®l
energy gains of the L-Cache is given in Table VI. The results are
very encouraging for benchmarks that have poor performance
under the initial method. Similar results are obtained for most!®!
of the integer benchmarks that do not score well under the old
scheme (e.g130.li, 134.pern. [10]

The execution time overhead is negligible in this scheme for
an L-Cache of 0.5-Kbyte. This is because the hit rate is almosi;
100% and the L-Cache is large enough to accommodate all the
important basic blocks of a function.

[12]

[13]
IX. CONCLUSION

In this research, we have developed techniques for harcﬁw
ware/software codesign in high-performance processors théts]
result in energy/power reduction at the system level. To that
effect, we make a more judicious use of one of the mosfg)
power-consuming modules of a CPU, the I-Cache. The tech-
nigues we descibed are orthogonal to the standard circuit ot
gate level techniques that are traditionally used by designers to
reduce power and can therefore be used to further reduce poweg]
consumption without impairing performance.

Since performance is the most important objective of today’s
high-end microprocessors, no energy reduction technique will9]
be acceptable, unless it has only a marginal negative effect !
the execution time, or unless its overhead can be hidden by
other compiler/architectural techniques. If this is the case, even
a moderate energy reduction will be welcome.

Most of the energy gains in high-performance and embedded
processors alike will be extracted from the high level of the de-
sign flow, when the designers have not yet committed to major
design decisions. Major energy gains can be obtained if the com-
piler and the hardware are designed with low energy in mind.

REFERENCES

[1] J. Edmondon, “Internal organization of the Alpha 21164, a 300 MH
64-bit quad-issue CMOS RISC microprocess@igital Tech. J, vol.
7, no. 1, pp. 119-135, 1995.

[2] D. Dobberpuhl, “The design of a high-performance low-power micro
processor,” irProc. Int. Symp. Low Power Electronics and Desit®o6,
pp. 11-16.

325

S. Manne, D. Grunwald, and A. Klauser, “Pipeline gating: Speculation
control for energy reduction,” ifProc. Int. Symp. Computer Architec-
ture, 1998, pp. 132-141.

V. Tiwari, S. Malik, and A. Wolfe, “Power analysis of embedded soft-
ware: A first step toward software power minimizatiohZEE Trans.
VLSI Syst.vol. 2, pp. 437-445, Dec. 1994.

V. Tiwari, S. Malik, A. Wolfe, and T. C. Lee, “Instruction level power
analysis and optimization of softwarel” VLSI Signal Processingol.

13, Aug. 1996.

V. Tiwari, S. Malik, and A. Wolfe, “Compilation techniques for low en-
ergy: An overview,” inProc. IEEE Symp. Low Power Electronje3ct.
1994.

H. Mehta, R. M. Owens, M. K. Irwin, R. Chen, and D. Ghosh, “Tech-
nigues for low energy software,” iAroc. IEEE Symp. Low Power Elec-
tronics and DesignAug. 1997, pp. 72-75.

J. Diguet, S. Wuytack, F. Catthoor, and H. De Man, “Formalized
methodology for data reuse exploration in hierarchical memory map-
pings,” inProc. IEEE Symp. Low Power Electronics and Designg.
1997, pp. 30-35.

S. Wuytack, F. Catthoor, L. Nachtergaele, and H. De Man, “Power ex-
ploration for data dominated video applications,Hroc. IEEE Symp.
Low Power Electronics and Desigh996.

J. Kin, M. Gupta, and W. Mangione-Smith, “The filter cache: An en-
ergy efficient memory structure,” iRroc. IEEE Symp. Microarchitec-
ture, Dec. 1997, pp. 184-193.

R. Bajwa, M. Hiraki, H. Kojima, D. Gorny, K. Nitta, A. Shridhar, K.
Seki, and K. Sasaki, “Instruction buffering to reduce power in processors
for signal processing/EEE Trans. VLSI Systol. 5, pp. 417-424, Dec.
1997.

E. Jacobsen, E. Rotenberg, and J. Smith, “Assigning confidence to
conditional branch prediction,” iRroc. IEEE Symp. Microarchitecture
1996, pp. 142-152.

N. Bellas, I. Hajj, C. Polychronopoulos, and G. Stamoulis, “Architec-
tural and compiler support for energy reduction in the memory hierarchy
of high performance microprocessors,’Rroc. IEEE Symp. Low Power
Electronics and DesigmAug. 1998, pp. 70-75.

A. Aho, R. Sethi, and J. Ullmai§ompilers: Principles, Techniques and
Tools Reading, MA: Addison-Wesley, 1986.

S. McFarling, “Program optimization for instruction caches,’Froc.

Int. Conf. Architectural Support for Programming Languages and Op-
erating Systemsune 1989, pp. 16-27.

S. Wilson and N. Jouppi, “An enhanced access and cycle time model for
on-chip caches,” Tech. Rep., DEC WRL 93/5, July 1994.

N. Bellas, I. Hajj, and C. Polychropoulos, “A detailed, transistor-level
energy model for SRAM-based caches,Froc. Int. Symp. Circuits and
Systems1999.

J. E. Veenstra and R. J. Fowler, “MINT: A front end for efficient simu-
lation of shared-memory multiprocessors,”Rroc. 2nd Int. Workshop

on Modeling, Analysis, and Simulation of Computer and Telecommuni-
cation Systems (MASCOT$p94, pp. 201-207.

“SpeedShop User's Guide,” Silicon Graphics, Inc., 1996.

M. Garey and D. JohnsoiGomputers and Intractability New York:
Freeman, 1979.

Nikolaos Bellasreceived the Diploma in 1992 from
the University of Patras, Greece, and the M.Sc. and
Ph.D. degrees in 1995 and 1998, respectively, from
the University of lllinois at Urbana Champaign.

He was a summer intern with MISP Corporation
and Intel Corporation in 1995 and 1996, respectively.
In 1999, he joined the DigitaIDNA systems architec-
ture research team, Motorola, Inc., Schaumburg, IL.
His research interests are in the areas of low-power
analysis and design, computer architectures, and mul-
timedia architectures and implementation.



326 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 8, NO. 3, JUNE 2000

Ibrahim N. Hajj (S'64-M'70-SM’'82-F'90)
received the B.E. degree (with distinction) from the
American University of Beirut, Beirut, Lebanon, the
M.S. degree from the University of New Mexico,
Albuquerque, and the Ph.D. degree from the
University of California at Berkeley, all in electrical |
engineering. |
He is currently a Professor of Electrical and Com

Constantine D. Polychronopoulos received the

B.Sc. degree from the University of Athens,
Greece, the M.S. degree from Vanderbilt University,
Nashville, TN, and the Ph.D. in computer science
from the University of lllinois at Urbana-Champaign.

He is a Professor of Electrical and Computer
Engineering and a Research Professor at the Center
for Supercomputing Research and Development
puter Engineering and a Research Professor at th (CSRD) and the Coordinated Science Laboratory,
Coordinated Science Laboratory, University of Illi- B University of lllinois at Urbana-Champaign. At
nois at Urbana-Champaign. Prior to joining the Uni- CSRD, he is leading research projects on the
versity of lllinois at Urbana-Champaign, he was with the Department of Eledesign and implementation of novel compiler optimizations for ILP and
trical Engineering, University of Waterloo, Waterloo, Ont., Canada. His cumultithreading, automatic program parallelization, runtime systems and
rent research interests include computer-aided design of VLSI circuits, desa@perating system cores for multithreaded and multiprocessor architectures, and
for reliability and low-power synthesis, physical design, and testing. He hawultithreaded microarchitecture design and performance characterization. His
published over 160 journal and conference papers and book chapters on thesearch work has appeared in more than 100 journal, conference, and other
subjects. He coauthor&lvitch-Level Timing Simulation of MOS VLSI Circuitstechnical publications. He is on the editorial board of the IEEEMEUTING
(Norwell, MA: Kluwer, 1989). He served as an Associate Editor of the IEEEN SCIENCE AND ENGINEERING.

TRANSACTIONS ON CIRCUITS AND SYSTEMS PART Il: ANALOG AND DIGITAL Dr. Polychronopoulos has served as Program Chairman and is on the pro-
SIGNAL PROCESSINGand as an Associate Editor of the IEEERCUITS AND  gram committee of numerous ACM and |IEEE conferences. He is on the editorial
SYSTEMS MAGAZINE. boards of thénternational Journal of High-Speed Computiaigd theJournal of

Dr. Hajj is a member of the Computer-Aided Network Design (CANDE)Parallel and Distributed ComputindHe was elected to the Board of Directors
ACM, and Sigma Xi. In 1992, he was a corecipient of the IEERANSACTIONS  of ACM SIGARCH in 1990. He was the recipient of a Fulbright scholarship,
ON CoMPUTERAIDED DESIGN Best Paper Award. the 1989 NSF Presidential Young Investigator Award, and the 1998 Bodossaki

Foundation Award.

George Stamoulisreceived the Ph.D. degree from the University of lllinois at
Urbana-Champaign in 1994.

He is with Intel Corporation, Santa Clara, CA. His research interest is in the
area of CAD tools for physical design and low power.



