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ABSTRACT

We present an algorithm for compiler-driven register name adjust-
ment with the main goal of power minimization on instruction fetch
and register fil¢ access. In most instruction set architecture (ISA) de-
signs, the register fields reside in fixed positions within the instruction
encoding, hence forming streams of indices on the instruction bus and
10 the register file address decoder. The number of bit transitions in
these streams greatly determines the power consumption on the ad-
dress bus and rthe register file decoder. While general-purpose reg-
isters are semantically indistinguishable and hence interchangeable,
the particular register indices do have a direct impact on power con-
sumpzion. The algorithms presented in this paper address this power
minimization problem by reassigning/encoding the registers so that
the bit transitions within the register index streams dare minimized.

1. INTRODUCTION

System-on-a-chip (SOC) design approaches, typically embedding a
number of processor cores, have become a generally accepted imple-
mentaftion paradigm for numerous VLSI products. While power con-
sumption is an increasingly important characteristic in general pur-
pose processor architectures, it assumes a much heightened impor-
tance when embedded processor architectures are considered. In mo-
bile applications, such as hand-held and wireless devices, not only
does it impact directly cost of ownership, but furthermore may severely
undermine the usability and acceptance of the product. Less energy
dissipation leads not only to longer battery life, but also enables larger
die sizes. Consequently, techniques for minimizing system power are
of paramount importance for aclieving high product quality.

Programming languages like C, C++ and Esterel are frequently uti-
lized during the design process for quick time-to-market, low design
cost, and portable function implementation. Consequently, it is of
paramount importance for the compiling system to be able to gen-
erate performance and, even more importantly in some cases, power
efficient code. Nonetheless, most of the current research effort has
been directed towards performance oriented and retargetable compil-
ers with reduced emphasis on power driven compiler optimizations.
In this paper we present a technique which aims at minimizing power
while retaining full orthogonality to all other compiler optimizations.

The instruction fetch logic of processor cores has a significant con-
tribution towards the total power consumption {1]. In a typical ISA
design based on RISC architecture concepts, the register fields are in
[fixed positions within the instruction encoding and constitute a signif-
icant part of the instruction word. The register fields form sereams of
indices being wansferred on the instruction bus. Furthermore, the in-
dices of the source registers are transferred to the address decoders on
the read ports of the register file. The larger the difference in terms of
bit positions in any two consecutive indices, the higher the power in
the address decoder will be, as increased bit toggles will occur.

The number of bit transitions can be ameliorated by exploiting the
fact that no fixed, preordained correspondence exists between program
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varjables and register names. Nonetheless, revisiting the problem of
register allocation is impractical as compiler technologies attempt op-
timizations that aim at satisfying multiple other objectives. A permu-
tation of the register indices though can still be utilized while retaining
intact ail the prior optimizations achieved by the compiler. We out-
line such a technique that identifies a permutation of regisier names
in order to minimize bit transitions. The reductions attained by such
techniques are proportional to the skew in the distribution of adjacent
pairs in the original program. We therefore compleinent our technique
with a preprocessing step that relies on commutativity and dead reg-
ister exploitation in order to increase the skew. This skew enhancing
technique, applied right after register allocation and prior to register
permutation, delivers exceptional bit transition reductions, which we
illustrate in the experimental results section. The proposed methodol-
ogy can be utilized within any system for embedded software compila-
tion/synthesis or as a stand-alone 100l that operates on the binary code
produced either automatically or manually by the systemn designer.

Minimjzing transition activities in communicating data across var-
ious parts of digital systems has been a major goal in recent research
efforts for low power. The Bus-Invert method has been proposed in
[2]. The bus lines are inverted if this leads to a smaller Hamming dis-
tance from the previous bus value. A power optimization technique
applied during behavioral synthesis for memory intensive applications
has been presented in [3]. The behavior of the memory access patterns
is utilized to minimize the number of transitions on the address bus
and decoder.

The objectives in some approaches for low-power FSM state encod-
ing bear resemblance to the optimization goals of the register name
adjustment methodology that we propose in this paper. Low-power
state encoding algorithms aim at encoding the FSM states, so that the
number of transitions within the state register are minimized. In [4] a
heuristic based on a probabilistic mode! to describe the FSM is pre-
sented. In [5] the problem of low-power state encoding is formulated
as a graph embedding problem.

2. GENERAL FRAMEWORK

Let’s consider a code fragment shown in Figure 1a. The first regis-
ter field in the instruction format represents the target, while the next
two registers correspond to instruction sources. The target register in-
dices form the sequence 3,6, 3, 4, resulting in a total number of bit
transitions of 7. The first register source field sequence of 2,3, 2,4
results in 4 transitions, while the second source register field sequence
of 4, 5, 6, 5 results in b transitions. In sum, all the register indices are
responsible for 16 transitions in total.

It is evident that the total pumber of transitions depends on the
particular register indices. Let’s analyze how this number changes
if registers +3 and r6 are interchanged with r6 and r7, respectively,
while the rest are left intact. The resulting code sequence is shown in
Figure 1b. Counting the number of bit transitions for the three new
streams of indices shows that the first column has 3 transitions, the
second 4, and the third 3 transitions, resulting in a total of 10 transi-
tons. This example illustrates the power of register name reassign-
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add r3, r2, rd add ré, r2, rd

sub r6, rl, r5 sub r7, r6, r5

sub r3, r2, ré sub r6, r2, r7

mul r4, rd4, rS mul r4, rd, rs
a) b)

Figure 1: Example code fragment

ment in terms of achieving a significant reduction in bit transitions.
Such register index permutations are referred to as Register Name Ad-
Jjustment {RNA} throughout the paper.

The interchangeability of the general-purpose registers leads to the
observation that any permutation of the register indices within a pro-
gram fragment leads to a valid register assignment with no perfor-
mance penalties but possibly with drastically differing power char-
acteristics. Consequently, such transformations which reassign reg-
ister indices can be considered with the optimization goal of achiev-
ing reduced bit transition activity on the register index streams. For
instance, the commutativity property of a large number of instruc-
tions provides an opportunity for swapping register operands in order
to minimize bit transitions from the register indices. Evidently, this
transformation does not have any side effects on code performance
and will be shown to be quite efficient to implement within the pro-
posed methodology. Another transformation that we explore in this
paper utilizes the observation that within basic blocks the particular
register used to hold a temporary value is of no consequence. It is pos-
sible to reassign therefore target registers to currently dead registers so
that an ¢bjective function with regard to bit transitions is optimized.

The typical register allocation algorithm performed by any com-
piler identifies a mapping between the program working set and the
register file with minimal amount of spilV/fill code. The optimal reg-
ister allocation solution is not unique, even when we keep the instruc-
tion sequence intact by disallowing the introduction of new code or
the reorganization of the structure of the program. Fundamentally,
the transformations that we outline in this paper are the vehicle for
traversing the space of equivalent register allocation solutions under
the constraint of minimized bit transitions on the register indices.

The example presented in Figure 1 contains only arithmetic instruc-
tions with three register operands. It is possible of course to have a
mixture of various types of instructions, including loads and stores.
In such a case, the part of the instruction that corresponds to a non-
utilized register field contains an immutable value, for example an
op-code extension or an immediate field, forcing the RNA algorithm
to take into account the existence of immutable constants within the
stream of register indices.

One can nolice that some of the registers in Figure 1, such as 73
and r6, are defined within the code fragment, other registers are used
within the code (r2, r4, r5), while yet others are not referred to at all.
Modification of the destination register of an instruction necessitates
reflection of the change upon the subsequent code fragments which
utilize this register as a source register. More formally, the proposed
algorithm should keep intact the define-use register chains.

The optimization we propose is applied primarily on the major ap-
plication loops, with special care taken in between them so that pos-
sible define-use register chains are preserved through the loops. This
special support is needed in the case of renaming a register in the first
loop, whose value is needed in the second loop; the insertion of a reg-
ister transfer instruction helps to preserve the define-use chain in that
case. The few such register move instructions between the hot spots
introduce no overhead in practice, neither in terms of performance nor
in terms of power, since they are executed quite rarely.

The proposed algorithm targets the application loops as indepen-
dent and atomic blocks. 1t aims at finding an efficient register renam-
ing with the objective of minimjzing the total amount of bit transitions
for the streams of register indices. As most of the transitions occur
in executing instructions inside the basic blocks, the register renam-

ing algorithm needs first to take into account the register utilization
information within the basic blocks. Furthermore, a profile informa-
tion may be utilized to impose a priority order to the basic blocks and
to combine them into code fragments for considering the inter-block
register index transitions. The algorithms that we present utilize in-
formation regarding the order of the register indices, the frequency of
occurrence of register pairs, and the register live intervals within the
basic blocks. Consequently, as no analysis across basic blocks is re-
quired, the algorithms need not be restricted to a single block but can
be directly applied on a set of basic blocks.

3. MATHEMATICAL FORMULATION

The Register Name Adjustment (RNA) problem presented above
can be defined formally as:
Given: Integers nEN, k€N, CeN; arange V = [0...2% — 1] of
integers, a matrix P€V™*3, and a distance function fz€V?—N.
Problem: Find a bijective mapping M : V=V, such thar:
3 n-1
Cost= Y > fo(M(Pig), M{Pis1z)) < C.

=1 i=1

In the problem formutation above, the integer number n corresponds
to the number of instructions within the code fragment being consid-
ered, while the matrix P contains the initial register indices assigned
by the register allocator. The number % represents the register bit-
width. The distance function measures the distance between two reg-
ister indices; in the case of bit transitions, fg4 is defined as the Ham-
ming distance between the two integers. For the code fragment in Fig-
ure |, n = 4, k = 4, and matrix P with columns p1 = (3,6, 3, 4)%,
p2 = (2,3,2,4)%, and p; = (4,5,6,5)". The problem consists of
identifying a bijective mapping of the current register indices to some
new indices, i.e. renaming the registers, so that in summing up the
Hamming distance between all consecutive pairs of indices, the total
does not exceed a given threshold C. It is evident that if a polynomial
time algorithm exists for selving this problem, then it is straightfor-
ward to solve the corresponding minimization problem in polynomial
time as well, by iteratively decrementing the constant ', by starting,
for example, from the total number of transitions in the original reg-
ister assignment, until no mapping is feasible, with the last successful
step constituting the optimization solution.

In the case of instructions utilizing not all three register fields, such
as loads or stores, the bit positions within their encoding that coincide
with an unused register field would contain an immutable value pos-
sibly as part of an opcode or immediate operand. We refer to such
constants as literals. These literals would be intermixed within the
streams of register indices and can have a significant impact on the
total bit transition number. The problem definition is easily extended
to handle such literals by simply treating them as special registers,
which cannot be renamed. More formally, an additional binary matrix
LeB™*3 is introduced, which models the literal positions. A value of
1inentry Li,; indicates that the 7%® register field of the #*® instruction
is not used and that a literal resides there instead. The computation
of the C'ost value is consequently updated to the following mapping
function.

P if L

Furthermore, if there are multiple independent basic blocks to be
considered, then multipie n’s and P’s would be needed. The final cost
of the solution needs to be computed by summing the costs over all
the individual blocks.

It is evident that the formulation we have presented is an instance
of the general problem with multiple basic blocks and literals. Sub-
sequently, we briefly discuss and show the NP-completeness of this

M o=d MPy) ifLi;=0
- if Li,; =1
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la =5, (x1)0 vl vl 0@ 001
add r3, r2, rb v3 v2 v5 000
a) add r4, r3, r2 p=) v4 v3 v2 | [={0 0 O
mul r3, r4, r3 v3 v4d v3 000
st r3, r7{(10} v3 v7 10 001
(v3,vd}-3 (vd,v7)-1
b) (vZ2,v3}-2 (vE,v2)-1
{v5,v3)-1 (0, v5)-1
(v3,v3)-1 (10,v3)-1

Figure 2: Frequency distribution of the register pairs

problem. The NP-completeness of the general problem is a trivial
consequence of the NP-completeness of its simpler instance, Subse-
quently, we present an efficient heuristic for solving the general prob-
lem with support for literals and multiple basic blocks.

The NP-completeness of the formulated problem can be easily shown
by mapping the Travelling Salesman Problem (TSP) t¢ an instance of
our problem. The cities in the TSP problem are mapped to regis-
ter indices in the first column of the matrix P, while the second and
third columns contain an arbitrary but fixed register. The distance
function is defined as the distance between any two cities, Now, find-
ing a sequence of cities for which the total distance when travelling
through these cities is below a given threshold is equivalent to finding
the mapping function for renaming the registers. Register renaming
is a permutation of the register indices, such that the Cost inequal-
ity is satisfied with the constant ' defined as being the constant in
the TSP formulation. This is a polynomial, in fact linear, mapping
from the TSP problem to an instance of the RNA, which shows the
NP-completeness of the RNA problem.

4. HEURISTIC SOLUTIONS FOR RNA

In this section we show an efficient RNA heuristic. The fundamen-
tals of the RNA heuristic arc based on performing a stalistical analy-
sis and applying efficient encoding on the most frequently occurring
pairs of registers in terms of the number of bit transitions. A possible
interpretation of the RNA problem is as an encoding problem. The
registers assigned by the register allocator can be thought of as a set
of variables being utilized throughout the generated code. Now the
problem of finding the register permutation becomes one of assigning
indices to the “register variables™ so that the total number of transi-
tions between register pairs is minimized. The Register PermuTation
{RPT) algorithm utilizes the frequencies of the various register pairs
and permutes the register indices in such a way so that the frequent
register pairs are mapped to indices with minimal Hamming distance.
As the impact of the RPT algorithm 1s directly proportional to the reg-
ister pair distribution skew, we augment the RNA heuristic by adding
the Register PerturBation (RPB) step, executed prior to the RPT, in
order to maximize the distribution skew of register pair occurrences.
The RPB algorithm utilizes two degrees of freedom in assigning regis-
ters to instruction operands. The first one relies on the commutativity
property, 4 property commen to many instructions. The second trans-
formation, on the other hand, slightly modifies the current register
allocation by swapping certain pairs of live intervals within the basic
blocks, without perturbing the optimality of the register allocation or
introducing any additional instruction.

4.1 Register PermuTation (RPT)

Figure 2a shows an example code fragment with literals and its cor-
responding representation with matrix P and literal matrix L. We
have used indexed letters to represent the registers in the matrix P in
order to emphasize the Fact that one can consider the registers sim-
ply as independent variables for which an efficient power encoding is
sought. It can be observed that certain pairs of registers appear more

Figure 3: RPT algorithm iterative step

frequently than others, while certain register pair elements never oc-
cur successively in the code fragment. Figure 2b shows all pairs of
registers and literal-register pairs, which appear in the code and the
quantity of each pair. Consequently, the major goal of the register re-
naming heuristic is to try to find an enceding such that the frequently
occurring pairs of regislers are mapped to the closest code words.

In order to capture the utilization frequency of the register/literal
pairs, we construct the Register Histogram Graph (RHG). The RHG
is a directed graph with nodes corresponding to the registers and lit-
erals from the program fragment. An edge ey; = (vi,v4) exists be-
tween nodes v; and v; only if the registers associated with them occur
consecutively within the code in this order. Each edge is annotated
with a positive number weight denoted by f{e;), representing the to-
tal number of occurrences of the particular register pair. The nodes
corresponding to literals are marked as such and no encoding is to be
assigned to them. They are treated as nodes with already assigned en-
coding and their particular value influences the codes assigned to their
neighboring nodes.

The RPT heuristic iteratively selects a pair of nodes v; and »; with
the property that the sum of the weight of edges (vs,v;) and {v;, v:)
is maximal and that at least one of the nodes remains still unassigned.
Figure 3 depicts such a pair of nodes and shows the type of incoming
and cutgoing edges of these nodes. This structure is fundamental in
assigning optimal codes to the corresponding nodes. The sets L; and
I; denote all the literal nodes which are adjacent to the nodes v; and
vj, respectively. Similarly, the sets R; and R; represent the register
nodes adjacent to u; and v;, respectively. If the nodes v; and v; are
such that f{es;) + f(e;s) is maximum and at least one of the nodes
has not as of yet been assigned a code, the RPT algorithm selects the
pair and finds the optimal encoding. The implication is that the RPT
algorithm step needs to find indices, such that the total number of
transitions between the nodes »; and »; and all other adjacent nodes,
which have already been assigned indices, is minimized. Therefore,
all indices that remain unassigned are searched through and the ones
that minimize the total cost are chosen. If both nodes are stilt unas-
signed, the total cost C%; is computed using the following formula.

Cy = 3 Hlck),c()) + Y Hlc(d)e(k)) +
kelL, heRIds

+ 3 He(k),ci) + Y H{c(s), c(k) +
kELj kcR;,

+ (fleis) + flesi))H{c(d), o(5))

The set I in the above formula denotes the set of RHG regis-
ter nodes, for which indices have been assigned in previous itera-
tions; c{v) denotes the index assigned to the node v, and the func-
tion H{z,y) is the Hamming distance between ¢ and 3. If one of the
nodes 1 or j has already been assigned an index, C;; is computed by
summing the bit transition on the edges of the unassigned node only.
Since the set of available indices is, of course, no larger than the total
number of registers, this step is computationally effective and its time
complexity is O(|E||R|?), where R is the set of all registers.
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4.2 Register PerturBation (RPB)

The fundamental principle of the basic RPT heuristic has been the
assignment of efficient indices to the register pairs which have high
occurrence frequency in the initial program. If, for example, the RHG
contains fewer number of edges yet with higher utilization frequency,
then it is evident that the achieved improvement in terms of bit transi-
tions would be higher. If we think of the utilization frequency numbers
as simply a distribution histogram of all possible register pairs, and
since the total number of register pairs is determined by the particular
program and hence immutable, then the above property is precisely
reflected by the standard deviation of the histogram. Any transforma-
tion that does not change the structure of the program code but only
reassigns the register working set, leaves the histogram average intact,
but succeeds in altering the standard deviation, enabling the exploita-
tion of the degrees of freedom which commutativity and dead register
intervals provide us. The registers can be reassigned in such a way,
so that the deviation of the distribution histogram is increased, i.e. by
having more edges in the RHG with higher utilization.

1t is desirable as well that the RHG have as many as possible self-
edges, as no bit transitions across such a pair of registers exist, in-
dependent of the particular index assignment. Therefore, in order to
further increase the utility of the RNA heuristic, one needs to apply
certain transformations on the initial register assignment so that the
aforementioned RHG properties are intensified, while performance
and, of course, semantic properties of the initial program are left in-
tact. The RPB heuristic based on this conceptual foundation consists
of two register transformations applied as a preprocessing step so that
both RHG characteristics described above are maximized.

In order to be able to evaluate the transformations quantitatively,
a formal definition about both objectives and a way to combine their
effect needs to be given. The distribution histogram deviation is com-

puted by utilizing the well known statistical formula = 2&};&)—,
where p is the average and N is the total number of samples, which
in our case corresponds to all possible register pairs. Since the maxi-
mal possible deviation can be easily computed, a normalized version
of the deviation & is introduced for ease of combining both objec-
tives, The second objective of the initial program transformation, as
discussed above, is the maximization of the number of pairs, which
have the form (v;, v;). This quantity can be as well represented in a
normalized way using the formula D = NE, where D is the num-

ber of single register pairs, while N}, is the total number of register
pairs for the initial program. The combined objective function can
be consequently formulated as a convex combination of & and Die.
Cs = AD-+(1—X)#, where 0 < X < 1. By adjusting A, the priorities
of the two objectives can be varied.

4.2.1 Commutativity transformation

A large number of instructions, such as addition, multiplication, and
logic operations, are insensitive to the order of their operands. Conse-
quently, the commutativity of certain instructions provides a degree of
freedom that can be exploited in order to maximize the objective func-
tion C,. It is evident that the commutativity transformation introduces
no side effects in terms of code performance.

If for a sequence of instructions the commutativity transformation
has been applied and an optimal solution has been identified, then
the iterative algorithmic step of handling the next instruction while
still preserving optimality consists of checking both possibilities for
the operands and selecting the one which maximizes the objective
function. This observation stems from the fact that the commutativity
transformation has only a local impact on the objective function and
ne changes in the previously optimal instruction sequence are needed.
Consequently, the commutativity transformation can be applied in lin-
ear time by traversing the instruction sequence and by identifying for

rl-— r2,r3
r2=—1rl,r2
r2 - ¥3,r2

rl-— r2,r3
rd - rl,r2
r2 ~— r3, rd

Figure 4: Dead register reassignment

-——

each commutative instruction one of the two operand combinations
that maximizes the current value of the objective function.

4.2.2  Dead register reassignment

When a register is defined by an instruction, its previous value is
overwritten and the new value is utilized by subsequent instructions
that have this register as a source operand. The interval between the
last usage of a register and its subsequent redefinition is known as the
dead range for the register, as the value which the register holds is
no longer of any importance. Consequently, such a register can be
directly assigned a live interval of another register as long as that live
interval fits within the dead range. Furthermore, even if the live in-
terval exceeds the dead range, the dead register can still accommeodate
that new live interval, as long as its own live interval can be reassigned
to the other register, effectively swapping both live intervals.

Figure 4 shows an example of dead register reassignment. Register
r2 is used for the last time in the second instruction. Therefore, it
is possible to substitute the target of the second instruction r4 with
r2 and propagate this change throughout the use chain of register r4.
This transformation evidently improves the objective function for the
particular code fragment. Of course, in this particular case such a
replacement is possible if the use of the value of r4 extends no further
than the third instruction, i.e. if r4 is dead after the third instruction.

Fundamentally, the dead register reassignment technique tries to re-
assign the live intervals within the basic blocks to different registers
s0 that the ohjective function C,, is maximized. The example in Fig-
ure 5 shows the live intervals of three registers for a given basic block.
The vertical axis corresponds to a sequence of instructions that uti-
lize these registers. Each vertical line corresponds to the definition
and last use of a certain register. Each of the live intervals is anno-
tated with an integer for ease of identification. One can cbserve that
register T2 is alive when the basic block is completed, i.e. its value
is used by at least one of its successor basic blocks from the control
flow graph. Note that this information regarding the live intervals is
only obtained by performing a global live-in/live-out analysis across
the basic blocks.

The right part of Figure 5 shows the live intervals after performing
a dead register reassignment. It is evident that this transformation
reassigns the live intervals of any temporary values generated within
the basic block. For example, live interval 2 is now handled by register
r3 instead of r2, live interval 4 by r2 instead of r1 and so on. As this
transformation is applied within an application fragment with high
execution frequency, the introduction of register transfer instructions
needs to be avoided. The retainment of any register alive at the basic
block exit fixes the live interval 8 to its original register #2.

In order to apply this transformation, the instruction sequence needs
to be traversed one instruction at a time. At each step all dead registers
need to be considered as possible “holders” of the live interval being
defined by the current instruction. It is important that no live inter-
vals assigned to the currently dead registers remain unassigned due (o

1 12 13 rl 2 3

[ 11

111
Lq

1
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RPT RFB
Towl || RPT | Impr% || A(0-0) | A(0.25) T A(0.5) | A0.75) | A(L.0) | Tmpi%
fdct 70 58 | 18.00 47 46 6 46 26 | 34.55
& 73,837 || 63,160 | 1445 || 49,203 | 46.933 | 48.034 | 48,934 | 45,224 | 38.75
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Figure 6: Bit transition reductions for RPT and RPB

the utilization of their register for “holding” the current live interval.
Instead, all such affected live intervals need to be reassigned ameng
the set of dead registers. The evaluation is performed by computing
the objective function C,, for each such replacement. At the end, the
dead register reassignment that leads to a maximal increase in C, is
selected. As no Hve intervals are left unassigned, no danger of reach-
ing an instruction and being unable to accommodate the live interval
formed by its target register exists. The time compiexity of the dead
register reassignment is therefore linear in terms of the number of in-
structions of the program fragment, as no backtracking is necessitated.

5. EXPERIMENTAL RESULTS

In this section we gquantitatively evaluate the proposed methodel-
ogy for register name adjustment. The RPT and the RPB techniques
have been implemented and applied on a set of applications. The al-
gorithms have been coded as a stand-alone module, which is indepen-
dent of the particular instruction set architecture. The input to this
module is the control-flow graph for each application hot-spot, where
the basic blocks contain a sequence of register/literal triplets with ad-
ditional flags indicating the target/source fields, literal positions, and
whether the instruction corresponding to the triplet is commutative.
When the control-flow graph is loaded, a live register analysis is per-
formed across and within the basic blocks, a fundamental part of our
implementation for the proposed techniques.

The basic blocks’ execution frequency and the control flow graph
itself are generated by a specially modified version of the functional
sirnulator from the SimpleScalar toolset [6]. SimpleScalar supports
a MIPS-like instruction set architecture which utilizes 5 bit register
fields. The simulated programs are instrumented at assembly level by
inserting a specially designed instruction at the beginning of every ba-
sic block. Execution of this special instruction informs the modified
simulator that a new basic block has been entered and that the appro-
priaie actions for analyzing the basic block need to be performed.

In our experimental study we have used the following benchmarks:
Fast discrete cosine transform (fdct) DSP kemel; Extrapolated Jacobi-
iterative method (ej) on a 128x128 grid; Matrix mudtiplication (mmudl)
on a matrix of size S50x50; A rridiagonal linear system solver (tri}on a
matrix of size 128x128. Successive over-relaxation (sor) on a matrix
with size 128x128; The adpcm.e and adpcm.d benchmarks (the en-
coder and the decoder part of the ADPCM speech coding algorithm,
part of the Mediabench [7] set).

Figure 6 shows the achieved results in terms of bit transitions in
the register fields and their reduction. The second column presents
in thousands the total number of bit transitions from the three regis-
ter fields. The third column shows the bit transitions after applying
the RPT heuristic, while the next column presents the percentage re-
duction of the RPT heuristic. The numbers of bit transitions after
applying the RPB algorithm are shown in columns five through nine.
These columns correspend to five different values of the optimization
parameter A. The cost function as explained in the previcus section
is represented as a convex combination of two objectives. While the
two objectives have a distinct nature, they are also intertwined and

can impact each other. Therefore, different problem instances ne-
cessitate distinct vatues of X for altaining the best solution. Conse-
quently, for our experimental setup we have performed iteratively the
RPB algorithm with A taking values in the range [0 : 1], stepping by
0.25. Finally, the last column shows the percentage reduction of the
RPB heuristic with respect to the initial number of bit transitions. The
percentage in this column is computed by using the minimal number
of bit transitions from the five previous celumns, The improvements
achieved by the RPT algorithmn range up 10 25%, while the RPB algo-
rithm achieves even higher improvements up to 44% compared to the
total bit transitions frem the register fields of the original program.

6. CONCLUSION

In this paper, we have presented a compiler driven, power aware
register name adjustment algorithm. The RNA problem for low-power
has been formally defined and its NP-completeness has been shown.
Subsequently, we have presented two efficient heuristics for attack-
ing this problem. The achieved significant reductions in bit transitions
within the instruction register fields result in reducing the power con-
sumption on the instruction bus and the register file address decoders.
The RPT algorithm utilizes register pair frequencies and identifies an
efficient register remapping, while the RPB algorithm employs com-
mutativity and dead register reassignment transformations for further
reductions in bit transitions. The presented significant power improve-
ments are achieved as a result of a compiler based optimization and
consequently necessitate no additional hardware suppart whatsoever.

The proposed register name adjustment methodology is completely
independent of particular instruction set architectures and can be cas-
ily integrated within any compilation framework or embedded soft-
ware synthesis for achieving the ever so important goals of designing
power efficient electronic systems.
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