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Abstract

This article studies an important open problem in backend
compilation regarding loop unrolling after periodic regis
allocation. Although software pipelining is a powerful lhec
nique to extract fine-grain parallelism, variables can stay
alive across more than one kernel iteration, which is chal-
lenging for code generation. The classical software smhuti
that does not alter the computation throughput consists4n u
rolling the loop a posteriori (13; 12). However, the resgti
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challenging for code generation and generally addressed
through: (1) hardware support — rotating register files —
deemed too expensive for almost embedded processors, (2)
insertion of registerroves with a high risk of reducing the
computation throughput — initiation interval {) — of soft-
ware pipelining, and (3) post-pass loop unrolling that does
not compromise throughput but often leads to unpractical
code growth.

We investigate ways to keep the size of the generated code

unrolling degree is often unacceptable and may reach absurd?omMPatible with embedded system constraints without com-

levels. Alternatively, loop unrolling can be avoided thaibé
software register renaming. This is achieved through the in
sertion ofrrove operations. However, inserting those oper-
ations may increase the initiation intervdl/§ and nullifies
the benefits of software pipelining itself.

We propose in this article a new technique to minimise
the loop unrolling degree generated after periodic registe
allocation. In fact, this technique consists on decommpsin
the generated meeting graph circuits by inserting move in-
structions without compromising the throughput benefits of
software pipelining.

The different experiments showed that the execution time

is acceptable and good results can be produced when wéj

have many functional units which can execute move oper-
ations.

Categories and Subject Descriptors D.3.4 [Processork
Code generation, Compilers, Optimization

General Terms  Algorithms, Performance

Keywords Periodic Register Allocation, Software Pipelin-
ing, Loop Unrolling, Register Move Instructions, Code Op-
timisation

1. Introduction

Our focus is on the exploitation of instruction-level paral
lelism (ILP) in embedded VLIW processors (12). Increased
ILP translates into higher register pressure and strebges t

register allocation phase(s) and the design of the register

files. In the case of software-pipelined loops, variablas ca
stay alive across more than one kernel iteration, which is

promising the throughput benefits of software pipelining.
Namely, we want to minimise the unrolling degree result-
ing from periodic register allocation of a software-pipel
loop, without altering the initiation interva(l [).

Having a minimal unroll factor reduces code size, which
is an important performance measure for embedded sys-
tems because they have a limited memory size. Regarding
high performance computing (desktop and supercomputers),
loop code size may not be important for memory size, but
may be so for I-cache performance. In addition to the min-
imal unroll factors, it is necessary that the code genarmatio
scheme for periodic register allocation does not generhte a
itional spill; the number of required registers must nat ex
ceedVAXLI VE (11) (the maximum number of values simul-
taneously alive). Prohibiting spill code aims to maintain
and to save performance.

When the instruction schedule is fixed then the circular
lifetime intervals (CLI) andVAXLI VE are known. In this
situation, known methods exist for computing unroll fastor
These are:

e modulo variable expansion (MVE) (12; 13) which com-
putes a minimal unroll factor but may introduce spill
(since MVE may need more thaWAXL| VE registers
without proving an appropriate upper-bound);

e Hendren'’s heuristic (10) which computes a sufficient un-
roll factor without introducing spill, but with no guaran-
tee in terms of minimal register usage or unrolling de-
gree; and

e the meeting graph framework (6) which is based on
mathematical proofs which guarantee that the unroll de-



Listing 1. Loop Program Example

Listing 2. Example of Inserting Move Operations (Register

FOR i =0, i<N, i=i+1 Renaming)
a[i+2] = b[i]+1 FOR i =0, i<N, i=i+1
b[i+2] = c[i]+2 R3 = b[i]+1
c[i+2] = a[i]+3 b[i+2] = c[i]+2
ENDFOR cl[i+2] = R1+3

Rl = R2

R2 = R3

ENDFOR

gree will be sufficient to reach register minimalitiye(
MAXLI VE), but not that the unroll degree itself will be

minimal.
. . . . . 2.1 Rotating Register File
Bachir et al. (2; 3) claim that the loop unrolling minimi-

sation (LUM) using extra remaining registers is an efficient A rotating register file(RRF) (8) is a hardware mechanism
method to bring loop unrolling as low as possible — with to prevent successive I|f(_3t|me intervals from being assign
no increase of théI. However, some kernel loops may still {0 the same physical registers. o ,
require high unrolling degrees. These occasional high un- N Listing 1, variablea[i] spans three iterations (defined
rolling degrees suggest that it may be worthwhile to conside [N itérations — 2 and used in iteratior). Hence, at least

combining the insertion afove operations with kernel loop ~ Physical registers are needed to carry simultaneouly
unrolling. ali + 1] andali + 2]. A rotating register fileR automatically

In this work, we study the loop unrolling problem after a Performs therove operation at each iteratiod acts as a
given periodic register allocation by decomposing the dif- FIFO buffer. The major advantage is that instructions in the

ferent generated meeting graph circuits (MGC) by insert- ger_1erated code see aI_I Ii_ve value_s_ofagiven varia_\ble tiroug
ing move instructions without compromising the through- & Sindle operand, avoiding explicit register copying. Belo

put benefits of software pipelining and still using a minimal 2[k] denotes a register with offsetfrom R.

number of registers equal MAXLI VE to allocate the differ- Iteration i Iteration i+2
ent variables. We argue that the approach based on decom- R=b[i]+1 Rl +2] =b[i]+1
posing meeting graph circuits can overcome the shortcom- b[i+2]=c[i]+2 b[i+2] =c[i]+2
ings of loop unrolling minimisation. c[i+2] =R[-2]+3 c[i+2] =R+3

The rest of this article is organised as follows. Section 2~ Using a RRF avoids increasing code size due to loop
presents the most relevant related work for code generation Unrolling, or to decrease the computation throughput due to
In Section 3, we present the problem we are dealing by the insertion ofrove operations.
displaying a motivating example. In section 4, we define
the main notions, present our method and the algorithm we
designed to decompose the different meeting graph circuits This method is also calletegister renaming Considering
in order to minimise loop unrolling degree. In Section 5, the example of Listing 1 for allocating]i], we use3 regis-
we present our experimental results, which demonstrate tha ters and perfornmove operations at the end of each itera-

our method is efficient in practice, then we conclude in tion (5; 14):ali] in registerR1, ali + 1] in registerk2 and
Section 6. ali+2] in registerk3. Then we us@ove operations to shift

registers across the register file at every iteration as shimow
Throughout the paper, the different loops are already soft- |jsting 2. However, it is easy to see that if variablepans
ware pipelined and we rely on the meeting graph framework ¢ jterations, we have to insedit— 1 extranove operations
as the periodic register allocator. at each iteration In addition, this may increase thd and
may require rescheduling the code if these/e operations
do not fit into the kernel. This is generally unacceptabléd as i
negates most of the benefits of software pipelining.

2.2 Move Operations

2. Code Generation: Background and
Challenges

We review the main issues and approaches to code generaz 3 Loop Unrolling

tion fc_)r periOd?C .register allocation using the loop exaenpl Another methodoop unrolling, is more suitable to maintain
described in Listing 1. _ o _ I1 without requiring hardware support such as RRF. The
There are two ways to deal with periodic register allo- resylted loop body itself is bigger but no extra operations
cation: using special architecture support suctrogiating are executed in comparison with the original code. Here
register files or without using such support. This latter may different registers are used for different instances of the
require the insertion afove operations or loop unrolling variableqa of Listing 1. In Listing 3, the loop is unrolled three



Listing 3. Example of Loop Unrolling Listing 4. Example of MVE

FOR i =0, i<N, i=i+3 FOR i =0, i<N, i=i+3
RL = b[i]+1 Rl = R5+1
b[i+2] = c[i]+2 R4 = R8+2
c[i+2] = R2+3 R7 = R2+3
R2 = b[i+1]+1 R2 = R6+1
b[i+3] = c[i+1] +2 R5 = R9+2
c[i+3] = R3+3 R8 = R3+3
R3 = b[i+2] +1 R3 = R4+1
b[i+4] = c[i+2]+2 R6 = R7+2
c[i+4] = R1+3 R9 = R1+3

ENDFOR ENDFOR

MVE: R1, R2, R3 fora, R4,R5,R6 forh, R7, R8, R9 fore,

times.a[i + 2] is stored inR1, afi + 3] in R2, a[i +4] in R3, and the loop is unrolled times.

ali + 5] in R1, and so on.
By unrolling the loop, we avoid inserting extrav e op- One can verify that it is not possible to allocate the differ-
erations. The drawback is that the code size will be multi- ent variables on less than 9 registers when unro”ing ﬂ'p loo
plied by 3 in this case, and by the unrolling degree in the 3 times. But MVE does not ensure a register allocation with
general case. This can have a dramatic impact by causinga minimal number of registers, and hence is not optimal. As
unnessary instruction cache misses when the code size ofye will see in the next section, we ne&degisters to al-
the loop happens to be larger than the size of the instruction|ocate the different variables. In MVE, the round up to the
cache. For simplicity, we did not expand the code to assign nearest integer for choosing the unrolling degree may miss

registers forb andc. In addition, brute force searching for  opportunities for achieving an optimal register allocatio
the best solution using loop unrolling has a prohibitivetcos

existing solutions may either sacrifice the register oplitppa
(10; 13; 15) or incur large unrolling overhead (6; 16).

2.3.2 Meeting Graphs

The algorithm of Eisenbeis et al.(7; 9) can generate a peri-
odic register allocation using a minimal number of register
equal toMAXLI VE if the kernel is unrolled, thanks to a ded-
Lam designed a general loop unrolling scheme caihed- icated graph representation called theeting graphlt is a

ulo variable expansio(MVE) (13). In fact, the major crite- ~ more accurate graph than the usual interference graph, as it
rion of this method is to minimize the loop unrolling degree has information on the number of clock cycles of each vari-
because the memory size of the i-WARP processor is low able lifetime and on the succession of the lifetimes all g@lon
(13). The MVE method defines a minimal unrolling degree the loop. It is based on circular lifetime intervals (CLI). A
to enable code generation after a given periodic register al preliminary remark is that without loss of generality, waca
location. This unrolling degree is obtained by dividing the consider that the width of the interval representation is-co
length of the longest live rangengx, LT,) by the number  stant at each clock cycle. If not, it is always possible to add
of cycles of the kernet = {%ILTU], Once the loop is  unit-time intervals in each clock cycle where the width is
unrolled, MVE uses the interference graph for allocation.  less tharlVAXLI VE (9).

2.3.1 Modulo Variable Expansion

HavingMAXLI| VE the maximum number of values simul-
taneously alive, the problem with MVE is that it does not
guarantee a register allocation with minimal number of reg-
ister equal tavAXLI VE (6; 10), and in general it may lead to
unnecessary spills breaking the benefits of software pipeli
ing. A concrete examples of this limitation can be found
in (1).

In Listing 1, the longest live range lastscycles and the
number of cycles of the loop i cycles, son = [3], and
we should unroll the loop 3 times. Then we can assign to

The formal definition of the meeting graph is as follows.

Definition 1 (Meeting Graph) Let F' be a set of circular
lifetime intervals graph with constant widMAXLI VE. The
meeting graph related t@" is the directed weighted graph
G = (V,FE). V is the set of circular intervals. Each edge
e € FE represents the relation of meeting. In fact, there is
an edge between two nodgsandv; iff the intervalv; ends
when the intervab; begins. Eachv € V' is weighted by its
lifetime length in terms of processor clock cycles.

The meeting graph (MG) allows us to compute an un-

each variable a number of registers equal to the least integerolling degree which enables an allocation of the loops

greater than the span of the variable that dividés In
Listing 4, each variable, b, cis assigne® registers using

with RC=MAXLI VE registers. It can have several connected
components of weighty, . .., ux (if there is only one con-



Listing 5. Example of Meeting Graph

FOR i=0, i<N, i=i+8
R2+1
R5+2
R7+3
R3+1
R6+2
R8+3
R4+1
R7+2
R1+3
R5+1
R8+2
R2+3
R6+1
R1+2
R3+3
R7+1
R2+2
R4+3
R8+1
R3+2
R5+3
R1+1
R4+2
R6+3
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nected component, its weightjis = RC), this leads to the
upper bound of unrollinge = lem(pa, ..., ) (RC if there

is only one connected component). Moreover a possible
lower bound of loop unrolling is computed by decomposing

the graph into as many circuits as possible and then comput-

ing the least common multiplédn) of their weights (7; 9).
The circuits are then used to compute the final allocation.
This method can handle variables that are alive during sev-
eral iterations. This allocation always finds an allocation
with a minimal number of register8/XLI VE).

Figure 1(a) displays the circular lifetime intervals repre
senting the different variables, (b, c¢) of the loop example
described in Listing 1, the maximum number of variables si-
multaneously alivé/AXL1 VE = 8. As shown in Figure 1(b),

¢ — p(C) = 4= =8
° 8
— o ()
e Oin
s O
] g
0 1 2 11=3

(a) Circular Lifetime Intervals (b) Meeting Graph

Figure 1. Meeting graph of the loop example in Listing 1

der to minimise loop unrolling, Bachir et al. (2; 3) propose
a method called loop unrolling minimisation (LUM method)
that minimises the loop unrolling degree by using extra re-
maining registers for a given periodic register allocatibime
LUM method brings loop unrolling as low as possible —
with no increase of thél. However, some kernel loops may
still require high unrolling degrees. This occasional sase
suggest that it may be worthwhile to consider combining the
insertion ofmove operations with kernel loop unrolling.

3. Circuit Decomposition: a Motivating
Example

In this section, we introduce our method which consists
in decomposing the different circuits generated after the
meeting graph periodic register allocation, to minimisgplo
unrolling degree and show how it works on an example. Our
study uses the meeting graph framework since it is most
challenging to minimal register allocation when paradlieli
between loop iterations is exploited.

Our goal is to avoid a large unrolling degree while still
achieving the use of minimal number of registers. Our ap-
proch is based on the following observation: In the previous
work that propose a periodic register allocation with a min-
imal number of register (7; 16), the high generated loop un-
rolling degree comes from the least common multiple of the
different weights of the generated circuits.

Let us study the loop described in Listing 6. This loop

the meeting graph is able to use 8 registers to allocate theis software pipelined by DESP (4). The initiation interval

different variables instead of 9 with Modulo Variable Expan
sion by unrolling the loop 8 times. For the loop described in
Listing 1, the meeting graph generates the code shown in
Listing 5.

The main drawback of the meeting graph method is that
the loop unrolling degree can be high in practice although th
number of registers used is minimal. That may cause spuri-

11 = 4 and the circular lifetime intervals family is described
in Figure 2(a). This circular lifetime intervals family has
maximum widthMAXLI VE = 3. As shown in Figure 2(b),
the meeting graph is decomposed into two strongly con-
nected components; = {vy, v, v4} andCsy = {v3} with

the following weights:(C4 ) = 2 andu(C3) = 1. Moreover,

the meeting graph achieves a periodic register allocation

ous instruction cache misses or even be impracticable due tovith a minimal number of registeR,,,;,, = MAXLI VE = 3

the memory constraints, like in embedded processors. In or-

if we unroll the loop twice {cm(2,1) = 2).



Listing 6. Whetstone cycle4-2 Loop example

FOR i =0, i<10, i=i+1
a[i] = d[i-2]

b[i] = a[i]

c[i] = b[i]

dii] = c[i]

ENDFOR

Our objective with decomposing the meeting graph cir-
cuits is to find a periodic register allocation with a small
circuit weights which leads to a smétim. Our exploratory
method consists on decomposing the different circuits by
addingm extra move instructions which can be performed
in parallel with the other operations.

p(Cr) =1 u(Cr) =1
3 1 u(Ca) =1
— oS e
v2
| E— 4
: © O,
e
1 3

I
11=4

(a) New Circular Lifetime Intervals (CLI') (b) Meeting Graph Decomposed Circuit

Figure 3. Circuit decomposition method

decompositior' into two circuitsC; and Cy which respect
the relation of meeting and(C) = u(Cy) + u(Cs)

Proof. LetC = {vy,...,v,} be a meeting graph circuit. Let
S and E be two functions defined &$(v) is the clock cycle
when the variable starts and®(v) is the clock cycle when

Let us assume that we can add one move operation athe variables ends

each clock cycles without increasitdd. By the way, if we
split the variables, at clock cyclelI = 4 into two vari-
ablesv,, andv,, as shown in Figure 3(a), then the circuit
(4 is decomposed into two circuitsy, = {v1,v4, } and
Ci, = {v2,v4,} with the following weightsp(Cy,) = 1
and u(Ch,) = 1, as shown in Figure 3(b). It results a pe-
riodic register allocation with a minimal number of regis-
tersR,,;, = MAXLI VE = 3 without unrolling the loop by
adding one move operation.

—
n(Cr) = =5 =2
- . wWCy)=7=1
()
— °4
v
e ()—)
2

(a) Circular Lifetime Intervals (CLI) (b) Meeting Graph Circuits

Figure 2. Circular lifetime intervals and meeting graph for
the loop of Listing 6

We will now describe more precisely the circuit decom-
position algorithm

4. Circuit Decomposition Method

In this section, we describe how to decompose the differ-
ent circuits in order to minimise loop unrolling. In fact,
given the different meeting graph circuits,, ..., Cy, we
look for their best decomposition into many new circuits
C1,,...,Cyk, such that the least common multiple of their
new weights is the minimal loop unrolling degree. In fact,
decomposing a given circuff’ into two circuitsC; andCs
means that(C) = u(C1) + p(Cs). Lemma 1 demonstrates
that each new circuit respect the relation of meeting (9).

Lemma 1. Let C be a meeting graph circuit with a weight
w(C). Letwy,..., v, be the different variables composing
the circuit C. If u(C) > 1 then there exists at least one

C respects the relation of meeting becadse- 1,n : v;
ends whenv,;,; begins. In addition, the sum of variables
lifetime (LT) is multiple of 17 which means$y";" | LT(v;)
w(C) x II.

Furthermore, ifu(C) > 1 then we can decompose the
circuit C' into two circuitsCy and Cy such thatu(Cy) +
w(C2) = p(C) and u(Ch), u(C2) € N*. For instance,
w(Cy) =1>0andu(Cs) = u(C)—1>0.

In order to prove the relation of meeting for both circuits
Cy andCs, we look for the variables composing each circuit.
In fact, we look for a variabler € C' which is alive at a
chosen clock cycle denoteyclesuch ascycle= S(v1) +
w(C1) x II.Letw; be this variable. Two possible cases are
then araised:

1. if S(v;) = cyclethen the circuitC is decomposed into
two circuitsC, Cs without adding any move operation.
The decomposition of the initial circui is as follows:
Cy, = {’Ul, R ,’Ui,l} andCy = {’Ui, . ,’Un}

. if S(v;) < cycle< E(v;) then the variable is splitted at
time cycleinto two variablesy;, , v;, which decompose
the circuitC into two circuits by adding one move oper-
ation. The decomposition of the circuit is as follows:
Cl = {’Ul, .. .,1}7;1} andCQ = {in' .. 71)”}

Circuit decomposition without increasind proceeds as
follows.

1. First of all, we collect the following information: therei
cular lifetime intervals family (CLI), the different meet-
ing graph circuits and the numbete Of free move
instruction at each clock cycleycle= 0,71 — 1). In-
deed, these move instructions, if added, can be executed
in parallel with other operations without altering the

2. Secondly, we give to each circuit an arbitrary start

point denotedS’(C') and an arbitrary end point de-



noted E'(C). For example ifC = {vy,...,v,} then
S'(C) = S(v1)andE'(C) = E(v,).Inaddition,C is
decomposed into two circuits if its weight ig(C') > 1.
By the way, the circuitC' can be splitted only at some
clock cycles described in the following set:

SPLITe = {cycle| ¥m € N* such that:
cycle=S'(C)+m x ITandS’(C) < cycle< E'(C)
andm(cycle mod II) > 0}

In fact, we need this information to exactly know at each
clock cycle we split the circuit. For instance, if we want
to split C' at I then the exact split cycle isycle =
S'(C) + I1. From the definition of the s&PLIT-, we
have the following inequalities:

S'(C) < cycle< E'(C) =
S(C) < (S"(C)y+m x II) < E'(C) = 0<m < u(C)

Furthermore, decomposing the circaitmeans to look
for a variablev in this circuit which is alive at this clock
cycle(S"(C)+m x II).

. In order to know the total number of possible circuit
decomposition at clock cycleycle we look for the
set C'I Reycle Which contains the different circuits start-
ing at this clock cyclecycle In addition, each circuit
C € CIRcycecan be decomposed at a given clock cycle
cycle = S'(C) + m x ITsuchasn = 1,u(C) — 1.
That is, we can deduce the numbet.e of possible
decomposed circuits at tineycledescribed as follows:

Y (e -1

CeCTReycle

WCcycle =

So hence, the total number of circuit decompositions at
clock cyclecycleis the sum of the different combinations

Mecycle

o

WCcycle
=0

Consequently, the total number of generated circuits at
clock cyclelT —1is

II—1 Mcycle

II > Clco

cycle=0 =0

. Finally, compute the least common multiple of the gener-
ated circuits and choose the best decomposition with the
minimal loop unrolling degree.

Algorithm 1 implements our solution for decomposing the
differents circuits following the possible added moveltictr
tions without altering/I. In this algorithm, we require the
initial meeting graph circuits denotddGC, the initiation in-
terval I1 and the information about free units at each clock

cyclecycledenoted asucyce This algorithm returns the best
circuit decompositiorCircuits which provides the minimal
loop unrolling degree. In addition, because we are looking
for all possible circuit decompositions which do not in@ea
11, we need to use three sé&fs G; andG.. to store the dif-
ferent circuits after decomposition.

As we can see in Algorithm 1, the principal algorithm
calls the sub-algorithm calleBDecompose-Circuitvith the
following parameters: the initial meeting graph circuits
Circuits, the circuit circuit which we want to decompose
into two circuits, the cyclavindowwhere exactly we want
to decompose the circuiircuit. This sub-algorithm returns
the new circuit decompositioResultand a boolean equal
to TRUE if the circuit is decomposed;ALSE otherwise.
We also use the following algorithm MINIMIMAL-LCM-
CIRCUITS which provides the best circuit decomposition
where the least common multiple (loop unrolling) is mini-
mal.

Algorithm 1 Circuits decomposition with free move instruc-
tions
Require: MGC the set of the meeting graph circuits] the
Initiation Interval and at each clock cyctgclethe number of
possible addedove instructionsmcyce Without ateringl I
Ensure: Circuits the best circuit decomposition which provides
the minimal loop unrolling degree
G — {MGC} {at the beginning the s&t contains the initial
meeting graph circuits
for cycle=0to Il —1do
G: «— G {initially the setG; contains all the generated
circuits decomposition at clock timeycle — 1}
while mcycie <> 0do
G. < 0 {initialisation of the setG. which contains the
generated circuits decomposition combinajion
for eachCircuits € G do
for eachcircuit € Circuits do
if S’ (circuit) = cyclethen
window« cycle+ I
while window < E’(circuit) do
if Decompose-Circu(Circuits, circuit, window Resulj
then
G — G U {Resul}
end if
window«— window+ 1T
end while
end if
end for
end for
G — GUG,
Gt — Gc
Mecycle <— Mcycle — 1
end while
end for
Circuits < MINIMIMAL-LCM-CIRCUITS (Inter)
return Circuits




Algorithm 1 delivers all possible decomposing circuits (MAX). The different statistics are shown in the following
in finite time because it is dominated by the number of tables:

. wogrll—1 Mecycle g . .
generated C'rcu'ts'HCycle:o 2 im0 chcycle e Table 2 shows observations when at most one move in-

. struction can be added per clock cycle.
5. Experiments P Y
Measurements are taken to study the effectiveness of min-
imising the loop unrolling degree by decomposing the ihitia ]
meeting graph circuits by adding free move operations with- ® Table 4 shows observations when at most three move

e Table 3 shows observations when at most two move in-
structions can be added per clock cycle.

out increasing I and without increasing the number of allo- instructions can be added per clock cycle.
cated registers (the allocation is done with a minimal num- e Table 5 shows observations when at most four move
ber of register). In fact, we implemented Algorithm 1 which instructions can be added per clock cycle.

generates all the possible new meeting graph circuits decom

As we can see, thanks to circuits decomposition method
posmons (MGCs) following the number of free move oper- P

(CDM), we do not unrolR5% of DDGs in all configurations.
SIn addition, we have better improvement when we have four
functional units which can execute more operations. In that
case, we do not unroB0% of DDGs and we unroli75%

of DDGs only twice. However, we have a small gain for
the maximun loop unrolling in each configuration. Notice
that meeting graph proposes to perform a periodic register
allocations by unrolling the loopAXLI VE or MAXLI VE+1

as described in (9; 2), if final loop unrolling is greater then
MAXLI VE.

decomposition with a minimal loop unrolling degree.
We did extensive experiments on more tH&00 DDGs
extracted from various known benchmarks, namely Spec92fp
Spec92int, Livermore loops, Linpack and Nas. In addition,
we studied many theoretical cases depending on the numbe
of units which can execute the move operation per clock cy-
cle. In fact, we increase the number of functional units Wwhic
can execute the move-instruction from one unit to four units
(only for theoretical study). Let us notice that the number

of units which execute the move operations per clock cy- [ 2" | Loop Unrolling [ MIN [ Q1 [ Median | Q3 [ MAX
cles is a parameter of our program. For each case, we varied ¢ | Initialunrolling | 2 2 2 5 6
the number of architectural registe®®¥°") from 16 to 128 CDM 1 ]1 1 2 5
registers. 5o | Initialunrolling | 2 2 4 12 | 210
The different experiments show that the technique of de- CDM 1 1 2 5 | 30
composing the meeting graph circuits is fast in practice. On| ¢, Initial unrolling 2 2 6 66 | 2040
average, the execution time is less than 1 seconds at adl.case CDM 1 1 3 30 | 1008
For instance, the average of the runtime is about 3 milli- 128 Initial unrolling 2 2 6 66 | 2040
seconds when we add at most 2 move operations per cycle. CDM 1 1 3 30 | 1008

In order to display the main statistics of initial loop un-
rolling degree and final loop unrolling degree resulted by de Table 2. Configuration where at most one move can be
composing circuits method, we show in Table 1 for each ma- added per clock cycle
chine configuration, the number of DDGs where using the
circuits decomposition method (CDM) improves loop un- [—paren

’ . Loop Unrolling | MIN | Q1 | Median | Q3 | MAX
rolling. As we can see, the number of DDGs decomposition Initial unroliing | 2 2 3 6 12
increases with the number of units which execute move oper- 16 CDM 1 1 2 3 7
ations. In order to highlight the main statistics for inlit@op Initial unrolling 2 2 45 6751 210

- 32 CDM 1 1 2 4 60

R One move| Two moves| Three moves| Four moves — =
16 16 75 143 646 64 Initial unrolling 2 2 6 12 420
32 22 99 179 717 __CDM_ 11 2 6 | 210
64 29 113 201 759 128 Initial unrolling 2 2 6 12 420
128 29 113 201 763 CDM 1 ]1 2 6 | 210

Table 1. Number of DDGs where loop unrolling improves Table 3. Configuration where at most two move operations
thanks to circuit decomposition can be added per clock cycle

unrolling degree and final loop unrolling degree, we display .
the following numbers: the smallest loop unrolling degree 6. Conclusion

(min), lower quartile Q1 = 25%), median Q2 = 50%), We presented a new technique to minimise the degree of
the arithmetic mean of loop unrolling degree (average), up- loop unrolling after periodic register allocation. Thiche

per quartile @3 = 75%), and largest loop unrolling degree nique is based on the meeting graph. It searches for the best
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