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Abstract — One of the important issues in embedded system design Many architectures (e.g., the VAX, Tl TMS320C2x DSP fam-

is to optimize program code for the microprocessor to be stored ily, most embedded controllers) provide indirect addressing modes
in ROM. In this paper, we propose an integrated approach to thewith auto-increment/decrement address arithmetic. These archi-
DSP address code generation problem for minimizing the numbertectures also provide a set of dedicated address generation units
of addressing instructions. Unlike previous works in which code (AGUSs) that perform fast address computation in parallel to the
scheduling and offset assignment are performed sequentially with-central data path and contain a separate adder/subtractor for per-
out any interaction between them, our wdigshtly couples offset forming next-address computations. Thus, a high instruction-level
assignment problem with code scheduliogxploit scheduling on parallelism can be achieved by generating many auto-increment/
minimizing addressing instructions more effectively. We accom- decrement addressing modes to access variables, which requires a
plish this by developing a fast but accurate two-phase procedurecareful placement of variables in memory. Consequently, contrary
which, for a sequence of code schedules, finds a sequence of memto the traditional compilers, DSP compilers should carefully deter-
ory layouts with minimum addressing instructions. Experimen- mine the relative location of variables in memory.

tal results with benchmark DSP programs show improvements of The storage assignment with a single address register in AGU
13%-33% in the address code size 08etve-SOA/GOV]. (the simple offset assignmeptoblem, SOA) was first studied by

: : : Bartley [5] and Liacet. al [1, 6]. They modeled the problem as a
Categories and Subject Descriptors graph theoretic optimization problem. Liab al showed that the

C.3 [Special-purpose and application-based systers[Signal SOA problem is equivalent to thmaximum-weighted Hamiltonian
processing systems] path cover(MWPC) problem and proved that it is NP-complete.
They proposed a heuristic to solve SOA based on the Kruskal's
General Terms maximum spanning tree algorithm. Liab al [1, 6] also extended
Algorithms, Performance the approach to the case with multiple address registers in AGU
(the general offset assignmeptoblem, GOA). Leupers and Mar-
Keywords wedel [7] have extended the work done by Ligtoal by propos-
Offset assignment, Scheduling, Code Generation ing atie-breakingheuristic and a variable partitioning method to

improve the quality of SOA/GOA solution. Leupers and David
1. INTRODUCTIONAND RELATED WORK [8] have solved GOA problem with arbitrary register file sizes and

. . . - auto-increment ranges. Sudarsaretnal [9] take into account the
The increasing Complexny of de5|gn|_ng embedded VLS| systems utilization of auto-increment with increments varying froah to
has made th_e traditional D.SP compller§ unable to meet the very . Gebotys [10] modeled the problem of assigning address reg-
tight constraints of code size for on-ghlp program _and real-time isters to every variable access in the code given a fixed memory
performance. Unfortunately, due to irregular architectures suchI out as a network flow problem and solved it optimall
as non-homogeneous register sets, specialized functional units and” P b Y-

. : . . All of the previous approaches [1, 5, 6, 7, 8, 9] have addressed
registers, even compilers available for commercial DSP Processors, . soa/GoA problem as a separate code optimization problem for
generate very inefficient code in terms of size and performance.[1,

2] a given exact access sequence of the program variables. However,
.Stora e assianmerite. optimization of memory lavout for pro- since the access sequence of the variables is one of the most critical
g€ gnmente., op y layou P factors which affect the quality of SOA/GOA solutions, the mem-
gram variables is an important part of code generation. It was

shown that, for a set of programs in MediaBench [4] that were ory layouts produced by the previous approaches will be SOA/GOA

- . o solutions that were locally optimized. In this context, we study the
pompllgd fOF MotoroIaDSP56OQ()‘am|Iy, more than 55% of.th.e. problem of integrating the SOA/GOA with code scheduling to ex-
instructions involve address registers.[3] Consequently, optimizing

address assignment could lead to a significant reduction on codepIOIt the effect of scheduling on minimizing the size Qf gddress
size and program execution time code (in assembly) more fully and eff_ectlvel_y. QOur solution is natu-

' rally extended to incorporate reordering of input-operands of com-
Permission to make digital or hard copies of all or part of this work for Mmutative operatioris(e.g.,a= b+ c). To our knowledge, the work
personal or classroom use is granted without fee provided that copies aredone by Rao and Pande [11] has addressed the optimization of ac-

not made or distributed for profit or commercial advantage and that copies cess sequence of the variables by a (local) reordering of commuta-
bear this notice and the full citation on the first page. To copy otherwise, to

republish, to post on servers or to redistribute to lists, requires prior specific 1 . B . .
permission and/or a fee. The optimization is performed at the level of an intermediate

DAC 2002June 10-14, 2002, New Orleans, Louisiana, USA representation like three-address instruction that has two source
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() access sequence: sequence in Figure 1(b-i) is shown in Figure 1(GiiAn optimal

b=f+ra_

2)a=f+e fabfeacbgabggebcbddadcegaaadet offset assignment is to find a path co®n G(V, E) that minimizes

He=e . Ef $ 1 the quantity (i.e., total address arithmetic instructions):
g _ Z re (ii) access graph

6)d=c+b; 1 C(G,P) = Zd w(e) (N
d=d+a; 2 Ve of edgesZP

8)g=c-g - . . N

)S:;+ :; Finding a maximum weighted path cover (MWPC) minimizes the

f=d-e quantity ofC. The heavy lines in Figure 1(b-ii) beginning fron

and ending af form a path cover, The path was obtained by ap-
plying Liaoet al.'s SOA solution [1] with Leupers and Marwedel’s
tie-breakingrule [7]. As a result, the corresponding memory layout

(a) Input C code

(iii) memorylayout:‘ b‘ c‘ d‘ a‘ g‘ 4 f‘

H¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ is shown in Figure 1(b-iii) wher€ = w(a, b) +w(a,c) +w(a,e) +
fabfeacbgabggebcbddadcegaaadef w(a, ) +w(b,d)+---+w(eqg)=12.
# of nonzero-cost accesses : 12 On the other hand, the left side of Figure 1(c) shows a resched-
(b) Results of SOA problem for (a) by conventional approach uled C code where the highlighted statements indicate the change

of schedule. The access sequence for the rescheduled code and
the resulting memory layout are shown on the right side of Fig-
ure 1(c). The total number of nonzero-cost addressing instructions

b=f+a;
3g=c-b; H
2a=f+e;_ - fabchgfeaabggebcbddadcegaaadef

g=at+b; is reduced to 10. Finally, Figure 1(d) shows the further optimized
b=g+e; ) access sequence and memory layout obtained when scheduling is
d=c+b; memory Iayout.‘ a‘ d‘ c‘ b‘ g‘ e‘ f‘ X L . .
d=d+a considered together with input permutation for commutative oper-
g=c-eg # of nonzero—-cost accesses : 10 ations. The number of nonzero-cost addressing instructions is then
f_:da_”e?; reduced to 7, which is 41% improvement over the schedule in Fig-
' ure 1(a).
(c) Rescheduled C code and resulting SOA solution produced by our approach The examp|e in Figure 1 clearly reveals that the offset assign-
bt ment problem is very sensitive to the access sequence of the vari-
= a; . . . . .
3Yg=c—b: ¢ ables. Since the existing compilers have designed the offset as-
Ja=e+f fabchgefaabggebcegchd dad aaadef S|gnment as a post-_pa_ss optimization (after code generation) th_ey
g: a+b; failed to globally optimize the access sequence. To overcome this
=g+e; . . . . . .
8 g=c-e; memory Iayout:‘ d\ a\ f‘ e‘ 38 b‘ c‘ limitation, we propose new offset a§S|gnment algorithm t|ghtly
6)d=c+b; coupled with code schedulirtg exploit the effect of scheduling
d=d+a # of nonzero-cost accesses : 7 on minimizing address arithmetic instructions more fully and ef-
?_:da_*:? fectively. We then extend the scheduling problem to include input
(t;) Rescheduled C code with input commutativity and resulting permm‘?mon for commutative operations to enhance the qua“ty of
SOA solution produced by our approach the assignment further.

Figure 1: Motivational example illustrating the effectiveness of code
scheduling on address assignment. 3. A UNIFICATION OF CODE SCHEDUL-
ING AND ADDRESS ASSIGNMENT

tive input-operands. However, their solution is confined to the SOA gosed on the motivating example in section 2, we propose an ef-
problem only. Limet al [12] addressed scheduling effect on the o iye two-phase algorithm for address assignment integrated with
SOA problem. Their approach aimed to make graph sparser by angq4e scheduling. First, we describe an overview of the proposed
exhaustive search algorithm with pruning techniques. However, it \4qrithm in section 3.1, followed by the detailed description on
is not true that sparser graphs always lead to cheaper MWPC cos{y; yo-phase algorithm: (Phasealyeneration of initial schedule
than that of denser graphs. and address assignmeint section 3.2, and (Phase &)stepwise

The key contribution of our work is an effective integration of afinement of the solutiosbtained in Phase 1 in section 3.3.
code scheduling (together with input-operand permutation) which

we callSch-SOA/GOA, into the SOA/GOA heuristicSolve-SOA/ 3.1 An overview

GOA[L, 6, 7). The input C program is composed of basic blocks, which are given
as a partially ordered list of code operations. Our current work
2. MOTIVATING EXAMPLE focuses on basic block-level address code optimization The input to

our algorithm isdependency grapdf operations (i.e., instructions),
that is an intermediate representation of a basic block. A node in the
dependency graph represents an operation, and an arc fronanode

As an example illustrating the effectiveness of code scheduling
on the problem of assigning frame-relative offsets to program vari-
ables, consider the C program in Figure 1(a). Suppose we want to- =~ . .
solve a simple offset assignment (SOA) problem. That is, we as- tob |nd|ca}tes'thaa must precgdb in execution. . .
sumed to have a target architecture with a single address register, | € Objective of our algorithm is to schedule operations in the
(AR) with only the indirect and auto-increment/decrement address dependency graph and determines a complete sequence of variable

modes. Figure 1(b-i) shows the access sequence of the variable&ccesses, so that the size of resulting address code is minimized.
corresponding to the input C code in Figure 1(a). Figure 2 summarizes the flow of our offset assignment algo-

Liao et. al [1] modeled SOA by an undirected weighted graph, rithm combined with scheduIing/(_)perqnd-permutatiqn, cefietdl
calledaccess graphG(V,E) where each nodec V corresponds to SOA/GOA. The proposed algorithm is performed in two-steps:

a unique variable and an edge E between nodes andy exists 2The access sequence involved in operatica 'y op zis ‘yzxX
with weightw(e) if xandy are adjacent to each othe(e) times in whereop represents an arithmetic operation. The edges with zero
the access sequence. The access graph corresponding to the accessight are not shown in the access graphs for brevity.




Sch-SOA/GOA: schedule-driven SOA/GOA(Dependencyraph)
[*Phase 1%
e Generate access sequeffpe and schedul&CHyj: by
calling Sch-SOA/GOA-injDependencygraph); /* sec. 3.2 */
e Generate access gra@#from Spit;
e Apply Solve-SOA/GO#o G and determin€ in Eq.(1).;
/* Phase 2 */
o SetCOSin=C;
o SetSCHyest= SCHipit;
while (COSTn is updated)
o SetCOSTyrrent = COSTin;
o SetSCHyrrent = SChhes
while (there is a ‘reschedulable’ operatiofh)* constrained by
data-flow dependencies */
foreach ‘reschedulable’ operation (to execution stgq
e Reschedule the operation;
e Update the previous path cover solution
to account for the reschedule; /* sec. 3.3 */
if (operation is commutative])
e Update the path cover solution by exploiting
input commutativity; /* sec. 3.3 */
tendif
e ComputeC for the path cover of the reschedule;
e Undo the reschedule;
tendforeach
e Reschedule the operation with the smalt@st
if (C < COShin) {
e UpdateCOS T to currentC,
and updat&SCH,egraccordingly;
tendif
e Lock the operation at the execution step;
}endwhile
e Unlock all the operations;
tendwhile
e return (Solve-SOA/GOES of SCHyes));

Figure 2: The overall flow of the proposed schedule-driven SOA/GOA
algorithm.

N\

| scheduled .
d_ 7/ opssofar

g C = w(a,b)+w(c,e)+
w(a,f)+w(d,f) =6

(b) a partial access seq. (c) a partial access graph

(a) ready ops: 1,2,3

C = w(a,c)+w(b,d)+
w(a,f)+w(e,f) =6
(e) access graph in (c)
appended by ‘abc’ (op 2)

C = w(a,b)+w(c,e)+
w(d,f)+w(a,f) =7
(f) access graph in (c)
appended by ‘bde’ (op 3)

C = w(a,d)+w(b,d)+w(d,f)+
w(a,c)+w(e,f) =8
(d) access graph in (c)
appended by ‘daf' (op 1)
Figure 3: An example of showing the selection of operation, among
ready operations, to minimizeC in Eq.(1).

scheduled in the previous execution steps. At each iteration, our al-
gorithm selects the most “promising” operation and schedules it at
the current execution step, and appends its variable accesses to the
end of the current partial access sequence. After the (partial) access
sequence is augmented according to the selection of an operation
from the ready operations, the algorithm repeats for the next execu-
tion step until all the operations in the dependency graph have been
scheduled for execution.

The algorithm selects, among ready operations, the operation
with minimum additional cost o€ in Eq.(1) for the augmented
access graph. For example, suppose we have already generated
an access sequence (ended by accessing vaaalgartially up
through execution step— 1, as depicted in Figure 3(a). Now,
we want to select an operation to be executed in execution step
t, and accordingly, append the variable accesses to the current par-

(Phase 1) generating an initial schedule and address assignmeriial access sequence ‘a’ (denoted by&uyrr), as indicated in Fig-
from the dependency graph of each basic block derived from the in- uré 3(b). Suppose we have an access graph (denot€ay,
put C program, and (Phase 2) iteratively improving the SOA/GOA shown in Figure 3(c) corresponding$aurr. The path (denoted by

solution obtained in Phase 1 at the ousdnile-loop An operation

Peurr), with heavy lines indicates a solution of maximum weighted

scheduled at an execution step is called “reschedulable” to anotheath cover obtained by applying heurisBolve-SOA7]. Then,

execution step, say; if scheduling the operation gtdoes not vio-

C(chrr, Pcurr) =6 as shown in Figure 3(C)

late the data-flow dependency constraint. For every reschedulable Let us now consider all possible schedules of ready operations
operation, it<C value is computed. Among the operations, the oper- at the next execution step. Figures 3(d), (€) and (f) show the ac-
ation with the least value @ is selected, and rescheduled it to the cess graphs with augmented weights and the computation of their
corresponding execution step. Once the operation is rescheduledC values when operations 1, 2 and 3 in Figures 3(a) are selected
it will be locked at that clock step for the rest of the execution at for execution at execution steprespectively. Consequently, we
the innerwhile-loop The outemhile-loopcontinues until it is not choose operation 2 because it results in the minimum increase of
able to generate a schedule and SOA/GOA solution wBossue C value. Thus, we attach the access sequealse (for operation

is less than that of the minim@ found so far during the previous ~ 2) t0 Surr, resulting in *--aabc. The ready operations are then
iterations. updated and the process repeats until there is no more operations in

The time complexity 06ch-SOA/GOA depends on the time to  the list. . . .
generate a path cover solution for a trial of rescheduling atathe Figure 4 summarizes the flow of our SOA algorithm combined

loop, which will be discussed in detail in section 3.3. with code scheduling, c_alleﬁlch-SOA-i_nit. Itis a variar_lt of list
. . scheduling. For each trial of scheduling ready operations, a max-

3.2 Initial Schedule and Address Assignment  imum weighted path cover for the updated access graph is ob-
It is important to produce a good initial schedule and address as-tained by applyingsolve-SOA7], the time complexity of which is
signment because the quality of the final address assignment byO(mlogm) wheremis the number of edges in access graph. Thus,
reschedule is greatly affected by its initial solution. We focus our the total time of our algorithm is bounded Byn? - m-logm) where
discussion on generating an initial schedule and its SOA solution nis the number of operations since the odterloopis executed
for the reason that our extension to GOA solution is rather straight- times and at each time, at masteady operations are tested using
forward with minor modifications. Solve-SOAHowever, since the number of ready operations is very

We construct an access sequence incrementally, one executioismall in practice, the run time is actually bounded3y- m-logm).
step at a time, from the first execution step to the last. An opera- . .
tion in the dependency graph is said to beeady operatiorfor a 3.3 lterative Improvement Techniques
certain execution step if all of its predecessors have already beenThe core of our algorithm is to generate, efficiently but accurately,



Sch-SOA-init: schedule-driven initial SOA (Dependencyraph)
e Setn = the number of operations Dependencygraph;
e SetR = the operations iDependencyraphwith
no predecessors;
e SetS= ¢,
fort=1ton{
foreachop € R{
e Scheduleop to execution step;
e Update access grafhby augmenting the weights
associated with the variable access transitioregin
e Find a maximum weighted path cové, for G;
e ComputeC(G,P) in Eq.(1);
e Undo the schedule ar@;
} endforeach
e Scheduleop with the smalles€(G, P) tot;
e Update access sequerfsby appending access sequence
for op;
e Update access graghand ready operation sBt
accordingly;
} endfor
e return (S, Schedulg

Figure 4: The proposed algorithm for generating an initial SOA solu-
tion.

the address assignment solution (i.e., path cover which minimizes
the quantity ofC in Eq(1) when an operation is rescheduled from
execution step to j. Clearly, the rescheduling changes the the

access sequence, and thus, changes weights of some edges in the

access graph. A path cover solution can be obtained simply by ap-
plying Solve-SOA/GOA7]. However, this definitely requires an
excessive run time when the problem size is large. However, from
the fact that each reschedule changes the execution order locally,
causing a small change of edge weights in the access graph, and a
path cover solution with a minimu@value for the previous sched-

ule has already been known, it is natural to ask whether thexe is
way to find a path cover with a minimum C value for the current
schedule rapidly by exploiting the previous path cover solufian.

do this, we develop a fast and comprehensive path cover computa-
tion procedure based on the previous solution.

Figure 5(a) shows an example of code rescheduling. According
to the reschedule, as depicted in Figure 5(b), the weights of edges
(x1,x2), (x3,x4) and(x6, x7) are decremented by 1, and the weights
of (x1,x4), (x3,x7) and(x2,x6) are incremented by 1. Thus, we can
easily find that the number of edge weights to update by a resched-
ule of an operation is bounded by a constant (=6), independently
of the size of access graph. Further, the amount of change for each
edge is in [-3, +3F

x1 x1
x2 b

rescheduling .

;(3 w--: decremented by 1
X7 w++ : incremented by 1

(b) updating edge-wights

" (a) rescheduling ¢
in access graph

Figure 5: An example of operation rescheduling and update of edge
weights.

Schedule-SOA Let P, 4 denote the path cover (i.eolve-SOAo-
lution) in access grapB(V, Ey4). Suppose some of edge weights

33" occurs whenx1=x2, x3=x4, x6=x7 in Figure 5 whereas *-3’
occurs whernx1=x4, x3=x7, X2=x6.

in G(V, Egq) are updated according to a reschedule of an operation.
Let G(V, Enew) denote the updated access graph.

The problem is to find a new path covéhew, for G(V, Enew)
that minimizes the quantity of in Eq(1). We determinéhew
according to the following rules:

o Case 1 C(G(V,Eqid), Poid) > C(G(V, Enew), Pold)-

Note thatC(G(V,Eqq),Poid) is theC value for the access
graph before the reschedule using path colRgg, and
C(G(V, Enew),Poig) is theC value after the reschedule us-
ing the same path cov&,q. Case 1 belongs to the case that
the C value obtained by usinByq for the updated (newg

is smaller than that by, g for the oldG. In this situation,
we simply use thé%q as a new path cover fdB(V, Enew)

as long as th€ value usingP, g for G(V, Enew) decreases.
Since the number of edges whose weights are updated is at
most 6, computing th€ value forG(V, Enew) UsingPyq, can

be done inO(1). In Figure 6, we us®,q as a path cover,
Phew for the newG, since theC value for the newG is re-
duced even wheRyq is used.

a

a
b
. —

b

C

rescheduling
c
c

C

P_old”
C(old) > C(new
(=6) (=4)

(a) Rescheduling (b) C calculation for Casé

Figure 6: Determination of a path cover for an updatedG in Case 1.

The described procedure for determining a path cover for
G(V,Enew) in Case 1 has an optimal property for a special
case.

Property 1 LetP, 4 be an optimal path cover f@(V, Eyq),
andwp(e) andwn (e) denote the weights of edgen G(V, Egiq)
andG(V, Enew), respectively. We defind(e) to bewg(e) —
wn(e) If wh(e) < wo(e), and O otherwise. Therkyq is an
optimal path cover fo6(V, Epey) if the following conditions
are satisfied.

(1) wo(e) > wn(e),Ve ¢ Pog and
(2) Segpya () > S ecpyy O(€)
proof LetPR be a path cover foB(V, Enew) Which satisfies
C(G(V,Eqiq),R) > C(G(V, Egig, Poig). We define edge sets
S ={elecE,e¢Pyg,e¢ R},
S ={elecE,ecPyq,e¢ R},
S ={elecE,e¢ Pyq,e€R}.

We first show the inequality

éwn(E) > % Wn(e). 2
ec ec
From the assumption th&,q is an optimal path cover for
G(V,Eola),

}szwo(e) > > Wo(e).

ec ec
Thus,

quo(e) 1> 5 wo(e). 3)

According tocondition 2and the fact that the total sum of
the decreases of edge weights (fr&gjyy to Enew) is at most
3, itis true thaty ¢cp,, 6(€) < 1, from which

PRUCEDRTCES @



Thus, from Eq.(3) and Eq.(4) arfhes, Wo(€) > 5 ecs, Wn(€) changes of weights in the access graph due to a reschedule, it results

according tacondition 1, we have iN Vgood = V1 @andVhag = V2U V3. Consequently, the path cover for
. . 5 V1 does not changed, whereas the partitioning and path covers for
egszwn(e) = £ Wo(€) > £ Wn(€)- ®) Vbad are updated as shown in Figure 8(b). As a result, the total cost

reduction ofCt°t in Eq(2) by the reschedule is (1+1+2)-(0+1+0) =

To showC(G(V, Enew),P) > C(G(V, Enew), Poid), by the def- 3.
initions of §;, S and S, SUS = {elec E,e¢ R} and

SIUSs = {ele € E,e & Pyq}, and using the inequality in Vi={a,b,c} _Ve=ldefq) va=hijk}
Eq(5), we derive g ~. .
C(G(V,Enew),R) = 3ecs Wn(€) + Yecs Wn(e) - 3!
> Yecs; Wn(€) + T ecs, Wn(€) @ \ \
=C(G(V, Enew); Poid)- U N2 ST 2 o4
° Case 2 C(G(V7 Eold)7 Pold) S C(G(V" Enew)-,Pold)- C_SOA(old) > C_SOA(new) C_SOA(old) = C_SOA(new) C_SOA(old) < C_SOA(new)

This is the case where usiigg for G(V, Enew) does not ) ) En & =3

reduce theC value. Thus, we find another path cover by

applying Solve-SOAIf we maintain a sorted edge-list for é] No-update é7 Solve-GOA [8]

G(V, E|q) according to the edge weights, finding a path cover — T

for G(V, Enew) Using Solve-SOAcan be completed i®(e)
wheree is the number of edges IB(V, Enew). In Figure 7,
since theC value for G(V, Enew) using Pyq is not smaller |
than that forG(V,Eyq) using Poig, we computePhey for | :
G(V, Enew) applyingSolve-SOAgenerating a reducézivalue T2 e N
(i.e., from 6 to 5) forG(V, Enew). Vi{ab.) v2={e.tgn} Va={dijk

C_SOA(new) =0 C_SOA(new) =1 C_SOA(new) =0
a
d
. — 3->2

Figure 8: Determination of path covers for Sch-GOA. C_SOA repre-
sentsC value for the access graph corresponding to the partition.

Exploiting operand-input commutativity : For a commutative op-
eration such ag = a-+ b, the access order can be eittadrf or

rescheduling P old’ 1->0 I~ . . -
a Clold) < C(new) _NeW  C(new) =5 baf. For a commutative operation to be resche_duled, our algorithm
c =6) =N generates the access graph for each alternative of variable access
' o sequence, and compute the new path cover from the access graph
(&) Rescheduiing (b) C_addr calculation for Case 2 according to the procedure describe®im-SOA/GOA. Then, we
Figure 7: Determination of a path cover for an updatedG in Case 2. choose the access sequence that has the smaller value of

Schedule-GOA GOA is the generalization of SOA towards a num-
berk (> 1) of ARs. A reasonable approach proposed by letal. 4. EXPERIMENTAL RESULTS

[1] and Leupers and Marwedel [7] is to partition the variablesknto  The proposed address code generation algorithm was implemented
disjoint subset¥, - - -, Vi, for each of which a distinct AR is used.  in C++ and executed on an Intel Pentium3 computer. We tested a
The objective is to minimize set of benchmark programs and randomly generated designs. We
ctot _ c considered both SOA and GOA. We assumed that the architectures

- 1 () have a sufficiently large number of temporary registers to store all
VM, 1=1- K temporary variables in C-code to avoid the memory accesses due

whereGC; is the quantity o€ in Eq(1) for the access subgraph con- to memory spill values. Since our algorithm is performed at the
taining the variables only ik;. Then, the problem is reduced ko operation code-level, and not directly at the assembly code-level

SOA problems. of target machine, the architecture specific pointer operations with
At each trial of rescheduling, we selectively ap@glve-GOA increment/decrement (*p++) was assumed to be achieved with a

[7] to the updateds. Let G be the access graph for the previous single variable access operation in code, like LAR p, LACL *, +.

schedule, an;, - - -, Gk be the access subgraph correspondingto  Table 1 shows comparisons of the results in terms of address

the partitioned vertex se¥g, - - -, Vi, respectively. Also, le®y, - - -, code size produced b®FU (the order of the first use) offset as-

P be the path covers fofy, - - -, Vi, respectively. From the change  signmentSolve-SOA with tie-breaking [7], and the propos&dh-

of weights inG by the current reschedule, we calcul@téor each SOA for the randomly generated C program\| and|S represent

of Gj, i =1, -- kusing path coveR. According to the change of  the number of variables and the access sequence length, respec-

the value ofC, we partition the variables i, - - -, Vi into two sub- tively. The last column shows the run time®dh-SOA. Sch-SOA

sets\Vgood @NdVhag: Ifthere is a reduction on the value ©f all the reduces the address code size up to 74% and 27% over those by

variables in the correspondiivgare assigned tdyoqq. Otherwise, OFU andSolve-SOA, respectively.

the variables are assigned\g,q. Then, for each access subgraph Table 2 shows the results producedSutve-GOA [7], and the
whose variables are all Myo0q, We use the corresponding previous proposedsch-GOA for the randomly generated C programéR|

path covers as the path covers for the current reschedule. Howevertepresents the number of address registers (ARs). The comparison
for the variables iny5q, We applySolve-GOAto the access sub-  of the results indicates th&ch-GOA performs well compared to
graph forVpag, and generate new access subgraphs and their pathSolve-GOA, reducing the address code size up to 36% more than

covers. that of Solve-GOA. Moreover, the reductions are consistent.

Figure 8 shows an example of our selective applicatioBalfe- Table 3 shows comparisons of results for benchmark C programs
GOA Figure 8(a) shows an access graph that was partitioned intowhen |AR=1 (i.e., SOA).FIR and BIQUAD (biquadonesection)
three subgraphs containing variablgs= {a,b,c}, Vo = {d,e, f,g} are taken from DSPstone benchmark sutte@mp (complex mul-

andVs = {h,i, j,k} each for the previous schedule. Then, by the tiplier) andeLLIP (elliptical wave filter) are taken from high-level



Table 1: SOA results for randomly generated codes.

Table 2: GOA results for randomly generated codes.

5Q

# addrinstr gain over(%)| time avg. gain = 33.3%

[V|/|S] OFU [ Sol-SOA[7] [ Sch-SOA | OFu/7] | (sec.) 4q

5/10 3.8 1.8 1.4 63.1/22.2 0

5120 11.1 6.9 58 | 47.7/15.9| 0 0

15/20 13 54 4.5 65.3/16.6| 0.01

10/50 || 33.2 25.1 18.9 | 43.0/24.7] 0.02 &

40/50 35.8 13.3 10.2 71.5/23.3| 1.4 N

10/100 68.2 54.2 42.5 37.6/21.5| 0.1

50/100 || 80.7 48.2 36.9 54.2/23.4| 17 o | |
80/100 713 253 184 741/272 45 fir biquad comp ellip gauleg gauher gaujac
100/200|| 167.3 101.4 80.29 52/20.8 | 1125 (a) Results when |AR|=2

10, _
avg. gain = 13.9%

B solve-GOA
E sch-GOA

# addrinstr gain over | time .
IVI/IS| | |AR] || Solve-GOA[7] | Sch-GOA | [7] (%) | (sec.)
10/50 2 15.6 11.2 28.2 0.08
10/50 4 6.8 5.4 20.5 0.03 *
40/50 4 7.4 4.7 36.4 3.50
40/50 8 8.8 8.1 7.9 1.08 25
10/100 4 11.3 8.1 28.3 0.04
10/100 8 5 5 0.0 0.02 o o -
50/100 8 20.3 14.1 305 1.80 T fir biqguad comp ellip gauleg gauher gaujac
80/100 | 8 10.9 8.6 21.1 | 6.86 (b) Results when |AR| = 8
100/200 8 54.9 46 16.2 144 Figure 9: GOA results for benchmark designs.

deviseda set of techniques for fast evaluation of the SOA/GOA

solution for a reschedule based on the solution for the previous
scheduleBased on iterative improvement technique, the proposed
algorithm may be slow for a large code. However, by limiting the
number of iterations or reschedulable operations, it can have mod-
erate speed. Since our approach is oriented towards reducing ad-
dressing code size, it may not be suitable for superscalar or VLIW
DSPs and DSP codes with ralatively few addressing codes.

synthesis benchmark designsAuLEG (Gauss-Legendre weights
and abscissasjAUHER (Gauss-Laguerre weights and abscissas)
andGAUJAC (Gauss-Jacobi weights and abscissas) are taken from
[13]. Overall, the improvements I8ch-SOA are 53% and 34% on

the average compared @FU andSolve-SOA [7], respectively.

# addrinstr gain over Acknowledgment: This work was supported by the Korea Sci-
design (V|/|S) OFU | Sol-SOA[7] | Sch-SOA | OFU/[7] (%) ence and Engineering Foundation (KOSEF) through the Advanced
FIR (5/20) 7 4 2 71.4/50 Information Technology Research Center(AlTrc).
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