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ABSTRACT it must be ensured that arrayisand B are placed in mem-
ory banks X and Y, respectively, only in which case the en-
DSPs with dual memory banks offer high memory bandwidthie loop body can be efficiently mapped to a single multiply-
which is required for high-performance applications. Howecumulate instruction on a DSP. Also for scalar variables the
ever, such DSP architectures pose problems for C comaslsignment to either X or Y plays an important role for code
ers, which are mostly not capable of partitioning prograjoality.
variables between memory banks. As a consequence, timédany existing C compilers, e.g. the GNU gcc versions for
consuming assembly programming is required for an efficienétorola 56k and ADSP-210x, cannot cope well with dual
coding of time-critical algorithms. This paper presents a navemory banks, but all program variables are assigned to just
technigque for automatic variable partitioning between megne bank. It is obvious that this naive strategy implies an
ory banks in compilers, which leads to a higher utilization ehormous performance loss, since potential instruction-level
available memory bandwidth in the generated machine cqsirallelism is largely neglected.
We present experimental results obtained by integrating thehe reason that dual memory banks are poorly exploited
proposed technigue into an existing C compiler for the AMsy compilers is a lack of suitable optimization techniques.
Gepard, an industrial DSP cote The variable partitioning problem itself is difficult, since it
requires a good balancing of the X/Y memory bandwidth
among an entire program. As variables may have multiple
1. INTRODUCTION occurrences in a program, different code segments may show
contrary demands on assigning a certain variable to either X

or.Y. In addition, the X/Y assignment of variables has side

Iéizoamvg(ielg_rzn%vrngi%ri?atiligriglepg?gcegsds%drss)(/?)tgrgs?%?iiﬁjm;mms on other modules of a compiler: Some data path input
: : : isters might not be available for both X and Y, which in-
problems with code quality. Compiler-generated code usu?gnces reg?ster allocation, and the potential parallelism gen-

shows a significant overhead in terms of performance an : : iU
code size as compared to manually written assembly Cﬁ%ﬁ%ﬂe%yir?; g[etgilga\tlgg%Efegﬁlritr;téoghggsem ust eventually be

This has been quantified in empirical studies [1, 2] for a nu e - : .
; goal of this paper is to present a new technique for the
ber of different DSPs. As a consequence, DSP program f#a]tble partitioning problem for dual memory bank DSPs,

frequently have to resort to time-consuming assembly p ich results in a significant code quality improvement at

gramming whenever tight real-time or code size constrai - G ;
: : ; paratively low computation time requirements. The tech-
have to be met. Essentially, this bottleneck in embedded sgfl: 20 - < dan integrated into a C compiler for a real-life

ware development is caused by the distortion between We provide experimental results both in terms of per-

machine-independent source code language (such as C) ; ;
the very specialized architectures of DSPs: High-level C difyl'ance and code size for a number of DSP routines.

; : he structure of the paper is as follows. In section 2 related
ité/gteesdaggIl)armgaléer\]?ﬁeciﬁ)]r;?rtlrjté(t:itgnasr.e not easily mapped into gv%rk is discussed. Our target architecture, the Gepard DSP

One major problem arises for C compilers for DSPs wi re designed by Austria Mikrosysteme International (AMS).

described in section 3. Section 4 gives an overview of the

g\%%ll (%egng\;i%gs%sgﬁegl%izsér%g g;g I(\eﬂé)lﬁ?p:glea:fv?il;hat mpiler environment, which the variable partitioning tech-
Separate memory banks (froguently donoted by X and v) Bitue hag been integrated into. The pargtlonlng te.chnlqule is
cessible in parallel. This is to accommodate the fact that m segé?airlmgdss\ﬁ?r? rc‘)usr' Gsee(g'rgncscgrrgv'”eers E?(npae”r 'mggrg‘;’:‘h:_e'
DSP routines, e.g. FIR filters, require the convolution of t ns are given P prier. Y
data arrays as a kernel operation. 9 :

ﬁln o(;%er dto rlnake efficki)entkusehof the bandwidth ti)r|1creﬁ':1se
offered by dual memory banks, the C program variables have
to be appropriately partitioned between X and Y. For instance, 2. RELATED WORK
for a typical array operation such as

An early approach for exploiting dual memory banks in com-
o ] ] pilers is [3], which deals with the Motorola 56k DSP archi-
for (i=0;i<N;i++) y += A[i] * B[N-i]; tecture. Here, functional blocks of a DSP program are im-
plemented in a meta-assembly language with symbolic mem-
LPublication: ICASSP , Salt Lake City (USA), May 200®)|IEEE ory references. Complete programs are composed of these




3. TARGET DSP ARCHITECTURE

The variable partitioning technique presented in this paper
has been integrated into an existing ANSI C compiler for
the AMS Gepard DSP [6, 7], an industrial parameterizable
DSP core with dual memory banks. The coarse architecture
is shown in fig. 1. There are two parallel memory banks (X
and Y), each one equipped with an address calculation unit.
The data path unit shows input registers for a hardware mul-
tiplier, an ALU, as well as an accumulator file. The Gepard
instruction set comprises most typical DSP instructions, such
as LOAD, STORE, arithmetic and logical operations, as well
as address modifications.
] For our purpose, the most interesting feature is that up to

. [ .l . two memory accesses to X and Y can be issued in parallel to
any arithmetic instruction in each cycle. Two parallel memory
accesses always must take place on different memory banks.
There are also constraints on register allocation: In case of
two parallel memory accesses, the targets of LOAD opera-
tions are restricted to arithmetic registers. Additionally, ad-
Fig. 1. Gepard DSP architecturé® AMS Austria Mikrosys- dress modifications within the same instruction cycle have
teme International AG to take place via index registers, while post-increment and

. : . . decrement are not available in this mode. Under these restric-
blocks, which can be instantiated from a library. After a pegisps the goal of our optimization technique is to partition
hole optimization of the composed programs, scheduling r%’l’ggram variables in such as way, that the most effective use

register allocation take place. The assignment of prog i
variables to the X/Y banks takes place using a greedy metho :arallel accesses to X and Y'is ensured.

Varia%les are rz]issigned to X and Y in aﬂ alternating fadshionﬁ
according to their access sequence in the program code. The
effijc_acy ?fhthis simple appgf)gbclh slirongl(yj/ ré)liesg or:jthe hand- 4. SYSTEM OVERVIEW
coding of the meta-assem ocks, and the greedy partition- ) )
ing mgy produce inferior res)ijlts for complex grogra¥nps. ur work builds on a C compiler for the Gepard DSP that has
been provided by a third party. The compiler accepts ANSI
In [4], a variable partitioning technique for a hypothetic§ source code, which is first analyzed and translated into
VLIW DSP architecture is presented. The central data stracthree-address code intermediate representation (IR). The
ture in that approach is anterference graphwhose nodes!R is optimized using machine-independent standard tech-
represent the program variables, while any edge betweeniggles such as constant folding and loop invariant code mo-
nodes represents a potentially parallel meémory access tdie Then, the Gepard backend translates the IR into assem-
corresponding nodes. Each node has to be assigned to eftfyegode. _ _ _
X or Y in order to find a valid partitioning. The quality of The original compiler does not include any variable par-
a certain partitioning is measured by the sum of the grégiening technique, but simply assigns all variables to the
edges, whose nodes have been not been assigned to difeéremory bank. Therefore, instruction-level parallelism is
ent banks, which reflects the fact, that a potentially paraf@rdly exploited. In principle, there are two points in the com-
access cannot be implemented according to that partitionpitation flow, at which variable partitioning can take place:
The partitioning itself is performed heuristically. Althoughither as arearly partitioningon the IR or as date par-
the experimental results are quite good, a major problem witipning on the assembly code. The first variant shows the
the approach from [4] is that it is not clear how the technigagvantage, that the IR is machine-independent, so that early
performs for a real-life DSP with an irregular architecture ipartitioning can be reused in a number of different backend.
stead of a synthetic VLIW. However, the IR provides no exact information on the set of
memory accesses in the final assembly code, since not all vari-
A more practical partitioning technique has been descritgdiles might be assigned to memory, but some might be kept
in [5], which also deals with the Motorola 56k DSP. Aftén registers. In addition, the backend can insert additional
a pre-compaction step of the input program, given as symemory accesses due to spill code, which is not visible in the
bolic assembly code, memory bank allocation and register Therefore, the early partitioning information passed to the
allocation take place in a single phase. These problemstsekend may be either incomplete or overconstrained. In con-
mapped to aconstraint graphlabeling problem. The con-trast, when using late partitioning, the exact set of variables
straint graph nodes represent variables to be mapped to i&/®lready known. However, if all variables are initially as-
memory banks or registers. The graph edges are used tsigged to X, then the late partitioning, which reassigns a sub-
flect both the costs associated with a certain labeling andshtof variables to the Y bank, generally leads to violation of
code generation constraints imposed by the target DSP. piasessor-specific constraints on register allocation. In order
labeling takes place with a simulated annealing optimizationmeet such constraints, a significant amount of code restruc-
algorithm. For the DSPStone benchmarks [1], typical codeing would be required.
size reductions between 5 and 10 % have been achieved &s order to overcome the phase-coupling problems asso-
compared to machine code without exploitation of dual meniated with early and late partitioning, we have extended the
ory banks. A problem with the simulated annealing approampilation flow of the original compiler by the phases shown
is the huge runtime requirement, which might be in the rarnigethe shaded area in fig. 2. An initial run of the backend is
of minutes or even hours. used to determine the exact set of memory accesses, while




In order to reduce the interference graph size, we also apply
a folding step: Each node sef,...,v, C V' representing
accesses to the same variable is merged into a singlemnode
and all edges containing, ..., v, are redirected t@. Fi-
nally, all edges ire = (v,w) € E' are assigned a weight
A(e) denoting the sum of the total number of accesses to the
variables represented lyandw in the function. The weight
A(e) is used to reflect the gain achieved by assigniegdw

to different memory banks.

Obviously, the best partitioning is achieved if the interfer-
ence graphis divided into two disjoint node sets X and Y, such
that the sum of the edge weights between X and Y is maximal,
since in this case the highest number of parallel memory ac-
cesses can be obtained. For a given folded and edge-weighted
interference grapf = (V, E, A), we use arinteger Linear
ProgrammingILP) approach to solve this NP-hard optimiza-
tigln problem. The ILP comprises the following solution vari-
ables:

IR generation and
optimization

intermediate
representation

) _ (1, if w; isassignedtobank X
Vv €V Zi—{ 0, if w; isassignedtobankY

)

assembly code

Fig. 2. Compilation phases in the Gepard C compiler

eV U.={L 1 vifu
Yv,v; €V U = { 0, if v;=uv
taking into account register variables and spill code, and plac-
ing all memory values into the X bank. Based on this in- Ve = (vi,v;) € E,A(e) =gij : Wi =Us; - gij
formation, the variable partitioning for maximizing parallel . .
memory accesses is performed, and the IR is back-annotatdd® Z; variables account for the X/Y assignment of
with the X/Y bank assignment information for all variable§1€ graph nodes, while the auxiliary variables indicate
Then, a second run of the backend takes into account the pAetherv; and v; have been assigned to different banks.
titioning information, and places variables into either X dihese variables are used to computeithplemented weight
Y, while meeting the corresponding register allocation cdity; of v; andwv;: In case thatl;; = 1, up to g;; parallel
straints. Finally, a code compaction phase packs pairaseesses to; andv; can be achieved. Thus, the sumiof;
scheduling-independent operations into parallel assemblyover allv; andv; needs to be maximized as the objective func-
structions. Details are given in the next section. tion.

The setting of thd/;; = 0 in case that; andv; are as-
signed to the same bank is enforced by the following con-

5. VARIABLE PARTITIONING straint pairs:
Similar to [4], our partitioning technique is based on the no- Uij < Zi+ Z;
tion of aninterference graphHowever, in contrast to [4], this U->9—7 — 7.
1] 7 7

graph is not constructed for basic blocks only, but globally for

entire functions, so as to reflect the potentially contrary vari ; ; ;
able assignment requirements of different blocks. In additi_gﬁ_—l\—g% Iv%/ﬁhcg;rigtsiﬁg rggérllg t-?-ﬁegs'\é?t?r:gtg]{ft%;eggﬁgg%ﬁ,gﬁ?n be
we use an exact partitioning approach instead of a heurigfitag 3 ccounts for the X/Y assignment of variables used in the

one. ! :
. . . econd run of the compiler backend (see fig. 2). It should be
First, for each assembly code function generated in the fﬁ%ﬁgﬁd that, althom];h the ILP itself is solved optimally, the par-

run of the Gepard compiler backend, a data dependency g&gihing in general is only an approximation of the optimum,
is constructed: since only theotential parallelisms maximized. Whether or
Definition A data dependency grapfDDG) is a directed, not a potentially parallel access can actually be implemented,
node-labeled grapty = (V, E, 1), where each node € V' is only determined during code compaction. _
represents a memory access in the assembly code, and ealdhe code compaction phase packs potentially parallel in-
edge(v,w) € E denotes a scheduling precedence betwedRctions, so as to minimize the schedule length. In our ap-

v andw. A node label(v) denotes the name of the variableroach, we use an efficieimt schedulinglgorithm [8]. First,
accessed by. a data dependency graph is built for the assembly code result-

] _ ) ing from the second pass of the backend. Then instructions
For a given DDG, the interference graph is constructedaife scheduled step-by-step in accordance with the scheduling
such a way, that potential parallelism is reflected by gragdhstraints imposed by the target processor (see section 3).

edges:

Definition For some DDGG = (V, E), the interference 6. EXPERIMENTAL RESULTS

graphis an undirected graph = (V', E’) with V' = V.

There is an edgév, w) € E', if and only if v andw are not The partitioning and compaction techniques described above
reachable from each other via a pattGn have been empirically evaluated by compiling the DSPStone



Fig. 3. Graph models for variable partitioning: a) Example data dependency graph, b) corresponding interference graph, c)

optimum partitioning into two setg4, C, E} and{B, D}. All edge weights are one in this simple example.
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Fig. 5. Execution time speedup (%)
7. CONCLUSIONS

C benchmarks [1] into assembly code for the Gepard DSI

a platform, we have used a 333 MHz Pentium Il Linux PC | '*™
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banks leads to code quality improvements both in term
code size and performance. Code size is affected, sinci
originally separate memory accesses may be encoded
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bandwidth.
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I_I I II II I We have presented a new technique for variable partitioning

e in C compilers for DSPs with dual memory banks. The goal

Biige o M R G RN o of this technique is to enable compilers to exploit the avail-

& F F S FF S able memory bandwidth in such DSPs without the need for C

& #’- Foe language extensions or assembly programming. Experimen-

o tal results for the Gepard DSP show that the code quality is

improved for realistic DSP routines. The key contributions of

this paper are twofold: For the DSPStone benchmarks, sim-

Fig. 4. Code size reduction (%) ilar improvements as reported in previous work are obtained

at much lower computation time requirements. In addition,

Fig. 4 shows the percentage of code size reduction e have shown how an existing compiler infrastructure can

the compiled benchmarks, as compared to the original, ba-enhanced by a variable partitioning technique without the
optimized assembly code. The gain ranges from 3.85n&ed for an extensive compiler redesign.

(realupdate) to 9.38 % (womplexupdates). This is com-

parable to the results for the Motorola 56k reported in [5].
However, the compilation time is dramatically lower: The
CPU times for partitioning (including ILP solving) and codey,;
compaction have been within 2 seconds for all benchmarkg.
This is due to the fact that we employ a relatively simple ILP

formulation for the core partitioning problem, while the re-,
maining code generation tasks are solved with fast standald
techniques in the existing compiler framework. The ILP ap-

proach at least works well for small time-critical DSP kernel3!
routines. For very large programs, the ILP partitioning tech-
nigue might need to be replaced by more efficient heuristics,
though. [4

Even higher code quality improvements are obtained w.r.s)

performance. Fig. 5 gives the percentage of speedup as com-

pared to the unoptimized assembly code without exploitation
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