Memory Efficient Software Synthesis from Dataflow Graph

Wonyong Sung, Junedong Kim, Soonhoi Ha

Codesign and Parallel Processing Laboratory
Seoul National University

E-mail : {yong,june8th,shg@comp.snu.ac.kr

Abstract dataflow where each node contains a kernel (code fragment)
of a host language tailored to an implementation engine
Due to the limited amount of memory resources in em- while the dataflow graph itself is a coordination language
bedded systems, minimizing the memory requirements is ammong function modules. Numerous DSP design environ-
important goal of software synthesis. This paper presents aments including a number of commercial tools support SDF
set of techniques to reduce the code and data size for softor closely related models ([1],[3],[4]) for both simulation
ware synthesis from graphical DSP programs based on theand code generation.
synchronous dataflow (SDF) model. By sharing the kernel  Software synthesis from an SDF graph includes deter-
code among multiple instances of a block, we can further mining a feasible schedule and a coding style, both of which
reduce the code size below the single appearance schedaffect the memory requirements of the generated software
ule. And, a systematic approach is presented to give upfor code and data. One of main scheduling objectives for
single appearance schedules to reduce the data buffer resoftware synthesis is to minimize the memory requirements.
quirements. Experimental results from two real examples Once the schedule is determined, codes are generated ac-
prove the significance of the proposed techniques. cording to the scheduled sequence. Since nodes are pre-
pared in libraries, the kernel inside a node is assumed al-
ready optimized and treated as a unit. Two popular coding
1 Introduction styles are inlining and functions. The former generates an
inline code for each node at the scheduled position while

Minimizing the memory requirements is very important the latter calls a function that contains the kernel.
to synthesize code for embedded systems due to the limited Previous approaches first assume a coding style and de-
amount of memory. Especially, in an on-chip design, ex- termine an optimal schedule afterwards. Also, they try to
tra memory requirements over the on_chip memory size in- minimize the code size first and the data size later. Even
cur additional memory cost, performance penalty, and dras-though they produce good results for a set of applications,
tic increase of power consumption. Critical constraints on they could not produce good codes for some applications
the memory size have made assembly programming still awhich we will demonstrate.
popular way of software synthesis for embedded systems in In this paper, we propose a pair of optimization tech-
spite of low productivity. niques to overcome their limitations by mixing the coding
Growing complexity of embedded systems, fast design style. The first technique is to reduce the code size by shar-
turn-around time, limited development budget, and short ing the kernel among multiple instances of the same block;
life cycle of products, however, will make the use of high which requires function style code generation instead of in-
level software design methodology mandatory: high level lining. The second technique is to give up single appear-
language compiler or automatic code generation from block ance schedule, an important schedule class for the mini-
diagram specification. mum code size, for data memory minimization. By ap-
In this paper, we aim to reduce the code and data size forplying these two technigques, we could reduce the memory
software synthesis from graphical DSP programs based orrequirements of two important examples by 10% and 23%
the synchronous dataflow (SDF) model, one of block dia- over the best results from SAS[7].
gram specification models. An SDF graph is a coarse grain  In section 2, we review the previous works. The pro-
*This study was supported by the academic fund of Ministry of Educa- pose.d teChnlqueS W.'” be e?(plalned I!’l sectlpn 3 and 4'. Two
tion, Republic of Korea, through Inter-University Semiconductor Research €@l life examples will be discussed in section 5. Section 6
Center (ISRC-98-E-2103) in Seoul National University. will wrap up the paper with conclusions and future works.
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Figure 1. An SDF example Figure 2. Optimizations in software synthesis

2 Previous Works and Our Strategy _ _ _
Array (FPGA) in their GRAPE environment, the efforts to
compute the lower bound on buffer requirement can be ap-

Figure 1is an example SDF graph, and each arcis anNOyicable to software synthesis. Govindarajan et. al.[9] de-

tated with the number of tokens produced or consumed byveloped a rate optimal compile time schedule, which min-
an invocation(activation) of its source or destination node. imizes the buffer requirement using linear programming
o arc is assigned to a data buffer whose size is_ equal Qormulation. Both do not discuss the code size, which is
the. maxflmhum nunr:berhof tokens ac;:fumulated dunr;}g €X€jikely to be more important for memory requirement. Even
C;‘t'r?n of the grakf) - T eTIe data bu ershcornposert] € Stat‘%hough the inline coding style is preferred in those previous
of the SPF grapn. We. call an SDF'grap nsistentwhen researches, we propose the use of functions for the nodes
there exists aalid cyclic schedulevhich returns the graph 1 ce kernel would be repeated several times in the inline
to its original state after every repetition. A valid schedule code. As a result, the proposed method generates a code

fires each node at least once, does not deadlock, and prog,ivaq with inline kernels and functions.

duces no net change in the number of tokens queued oneach |\ cart with a single appearance schedule obtained by

arc. A schedul& is a sequence of node executions. For ex- ; ; o
- - the method described in [6]. Then, we apply our optimiza-
ample X, =(6A)(4B)(3C)(2D) andt, =(2(3A2B))(3C)(2D) tion techniques as shown in figure 2. In the code sharing

reprgsent two valid SCh?QUIeS for f|gur9 1'. Here, a parer]'op'[imization, we investigate the schedule to find multiple
thesized term (nS) specifies N successive firings of the.SUb"lnstances of a same block. Multiple instances are treated as
schedule S and such a term is used to be translated into Rifferent nodes in a single appearance schedule. The code

Iqop in tgglt:arget ﬁo$e[5]. Ak;rlwnkg valid SChedu'?S fora con- sharing technique described in section 3 formulates the gain
sistent graph, if every block appears exactly onG&in 4 the gyerhead of function code over inline code using

the schedulé is calledsingle appearance schedule(SAS the context size and code block size. Only when the gain is

or SA—spheduIe) Since each nade has a kernel(che block) greater than the overhead, we make a function for the shar-
inside, if select th&,, the generated C program is shown ing block

infigure1. In the next phase of schedule adjustment, we give up

_ Since a single appearance schedule guarantees the mifp o, ga_schedule to further reduce the data size if the gain
imum code size for inline code generation, a group of ré- jg reater than the overhead. We express the SA-schedule
searches are focused on finding a single appearance sche%th the BTLC(Binary Tree with Leaf Chain) data struc-

ule which minimize the data memory requirements. Bhat- e - From BTLC, we could identify the possible location
tacharyya et. al. developed two heuristics: APGAN and ¢ sohaqyle adjustment and obtain adjusted schedule.
RPMC, to find a schedule that minimizes the data memory

requirements[6]. Ritz et. al. used an ILP formulation to ) o
minimize the data memory[10]. Their approach is different 3 Code Sharing Optimization
from Bhattacharyya’s in that they allow data buffer sharing
based on flat single appearance schedule. Since a flat SA- In an inline code from a single appearance schedule,
schedule usually requires more data buffer than the optimalmultiple instances of the same block are regarded as dif-
nested SA-schedule, the advantage of sharing data buffer i$erent blocks, and the same kernel, possibly with differ-
not evident in general. Both works([6], [10]) stick to single ent local states, may appear several times in the generated
appearance schedule and do not exploit code sharing opticode. We propose a technique to share the same kernel us-
mization, which is of main interest in this paper. ing a function in this section. Figure 3 contains an example,
Another group of researches try to minimize only data which is a sample rate converter from compact disc to digi-
memory. Ade et. al. present an algorithm to determine tal audio tape. Figure 3(b) depicts one of the library blocks:
the smallest possible data buffer size for arbitrary SDF fir filter. Since there are four instances of the fir filter, it
applications[8]. Though their work is mainly targeted for becomes a candidate of code sharing. Each fir filter has its
mapping an SDF application onto Field Programmable Gateown state values such as tab values. Also, each input or
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1 1 point the next read or write chanon in the array, an off-
g set is needed; the offset is an index of the array. Two more

integers are needed to delimit the end of the array and to de-

scribe the offset increment after each activation. Therefore,

for(inti=0;i <2, i++) { for(inti=0;i <2; i++) the per-port overheall and the total context size overhead
fir(2); . .

of a block are computed using the next two equations.

C SAS={7(7(3(R,SR',S M X" ,F1)2F2)8F3)40(F4,4X)

I* kernel of fir 2*/

void fir(int context){

out = tap * input[i];
__________ o | - _ . _ .
. shaning| S FIRLeonedl Az) = 3 * sizeof (int) + sizeof (pointer) (3)
B
@ Aconteact =a X EpiA(pi)7 pi € ports (4)
a
typedef struct{ . .
=3 [okoa ] U joubierinut: A reference overhead is an overhead resulting from ac-
M Ga ) 2 I output oS cessing a port or state through the context structure. When
int output_nx; we access states or ports via the context structure, we need
double decimation: additional codes. Below shows the difference of two ac-
} comt 1 e cess methods in two simple assignment statements. The first
© statement is when sharing is not used, the second is when

(b)

sharing is used.
Figure 3. CD2DAT example: frominline single
appearance schedule to code shared function
code

= value;
= *(context_ CGCRamp|[context].value);

An assembly list is obtained through compiling with the
output port of an instance is bound to its own buffer. gcc compiler in a Sparc/Solaris machine. The first assign-

. - ent with direct memory access is compiled into the first
Separate state variables and buffers should be mamtame@ssemny line. while thg second assing)nent results in 10

for each instance, in case the code is shared among fo“ﬁssembly lines.
instances. They define tHeontext” of each instance. An

example of the context of the fir filter is depicted in figure . without context

3(c). Two generated codes are shown in the figure 3(a); one ldd [%fp + -336],%00
is an inline style with single appearance schedule and the. through context

other is after code sharing is applied to the fir block. sethi  %hi(0x20800), %01
To decide whether a code block had better be shared, we Id [ %0l + 0x3c8 ], %00

compute the overhead and the gain of sharingA lis an mov %00, %02

overhead(} is a code block size, and is the number of sl %02, 2, %01

instances of a block, the decision function is summarized as add %01, %00, %ol

the following inequality. S'('jd %03%' 3’4;/2000/ L
al olp, - , 700

A add %o01, %00, %02
I>G-ma (1) ld [ %02 + Oxic ], %00
ldd [ %00 ], %02

The overhead incurred by code sharing comes from addi-
tional data structure context We compute the sharing
overhead\ by dividing into two parts; a context size over-
head in the data block and the reference code overhead i
the code memory.

In machine code, the sizes of the two parts are 4 bytes
and 40 bytes, respectively. Thus, we can define the per-
jeference overhead as 36 bytes. Although the overhead may
be reduced after compiler optimization, we use the worst
value to be conservative.

A = Acontert + Areference ) The reference overhead is dependent on the variable type
as well as whether it is a port or a state. We consider three
In an implementation point of view, a context includes variable types: scalar type such as integer or double, array,
pointers to input and output token buffers and state vari- and constant. Although a more detailed classification may
ables. Since the state variables are also needed for each irresult in more accurate overhead estimation, we consider
stance in the inline code, the context size overhead includessix combinations only in this paper.
only per-port overhead. At most three integer variablesand Among the six combinations, the scalar and the constant
a pointer variable are needed per port. For the multiratetypes have the same overhead both for port and state. As
computation, a port is implemented with a buffer array. To a result, we define the overhead césts a function of the
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2L ® 005 (794 intermediate node of a tree. In the figures 4 and 6, the loop
[0,0,3] [7.09] countery is used as the label of each intermediate node. If
(b) () we visit each node of a BTLC with depth first search(DFS)

method, we obtain a single appearance schedule of the orig-
inal SDF graph, such as 2(7A3B)5C in the figure 4(b).
Every node of a BTLC maintains the buffer requirement

Figure 4. Schedule adjustment using BTLC

reference type. information as a tuplgl, W, Q] : the set of input buffers,
36 ift=scalar(S) the buffer requirement between child nodes, and the set of
32 ift=constant(C) output buffers. For compact representation, we use a tuple
=9 60 ift=arraystate (AS) (5)  [I1],|W],|O[] rather thar{l, W, O] in the figure 4 and 6.
128 ift= array:port (AP) Thel andO of a leaf node become the input and output

buffers of corresponding node in SDF, antbecomes null.
By counting the reference counts in a code block accordingThel andO of an intermediate node are the set of input and
to the reference type, we compute the reference overheadutput buffers of a cluster, a! is the buffer produced and
Ayeference sWheren(t) is the reference count of type t in  consumed within the cluster. From the tuples of leaf nodes,

the kernel. other tuples are computed in a bottom up manner. For an
A _5 5 5 intermediate nod&,, which has two child nodds, andbg
reference = Lte{s,0,45,4p}(N(t) X (1)) 6)  as shown in figure 5, we compute the tuflle , W, , O, ]

The constants we use in equations are highly machineWith the following equations.
dependent; the size of types and addressing mode of the pro-

cessor will be a great concern. Since we can obtain the con- W, =10y, N 1y 7
stant numbers easily from manuals or simple test program, Iy, = v x [Ty, ULy, — Wy, | (8)
our technigue is applicable to other than Sparc/Solaris envi- Op, =7 % |0y, UOy, — Wy, | (9)

ronment,

In summary, we can compute the code sharing overheadJnless thdI| and|O| of the root node are zero, the corre-
of a block using the port count and the reference counts,sponding SDF graph is not consistent.
which can be easily obtained from the kernel of the node. Chains along the leaf nodes represent the firing order in
From equation (1),(2) and (4), it is obvious that if the con- the schedule. The weight of a chain is {W| value of the
text overhead is greater than the kernel size like the rampfirst common ancestor of two end nodes. The total sum of

block in figure 3(a), the node may not be shared. chain weights represents the buffer requirement needed by
the schedule which the BTLC represep®[(LC|). Fig-
4 Adjusting Single Appearance Schedule ure 4(b) shows the BTLC of an SDF graph and its schedule

shown in 4(a), and itelBT'LC| is 51.

4.1 Construction of BTLC
4.2 Schedule Adjustment using BTLC

To compute a new schedule which requires less data
memory than SAS, we devise a data structure BTLC(Binary  In figure 4(a), the buffer requirement between node B
Tree with Leaf Chain) to express a schedule and its bufferand C is 30 as shown in figure 4(b). If we give up SAS
requirements as depicted in figures 4 and 6. Each leaf nodeand construct a schedule as 2(7A3B2C)C, the buffer re-
of a BTLC corresponds to an SDF node which contains a quirements is reduced to 18. In this section, we show how
library block(kernel). A loop count ! is represented by an  to obtain the reduced buffer requirements systematically by

1Since %’ successive firings of the subschedule 'S’ is translated into a Sp|lttln_g a chain. . .
loop in the target code, we call 'S’ a loop cluster(shortly cluster) and’ A given schedule is adjusted to reduce total memory re-
loop counter. guirement. If we select a chain as an adjustment point, there




are two sub-cluster€’;, and Cr connected by the chain,
as shown in figure 5. Let and 3 be the loop counts of
them andh be smaller thar$. To reduce the buffer require-
ments betweety';, andCy, we merge th&€'y into C.. The
merged portion o', has a new loop coun® + «|. To be
equivalent, remainin@’'r is required to be located outside
the merged”; with a loop count3%«. Thus, the adjust-
ment procedure is cloning and merging.

S a(CL(B+a)Cr)(B%a)Cr) if a<p (10) 01,2 (1)
" (a%P)CLp((a+ B)CLCR)  otherwise

To find a schedule adjustment point, we compute the 101 (1)
‘Gain’ and ‘Cost’ of an adjustment at each chain and select _1>
a chain which has the largest difference between the ‘Gain’ [0,0,1
and ‘Cost’. We perform schedule adjustment iteratively un-
til we can not find a chain where the 'Gain’ is larger than
the 'Cost'.

For each chain, the neyBT LC| after adjustment and
its 'Gain’ is computed as following, whet€luster| is the
|W| value of the common ancestor node in the old BTLC. Figure 6. CD2DAT: BTLC data structure and

schedule adjustment

[1,0,1]

@

Gain = |BTLC|oq—|BTLC|pew (11)
1B+ a] + (8%a)

- x |Cluster| (12) functions, the local variables to store tokens among inline
B blocks should be replaced with global variables to store to-

kens among functions. The variable migration also increase

the size of code to access global variables compared to ac-

cessing local variables. If a node is alreadyFiN or FS,

The 'Cost’ for adjustment is due to cloning a cluster,
which is computed by following algorithm.

for(N € ClonedCluster) the additional cost is only one more function call. After the
if(N € IN) { ‘Cost’ is computed for all the node in the cloned cluster,
if(Cost2FN(N)< BlockSize(N)){ since the loop structure is also cloned, adding the loop clus-
Cost += Cost2FN(N); ter size finalize the cost computation. When the number
Move2FN(N); of leaf node isN, the complexity to compute the ‘Cost’
} else Cost += BlockSize(N); is O(N1) and finding an adjustment point requi@éN 7 )
} else Cost += Cost4Call(N); /* N FN,FS */ time complexity.
Cost += LoopOverhead; Figure 6(a) is the BTLC of the cd2dat example in figure
} 3. The chain(F'3, F'4) which has 280 units of data buffer

requirement is chosen. The adjusted BTLC is depicted in

Since we generate the code in a hybrid style, which is g re 6(b) whose buffer requirement s reduced to 143 from
a mixture of inlines, functions, and shared functions, we 351 the gain is 208.

define three sets of blocks during adjustment procedure:

IN,FN,andFS. If a node inCg is a member ofN, we .

compare the cost of moving that nodeRdl with its ker- 2 EXperimental Results

nel code size to decide whether we maintain the node in

IN or move the node t&N. The kernel size or the mov- We have implemented the proposed scheme in our devel-
ing cost is added to the 'Cost’ based on the decision. Theoping PeaCE environment, which is a Ptolemy extension as
moving cost fromN to FN includes the function body over-  Codesign Environment. Two real life examples are chosen
head, the function call overhead, and the variable migrationto show effectiveness of our approach; they are 8 channel
overhead. The function body overhead and the function callfilter bank and compact disk to digital audio tape converter,
overhead are small; they are 12 and 8 bytes in Sparc/Solarisvhich are borrowed from the Ptolemy distribution.
environment. The variable migration overhead is incurred  Table 1 shows the results of the stepwise optimization.
by changing the local variables into the global variables. The cd2dat example shows significant code size reduction
Since a function code can not see the local variables of othefrom the code sharing optimization and data size reduction



from schedule adjustment. The filter bank example con-ter fine grain nodes into a large grain before code sharing.
taining 28 fir filters is an ideal example for code sharing Also, data memory requirements and cache behavior will be
optimization, which is confirmed by experiments. Since the improved if buffer sharing is considered, which is another
sample rate change is not drastic, the filter bank examplefuture work.
does not get any benefit from schedule adjustment.
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