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Abstract develop a methodology for incorporating realistic memory
library interface protocols into high-level synthesis, so that
Memory-intensive behaviors often contain large arrays scheduling, allocation and binding algorithms can exploit
that are synthesized into off-chip memories. With the in- these features to generate faster and more efficient designs.
creasing gap between on-chip and off-chip memory ac- Several
cess delays, it is imperative to exploit the efficient accessmemory-related issues, such as memaligcation2, 12],
mode features of modern-day memories (e.g., page-modeacking9, 8], estimatiofi3], andselectioijl] have been ad-
DRAMS) in order to alleviate the memory bandwidth bot- dressed in previous research on high-level synthesis. Most
tleneck. Our work addresses this issue by: (a) modelingof them target register files (also referred in literature as
realistic off-chip memory access modes for High-Level Syn-foreground memogyand on-chip RAMs and ROMs (some-
thesis (HLS), (b) presenting algorithms to infer applicabil- times calledbackground memojythat share space on the
ity of HLS with these memory access modes, and (c) transsame chip as an ASIC. The problem of clustering of behav-
forming input behavior to provide further memory access ioral variables into single- and multi-ported register files has
optimizations during HLS. We demonstrate the utility of our been addressed in [17, 10, 16].
approach using a suite of memory-intensive benchmarks In [11], a scheduling algorithm usinigehavioral tem-
with a realistic DRAM library module. Experimental re- platesis described. Abehavioral template represents a com-
sults show a significant performance improvement (more plex operation in a Control Data Flow Graph (CDFG) by
than 40%) as a result of our optimization techniques. enclosing several individual CDFG nodes, and fixing their
relative schedule. Templates allow a better representation of
memory access operations than single multicycled CDFG
nodes, and lead to better schedules. However, since dif-

As library modules used in ASIC designs increase in férentmemory operations are treated independently, typical
complexity, existing high-level synthesis strategies will féatures of realistic memory modules (e.g., page mode for
need to be modified to accommodate various aspects oPRAM) cannot be exploited, because the scheduler has to
complex interface protocols. One such complex module @8ssume the worst-case delay for every memory operation,
that has universal use in a wide variety of applications, is 'esulting in relatively longer schedules.
memory. Arrays in behavioral specifications are typically ~ In this paper, we make the following contributions to-

assigned to memories during synthesis. If these arrays ar&vards incorporation of off-chip memory accesses in high-
small enough, they may be mapped into on-chip RAMs. lével synthesis:

However, many applications involve large arrays, which 1. \e present models for the well-known operation

1 Introduction

need to be stored in off-chip memories, such as DRAM. modes of off-chip memories (e.g., various DRAMS),
Consequently, it is essential to employ a reasonably accu-  which can be effectively incorporated into HLS tools.
rate model for memory operations during synthesis. Mod- _ ) ) o

ern memories have efficient access modes (suchage 2. We present algorithms for inferring the appllcab|llty_0f
modeandread-modify-writ§, thatare known to improve the the memory access modes to memory references in the
access bandwidth[6]. Since the newer generation of mem-  inPut behavior.

ories (Extended Data Out DRAMs, Synchronous DRAMS, 3 \we outline techniques for transforming the Control-
etc.) all incorporate these access modes, itis importantto  pata Flow Graph (CDFG) for the input behavior to in-

*This work was partially supported by grants from ARPA (MDA904- corporate the memory access modes, so as to obtain an
96-C-1472), NSF (MIP-9708067) and ONR (N00014-93-1-1348). efficient schedule.
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2 Memory Access Optimizations in DRAMs
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Figure 1. Typical DRAM Organization

Figure 1 shows a simplified view of the typical organi-
zation of a DRAM with 2° words (= 1 M words), with the
core storage array consisting of 82 21° square. A 20-bit
logical address for accessing a data word in the DRAM is
splitinto a 10-bitRow Address- consisting of the most sig-
nificant 10-bits (bits @. . .10); and a 10-bi€olumn Address
— consisting of the least significant 10 bits (l9ts. . 0). The
Row Decoder selects one 0f2ows (or DRAMpage$ us-
ing the row address, and ti@»lumn Decodeuses the col-

Page Mode Write — successive writes to multiple words in
the same page.

Page Mode Read-Modify-Write — successive R-M-W
updates to multiple words in the same page.

In order to motivate the need for explicitly modeling
and exploiting these modes, we demonstrate the effect on
design performance in HLS between scheduling with nor-
mal read operation, versus scheduling that exploits the page
mode read of a DRAM. The sample library memory mod-
ule used in this paper is the IBM11T1645LP Extended Data
Out (EDO) DRAM, and the input behavior is théndAv-
erageroutine in Figure 3(a), where the scalar variable
is mapped to an on-chip register, and the aéf@y... 3 is
stored in off-chip memory.
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umn address to select the addressed word from the selected S
page. Since the row and column addresses are used over Figure 2. (a) Timing diagram for Memory Read cycle (b)

disjoint time intervals, the address bus is time-multiplexed

Model for Memory Read operation

between row and column addresses in order to save pin

count. The following feature, callgghge mode access

an important organizational attribute that results in signif-
icant access time reductiohe row-decoding step phys-

ically copies an entire page into a data buffer (Figure 1),
anticipating spatial locality, i.e., expecting future references

to be from the same page. If the next memory access is t
a word in the same page, the row-decoding phase can be

omitted, and the data fetched directly from the data buffer,
leading to a significant performance gain.

Modern DRAMs commonly utilize the following six
memory access modes:

Read Mode — single word read,
decode and column-decode.

involving both row-

Write Mode — single word write,
decode and column-decode.

involving both row-

Read-Modify-Write (R-M-W) Mode - single word up-
date, involvingread from an address, followed by write
to the same addressThis mode involves one row-

Figure 2(a) shows a simplified timing diagram ofthed
cycleof the 1M x 64-bit EDO DRAM. The Memory Read
cycle is initiated by the falling edge of the RAS (Row Ad-
dress Strobe) signal, at which time the row address is latched
from the address bus. The column address is latched at the

?alling edge of CAS (Column Address Strobe) signal, which

should occur at leadt..; = 45 ns later. Following this, the
data is available on the data bus aftgy; = 15 ns. Finally,
the RAS signal is held high for at ledst = 45 ns to allow
for bit-line precharge which is necessary before the next
memory cycle can be initiated.

From the above timing characteristics, we can derive a
CDFG node cluster for the memory read operation, which
consists of 3 stages (Figure 2(b)): (1) row decode; (2) col-
umn decode; and (3) precharge. The row and column ad-
dresses are available at the first and second stages respec-
tively, and the output data is available at the beginning of
the third stage. Techniques for formally deriving the node
clusters from interface timing diagrams have been studied in
the interface synthesis works such as [4], and can be applied

decode and column-decode stages each, and is fastéh this context.

than two separate Read and Write accesses.

Page Mode Read- successive reads to multiple words in
the same page.

Assuming a clock cycle of 15 ns, and a 1-cycle delay
for the addition and shift operations, we derive the schedule
shown in Figure 3(b) for the code in Figure 3(a), using the
memory read model in Figure 2(b). Since the four accesses



to arrayb are treated as four independent memory reads,access modes available in modern off-chip memories, and
each of these incurs the entire read cycle deldy.of= 105 then describe a technique that incorporates the models into

ns, i.e., 7 cycles, requiring a total ofx74 = 28 cycles. HLS by transforming the input behavior accordingly.
FindAverage: 3 Representing Memory Accesses for HLS
av = (b[0] + b[1] + b[2] + b[3]) / 4
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ot ] COL|——| COL|——| c0L|-—| o : Instead of a single memory access n0(_je in the CDFG,
"'_'_" we model memory operations corresponding to the differ-
D‘"‘a—'—'—|VALi—IVALI—|VALI—|VALI—- ent access modes using finer-grained memory access nodes
© (Figure 4). TheRowDecodenode is a multicycle opera-
Col (b[0])  Col (b[1]) Col (b[2]) ~Col (b[3]) . tor that marks the beginning of any memory operation. The
Ng N N N : node has one input — the row address of the location, which
should be ready before this node is scheduled. TbiD-
ecode (ReadpndColDecode (Write) nodes form the sec-
ond stage of the memory read and write operations. The

Row Eb[o])

RowDecode 2cycles i 2cycles i 2cycles ! chcles Precharge

Scydles A 3cycles ColDecode (Read)ode has one input — the column ad-
Optimized Schedule: 3+2x 4 +3= 14 cycles dress, and one output — the data read. TwtDecode
@ (Write) node has two inputs — the column address, and the

data to be written. Th8etupnode serves as a “delay” node
in order to implement minimum delay constraints between
successive stages of a memory operation. Precharge
node is a multicycle node that marks the last stage of a mem-
ory cycle. Physically, it signifies the restoration of the mem-
ory bit-lines to the initial state, so that the next operation can
"be initiated after the completion of this stage.

Figure 3. (a) Code forFindAveragégb) Treating the mem-
ory accesses as independent Reads (c) Timing diagram
of page mode reatlycle (d) Treating the memory accesses
as one page mode read cycle

However, DRAM features such as page mode read cal
be efficiently exploited to generate a much tighter sched-

ule for behaviors such as tik@ndAverageexample, which Row co
. . . . Add oge:
access data in the same page, in succession. Figure 3(C) ... dad al0] = a[0] * 3
shows the timing diagram for thrmge mode readycle, and Stage L:
. . . RowDecode Row(a[0])  Col(a[0])
Figure 3(d) shows the schedule for fhi@dAverageroutine (45ns) - col |

Data”

using the page mode read feature. Note that the page modeage 2. ....

does notincur the long row decode and precharge times be-c2Pe% {57 @

tween successive accesses, thereby eliminating a significangtal -
amount of delay from the schedule. In this case, the column (Pl{ecnhsg"ge

decode time is followed by ainimum pulse widtlhdura-  ..........%

Addr

Read-Modify-Write Cycle
Schedule Length = 10 cycles

tion for the CAS signal, which is also 15 ns in our example. (@) Write Mode (b) Read-Modify-Wiite Mode
Thus, the effective cycle time between successive memory
accesses has been greatly reduced, resulting in an overall Figure 5. CDFG models of memory operations

reduction of 50% in the total schedule length.

The key feature inthe dramatic reduction of the schedule  For each memory access mode, we build composite
length in the example above is the recognition that the input memory access nodes inthe CDFG, based on the access pro-
behavior is characterized by memory access patterns that arecol for that mode.
amenable to the page mode feature, and the incorporationof Read Mode: This mode was described in Section 2.
this observation in the scheduling phase. In the following  Write Mode: The memory write operation has simi-
sections, we first provide synthesis models for the variouslar timing characteristics to the read operation. The CDFG



node cluster for the write cycle is shown in Figure 5(a). The
ColDecode node used in the second stage i€tliBecode
(Write) node identified in Figure 4.

Read-Modify-Write Mode: The Read-Modify-Write
(R-M-W) mode is illustrated in Figure 5(b) with a simple
behavioral statement[0] = «[0] * 3, which involves the
reading and writing of memory address {d0]. The sched-
ule requires 10 cycles. Note that, an extra control step is
introduced between theetupandwrite stages, because the
‘x’-operation requires 2 cycles. If the operation were to be
modeled as separate read and write cycles, we would re
quire: 2x 7 = 14 cycles.

Page Mode Read: This mode was described in Sec-
tion 2. ThePage Mode Write and Page Mode R-M-W
modes are constructed similarly.

4 Incorporation of Memory Models in HLS

The memory operations described in Section 3 were de-

4.2 Reordering of Memory Accesses

The correct ordering of memory accesses is critical for
exploiting efficient memory access modes such as R-M-W.
For example, in the codeufi] = b[i] + a[{]", the sequence
of accesses:‘Read b[i{] — Reada[i] — Write a[i]" al-
lows the utilization of the R-M-W mode for the addres§,
while the sequenctRead a[i] — Readb[i] — Write a[i]”
does not allow the mode, because of the intervetiRead
b[i]" operation.

O —=Read . —=\\rite
Path bli]
Path cfi]

t = Db[i] + c[i]
cli]=t Path dfi]
s=t+df
2 @ @
diil=s

Maximal Clique

(a) Code segment (b) DFG for code (c) Graph of R-M-W paths

signed to exploit typical behavioral memory access patterns.

This requires analysis of the CDFG to identify behavioral
patterns that can be optimized by the various efficient mem-
ory access modes, and transformation of the CDFG to in-

corporate the optimizations. The actions that need to be

performed include: (1¥lusteringof scalar variables; (2)
reordering of memory accesses in the CDFG; (8)isting

conditional memory operations; and (4pp transforma-

tions

4.1 Clustering of Scalars

Scalar variables are normally assigned to on-chip regis-
ters. However, if the number of such variables is large, it

might be necessary to store these variables in memory. A
related optimization problem that arises in this address as-,
signment is that, consecutive accesses to two different scala

variables can be implemented as a single page mode oper
tion if both are located in the same memory page. Suppos
the off-chip memory has a page size @fwords. The fol-
lowing problem needs to be solve@roup the scalar vari-

page), such that the number of consecutive accesses to th

same memory page is maximizdde technique we use is
similar to the solution of an analogous problem in the con-
text of cache memory, where scalar variables are groupe
into clusters of sizd. (wherel is the size of a&ache ling,

S0 as to minimize the number of cache misses[14].

At the end of this step, all variables are assigned a mem-

Figure 6. Ordering of memory operations determines
possibility of exploiting R-M-W mode

Figure 6(a) shows an example basic block of code for
which the corresponding DFG is shown in Figure 6(b). Fig-
ure 6(b) also shows three possible R-M-W paths, for ad-
dresse9]i], c[i], andd[i]. Note that it is not possible to im-
plement the memory accesses to all the three locations as
R-M-W operations. For example, if we implement &€
path as an R-M-W operation, then #{g path can no longer
be implemented as R-M-W, becau$tead b[i]” has to oc-
cur before'Write ¢[7]”, thus forcing the[:] path to be split
into separatéRead b[i]” and“Write b[:]” operations.

In general, only one of a pair of intersecting paths can be

plemented as R-M-W. In order to minimize the schedule
ength for a DFG, we need to maximize the number of R-M-
W paths. The problem can be shown to be NP-complete by

uilding a graph7, in which the nodes represent the DFG
paths, and an edge exists between two nodes if the corre-

ysponding paths are non-intersecting (Figure 6(c)). Deter-

g\ining the maximal number of R-M-W paths in the DFG
is now the problem of finding thenaximal cliquein G,
which is known to be NP-complete. The greedy heuristic

d}lescribed in [15] can be used to solve this problem. How-

ever, since the number of such paths are very small in typical
behaviors, an exhaustive solution can also be used.

4.3 Hoisting

ory address. We assume, for convenience, that the first ele-

ment of all arrays are aligned to a memory page boundary. Due to the time-multiplexing of the memory address
Similarly, each row of a multi-dimensional array is padded bus between row and column addresses, a scheduling opti-
so that all rows begin at a page boundary, unless the arraymization is possible when two addresses in the same mem-
is small enough to be accommodated in one page. ory page are accessed from different paths of a conditional
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Figure 7. Hoisting Optimization

branch. Consider the behavior shown in Figure 7(a). As-

sume that variableg, ¢, d, andy are stored in on-chip reg-
isters, whereas arrayis stored in off-chip memory. Either
a[0] or a[1] is fetched from memory, depending on the result
of the conditional evaluatior:(> 0). A simple schedule,

using the 3-stage read cycle model of Figure 2(b), and the

assumption that, «, and> operations require 1 cycle, re-
sults in a schedule of length 10 cycles (Figure 7(b)). How-

a[i]) per iteration, the page mode operations can be applied
directly by restructuring the loop so that it iterates over the
array in blocks ofP iterations (where” is the page size,

in words), so that we have one page mode read for every
P iterations. Figure 8(a) shows a section of the CDFG of
an example loop with a single memory access]) in one
iteration. We introduce an inner loop in which upftoel-
ements from the same page are accessed. The transformed
CDFG is shown in Figure 8(b). Note that the RowDecode
and Precharge nodes enclose the inner CDFG loop, forming
one complete page mode operation.
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izi+l
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Col (@[ i])
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et

ever, the knowledge thafl0] and«[1] reside in the same e

memory page (memory address assignments are statically :

computed) allows us to infer that both have the same row i

address, and hence, the read cycle could be initiated be- [izi=p]  [izien]

fore the comparison operation. The schedule resulting from L
(a) CDFG for original code (b) Transformed CDFG

this optimization results in a length of only 7 cycles (Fig-
ure 7(c)). Outpuy is available after 7 cycles in the unop-
timized schedule, but after only 4 cycles in the optimized
schedule. We call this optimizationheistingof the Row-
Decode stage. Thisoistingoptimization is also applicable
for two elements: andy in the same page, accessed in dif-
ferent conditional path€’; andC in the following cases:
(1) z is written inC'1 andy is written inC'z; (2) z is read in

(1 andy is written inC'y; and (3)x is read or written irC'y,
and there is no memory accessi{15].

4.4 Loop Transformations

Figure 8. CDFG Transformation for page mode opera-
tion

Loops accessing multiple pages per iteration

If more than one array is accessed in one loop iteration,
the transformation shown in Figure 8 cannot be directly ap-
plied, because different arrays usually lie in different mem-
ory pages. In such cases, we can use a well known trans-
formation,loop unrolling7], to create the opportunity for

In order to utilize the page mode operations, the CDFG \4jjizing page mode operations. Figure 9(a) shows an ex-
for the behavior has to be transformed to reflect the Page€ample loop in which three different arrays, b, andc are

mode operation. Since most of the computation 0CCUrs iNaccessed in an iteration. If the loop is unrolled once (Fig-
the innermost loops of nested loop structures, we concen-,,g 9(b)), elements of the same array can be accessed in

trate on the memory accesses in the innermost loops.

Loops accessing single page per iteration

succession, leading to performance improvement resulting
from page mode operation. In Figure/d, s1,t1, etc. are
registers into which memory elements are read Read

If aloop accesses locations from only a single memory pageoperation, and from which memory elements are written in

per iteration, e.g., there is only one read operatiRead

a Write operation.



for (i=0;i<N;i=i+2) for i=0;i<N;i++)
Alil=0

s i 1 = Read ali] Page Mode for (i=0;i<N;i++) i]=
for (i=0;i<N;i++) k= - g S No Page
1= Read a[] r2 -.Read a[|+1]‘> Read /é\H = 8 > Mode \%Vrite end for \ Page Mode
: : end for Without for(i=0;i<N;ji+s) Wi Possible
° . - o il= - I u
e ; a, b, cin sl = Read b[i] Page Mode Unroll B[] =0
s1 : Read bli] ~—_ &P ¢ 1 <7 - Read b[i+lT> Road end for
H pages : (a) (b)
o
Write c[i], t1 / Writs efil 11
end for Wiite b g (™= {age Mode
end for ' Figure 10. (a) Loop with disjoint subgraphs in body —
there is no data dependence between the 2 statements
(a) Code accessing multiple (b) Transformed code exposes (b) Split loop — page mode write can now be applied to
arrays in loop Page Mode Access the individual loops

Figure 9. Loop unrolling helps exploit page mode oper-
ations
An example loop with disjoint subgraphs in its body is

shown in Figure 10(a). The two statements in the loop body
- ) have no data dependence. We can split the loop into two
Note that t_he unrolled loop in Figure _g(b) has a_hlgher loops, as shown in Figure 10(b), so that page mode write can
regl_ster requwemer_]t. Thus, the unrollm_g fac_tor IS €O how be applied to the individual loops without unrolling.
strained by the maximum number_ofon-_ch|p re_glsters avail- Page mode operations without loop unrolling are prefer-
gble. Supp_o_s_e we are givena reglsterfllﬁméglste_rs. We  able because unrolling increases the register requirements,
fws_t d(_) an initial s_chedullng of th_e loop body (basic bIO_Ck) and also limits the number of memory accesses in one page
usinglist scheduling/], to determine the number of regis- mode cycle, due to register file size constraints.
ters,r, required for one iteration. Leh be the number of

memory accesses in the loop body. Note that all memory5 The CDFG Transformation Algorithm
accesses will not necessarily result in page mode accesses ) _ )
after unrolling. Letm’ be the number of accesses that re-  Algorithm TransformCDFGn Figure 11 outlines the se-

sult in page mode accesses. If the loop is unrollées, ~ dueénce of steps for transforming the CDFG of the behav-
we needm’ - i) registers to store then’ - i) values. How- 10T into an 0pt|m|zeo_l form, so th_at a scheduling algorithm,
ever, the remaining —m') registers, which are used in the such as list schedullr_wg, can be mvokgd on the tra_nsformed
loop body to store temporary variables and non-page modeCDFG. After performing t_he scala_lr yanable clusterlng_s_tep,
memory accesses, need not be duplicated, since they can B¢ Perform the Reordering, Hoisting and Loop Splitting
reused in the different iterations that constitute the unrolled transformations in sequence, followed by restructuring of
loop. Thus, if the total number of registers allowed in the the resulting loops, if applicable. The complexity of the

register file isR, we must have: algorithm is that of the dominant loop restructuring (with
multiple pages per iteration) step €& Bn?), wheren is
m i+ (r—m) <R (1) the number of CDFG nodes arigl is the number of loop

nests in the behavior.

i.e., the loop unrolling factot, is given by: 6 Experiments

i< M (2) We tested our proposed optimizations for utilizing effi-
B m'’ cientmemory access features, on benchmark examples from
or the digital signal processing and scientific computing do-
= {R —r+ m’J 3) mains, all of which share the common characteristic that
N m/ they process large data arrays. We present a summary of

our experimental results in this section.

Column 1 of Table 1 shows the list of benchmark ex-
amples (taken from [13]) on which we performed our ex-
A loop body is said to consist of disjoint subgraphs if the periments. Beam(Beamformer) is a DSP application in-
DFG representing the body (basic block) can be divided into volving temporal alignment and summation of digitized sig-
more than one subgraph with no data dependence acrossals from an/NV-element radar antenna arrafpequantis
their memory operations (i.e., no data dependence edgethe de-quantization routine in the MPEG decoder applica-
from one subgraph to the other). In such a case, each subtion. DHRC (Differential Heat Release Computation) is an
graph with at least one memory access in it, can be splitintoalgorithm modeling the heat release in a combustion engine.
a differentloop in order to better utilize page mode memory IDCT (Inverse Discrete Cosine TransforrhgafCompand
operation. LeafPlusare modules from the MPEG decoder application.

Loops with disjoint subgraphs in body



Algorithm TransformCDFG
Input: G — CDFG; R — Max. allowed
Register File SizeP — Memory Page Size
Output: Transformed CDFG
1.Cluster scalar variables into groups of ske
and assign memory addresses.
2.for each basic blociB in G do

Reorderto exploit R-M-W and page mode iB.
3.for each conditional node i&

PerformHoist transformation, if applicable.
4 .for each innermost loop in G

PerformLoop Splittingtransformation, if applicable.

5.for each loopl’ in updated?
if single page accessed in one iteration
PerformLoop Restructurindor page mode
else
PerformLoop Unrollandrestructuring

Figure 11. Algorithm for incorporating memory opti-
mization transformations into the CDFG for scheduling

too small, and could be stored in the register file we used.

We compared the execution time due the schedules gen-
erated by 3 techniques: (Doarse-grain— the traditional
HLS approach, where memory access operation is treated
as a multicycled operation; (Eine-grain — a more refined
memory access model (e.g., the template strategy of [11]),
with each memory access operation being treated as an in-
dependent 3-stage operation; and@®Yimized — our pro-
posed CDFG transformation-based approach, followed by
the application of list scheduling.

We used the approximate timing characteristics of the
IBM11T1645LP EDO DRAM memory chip, with a 15ns
clock. We used the following operator delays: ALU — 1
cycle; multiplier — 2 cycles; divide— 4 cycles; RowDe-
code and Precharge operators — 3 cycles; and ColDecode
and Setup operators — 1 cycle. We used a memory page size
of 256 words and register file size of 16 words. We assumed
that the number of ALUs, multipliers, and dividersis 1 each;

Madd and MMult are matrix addition and multiplication

and the register file has 2 read ports and 1 write port.

Benchmark [ Cycle Count (Coarse-Grain]|

routines respectivelyLowpasss an image processing ap- Beamformer 1,251,844
plication that applies a low-pass filter to an imagBOR Bﬁ?cuam g?éi
(Su_ccessn{e O_ver-Re_Ia>_<at|on) is an algorithm used in eval- ot 63521284
uating partial differentiation equations. Column 2 shows the LeafComp 2.562
number of basic blocks in each benchmark. LeafPlus 3,074
LowPass 1,159,202
Madd 360,706
Memory Modes Optimizations MMult 46,285,058
Benchmark| B [ rmw [ pr{pw [ prmw [CTR]JH]JL SOR 690,860
Beam 0] Y [ Y[ Y N N[Y[NJY
Dequant 5 N Y Y N N[{N|[Y]|Y (a)
Dhrc 2 N [Y[|N N N|[N|[N|N 100
Idct BN [Y][]Y N [N[N[NJ[Y Eg;j_s;:;ain
LeafComp | 7 N Y Y N N[{N|Y]|Y Optimized
LeafPlus 5 N [Y][]Y N NIN[Y Y 80
Lowpass 4 Y Y | N N N|Y|[NJ|N =
Madd 4 N Y'Y N N|[N[NJY %
MMult 6 | N | Y| N Y N|N|NJ|Y E 60
SOR 41 Y [Y[N N N|Y|[N]|N 2
8
o . G
Table 1. Memory optimizations applied to benchmarks 5
(=]
e
Table 1 shows the memory modes utilized by the mem- 5
ory accesses in the various benchmark examples, and the
applicable optimizations. Columns 3, 4, 5, and 6 show (with SR IE A0 150 RAR NON A0 AEN A5 pOR A
letter *Y’) which examples had memory access patterns for B D et L A A MMt SoR
which the Read-Modify-Write (rmw) mode, page mode read ()

(pr), page mode write (pw), and page mode read-modify-
write (prmw) respectively, were applied. Columns 7, 8, 9,
and 10 show the CDFG transformation techniqué3lus-
tering(C), ReorderingR), Hoisting(H), andLoop Transfor-
mationgL) — that were applied to each example. Note that

Figure 12. (a) Cycle count for Coarse-Grain (b) Sum-
mary of Results

Figure 12 summarizes the experimental results for the
the scalar clustering technique could not be applied to any ofbenchmark examples on which we tested our technique.
the examples, as the number of scalars in the example waFigure 12(a) shows the number of clock cycles required by



the coarse-grain technique for each benchmark. Om:the ious off-chip memory access modes, as well as a technique
axis of Figure 12(b), we show the benchmark examples,for analyzing a behavior to determine memory accesses that
and on they-axis, we show the total execution times for the can be optimized by exploiting the available memory fea-
schedules generated by the three techniques: Coarse-graityres. We transform the CDFG of the given behavior into
Fine-grain, and Optimized, normalized to the cycle count of an optimized form, incorporating the efficient memory ac-
Coarse-grain, which is taken as 100. cess features. Our experiments, based on the timing char-
The Optimized technique results in the fastest sched-acteristics of a commercial DRAM chip, have indicated an
ules, as seen from Figure 12(b). On an average, Opti-average performance improvement of more than 40%, as a
mized achieves a performance improvement of 45.2% overresult of our optimization techniques.
Coarse-grain, and an improvement of 40.8% over the Fine-  Our technique for incorporating the synthesis models for
grain technique. The performance improvement in the casememories into HLS is independent of the actual HLS tasks
of Optimized is the consequence of efficient utilization of of scheduling, etc., and can be easily incorporated as a pre-
the memory features such as read-modify-write and pageprocessing step into existing HLS design flows. The tech-
mode. nigue could also be utilized to optimize the interface with
The performance improvement for the Optimized tech- other types of modules with complex interfaces and timing
nique above could be at the expense of a slight increase ircharacteristics, such as LAN controllers. Future research

controller area due to increased number of control states agncludes extending the optimization techniques to work in
compared to the controllers required for the Coarse-grainthe presence of more complex array index expressions.
and Fine-grain schedules when the page mode operatio

d pad peratioiheferences

is used. We used thmisll synthesis package[5] to opti-
mize the control logic for each case, and studied the con-
trol overhead for our optimization technique. We observed 2l
that the controllers generated from the Optimized schedules
have an average area only 14.9% larger than those generated [3)
from Coarse-grain, and 10.3% larger than those generated
from Fine-grain, for the benchmark examples[15]. Given
the significant improvement in performance with our opti-
mizations, we believe the control overhead is justifiable.

An important property of dynamic RAM is that the inter-
nal data bits need to be refreshed at regular intervals, since
each bitisimplemented as a capacitor. The refresh intervals
of typical DRAMs are fairly large — the IBM11T1645LP
has a refresh interval of 128 ms. The time taken to perform
a singleRefresh cycléwhich results in one whole DRAM
page being refreshed) is comparable to the duration of any
other access, such Bead cycle As a post-processing step,
the schedule generated from the input behavior is adjusted
to incorporate the refresh cycles, ensuring that they do not [10]
overlap in time with any other memory operation, since the [11]
DRAM is unavailable for Reads and Writes during the re-
fresh. This is not an overhead due to our approach because [12]
the refresh circuitry is needed for DRAMs, no matter what
synthesis technique is used. The details are described in [13]
[15].

(1

[4]
(5]
(6]
(7]
(8]
9]

7 Conclusions (4
Off-chip memories, such as DRAMSs, have several well- [15]

known features that permit efficient data access. Present-

day synthesis tools and algorithms targeting on-chip mem- [16]

ory storage treat different behavioral memory accesses inde-
pendent of each other, thereby ignoring several optimization [17]
possibilities in memory accesses that arise in the context of
off-chip memories. We presented synthesis models for var-
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