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Abstract — With the increasing design complexity and performanceration [3]. They assumed that for each array group, any memory
requirement, data arrays in behavioral specification are usuathodule can be allocated only if it satisfies the array size require-
mapped to fast on-chip memories in behavioral synthesis. This papaent. This clearly limits the exploration of memories with differ-
describes a new algorithm that overcomes two limitations of the prent (read/write) access speeds and different number of ports. Panda
vious works on the problem of memory-allocation and array-mappipgoposed a memory bank exploration algorithm which exploits the
to memories. Specifically, its key features étga tight link to the memory access sequences to minimize page misses in a bank [4].
scheduling effect, which was totally or partially ignored by the ex- One limitation is that the exploration has excluded the memories
isting memory synthesis systems, and suppor{®)gnon-uniform  with multiple ports. Wuytaclet. al addressed the problem of stor-
access speeds among the ports of memories, which greatly diversifyage bandwidth optimization, by which subsequent memory alloca-
the possible (practical) memory configurations. Experimental daian and assignment tasks produce an architecture with less memo-
on a set of benchmark filter designs are provided to show the effeies and memory ports [6]. Panda al provides a full survey on
tiveness of the proposed exploration strategy in finding globally bestemory and array optimization in high-level synthesis [7].

memory configurations. In this paper, we propose a novel memory exploration strategy.
Categories and Subject Descriptors:  B.5.2 [Register-Transfer- Specifically, our key contributions ametight link to the schedul-
Level Implementation]: Design Aids ing effect, which was hardly taken into account by the existing ap-

) . . proaches, and supportimgn-uniform access speed among the ports
General Terms: Algorithms, .Performance, De_S|gn of memories, which greatly diversifies the possible memory configu-
Keywords: memory allocation, memory assignemt, memory deations. We integrate the two features in one framework of our algo-
sign, scheduling effect rithm to explore memory configurations more fully and effectively.

1. INTRODUCTION , 2. MOTIVATING EXAMPLES

Behavioral synthesis, which is the process of automatically generg{-thjs section, we motivate the key features of our algorithm with
ing an RTL design from an algorithmic description, is an importargyamples. Our algorithm is based on the following observations.
research area in design automation. Many behavioral descriptions. Scheduling effects during memory exploration can significantly

for manipulating large amounts of data computatlonsaur_iﬂy vari- . enhance the quality of the memory configuration. (Example 1)
ablesto represent data storages. Consequently, behavioral synthesis

; . . . o Different speed of memory (read/write) accesses during mem-
IS rngred to allocate memory mod_ules for |mplt_ement|ng the array ory exploration significantly extends the scope of the explo-
vgrlables. Howeyer, many synthefsls s;y/stems.glth(.er do not sypport ration of the memory configurations. (Example 2)
this process or simply rely on designer’s specification of particular
memory modules. Thus, for memory intensive applications, it is neExample 1: (scheduling effects)
essary to automate the process of finding the best memory confifigure 1(a) shows a segment of behavioral description that manipu-
ration in terms of both total memory cost and design performancelates four arrays where each size is 16 (bits}024 (words). Sup-

There are number of research works which have addressed B@e we have a library of memory modules available to use, as sum-
problem of memory exploration in behavioral synthesis. Skiual ~ marized in Figure 1(b). It specifies the number of (read-only, write-
proposed an ILP model and heuristic-based algorithm for solving te8ly, read/write) ports and the afeéi.e., cost) of each memory. In
problem of determining memory configuration with minimum are¢he library, we temporarily assumed that every memory access op-
under power constraint or minimum power consumption under arggation takes one clock cycle and all the operations in Figure 1(a)
constraint [1]. However, the approach does not take into account §feould be completed within three clock cycles. Figure 2(a) shows a
scheduling effect, which could lead to a major limitation in the deschedule for the DFG, callesthedule-1, and its possible allocations
sign space exploration. An exploration strategy under the assumptisifl assignments of memory modules using the library in Figure 1(b).
of a fixed hierarchical model (with different access speeds) of meMée can easily find that arrays B andD cannot be grouped to al-
ories was proposed by Holmes and Gajski [2]. However, since tii€ate one memory module because three (read) access operations
memory granularity is determined by the memory hierarchy used, i3Jst be executed in parallel at clock step 1 and none of the mem-
application to general (diverse) types of memories in library is néties support the parallelism. The highlighted configuration in the
supported. Ramachandren al proposed a bottom-up cluster-basedable of Figure 2(a) indicates the one with minimum total memory
memory synthesis algorithm that produces an array variable configest. However, when we reschedule the read operatad DJi]

from clock step 1 to 2, as shown in Figure 2(b), we can further re-
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schedule-1 e, confuTation area Table 1: An example of memory library with accesstimings.
(array group : memory) (mm?) . . . .
e-step 1 AML BML CML DML | 3176 resultant grouping, Step 2 is performed again. The whole process is
—————— AMT, B:M1, CD:M3 27.11 repeated until a single large cluster is formed and the memory config-
c-step 2 A:M1, C:M1, BD:M5 31.20 uration and corresponding schedule with the minimum cost is chosen
as aresult. This decoupling of memory allocation and array grouping
AB:M5, CD:M3 2655 . o .
c-step 3 is based on the fact that the considering them together is computa-

tionally very expensive and it also enables the manual specification
(a) schedule-1 for Figure 1(a) and its possible mem. configurationsef the grouping by the designer, if needed.
e Step 1 (Generation of aninitial solution): We generate an initial

schedule-2 ‘ {‘;’fgy ;?ijg?ﬁ;‘:;‘my) ‘ (iﬁ% ‘ schedule and a corresponding memory configuration that will be re-
AML BML CML DML | 3176 fined iteratively during Step 2. We use Force-Directed Scheduling
A:M1, B:M1, CD:M3 27.11 (FDS) algorithm [8] to balance memory operations across clock steps
AM1, C:M1, BD:M5 31.20 for minimizing the requirements for memory read/write ports. FDS
C:M1, D:M1, AB:M3 2711 is one of the most representative scheduling algorithms whose ob-
ACM3 BD'M3 2246 jective is to minimize the hardware resources under a certain latency
AB:M5, CD:M3 26.55 constraint. In our case, we use FDS to schedule the memory opera-
tions so that the maximum number of concurrent reads/writes is min-

(b) schedule-2 for Figure 1(a) and its possible mem. configurationdMized. From the schedule obtained by FDS, we determine, for each
array, the maximum concurrent accesses. Then, among the memories

in L that supports this concurrent accesses, we select the one with the
minimum cost, and assign it to the array. During FDS, access time
Example 2: (non-uniform speeds of memory accesses) of each memory operation is specified by the designer or simply as-
Table 1 shows a list of memory modules with detailed description 62med to be the minimum in the library to avoid the requirement for
the number of clock cycles taken by each type of memory access. Bggessive number of ports

example, memory modulé?2 has one read-only and one write-onlye Step 2 (A simultaneous rescheduling and reassignment): We re-
ports, each consuming 2-clock cycle time, whefd@has one read- fine the schedule and memory configuration obtained in Step 1. Our
only port having 2-clock cycle time and one write-only port havingbjective is to reduce the total cost of memory configuration by at-
3-clock cycle time. Clearly, integrating the non-uniform access timeésmpting to iteratively perform rescheduling (operations) and reas-
of memory modules and scheduling in one framework of memogignment (arrays to memories) together. To support a large number
exploration is essential to find globally best memory configurationsf iterations, the task of rescheduling and reassignment performed at
each iteration should be fast.

3. THE MEMORY EXPLORATION ALGO- In scheduling, we place our primary importance on the optimiza-

RITHM tion of memories to be used. Consequently, we extract all the mem-

The proposed algorithm accepts an unscheduled-flow graph Oy access operations from DFG, and construct a graph, called the
(DFG) as input. Lel be the memory library, and@ be the num- Memory Dependency Graph (MDG), which maintains a partial or-
ber of clock cycles (i.e., latency constraint) allowed to execute &lpr between the memory access nodes in the DFG.
the operations in DFG. Then, the optimization problem is to selectMDG has two dummy nodes calledurce andsink. An arc is cre-
memories fromL and assign them to arrays in DFG so that the totd@ited fromsource to every memory access node with no predecessor,
memory cost is minimized while satisfying the latency constraint. and from every memory access node with no successsnko We
Our algorithm consists of three major steps : In Step 1, an ifissumesource andsink are scheduled at clock stepD+1, respec-
tial solution is generated. In Step 2, the previous solution is refindyely. The MDG concept is similar to that proposed in [4], but ours
iteratively. In Step 3, array clustering is performed. is more general in usage, including a minimum delay information
Array grouping is a partition on the set of arrays, where arrays thgtween nodes.
reside in a same memory module are grouped together. Initially Definition (MI: minimum interval): An arc v — w with minimum
Stepl each array is mapped to a separate group, which means itftatval MI(v — w) in the MDG indicates the minimum number of
each array resides in a distinct memory. During Step 2 the groupiol@ck cycles required for the execution of arithmetic/logical opera-
of arrays is not altered. After completion of Step 2, in Step 3 thgons along the arc between the two memory access nodegw.

grouping is modified by merging any two groups, and then with the 5 oy ampley ™ =% w indicates that at least three clock cycles

2The cost usually refers to the total area of the allocated memori e required for the period between the completion of the execution

However, our approach can easily change the cost to the ‘total &3-V and the start ofv. We calculate the MI values for each arc
ergy’ consumed by the memories. (We provide a set of data on téering the process of generating an MDG by using a depth-first graph
energy consumptions in Table 3 of section 4.) traversal procedure. For a sched8l@ memory configuratioM for

Figure 2: An example of showing the effect of scheduling on the explo-
ration of memory configuration.




M1 (cost=8) : 1 r-w port cstepl
with 2-cycle for read access
2-cycle for write access cstep2
M2 (cost=10) : 1 read port, 1 write port M4
with 1-cycle for read access cstep3 @
delay =1 2-cycle for write access
cstep4
M3 (cost=11) : 1 read port, 1r-w port
@ with 1-cycle for read access
sink_nod 2-cycle for write access cstep5
(a) ADFG (b) MDF for (a)
M4 (cost=12) : 1 read port, 1 write port
with 1-cycle for read access
””””””””””””””” 1-cycle for write access — (AL . .
ostept read_All cstepl memory configuration = {A}:M4, {B}:M4, {C}:M4

Total cost = 33
(b) An initial schedule and memory allocation

(a) Memory library

cstep2 cstep2
M1 : single riw port
with 2-cycle time
cstep3 cstep3
M2 : single riw port

with 1-cycle time

cstep4 cstepd

T (latency comstraint) = 5

csteps
(c) Memories P

(D):M1 (AB,C): M2 ! (C):M1 (AB,D): M2
==>Infeasible memory configuration ==> Feasible memory configuration

(d) Infeasible memory configuration (e) Feasible memory configuration
Figure 3: An example showing MDG construction and infeasi-
ble/feasible memory configurations.

the largest cost reduction memory configuration = {A}:M4, {B}:M4, {C}:M1

Sis Cal_led afeas ble memory Conflguratlon if for every arc— win (c) Determination of the Schedule_Zone and candidate memory Total cost = 29
M DG, |t Sat|SfleS (d) Updating thg schedule arjd memory configuration,
Csep(v)-+ delay(v) + MI (v w) < csep() <1) e

wherecstep(v) is the clock step at which memory access operationFigure 4: An exampleillustrating our incremental step of simultaneous
starts to execute artl ay(v) is the execution delay (in the number ofrescheduling and remapping.

clock cycles) ofv. Consequentlypur goal is to find a schedule with ) )

latency constraint of T that leads o a feasible memory configuration (e Procedure described above when all operatioas afe resched-

with minimum total memory cost. uled. Then, among all array-memory paieg, (M;), we choose to
An example of DFG and its MDG are shown in Figures 3(a) anggSchedule the one that maximizes the quantity
(b), respectively. The number assigned to each arc in Figure 3(b) in- AC =C(M(a)) —C(M)) @

dicates the MI value. Figure 3(d) shows the memory operations fereC(M) represents the memory cost of type From the ex-
a schedule of the MDG when arragsB andC each uses a memory ample in Figure 4(c), we selgcteqm and rescheduled (a_ctually the
of type M2 in Figure 3(c) and arrap usesM1. Consequently, as Same clock step as before) it at clock step 3 because its cost reduc-
indicated with dotted arrow in Figure 3(d), the arc frosad D[j]  tion in Eq.(2) (i.e.C(M4)-C(M1)=12-8=4) is the largesbpa is then
to write Afi + 1] violates the inequality relation in Eq.(1), result-locked for rescheduling (but may change the assigned memory by
ing in an infeasible memory configuration for the schedule. On tfdPsequent iterations), and the process of rescheduling and reassign-
other hand, Figure 3(e) shows a feasible memory configuration f&ent for the remaining _operatlons is repeated until all operations are
the same schedule (i.e., all arcs satisfying the inequality in Eq.(1j§Scheduled and reassigned.
whereA, B andD each uses a memory of typé2 while C uses a  1he overall procedure of Step 1 and Step 2, calM-exp,
typeM1 memory. works as follows. First, we generate an initial schedul_e for an input
The example in Figure 4 shows how operation rescheduling aRérG and a memory configuration for the schedule using a memory
memory remapping are performed at an iteration of our algorithﬁhbrary L. we reflne_the |r_1|t|al solution |terat|\_/ely in the loop of our
Suppose we have an initial schedule and its memory configuratig{gorithm. At each iteration, we select a pair of array and memory
shown in Figure 4(b) using the memories in Figure 4(a). For eadhat lead to a maximum decrease of memory cost (i.e., the value in
operation, we determinschedule_zone, which is the set of clock _Eq.(2)_) without vnolatmg_ the Igtency constraint ®fand causing an
steps at which the operation can be scheduled for execution with#ifgasible memory configuration. We then reschedule all the opera-
causing any timing violation of Eq.(1). The heavy lines next to thions of that array and at the same time, reassign the memory deter-
operations represesthedule_zone. For exampleschedule_zone for mined using the procedure descrlbeq inthe previous paragraph to the
opl in Figure 4(c) is{cstepl} since schedulingpl to cstep2 causes selected array. Once the reschec_iulmg a_nd remapping are done, any
MI violations betweerpl andop4 and betweenpl andop5, while ~ attempt to rescht_adule the operation is _dlsallowed for the rest of t_he
schedule_zone for op4 is {cstep3, cstep4}. exe(_:utlon of the inner Io_op of our algorlthm._The loop contlnu_e_s if
Then, we check for each memory lin if the selected array can We find a new configuration whose total cost is less than the minimal
be scheduled within itschedule_zone without causing any MI vi- post found so .far or there. is an overall reduction of the memory cost
olation. As a result, we obtain a new schedule for that array. Wathe currentinner loop (i.ej AC < 0).
use a simple list scheduling heuristic for the checking using the seStep 3 (Array Clustering): The exploration of memory configura-
lection guideline that the most timing-critical operation is scheduleibns in Step 2 has been performed with the restriction that the group-
first. Then, among the memories that lead to feasible memory cang of arrays is fixed. In Step 3, the grouping is changed to further
figurations, we choose the one with the smallest memory cost. Feduce the total memory cost, by bottom-up array clustering. Arrays
example, the symbol attached to each intervasabedule zone in  are clustered by merging two different groups into a single group
Figure 4(c) indicates the selected memory. and reallocating a new memory module to that group. Storing two
Let M(&) be the memory assigned to armayfor a certain mem- or more arrays into the same memory module may require additional
ory configurationR, andM; be the memory selected according toperations for address translation. After adding proper operations



MEM-exp Exhaustive ‘ [ MEM-exp [ Greedy | red.

design IL| cost time cost time | diff. design IL| [ costp) [ cost@J) | (%)
(mn?) | (sec) | (mm?) | (sec) | (%) kalman | 180 6.95 809 | 14.0

kalman 180 10.772 0.3 10.718 77 0.5 sor 200 1158.89 3827.38 | 69.7
sor 200 [[ 371.134| 0.1 | 371.134| 20 0.0 heat 180 14.29 20.91 31.7
phoneme | 180 132.050 | 0.7 - - - phoneme | 180 362.66 1293.56 | 72.0
heat 180 17.103 0.2 17.103 27 0.0 ddpoly 200 16.75 18.64 10.1
ddpoly 200 8.349 0.1 8.349 32 0.0 tridag 200 25.38 28.38 10.6
tridag 200 24816 | 0.1 23.309 24 6.1 [ avg. | I I [ 3456

Lave [ 1 | [ | [132]

Table 3: Comparisons of energy consumption for the memory configu-
Table 2: Comparisons of memory area for the memory configurations  ations produced by MEM-exp and a greedy heuristic.

produced by MEM-exp and an exhaustive sear ching method.

o Effectivenessof minimizing total energy consumption: We com-
into DFG, rescheduling is performed in the same way as in Stepare our results, in terms of energy consumption, with those pro-
Among all possible merging of two groups the one that reduces thgced byExhaustive and a greedy heuristic (calléteedy). The re-
memory cost maximally is chosen. After completion of Step 3, cusyits are summarized in Table 3. The ide&ireedy was taken from
rent memory configuration is refined iteratively without changing thg ], in which it tries to assign arrays that are more frequently accessed
grouping of arrays (Step 2). The whole process terminates when ofdymemories with less energy consumption. Since the heuristic in [1]
a single large group remains. does not take into account the latency constraint, we modified the
Extension to DRAM Memories: WhenL includes DRAM memo- heuristic so that it allocates memories in a greedy manner while sat-
ries,MEM-exp is extended to exploit one important feature of DRANsfying the latency constraint. The comparisons in Table 3 indicate
architecture. The architecture enables a significant speed-up in k&t MEM-exp allocates memories more selectively according to the
cuting subsequent memory accesses that refer to the words in @leeess patterns and frequencies in the behavioral specification, with
same page because additional steps of row decoding and prechargih§% less energy consumption than that produceGriegdy.
are not needed. Such memory access mode is qadprimode [4].

We extendMEM-exp to exploit the page mode accesses: If twc5' _CONCL USIONS
memory access operations in MDG are executed successively dhdiS paper, we proposed a new (SRAM/DRAM) memory explo-
they use the same DRAM memory, we check the MI violation b&&tion algorithm to solve two important problen{d) a tight link to
tween the two operations arsdheduie zone violation of the opera- the Scheduling effect, which was totally or partially ignored by the
tions by determining the number of clock steps required for executiffgiSting memory synthesis systems, and suppo(@gon-uniform
them based on the page mode accesses, and comparing the nu speeds among the ports of memories, which greatly diversify
with the Ml value andschedule_zone. the ppss@le practical memory configurations. Wg solvgd the prob-
It should be noted that our memory exploration method can ed§MS inanintegrated fashionto explore memory configurations more

ily incorporate other types of DRAM access modes (e.g., those J@Uy and effectively by devising efficient cost evaluation and timing-

scribed in [5]) with similar ways. violation checking technigues. Experimental results showed that the
run time of our algorithm is significantly faster than that of the ex-
4. EXPERIMENTAL RESULTS haustive search based method while the quality, in terms of memory

The proposed memory exploration algorithfEM-exp was imple- area, of the memory configurations was within 1.3% difference (on

mented in C++ and executed on a Sun Sparc20 workstation. \Akerage) with the optimal solutions. In term of energy consumption,

tested a set of memory intensive applications to demonstrate the @i+ algorithm was able to find schedules and memory configurations
fectiveness of the proposed memory exploration algoritkatman,  with 34.6% less energy consumption (on average) compared to the
sor and heat are the kalman filter design, the successive over rexisting method [1].

laxation design, and the differential heat release computation desma(now|edgment : This work was supported by the Korea Science
respectively [9]. phoneme is the phoneme recognition [10}rida  and Engineering Foundation (KOSEF) through the Advanced Infor-
is the tridiagonal systems of equations aligoly is the polynomial - mation Technology Research Center(AITrc).
and its derivative evaluation [11].
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