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Abstract

This paper deals with methods of automated memaory
synthesis for Custom Computing Machines (CCMs). We
focus the presentation on the synthesis of interleaved
memory svstems, which provide the quickest access 10
data at the cost of more parallel hardware.

The synthesis of an interleaved memory system slarts
with the analysis of data access patterns in the algorithm,
from which a number of possible storage schemes Is de-
rived. The storage scheme defines how the array elements
can be distributed among different memovy banks. The
best storage scheme is then chosen according 10 a com-
plex metvic of cost and performance of the required mem-

ory system. This metric involves the schedule lengih of

operations, the type and number of required memory
chips, the cost and delay of address generation and the
inrerconnection network.

Results of our experiments demonstrate that the devel-
oped methods are capable to automatically synithesise
storage schemes and interleaved memory systems, which
are the same or better than those previously conceived by
an experienced hardware designer.

1. Introduction

Custom Computing Machines form an important and
very fast growing field in computer architecture {1}. They
demonstrate exceptional performance and impressive
speedups over conventional computers in solving some
very hard computational problems [2][3].

The principle of Custom Computing Machines (CCMs)
is that the architecture that matches the algorithm to be
executed provides the best performance. With other words
a CCM impiements an algorithm in hardware and there-
fore it can be designed to utilise as much parallelism of
the algorithm as is required to satisfy the performance
goals,
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Memory bandwidth s the crucial factor in high per-
formance computing, therefore it is natural to provide a
CCM with the parailel storage matching the data access
patterns in the algorithm. To be effective, the aufomatic
synthesis of application-specific memory system must
tacide both the storage scheme and memory organisauon
[4]. Our research aims to find the optimal storage schemes
and the corresponding interleaved memory structures
when mapping array variables from behaviour descrip-
tions onto the physical memory of a CCM,

Most of the reported research [5]-[10] on such storage
schemes and interleaved memory originates in research in
the area of parallel computing. The design of the storage
scheme to optimise address calculations is the most im-
portant aspect of this work since it has the largest impact
on the overall performance. In CCMs the address genera-
tion is implemented in hardware and is only one of the
problems to be solved in the memory synthesis.

Much of the research on memoery synthesis cemes from
the field of Digital Signal Processing, The methods devel-
oped by the IMEC group in Belgium {11],[12] allow data
flow analysis of complex signals, They focus on the par-
alietisation of memories and optimisation of global com-
munication. That work forms an interesting theoretical
foundation for data dependency analysis and also delivers
practical results. However, the methods are suitable
mainly for DSP problems with rather regular data and the
choice of memory configuraticns is limited. The selection
of different types of memory and pipelines for DSP is de-
scribed by Bakshi and Gajski in {13], but the storage
scheme synthesis is not considered. The work reported by
Alogeely and Chen in [14] exploits regularity in the DSP
data to replace the random access memory with stacks and
queues implemented in hardware. Research on non-DSP
memory optimisations is reported by Hemant's group in
[15] where an algorithm is given for the selection of vari-
ables to be placed in the local or main memories. The



problems of mapping array variables in an algorithm to

different memories are discussed in  [[63,[17},[18]. That
research is focused on array grouping and does not ad-
dress array splitting which is the case of synthesis of the
storage scheme for interleaved memories.

In this paper we present the memory synthesis methods
that are especially suited for high performance Custom
Computing Machines. Gur work is based on Periodic
Storage Schemes (PSS) {101, which can handle access
patterns with data-dependent or randomly generated indi-
ces. This suits CCMs, which exhibit complicated data ac-
cess patierns, varying in different algorithms,

2. Combined synthesis of the storage scheme
and interleaved memory

The storage synthesis in our system is carried out be-
fore High Level Synthesis, but after the basic functional
unit aflocation. The number of interleaved memory banks
is in the range from ] to {6, which covers the practical re-
guirements,

The inputs to the synthesis algorithm are :

o The data flow graph DFG(V,E), where: E - directed
edges representing data dependencies, V - vertices of
operation type including memory access {read, write)
operators. All memory access operators are assumed
o contain address generation,

e A library of memory components characterised by 7-
tuple <WD, BW, Prw, TRC, TWC, C>, where the
symbols refer to the word depth, bit-width, the num-
ver of read and write ports, read access time, write
access time, and cost of a memory component re-
spectively. .

o A library of functional units characterised by <D,
N>, where D - the delay, N - maximum number of
one functional unit available,

e  The constraints including the expected clock range of
the system and the weights reflecting the designer’s
priorities for performance and cost trade-offs,

The outputs of the algorithm, represented by a group of
points in schedule length-cost space, are:
¢ The number of memory banks in the memory system.
¢ The memory component type chosen from the given

library.

e Optimised sterage scheme.

e Optimal clock range.

(iiven the inputs, the synthesis algorithm produces the
outputs by exhaustive search of the limited solution space.
This search is effective due to removal of redundant PSSs
and a relativety smatl number of memory banks,
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3. Memory system model
3.1 Memory organisation

The memory model used in our system is shown in Fig-
ure 1. It differs from the traditional interleaved memory
system in that the address generator {AG) is application
specific and consists of a lookup table and add-
ers/subtractors. The data alignment is performed implic-
itly in the AG lookup table. This reduces the delay of ad-
dress generation since there is no need for interconpection
network between address generators and memories. There
are M memory banks, each bank may consist of muitiple
memory components depending on the sizes of arrays to
be stored. Without loss of generality, we assume that the
arrays are two-dimensional, and the whole memory system
is built of one type of memory chips. We also assume use
of static RAMs with bidirectional data ports and standard
control pins. All other elements are implemented in Field
Programmable Gate Arrays (FPGA) XC4000 technology
from Xilinx.

—
CF,,,, Address Generator
0
n
t . . :
e M M, My,
a A A A
| ¥ ¥ %
P >{ Netwark [
& = A X
T ¥

o ’f Processing Units ]
-

Figure 1. General structure of the
interleaved memory system

3.2. Address Generator

The Address Generator (AG) is built of a wide word
lookup table connected to M sadders/subtractors. Each
word of the table consists of M sub-words with each suh-
word generating the offset for a separate memory bank.
The input to the AG is the base address formed from the
word and bank addresses of one element in the access
pattern. The base address can be generated in advance in
the pipelined design or just stored in a memory as in [19].
All other addresses in the pattern are generated by adding
or subtracting the offsets from the base address. The
lookup tables in the AG store all the possible memory
access sequences and their corresponding offsets. Since
the number of those sequences is limited. the lookup
tables are small. One memory access sequence means ong
read or write to all the M banks for some specific




glements in the access pattern, Data alignment is done im-
plicitly in the lookup tables,

A detailed discussion of the address generation in our
synthesis system can be found in [20].

3.3. Memory cost and access dejay model

Effective read time of memory comprises the address
generation delay, the memory read access time {TRC) and
the network delay. Effective write time is the address
generation defay plus the memory write access time. This
is based on the assumption that the delay of the address
generator is larger than the combined delays of the
network and the controller.

The effective delay of the address generation is the sum
of the address generator delay, the chip-selector delay,
and the routing and propagation delays. The address
generation delays are the same for both read and write
cycles.

Memory cost is composed of the number of memory
chips ¢i and number of wires from the memory to the data
path c2:

o, =M [SHWD MY]
¢y = M - (BW +[log,(WDY |+ 2+ S WD - MY])

Where S is the array size, M the number of memory
banks, WD the depth and BW the data width of memory
chips. The ¢ comprises the contributions of the number of
data lines, address lines, chip selector lines, output enable
and write ecable lines.

Address generator cost and delay

The cost of the address generator is measured in the
number of CLBs (basic logic blocks in the Xilinx FPGAS)
that implement a basic lookup table of 32 x1 or 16x2 bit
words. If WD of the required lookup table is larger than
32, some mutipiexers (MUX) are needed. The total cost
can be easily computed for a required lookup tabie.

The cost and delay of the second component of the ad-
dress generator — the N bit adder/subtractor [23] are cal-
culated as:

Delay =9+0.75-N
Cost = !—N / ﬂ+ 1

The routing defay of the address generator is assumed
to be equal 0 the adder/subtractor delay.

Nerwork and chip selector cost and delay

The newwork connecting the data path and the mter-
ieaved memories are built of multiplexers implemented in
FPGA. Their cost and deiay are estimated in a straight-
forward way on the basis of the CLB cost and delay. so
are the chip selector delay and cost.
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4. Periodic storage scheme

For a particular algorithm the data access patterns are
known and it is possible to find a storage scheme opti-
mised for these patterns. This is referred to as storage
scheme synthesis. The synthesis strategies utilising the
high regularity of Periodic Storage Schemes (PSS) and the
lookup table address generation lead to relatively simple
and very effective interleaved memory systems,

A formal introduction to the synthesis of periodic stor-
age schemes can be found in [217]. In this section we want
to introduce the basic concepts less formally but with suf-
ficient precision to explain the generation of PSSs.

We denote 7 as integer set, Z° as two-dimensional
Euciidean space, M as the number of memory banks. The
matrix formed by rwe vectors a =(al, a2} and b = (bl,
b2) in 77 is denoted as:

ool 2)

Letx;, x; € Z° and det( xq, x2) # 0. Then the set of
points x = A xy+asXy (A, ko & Z) is called 3 lattice L.
and x;, x; are the basis of the lattice. The fundamental
parallefotope of L7 is the set {viX;+vs¥, |v, e Zand 0= v
< 1, 1= 1, 2} Its volume 1s denoted as A{_Ll) and called
the determinant of L% The matrix [x;, x2]" is called the
basis matrix of L*. The lattice mesh is formed by the lines
parallel to the two basis vectors with its shape the same as
fundamental parallelotope. Fundamental parallelotope is
one of the meshes.

A storage skewing scheme for an array A(NL. N2} s a
mapping s(1 J) from Zy; x Zyy — Zy. which means each
element i A s assigned a memory bank number from ..

A skewing scheme s is periodic if and only if there ex-
ists a Lattice L, such that

{a) A(LH= M,

{b} All the overlapped grid points of the array elements
with L? are mapped onto the same memory bank.

{c) The grid points of the array in one lattice mesh of L*
or on two edges of the mesh must be mapped to different
memory banks. The two mesh edges are those which have
the same relative position and direction as that of nwo ba-
sis vectors of L”.

{(d) If L" is shifted at any position in the grid. (b} re-
mains true.

As an example, assume M =&, the basis vectors are x,
and x, the basis matrix is [(4,0), {2.2)]". The lanice is
shown in Figure 2a, A(L")=8. The matrix in Figure 2b
shows the PSS corresponding to the lattice in Figure 2a.
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Figure 2.The concept of lattice and Periodic
Storage Scheme (a), mapping of array elements
to memory banks (b).

Due to one to one mapping from the lattice to a Peri-
odic Storage Scheme the search space for PSS is all the
different lattices represented by the basis matrices

Graphically, two lattices are different if they are not
completely overlapped.

Finding a iattice is equivalent to finding the appropriate
bhasis matrix. However, for ALY=M, the number of basis
matrices is infinite. For example, the matrix [(4,0), (a, 21
{acZ) has A(LH=8 but the number of choices is Infinite.
In Figure2a, [X, w1, Ixs, %] and [x1, X3]1 are all bases
of the same lattice.

In order to built effective synthesis we had to find ways
to prune the search space. We formulated and proved the
theorems [20] that successfully reduced the search space
to a small number of choices. Here we present the essence
of that development.

Theorem if M is the number of memory banks and ali
the ordered pairs {or, , B such that M =y Bi(a.pieZ,
i= 0,1....k) are found. then the number of different lat-
tices equals a + oy Tt O

By the above theoremn, the infinite search space has
been reduced to a limited one. Specificalty, the total num-
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ber of lattices to be considered for 2D arrays in inter-
leaved memory systems with { to 16 banks is 220,

5. Automated synthesis

5.1. System cost

The design metrics is based on system performance and
cost. The performance is modelled by the schedule length,
The cost inciudes the number of memory chips required -
¢, the wiring necessary to connect the memory systern 1o
data path - ¢, the cost of the address generalors - €3, the
cost of interconnection network - ¢4 and the cost of chip
selectors - cs. The total cost is

o
C= Z Wi,
i=l

Where w; represents the weights of the corresponding
cost ¢, The weight w, reflects the typical refative market
price of a single chip. The values of other weights are
chosen by the designer according to the design priorities.
These can include technology specific weighting of differ-
ent Costs.

5.2. System performance

List scheduling with chaining of operations and mult-
ple cycling is used to find the system performance. The
mobility is used as the priority function calculated from
ASAP and ALAP scheduling. Address generation 13
bound te memory access operations in the DFG. This is to
reflect the fact that the memory accesses will be per-
formed immediately once the address generation is fin-
ished. In scheduling, the memory write can not be chained
with other operators because the write s usually finished
at a clock transition.

Since only memory access-related operations need o
be considered, the original DFG is first divided into sev-
eral sub-graphs by profiling. Then cach sub-graph 13
scheduled separately. The total system performance is the
weighted sum, or the average, or the largest of all the
schedule lengths, depending on the relation of these sub-
graphs For example, if there are two cascaded loops in
DFG, the sub-graphs can be the two loop bodies without
loop iterators. The performance is the weighted sum of the
schedule lengths of the two sub-graphs and the weights
are the scaled loop iterators. For conditional paths i the
DEG, the probabilities of executing each path are obtained
by profiling and used as the weights.




5.3. The synthesis algorithm.

Algorithm: Design space exploration
Input: DFG, memory and functional unit library, design
constraints
Jor all chosen clocks
Jor all memory types in the library
Jor memory banks M =1 t0 16
Jor all the storage schemes |
find the schedule lengths of all sub-graphs,
and calculate system performance.
find system cost according to the cost model
draw all the performance- cost curves
and find the Pareto points.

i

The search space of the algorithm comprises the num-
ber of memory banks, the type of memory chips from a li-
brary, the storage scheme and the clock period of the sys-
tem. Pruning of the search space presented in Section 4
allows us to use the exhaustive search and find the optimal
solutions in relatively short time.

The design objectives are performance and cost as de-
fined by the cost weights given by the designer. Pareto
points [22} are used to represent the optimised results,
which is 2 set of non-dominated points in the design
space.

6. Experimental Results

Qur algorithims are unplemented in Visual C++ on a
Pentium 200 PC with 9000 lines of code. The design of
sintering simuiation machine {19], whose memory system
was previously designed manually serves as an experi-
mental design case.

The data structure in the sintering machine is a large
2D array A71304,1304]. Each element in the array repre-
sents an atom or a hole and is three bits. [ processing, as
shown in Figure 3, after choosing an efement (a) randomly
in the array grid, one of its six immediate neighbours, say
eiement (b), will also be read. Depending on some condi-
tions, the process will either go to next iteration or read
the rest of immediate neighbours and the three potential
neighbours {¢), (d) and {e). Then after some caiculation
and judgement, (a) and (b) may be swapped and written
back to memery. For every element {3} there are six pos-
sible directions, so there are six access patterns. Figure 3
shows just one of them.

In order to simplify the presentation of the results we
assume that the delays of all functional units are 30ns, and
the clock ranges from 30ns to 70ns. The weight of chip
counts is chosen as the cost index in table 1, other weights
are alf chosenas 1.
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Figure 3. The access pattern when element (b) is
chosen as direction

The search is performed in the four-dimensional space
and results in finding the performance (weighted schedule
length) and cost. The search function can be expressed as
(f, ci = fick, T, M, P}, where the lefi side depotes the
weighted schedule fength and system cost, the right side
the clock, the chosen memory type, the number of mem-
ory banks, and the specific storage scheme respectively,
Three kinds of probiems can be solved:

Table 1 Memory library in the example {BW for ali
memories are 4 bifs)

Type A B C D

WIHK) 28 128 128 234

Access Time {ns} | 10 40 80 )

Cost index 40 15 4] 80

Type E F G H i

WDik) 256 256 312 312 32

Access Time (ns) | 40 80 10 40 80

i Cost index 30 20 130 1 50 35

Problem A,

For a specific clock cky and memory type Ty, find all
the points (1, ¢} = fleck=cky,, T=1, M, P). The results are in
Figure 4 and in Table 2.

Figure 4 shows one of these resuits. with ¢k = 50ns,
memory type = B. For the sake of clarity only some solu-
tions are printed. Pareto points are from M = 1, 3, 4, 5, 6,
12

The basic trend is that performance is more than dou-
bled when M increases but cost also increases, The per-
formance increase is not finear since the influence of
memory operators on performance is not linear and the
delay of AG and functional units become critical when M
> 6. Memory type B from table | is relatively cheap and
constitutes about 50% of system cost used as the off-chip
main memory when M <4. However, when M > 4, the
costs of address generation and interconnection become
comparabie to the cost of the main memory. The system
cost varies little with different storage scheme for the




same number of memory banks, but the differences on
performance are dramatic. Different PSSs have small in-
fluence on system cost, since storage schemes affect word
addresses, resulting in different offsets and lookup table in
AG. Table 2 shows more detailed results for chosen solu-
tions. The item in the PSS field is the two basis vectors for
the storage scheme. All the P5Ss are shown for M = 4, for
other number of memory banks only the best points are
listed. Two solution points found by the algorithm are of
special interest. The first is (50, B, 3, P3), which is the
same as the manual design in [19]. The second is (50, B,
4, P46), which offers a better performance than the man-
ual design.
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Figure 4 The search points for function (I, ¢} =
f(ck =50, type=B, M, P). Pareto points are marked
with (M, P).

Table 2 Design metrics with ck = 50ns, memory

type B

M ! 2 3 5 6 12

Length 17 14 (s [0 3.5 73

System cost | 237 355 458 658 783 1440

PsS e P2 P3 Ps P6 P12
(0.1} (2. (3.09 (5.0) (6,0} (6,03
RRY); .0 (2,1 (2,13 2,5y {42}

M 4

Length 5 14 114 115 115 [105 112

System cost | 536 544 552 552

PSS pAT | P42 | P43 | paqa | pas | Pas | P47
TR RN ECYORECYOR RE) N Nel N el
e e laniagnienton]|o

Table 3 The formation of Pareto points for
some memory types (the index is in the order

of cost increase, the matrix of PS$Ss are
listed in Table 2)
Parefo (M, P) changes with memory types
points A | B e [ & [TH
t (L,PD)
2 (2,P2) (3,23 {2,P2) (3,PH) (4,P46)
3 (3,P3) (4,P46) (3,P3) (4,P4) (6,P6)
4 (4,7464) {5,P5) {4,P46) (5,P5) {12,P12)
5 (6,96} {6,P6} (12,212 | (6,P6) 4
6 (2P12Y | {12.P1D) Y (12,P12) ;
390 . Ve £ e e s o e i e
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g 200~ & e T TypesCiBOns)
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Figure 5 Pareto point curves for different mem-
ory types, (L,¢)=f{ck =50, T, M, P}).
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Problem B.

For each type of memory find all the Pareto points for a
fixed clock, t.e. (1. ¢) = flck=cky, T, M, P). The results are
in Table 3 and Figure 5.

From Figure 5a we can see that type A (10ns) has a lit-
tle higher performance but much higher cost than that of B
(40ns) and C (80ns). The slow memory C has the largest
performance improvement with the increasing M. In Fig-
ure 5b the performance is similar for memories with the
same access times but different memory capacities. Sys-
tem cost using type H (521k) is slightly lower since the
memory price does not change linearly with capacity.

Problem C

For all the curves ¢/ = fcky, T. M, Pj as drawn in
Figure 6 we can find their Pareto point curve correspond-
ing to optimal solution for cke. Each ck corresponds to
one optimal curve. In Figure 6 three curves correspond 1o
three clocks. When ck changes from 70ns to 30ns, the im-
provement of performance is about 20%. Table 4 lists the
optimal points, related to the optimal curve in Figure 6.

From Table 4 we can see M=3 and M=4 are attractive
rade-off points. M=3 is the marnual design, and M=4 with
P46 has better performance and a little higher cost. M=4
is poientially better because M is a power of two and it is
easier to generate word addresses. The bank-mapping
matrix for this scheme is presented in Figure 7.

Table 4 Global optimal points in form of index
number : {T,M,P), where ck = 30ns, index number
is in the order of cost increase.

Lo (L1 PD 204 H, LPL (12,02}
4.(C,3.PH) 50 (G, 4, P46} 6:(B. 383

7 (H, 4, Pds) §: (B, 6,P6) 9 {GA, P46}
10:({D,7.PH V(DL PED) 12:(D, 12, P12y

7. Conclusions

We have presented efficient synthesis of interleaved
memory systems for Custom Computing Machines. Our
methods combine storage scheme synthesis with inter-
leaved memory svstem synthesis and provide optimat so-
lutions for the design objectives set by the designer. The
offectiveness of the presented methods has been checked
in an experiment that produced a series of solutions to the
design problem previously solved by an experienced
hardware designer. Our automatic synthesis not oaly
found the solution that had been conceived by the de-
signer but also produced another design with better per-
formance and simpler address generation. We are in a

process of extensive testing of the developed methods on
a benchmark of memory intensive designs. Our future
work will cover synthesis of multi-dimensional arrays for
interfeaved CCM memory systems.

Schedule fength x ck

358 8

[

D 400 80 120
Systerncost

1800 2000

Figure & Pareto point curves with function
(Lc) = f(ck, T, M, P) for different clocks.
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23232323123
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Figure 7 Bank mapping matrix for
the solution (4, P46)
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