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Abstract

It has become clear that on-chip storage is an essential com-
ponent of high-density FPGAs. These arrays were originally
intended to implement storage, but recent work has shown
that they can also be used to implement logic very efficiently.
This previous work has only considered single-port arrays.
Many current FPGAs, however, contain dual-port arrays. In a) Original Circuit b) Final Implementation
this paper we present an algorithm that maps logic to thes
dual-portarrays. Our algorithm can either optimize area with
no regard for circuit speed, or optimize area under the con-

straint that the combinational depth of the circuit does nofFPGA is designed. Since circuits have widely-varying mem-
increase. Experimental results show that, on average, owrry requirements, this “average-case” partitioning may re-
algorithm packs between 29% and 35% more logic than aault in poor device utilizations for logic-intensive or memory-
algorithm that targets single-port arrays. We also show, howintensive circuits. In particular, if a circuit does not use all the
ever, that even with this algorithm, dual-port arrays are stillavailable memory arrays to implement storage, the chip area
not as area-efficient as single-port arrays when implementingevoted to the unused arrays is wasted.

(?:igure 1: Example Mapping to a 8-Input, 3-Output Memory

logic. This chip area need not be wasted, however, if the unused
. memory arrays are used to implement logic. Configuring the
1 Introduction arrays as ROMSs results in large multi-output lookup-tables

On-chip storage has become an essential component tbit can very efficiently implement some logic circuits. As an
high-density FPGAs. The large systems that will be impleexample, consider the circuit in Figure 1(a). Each node rep-
mented on these FPGAs often require storage; implemermesents a four-input lookup table. If a 8-input 3-output mem-
ing this storage on-chip results in faster clock frequencies araty is available, the implementation in Figure 1(b) is possi-
lower system costs. ble, in which 10 of the lookup-tables in the original circuit

Most recent FPGAs implement the memory portion of cirhave been packed into the memory array. In [9] and [10],
cuits using large embedded memory arrays [1, 2, 3, 4, 5, 8o algorithms, SMAP and EMBPack, were presented that
7, 8]. These memory arrays result in very efficient memorypack as much circuit information as possible into the avail-
implementations, since the per-bit overhead is small. Unfoable memory arrays. In both papers, it was shown that this
tunately, the use of these arrays requires the FPGA vendtachnique results in extremely dense logic implementations
to partition the chip into memory and logic regions when thdor many circuits. Thus, even customers that do not require

*This work was supported by Cypress Semiconductor, thiéisBr storage can benefit from embedded memory arrays.

Columbia Advanced Systems Institute, and the Natural Sciences and Engi- The algorithms presented in [9] and [10] both target single-

neering Research Council of Canada. port embedded memory arrays (arrays in which only one ac-
cess can be performed at a time). Many recent FPGAs, how-
ever, contain dual-port arrays (so that two accesses can be
performed in each array concurrently) [2, 4, 7]. In this pa-
per, we present a heterogeneous technology mapping algo-
rithm which targets FPGAs with dual-port embedded arrays.
Although we can simply use SMAP or EMBack, and leave




one port of each arraynused, this paper shows that signif-subnetwork containing and some of its predecessors. Given
icant density improvements can be obtained by taking inta set of node$V’, a fanin-subnetworkooted at}l” is a sub-
account the dual-port nature of the arrays. network containing eachode in\¥ along with one or more
The algorithm presented here partiticge@ch memory ar- predecessors of at least one nodélin A fanout-free conés
ray into two sub-arrays, each of which is filled with logic, anda cone in which no node in the cone (except the root) drives
accessed tlugh one of the array’s two ports. Since there ar@ node not in the cone. Similarlyfanout-free subnetworik
many ways to partitioeach array into sub-arrays, and sincea fanin-subnetwork in which no node in the subnetwork (ex-
it is impossible to know which partition will lead to the best cept the root nodes) drives a node not in the fanin-subnetwork.
results before fillingeach sub-array with logic, we have de-The maximum-fanout free cone (MFF@r a nodev is the
veloped asimultaneous partitioning/packing algorithmhich ~ fanout-free cone rooted atcontaining the largest number of
partitionseach array at the same time as packing logic intmodes. Thenaximum-fanout free subnetwork (MFFB} a
each sub-array. This algorithm is novel, and is a key contriset of nodedV’ is the largest fanout-free subnetwork rooted

bution of this paper. at W. Given a cone or fanin-subnetwofkrooted atv, acut
In addition to presenting the new algorithm, this paper antX, X') is a partitioning of nodes such th&t = C'. A cut-set
swers two questions: of a cut is the set of all nodessuch thaty € X andwv drives

. ] a node inX’. If the size of the cut set is no more thanthe
1. Given an FPGA with dual-port arrays, how much bettegt js said to bel-feasible Given a cone or fanin-subnetwork
does the proposed algorithm perform than an algorithm rooted atv, the maximum-volume-feasible cutis the d-
originally developed to target single-port arrays? feasible cu( X, X’) with the largest number of nodes .

2. Which is more area-efficient when implementing logic:
dual-port arrays or single-port arrays?

We answer these questions in two contexts: one in which tr?e'z Architectural Assumptions

goal is simply to minimize the area required to implement a
circuit without regard for circuit speed, and one in which the
goal is to minimize the circuit area with the constraint that

L o . Wi me an FPGA isti f 4-i lookup-
the combinational depth of the circuit does not increase (ﬂ}%blees: aasr?cl;\f EXZ d-sizg mgrc:]r:)s;lsgr;rgaos mEa;g/h mlgfnlgr OgrrL;p
former was the goal of SMAP [9], while the latter was the. i y yS. Y Y

goal of EMB.Pack [10]). is configurable, allowing the user to select one of several word

X . 4 . . widths for that array (since the total number of bits in each
Thls paper is organized as fQIIOWS' Section 2.0utl|nes th rray is fixed, a wider word means there are fewer words in
terminology used and the architectural assumptions madell e array). The read access time of the memory is assumed to
this paper. Section 3 then describes the area minimization

: . X T _Pe fixed; the ratio of the read access time to the pr ion
gorithm, and Section 4 describes the area minimization wit the propagatio

. ; ! me of a lookup-table is denote .
depth constraint algorithm. Section 5 then evaluates the al- P d By,

gorithms and answers the first question listed above. Finally, In this paper, we assume each array contains two indepen-
Section 6 compares single- and dual-port arrays, and answefént access ports. Note that some FPGA architectures, such

the second question listed above. as the Altera FLEX10KE, contain two independent ports, but
one port is a dedicated read port and one port is a dedicated

2 Preliminaries write port. This works well for many applications (such as
a first-in first-out buffer that is used to temporarily hold data

2.1 Terminology in a communication system), but there are many applications

for which this is insufficient (a dual-port register file in a pro-

In this paper, we will use the following terminology (pri- cessor which must be read by two functional units simulta-
marily from [11]). The combinational part of a circuit is neously, for example). To implement these sorts of circuits,
represented by a directed acyclic gra@lV, £') where the true dual-port memory arrays are required, in which the two
verticesV represent combinational nodes, and the edges accesses are independent, and either can be a read or write.
represent dependencies between the nodfealso contains With the increasing importance of embedded memory in FP-
nodes representingach primarynput and output of the cir- GAs, and since true dual-port arrays appear to be a natural
cuit. Flip-flop inputs and outputs are treated as primary ouevolution from the restricted dual-port model used in many
puts and inputs. The depth of a nadelepth(v), is the maxi-  architectures today, we feel that true dual-port memories will
mum path length from any primary input to nodeThe depth  be available in future devices. Thus, we focus our efforts on
of a graphdepth((G) is the maximumiepth(v) for all nodes studying algorithms that target true dual-port memories. In
vin G. A network isk-feasibldf the number of inputsteach particular, the algorithms presented in this paper assumes both
node is no more thah Given a node, aconerooted atvisa  ports can be used as read ports.
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Figure 2: Partitioning a 512x8 dual-port array

3 Algorithm Description: Area Minimization  into one 512x6 memory and one 512x2 memory. All 9 bits
Algorithm of each address port are used, but only bits 0 to 5 of Data

In this section, we consider strict area minimization. ThaFOrt 1 and bits 6 to 7 of Data Port 2 are used. Again, the two

. . R : b-arrays are independent.
is, the goal is to pack as much logic into the available arra 2 . . e
9 P 9 y Note that with horizontal partitioning, it only makes sense

as possible (since the more logic that is implemented in the divide th tv in half. If is cut h

arrays, the less that must be implemented using the logic rg)fh IVIthe .f arr'zy e.Xeth yin f;‘] ' %n array IS'(I:ILL anywder(teh

sources of the FPGA), without regard for the speed ofthefinz%] erthanits midpoint, one ot the sub-arrays wit have a dep
that is not a power-of-two; such a sub-array will not be able

circuit.
. . . . . .to implement all functions of its inputs, a property that the
As described in the introduction, our approach is to logi- . . . =
bp 9 acking algorithm described below relies upon. On the other

cally partitioneach array into two sub-arrays, each of whic , . e .
can be filled with logic, and accesseddbgh one of the ar- }ﬁand, with vertlcgl partmonm.g,.we do nOF rgquegch array
to be the same size. If the original arrayisits wide, there

ray’s two ports. Since there are many ways to partigaoh 1 ¢ tition th ticall
array, and since it is impossible to know which partition wil| 2r€-2 ways to partition the array vertically. o
Since there is only one way to horizontally partition an ar-

lead to the best results before fillivgch sub-array with logic, cav. th itioning and Kin n be don rate st
we use a simultaneous partitioning/packing algorithm to per.f Y, | ehpa' ot I gat't' packing ca .3 0 de aZ ser;a a.tehs eps
form these tasks together. if only horizontal partitioning is considered. An algorithm

The following subsection discusses the partitioning of '[héhat employs vertical partitioning, on the other hand, must

arrays. Subsection 3.2 then describes the new simultanedi%rform the partitioning and packing simuitaneously, since

partitioning/packing algorithm. The discussion assumes onlbté's impossible to know before-hand which partitioning will

a single memory array with a fixed data width is available; in adf to the best {:')aclklng.t.t!n t.he algorlthf[n.descrlbe]ild pE:O\_N’
Subsection 3.3, we show how the algorithms can be extend ocus on vertical partitioning, sSince 1t 1S more Tiexible,

to handle multiple arraysach with several possible aspectEXp'.ar.'m?"ntS .have shown tha}t in all but a few cases, vertical
ratios. partitioning gives better packing results.

3.1 Partitioning Arrays 3.2 Simultaneous Partitioning/Packing Algorithm

Each array can be partitioned in one of two waysiri- The algorithm presented in this section simultaneously di-
zontallyandvertically, as shown in Figure 2. In horizontal vides the physical array into two sub-arrays, and paach
partitioning, two sub-arrays are creat@@ch containing ex- sub-array with logic.
actly half of the words in the original array. In the example The algorithm is outlined in Figure 3. It iterates over
of Figure 2(a), a dual-port 512x8 memory is divided into twoeach node in the network, consideringach as a possible
256x8 memories. Since the memory is dual-port, there aigeed node. For a given seed nadéhe algorithm first finds
two address ports. One of the address bits in Port 1 is tied the maximum-volume:-feasible cut of the cone rooted at
0, while the same address bit in Port 2 is tied to 1. This enwheren is the number of inputs to the array. Figure 1(a)
sures that addresses supplied to the remaining 8 address Bitews an example circuit along with the the maximum 8-
of Port 1 map to words 0 through 255 of the memory, whildeasible cut for seed node A. Note that the selection of input
the address supplied to the remaining 8 address bits of Porh®ddes is independent of the partitioning of the array, since,
map to words 256 to 512 of the memory. Thus, each addregsth vertical partitioning, the number of input signals does
port sees an independent 256x8 memoigcsp not depend on the partition chosen.

Figure 2(b) shows an example of vertical partitioning. In  Given a seed node and a cut, the algorithm then deter-
this case, In this case, the 512x8 dual-port memory is dividemines the sef’, of all nodes which can be expressed entirely



outputselectionf,) updatesolution(best,r,)

ro =0 fori =1tow —1
for each node’ in P, temp =ry w—;

MFFCsizep'] = [MFFC@’)| if (IMFFS(temp)+|MFFS(s;)|>|MFFS(best)
fore =1tow best = tempus;

ryi =ry,i—1U node with next largest MFFC  far= 1 to w
returnr, if (IMFFS(»,:)|>|MFFS(s;)|)

S{ =Ty
top_level:

best =

si=0for1 <i<w

for each seed
cutset = max-voln-feasible cut
P, = set of Potential Nodes driven by cutset
ry = outputselectionf,)
updatesolution(best,r,)

return best

Figure 3: Area Minimization algorithm for one array withinputs andw outputs

as a function of the cut-nodes. From this set, the algorithm Note that this algorithm is not guaranteed to find the opti-
then selects which nodes will become the memory array outaum solution, since it is possible that the MFFCs of one se-
puts. The selection of the outputs is an optimization problentected output node may contain another selected output node.
since different combination of outputs will lead to differentHowever, experiments have shown that this heuristic works
numbers of nodes that can be packed into the arrays. In ssell.

lecting the outputs, the algorithm constructs a set of possible

solutionsr, (this is different than SMAP, which constructs 3.3 Multiple Arrays and Aspect Ratios

only a single solution for each seatdev). Each element

ry,i (for 1 < i < w)is the set of output nodes that would be |, most FPGAS;, there are several memory arrays, and each
chosen if the array hadoutputs (the actual number of out- .55 phe ysed in one of several aspect ratios. If there is more
puts is not yet known, because theffiaon has not yet been han one array available, we map to each array separately.
chosen). Each element,; contains the nodes inP, with  once the first array has been filled, those logic blocks that
the largest MFFC's. can be packed into that array are removed from the circuit,

(As the algorithm iterates over each sewtiev, it main- 54 the process is repeated with the remaining network. This
tains two variablesbestands. The variables is a vector con- s qone until logic has been packed into all available arrays.

taining the best solutions for each possible output width seen If there is more than one aspect ratio in which each array

SO f?r. Each elemeni,i rgfor I< é,ﬁ w), con_lt_z;l]insé)the best can be used, we first choose the best seed node using the al-
single-port mapping It the array hasutputs. The bestmap- iy m from Figure 3 assuming the widest available word

ping is the one in. which the selected outputs has t'hv.e larg dth. We then test that seed node using all narrower array
MFFS. More precisely, it” is the set of seed nodes visited SOconﬁgurations, and choose the configuration that results in

far, the best overall mapping. This is the same technique used
si = 1y such that| MFFS(ry1;) |= max | MFFS(ryn;) | 11 SMAP [9].

The variablebestcontains the single best combination of two4  Algorithm Description: Area Minimization
single-port mappings seen so far, such that the mappings can \yjith Depth Constraint

mapped to a single dual-port array partitioned vertically. If the

array hasw outputs, this means the sum of the output widths In this section, we describe a modification to the algorithm

of the two components is at most More precisely, presented above that solves the area minimization with depth
constraint problem. This algorithm minimizes the area of the
best = s; Us; suchthat| MFFS(s;) | + | MFFS(s;) [=  circuit under the constraint that the depth of the circuit is no
_max (| MFFS(s;) | + | MFFS(s;) |) longer than it would be if the circuit was implemented us-
Vijjiitj<w ing only lookup tables. Since the input of the algorithm is a

depth-optimal lookup-table implementation of the circuit (it
Figure 3 shows how these these quantities can be computiedgenerated using Flowmap), it is enough to ensure that the
incrementally. After visiting all nodes, the varialidestcon-  depth of the final implementation is no larger than the depth
tains the final dual-port mapping solution. of the input circuit.
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Figure 4: Area Minimization with Depth Constrain

Circuit || Number of || SMAP New
Name 4-LUTS Algorithm
i10 994 8.0 24.0
apex4 1262 20.9 56.4
diffeq 1494 12.6 35.0
s38584 6211 127 367
iirl6 3612 70 180

Table 3: Run times (seconds) on a 250MHz UltraSparc

Figure 4 outlines this algorithm. The first step is to com-

pute theslackat eachnode. The slack for node, denoted
slack(v) is the maximum amount of delay that can be adde
to the output of node without increasing the delay of the en-

tire circuit. The slack for all nodes in the input circuit can be
computed efficiently using two breadth-first traversals of th%
graph: one forward from the input pins and one back from ths

output pins [12].

Once the slacks have been computed, the algorithm pr
ceeds as in the area minimization algorithm. The only differ
ence is in the selection of the array outputs (the-sgtin the
area minimization algorithm, eaatode in 7, is a potential
output. Here, however, only the nodesiy that satisfy the
following inequality are potential outputs:

depth(v) + slack(v) > hm + majx(depth(x))
vE

t Algorithm for one array witimputs andw outputs

form this evaluation, we used 27 large benchmark circuits,
each containing between 527 aB898 4-LUTs. Sixteen of
the circuits were sequential. The combinational circuits and 9
of the sequential circuits were obtained from the Microelec-
tronics Corporation of North Carolina (MCNC) benchmark
suite, while the remaining sequential circuits were obtained
from the University of Toronto and were the result of synthe-
sis from VHDL and Verilog. All circuits were optimized us-
ing SIS [13] and technology-mapped to 4-input lookup tables
using Flowmap and Flowpack [14].

5

d We first consider strict area minimization. The fourth and
fifth columns of Table 1 show the number of 4-LUTSs that can
e packed into a single memory (and hence not implemented
sing the logic resources of the FPGA) using a previous al-
orithm, SMAP, and the new algorithm from Section 3. The
8_revious algorithm, SMAP, targets single-port arrays; here,
we use this algorithm and leave one port of each array un-
used. In both cases, a dual-port 2Kbit array that can take on a
word width of 1, 2, 4, or 8 was assumed.

As the table shows, the new algorithm performs 35% better
than the original SMAP algorithm (35% more 4-LUTs can be
packed into the same memory array). The geometric average
of the results is 54% higher for the new algorithm than the
SMAP algorithm. The final two columns of the table shows

.1 Area Minimization

b

where [ is the set of nodes in the cut set (the memory arrayhe results if eight memory arrays are available. In this case,

inputs). Intuitively,v is only considered as an output node if
the minimum depth betweenand any node in the cut set (the
memory array inputs) is not less thap, .

5 Results: Packing into Dual-Port Arrays

a 32% improvement is obtained.

Notice two anomolies: for the circuitsx5pand apex4
the new algorithm performs worse than SMAP. This high-
lights the fact that both algorithms are heuristics, and neither
is guaranteed to find the optimum solution. As described in

In this section, we evaluate how well the proposed algoSection 3.1, the algorithm attempts to find the solution such
rithms are able to pack logic into dual-port arrays. To perthat each memory array output has the largest MFFC. In some



Circuit Original Circuit One Array Eight Arrays
Name || Number of Number of|| SMAP New SMAP New
4-LUTS Flip Flops Algorithm Algorithm
pair 641 0 13 24 81 147
apex1 696 0 14 21 87 124
cps 749 0 46 52 173 224
C5315 596 0 12 23 76 140
C6288 527 0 19 29 93 121
apex3 867 0 26 32 119 166
C7552 679 0 15 33 94 178
i10 994 0 18 32 91 160
ex5p 1064 0 198 200 1043 579
spla 3690 0 67 116 349 590
pdc 4575 0 88 192 480 903
apex4 1262 0 319 324 1261 1225
tseng 1046 385 10 20 69 127
bigkey 1707 224 18 23 75 116
s38417 6096 1463 26 55 193 346
diffeq 1494 377 22 39 120 213
frisc 3539 886 62 73 118 189
dsip 1370 224 18 22 60 105
s5378 572 160 16 25 84 139
s38584 6211 1260 64 84 241 384
iirl6 3612 522 37 46 164 249
firl6 6598 847 84 117 250 371
ralu32 3659 590 20 36 118 197
spsdes 3356 949 26 33 91 135
mac64 4307 64 15 32 85 189
mips64 2226 438 10 19 66 135
sort8 1861 184 24 33 82 148
avg. 47.7 64.3 213.4 281.5
geo.avg. 29.1 447 138.6 217.7

Table 1: Results assuming 2048-bit memory arrays: Area Minimization

cases, this does not give the overall optimum solution. provement if there is only one array available, and a 29% im-
The execution time of each algorithm for five of the benchprovement if there are eight arrays available.
mark circuits is shown in Table 3. The execution time of the Note that the use of a depth constraint to constrain delay
new algorithm is roughly three times that of SMAP. Althoughis only an approximation. In [15] and [10], results from the
this is a significant increase in execution time, these times amgiginal SMAP and EMBPack were fed into MAX+plusill,
still considerably smaller than the times required for technoland their delays measured. Although there were large varia-
ogy mapping, placement and routing of the same circuits. tions, in general, it was found that constraining depth in this
way did, on average, keep the critical path of the circuit from
5.2 Area Minimization with Depth Constraint increasing. We have not yet performed similar experiments
for dual-port arrays.
Section 4 showed how the algorithms can be extended to
minimize area under the constraint that the combination§ Results: Comparison of Single- and Dual-
depth of the circuit does not increase. Table 2 shows the num- Port Arrays
ber of 4-LUTs that can be packed for the two algorithms under
this constraint. Geometric averages are not shown because ofThe previous section showed that, if an FPGA contains
the 0 entries. In gathering these results, it was assumed thhial-port arrays, the proposed algorithm uses these arrays
the read time of a dual-port memory is 5 times the propagamore effectively than SMAP does. In this section, we an-
tion time of a 4-LUT (., = 5); this value was obtained from swer a related, but different question: If the arrays are to be
a delay model. used to implement logic, are single- or dual-port arrays more
As the table shows, the new algorithm gives a 32% imefficient? In our comparisons, we use SMAP to map to single-



Circuit Original Circuit One Array Eight Arrays
Name || Number of Number of| SMAP New SMAP New
4-LUTS Flip Flops Algorithm Algorithm
pair 641 0 13 24 58 88
apex1 696 0 10 16 49 70
cps 749 0 19 21 25 25
C5315 596 0 10 17 56 136
C6288 527 0 14 26 73 91
apex3 867 0 22 24 81 93
C7552 679 0 11 24 62 116
i10 994 0 17 30 92 138
ex5p 1064 0 198 200 1036 1036
spla 3690 0 67 103 260 298
pdc 4575 0 88 178 473 655
apex4 1262 0 319 319 1261 1261
tseng 1046 385 10 19 64 109
bigkey 1707 224 0 0 0 0
s38417 6096 1463 26 51 189 330
diffeq 1494 377 15 28 94 182
frisc 3539 886 8 23 59 122
dsip 1370 224 0 0 0 0
s5378 572 160 10 14 59 90
s38584 6211 1260 64 84 241 382
iirl6 3612 522 37 46 164 249
firl6 6598 847 84 117 225 314
ralu32 3659 590 20 36 113 174
spsdes 3356 949 26 33 88 132
mac64 4307 64 10 17 56 108
mips64 2226 438 8 17 63 126
sort8 1861 184 24 28 63 95
avg. 41.9 55.4 185 238

Table 2: Results assuming 2048-bit memory arrays: Area Minimization with Depth Constraint

port arrays and the new algorithm from this paper to map ttn this case, we must also take into account the fact that,

dual-port arrays. in addition to being larger, a dual-port array is also slower
First consider strict area minimization. In this case, Table than a single-port array. To be fair, we have compared re-

shows that 35% more logic can be packed in a 2048-bit duaults from SMAP targeting a single-port array with, = 3

port array, using the new algorithm, than a 2048-bit singleto results from the new algorithm targeting a dual-port array

port array, using SMAP. However, we must balance this withvith 2., = 5 (again, these numbers were obtained from de-

the fact that a dual-port array consumes more chip area thari@giled delay models). Table 5 shows the results; the single-

single-portarray. Using a detailed area model, which includggort memory array can implement logic 31% more efficiently

terms for decoders, the core array, multiplexors, and sen$@an a dual-port array. If eight arrays are available, the differ-

amplifiers, we have estimated that a 2048-bit dual-port arra§nce is 34%.

requires 5478 bit-areas (one bit-area is the area required to

implement one single-port SRAM bit) while the area required

to implement a 2048-bit single-port array requires only 3229

bit-areas. The ratio of logic blocks packed per chip area for Thus, in both cases we conclude that dual-port arrays are

a single port array is 0.0148, while the same ratio for a duahot as efficient as single-port arrays when used to implement

port array is 0.0117. Thus, the single-port memory array calygic. This does not mean dual-port arrays are a bad idea: the

implement logic 21% more efficiently than a dual-port arrayprimary motivation for including dual-port arrays is to effi-

If eight arrays are available, the difference is 22%. Thesgjiently implement dual-port storage requirements of circuits,

numbers and calculations are summarized in Table 4. such as FIFOs. Dual-port storage is vital for many applica-
Second, consider area minimization with the constrairtions. Thus, we still expect to see dual-port arrays in future

that the combinational depth of the circuit does not increas&PGAs.



One Array Available | Eight Arrays Available
Single Port  Dual Port Single Port Dual Port
Avg. logic blocks packed (a 47.7 64.3 2134 281.5
Area in bit-areas (b) 3229 5478 25832 43826
Ratio (a)/(b) 0.0148 0.0117 | 0.00826 0.00642

Table 4: Architecture Comparison for Area-Minimization

One Array Available | Eight Arrays Available
Single Port  Dual Port Single Port Dual Port
Avg. logic blocks packed (a 47.2 55.4 211 238
Area in bit-areas (b) 3229 5478 25832 43826
Ratio (a)/(b) 0.0146 0.0101 | 0.00819 0.00543

Table 5: Architecture Comparison for Area-Minimization with Depth Constraint

7 Conclusions

In this paper, we have presented a heterogeneous techndB] Actel Corporation, Datasheet:

[7]

ogy mapping algorithm that maps logic to dual-port embed-
ded FPGA memory arrays. Two versions of the algorithm[g;
were presented: one that optimized circuit area with no re-
gard for circuit speed, and one that optimizes circuit area un-
der the constraint that the combinational depth of the circuit
is no larger than that if the circuit was implemented entirely1 o]

with 4-LUTs.

Experimental results have shown that, given an FPGA with
dual-port arrays, our new algorithm packs between 29% and
35% more logic than the previous algorithm. Since many cui11]
rent (and future) FPGAs contain dual-port arrays, this is an

important result.

However, we have also shown that, even with this new al-
gorithm, dual-port arrays are not as area-efficient as singlero]
port arrays when used to implement logic. This is because the
dual-port arrays are larger and slower than their single-port

counterparts.
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