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Heterogeneous Technology Mapping for Area
Reduction in FPGA's with Embedded Memory
Arrays

Steven J. E. Wilton

Abstract—it has become clear that large embedded configurable addition, on-chip storage will relax 1/O pin requirements, since
memory arrays will be essential in future field programmable pins need not be devoted to external memory connections.
gate arrays (FPGA's). Embedded arrays provide high-density Two implementations of on-chip storage in FPGA's have

high-speed implementations of the storage parts of circuits. e . . ,
Unfortunately, they require the FPGA vendor to partition the emerged: fine-grained and coarse-grained. In FPGAs em-

device into memory and logic resources at manufacture-time. This Ploying fine-grained memory, such as the Xilinx 4000 and
leads to a waste of chip area for customers that do not use all of DynaChip FPGA's, each lookup-table can be configured as a
the storage provided. This chip area need not be wasted, and can small RAM, and these RAM'’s can be combined to implement
in fact be used very efficiently, if the arrays are configured as larger user memories [1], [2]. The coarse-grained approach is

multioutput ROM’s, and used to implement logic. .
In this paper, we describe two versions of a new technology map- used in the Altera FLEX 10K, FLEX 10KE and APEX 20K

ping algorithm that identifies parts of circuits that can be efficiently ~ devices [3]-[5], the Xilinx Virtex FPGA's [6], the Cypress
mapped to an embedded array and performs this mapping. The Delta 39K devices, the Vantis VF1 FPGA's [7], and the Actel
first version of the algorithm places no constraints on the depth ProASIC, 42MX, and 3200DX families [8]-[10]. In these
of the final circuit; on a set of 29 sequential and combinational devices, large arrays are embedded onto the FPGA. Devices

benchmarks, the tool is able to map, on average, 59.7 4-LUT’s into . . . .
a single 2-Kbit memory array, while increasing the critical path by in the Altera FLEX 10K family contain 2-Kbit arrays, Altera

7%. The second version of the algorithm places a constraint on the FLEX 10KE and Xilinx Virtex devices contain 4-Kbit arrays,
depth of the final circuit; it maps, on average, 56.7 4-LUT’s into  Actel’s ProASIC parts contain 2304-bit arrays, Actel's 42MX
the same memory array, while increasing the critical path by only and 3200DX devices contain 256-bit arrays, and the Cypress
2.3%. Delta 39K contains both four-Kbit arrays and eight-Kbit arrays.

This paper also considers the effect of the memory array archi- S | demic studies h IS0 f d ined
tecture on the ability of the algorithm to pack logic into memory. everal academic studies have also focused on coarse-graine

It is shown that the algorithm performs best when each array has memory architectures [11]-[13].
between 512 and 2048 bits, and has a word width that can be con- The coarse-grained approach results in significantly denser

figured as 1, 2, 4, or 8. memory implementations, since the per-bit overhead is much
Index Terms—Embedded memories, FPGA, technology map- Smaller [14]. Unfortunately, it also requires the FPGA vendor
ping. to partition the chip into memory and logic regions when the

FPGA is designed. Since circuits have widely-varying memory
requirements, this “average-case” partitioning may result in
poor device utilizations for logic-intensive or memory-intensive
T has become clear that on-chip storage is critical in larg#rcuits. In particular, if a circuit does not use all the available
field programmable gate arrays (FPGA's). As FPGA's grownemory arrays to implement storage (or in the worst case,
they are being used to implement entire systems, rather thaes none at all), the chip area devoted to the unused arrays is
the small logic subcircuits that have traditionally been targetgghsted.
to FPGAs. One of the key differences between these largeThis chip area need not be wasted, however, if the unused
systems and smaller logic subcircuits is that the large systememory arrays are used to implement logic. Configuring the
often require storage. Although this storage could be implarrays as ROM'’s results in large multioutput lookup-tables that
mented off-chip, on-chip storage has a number of advantagesght very efficiently implement some logic circuits. In many
Besides the obvious advantages of integration, on-chip storagenbinational subcircuits, a small set of inputs are combined
will often lead to higher clock frequencies, since input—outptid produce a large number of intermediate results; these inter-
(I/0) pins need not be driven with each memory access. iediate results are then often combined to produce only a few
outputs [15]. If the available memory arrays are large enough to
implement the output signals directly as functions of the input

. . _ _ sgnals, then the intermediate nodes are not needed. This could
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ciently mapped to the available arrays, and implements the rdsffor all nodesv in G. A network isk-feasibldf the number of
using normal look-up tables (LUT’s) is key to using the availnputs to each node is no more thanGiven a nodes, acone

able memory arrays effectively. Such an algorithm is the focusoted atv is a subnetwork containing and some of its pre-

of this paper. decessors. We extend this and define a cone rooted at a set of

Many technology mapping algorithms which target LUT's1odesiV to be a subnetwork containing each nodélinalong
have been developed [16], [17]. There are three major diffexith nodes that are predecessors of at least one nodé iy
ences between the problem of lookup-table technology mdpnout-free conés a cone in which no node in the cone (except
ping and our problem. First, unlike the LUT’s available on moghe root) drives a node not in the cone. Thaximum-fanout free
of today’s FPGA's, memory arrays have multiple outputs (inone (MFFC)for a nodeu (or set of node8V) is the fanout-free
the Altera APEX20K, each block can have up to 16 outputgjone rooted at (or W) containing the largest number of nodes
Second, the arrays available on most FPGA's can be used3A], [31]. Given a con&” rooted atv, acut (X, X’) is a parti-
one of several aspect ratios (width/depth combinations). Finalligning of nodes such tha’ = C. A cut-sebf a cutis the set of
there is usually only a small number of arrays available; the gaal nodess such that € X andv drives anode itX”. If the size
is to use the limited number of arrays as effectively as possibté.the cut set is no more thah the cut is said to bd-feasible
Thus, algorithms developed for lookup-table technology ma@iven a cone& rooted aty, themaximum-volumeé-feasible cut
ping are not suitable to solve our problem. is the d-feasible cut X, X’) with the largest number of nodes

Implementing logic in memory arrays has been studied X’.
by Murgai [18]. Murgai's application was a circuit emula- We assume an FPGA consisting of madnrinput lookup-ta-
tion system, however, in which it was permissible to takieles and/V fixed-size memory arrays. Each memory array is
more than one clock cycle to evaluate complex functionsonfigurable, allowing the user to select one of several word
Heterogeneous technology mapping was studied by He amidiths for that array (since the total number of bits in each array
Rose [19]. Their algorithm targets FPGA's with two sizes aB is fixed, a wider word means there are fewer words in the
single-output lookup-tables, and is not immediately extendibégray). The set of word widths that each array can take on is de-
to lookup-tables with multiple outputs. Cong and Xu focusedoted byw.r. The read access time of the memory is assumed
on delay-optimal heterogeneous technology mapping, hotbe fixed; the ratio of the read access time to the propaga-
again their algorithms assume single-output arrays [20], [21jon time of a lookup-table is denoted hy;,. These parameters
Technology mapping to multiple-output lookup-tables hasre summarized in Table I, along with values for commercial
been studied [22], [23]. Most such algorithms are targeted B GA's. In addition, the table shows the value or range of values
lookup-tables with two-outputs; the matching techniques uséat each parameter for which we present experimental results.
in these algorithms are not suitable for arrays with eight dfote that the Cypress and Actel parts do not use lookup-tables
more outputs. Finally, this problem is similar to that of mappings their basic logic element. We do not quote valuegfpifor
logic to programmable logic arrays (PLA'S) [24], [25]. Unlikethe commercial devices; this ratio depends on the specific path
PLA's, however, memories can implement any function of theiaken into and out of the memory or logic block. In the experi-
inputs, without regard for the number of product terms. ments, we assunveg,, = 3, which was estimated using access

Two algorithms aimed at solving the heterogeneous tedime models (and is also used in [27]).
nology mapping problem for arrays with multiple outputs were We present two algorithms, each of which maps logic circuits
described at the 1998 International Symposium on Field-Prim-an FPGA defined by the parameters in Table |. The goal of
grammable Gate Arrays [26], [27]. In this paper, we review aritie first algorithm is to minimize the area required to implement
extend the discussion from [26]. We also present a new versit logic circuit without regard for circuit delay. The algorithm
of the algorithm which minimizes area without increasing thpacks logic into théV memory arrays, and implements the rest
depth of the final circuit, and compare the performance of thasing lookup-tables. Sinc# is fixed, the area is minimized
algorithm with the results presented in [27]. Finally, this papevhen the number of lookup-tables required to implement the
also investigates the performance of the algorithm acrosgarts of the circuit that can not be mapped to the memories is
wide variety of FPGA memory architectures. An early versiominimized. This can be written as follows.
of this latter material appears in [28]. 1) Area-Minimization Problem:Given a circuitC and an
FPGA defined by the parameters in Table I, find an implemen-
tation of C' (denotedC”) using up ton memory arrays aneh
k-input LUT’s (k-LUT’s) such that, < N andm is minimum.

In this paper, we will use the following terminology (pri- The goal of the second algorithm is to minimize the area re-
marily from [29]). The combinational part of a circuit is rep-quired to implement the logic circuit without increasing the crit-
resented by a directed acyclic graphV, E') where the vertices ical path of the final circuit. Since, before place and route, it is
V' represent combinational nodes, and the edgegpresent difficult to predict which paths will be slow, we solve an approx-
dependencies between the nod¥salso contains nodes rep-imation to this problem:
resenting each primary input and output of the circuit. Flip-flop 2) Area-Minimization with Depth Constraint
inputs and outputs are treated as primary outputs and inputs. Freblem: Given a circuitC and an FPGA defined by the
depth of a node, d.,, is the maximum path length from any pri-parameters in Table |, find an implementation@f(denoted
mary input to node.. The depth of a grapll; is the maximum C”) with combinational depthics using up ton memory

Il. TERMINOLOGY AND PROBLEM DEFINITION
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TABLE |
ARCHITECTURAL PARAMETERS
Commercial Architectures
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memory
- read time to See text 3
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Delay
Inputs per A ) ) i
k LUT 4 4 4 4 3 4

arrays andm k-input LUT’s (k-LUT’s) such thatn < N, map logic to large, scarce, multiple-output blocks considered is
dcr < de, andm is minimum, wherel, is the combinational still an open problem.
depth of the circuit implemented using only LUT'’s. o ]

In other words, the goal is to find an implementation@f B- Area Minimization Algorithm: SMAP
with a maximum combinational depth thati® larger than As described in the previous subsection, we first map the
the optimum combinational depth @ implemented using entire circuit tok-feasible nodes using an existing technology
only lookup-tables (this latter quantity can be computed usimgapper (we use Flowmap/Flowpack [17]). We then pack as
Flowmap [17]). In calculating the combinational depths, thenany of thek-feasible nodes as possible into the available
delay of each lookup table is taken as one, while the delay m&mory arrays. Those nodes that could not be packed into
each memory block is taken as,. In Section Ill, we will focus memory arrays are implemented usid UT’s.
on a restricted version of these problems, in whi¢h= 1. In There are three steps to the packing algorithm: (1) one node is

Section V, we extend the algorithms for > 1. chosen as aeed nodg2) the signals that will drive the memory
array inputs are chosen, and (3) the signals that will be produced
I1l. SOLUTION FOR ONE MEMORY ARRAY by the memory array outputs are chosen. The goal is to choose
the memory array inputs and outputs such that the number of
A. Overall Approach nodes that can be replaced by the memory array is as large as

There are at least three possible approaches to solving possible. Sections I11-B.1 and 111-B.2 will describe the selection
problems specified in the previous section. One possibility @ the memory input and output signals; Section 111-B.3 will
to pack as much logic as possible into each memory array, afidcuss the selection of the seed node. The discussion in these
subsequently implement the rest of the logic using LUT’s (usirggctions will assume an array withinputs (address lines) and
an algorithm such as Flowmap [17]). A second possibility i outputs (data lines). In Section 111-B.4, we will show how the
to map the logic to LUT’s using Flowmap first, and then packlgorithm can be extended to support arrays with a configurable
as many of these pre-packed LUT'’s into the available memomord width.
arrays as possible. A third possibility is to develop an algorithm 1) Memory Input Signals:Given a seed node, the signals
that packs to both types of blocks simultaneously. that will drive the memory array inputs are chosen by finding

We have chosen the second approach listed above. The thé- maximum-volumei-feasible cut of the seed node’s fanin
vantage of the second approach over the first approach is thatwork, wherei is the number of inputs of the memory array.
by giving the packer a circuit that has already been technolo@ie signals that make up the cut become the memory array in-
mapped, the packer can evaluate precisely how various packings. An algorithm to find such a cut was presented in [17]; we
decisions will affect the number of LUT'’s in the final imple-use the same algorithm here.
mentation. In the first approach, since the logic has not yet beer?) Memory Output Signalsif there is only one memory
mapped to LUT’s, the packer can only guess at which packiogtput (w = 1), we can select the seed node output as the
decision is best, since it does not know how the remaining logizemory array output. Fig. 1 shows an example in which 8
will be divided into lookup-tables. andw = 1. In this case, all nodes below the cut can be replaced

The third approach, simultaneous mapping, leads to a vemth the memory array. In this case, our algorithm is the same
difficult optimization problem. Previous work has considereds the Flowpack algorithm presented in [17].
only single-output blocks and a fixed ratio of large blocks to For the large memory sizes considered in this paper, this
small blocks [19]-[21]. The extension of such an algorithm teimple extension of Flowpack does not work well for some
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8—input,
1-output
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Fig. 1. Mapping a circuit to an eight-input, one-output memory block. Inputs are at the top and outputs are at the bottom.

8-input
1-output
memory

Fig. 3. Mapping a circuit to an eight -input, one-output memory block: Better solution. Inputs are at the top, outputs are at the bottom.

circuits. It is also not clear how to extend the algorithm to In Fig. 1, all nodes below the cut were also in the MFFC of
support multioutput blocks. By intelligently selecting whichs. Fig. 2 shows an example where this is not true. In this cir-
nodes will become the output of the memory array, we not ontyit, the maximum fanout-free cone @tonsists only of nodes
get better results for large single-output blocks, but also handleand B. Thus, only these two nodes can be deleted when the
multioutput blocks. memory array is used, as shown in the right side of the figure.
In Fig. 1, all predecessors of the seed node that are beldwe signals generated by nodes D and F (and all their predeces-
the cut can be packed into the memory array, and the LUTSsrs) are needed to drive nodes C and E respectively. Node E
implementing these nodes can be deleted. In general, this is can not be packed into the memory array since it also depends
true. DefineF to be the set of nodes in the fan-in network obn an input signal that is not part of the cut set. Node C can not
the seed node, and letF’ be the maximum fanout-free conebe packed in the memory array, since it would require another
(MFFC) rooted at (clearly I C F'). Represent the cut df memory array output.
found by the Flowpack algorithm &sX, X’) wherev € X’. Fig. 3 shows a better solution. Although the seed node,
Then, only those nodes in the intersectionfdfand X’ can be the cut, and the memory array inputs, are the same, we have
deleted. In other words, of all the nodes below the cut, only thosew chosen the signal produced by node F as the output of
in the maximum fanout-free cone ofcan be deleted. the memory array. Node F and all its predecessors make up
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Fig. 4. Mapping to an eight-inputhree-outpuimemory block. Inputs are at the top, outputs are at the bottom.

find_this_solution(seed, Nin,, Noyus) { output_selection(P,w) {
cut_set = max-vol Nj,-feasible cut for each node v in P {
P = set of Potential Nodes driven by cut_set score[v] = number of nodes in MFFC of v
output_nodes = output._selection(P,Noy:) }
retval. memory_inputs = cut_set return w highest scoring nodes
retval. memory_outputs = output_nodes }

retval.nodes_to_delete = MFFC of all output_nodes

return retval

}

Fig. 5. Summary of algorithm given seed node and array configuration.

the output's MFFC, and can be deleted and replaced by thede’s MFFC. We then choose thehighest-scoring nodes as
memory array. the memory array outputs. Note that this does not guarantee the

If the memory array has three outputs instead of one, the sobptimum solution, since the MFFC rooted at #et of output
tion in Fig. 4 is possible. Here, the memory array produces thedes may be larger than the union of the individual MFFC’s.
signals that had been produced by nodes C, A, and F. We ¢arSection IV, however, we will show that this heuristic works
now delete all nodes in the MFFC of the three output signalswell.

In the examples of Figs. 3 and 4, we have intelligently chosenNote that in choosing the output nodes in this way, it may
which signal(s) in the original network will be implemented asccasionally turn out that some of the original cut nodes are no
outputs of the memory array. We call this proces$put selec- longer needed. For example, in Fig. 3, the left three inputs are
tion. Consider a circuit in which we have selected a seed npdenot needed to produce the function at node F. This could cause
and found the cutX, X’) wherev € X’. The cut-nodes are the false-paths during timing analysis later in the design flow. To
memory array inputs. All the nodes X’ are potential memory prevent this, we prune all inputs that are not actually needed to
array outputs; the goal of the output selection algorithm is to geroduce the output signals. Pruning also reduces the humber of
lect up tow of these nodes, such as to maximize the number éts that must be routed. A more aggressive algorithm might
nodes in the MFFC of the selected nodes. try to make use of these unused inputs (perhaps by removing

Rather than choosing the nodes fromX’, we can expand one of the chosen output nodes and packing in unrelated logic),
the solution space somewhat by choosing the nodes fflpm however experimentation has shown us that very little can be
whereP is the set of nodes for which there is no path connectirgained by doing this, and it adds significant complexity to the
the node to any primary input without traversing one of the catgorithm.
edges. In other wordg? is the set of all nodes that can be ex- Fig. 5 summarizes this part of the algorithm. The function
pressed as a function of only the cut signals. We call the nodex_this_solution finds a solution given a seed node and the
in P thePotential NodesClearly, X’ C P. As an example, had number of memory array inputs and outputs. The solution
node C and A in Fig. 4 driven another nodgthenw would be returned consists of three parts: the nodes that make up the
in P, even though it is not part of’. Nodew would be a legal memory array inputs (the cut-nodes), the nodes that are re-
choice for one of thev memory array outputs. placed by memory array outputs (the nodes returned by the

An exhaustive algorithm that checks all combinationswof output selection algorithm) and the nodes that can be deleted.
nodes inP to find the best set of output signals would require 3) Seed SelectionThe selection of the seed node is crit-
|P|!/w!(|P] — w)! checks; this is infeasible for even moderateal. In order to ensure we are choosing intelligently, we apply
w and|P|. Thus, we have developed a heuristic algorithm tthe above algorithm once with each node in the circuit as the
perform output selection. In our algorithm, we visit all nodeseed node. The seed node that leads to the maximum number of
in P, and assign a score equal to the number of nodes in thaleted nodes is then chosen.
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SMAP{
for each node v {
sol = find_this_solution(v, maximum allowable array inputs, minimum allowable array outputs)

if |sol.nodes_to_delete| is largest so far, u = v

}

for each array configuration ¢ {
sol = find_this_solution(x, number inputs for config 7, number outputs for config i)

if |sol.nodes_to_delete| is the largest so far, result = sol

}
connect array outputs to nodes driven by result. memory_outputs
connect array inputs to result. memory.inputs

delete nodes in result.nodes.to_delete

}

Fig. 6. Summary of SMAP algorithm for one memory array.

4) Arrays with a Configurable WidthMany FPGA's allow a potential output. In SMAP-dc, however, only the node#’in
the user to configure the width of each memory array, tradirthat satisfy the following inequality are potential outputs:
width for depth. For example, in the Altera FLEX10K, each
array can be configured as a 2048 x 1, a 1024 x 2, a 512 x 4, dy + slack(v) 2 Ry + max (do)
or a 256 x 8 memory. Thus, each array can be used as either an i _
eleven-input, one-output; a ten-input, two-output; a nine-inptﬁ’,here] is the set of nodes in the cut set (the memory array
four-output; or an eight-input, eight-output block. The aboy@Puts). If the memory array has outputs, SMAP-dc finds
algorithm, however, requires us to know the number of inpuff8é Sizé of the MFFC rooted at each nodefirthat satisfies
so that an appropriate cut-set can be found. the above constraint, and chooses#haodes with the largest

Our solution is to select the seed node using the narrowd¥fFC- These nodes become the memory array outputs.
array configuration, and then repeat the inner loop for all pos-!t €an easily be shown that this guarantees that the combina-
sible array configurations using the selected seed node. The dif?@l depth of the circuit does not increase. One would expect,

figuration that gives the best results is then chosen. This is sufievever, that the amount of logic that is packed in each array is
marized in Fig. 6. reduced somewhat, since there are fewer choices for each output

node. The next section investigates this experimentally.

C. Area Minimization with Depth Constraint: SMAP-dc D. Complexity and Implementation Efficiency
Therearetwo mainparts ofthe algorithm:theinputsignal selec-
In this section, we describe a variation of the SMARonandtheoutputsignalselection. Theinputsignalselectionuses
algorithm which solves theArea Minimization with Depth thealgorithmfrom[17], whichhasacomplexity@fd>m)where
Constraintproblem described in Section Il. The new algorithna is the number of inputs to the memory array ani the number
minimizes the area of the circuit under the constraint that tieéedgesbelowthe cut. The outputsignalselectioninvolvesfinding
depth of the circuit is no longer than it would be if the circuitipton MFFC's, each of which can be doneii{m) time. Thisis
was implemented using only LUT's. Since the input of theepeatedforeachseed, leadingtoacomplexity@hn + d*>m).
algorithm is a depth-optimal lookup-table implementation dhlthoughthiscomplexityishigh,itisrarelyseeninpractice.Inthe
the circuit (it is generated using Flowmap), it is enough toext section, we present experimental results along with sample
ensure that the depth of the final implementation is no largaern times for several large circuits; even for one of our largest cir-
than the depth of the input circuit. In other words, the depthuits (which contains 6211 lookup-tables), the run time for map-
does not increase as mapping progresses. This algorithm witig to a single array was roughly two minutes, which compares

be referred to as SMAP-dc. favorably to the times required for lookup-table technology map-
The first step in SMAP-dc is to compute tiséackat each pingaswellas place androute.
node [32]. The slack for node, denotedslack(v) is the max- In our implementation of the algorithm, we included two

imum amount of delay that can be added to the output of mod@ptimizations that, although they do not reduce the worst case
without increasing the delay of the entire circuit. The slack faromplexity, speed up the algorithm significantly in practice. First,
all nodes in the input circuit can be computed efficiently usingre save all cuts in a hash table as they are found. If, after finding
two breadth-first traversals of the graph: one forward from thecut, it is discovered that this cut is in the hash table already, it
input pins and one back from the output pins [32]. is immediately concluded that this cut could produce a result no
Once the slacks have been computed, the algorithm procebdter than the previous best result, and the processing for that
the same as SMAP. The only difference is in the output selectiseed ends. Second, after finding the set of potential n&dés
algorithm (the right side of Fig. 5). In SMAP, each nodeAris | P|islessthator equalto the number of nodes to delete in the best
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TABLE I
RESULTS ASSUMING 2048-BT MEMORY ARRAYS
Circuit Original Circuit Nodes deleted: SMAP | Nodes Deleted: SMAP-dc
Name Number of Number of || 1 array 16 arrays 1 array 16 arrays
4-LUTS Flip Flops BF=1 BF=4 BF=1 BF=4
pair 641 0 13 147 84 13 115 55
apexl 696 0 14 158 108 13 100 70
cps 749 0 46 249 228 27 82 76
C5315 596 0 12 139 74 12 126 62
C6288 527 0 19 134 82 19 158 85
apex3 867 0 26 196 169 23 147 100
C7552 679 0 15 163 83 15 119 62
110 994 0 18 168 123 17 164 115
ex5p 1064 0 198 1056 1050 198 1037 1064
spla 3690 0 67 569 396 67 533 341
pdc 4575 0 88 816 601 88 835 605
apex4 1262 0 319 1261 1261 319 1261 1261
tseng 1046 385 10 123 67 10 113 60
bigkey 1707 224 18 131 54 0 0 0
s38417 6096 1463 26 346 160 26 339 154
s298 1930 8 434 1930 1930 434 1930 1929
diffeq 1494 377 22 205 87 15 184 96
frisc 3539 886 62 176 121 57 158 103
dsip 1370 224 18 108 47 0 0 0
s5378 572 160 16 140 91 16 128 72
$38584 6211 1260 64 393 257 64 393 245
iirl6 3612 522 37 292 127 37 292 127
firlé 6598 847 84 374 228 84 441 232
ralu32 3659 590 20 216 128 20 210 128
spsdes 3356 949 26 150 96 26 136 94
mac64 4307 64 15 151 96 11 108 62
mips64 2226 438 10 127 68 8 120 64
sort8 1861 184 24 142 90 24 102 69
ochip64 3314 3665 10 160 48 0 0 0
average 59.7 358 274 56.7 322 253

solution found so far, then processing for that seed terminataad script.algebraic were attempted, and the better result for
Neither of these optimizations change the final solution, but bo#tach circuit was used) [33] and technology-mapped to four-
significantly speed up the code on our benchmark circuits. input LUT’s (4-LUT’s) using Flowmap and Flowpack [17].
Four-input LUT’s were assumed since these are common on
many of today’s commercial FPGA's (see Table I).

The fifth column of Table Il shows the number of 4-LUT'’s

To evaluate the proposed algorithms, we used 29 large bentttat SMAP deletes from the circuit due to a single 2-Kbit array
mark circuits. As shown in Table Il, each circuit contained behat can take on word widths of 1, 2, 4, or 8; this is the size of the
tween 527 and 6598 4-LUT’s. Seventeen of the circuits wemneemory array used in the Altera FLEX 10K CPLD [3]. As the
sequential. The combinational circuits and nine of the sequéaable shows, SMAP reduces the number of 4-LUT’s required to
tial circuits were obtained from the Microelectronics Corporamplement each circuitby 59.7, on average. Column eight shows
tion of North Carolina (MCNC) benchmark suite, while the rethe results for SMAP-dc. In this case, the number of 4-LUT’s
maining sequential circuits were obtained from the University tfiat can be deleted is reduced only slightly to 56.7 (only 5% less
Toronto, and were the result of synthesis from VHDL and Vethan SMAP). Execution times for SMAP using two medium-
ilog. All circuits were optimized using SIS (both script.ruggedized combinational circuits and two large sequential circuits

IV. RESULTS FORONE MEMORY ARRAY
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TABLE Il TABLE IV
DEPTH RESULTSASSUMING ONE 2048-BT MEMORY ARRAY DELAY RESULTSASSUMING ONE 2048-BT MEMORY ARRAY
Circuit  Original After SMAP After SMAP-dc Circuit  Original After SMAP After SMAP-dc
Name Depth | Depth % Increase | Depth % Increase Name Depth Depth % Increase | Depth % Increase
pair 7 7 0% 7 0% pair  48.1ms | 53.3ns  108% | 53.3ms  10.8%
apex1 7 8 14.3% 7 0% apex] 47.3ns | 512ns  825% | 509ns  8.25%
cps 5 6 20% 5 0% cps  46.2ns | 460ns  -043% | 484ns  4.76%
C5315 10 10 0% 10 0% C5315 59.0ns | 604ns  2.37% | 60.4ns  2.37%
C6288 28 30 7.14% 28 0% 6288 118us | 1168ns  -0.77% | 113.6ns  -3.73%
apex3 6 7 16.7% 6 0% apex3  527ns | 52.6ms  -0.19% | 56.2ms  6.64%
C7552 9 o 0% 9 0% C7552  96.9ms | 9l4ns  -5.10% | 9l4ns  -5.19%
i * 13 16 23.1% 13 0% {10*  151us | 156.1ns  351% | 1456ns  -3.58%
ex5p 7 7 0% 7 0% ex5p  59.5ns | 63.3ns  6.39% | 633ns  6.39%
spla 8 8 0% 8 0% spla 87.1ns | 87.1ns 0% 87.1 ns 0%
pdc 9 9 0% 9 0% pde  106ms | 1048ns  -1.41% | 1048ns  -1.41%
apexd 6 6 0% 6 0% apex4  63.8ns | 51.3 ns -19.6% 51.3 ns -19.6%
tseng 13 13 0% 13 0% tseng 66.2ns | 67.6 ns 2.11% 67.6 ns 2.11%
bigkey 3 6 100% 3 0% bigkey 16ns | 24.4ns 52.5% 16 ns 0%
s38417 11 1 0% 1 0% s38417 990ns | 100.6nms  0.701% | 100.6ns  0.70%
5298 15 15 0% 15 0% 208 122.8ms | 100.6ns  -18.1% | 1006ns  -18.1%
diffeq 14 14 0% 14 0% diffeq  67.8ns | 95.8ms  41.3% | 663ms  -2.21%
frisc 23 3 0% 3 0% frisc 106.8 ns | 128.9 ns 20.7% 111 ns 3.93%
dsip * 3 6 100% 3 0% dsip* 15.7ns | 14.9ms -5.10% 15.7 ns 0%
s5378 6 ? 50% 6 0% 5378  277us | 37.6ms  35.7% | 318ns  14.8%
s38584 9 9 0% 9 0% s38584 81.7ns | 855ns  5.88% | 855ns  5.88%
iirl6 32 32 0% 32 0% firl6  1549ns | 165.1ns  658% | 165.1ns  6.58%
fir16 s u 0% 2 0% firl6  213.7ns | 2005ns  35.9% | 2005ns  35.9%
ralud2 17 17 0% 17 0% ralu32  101.0ms | 107.3ns  6.24% | 1073ns  6.24%
spsdes 34 34 0% 34 0% spsdes  130.21ns | 129.9ms  -0.23% | 120.9ns  -0.23%
mac64 52 55 5.71% 52 0% mac64 2564 us | 234.6ns  -8.50% | 223.2ns  -12.9%
mips64 54 55 1.85% 54 0% mips64 264.6ns | 272.7ms  3.06% | 2655ns  0.3%
sort8 % 2 0% » 0% sort8  1620ns | 1915ns  18.21% | 1915ns  18.21%
ochipbs 3 6 100% 3 0% ochipp4 269ns | 27.2ns  1.12% | 26.9ns 0%
average 15.1% 0% average 6.96% 2.31%

are shown in the third column of Table V (the execution times
for SMAP and SMAP-dc are roughly the same). Table 11l shows the effect of our algorithms on the combina-
To appreciate the significance of these results, consider tioeial depth of each circuit. The results in the table assume that
following. Using a detailed area model, we have estimated ththe depth of a lookup-table is one, while the depth of a memory
the chip area required by a single 2-Kbit memory array is th#ock is three (iek,,, = 3). This is the same ratio used in [27],
same as the area required to implement 16 4-LUT’s (includirand closely reflects the ratios between memory read time and
routing) [34]. This area would be wasted if an unused array lsokup-table access time found in commercial devices. As can
not used to implement logic. Using SMAP (or SMAP-dc), howbe seen, SMAP increases the combinatorial delay by (on av-
ever, not only is this area not wasted, but it is ugadte effi- erage) 15.1%. SMAP-d, on the other hand, does not increase
ciently that it would have been used if the array was replacdldle combinatorial delay at all.
by logic blocksHad the array not been present, the user would To investigate the effect that this would have on the critical
be able to implement 16 4-LUT’s of his/her circuit in that chigpath of the final circuit after place and route, we mapped
area, while, using SMAP, the user can implement 59.7 4-LUT&r benchmark circuits to an Altera FLEX 10K using the
of circuitry in the same chip area (56.7 using SMAP-dc). ThubMAX+Plusll version 8.3 software and measured the achievable
the presence of embedded memory blocks leads to density otock frequencies after placement and routing (for combina-
provements even if the user’s circuit requires no storage at atlonal circuits, we measured the maximum combinational path).
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for i=1 to N { for i=1 to N/BF {
find the best seed node as before find the best seed node using BF
connect memory array ¢ and arrays combined into “super-array”
delete all nodes no longer connect memory arrays and delete
needed due to this array nodes no longer needed
} }
a) Algorithm 1 b) Algorithm 2

Fig. 7. Two possible algorithms for multiple memory arrays.

Table 1V shows the delay of the original circuit and the circuit 350 £
after having mapped by SMAP and SMAP-dc. The percentagw 300
increase in the critical path delay is also shown; those cwcuﬂg
where the critical path decreased are shown as negative. Tha 20
circuits marked with & could not be mapped to a single deviceS 200 7

and so were split between two devices. As shown in the tablS

the critical path increased by, on average, 6.96% using SMAIE 150 3 Blocking Factor= 1 ——e—-
and 2.3% using SMAP-d. S 100 -~ onicH ol R

The results presented in this section assume only a smg“- 50 ¢ E‘;3|'°°King Factor=8 — —= — -

E ocking Factor=16 .
memory array is available. In the next section, we examin E L L L ‘
how the algorithms can be applied to FPGA's with more thar 01 2 3456 7 8 9101112131415 16
one available memory array. Comparisons to the algorithr Number of Arrays
described in [27] will be presented in Section VI. @)
350 -

V. EXTENSION TO MULTIPLE ARRAYS :
2 300 :
The previous discussion assumed that only a single memo§ 050

array is available. One way to extend the algorithm to multipleQ :
arrays is shown in Fig. 7(a). In this algorithm, after mapping% 200 ©
to the first array (using either SMAP or SMAP-dc), we remove— 150
the nodes implemented by that array, and repeat the entire alg§
rithm for the second array. This is repeated for each availablg 100
array. The results are shown by the upper lines in Fig. 8(a) ar™ 50
(b); if there are 16 arrays available, the SMAP is able to delete 0 » L L L
on average, 358 logic blocks (22 logic blocks per array) while 123 456 7 8 910111213141516
SMAP-dc can delete 318 logic blocks on average. Number of Arrays

The problem with this algorithm is that it is slow for large (b)
circuits. Execution times for four of the circuits are shown in ) )
columns four and seven of Table V. The majority of the algd-9: 8 Results for multiple 2048-bit arrays.
rithm’s execution time is spent choosing a seed node, and this
decision must be repeated times. Fig. 7(b) shows an alter-
native. We partition theV available arrays intdv/BF larger In [27], an alternative algorithm, called EMB_Pack, is de-
“super-arrays,” each containing /" arrays(BI'" < N). We scribed. The goal of EMB_Pack is the same as that of SMAP-dc
refer toBF as theBlocking Factor We then enumerate all pos-in that EMB_Pack tries to minimize the area with the constraint
sible width/depth configurations for each super-array, and apphat the depth of the circuit must not increase.
SMAP to each of theV/BF super-arrays. IBF = 1, this re- To compare our results to those presented in [27], we tested
vertsto the first algorithm. B £ is large, the CPU requirementsSMAP-dc on the mapped benchmark circuits in that paper.
are significantly reduced (see Table V), since oNlyBF seed These circuits are combinational, and require between 83 and
nodes need be chosen. Fig. 8(a) and (b) shows the results1f887 four-input LUT’s. Since EMB_Pack may not choose
SMAP and SMAP-dc with various Blocking Factors. Numerto use all available memory arrays, we used the number
ical results for two values aBF and N = 16 are shown in of memory arrays actually used by EMB_Pack as input to
Table II. SMAP-dc. The circuit duke2 is not included in the table, since

Note that in SMAP-dc, it is also necessary to recompute tiEMB_Pack chose not to use any memory arrays at all for that
slacks before processing each memory array. The time requicg@uit. The results are shown in Table VI. As can be seen,
to recompute the slacks, however, is small in comparison wiBMAP-dc is able to pack, on average, 88.3% more logic into
the rest of the mapping procedure. the available memory arrays than EMB_Pack. The delay of the

Blocking Factor= 1 —----&--—-
Blocking Factor= 2 --------------
Blocking Factor=4 ———&——-
Blocking Factor=8 — —& — -
Blocking Factor=16 .

VI. COMPARISONS TOOTHER PUBLISHED ALGORITHMS
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TABLE V
SamPLE CPU RUN TIMES (IN SECONDS ON A 143 MHz ULTRASPARC

Circuit | Number || 1 array 8 arrays 16 arrays

Name | 4-LUTs Algl Alg2 Alg 3 Algl Alg?2 Alg 3

BF=4 BF=8 BF=8 BF=16

exHp 1064 7.7 21.8 10.1 11.9 11.7 22.0 102 11.7 12.5
apex4 1262 31.2 60.6 335  48.1 49.1 | 612 339 495 50.9
538584 6211 127 1010 1284 286 158 1906 128.4 299 163

iir16 3612 98.3 826  99.2 283 164 | 1693 99.9 335 194

TABLE VI
COMPARISON TOEMB_PACK ALGORITHM

Circuit | Number 4-LUTs | Number of Number 4-LUTs Packed Increase in Critical Path
Name in Original Arrays EMB_Pack SMAP-dc % Diff. | EMB_.Pack SMAP-dc
Circuit Available [27] {27]

C5315 673 3 48 48 0% 7.73% 12.2%
6288 555 3 22 45 105% -5.19% -3.52%
C7552 850 5 56 76 35.7% -9.01% -13.8%
880 142 3 28 31 107% | 17.6% 0.17%
9sym 90 1 90 90 0% -20.3% -28.2%
9symml 94 1 94 94 0% -18.0% - -18.0%
alu2 192 3 18 126 600% 16.8% -27.7%
alug 326 3 22 106 382% 7.52% -6.68%
apex6 300 3 21 27 28.6% 21.5% 11.1%
apex7 88 3 14 20 42.9% 4.22% 2.76%
des 1367 5 38 29 -23.7% 5.43% 8.66%
i10 1166 8 84 113 34.5% 1.36% -0.21%
pair 641 3 70 84 20% -11.9% -1.43%
rd84 83 1 83 83 0% -13.6% -21.9%
average 49.1 69.4 88.3% 0.297% -6.18%

circuits produced by SMAP-dc is slightly smaller, on averagasrays (averaged over our benchmark circuits)B/éor several

than those produced by EMB_Pack. values of N. For N > 1, a blocking factor ofV was used.
In order to determine which architecture is most efficiently
VII. EEFECT OEMEMORY BLOCK ARCHITECTURE used by the algorithm, we need to consider the chip area required

The results presented in the last section assume an FPGA
N 2048-bit arrays, each of which can be configured as 20
x1,1024x2,512x 4, or 256x8. This is array size and flex-
ibility used in the Altera_ FLEX 10_K devices. In this sectlpn LBE). One LBE is the area required to implement one logic
we present results showing the ability of SMAP to map logic

EPGAS with diff t di . In doi o lock. ForN > 1, these area estimates include the area due
. S With ditterent array gimensions. In doing so, we Ider, y,q multiplexors needed to combine the arrays into a single
tify which memory array architecture can be most efficient!

Yuper-array (these multiplexors are assumed to be implemented
used by SMAP. p y ( p p

Th hitect f | il devi using the FPGA logic resources).
€ memory archilectures ot several commercial devices ar(JFig. 9(c) shows thpacking densitgs a function oB for sev-
summarized in Table I. In this section, we vdsyandw..

eral values ofV. The packing density is defined as the ratio of

) the number of logic blocks that can be packed into the available

A. Array Size memory arrays over the area required to implement the memory
Fig. 9 shows how the effectiveness of each memory bloekrays (in LBE's). A packing density of one means that the den-

in implementing logic depends on the array si#e,Fig. 9(a) sity of logic implemented in memory arrays is equal to that if

shows the number of logic blocks that can be packed into tttee logic was implemented in logic blocks. A packing density

ach memory block as a function &f, again for various
values of N. The area estimates were obtained from a detailed
area model [34] and are expressedagic block equivalents

bgrﬁach architecture. Fig. 9(b) shows the estimated chip area



66 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 19, NO. 1, JANUARY 2000

350 P E
- 250 |
g5 ot So0
L 250 e —y k=] E
g 200 //4//:j// N=8 — . 2
g P e 150 -
7 190 / N2 2100 £
g ot e 7 = ¢ E i
8 100 7 7 //r/ & E =+ N=
o « g //f// . N=1 a 50 E :/’/'
5 : N=1
R — 0

Il Il Il g\ Il Il Il Il Il
256 512 1024 2048 4096 8192 16384 {1} {1-2¢  {1-4 {1-8} {1-16} {1-32}

Bits per Array Allowable Array Widths
(a)
1300 300 @
1200 F -
21100 [ T oso | " N=16
S 1000 F S -
3 900 - 3 .
£ 800 - 5200 e
g 700 - 2 i
S 600 | 190 ¢ __-*+N=8
5 500 5 [ e
§ 400 - S100 [ o O P
~ 300 2 r
S L © r __—N=4
o 200 r © 50 F o e — %
< 100 p E F - . @ —# =770 N=2
(R o ! 1 1 1 ! ! 0 F ¢ - N=1
256 512 1024 2048 4096 8192 16384 1} (1-2)  {1-4} {1-8) {1-16} {1-32}
Bits per Array Allowable Array Widths
(b) (b)
5
///\\\\\
- 50 ]
4 E —m T N=1 /4\\\—\k
e RN / ~—~
T 50 —— o 4r g
c J¢ N N=2>-. T Pl N=2 ~~.__
g £ N=4 AN o 3L ./// //J’/ S .
= S . =2 P N=4
_é o \\ N=8 ,\\\ . E o /// .
g N=t6 ™ . o 8§ 2r v et
1L ~, Tl T o -7 N=8 -
- ‘\\\\\ . | oo ¢ ——— o
7 \\\: 1 NeeT
0 - 1 1 1 1
256 512 1024 2048 4096 8192 16384 0 ‘ ‘ ‘ ‘ !
Bits per Array {1} {1-2t {14 {(1-8 {1-16} {1-32)

Allowable Array Widths
()

Fig. 10. Effects of maximum allowable width.

©

Fig. 9. Effects of memory array size.

greater than one means that the d_ensn_y of logic mplemenﬁgﬂ_most point on the graph, only a 2048l configuration is
in memory arrays igreaterthan that if logic blocks were used.

i ) e vailable, while for the right-most point, each array can be con-
As Fig. 9(c) shows, the packing density is greater than one 1or ) X
. . figured to any configuration between 2048 and 64x32. As
all but the largest memory arrays. The highest packing densjty .. . . . .
: L the figures show, the highest packing density occurs if the max-
occurs forB = 2048 if there are two or fewer arrays; if more.

) . . imum available width is eight. Arrays with a larger width require
arrays are available, the optimum valuefdfs slightly smaller. o . . i
more area (more sense amplifiers and routing) while arrays with

i a smaller maximum width can not implement as much logic.

B. Array Width The optimum choice for the maximum allowable width is in-

As described above, most FPGA memory architectures allalgpendent ofV. Fig. 11 shows the results as a function of the
the user to select the word width of each array from a predeteminimum allowable width, assuming th& = 2048 and that
mined setwer. Fig. 10(a) shows how the effectiveness of théhe maximum allowable width is eight. Thus, for the left-most
memory arrays in implementing logic dependsway. Fig. 10  point in the graphs, the user can configure each array to be one
shows the number of logic blocks packed, the area requirementis2048 x 1, 1024x 2, 512 x4, or 256 x 8, while in the archi-
and the packing density as a function of the maximum allowaltlecture corresponding to the right-most point, only the %6
width (highest value im.« ) for each memory array. In all casesconfiguration is available. As shown in Fig. 11(a), more circuit
it is assumed that each array contains 2048 bits, and that thf@rmation can be packed into the more flexible arrays. The
user can configure the memory width to be any power-of-twarea results in Fig. 11(b) appear counterintuitive; according to
between one and the maximum allowable width. Thus, for thiais figure, the more flexible an architecture is, the less area it
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inally conceived to implement the storage parts of circuits,
we have shown that if not all arrays are needed to implement
storage, the unused arrays need not be wasted. Instead, they
can be used to implement logic. Our first algorithm, SMAP,
packs as much circuit information as possible into the available
memory arrays, and maps the rest of the circuit to lookup-tables.
The second algorithm does the same, but under the constraint
that the depth of the circuit does not increase beyond the depth
of the circuit implemented using only LUT’s.

On a set of 29 sequential and combinational benchmarks, the
first algorithm is able to map, on average, 59.7 4-LUT’s into
a single 2-Kbit memory array. The second algorithm is able
to map 56.7 4-LUT’s without increasing the depth of the cir-
cuit. If there are 16 arrays available, the first algorithm can map
_— 358 4-LUT's to the 16 arrays, while the second can map 318
4-LUT’s. These densities are better than would have been ob-
tained had the FPGA contained nothing but 4-LUT’s. Thus, not
_.-—-—*N=8 only are the arrays not wasted, but, their area is used more ef-
ficiently than if the arrays were replaced by logic blocks. The
4 presence of embedded memory blocks leads to density improve-
% ments even if the user’s circuit requires no storage at all.

We have also shown that the algorithm works well over awide

variety of architectures. Overall, we found that the algorithm
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Fig. 11. Effects of minimum allowable width. [4]
[5]

requires. This is because the area measurements in this graph in-
clude the area required to implement the multiplexors needed td®]
combine theV arrays into a super-array. The multiplexors are 7]
larger if an array is used in the<8” configuration than in the  [g]
“x 1” configuration, since more bits must be multiplexed; thus, [°]
an architecture in which only aX'8” configuration is allowed
(weg = {8}) will require larger multiplexors, on average. This [11]
effectis more pronounced for larger values\ofthis is because
the more arrays there are to combine, the more multiplexors arey
required. The packing ratio is shown in Fig. 11(c); in all cases,
the more flexible architecture is the best choice.
Overall, the best choice far.g is {1, 2,4, 8}. [13]

VIIl. CONCLUSION (14]

In this paper, we have described two versions of an algorithm15
that maps logic circuits to FPGA's with large embedded[
memory arrays. Although these embedded arrays were orig-

]

works best when each memory array contains between 512 and
2048 bits, and has a word width that can be configured to be 1,
2,4, or8.
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