1268 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 19, NO. 11, NOVEMBER 2000
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Abstract—In order to maximize performance and device uti- g
lization, the recent generation of field programmable gate arrays
(FPGAs) take advantage of speed and density benefits resulting [ T

from heterogeneou§PGAs, which can be classified into heteroge-
neous FPGAswithout bounded resources or heterogeneous FPGAs .~ |
with bounded resources. In this paper, we study the technology twecoms:
mapping problem for heterogeneous FPGAswith or without
bounded resources under the objective of delay optimization. :
We present the first polynomial-time delay optimal technology .
mapping algorithm, named HeteroMap, for heterogeneous FPGAs ‘ 7 ’ ‘ - ogic ement )
without bounded resources. Taking different delays of heteroge- (o . e .

neous lookup tables (LUTSs) into consideration, the HeteroMap E - % | | Local Inercanect
algorithm computes the minimum mapping delay of a circuit — p —_. | e i O |

based on a series of minimum-heighf -feasible cut computations e o | Ji

at each node in the circuit. We then study the technology mapping 'E\mmm

problem for delay minimization for heterogeneous FPGAswith fog] {ice] [10g] fioz] [iwe] [ioE] amsy

bounded resources. We show that this problem is NP-hard for

general networks, in contrast to the delay minimization mapping Fig. 1. Altera FLEX10K device block diagram (Courtesy of Altera Corp.).
problem for heterogeneous FPGAswithout bounded resources,

but can be solved optimally in pseudopolynomial time for trees. \/antis VE1 EPGAs [1] can be configured to have heteroge-

We then present two heuristic algorithms to solve this problem for neous LUTs. These heterogeneous FPGAs do not have limita-
general networks. We have successfully applied these algorithms

on MCNC benchmarks on commercial FPGAs. Encouraging tions on the gva}ilability Qf LUTs pf specific co_nfigurable §izes
results on delay and area reduction are reported. (as long as within the chip capacity) due to their PLB configura-

o . . tion flexibility. On the other hand, Altera FLEX10K devices [2]
Index Terms—Boundary resources, circuit synthesis, design au- X . .
tomation, field programmable gate arrays, heterogeneous LUTS, (see Fig. 1) provide both a IOg!C array _Of nornfat UTs and
NP_hard, techn0|ogy mapping’ very |arge scale integration_ an embedded memory array W|th a series Of embedded memOI‘y
blocks (EMBs) which, if not used as on-chip memories, can be
used to implement logic functions. These heterogeneous FPGAs
. INTRODUCTION have limitations on one or several types of LUTs. For example,

HE short design cycle and low nonrecurring engineeriri one FLEX10K device chip, there are 3-12 EMB&cording

(NRE) cost have made the field programmable gate arraigsthe device size, and each EMB can be used as an 11-LUT.
(FPGAs) an important technology in very large scale integrdherefore, heterogeneous FPGAs can be classified as hetero-
tion (VLSI) designs. In a traditional lookup table (LUT)-base@€eneous FPGAwithout bounded resources or heterogeneous
FPGA device, the basic programmable logic block (PLB) isPGAswith bounded resources.
a K-input LUT (X-LUT) which can implement any Boolean Inaheterogeneous FPGA, larger LUTs can cover more gates,
function of up to K variables. In order to maximize perfor-but usually have longer delays. Given a heterogeneous FPGA
mance and device utilization, recent generations of FPGAs takih or withoutbounded resources, animportant problem is how
advantage of speed and density benefits resulting fretaro- to utilize theavailable heterogeneous LUTs to minimize the
geneou$PGAs, which provide either an array of homogeneo@erall circuit delay and/or area during technology mapping.
PLBs, each configured to implement circuits with LUTSs of difFor example, assuming each 4-LUT has delay of 1.0 and each
ferent sizes, or an array of physically heterogeneous LUTs. FotUT has delay of 1.5, the circuit depicted in Fig. 2(a) can
example, the PLBs in Xilinx XC4000 series FPGAs [20], Lube mapped into five homogeneous 4-LUTs, with the total map-

cent ORCA2C series FPGAs [16], and the recently announdeiétg delay of 3.0 [see Fig. 2(b)]. In Fig. 2(c), the same circuit
can be mapped into two 4-LUTs and one 5-LUT, with a total

mapping delay of 2.5. In general, given a heterogeneous FPGA
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cannot constrain the use of certain types of LUTs. We show
that this problem is NP-hard for general networks, in contrast
to the delay minimization mapping problem for heterogeneous
FPGAswithoutbounded resources, but can be solved optimally
in pseudopolynomial time for trees. We then present two
heuristic algorithms, named BinaryHM and CN-HM, to solve

this problem for general networks. HeteroMap, BinaryHM, and
CN-HM produce favorable results on MCNC benchmarks on
commercial heterogeneous FPGAs.

The remainder of this paper is organized as follows. Section I
presents the problem formulation and preliminaries. Section 11l
describes our delay optimal technology mapping algorithm for
heterogeneous FPGAgithout bounded resources. Section IV
studies the delay minimization technology mapping problem for
Fig. 2. (a) The orginal circuit. (b) Mapping to uniform 4-LUTs by theheterogeneous FPGAgith bounded resources. Experimental
Flowmap algorithm. (c) Mapping to 4-LUTs and 5-LUTs by the HeteroMapagyts and comparative study are presented in Section V. Sec-
algorithm. tion VI concludes the paper. Preliminary results in this paper

were presented as extended abstracts in [10] and [11].
we study the technology mapping problem for heterogeneous
FPGASW|th or W|th0ut bOUnded resources Under the ObjeCtive || PROBLEM FORMULAT|ON AND PREL|M|NAR|ES

of delay optimization. . .
In the past few years, extensive studies have been done ofs Boolean networkV can be represented as a directed acyclic

technology mapping for LUT-based FPGAs. A survey of thegd@Ph (DAG) where each node represents a logic gated a
results can be found in [6]. However, most of these algorithri&€cted edge:, ;) exists if the output of gatés an input of gate
are not able to deal with the delay optimization problem for het: Primary input (P1) nodes have no incoming edge, and primary
erogeneous FPGAs, as they assume the identical capacity Qyput (PO) nodes he}ve no outgm.ng edge. Weinpet(v) to
delay for every LUT. In [14], a heuristic approach for techdenote the set of fanins of gate Given a subgraptt/ of the
nology mapping into heterogeneous LUT-based FPGAs ngol_ean network, Ientr1p1_1t(H) denote the set cdlstlnctnod_es
presented for area minimization, and their architecture assurQ&&SideH which supply inputs to the gates . For a node in

a mixture of only two types of independent LUTs with a fixed® Nétwork, & -feasible cone at, denoted,, is a subgraph
ratio in each target PLB. The recent work in [15] shows th&CnSisting ofv and its predecessofssuch thatinput(Cy)| <

the same area minimization mapping problem for a tree netwdfk @1d any path connecting a nodedh andv lies entirely in
can be solved optimally i®(n>) time. However, the optimality C,,. Thelevelof a nodev is the length of the longest path from
holds only for trees, which significantly limits the application oY P! node ta. The level of a Pl node is zero. Thiepthof
this algorithm. In [9] and [19], it was shown that uncommitte@ N€twork is the largest node level in the network. A Boolean
EMBSs in heterogeneous FPGAs can be efficiently used to ifj€Work is K-boundedf [input(v)| < K for each node in

plement logic for area minimization. The algorithm in [9] caf'® network.
further guarantee that the circuit delay will not increase while Y& assume that a general LUT-baserlerogeneousPGA
using available EMBs for area reduction. consists ofc types of LUTs of K;-LUT, K»,-LUT, ..., and

In this paper, we present tHast polynomial-time delay #c-LUT (K1 < K» < --- < K.), with delaysdy, d, ...,
optimal technology mapping algorithm, named HeteroMa?,”ddc (di < dy <---de, anddy,dy, ..., d. may not be in-
for heterogeneous FPGAgithout bounded resources. Taking'€9€"), and with resource bound, B;, ..., and B, one for
different delays of heterogeneous LUTSs into consideration, tfi

HeteroMap algorithm computes the minimum mapping deldy i
of a circuit based on a series of minimum-heighfeasible cig 0 heterogeneous FPGAsthoutbounded resources, all of

computations at each node in the circuit. For a heterogenedtiS aréoc. Homogeneous FPGAs can be viewed as the special

FPGA consisting of(,-LUTS, Ko-LUTSs, ..., and K.-LUTs, heterogeneous FPGA with only one type of LUTSs.
HeteroMap computes the minimum delay mapping solution in For a circuit mapped into a heterogeneous FPGA, we assume
O(X_, K; -n-m logn) time for a circuit netlist with: gates different access delays for heterogeneous LUTSs but a constant

andm edges. HeteroMap also effectively minimizes the ardielay for the interconnectidnwhich is calledheterogeneous

of the mapping solution by maximizing the volume of each cut

and by the post-mapping packing operations_ We then study‘/lnthe rest of the papegateandnodeare used interchangeably for Boolean

the technology mapping problem for delay minimization fofetworks. _ o
5u is a predecessor afif there is a directed path frona to v.

heterogeneous FPGAgth bounded resources, where the Het- . i )
5The constant interconnection delay can be counted into the LUT delays such

eroMap algorithm cannot be applied directly, since HeteroMapy the interconnection delay can be set to zero. In general, interconnection

delays are highly dependent on the placement result. We choose to consider
3A minimum-heightK -feasible cut is @ -feasible cut with the minimum interconnection delay as constant as there is no good delay model available so far
height. The concepts df -feasible cut and the height of a cut are to be definedhich is able to accurately estimate interconnection delay in the logic synthesis
formally in Section II. phase. See Section VI for more discussions.

@

0] ©

ach type of LUTSs, respectively. Without loss of generaity,
scaled to one in remaining discussions.
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LUT-delay modelThe unit-delay model used in [4] for homoge-
neous FPGAs is a special case of the heterogeneous LUT-delay
model.

Given these definitions, the technology mapping problem for
heterogeneous FPGAs can be formulated as follows: Given a
K -bounded Boolean network and the heterogeneous FPGA
with or withoutbounded resources, transfofshto an equiva-
lent LUT networkN’ by making use of thavailableheteroge-
neous LUT resources such that the circuit delay and/or area are
minimized. The corresponding technology mapping problem
for delay minimization for heterogeneous FPG#&igh/without
bounded resources can be abbreviated as probMaHF-UR
and problenDM-HF-BR, respectively.

In this paper, our primary objective is to minimize the cir-
cuit mapping delay under the heterogeneous LUT-delay model
through technology mapping. Therefore, a mapping SOIUtionFi%. 3. A 3-feasible cut of node cut-size 3, edge cut-size 9, height 2.5, and
said to beoptimalif the mapping delay is minimized. The secvolume 9.
ondary obijective is to reduce the area used in the technology
mapping solution. Fig. 2(b) shows an example of mappingvéthoutbounded resources under the heterogeneous LUT-delay
combinational circuit into uniform 4-LUTs, which is done bymodel. It is applicable to an-bounded X < K;) Boolean
FlowMap [4], while Fig. 2(c) illustrates how the circuit is tonetwork. Given a general Boolean network as input, if it is not
be mapped into a heterogeneous FPGA with both 4-LUTs aaftbounded( K < K1), we first transform it into a two-input
5-LUTs, which can be achieved by the HeteroMap algorithgimple gate network by using any of the decomposition al-
presented in Section Il gorithms, such as teattecomp in SIS [17], DMIG [3], and

Given a networkV = (V(N), E(N)) with a sources and DOGMA [12]. The optimality of our algorithm holds not only
a sinkt, acut(X, X) is a partition of the nodes il(IV) such for two-input simple gate networks, but for ady-bounded
thats € X andt € X. Thenode cut set off (X, X), denoted (K < K;) general Boolean network as well.

C(X, X), isthe setof nodes iX that are adjacentto some node The HeteroMap algorithm has two phases. In the first phase
in X, i.e., (Section llI-A), according to the topological order from PI to

_ _ PO, HeteroMap uses the dynamic programing technique to com-
C(X, X) = {z: (z,y) € E(N),» € X andy € X}. pute the label for each node, which is the delay of the node if

The node cut-size ofX, X), denotedr(X, X), is the number implemented by a LUT in a delay-optimal mapping solution. In
of nodes inC(X, X). A cut (X, X) is K -feasibleif its node the second phase (Section 111-B), according to the reverse topo-

cut-size is no more thaft, i.e.,n(X, X) < K. Assuming that logical order starting from POs, HeteroMap generates the het-
each edgéu, v) has a n(,)nne,gativ’e capacitfu, v), then the €rogeneous LUT mapping solution based on the node labels and

edge cut-sizef (X, X), denotede(X, X), is the sum of the cuts computed in the first phase. Our algorithm also minimizes
P - the circuit area by maximizing the volume of each cut and by

capacities of the edges that go frothto X, i.e., : ' - i
the post-mapping packing operations (Section IlI-C). The de-
(X, X) = E c(u,v) tails are discussed in the following subsections.

wCX,vCX

A. Labeling Phase

Given aK-bounded Boolean network, let NV, denote the
subnetwork consisting of nodeand all the predecessors of
The label of ¢, denotedi(¢), is the delay oft in the optimal
heterogeneous LUT mapping solution &%. The first phase
of our algorithm computes the labels for all the nodesVin

Moreover, assuming that there is a given lal§e}? associated
with each node, theheightof a cut(X, X), denotech( X, X),

is defined to be the maximum label of the node<ifnX, X).
Thevolumeof a cut( X, X ), denoted-ol( X, X), is the number
of nodes inX, i.e.,vol(X, X) = | X|. Assuming that each edge

has the capacity of one, Fig. 3 shows a€lit X) in a network according to the topological order starting from the Pls. The

with given ”OS'e labels, where(X, X) = 3, (X, X) = 9, topological order guarantees that every node is processed after
(X, X) = 2.5, andvol(X, X) = 9. The darkened nodes are, | ¢ i hredecessors have been processed. For each Pknode
in the node cut set. we assign(u) = 0. Suppose that is the current node being
processed. Then, for each nodé ¢ in IV, the label (v) must
have been computed. By including/¥y an auxiliary node and
connectings to all the PIl nodes iV, we obtain a network with
In this section, we present a delay optimal technology map-as the source andas the sink. For simplicity, we still denote
ping algorithm, named HeteroMap, for heterogeneous FPGAsas N;. Fig. 4(a) shows a Boolean network in which gaigto
“I(v) will be used later on to denote the minimum mapping delay at mode be Iabe_led. Fig. 4(b) ShOWS the ConStrUCt.lon of the netwdrk
The computation procedure fév) will be described in Section IlI. Note that Assuming thatLUT(#) is the K-LUT that implements node
I(v) may not be an interger. in an optimal mapping solution a¥, under the heterogeneous

I1l. DELAY OPTIMAL TECHNOLOGY MAPPING FOR
HETEROGENEOUSF-PGAS WTHOUT BOUNDED RESOURCES
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t' is a predecessor of node( X, X) also determines &';-fea-
sible cut(X’, X’) in Ny with h(X’, X’) < h(X, X), where
X' = XNV (Ny)andX’ = X NV(N,). Moreover, according
to (2),1(t") < X', X’) + d;. Therefore](t) = (X, X) +
d; Zh(X/,X/)—i-dZ Zl(t/) |
According to (1) and (2), the key problem in computitig)
for nodet is to compute the minimum-heiglit;-feasible cut
(X;, X;) in N; to getl;(t) = hX;,X;) + d;, wherei =
1,2,..., ande. The computation of a minimum-heigkt-fea-
sible cut in the case of the heterogeneous LUT-delay model
is more complicated than that under the unit-delay model, al-
thoughi(¢) is monotone. First of all, we need to determine the
range of the minimum height of;-feasible cut inV;, denoted
Fraas ¢ Lemma 3: Let ¢t be a non-PI node in network, then
©

max{l(u) : v € input(t)}
Fig. 4. (a) The Boolean network in which gatds to be labeled. (b) The

construction ofV; and the computation of the minimum-height 4-feasible cutin —d; < Hy(1) < max{l(u) : v € input(t)}. (3
N, such thaf;(¢) = 3. (c) The computation of the minimum-height 5-feasible
guStinNt such thatz(t) = 2.5. (d) Determinind(¢) = min{l,(#),12(t)} = Proof: Since(N; — {t},{t}) is a K-feasible cut inV;,

I;(t) < max{l(u) : v € input(¢)} + d;. According to Lemma
2,1;(t) > max{l(u) : v € input(¢)}. Therefore, we can derive
LUT-delay model K mustbeK, K», ..., or K.. Suppose that the range ofH, (i) to bemax{l(u) : u € input(t)} — d; <

we can computé;(¢) for eachi = 1,2,..., andc, whichis the  H,(;) < max{l(v) : u € input(t)}. ™
minimum delay of nodé in the optimal mapping solution of  Based on (3), similar to the approach in [7] for homogeneous
Ny if ¢ is implemented by &(;-LUT. Then, labell(t) is the | UT mapping with the arbitrary fixed net delay model, we con-

minimum one among all(t) (¢ = 1,2,...,c). Thatis struct a sorted height array, denotdg. , (i),® which includes
_ all the distinct label$(«) (« € N,) that are in the range of (3).
[(t) = wmin §i(?). (1) The size of the height array is at mdsf,|. We can perform a

binary search over this sorted height array to determine the min-
Inorder to computé(t) foreachi = 1,2,...,andc, suppose imum heightH, (i) of which aK;-feasible cut is available, and

LUT;(¢) be theK;-LUT thatimplements node Let X; denote hencel;(t).

the set of nodes ibUT,(¢) and X, denote the remaining nodes WhetherN, has aK -feasible cut of heigh# or not can be

in Vy. Then,(X;, X;) forms ak;-feasible cut betweenandt tested efficiently using the following method [4]. We first apply
in N; because the number of inputslaf'T; (¢) is no more than a network transformation ofV; that collapses all the nodes in
K;. Moreover,l;(t) = h(X;, X;) + d;. Therefore, in order to N, with label > H, together witht, into the new sink’. Denote
minimizel;(¢), we want to find a minimum-heigtk’;-feasible the resulted network ad’;. It is proved in [4] thatlV; has a

cut (X;, X;) in IVy. Equation (1) can be rewritten as K-feasible cut of height{, if and only if N] has aK -feasible
_ _ B cut. To test whether there is H-feasible cut in/V/, we can
I(t) = min min (h(Xi; Xi)+d;)  (2) compute the min-cut iV} and check whether its cut size is

1<i<e(x, XIS K.- i . .
Sise(x;, %, Is K-feasible no more thank. In order to compute the min-cut iv/, we

Based on the above discussion, we have the following: ~ @PPly the approach proposed in [4], which converts the node cut

Lemma 1: The label(¢) computed by (1) gives the minimumProblem on; into a standard edge cut computation problem
delay of any mapping solution d¥;, under the heterogeneousO" & flow network transformed fromV;. The edge cut problem
LUT-delay model. can be solved by the augmenting path algorithm for max-flow

In Fig. 4, we assume that there are two types of LUTs, 4-LUT8in-cut computation. Assuming that the number of edge¥,in
and 5-LUTs, with delays of 1.0 and 1.5, in a heterogeneolfs™ We can determine iO(K; - m) time whetherlV; has a

FPGA device. Fig. 4(b) shows a minimum-height 4-feasibii-feasible cut of heightZ, and find one if such a cut exists.
cut, which leads td; () = 3. Fig. 4(c) shows a minimum- Since we can find thédg;-feasible cut ofminimum heighin

height 5-feasible cut, which leads kg(t) = 2.5. Then/(t) = Nt by performing th_e binary search on the sorted height array
min{3,2.5} = 2.5, and the LUT that implementsin the op- .. (¢) whose size is bounded ¥, |, we have the following.
timal mapping solution is a 5-LUT as shown in Fig. 4(d). Lemma 4: A minimum-heightK;-feasible cut inV; under
Lemma 2 (Monotone Property).eti(¢) be the label of node heterogeneous LUT-delay model can be foundifk; - m -
tandi(#) be the label of a predecesgbof ¢, theni(t) > I(¢). log|V:|) time wherem is the number of edges iN;.
Proof: Suppose that the type of LUT that notleses in ~ For eachi = 1,2,..., ¢, we computd;(#), and the label of
the optimal mapping solution d¥, is a k;-LUT. Then the cut nodet can be determined by (1) iR(3_;_; K; - m - log | Ny)

(X, X) formed t_:’y thisK;-LUT in NV, is a minimgm-height 80ur implementation can extract the sorted height affay . (i) in O(|V,|)
K;-feasible cut inVy, andi(t) = h(X,X) + d,. Since node time based on merge sort.
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Algorithm HeteroMap
/*phase 1: label networkx/
for each PI node v do
l(v) = 0;
for e(a;h non-PI node ¢t in N in topological order do
I(t) = oo
construct the network N¢;
p = max{l(u) : u € input(t)};
fori=1tocdo
get the height array Hy,,,, (7) which includes
all the distinct labels I(u)
(u € Nt and p — d; < l(u) < p});
compute the minimum height (H¢ (%))
K-feasible cut (X;(t), X;(t)) in Ny
by binary search on the height
array Hy,,,, (i);

Li(t) = He(3) + ds;
if i(t) > I;(t) then _
l(t) = Li(t); X(t) = Xi(t);
endif
endfor

endfor
/*phase 2: generate heterogeneous mapping solution*/
L = list of all the PO nodes;
while L contains non-PI nodes do
take a non-PI node v from L;
generate a LUT v’ to implement the function of v
such that input(v') = input(X(v));
L = (L —v) Uinput(v');
endwhile
end-algorithm;

Fig. 5. Pseudocode of the HeteroMap algorithm.

time, wheremn is the number of edges iN;. Applying the label
computation for each node iV according to the topological

order in the labeling phase, we have:
Theorem 1: GivenanetworkY with » nodes aneh edges, the mapping problem foheterogeneousPGAs withboundedre-

labeling process canbe don&M>_";_; K; - n - m - logn)time.

B. Mapping Phase

The second phase of the HeteroMap algorithm generategsgudopolynomial time optim_al_algorith_m for trees, while Sec-
delay optimal mapping solution based on the cuts computed“i?i” IV-C presents two heuristic algorithms for general net-
the first phase. This phase is similar to that in [4], except that tHETKS.

LUTs generated in our mapping solution can be heterogeneous.
We maintain a listZ of nodes that have to be implemented b\ Complexity of Problem DM-HF-BR
LUTSs. Initially, L contains those nodes that have fanouts to theWe shall investigate in this subsection the Computationa|

PO nodes. Then, we repeatedly remove a noftem L, create  complexity of theDM-HF-BR problem. In order to simplify
the LUT based o.UT(u) computed in the labeling phase, andhe description, we assume that there are two types of LUTs in
add intoL all the nodes innput(LUT(u)) whose LUTs have 3 heterogeneous FPGA;-LUT without resource limitation
not yet been created. The mapping phase ends wihenly and+ K,-LUTs (K, < K>, r is a variable), with delay ratio

contains Pl nodes. The entire second phase takes linear tigye; : ¢ (4 > 1). We first define the decision version of the
Itis not hard to see that the delay from any Pl to the output pfM-HF-BR problem.

LUT(u) is no more thar(w) in the resulting mapping solution.

Therefore, our algorithm maximizes the volume of each cut
during the minimum-heighk;-feasible cut computation. Ac-
cording to the description in Section IlI-A, the minimum-height
K;-feasible cut computation is reduced to a series of min-cut
[13] computations. Therefore, HeteroMap uses the approach
proposed in [4], which finds the maximum volume min-cut
with the same complexity as that of computing a min-cut. Note
that, however, the resulting minimum-height -feasible cut
may not be thenaximum volume minimum height -feasible

cut since only themaximum volume minimum height min-cut
is computed during each cut computation. In order to further
reduce the area, HeteroMap extends pinedecessor packing
operation, which was first introduced in [3] for homogeneous
mapping solutions, to minimize the numbergfLUTSs in the
heterogeneous mapping solution, where one LUT capacitity
can be different from another. If&,-LUT « (¢ = 1,2,..., 0r

¢) has a fanink,-LUT » (b = 1,2,..., or ¢), v has only one
fanout, andinput(u) Uinput(v)| < K,, thenv can be merged
into « such that the LUT implementing can be saved. This
operation is carried out in the mapping solution of HeteroMap
in the reverse topological order from PO to PI, and ends when
no such packing operations can be applied.

IV. DELAY-ORIENTED TECHNOLOGY MAPPING FOR
HETEROGENEOUSF-PGASwWITH BOUNDED RESOURCES

In this section, we shall study the delay-oriented technology
sources, where some 8%s have finite values as defined in Sec-

tion 1l. Section IV-A analyzes the computational complexity of
this problem. To solve the problem, Section IV-B presents a

Problem: Delay-bounded heterogeneous LUT mapping

Therefore, the mapping solution is optimal. The nodes that aith bounded resource®B-HF-BR)

never added intd do not need to be implemented since they are

Instance: Three integersky, K> (K1 < K3) andr (r >

completely covered by the LUTs implementing other nodes. 0), two real numbersd (¢ > 1) and B, and aK;-bounded
The HeteroMap algorithm is summaried in Fig. 5.

C. Area Minimization in the HeteroMap Algorithm

Boolean networkV.
Question: Under the heterogenoeus LUT-delay model

with d; = 1 andds = d, is there a mapping soultion @f with

The secondary objective of the HeteroMap algorithm &ny number of;-LUTs and no more than K>-LUTs, which
area optimization, which is considered by maximizing theas delay no more thaB?
volume of each cut during the mapping process and by theWe shall first show that thBB-HF-BR problem is NP-com-

post-mapping heterogeneous predecessor packing operatiptete for K
In general, the minimum-heighf{;-feasible cut (X;,X;)

> 5. The proof of the NP-completeness for

the DB-HF-BR problem is based on the polynomial time

computed in the labeling phase is not unique. Intuitively, theansformation from the 3-Satisfiability3GAT) problem to

larger vol(X;(t), X;(t)) = |Xi(¢)|, the more nodes we canthe DB-HF-BR problem. First, we define th8SAT problem,
pack into theK;-LUT ¢, which leads to fewer LUTs in total. which is a well-known NP-complete problem.
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Fig. 6. Transformation of 8SAT instance to aDB-HF-BR instance:
construction ofN (x; ) for variablex;.

(b)
Problem: 3-Satisfiability @SAT). Fig. 7. Transformation of 8SAT instance to éDB-HF-BR instance: the

. - construction ofV(C';) for variableC; and the possible packing operation on
Instance: A set  of Boo_lean variables X e;: (@) WhenK is odd andK'; > 5, or K; is even andk’; > 8; (b) When
{z1,22,...,2,} and a collection ofm clausesC = Fg, —s,

{C1,Cs,...,Cy}, where (i) each clause is the disjunction

(OR) of 3 literals of the variables gnd (i) _each clause contaiagernately coming from the firgtik; — 1) Pls of thek; Pls and

at most one of:; andz; for any variablex; in X. the last /; —1) Pls of the same set &, PIs. Thusys;, s, € S

Question: Is there a truth assignment of the variableXin (s; ¢ input(s,)), |input(s1)| = K1, |input(s2)| = K;, and

suchthalC; =1 (j = 1,2,...,m)? [input(s;) U (input(se) — {s1})| = K1 +1 > K;. Therefore,
We shall construct a polynomial time transformation thatone of two nodes it$ can be packed into the sanig -LUT.

transforms each instance3$AT to an instance dDB-HF-BR.  The outputs ofvariable nodese; andz; are connected to the

We shall relate the decision of the truth assignment of a Boolegérrespondingiteral nodesin the clause subnetworks to be

variable in an instancé of 3SAT to the decision of using constructed.

the K»-LUT implementation on a node in the corresponding For each clausé’; with three literals’}, 12, 2, we construct

network N of the DB-HF-BR instance. Since determining theg subnetworkV(C;) consisting of the following nodes.

truth assignment is difficult, we can show that determining the , £y internal nodes. denoted Zéle» 12 ande;;
1 VR 3

KQ-I__UT |mple_mentat|0n is also difficult. _ _ e (3-|(Ki—1)/2—1] + K1 — 1) PInodes & is odd and
Given an instanceF of the 3SAT with » variables K, > 5,0rK; is even and(; > 8) or (3- [(K, —1)/2—

T1,%2,...,%, andm clauses’;, Cs, ..., C,,, we construct a 1] + K;) Pl nodes K; = 6);

K1-bounded Boolean network corresponding to the instance  , ope PO node, denoted &% .

F as follows. _ The nodes are connected as shown in Fig. 7, wherand
Letd = |d]|. First, for each variable;, we construct a sub- (K; — 1) PI nodes form the fanin set @, , and the three

network N («;) that consists of the following nodes. literal nodes/?, %, andi? form the fanin set ok;. For each
« d + 3 internal nodes, denoted as, z;, a,a?,...,a¢, literal node, there is one fanin coming from the corresponding

andb;; variable node in the variable network. For instancé; i x;,

* (3 K; — 1) PInodes; (1 < iy < r), nodes;, in N(x;,) will be the fanin off}. For
* One PO node, denoted &%, . each literal node, there are anothék; — 1)/2 — 1] fanins

The nodes are connected as shown in Fig. 6, whésea}, a?, formed by Pl nodes. The subnetwal ;) in the case thak(;

...,a;’, z;, Ti, b, and O,, form a direct chain. Every in- is odd andk; > 5, or K is even andk; > 8 is illustrated in
ternal node inN(z;) and POO,, has K, fanins. LetS = Fig. 7(a). For the case df; = 6, another Pl is added as another
{al,a?,...,a? ,x;,%;}. Each node inS has one of its fanins fanin to one of the literal nodes, i.¢}, as depicted in Fig. 7(b).

1?0

coming fromanode € {PI,}US andthe othefk; —1) fanins The reason tha¥ (c;) is constructed in this way is to make sure
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that it is impossible to pack all the three literal nodesV((”;)  using theavailable heterogeneous LUT resources. The algo-

to ¢; using aK-LUT while it is always possible to pack two of rithm is based on the cut generation for trees. Assume that the

the three literal nodes iV(C;) to ¢; to form aK;-LUT (to be roott¢ of T hasf fanin nodess , va, ..., v (f < Ki). LetT,,

shown later). denote the subtree firooted aty; (1 < ¢ < f). Clearly, any cut
After connecting subnetwork¥ (¢;), j = 1,2, ..., m, with  of sizeW in T induces ari¥;-cut of 7;,., with Zj;l W, =W,

the subnetworksV(z;) (i = 1,2,...,r), the networkN ob- and vice versa. Lef’r(W) denote the set of cuts of siZ& in

tained isK;-bounded wherf{; > 3. It is clear that the trans- T, and defineCr(1) = ¢. It was shown in [5] that

formation defined above take€3(K; - (r - &’ + m)) time. The

following NP-completeness proof holds f&f;, > 5. Cr(W) = U (CTU1 (W1) x Cr,, (Wa)
We define packingi!.a?,..., anda? into z; to form a T
K,-LUT as pack K, (z;), and packing:!,a?,...,ad andz; o
into z; to form aK,-LUT aspack K»(z;). We now show that X - xX O, (Wf)) (4)

it is impossible to pack all the three literal nodesin(C;) o o
to ¢; using ak;-LUT. If K, is an odd number, each of thewhere the union is on all combinations &¥; such that
literal nodes hagk; — 1)/2 fanins. If all the three literal i Wi =W. o
nodes are packed intg;, the total number of fanins far; is Therefore, all the cuts of SiZ8 in a tree can be generated
3. (K, — 1)/2, which is larger thark; whenK; > 5. If K, based on the recursive eq_uat|0n (4), and the number of Cl_Jts
is an even number, each of the literal nodes (¥ss/2) — 1 generated accprdl_ng to (4) is bounded by a constant depending
fanins. If all the three literal nodes are packed iafothe total Only onW’, which is the(W — 1)th Ca;%!an numbef13], de-
number of fanins fore; is (3 - K1/2) — 3, which is larger NOtedcw—1, wherecy, = 1/(W + 1)(j;"). The total number
than K; whenKk; > 8. Similarly we can show that with the of W -feasiblecuts in a tree is thus bounded by, " c;.
subnetwork constructed fdf; =6 in Fig. 7(b), itis impossible L&t l.(p) be the minimum delay of nodewith p K»-LUTs
to pack all the three literal nodes M(C;) to ¢;. Therefore, it USed in the mapping solution &, we want to computé, (p)
is impossible to pack all the three literal nodes\itC; ) to ¢, foreactp =0,1,...,r, foreach node in7 from leaves to root
using ak;-LUT for K, > 5. However, we can always pack? in topological order using dynamic programming. The topo-
two of the three literal nodes iV (C; ) to ¢; to form ak;-LUT, !oglcal order guarantees that every node is processed after all of
denoted apack K (e;) (see Fig. 7). its predecessors have been processed. For eachvnoesfirst
By linking the variable assignment af = 1 for the3SAT generate ali,-feasiblecuts inZ;,, which include allx’; -fea-
instanceF with pack K (z;), and linking the assignment ofsi_blecuts inZ’, as well. Note that hode will be impl_er_nented
x; = 0 with pack K»(z;), we can show the following. either byK;-LUT or K,-LUT. We f|rst_ assume thatis imple-
Theorem 2: F is satisfiable if and only itV has a mapping mented byK; -LUT. For eachk’; -feasiblecut ¢ in T, we enu-
solution of delayd + 3 using K;-LUTs and no more than Merate all they K>-LUTSs’ distributions among the trees rooted

Ko-LUTs. at the cut nodes;, v, ..., us (s < K7) of this K -feasiblecut
The proof is given in the Appendix to this paper. ¢, then obtain the minimum delay efusing thisk; -feasible
Corollary 1: DB-HF-BR is NP-complete fo; > 5. cut by the following formula:

Proof: DB-HF-BR is in NP because given any mapping

solution with £ -LUTs andr K»-LUTSs, we can easily verify if lic,(p) = __ min { max I, (p;) + 1} . (5)

its delay is bounded by3. Moreover, the transformation from 2 py=p UISI=s

3SAT instance tdB-HF-BR instance takes polynomial time.
Finally, according to Theorem 2, tH&SAT question has an
YES answer if and only if th®B-HF-BR question has an YES
answer. Therefore, the NP-completenes88AT implies that
DB-HF-BR is NP-complete. [ |
Corollary 2: TheDM-HF-BR problemis NP-hard foK; >

J

Through checking all th&’; -feasiblecuts in7,, we can com-
putel, ,(p) for eachp = 0,1,...,r, which is the minimum
delay of nodev with p K>-LUTs used in the mapping solution
of T, if v is implemented by a#; -LUT. In a similar way, by
assuming that is implemented by<>-L UT, we check eaclk»-
feasiblecutc in 7,, and enumerate all the— 1 K>-LUTS' dis-
tributions among the trees rooted at the cut nadess,, . . ., v,

(s < K») of this K,-feasiblecut ¢, then obtain the minimum
delay ofv using thisK,-feasiblecut by the following formula:

Note that the construction &f does notapply wheR; < 4,
therefore, the complexity of the problemis still openfor < 4.

Although theDM-HF-BR problem is NP-hard for general cu(p) = B

pj=p—1

B. Delay Optimal Mapping for Trees
{;gag Ly, (ps) + d} - (6
S75S

=1

DAGs, we shall show in this section that it can be solved op-
timally in pseudopolynomial time for trees using the dynamic Through checking all th&>-feasiblecuts inZ,,, we can com-
programming technique. putel,,(p) for eachp = 0,1,...,r, which is the minimum

Assume that there are two types of LUTs in a heterogeneadeday of nodey with p K»-LUTs used in the mapping solution
FPGA, K;-LUT without resource limitation ang K>-LUTs of T, if v is implemented by ad(,-LUT. Thereforel,(p) =
(K1 < K3), with delay ratio ofl : d (d > 1). Given atreél’, min{l;,(p),l2,(p)} for eachp = 0,1,...,r. For the roott,
we want to compute the mapping solution Bwith minimum [, (») gives the minimum mapping delay @f using K;-LUTs
mapping delay under the heterogeneous LUT-delay model éyd no more than K,-LUTS.
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Based on the above description, for every neda 7" and 800 " Number of 11-LUTs g
every K -feasiblecut c in T, it takesO(r - 7%1) time to com- 700 HmRerol T el =
pute alll.,(p) (p = 0,1,...,7) as in order to compute each
l1.,(p), maximally O(p™+) time is needed to enumerate all  § %]
thep K--LUTS’ distributions among the trees rooted atthe cut @ 500 |
nodesw;,vs,...,us (s < Kj) of this K;-feasiblecut ¢; for 2
every K,-feasiblecut ¢ in Ty, it takesO(r - #%2) time to com- = 400
pute alll.,(p) (p = 0,1,...,r). Since the total number of g 300 |
K»-feasiblecuts in the tree rooted at every nadis bounded by g
S 12t ¢, whereg; is theith Catalan numberthe complexity Zz 200 ¢
of the above algorithm i©(n - 72 ¢; -7 - (151 4 pK2)), 100
wheren is the number of nodes if.

Itis not hard to see that this algorithm can be easily extended 0 1 2 3 4 5 o

for heterogeneous FPGAs withtypes of LUTs(¢ > 2), g of

which have resource limitations, specified by K;-LUTS, 72

K>-LUTs anqu K4-LUTs, respectively. We shall then COM-Fig 8. The number of 11-LUTs used by HeteroMap with resepect to different

putel,(p1,p2,...,04) (0 < p1 < 71,0 < po < 79,...,0 < delay ratios between an 11-LUT and a 4-LUT.

py < 1y), for each node in tree’, instead of,(p) (0 < p <
r), and the complexity become(n - S/ e [T, 7y -

Delay ratio of an 11-LUT vs. a 4-LUT

" Real circuit &ielay —_—

Sy Hq_l K1), whereK,, = max; <;<. K;. This algorithm 6.4 |
is conS|dered to be polynomial if the sizes of the heterogeneous
LUTs are taken as the constants. Therefore,DiM:HF-BR 62 |

problem can be solved optimally in pseudopolynomial time for
trees. This result, however, is mainly of theoretical interest as
explained in Section I1V-C.

Real circuit delay
(o]

58

C. Delay-Oriented Mapping for DAGs
Most of the combinational circuits are general DAGs instead

of trees. If we decompose the general DAG into independent 561

trees before mapping, in order to solve th-HF-BR 4 45 5 55 5
problem we have to try all possible distributions of the LUTs

with bounded resources among the independent trees, which Delay ratio of an 11-LUT vs. a 4-LUT

will result in very high complexity. Therefore, we do not
intend to use the optimal tree mapping algorithm for gener@f
DAGs. Instead, we develop two efficient heuristics, BinaryHM
(Section 1IV-C1) and CN-HM (Section IV-C2) to solve this
problem. Both use the HeteroMap algorithm presented inGiven a delay ratial, HeteroMap uses as mady,-LUTs
Section IIl to compute a delay-optimal heterogeneous LUAS hecessarnto achieve the minimum delay for every node
mapping solution without resource constraints under a givéh /. However, if we increase the delay ratio &f;-LUT
heterogeneous LUT delay ratio. versusK»-LUT from the original delay ratiod, all the way

1) The BinaryHM Algorithm: We assume that there are twd® Drm (), we expect to see that HeteroMap will generate
types of LUTs in a heterogeneous FPG#,-LUT without re- Mapping solutions using fewer and fewsh-LUTs as Het-
source limitation ana K»-LUTs (K, < K>), with delay ratio €roMap will tend to use,-LUTs on the nodes which have
of 1: d (d > 1). BinaryHM intends to use a limited number ofore delay reduction with thé&(,-LUT implementation over
K,-LUTs on those nodes that can help the overall delay mirfie K1-LUT implementation. When the delay ratio reaches
mization in a most significant way. For a Boolean netwoik Drm(4V), HeteroMap will produce exactly the same mapping
let Dypv (V) denote the minimum mapping delay 8t We can solution as FIowMap, as using amy.-LUT will not lead to
determine the lower and upper boundIdf;y; (V) as follows. Petter mapping solution. For example, with =4 andK, =
Let Dpy(N) be the minimum mapping delay obtained byl F|_g. 8 shqws how the number of 11-L_UTs us_ed in the
FlowMap using onlyK;-LUTs. Clearly, Dpy(N) is an upper Mapping solution of HeteroMap decreases with the increase on
bound of Dy (V), ie., Dyo(N) < Dpm(N), since the the delay ratio of an 11-LUT and a 4-LUT. Assuming that the
FlowMap solution does not use ady,-LUTSs. Let Dy (V) original delay ratio of an 11-LUT versus a 4-LUT is four, by
be the minimum mapping delay obtained from HeteroMasing this delay ratio, the mapping delByu (V) achieved by
using K -LUTs and K,-LUTs with delay ratio ofl : d. Since HeteroMap is the lower bound d\i(2V). Fig. 9 shows how
Dum(N) is obtained without any resource constraint, it is thée overall circuit delay obtained by HeteroMap (the circuit

lower bound ofDy (V), i.e., Dun(N) < Dy (N). Thus  delay is computed by using the real delay raio) changes when
we increase the delay ratio which results in the decrease of the

Dpv(N) £ Dym(N) € Dy (N). (7) number of 11-LUTs used in the mapping solution.

9. Thereal circuit delay obtained by HeteroMap with resepect to different
lay ratios between an 11-LUT and a 4-LUT.
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Therefore, by doing a binary search on the delay ratio ekarch. If the condition is met, CN-HM will perform a Het-
K1-LUT versusK,-LUT within the rang€gd, Dpy(V)], Bina-  eroMap labeling procedure on tleeitical nodes inN’. Then,
ryHM will eventually find a mapping solution which uses nasimilar to BinaryHM, CN-HM performs a binary search on the
more than K>-LUTs and has the minimum mapping delay [irdelay ratio of K;-LUT versus K>-LUT with the range from
the range specified by (7)]. the original delay ratio ofl to D, and applies HeteroMap

For a netlistV with n» nodes andn edges, the length of the with the given delay ratio to check whether no more than
delay ratio rangéDpn (N ) —d) is at most. Thus, if the granu- » K>-LUTs can be used iV’ such that the delay oV’ is
larity of the binary search over the delay ratict6f-LUT versus  bounded byD;,;. For a mapped netlisv’ with »’ nodes and
K>-LUT is selected to bgy, BinaryHM will go through the m' edges, the delay target rangB(N’) — Dyn(N')) is at
HeteroMap algorithm folog(n/g) times. Therefore, the com- most»’. If the granularity of the binary search over the circuit
plexity of the BinaryHM algorithm i®)(log(n/g)-(K1+K2)-n-  delay targetD, is set to beg, and the granularity of the
m-logn). For the experimental results reported in Section V-Biinary search over the delay ratio &% -LUT versusK»-LUT
the value ofg is set to be 0.1. is set to beys, the complexity of the CN-HM algorithm will be

2) The CN-HM Algorithm:Our second heuristic, namedO(log(n’/g1) - log(n'/g2) - (K1 + K2) - n' - m’ - logn’). For
CN-HM, is a post-mapping approach. Given an original urthe experimental results reported in Section VgBis set to be
mapped network, FlowMap is first applied to mapinto a 1.0 andg- is set to be 0.1.

K1-LUT netlist N/ of the minimum mapping delay. Then in  In summary, BinaryHM operates on the original unmapped
the post-mapping procedure, CN-HM further minimizes tharcuit and performs a binary search on the delay ratio of
circuit delay using no more thank>-LUTs by focusing on the K;-LUT versus K>-LUT such that HeteroMap can eventu-
most delay-critical nodes i¥’ for each circuit delay target. Let ally obtain the mapping solution with a feasible number of
Dy (N') be the minimum mapping delay 6f'. Similarto Bi- K»-LUTs used and the circuit mapping delay minimized.
naryHM, we first determine the range Bhin (N'). Let D(N’)  Instead, CN-HM takes the mapped circuit with each node as a
be the current delay @¥’, in which each node is&A;-LUT. Let K;-LUT and performs a binary search on the minimum delay
Dy (N7 be the minimum mapping delay 8f’ if there is no of the circuit to get a delay target at each time. For each delay
constraint on the number df>-LUTs used onV’. Dy (N’)  target, CN-HM identifiescritical nodes and again performs a
is obtained by performing a labeling procedure, similar to thatnary search on the delay ratio &f;-LUT versusK,-LUT,

in HeteroMap, onV’, except that for each nodein N’, the such that HeteroMap can check whether the delay target is
possibleK;-LUT implementation on is v itself since CN-HM feasible or not.

is a post-mapping approach. Cleady V') is the upper bound

of Dyivi(N'). Dum(N') is the lower bound oDy (N'), as V. EXPERIMENTAL RESULTS AND COMPARATIVE STUDY

Dy (N') is obtained by using as mad,-LUTs asnecessary

to minimize the delay for every node i¥f. Therefore, we have We have implemented HeteroMap, BinaryHM, and CN-HM

in the C language on the SUN ULTRA SPARC Workstation and
integrated them into the RASP system developed at the Univer-
sity of California at Los Angeles (UCLA) [8]. We present the
(Iexperimental results of HeteroMap on heterogeneous FPGAS
Rithoutbounded resources in Section V-A and the experimental

, y S .
Efml\;.(N ), DN 2]] Eilr f";’\‘/lchdc'r?;.'t delﬁr::.;g@ltgt c:jurln_g results of BinaryHM and CN-HM on heterogeneous FPGAs
€ Dinary search, ) iaentities a itical nodes N hqer resource constraint in Section V-B.

N’, and some of these critical nodes’ delays have to be reduce
|n.qrder to achieve the overall mrgmt delay targb‘tg.t' These A. Delay Optimal Technology Mapping for Heterogeneous
critical nodes altogether form eritical graphG.., with these )
. : L ; FPGAs Without Bounded Resources
critical nodes as the vertices and their interconnections in
N’ (critical paths) as edges. The concept of critical graph (or We first compare FlowMap [4] and HeteroMap on XC4000
network) has been used extensivelysipeed-upa well-known series FPGAs, which can implement circuits with 4-LUTs and
timing optimization algorithm for combinational logic [18].5-LUTs with delays equal to 1.0 and ¥.5respectively. For
The critical graph represents the most timing critical portiofdowMap, we set’ = 5 such that after mapping, the five-
of the logic. By considering the critical graph for each circuifiput nodes will be implemented in 5-LUTs, and the remaining
delay target, CN-HM can avoid consuming the limited numbé&odes will be implemented in 4-LUTs. The mapping compar-
of K,-LUTs on noncritical nodes during the circuit delayson results between FlowMap and HeteroMap are summarized
minimization. in Table I. The Dly,,” in columns 2 and 7 is the critical path
Observation 1: N’ has a mapping delay of no more tharfi€lay in the mapped network under the heterogeneous LUT-
Dyg: Using no more than K,-LUTs only if the size of the min- delay model. The PLB number in columns 3 and 8 comes from
imum cut inG., is no more than.. packing every two 4-LUTs into one PLB and leaving all 5-LUTs
CN-HM first checks whether a delay targét.; can or as independent PLBs. “A-mean” and “G-mean” represent arith-
cannot be obtained according to the necessary conditi#¢tic mean and geometric mean, respectively. Table | shows

depicted in Observation 1 before any further operation is _ _ o
9The delay ratio of 4-LUT versus. 5-LUT implementation in a XC4000 PLB

performed. If the necgssary condition is not met, CN'HM Wigtructure is determined based on the timing characteristics specified in [20] and
locate a less agressive delay tardef,. through the binary the best performance by HeteroMap in terms of the post-layout delay.

Dum(N') < Dvm(N') < D(N'). 8)

CN-HM performs a binary search over the interv



CONG AND XU: PERFORMANCE-DRIVEN TECHNOLOGY MAPPING FOR HETEROGENEOUS FPGAS 1277

TABLE |
THE COMPARISON BETWEEN FLOWMAP AND HETEROMAP ON XC4000 SRIESFPGAs

FlowMap HeteroMap \
Circuits | Dly,, | PLB | PLB,ns5 | CPU (5) | Dly; (us) | Diym | PLB | PLBpaz | OPU (s) | Dly; (ns)
alu2 13.50 117 87 1.80 75.43 10.50 114 98 7.70 70.94
apex4 8.50 1061 877 67.30 99.77 6.50 691 581 33.40 91.88
C5315 10.50 363 259 10.90 83.55 10.00 327 276 191.90 67.62
C7552 10.50 431 341 15.20 78.50 8.00 390 343 84.80 65.73
9sym 7.00 80 63 0.70 42.32 5.50 77 65 0.80 43.02
9symml 7.00 48 40 0.50 41.13 5.50 48 43 0.40 38.07
bl2 6.50 126 91 1.30 43.95 6.00 122 102 1.40 48.98
clip 6.00 107 75 1.10 44.11 5.00 101 88 0.90 41.31
des 7.00 1033 778 92.70 * 6.00 823 706 36.00 *
ex5p 8.00 794 526 34.60 99.28 6.50 745 603 59.00 91.10
rd73 6.50 91 69 0.90 46.26 5.00 76 70 0.70 49.08
rd84 7.50 207 166 2.80 57.56 6.00 177 136 3.10 64.65
sa02 6.00 66 49 0.60 38.07 4.50 49 42 0.40 34.79
TOTAL | 104.50 4524 3421 230.40 749.93 85 3740 3153 420.50 707.19
A-mean 8.04 348 263.15 17.72 62.49 6.54 | 287.69 242.54 32.35 58.93
A-% 1 1 1 1 1] -19% | -17% -8% +83% -6%
G-mean 7.80 | 203.48 153.66 3.90 58.71 6.33 | 178.36 151.95 5.37 56.07
G-% 1 1 1 1 1 -19% -12% -1% +38% -4%

that HeteroMap reduces 19% of the mapping delays and 1Té&tnaining nodes by 4-LUTs. The results are shown in Table II.
of the PLB numbers over FlowMap. In order to compare the area in the mapping solution, let
Match4K [8] is an intelligent post-mapping multistepr = (area of(K + 1)—LUT)/(area ofK —LUT). In Table I
matching heuristic for XC4000 device family. One of itave setr = 2 based on the SRAM cell count, which assumes
features is to implement a 5-LUT using a partial XC400¢that the area of each 4-LUT, 5-LUT and 6-LUT is one, two,
PLB, which can significantly reduce the PLB number in thand four, respectively. Under this assumption, HeteroMap
mapping solution. To take advantage of the Match4K algorithraduces 11% of the mapping delays and 20% of the area, when
in XC4000 mapping, we also compare FlowMap followed bgompared with FlowMap. In general, the area ratia-ahay
Match4k with HeteroMap followed by Match4K, and perforrmot be 2 due to the additional logic and interconnects in a PLB.
layout using Xilinx Alliance 1.4 FPGA development systenTo make a more accurate area analysis, we perform a sequence
on the mapping solutions. The comparison results are alsotests withl < » < 3 and plot the results in Fig. 10 to
summarized in Table I. The post-layout delays are reportstiow the area comparison between FlowMap and HeteroMap.
by Xilinx Alliance 1.4 FPGA development system. AfterHeteroMap outperforms FlowMap on area whei 1.5, and
Match4K, HeteroMap can still reduce 6% of the post-layous always better than FlowMap in terms of the delay.
delays (Dly;”) and 8% of the PLB numbers over FlowMap
(“.PLB’"‘““")' Although the run time of He.ter.oMap IS s_,hghtly B. Delay-Oriented Technology Mapping for FPGAs with
higher than FlowMap, the overall compilation time is domg MBs
inated by the layout design performed by the Alliance 1.
system. Furthermore, if we impose the same set of timingWe tested BinaryHM and CN-HM on MCNC benchmarks
constraint® for both FlowMap and HeteroMap mappingon Altera FLEX10K device family [2], which can be taken
solutions during the layout design, it will take Alliance 1.4s the heterogeneous FPGAs with 4-LUTs and a limited
system three to four times longer CPU time to meet the timimpmber of 11-LUTs. The technology mapping comparison
constraints on the FlowMap mapping solutions than the onessults are summarized in Table Ill, where the BinaryHM
generated by HeteroMap. and CN-HM algorithms are compared with FlowMap [4]
A heterogeneous FPGA could consist of three or more typesich only uses 4-LUTs, and HeteroMap which uses both
of logic blocks. In order to show more clearly the benefits af-LUTs and 11-LUTs, and the number of 11-LUTs used by
exploring heterogeneousness in technology mapping, we telgteroMap could exceed the resource bounds. In FLEX10K
FlowMap and HeteroMap on a hypothetical heterogeneodsvices, the delay ratio between 4-LUT and 11-LUT is 1:4.
FPGA architecture which consists of three types of LUTBor BinaryHM and CN-HM, the number of 11-LUTs (EMBS)
with input sizes four, five, and six, and the delays 1.0, 1.2&yailable (tmb,”) is determined by the smallest FLEX10K
and 1.5, respectively. For FlowMap, we skt = 6 such device into which this circuit can be fitted. The experimental
that after mapping each six-input node is implemented lgsults show that compared with FlowMap using only 4-LUTs,
one 6-LUT, each five-input node by one 5-LUT, and alboth BinaryHM and CN-HM can reduce more than 20% of

the circuit mapping delays Dly,,,”) and 27% of the 4-LUT
10The timing constraint for each circuit is obtained by taking the minimu pping ys Dly,,") 0

m 13 e H + 1 H
post-layout delay of FlowMap and HeteroMap mapping solutions with taf€a (“4-LUT") by making effICI-ent use of thavailable
layout design without timing constraints and multiplying it by 0.9. heterogeneous LUTs. Moreover, in order to meet the resource
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TABLE I
COMPARISON BETWEEN FLOWMAP AND HETEROMAP ON A HETEROGENEOUSFPGAWITH THREE TYPES OFLOGIC BLOCKS
FlowMap HeteroMap
Circuits | Dlym | Area | 4-LUT | 5-LUT | 6-LUT | Dlym | Area ] 4-LUT | 5-LUT | 6-LUT
alu2 10.00 326 38 40 52 9.25 260 96 38 22
apex4 7.50 2994 200 363 517 6.25 2047 949 367 91
C5315 8.75 1007 161 61 181 8.50 807 393 67 70
C7552 8.50 1024 172 180 123 7.00 948 350 171 64
9sym 5.50 226 8 23 43 5.25 174 80 21 13
9symml 5.50 133 9 8 27 5.25 111 41 7 14
b12 5.50 340 24 38 60 5.25 334 102 34 41
clip 5.25 278 32 37 43 4.50 242 122 24 18
des 4.50 1615 197 5 352 4.00 1558 376 57 267
ex5p 7.25 2543 93 151 537 5.75 1925 619 201 226
rd73 5.75 222 36 15 39 5.00 193 91 11 20
rd84 7.00 494 34 64 83 5.75 405 147 55 37
5202 4.50 161 19 27 22 4.00 140 56 24 9
TOTAL | 85.50 11363 1023 1012 2079 | 75.75 9144 3422 1077 892
A-mean 6.58 | 874.08 78.69 77.85 | 159.92 5.83 | 703.38 263.23 82.85 68.62
A-% 1 1 1 1 1§ -11% -20% | +235% +6% -57%
G-mean 6.38 | 520.80 46.65 40.57 89.64 5.65 | 436.47 168.63 45.09 39.01
G-% 1 1 1 1 1] -12% -16% | +262% | +11% -57%
900  FlowMap Area ~— 1 13 benchmarks ranging from 200 gates to 3000 gates (four of
HeteroMap Area -+

them have over 2000 gates).

100 In order to show the effectiveness of our algorithms on the
1400 ¢ final circuit layout delay, we use the FPGA development system
& 1200 | MAX + PLUS 11 9.01 [2] to perform layout on all the mapping
g 1000 | solutions obtained from FlowMap, MAX- PLUS Il itself, Bi-
2 naryHM and CN-HM, and sumarize the results in Table V. The

800 experimental results show that both BinaryHM and CN-HM are

able to reduce 12% and 6% of the circuit layout delay3iy{;")
over FlowMap and MAX+ PLUS II, respectively.

600 r

400 ¥

200

112 14 16 18 2 22 24 26 28 3 VI. CONCLUSIONS AND FUTURE WORK

' In this paper, we studied the technology mapping problem

Fig. 10. Area comparison between FlowMap and HeteroMap with respectfor heterogeneous FPGAgith or without bounded resources
the area ratio of A’ +1)-LUT and K-LUT. under the objective of delay optimization. We presented the
first polynomial-time delay optimal technology mapping algo-

constraints, BinaryHM and CN-HM consume much fewetithm, named HeteroMap, for heterogeneous FP®4#Athout
11-LUTs (“emb,”) than HeteroMap does. Although for somebounded resources. We further showed that the delay minimiza-
circuits, not all the available 11-LUTs are used for delatjon technology mapping problem for heterogeneous FPGAs
minimization in BinaryHM and CN-HM, they can be usedvith bounded resources is NP-hard for general networks, but
later on by EMBPack, an algorithm proposed in [9], to furtheican be solved optimally in pseudopolynomial time for trees.
minimize the circuit area while maintaining the circuit delaywe then presented two heuristic algorithms, named BinaryHM
As an example, we also showed in Table Il the circuit areend CN-HM, to solve this problem for general networks. Het-
and the number of EMBs used eventually by CN-HM followedroMap, BinaryHM and CN-HM produced favorable results on
by EMB_Pack (“CN-HM + EP”) as the postprocessing. TheMCNC benchmarks on commercial heterogeneous FPGAs.
number of 4-LUTs in the mapping solutions obtained by the From the experimental results of the HeteroMap algorithm
Altera FPGA development system MAX PLUS 11 9.01 [2] is for XC4000 series FPGAs, we can see that the post-layout delay
shown in the last column of Table Il (“MAX”). From Table Ill, is not reduced as dramatically as the mapping delay over the
we clearly see that through the effective use of EMBs under thtowMap algorithm. One of the main reasons is that the inter-
resource constraints both BinaryHM and CN-HM reduce thmnnection delay, in addition to the LUT delay, ought to be ap-
delay and area of the mapping solutions considerably over thr@priately modeled and optimized during mapping in order to
state of the art of academic algorithms and commercial toolsachieve the fullly optimized FPGA design. This will be an im-

The CPU time comparison is summarized in Table IV. Fromortant future direction in our research. Also notice in Table IlI
Tables Il and IV we can see that both BinaryHM and CN-HMhat our algorithems are unable to use the available EMB re-
are fairly efficient, using less than 40 min of CPU time for alsources for delay minimization on circuitkesand ex5p One
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TABLE Il
MAPPING COMPARISONAMONG FLOWMAP, HETEROMAP, BINARY HM, AND CN-HM oN FLEX10K DeVICE FAMILY

FlowMap HeteroMap BinaryHM CN-HM CN-HM+EP | MAX
Circuits | embg | Dlys 4-LUT | Dly,, 4-LUT emby | Dlym 4-LUT emby [ Dlys, 4-LUT emby 4-LUT emb, | 4-LUT
alu2 3 11 192 4 3 3 4 3 3 4 3 3 3 3 165
apex4 8 7 1239 4 34 17 6 576 8 6 577 8 577 8 1085
C5315 10 10 593 9 569 4 9 569 4 10 601 0 536 10 485
C7552 9 9 666 8 624 10 8 639 5 9 680 0 608 9 587
9sym 3 6 141 4 0 1 4 0 1 4 0 1 0 1 100
9symml 3 6 97 4 0 1 4 0 1 4 0 1 0 1 7
b12 3 6 225 4 50 4 50 2 4 49 2 29 3 67
clip 3 5 190 4 85 2 4 85 2 4 85 2 85 2 155
des 15 6 1579 5 719 64 6 1579 0 6 1579 0 1573 1 1745
ex5p 6 7 1302 4 59 35 7 1302 0 7 1302 0 1283 4 1305
rd73 3 5 150 4 33 2 4 33 2 4 33 2 0 1 51
rd84 3 6 294 4 3 4 3 3 4 3 3 3 3 269
sao02 3 5 90 4 64 1 4 64 1 4 64 1 64 1 105
TOTAL 72 89 6758 62 2243 145 68 4903 32 70 4976 23 4761 47 6196
A-mean | 554 | 6.85 519.85| 4.77 172.54 11.15| 5.23 377.15 2.46 | 5.38 382.77 1.77 | 366.23  3.62 | 476.62
A-% N/A 1 1] -30% -67% 11| -24% -28% -78% | -21% -26% -84% -30% -68% -8%
G-mean | 4.61 | 6.62 324.83| 4.57 0 415 4.99 0 0| 5.08 0 0 0 2.51 | 247.92
G-% N/A 1 1] -31% N/A 1| -27% N/A N/A| -23% N/A N/A N/A -40% -24%
TABLE IV TABLE V
CPU GOMPARISON AMONG FLOWMAP, HETERGM AP, BINARY HM, AND LAYouT COMPARISON AMONG FLOWMAP, MAX + PLUS II, BINARYHM, AND
CN-HM oN FLEX10K DevVICE FAMILY CN-HM oN FLEX10K DevVICE FAMILY
FlowMap | HeteroMap | BinaryAM | CN-HM _ |FlowMap MAX+PLUS IT | BinaryHM | CN-HM
Circuits | CPU (s) | CPU(s) | CPU(s) | CPU (s) Circuits | Dly; (ns) | _ Dly; (ns) | Dly; (ns) | Dlyy (ns)
22 1.10 1.00 288.40 50.20 alu2 53.60 56.60 29.90 29.90
apexd 10.60 9.40 64.40 |  21.30 é%‘;"l‘z ??,'23 gz-gg gg'gg gg'ég
C5315 5.40 85.80 1267.50 6.80 : : : .
C7552 10.80 42.50 562.90 |  15.10 C7852 80.00 80.10 79.60 | 76.60
9sym 0.30 0.20 0.90 0.40 9sym 35.40 28.80 28.40 28.40
9symml 30.20 30.70 28.40 28.40
9symml 0.20 0.20 0.60 0.30
b12 0.70 0.50 1.80 0.80 b1.2 37.00 26.90 29.20 30.00
clip 0.40 0.40 1.20 0.50 (cihp 30.70 34.80 29.30 29.70
des 11.70 9.50 60.90 12.90 es 83.40 66.60 75.60 76.30
ex5p 16.10 9.80 85.30 34.90 ex5p 54.60 56.90 57.00 52.30
rd73 0.40 0.30 1.10 0.40 rd73 32.20 25.70 29.10 29.10
rds4 1.10 0.90 3.90 1.40 rd84 38.40 35.30 28.50 28.50
5802 0.20 0.20 0.60 0.20 8202 29.30 25.90 29.60 29.90
TOTAL 613.60 577.70 549.80 541.80
Xﬁgﬁ si:gg 1?2:;2 2??3;22 lﬁfg A-mean 47.20 44.44 4229  41.68
A% 1 27 39.7 2.5 A-mean 1 -6% -10% -12%
G-mean 1.50 1.74 12.62 2.61 G-mean 44.31 41.24 38.94 38.59
G-% 1 1.2 8.4 1.8 G-% 1 -1% -12% | -13%

for heterogeneous FPGAs and extend our algorithms to handle

of the reasons is that these two circuits are Iargt_e in size (Combre general delay models in heterogeneous FPGA designs,
pared to the other benchmarks we use) butsmall in depth’thnich will take both interconnection delays and the LUT

\rrvakels It ?'ﬁ'cu“ forl_ourtslgorthrqi 0 TmITII'Ze tthhelr dellf_‘ylsdelays into consideration. We also expect to use our mapping
€ pian fo generalize the aigorithms to ulilize the multip e'Igorithms to evaluate different types of heterogeneous FPGA

OUtPUt gonﬂgurauons of EMBS'.Th'S IS expected to be m(,?re_ ei'rchitectures to achieve better performance and area utilization.
fective in terms of delay reduction using EMBs for “wide” cir-

cuits like desandex5p APPENDIX

We believe that in order to obtain high density and high
performance, heterogeneous FPGAs with or without resource T - COMPLETENESSPROOF OF THEDB-HF-BR FROBLEM
constraints are the future trend of the FPGA architecture de-\We start with a lemma about the transformation from a satis-
velopment. We shall continue working on technology mappirfegable 3SAT instance to a delay-bound@&B-HF-BR instance.
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Lemma 5: If F is satisfiable, thedV has a mapping solution delay of the POs in those subnetworks will be no less than
of delayd + 3 using K1 -LUTs and no more than K>-LUTs.  d’' + 4, which is larger than! + 3. Therefore, if for some,
Proof: Let v(x;) be the value oft; in the truth assign- neitherpack K»(x;) nor pack K»(Z;) is performed,z; does
ment that satisfies. We compute the mapping solutiad  not have any fanout, implying that is not in any clause aof.
as follows. Fori = 1,2,...,r, if v(z;) = 1, we perform Lemma 7:In a mapping solution ofV with delay bound
pack K>(x;), otherwise, performpack K»(z;). Clearly, in of d + 3 using K;-LUTs and no more tham K,-LUTSs, for
each subnetworkV(xz;), exactly one ofpack K,(z;) and eachN(C;), j = 1,2,...,m, at least one of the operations
pack K»(X;) is performed, and exactly K»-LUTs are used pack Ka(xz;, ), pack K»(xz;,) andpack K»(z;,) must be per-
in total. If pack K»(z;) is performed, the delay of; is d and formed, wherer;, , z;, andz;, are the variable nodes for clause
that of 7; is d + 1. If pack K»(z;) is performed, the delay of C;.
z; isd’ + 1 and that ofz; isd (d < d’ + 1). On the other hand, Proof: If for some claus€’;, none of the above operations
because the assignment satisfféseach claus€’; contains at are performed, all the variable nodes of this clause will have
least one literal with value one, corresponding to a literal nodelays larger thaw such that all the three literal nodes have
in subneworkV (C;) whose variable node in some subnetworkelays larger thad+ 1. The delay ofD¢,, hence, will be larger
N(z;) is packed with its predecessors, and the delay for thisand+ 3, no matter howpack K (¢; ) is performed. Therefore,
variable node igl. Thereforepack K (¢;),j =1,2,...,m,is atleast one of these operations must be performed. [ ]
performed to pack the literal nodes (at most two), which have According to Lemmas 6 and 7, if a mapping solution using
delays larger thad + 1 since their variable nodes’ delays ard{;-LUTs andr K>-LUTs satisfies the delay bound @ 3, it
larger thary, into ¢; to reduce the delay of; to no more than will be similar to the one we constructed in the proof of Lemma
d+2. 5.
We now compute the delay of the mapping solution. There Lemma 8: If N has a mapping solution of delay+ 3 using
are three types of paths from the Pl nodes to the PO nod¥€s inK;-LUTs and no more than K»-LUTSs, thenF is satisfiable.
Proof: The truth assignment foF is constructed as fol-

* Paths entirely insideN(z;). Since exactly one of lows. For each variable; of F, if pack K»(x;) is performed in
pack Kx(x;) and pack K»(;) is performed, the delay y,, mapping solution, we assigfw;) = 1; E)th)erwise we assign
of z; is eitherd or d + 1, both of which are no more thanv(xi) = 0. For any claus€’;, according to Lemma 7, there is at

d+ 1. Therefore, the total delay along the path is no MOl&ast one variable node, on which theck K> operation is per-

thand + 3. formed and whose delay é§ which implies that”; is satisfied.

* Paths entirely insideV(C;). No such paths have delayTherefore, every clause & is satisfied by the assignmentm
more than3 < d + 3.

* Paths fromN (x;) to N(C;). According the above anal-
ysis,pack K1(e;), j = 1,2,...,m, is performed to pack ACKNOWLEDGMENT
the literal nodes (at most two), which have delays larger 1o athors would like thank Y.-Y. Hwang, J. C. Peck, Jr.

thand + 1, into ¢; to reduce the delay of; to no more ;4 ¢ \wy for their discussions and the anonymous reviewers
thand + 2. Therefore, the delay aP.;, is no more than for their helpful comments

d+ 3.
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