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Abstract— It is difficult for LUT-based FPGA technology
mapping to generate a power-minimal K-input LUT network
with minimum depth at one time because a problem for
power-minimization was shown to be NP-hard[5]. A prob-
lem for area-minimization is also NP-hard, and area-aware
algorithms[7][8][9][10] recover area after generating a depth-
minimum network.  On the other hand, existing power-
aware algorithms[11][12][13][14] finish with generating a depth-
minimum network whose power is small. There might be room
for power improvement for the generated network. This paper
presents a post-processing to minimize power under depth con-
straint for LUT-based FPGA technology mapping. The proposed
algorithm is a power-aware application of Cut Resubstitution[6]
which is a post-processing to minimize area under depth con-
straint. Experimental results show that a simple depth-minimum
mapper followed by the proposed algorithm generates networks
whose total switching activity is 21% smaller and dynamic power
is 10% smaller than that generated by Emap[13] for the input
size of LUT K = 4. The results also show that total switching
activity is associated with dynamic power. The proposed method
generated networks whose total switching activity is 24%, 27%
smaller than that generated by Emap on average fotk = 5, 6,
respectively. The proposed algorithm runs in practical run-time
for all the case.

. INTRODUCTION
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Faculty of Information Science
and Electrical Engineering
Kyushu University
e-mail: matsunaga@c.csce.kyushu-u.ac.jp

Power consumed in a circuit consists of dynamic power and
static power. Dynamic power is the power consumed with sig-
nal transitions. Static power is the power consumed indepen-
dently of signal transitions. Dynamic power is affected signif-
icantly by a result of technology mapping for LUT-based FP-
GAs, while static power is little-affected. Based on the above
discussion, only dynamic power is focused by power-aware
technology mapping.

Technology mapping for LUT-based FPGAs is a process to
convert a given Boolean network into a functionally equivalent
network comprised of{-input LUTS'. Technology mapping
algorithm for LUT-based FPGAs to minimize dynamic power
and depth has been well studied [11][12][13][14]. Depth
means the length of the longest path. Existing power-aware al-
gorithms typically reduce dynamic power by minimizing total
switching activity[11][12][14]. Total switching activity means
the sum of switching activities of LUTs, and it is denoted by
TSA in the rest of this paper.

Because a problem to minimize TSA is known to be NP-
hard, heuristics are likely to be necessary to generate LUT
network whose depth and TSA are minimum. It is diffi-
cult to generate a TSA-minimal LUT network with minimum
depth at one time, because it is difficult to predict accurately
which LUTs are the best for minimizing TSA in practical
time. A problem for area-minimization is also NP-hard, and
area-aware algorithms[7][8][9][10] recover area after generat-
ing a depth-minimum network. On the other hand, existing

Recently, designs using LUT (LookUp-Table) based FPGAROWer-aware algorithms[11][12][13][14] finish with generat-

(Field Programmable Gate Array) are becoming popular. LUTG @ depth-minimum network whose TSA is small. There
based FPGAs require common photomasks for multiple d&ight be room for power improvement for the generated net-
signs, while ASICs (Application Specific Integrated CircuitsVork.

require specific photomasks for individual design. Once an This paper presents a post-processing to minimize TSA un-
LUT-based FPGA is reconfigured for a design, it is availabléer depth constraint for LUT-based FPGA technology map-
to use immediately. For these reasons, LUT-based FPGAs #i8g. The proposed algorithm iteratively eliminates LUTs
often used for prototypes or manufactures required to be d@ minimize TSA with keeping depth constraint.  The
:cloerlr?,]g?]i;a;;edrpl\(;lzgr?:?r\:\éz?ﬁg: OOrI L-Il-JhElS) a’[See(:irf(I;’l(?Q/Srﬁ;epgﬁg 1in this paper,K-input LUT is denoted by LUT, and the network com-
for LUT-based FPGAs is required to generate high-quality net- Szi;joftlf)flgg?sttil;\lei?elfa?jrr:ezti(:l ?Zczliglggslvr?\l:ﬁping use depth to refer to
work in short run-time. delay.




denotes the power come up with short-circuit current in buffers
and inverters. Ppy y is often dominated byPs;¢. Psiq is
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S : Switch Block P;, denotes the total switching power consumed in logic

/0 - 1/O Pad blocks. The switching power in a logic block is the power con-
sumed with the capacitance of each LUT in the logic blaek.

denotes the total switching power consumed in switch blocks
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and connection blocks. The switching power in a switch block
_ o _ _ or a connection block is the power consumed with the capac-
Fig. 1. a schematic diagram of island style architecture itance of each buffers in itP; and Py are calculated by the

following equations.

P, = Z( Z (Prut(4)))

proposed algorithm is a power-aware application of Cut i€LBs jeLUTs(i)
Resubstitution[6] which is a post-processing to minimize area Pr = Z ( Z (Pous(5)))
under depth constraint. Cut Resubstitution iteratively elimi- i€SBsUCBs je BUF(i)

nates LUTs greedily with using an indicator to denote how big

a gain is obtained with eliminating an LUT, however, the indiZ-Bs denotes the set of all the logic blockSUT's(i) denotes
cator is not accurate. The proposed algorithm employs motae set of all the LUTs in a logic block P, (i) denotes the
accurate indicator than that employed in Cut ResubstitutiofWitching power consumed in an LUT SBs andC'Bs de-
Experimenta| resu'ts ShOW that a Simp|e depth_minimum maﬁl.otes the set Of a” the SWitCh bIOCkS and the set Of a” the con-
per followed by the proposed algorithm generates networlgction blocks, respectively3U F'(i) denotes the set of all the
whose total switching activity is 21% smaller and dynamid®uffers in a switch blocks or in a connection blocks,,; (7)
power is 10% smaller than that generated by Emap[13] for tifienotes the switching power consumed in a buffef,... (i)
input size of LUTK = 4. The results also show that total 8nd Py (i) are calculated by the following equations.

switching activity is associated with dynamic power. The pro- 1
posed method generated networks whose total switching activ- Fut(i) = 5 - Cour(j) - Viig - 8(0) - fein
ity is 24%, 27% smaller than that generated by Emap on aver- 1
age forK = 5,6, respectively. The run-time of the proposed +3 Z (Cin (i) - Vg - s(5) - fer)
algorithm is practical for all the case. JEINLyT(3)
The rest of this paper is organized as follows. Section 2 in- , 1 , .
troduce the power model with reviewing the relation of switch- buf (i) = 5 Cpur(i)- Via - sUINpur(i)) - fon

ing activity and dynamic power. Definitions are introduced irb

: ; . i~ (i) and Copr(i) denotes the capacitance of each input
isrﬁg:g? rse.sﬁlfgtgg 2h%rv3ieiatss,$i§£o§ 0:,?3 fr:gor';hgr' iEXC%%pd the capacitance of the buffer who is the immediate succes-
cluded in Section 6 ' pap sor of an LUT3 in the logic block, respectivelyl;; denotes

the supply voltage.s(i) denotes the switching activity of an
LUT 4 or a bufferi. INpyr(i) denotes the set of LUTs whose

II. DYNAMIC POWER ESTIMATION FOR LUT-BASED output signal incomes to an input of an LUTCpy (i) de-
FPGA TECHNOLOGY MAPPING notes the sum of the capacities of the input and the capacities
of the output of a buffei. 1N, (i) denotes the LUT whose
A. DynamiC Power consumed in an LUT-based FPGA output Signa| incomes to the input of a buffer

A schematic diagram of island-style architecture that is pop-
ular for LUT-based FPGAs is shown in figurel. An logic blockB. Switching Activity and Dynamic Power

Conﬁ'sl:{z_l?f ar:lumlire]:r (_)f Ll‘tJTS_' _ Tthhere atre ?Is_o a Fg&i{ Because’; x (4) is often much smaller thafio 1 (i), Psia
ceac ¢ where the npu of is the ou put signat of. .can be calculate by the following equation.
switch block or a connection block are consists of path transis-

tors and buffers. 1 5 .
) .  Psig = V2 fan- -
Dynamic powerP,,,, consumed in an LUT-based FPGA is s16 9 "dd Jetw ie;%( ,GL;S(Z_)(S(])
calculated with the following equation. /

(Cour(j) + Z Cpur(k))))

Ppyn = Psia + Psur k€BU Fro(4)

Pgs ¢ denotes the switching power consumed by charging amdU Fir (i) denotes the set of buffers in switch blocks and
discharging capacitance of LUTS, buffers, and invert€xg;  connection blocks whose input signal depends on the LUT



BUFro(i) is not available during technology mapping, be-
causeBU Fro (i) is obtained by the placement and routing af- -
ter technology mapping. Assuming ideal placement and rout:r
ing, |BU Fro(i)] is considered as the same for eacBecause |
|BUFFo(i)| is the same for each LUT, 3. 1175 (s() -
(COUT(j)+ZkeBUFFO(j) Cpyur(k)))is constant for each
LUT i. Thus,Ps;¢ can be calculated with the following equa- {®__---
tion.

Psic = %Vfd'fclk'c' S0 ()

i€LBs j€LUTSs(4) Fig. 2. (1) The transitive fanin graph af (2) An example of a realizable set

Psra can be minimized with minimizing
ZieLBs(ZjeLUTs(i) (s(4))-

A separatos for TFIG(v) is a set of nodes where any path
from any primary input tov includes one or more nodes in
s. For example, node$g, h, 7,5} in subject graph in figure

The inputs of technology mapping are a DAG which i (1)isa separator fol"F1G(q). A minimal separatos for
calledsubject graph and a natural numbek’. For each node TFIG(v) is a separator fof'F'IG/(v) which does not con-

v in subject graph, there is a constraint where the number in any other separator fof'/G(v). For example, nodes

inputs is up tok3. Switching activity is associated with each 9’ Z’ Z:}/,in figure 2(.1). Is ? minimal Sef?lf??gdrilc;(q)'
node in subject graph. The natural numtércorresponds to g,h,z',J‘} IS noF m|r;]|ma separato}; ,O A (q) ecause
the maximum number of inputs of LUTs. The output of techi9; -} contains the separatdg, h,i}. A cut (s,v) is a

nology mapping is a network whose nodes represent K—iant"Ilr of nodev and set of nodes wheres is a minimal sep-

LUTs. This network is calledlUT network arator forT FIG(v). For a nodev, the cut(v, {v}) is called

A node of a subject graptV’, E) represents a Boolean func- the trivial cut of v. For a cut(v, s), v is called theroot of
. 1°¢t g : pre . : the cut, denoted bRT((v, s)). For a cut(v,s), s is called
tion and has up td< inputs. If a node € V' is an input of a the leaf of the cut. denoted by, EAF For a cut
nodej € V, thereis an edgg, j) € E. Thefanin of a node, Ut y (v, 9)). ute,

denoted byF'I(v), is the set of immediate predecessors of [LEAF(c)| is called thqcut-size of c. A K-feasible cute Is
The fanin ofv is defined byFI(v) = {u | 3(u,v) € E}. a cut wherd LEAF(c)| is up to K. Because onlys-feasible

The fanout of a nodew, denoted byFO(v), is the set of cuts are considered, -feasible cut is simply called as a cut

immediate successors 'mf The fanout Ofv’ is defined by in the rest of this paperd  (v) denotes the set of all of cuts

FO(v) = {w | 3(v,w) € E}. Anodev whereFI(v) — 6 is whose roots are. For a set of cut§’ and a cut € C', thecut
o - ' o fanin CFI(c,C) andcut fanout CFO(c, C) are defined by

called aprimary input . A nodev whereFO(v) = ¢ is called the followin tion

aprimary output . PI and PO denote the set of primary in- € foflowing equations.

puts and the set of primary outputs respectively. fFaesitive CFI(c,C) = {c|d € C,RT(d) € LEAF(c)}

fanin of a nodev is the set of all nodes which lie on all paths _ e ,

from any PI tov. More exactly, a transitive fanin ef, denoted CFO(,C) = {c|c € C,RT(c) € LEAF(c)}

Ill. PRELIMINARIES

by T'FI(v), is defined by the following expression. For a feasible cut, thefeasible conek F'C/(c) is the subgraph
induced by the nodes betweéii'(c) and LEAF(c). A K-
TFI(v) = {v}U U TFI(u) feasible cone is exactly defined as the subgraph induced by the
u€FI(v) set of noded/,1er (RT (), LEAF (c)), whereV,,iery (v, V)

N _ ] ~is derived by the following equation.
The transitive fanin graph of a nodew is the subgraph in-

duced byT'F'I(v), denoted byl'FFIG(v). Figure 2(1) is the Vinterv (v, V) = {v} U U Vinters(u, V)
example of a subject graph and a transitive fanin graph. The wEFI(v)—V

circles and arrows represent nodes and edges in the subject o . )

graph respectively. The dashed line in figurél2 illustrates For example(q, {g, h,1}) in figure 2(1) is a 3-feasible cut
the transitive fanin graph of node Thetransitive fanout of ~ at¢. 3-feasible cone ofq, {g,h,i}) is a subgraph induced
a nodev is the set of all nodes which lie on all paths fram Py the nodegj, k.1, 0, q}. For theK-feasible cone< 'C (c),
to any PO. More exactly, a transitive fanoutgfdenoted by the root ofc is also called the root o F'C(c), and de-

TFO(v), is defined by the following expression. noted by RT(KFC(c)). In above case, the ledfEAF (c)
is called the inputs of{-feasible cond{ F'C(c), and denoted
by INPUT(KFC(c)).
TFO(v) ={v} U U TFO(u) 3This constraint guarantees that there is at least one LUT network derived

uEFO(v) by a subject graph.



For a K-feasible cone”, INPUT(C) is up toK. Thus, of LUT which implement the function ok F'C/(c) required to
a K-input LUT can implement the Boolean function of anymake the depth minimun2LV (¢, S) can be calculated by the
K-feasible cone. If & -input LUT L implement the Boolean following equation.
function of aK-feasible cond< FC(c), the output signal of. . /oy
corresponds t&RT (K FC(c)), i.e. RT(c), and the input sig- e eCFO(e.s) R(LCV;&S)S) ; é)
nals of L correspond td NPUT(KFC(c)), i.e. LEAF(c). RLV(c,S) = d ’ (1)
If a set.S of cuts meets below three conditiorfsjs called as

' otherwise
therealizable set

For example, figure 22) shows a realizable set wheké = 3.
e Vi€ PO,(3c€ S,i=RT(c))Vie PI For each cut: in the realizable setk FC(c) is illustrated by
. , . Ny the dashed trapezoidLEV (g,{c,d}), LEV (h,{c,d}) and

e Vce S Vie LEAF(c),(3c € S,i = RT(d))Vvie PI LEV(i.{e, f}) arel. LEV(j.{g, h}) andLEV (p, {a, 9, h})

e There is narivial cutin S. are2. LEV(q,{h,4,j}) is 3. Thus,D(S) is 3 in figure 2(2).

An LUT network can be generated from a realizableSéty
below operations. IV. THE PROPOSED METHOD

The proposed algorithm recovers the TSA of an LUT net-
work under a depth constraint. Inputs of the algorithm are a
subject graph, switching activities for each node in the sub-
ject graph, a depth constraint, all of cuts and a realizable set.
e For each cut:in S, generate an LUT which implements The algorithm generates a realizable set whose TSA is local

the Boolean function ok F'C(c). optimum based on iterative elimination of cuts with depth con-

straint.
e For eache € S, for eachi € CFI(c,S), generate the

edge(b,a) wherea is the LUT which implements the
function of K FC(c) andb is the LUT which implements
the function of K F'C (4).

e For each primary input in the subject graph, generate
a primary input which corresponds toin the LUT net-
work.

A. A Revision of Cut Resubstitution for Total Switching Ac-
tivity Minimization
The proposed algorithm is based on Cut Resubstitution[6].
The technology mapping problem can be defined as DAG cogut Resubstitution iterates the following process. At first, Cut
ering problem which is the problem to find a realizable set dResubstitution identifies potentially redundant cuts in current
cuts. realizable set5. A potentially redundant cut is such a aut
For a nodel in an LUT network, thdevelof L is the length  which can be redundant with substituti®q"O(c, S). Then,
of the longest path from any primary inputfo For a realiz- potentially redundant cuts are ranked with using a meirie
able setS and a cutc € S, thecut level LEV (¢, S) denotes  that denotes how good a cut is to be eliminated for area reduc-
the level of LUT which implement the function df FC(c).  tion. For such a potentially redundant eyt,; whose gain is

LEV (¢, S) can be calculated by the following equation. maximum, each cutin CFO(cyest, S) is substituted to other
cutc’ whose root is the same witRT'(¢) and whose input does

maxeecri(e,s) LEV(,§) + 1 not includec;..;. Then, Cut Resubstitution eliminates.;. If

LEV(c,S) = ) (CFI(c,S) # ¢) the substitution o FO(cpest, S) or elimination ofc,.; make

other cuts to be redundant, Cut Resubstitution also eliminates
otherwise them.

. Substituting each cutin CFO(cpest, S) with other cutc’

The depth of an LUT network is the longest path from any . ,

primary input to any primary output. The depth of an LUTWhose r%()jtlls thisame W|mT§§%dloeds not affecri:SA(S)T:

network is equal to the largest level in the LUT network. For Slfl‘si;(re du(c)e)é i%cjauswli? RT ((l))) V\?r?:rg?)tEc Lagg:c')tesean,

realizable sef, the depthD(SS) is calculated by the following ., Z=leDEL - .

equation. set of cuts eliminated by Cut Re_subsntutlon. Thus, the_ main
D(S) = max(LEV(c, S)) qn‘ference of the propose_d algorithm an_d Qut Resubstitution

ces ’ is gain. gain for a cutc in Cut Resubstitution denotes the

TheTSA of an LUT network is the sum of switching activities NUmber of cuts expected to be eliminated: ifs eliminated.
of LUTs in LUT network. For a node, the switching activity On the other handjain for a cutc in the proposed algorithm
for v is denoted bys(v). For a realizable sef, the TSA fors ~ denotes the sum of(¢’) for ¢’ in & set of cuts expected to be
is calculated byI'SA(S) = 3, s(RT(1)). The technology €liminated ifcis eliminated. _ o
mapping problem to generate an TSA-minimum LUT network 9ain GAIN, obtained by naively replacing area gain
under depth constraint can be defined as the problem to find®f Cut Resubstitution with switching activity is the following,
realizable sef whereT'SA(S) is minimum andD(S) is equal  WhereS denotes current realizable set.

or under the depth constraiit For arealizable setandacut ~ GAIN,(c,S) = s(c)+ Z GAIN'(c,j,5)

c € S, thecut required level RLV (c, S) denotes the level JECFI(ce,S)



Cut Substitution(V, E), Cau1, So ){
S; := So;
while (1) {
C'.sp := SubstCutEnumeratio6l,;;, S;);
BestResubCalculation{, C,.;, S; );
S := CutElimination(S;, C\.sp );

if(S==25;){
break;
}
Si =S
}
returnsS;;

}

. L ) Fig. 4. Pseudo code for the proposed algorithm
Fig. 3. An example of an elimination of excessive eyt(K=3)

didates for substitution of each cate S;. A cutc € Cyy
) GAIN,(j,S) (CFO(j,8)={c}) which meets the following condition for each autc S, are
GAIN'(c.j,5) = { 0 5 gthmﬁfse )= enumerated.
GAIN, is calculated by recursively checking whether ;o LEAF(c),3¢" € C;, RT(") = i, RT(c) = RT(c)
|CFOC(i, S)| for each fanin of a target cut is 1 or not, be-
cause can be redundant ifis eliminated.

The actual decrement of TSA might be smaller than th
value of GAIN, (¢, S). If CFO(c, S) = {c}, ¢ may be elim-
inated and ifc is eliminated. However, if a cuf in CFO(c)
is substituted with other cut’ whose leaf includeRT'(¢’), ¢’
cannot be eliminated. Figure 3 shows an example. Figure 3 A
represents the current realizable set. Cut Resubstitution mi
substitute cuts in such a way illustrated by figure 3(b), whe
the cut with rootv is the best cut. In this case, cutwhose
root is+ cannot be eliminated because the cuwvhose root o cisin FFC(c).
is z and leaf is{q, v, p} is substituted with the cut” which
hasr in LEAF(¢"). If the cut whose leaf iy, p} is usedc o If CFO(¢,S;) C FFC(c), c isalsoinFFC(c).
could be eliminated. To handle this problem, the algorithm is

modified to decide a best cawith considering the best com- The fanout free coné&'F"C(c) for a cutc is held.
bination of cuts to substitute each cutGiFO(c, S). For a cute, a best candidate cut’ € C,, is calculated for
eachd € CFO(c, S;). The best candidate cut for ¢ and

¢ € CFO(c, S;) is a cut which meets the following condition.

galculation of substitutions and gain At this step, a best
set of candidates for substitutidgF'O(c, S;) and the accurate
gain ofc are calculated for each cute S;.

At first, the fanout free cone af is checked. The fanout
e cone for a cut is the maximum set of cuts those have a
ssibility to be eliminated it is eliminated. The fanout free
one for a cute, denoted byF'F'C(c), is the set of cut that
efined recursively by the following condition.

B. Algorithm Description

The proposed algorithm tries to find the most effective com- ¢ RT'(c') is the same wittRT'(c")
bination of cuts to eliminate each cute S to reduce TSA. : . "
The algorithm uses the cuts whose leaf does not include any' RT(c)is notin LEAF(c")

cut in the fanout free cone of a caffor substitution to elimi- o LEV(c",S:n{c"}—{¢'})is notlarger thaRLV (¢, S;)
natec. The fanout free cone of a cutis the maximum set of
cuts which have possible to be eliminated i§ eliminated. e PENALTY (¢,c"”) is the minimum in the set of cuts

Figure 4 provides the pseudo code of the proposed algo- RTED(c,Cuy)
rithm. In figure 4,(V, E) represents a subject grapit,;,
represents a set of all the cutS, Sy, and.S; represent realiz-
able sets of cutsC,., represents a set of cuts. SubstCutEnu-

where

/ / /
meration in figure 4 denotes a step to enumerate candidates for RTED(c, Can) = {tft # ¢, RT(t) = RT(c),
substitution of each cut € S;. BestResubCalculation denotes t € Can}

a step to calculate a set of substitutions@drO(c, S;) of each PENALTY (¢,c") = Z s(RT(3))
cutc € S;, and the accurate gain ef CutElimination denotes {€FFC_IN(c" ,FFC(c))
a step to eliminate the best cut to be eliminated.
FFCIN(",FFC(c)) = ( |J FFc())
iIELEAF (')

Enumeration of candidates for substitution At this step, a
set of cutsC,., is held, whereC,.,;, represents a set of can- ﬂFFC(c)



RTED(c) denotes a set of cuts whose root is the same as

) TABLE |
that ofc and not inS;. FFC_IN(c¢", FFC(c)) denotes a set pyyawic power of CIRCUITS INMCNC BENCHMARK SET IN THE CASE
of cuts which cannot be eliminated withat the same time OFK =4
if ¢ is used to substitute’. If the best candidate cut ig’ Emap(mW) | CutResub(mW)| Comp
1 X K 9symml 1.76 1.68 95%
whereFFC_IN(¢",FFC(c)) # ¢, FFC(c) is updated with C1355 553 540 | 98%
FFC(c) — FFC_IN(c", FFC(c)). C1908 7.25 700 | 97%
. C2670 8.03 6.66 83%
For each cutc € S;, a set of the best candidates, C3540 536 599 | 96%
Chest(c), is held. The accurate gain that calculated by C432 2.14 168 | 79%
AN : C499 5.53 4.71 85%
ZieFFc_(c) s(RT(i)) is also held after the set of the best can- Ce31s To.40 T et
didates is calculated. C6288 29.36 2189 | 75%
C7552 32.96 33.04 | 100%
C880 2.80 263 | 9%
Cut Elimination At this step, a cut € S; with the largest apex6 535 S71] 107%
accurate gain is eliminated. Each cutGfF'O(c) is deleted By 254 2% | o
from S;. Each cut inC.,:(c) is added taS;. Then each cutin att13 5.03 449 | 89%
; , attid 3.62 312 | 86%
FFC(c) is also deleted frons;. e Toon e
attl6 1345 1253 93%
atti8 157 130 | 83%
V. EXPERIMENTAL RESULTS att20 4.35 352 | 81%
att21 50.74 41.69 82%
The proposed algorithm has been implemented as a program ";‘255 2;28 2:22 2242
using C++ within Magus Logic Synthesis system in Kyushu att3 135 133 | 99%
. . . 0,
Umvgrsﬂy. Experlments are executed to compare the proposed Zgg é;gj é;g; 12502
algorithm with one of the state-of-the-art, Emap[13] on a ma- att7 2.21 193 | 87%
chine whose CPU is Intel XeoB.00GHz and the memory eg;a gg? g-gg ggz//z
size is16GB. Subject graphs are generated by decomposing des 6523 66.00 | 101%
each node of networks on MCNC benchmark set and ITC'99 f51{“ 2'22 é-gg 322?
benchmark set to nodes whose number of inputs are up to 2. toc{?arge 5082 B s
The switching activity of each node in a subject graph is calcu- vda 5.74 5.05 | 88%
. . . . 0,
lated by logic simulation. The number of random input vectors Aj:g;e 1.57 Lo7 | 100

used in logic simulation i§0, 000 for each circuit. The max-
imum number of inputs of LUTK is assumed to bé, 5 or 6.

In order to estimate actual dynamic power of LUT networks
generated by the proposed algorithm and Emap, a gate-level

power estimator, PowerPlay Analyzer from Altera’s Quartus 'Hynamic power of LUT network generated by the proposed al-
software is used. The expgrimental flqw to estjmate dy”am&brithm and that generated by Emap. Dynamic power of LUT
power Of. an LUT netwo.rk'|s as following. At first theT LUT network generated by the proposed algorith#iti% compared
network in Be_rkeley logic mterchange format (BLIF) is cONn-g that generated by Emap on average. Figure 5 shows a rela-
verted to Verilog Quartus Mapping (VQM) format. Severakisn petween total switching activity and dynamic power. Each
options are set to restrict Quartus Il not to modify the LUTqot in Figure 5 represents the total switching activity and dy-
network. A target device is assumed as Cyclone Ill devicgamic power of a circuit generated by the proposed algorithm
family. Quartusmap, quartusit, quartusasm are executed for o Emap. The vertical axis denotes dynamic power, and the
placement and routing. The random input vectors used in logigizontal axis denotes total switching activity. This results

simulation are converted to Vector Waveform Format (VWFyp o\ that total switching activity is associated with the actual
form. Quartussim is executed to calculate switching aCtIV-dynamiC power.

ity with the VWF files, and obtained a Switching Activity File
(SAF). PowerPlay Analyzer with SAF file is executed to obtain Table Ill shows total switching activity of each LUT net-
dynamic power. Then, dynamic power for the LUT network isvork generated by the proposed algorithm and Emagkfes
obtained. Dynamic power of each LUT network far = 5 4, K = 5, K = 6 for circuits in ITC'99 benchmark set. The re-
and K = 6 is not obtained because the maximum number cfults for MCNC benchmark set are omitted. “Sw” denotes to-
inputs of LUTs in Cyclone 11l device family ig. tal switching activity, and “Time” denotes run-time of the pro-
Table | and Table Il show dynamic power of circuits ingram. “Comp” denotes rations of total switching activity gen-
MCNC benchmark set and ITC'99 benchmark set, respeerated by the proposed algorithm and that generated by Emap.
tively. The results for small circuits are omitted. DynamicThe proposed algorithm generates LUT networks whose total
power for some circuits in ITC'99 benchmark set cannot be olswitching activity is79%, 76%, 73% compared to LUT net-
tained because those have so many primary inputs and primavgrks generated by Emap fdt = 4, K = 5, K = 6 on
outputs and they cannot loaded in Cyclone lll. “CutResubaverage. The proposed algorithm runs in practical run-time for
means the proposed algorithm. “Comp” means the ratios afl the case.



TABLE Ill
THE TOTAL SWITCHING ACTIVITY OF CIRCUITS INITC '99 BENCHMARK SET FORK =4, K =5, K =6

K=4 K=5 K=6
Emap CutResub Emap CutResub Emap CutResub
Sw | Time Sw | Time | Comp Sw Time Sw Time | Comp Sw Time Sw Time | Comp
b03 26.56 0.01 2251 0.01 85% 20.80 0.01 16.92 0.01 81% 20.38 0.04 15.23 0.01 75%
b04 91.83 0.17 77.39 0.05 84% 76.92 2.23 64.57 0.17 84% 76.13 59.35 62.43 0.85 82%
b07 68.31 0.00 54.45 0.04 80% 54.92 0.28 43.02 0.09 78% 52.14 3.06 42.81 0.19 82%
b08 23.55 | 0.04 16.49 0.01 70% 21.20 0.08 16.04 0.02 76% 17.27 151 13.18 0.05 76%
b09 2190 | 0.02 19.19 0.00 88% 18.18 0.02 15.53 0.01 85% 17.46 0.08 15.21 0.01 87%
b10 27.43 | 0.02 20.64 0.01 75% 22.45 0.04 16.18 0.01 72% 19.24 0.28 12.65 0.02 66%
b1l 88.18 | 0.18 58.70 0.05 67% 76.95 1.39 56.26 0.09 73% 67.90 22.46 36.02 0.28 53%
b12 125.08 0.18 104.26 0.09 83% 113.08 1.23 94.51 0.13 84% 102.28 16.19 83.68 0.30 82%
b13 43.04 0.02 35.07 0.01 81% 37.40 0.02 28.40 0.01 76% 36.31 0.04 27.22 0.01 75%
b14 1212.96 2.01 981.32 6.51 81% 959.89 24.27 726.34 6.33 76% 851.77 440.60 578.03 18.24 68%
b141 862.47 1.32 711.30 2.60 82% 720.79 17.32 553.30 3.56 7% 641.01 332.09 448.31 10.84 70%
b15 1097.55 | 1.38 686.03 5.10 63% 814.18 18.16 577.74 8.46 71% 746.22 397.29 | 497.28 20.07 67%
b151 1026.99 | 2.31 639.74 | 4.27 62% 779.17 50.42 478.54 6.29 61% 713.65 | 3191.40 | 433.67 18.64 61%
b17 2660.25 | 5.38 | 1823.36 | 85.48 69% | 2031.47 | 72.75 | 1442.73 | 119.46 71% | 1793.13 | 2688.28 | 1253.10 | 160.50 70%
b17.1 2726.68 7.34 | 1767.41 | 52.17 65% | 2096.16 | 161.40 | 1299.91 56.48 62% | 1850.61 | 9964.96 | 1150.59 | 115.22 62%
b20 2430.42 4.16 | 2023.26 | 26.49 83% | 1918.71 49.82 | 1496.43 27.02 78% | 1678.51 923.32 | 1200.93 54.02 72%
b20.1 1749.11 3.14 | 1488.60 | 12.13 85% | 1436.41 4290 | 1117.19 12.50 78% | 1267.70 633.99 949.84 31.96 75%
b21 247554 | 4.28 | 2086.38 | 29.37 84% | 1977.10 53.12 | 1582.53 36.90 80% | 1708.26 983.86 | 1231.74 54.71 72%
b211 1783.82 | 3.14 | 1526.98 | 13.98 86% | 1450.20 | 44.55 | 1149.82 | 13.22 79% | 1267.08 | 965.28 957.04 34.53 76%
b22 3601.80 | 6.04 | 3006.28 | 58.87 83% | 2782.25| 75.35 | 219449 | 52.70 79% | 2481.36 | 1453.11 | 1774.23 | 105.09 2%
b22.1 2656.76 | 4.70 | 2248.54 | 28.33 85% | 2122.74| 64.66 | 1690.66 | 26.90 80% | 1883.03 | 1368.75 | 1434.00 | 59.73 76%
Average 78% 76% 72%
TABLE Il 700 7 .
DYNAMIC POWER OF THE CIRCUITS INITC'99 BENCHMARK SET IN THE 60.0 -
CASE OFK=4
Emap | CutResub| Comp 500 - .
b03 1.47 1.42 97%
b04 5.97 5.73 96% 400 -
b07 5.07 4.30 85%
b08 1.27 077 | 61% 300 :
b09 1.47 1.25 85%
b10 1.61 1.80 | 112% 200 .-,
b11 6.66 5.12 7% .
ElZ 9.41 834 | 8% 100 st
13 2.06 1.98 96% e
Average 88% 00 /ﬂ ‘ ‘ ‘ ‘ ‘
0.00 200.00 400.00 600.00 800.00 1000.00

VI. CONCLUSIONS

Fig. 5. The relation between switching activity and dynamic pow€r4)

In this paper, we present a post-processing for power-aware
technology mapping for LUT-based FPGAs. The proposed al-
gorithm reduces total switching activity of LUT networks un- o . .
der depth constraint. Compared to a previous state-of-the-&rfnethod only use switching activity calculated statically.
power-aware technology mapping algorithm, Emap, the pro-
posed method is 21% better for total switching activity, and
10% better for dynamic power on average if K=4. The results
also show that total switching activity is associated with actual This work has been partially supported by CREST-
dynamic power. The proposed algorithm is 24%, 27% bett@VLSI of JST and Grant-in-Aid for Scientific Research (B)
for total switching activity compared to Emap on average i{20300020) of Ministry of Education, Culture, Sports, Science
K=5, K=6, respectively. The run-time of the proposed algoand Technology (MEXT). We are grateful for their support.
rithm is practical for all the case.

Future works includes a study for a post-processing to mini-
mize dynamic power with considering glitch. Actual switching
activity can be larger than that calculated by logic simulation1] Richard L.Rudell, “Logic synthesis for VLSI design,” Ph.D.thesis, Uni-
because of the glitch. Dynamic power consumed by glitch can versity of California, Berkeley, 1989.

be a significant portion of dynamic power. With modifying [2] J.Cong, Y.Ding, “On Area/Depth Trade-off in LUT-Based FPGA Tech-

the SYVitC_hing aCtiVity.Of each LUT during teChr!0|Ogy mMap- ~ nology Mapping,” IEEE Transactions on Very Large Scale Integration
ping, it might be possible to reduce more dynamic power than Systems, June, 1994.
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