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until their delay does not exceed the critical path delay;

LLDFG 4 HLDFG 05 oipsS)| SSaus ¥ IS5

sl ol 4 LS (o (b)) gl U 5 SIS glae S lgie
¥ om lgsee S Pl (Jl 2 iy 5 0ad aBS a5 SIS
2 Wodls 4by> DARA (gilare 13 &5 (pl 4 dogi b a0 S
bdd o390 (4l jd g Cunly 4 o Chow | Ladd 28] ol e
YL 88 olayune | odijle (sSM (635)5 5 0350 YU & (4wl
03> Ll cnly Coows (63908 (Sloymn 4 (BoyS g ol UML ]
2393 BLbl Sl IS o alold loa L) bl (g 9 o0
Al o cand 4 ¥ S ol (] o slagedow Sas o

& o DARA (g)laxe )3 (5t g shaus 0 blis )3 &S bl |
5 dgd o duwle gdaw dus b M (o dlols 5 o)l 2454
@ bl g 9 000 pel S (Vb o I A (63455
b g a slcs™ alols (Y S5 &) d g5 L) dgu o 031> Cnly Cows
Faw g Gy oled cuiF 4 Y9 X ol 2 & dle cws 4 (1) 5
%, =X, | +] Yo — Ya]

if y,2y,andx, <x,
dist(a,b) =< [%, = X,|+|¥, = Va| > ()
if y,<y,andx, >x,

X, =X, | +| Y, — Va| else

LLDFG ey s 53 Sy350 socS3b ) £33 b o & o
S g 08 Lol S 93 p2 G yone (3250698 (8L o )55
dxgi b 08 0 Bls (glexe 40 dege mibio Cand I orbobl
1505 S S5 5l i 4 LLDFG 5 oS 1 dw 45 ool 4
S &S w8 o W oSl el ) 53 i)y (glosly (Sl
b el bl JBlao anly (slacS™ 5l ] eolsd ggome o8 il |,

35 465 DARA (¢ laxs 65y 52 LLDFG Lols colss

ILP CudlSs i oIl F-Y
plxl die Cloa (8l gl ol o (s posis by ol 5
9 pole; Aline ((lad (39155 Sygo 1 I Cpen 4 g 29 o0

2 iz (el (oolyity whysSl @) gl 2g salE srzm

1. Exhaustive



Yy by dinySoil BB slagyloare g9y p (2D olus glaylie (YU maw i 1 solel

DARA (g )loxe g5 3 2103 b Slilos Ciliseo slaggjloosly j) aloJlte ) Jsis

Silwosly iz slacs Slles

-

vl vl
MSG PPT EMG Sel DecA
N ( ] [ {1} —{ } —
MSG DecA DecA b-wgé“?
e e
Sel DecA csI’

J
{1
)

l—
l—14
]|
L
L

J

h &
I l PPT EMG MSG

il

DecA

DecA -

)

PPT
bu\L;SéA?
:] —1 } : { :] Csk"
vl
Sel
) lj
EMG Sel Y { | — | —
)
1 | —] :] EMG MSG PPT
0S40
MSG DecA
o
— =] EMG Sel DecA
I T | l
PPT EMG
) o ‘o ' ) ) {
|_J. ¥ L] T ! | |
¥ IR I
EMG MSG EMG MSG PPT
["‘ 1 s /| * ]
EMG Sel -2 EMG Sel DecA oS Ly
[' > - .":]

L
I
I

1. Direct Adder
2. Carry Select
3. Carry Skip



VFe uL.naA) ¥ o)l.c.«:l AR Jl.w ‘)Jy.c.olf P - ‘ulﬁ‘ ):9«».4[; R 9 (B (sl A puld YyYY

(<)

out=(a+b)xc+d—e (v)

Wy g 000)5 edlaiwl C b 5 (glaaslSe wi oSl (gjlwosly (slp
zimpl ol & 8 Liso 5o eadly bulgy dLP o35,65) (g5lwosle
2o sl ol 03 VA SCIP Il & Jo (sly 5 canogs [VA]
Golare 51 ol s ojlesds oldbhuog dime (gl 5l oyl
ILP 5 slaaille gy (gl jl Jols sl cuslS .aslb o DARA
2 LS Ky cwl st odb (vl £ 5 0 b S g
s ¥ USG5 0 LLDFG o jblas 05 S5y L ellas (IS5 90
Al o Sldes Oi sl eases i Sl odim L

s 47:;1 d_aUa,a &S B o uqu oJ.Ai}Flzdl sl silwedly duslio
ploc] (SlaablSa by 4 Canas (8 yitg SIS ILP 2,050
CalS p Slou e lgdaw du a5 (gy0b 4 sl odb
Maw a8 Jb o wdlb o ¥V ply (slaadlSe o0 ,6N lwg sadpll
Sy cplpls ol ¥ ALP lawg 48,500 cuilS > bgdaw op)
5 yudy SMS uslS,8 (iaS ILP lawgs 0ddploo] (gilwedly jo SIS
g2 dald e (6399 e 3 caon

S Sl iy o> o 3 0Bl glagi )X 558y 2Ll sl
Gl aliwtie Lol 53,5 ool sl (gl 3g3g0’ Koo sladoliy I
g e el 0,5 b (aand s slafao 3 Shas )
TELCO wby wenge Sowe Lid cCumd wyiwd 0 (Some 4ol
odlitwl 3y90 jolidh juew (BB slus laylis (gl oS cunl [Y+]
o3> i ¥ JSS j0 asliy ol oddodls DFG g uSaus 0,8 0 )8
Koo ol oyl Dgd o (asuie JSB ol 5l a5 job lod Cuwl oai
aS cpl (o8 bl odd LSS Cps Glles 90 5 zox Glles 90
B9y » e opl ClSS Wil asms e dlael oy (sla 5344
s L g g & ol slailSo 255 ) il b (5 loms
Dy dled Sl e )0 miew ¥ Jols ILP

dgdzte (sdiowion (wlul p (claadlSe v ,oXl &S pl 4 asg L
plos 1 (grole (o ALP 020,680l 5 S o oo o (gl iy o5

1. Benchmark

(¥) & b ye HLDFG (<) 4 LLDFG (ll) ¥ JSs

@ i ool b jlie 8l ialS (i) oSIl Ban oS cpl 4 dog b
SW S99 W) uL.: oS )9]o oLo.as 9 039 SW S92y OJJL») JB‘»
&6 by oy Slsn e sbgdgw Sl b ot (Sl
dgdse Ly g Oype & Sin
Minimize obj : max{C[tr], dist(EN[tr,], BN[tr;])}
, Vir e treeN

S Lgud ol U.;.me;)a ‘Os«»c L;Lmd)'L»obL.g? PLQJ ul.uo )'I =
P S e slagdee ) cE o)y gle Hlde Sl
S99 B e S (298 om Aol 5 (Clle S ilundly
(o lloe (glosly (Siunly oo ) gdgw dlis) (gan <&
ey JBlas 4y

Whles gilwodly (dlyp (Sen lacs > CLal (gl (riozen
3l aid Gy)le 4 3 )b dg g olaCudgize

(s 9 Ol )b Gl Gl (50 g -
X[tr]=-or\ , Vir etreeN

o)led S 5l ilge @ea oo 93 ilwadly il Jle plgie 4
Dguls odlatwl ol ci

s b ply wlles g9 S5l oadbobasl glacs o slaw -
sz il (6399 DFG o wldes O] oS

> X[tr]=N[op] , Vop ops

treopTrees[op]
asilussly b oadobesl oaiSzes e sl ggeme o
Sl (69959 ooyl Hlhe mes Gllas Sl b ply calise
Oljpr S o odlitw] Spie SNl &S olcs )y -
X[tr]<y , VtetreeN

tretreesDep[t]
sasobal cbed s e S yiie MSG Sy S (b lgis 4
Dy B e po g gex sileodly sl

=6 aws o g (g 5lwodly -£

sl dedl 5l Jols mbs 5 (oaloiudn (sloets 530l dulio (sly
2 9 3350 48,5 S8 o olgis & () 3 aadideogi s o



ARIA

Wbcad)y Sl B slagssloans 59y 2 (2D olus slaylie (Vb v ji i Lol

1/0
Block
I I

1/10
Block
{]

{
e 1

Tt
[PPT%

d ol ol

I ] I I ; I ﬂ
DecA EMG Sel DecA
} s R R R —a
Block
DecA [ MsSG [ DecA [ DecA
) 7} N v N  —a
1 o1 1 J i 71 1 U —:IRS
| PPT [ EMG [ MSG

J
-
J

Sel

-
L
L

I — 1 { |
Sel | DecA [ EMG |

o o o

I — | { |

:ll:l
[MSG’%

l DecA l MSG | DecA | DecA [ MsG I DecA I DecA I MsSG DecA
o M M M N N M . %1 o M - |0
Block e S, l 1 L_J l 1 L_J l J l l J 1 L_J i u l 1 L_J l 1 L_J l mmm Block
[ MSG [ PPT [ EMG [ MSG [ PPT [ EMG I MsSG I PPT [ EMG
1/0 T ] m! v {1} ) ) ) ")} m' v ) +—le
Block g
Sel DecA EMG Sel DecA EMG Sel DecA EMG
[ DecA [ MSG [ DecA [ DecA [ MSG [ DecA [ DecA
e} e} 110 110 110 e}
Block Block Block Block Block Block Block Block
slaslSe bgy il ealizul L DARA (¢o) » (V) LLDFG el 0 S

[2] D. D. Gajski and L. Ramachandran, "Introduction to high-level L. . . alE. . .
synthesis," IEEE Design & Test of Computers, vol. 11, no. 4, pp. gl i cmd oo bl (gilere (g5 e GBS (S Y
44-54, Winter 1994. &S 39 (glaailSe o0 5o blie )3 ILP 46X gy 3,Sdos > 5

[3] P. Coussy, D. D. Gajski, M. Meredith, and A. Takach, "An #S M”ﬂ JJ ’ ) M”ﬂ W p 4 ).
introduction to high-level synthesis," IEEE Design & Test of ol 03905 3o U 1) (] 55 oel Cowd @y s
Computers, vol. 26, no. 4, pp. 8-17, Aug. 2009.

[4] R. Nane, V. M. Sima, C. Pilato, J. Choi, B. Fort, A. Canis, Y. T. . i b5 = -

Chen, H. Hsiao, S. Brown, F. Ferrandi, J. Anderson, and K. Bertels, ol (SR ,0 o S5 4o =0

"A survey and evaluation of FPGA high-level synthesis tools," IEEE L . ) R

Trans. on Computer-Aided Design of Integrated Circuits and 3" @"-“’ oy )K-’? o d‘ﬁ L;.’.L‘”u:’s) i Qé.‘ 2
Systems, vol. 35, no. 10, pp. 1591-1604, Oct. 2016. KIS . . 3

[5] L. K.Wang, M. A. Erle, C. Tsen, E. M. Schwarz, and M. J. Schulte, wlacad > d"\”)gw)b J Sl S, Sy (PR U{LD loylo
"A survey of hardware designs for decimal arithmetic,” IBM J. of Ol & DARA abewspy gao)Soib LB (g)loxe 103,85 43l
Research and Development, vol. 54, no. 2, pp. 8:1-8:15, Mar./Apr. L _ o - -

[6] A. Nannarelli, "FPGA based acceleration of decimal operations,” in ASelsul ely 35 &l s b 3 mlo s el
Proc. Int. Conf. on Reconfigurable Computing and FPGAs, ° f/’ Sy 235 ALl fw ohr &¥e v? S
ReCongig'll, Cancun, pp. 146-151, Cancun, Mexico, 30-30  CublS odlaiwl dys0 (gylome dgame dlal (gly & 2gei asciie
Nov. 2011. . . .. .z . e .

[7] J. Cong, B. Liu, S. Neuendorffer, J. Noguera, K. Vissers, and Z. 7Y+ s3> (glaadle w2 oSl &y s ILP (0 )550l Lawsgs odploxs]
Zhang, "High-level synthesis for FPGAs: from prototyping to 3 | st ol deld D Lamd s als (SIS s 5
deployment,” IEEE Trans. on Computer-Aided Design of Integrated e S u@”} o ) . S /9))) )
Circuits and Systems, vol. 30, no. 4, pp. 473-491, Apr. 2011. Iy S alols duslxs jd 3> sl yialyl o)lgi oo dpis yoX] ol

[8] M. A. Shami, Dynamically Reconfigurable Resource Array, Ph.D. o .t .z e “
Dissertation, KTH Sch. Inf. Tech. Sweden, Kista, 2012. b sregte gaes ) ILP ooyl )5 plgie ogMle 25 b

[9] Y. Kim, R. N. Mahapatra, and K. Choi, "Design space exploration us)f )L;, 30 e Sldes (gjlwosly d‘ﬁ.
for efficient resource utilization in coarse-grained reconfigurable i
architecture,” IEEE Trans. on Very Large Scale Integration (VLSI)

Systems, vol. 18, no. 10, pp. 1471-1482, Oct. 2010. é"‘)ﬁ

[10] S. Emami and M. Sedighi, "An optimized reconfigurable architecture *
onIr rla_rdmlla;zre i_mple_mentatlioggof def{iamza; acr)ltpnzwgtllg Computers & [1] l\f S(_ecij]ighi]; F. L—!aﬂd;:di, IS Emlz:m!, an;j lc;/l _Saﬁ;arp(_)Llilr, "A heuristic

ectrical Engineering, vol. 63, pp. 18-29, Oct. . algorithm for high level synthesis of decimal arithmetic circuits

[11] M. Vladutiu, "Functional analysis and synthesis of binary and using systemC," in Proc. 10th Int. Conf. on Design & Technology of

decimal adding and subtracting devices,” in Computer Arithmetic
Algorithms and Hardware Implementations, Springer Berlin
Heidelberg, 2012.

Integrated Systems in Nanoscale Era, DTIS'15, 6 pp., Napoli, Italy,
21-23 Apr. 2015.



VFe uLuwc) ¥ o)l.cufl AR JLA ‘)15..«.0[{ (g~ ‘ulﬁ‘ )’9"““"5 R 9 (B (sl A puld

\Atd

110 1/0 110 1/0
Block Block Block Block
T4 o AT Vo 4 T4+ 1T
| MSG | PPT [ PPT [ EMG [ MSG
{1} T n +—{ } I} +—{ |} T {1} — } —
EMG Sel DecA DecA ' EMG Sel DecA '

110 {1} — } 1 {1} — } +—{ } 1 — } — —
Block Block
MsG DecA DecA MsG DecA [ DecA [ MSG DecA DecA

E["! {1} T {1} {1} {1} T {1 {1} 1 T {1} 11—
T4 b R N | S N ! r 4 L ot 4 ro4 1 o
[ PPT I EMG I MsSG [ PPT [ EMG I MSG I PPT l EMG [ MsG
110 ! +—{ } + {} 3} 3} 3} 3} 1 1} == IO
Block Block
[ DecA I EMG DecA EMG Sel
/10 =g 1} 1} 7} 1 == IO
Block m Block
[ DecA I MSG I DecA [ MsSG [ DecA
1/10 ! n! n 1} n ( 1/0
Block —J J -, l i L l l -, l 1 Block
e = % (B [

o) N — } 1 R — } ——RLY
Block - Block
Sel DecA l EMG I Sel I DecA [ EMG
o) — } —{ } ) 1 1 R 1 ——RLY
Block m Block
[ DecA [ DecA l MSG DecA [ DecA l MSG [ DecA | DecA [ MSG
{} {1} {1} 1 {1} B {1 {1
1/0 1/0 1/0 1/0 110 1/0 1/0
Block Block Block Block Block Block Block

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

I. D. Castellanos, Analysis and Implementation of Decimal
Arithmetic Hardware in Nanometer CMOS technology, Ph.D.
Dissertation, Oklahoma State University, USA, 2008.

J. P. Deschamps, G. J. A. Bioul, and G. D. Sutter, Synthesis of
Arithmetic Circuits-FPGA, ASIC and Embedded Systems, Wiley-
Interscience, 2006.

M. A. Gladshtein, "Algorithmic synthesis of a combinational adder
of decimal digits encoded by the Johnson-Mobius code," Automatic
Control and Computer Sciences, vol. 43, no. 5, pp. 233-240, 2009.

R. Zimmermann, "Datapath synthesis for standard-cell design,” in
Proc. of the 19th IEEE Symposium on Computer Arithmetic, pp. 207-
211, Portland, OR, USA, 08-10 Jun. 2009.

C. K. Cheng, "Design space exploration for power-efficient mixed-
radix ling adders," in Proc. of the 19th IEEE Symp. on Computer
Arithmetic, pp. 212-212, Portland, OR, USA, 8-10 Jun. 2009.

A. K. Verma, P. Brisk, and P. lenne, “"Challenges in automatic
optimization of arithmetic circuits," in Proc. of the 16th IEEE
Symposium on Computer Arithmetic, pp. 213-218, Portland, OR,
USA, 8-10 Jun. 2009.

Zimpl, Zuse Institute Mathematical
Auvailable at: http://zimpl.zib.de.

SCIP, Solving Constraint Integer
http://scip.zib.de.

IBM Corporation, The Telco Benchmark, Retrieved May 10, 2022,
from: http://speleotrove.com/decimal/telcoSpec.html.

Programming Language,

Programs, Available at:

oil)S o 1y ab) b )lS g wlis)lS ablie > 3g8 OMuass ol diloww
$5S> gaio )3 9 WAL g WAV (cba Jlo )0 iy 4y (dige duges oSl 15810 5

bl & e s L8l s 1S el inio oS8 iseelS £loans Li1,S
s SR JigueolS 5 Gy piitee 0l bk 9STen gy sl sl

(2 (6 5anolS Clue 15l a)le lig] AMe dyg0 dghy sladine; Adb o

530Sl BB slasslone o YU pdaw i

ALP 3g, 5l e3lizel L DARA (g9, s (Y) LLDFG cuilss 5 JSis

if (calltype =L)
P = duration * Brate;
else
P = duration * Drate;
Pr = RoundtoNearestEven(P);
C = Trunc(Pr * (1 + Btax));
if (calltype = D)
C = Trunc(Pr * (1 + Dtax + Btax)):
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