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Abstract

Irrelersibilit\ dissipates energ\ & drives porler hungr\ technology. More liabilit] goes to bil loss reco\ery.
Re\crsible computing recovers bit loss at input through unique mapping to output and also uscd in lolr-polver
Ci\lOS, quantum computing and optical computing. But bit error is another conc€rn of po\rer consumption and
it *ould be reco\ered bl using fuult tolerant technique in reversible computing. In this paper }ve have proposed
lault toler^nt llll adder rtith minimurn quantum cost and \r'hich is also online testable. Online tcstability
pro\ides run time testing facilities to detrct bit error. Finall\ \re have shown the experiment result respect to
benchmark function! b\ comp0sing fault tolerant propert!.

Kcvrvords: bit Ioss. bit enor. lault tolerant. onirne lestable, runtine but not able to cor-rect elrot [15. 16. 17. 18]. ln thls
quantum complLling paper \vc propose a nor,el Online Tcstable Fault Tolerant

I_ tnrrortrrction Full Adder' (OTFT]:A) by merging both methorls rvhich is

able to perform fast e.ror detection & correttron.
Revelsible Conlputing is only one method to recover bit
loss by using unique mapping bctwccn input ancl output. But
Lreversible technology diss4rates /r7x1og2 .joulcs of heal

enelgy to reload per bit ioss rnfbllnation rvhich has been

computed by lhc authol of [1], rvhere /r is the Boltzmann's
conslant aDd f ls tirc absolute arca ternpcraturc.

Alieniatively reversibility clisposcs of all thc unclcsirecl

intcrncdiatc lesults by retracing the steps of the first stage

ur backu'ald oldel and energy dissipation per logrcal steps is

lcss than lI i2]. In Quattum computiDg. cpbrts *'hich
preser\,es thc states of cach cornputation [3], the

transforuration of genetic coclc flom DNA to mcsscnger

ll\ \ ir Hio ilurr:rr.-, 2 -rr'l trrl^r"rrrrnrr er.cr')T rnl lL
the various fields o1' usc logical reversrbility. Rer,er.sible

-urnpulJlrOI. hur c 'Uttlc ltntrlrt nrt..

. Ian-o.r'xi'r31. gq 131 t.' n11c

2. Fcccl back is not pcrmitted

Another lact is 1he nunber of garbagc's aDcl galcs \hose
have a lorleL borrlld to iurplemcnt thc arbitlal.v oLrtpul

lirnclions ,1. 51. Thcre is a trade between nLLnrber tl1-gates

ancl garbage oulputs. For exan'rple, perfornting same

iLirrclion a circnil mal have mrnintunr trllntber o1'galcs btrt

l,:"r.,i"-n"r 
ol garbage oLLQuts is not optirrized or vicc

Rclelsiblc circuit able to espouse samc parit)' bct\\ccn
input-output bi1 patterns 1{) provide fault tolerance facilit.v.

lault lolera1il is divided into t$o lltajor pads: l:i-ror
Deleclion (LI)) and Lrror Correctjon (iiC). I)ouble Irtlor
Dctcction and Singlc Error Clouectioll are possiblc rf cucuit
p|cscr\'cs parity l6l. On tlic other hiincl Onlinc TcstiDg is

thc BLrilt-ln Sclf lesting (BIST) rrethod detects bil enor iit

Rest of the paper is organized as follorvs: Sectjon II
discusses about reversible logic, lault tolcranl- oDllrle

tcstability and cluantum rcalization of reversible logic.

Se. I ou Ill prc.cnr\ lhr rellior he reen no tL\ pre.er\r't
and online testability. P.oposcd clesign of lault rolerant

online testable lirll adde| has becn describecl in Section l\'.
Section V sho$'s the e\perlrnental rcsult of lault tolcranl
realization of Bencl]mark lirnctions. Scctior VI finishes this
paper lvith concludes remarks and f'uture study.

2. Background Stud1,

No$, a day Reversible Computjng is enhanced lrom various

domains likc qLlantum computing. nanotechnology aDd

optical computing etc. !alil1 lolerant detects error ancl also

provides correction lacilities f6. 91. As rvell as this paradignr

is uscd to realize nrosl prominenl enor li-ee f'ompLrting

Design.

A. Roersible l,ogic

Reversibility cnsures unique mapprng betneeu lrput lnd
output bit pattems nhere Lrnit logic enlil) i! reprc5cnical .r\
gates. l{e\.ersib1e gatcs arc used to clcplov Rcrcrsrtlr iircurt
r.vhich has onc to one unicpe mapprng bet',r t-cn input and

ouQ t state.

Lel I,- (11, 1-, .., 1,,r and O- /O O. O r arc inpur anrl

ouFut vcctol-s of a re Yc|sib Lc gate. thcn thc rclation is / * O .

Thele arc many popular gates in thrs literature. For example.

Feynnun gale (F(i) fll. I)eres lrate (PG) lEl. fcynNan
Double gate (f 2a;) f 9l. lL)tlbli Sate ( lG) [0] and liredkin
gate (FR(;) li I l. \en FaLrit l olerant gatc (-''-FT) l12l aLc

shot n rn Fr!' I



12

B

C

D

B

c

Sajib Kumar Mina, Md. Faisal Hossain, Bishaujit Bis*an Ah

e-f-}a
FGIB-Ll-AoB

(a) Feynman Gaie

B

c

A@B
AC'O B'C
AC'@BC

(c) Peres Gate (d) New Fault Tolerant Gate

B

c

AEB B

AB@C C

A'BOAC B

A'CEAB C

A@B
AOC

B

AB@C
U=AeC
V=BeCeABOBC

W=AOB€C

Q=FEC@ABOBC

X=D

Y=E

S=R@UDEltF

(b) Feyn man Double Gate

C. Built-In Self Testing: Online Te<fiy
Online Testability uses single output bir ro rqt|
of brl l anolher outpul lines lor a tesuble g-
n-dimension reversible gate will be online rcsr*
has following properties l18l:

O,, - 1,, @ O, @ O, (D .@ O,,

h Fig. 4, Rl and R2 both ae Online Testablc

[16]. To detect enol the combination of Rl- R2
cascading block with two testing Inputs (1,' 4,.1 d
testing outputs (Orl Ort that satisfy following propcre

x *etc I.

where 1,,-0andl -=lo,) @ o,. =@r,,@ r,.

B

c

D

E

R

(e) Fredkin Gate (f) Toffoli Gate

! ig. l: lleversible Cates wrth input output rnapping function

B. Fault'folerant Method: Parity Preserving

l'arity Preserving (l']P) is a propelty of revelsible logic
where the input and output vectols of a circuit preserves
same parity (odd or even). Considel R is a reversible gate

u,hjch has ulique mapping bct\\,ecn input and output vectors
shoLrld maintain the lollorving constraint to be parity
plesening or fault tolerant gate:

1, O.i. O...@1,, -O @O. @...@O,,

ln Fig.I cnly FRG, F2G and NFl preserve parity and retrain
the unique between jnput-output vectors [12]. Figure I
sliolvs the reversjbility aud parity preserving ofFI{G gate.

fl = odd Parity C) = Even Paritv

OUPUT VECTOR (P, Q, R)

fo) Ir I Iz] ai [ ] G) a6) ftl

ATgATXJ
INPUT VECIOR (A, B C)

Fig.2: Input-Output rnapping ofFault Tolerant FRC gate

Llsefll fault tolerant or parity preserving gate is not possible
lcss thar 3x3 dimensions [9]. Anothel IG [13], MIG [4]
and Parity Preserving HCG (PPHCG) [6] are newly
p|oposed 4x4 fault tolerant gates as shown in Fig. 3.

X

Z'
S

x

z
o
s

(c)

Fig.4: (a) R1 Testable Gate, (b) R2 festable Gate. (c)

Testable Cascading Block (CB)

ln Fig. 4(c), Q and S are the testing outputs whose
combjnation would be impractical respect to desired one if
any bit error occurs at other outputs ofRl.

Reference f18l used Deduced Reversible Gate (DRG) and
Testable Reversible Cell (TRC) to signify Testable Gate and
Testable Cascading Block respectively.

D. Quantum Realization: Cost of Circuit

Quartum Realization ofreversible circuit is another hend to
judge circuit perforn'unce and efficiency. Quantum
computing uses qubits rather thar binary bits and computes
multiple operations in a single computatign by usjtg natrix
operation l3]. Those operations are composed into logical
quantum gates which are used to te4lize rcvelsible circuit.
The total number of 2-input qqantum gates which are used
to realize any circuit is called the Qqantum Cost of that
circuit. Quantum operations ale reversible as reversible
circuit operation in Reversible Computing.

bidirectional method 14,51 which is helpful to minimize
gate and garbage cost or Computer Aided Design 1.31.

Revelsible XOR oper-ation is equivaleDt of Controlled-NO l'
operation of quantum circLrit and NOT operatiol is the

multiplication of two pauli - x gate [3] or Quantum NOT
(i.e. V). For that, V is called Square Root of NOT (SRN)
gate and V* is Hermitian of V that produces Vv--Identity
Matrix

B

c
0
1

Q=AOB B

R=ABOC C
S=AB'OD D

P=BOCoD

Q=ASBOC

R=AOBOD

S=AOCoD

(a) [.41G Gate (b) PPHCG Gate

Fig.3: 1\\'o 4)i4 dimensional fault'lolerant Cates
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By -\ppLlrng XOI{ opelatit.,n tr(]1\\'een (,\)anci (6 ). !". gql th.
lbllclrr in.e relation.

O +() - I .i I (/)

tiLt it is possibie to brrrld Irauit lolcrant Onlinc l-cstablc
Rerersible Block (C-B) f15. i6 and 17i *tich can bc
proclucecl onl}'honr f'ault loLcranl gates

lbeorem 2: Auy,\'iil l'alrt) l'rcscr!'urg l{crersiblt !atc rau
be rliglaled iuto a (.\r2X(,\' 2) fault -lol.ranl L)rliDc
Testable Block ol Testablc Rer ersible Cell.

Prool: Let R be an NrN I'aiit! PrescIIiD" lie'er.siblc qate

witb input-oulprLt vectols rnappi|g: /, l/i./.. l,) 1' o, (Or

O O,,l so the nrjglatecl lcstalrlr Iteversible (t-11 rrill
iustif,v 1, (1, l:, ,1,,..) -, O \O: O O ) \\'hcrc

(b ) Toffoli Gate
C)ost = 5

B

C

(c ) Peres Gate,
Cost :4

A@B
AB@C

A@B
AB@ C
ABE D

lil
t6)

(e ) Fredkin Gate, Cost = 5

I ig. 5: Quanlum rc|llrTation of [icvcr sib]e grlcs

3. ! ault I olerant Orline l estable Circuit Design

Onlinc 'Icsting is Uuilt In Sclf Tcsti[g which only dctccts
:r'ror but concction cau be coveled b) using Faull Iolerant
aircuit. An) l-climensiol tevetsible gatc can be Deduccd
ilcversible Catc (DRG) by adding extla input bi(s) and

corrcspontiing olrtput bit(s) [18]. ]lut DR(;1oscs the ianlt
tolerant propefi)' duc to provicle oniiue lestabilitl'.

lheorem l: Any Dl{Ci can nevei bc a Parit} Preserving
G ate.

Proof: i-ct. R rs a Parity Pr-csclvrng reversjble gate uhich
input and output vectors / - (li I.), ,1,,) and O, = (Or, O.

O,,) r'here 1,eO, that rnaintains the ibllou'ing mle:

1 O /. O. .O 1,, - Ot q O. @. OO,. (1)

On thc other hand miglatcd DIIG can be gencrated b)r

addrng extra bit and mapping u'orrld be /, ( 1,, 1.,.... 1,, t ) .- o
/Ot. O O,, ;J u'hcrc

o,, 1,,. Q O OO. O ..OO,,, (l)

So according to (2) antl (3), rve *ill gct

/ 6)1. +)...o1,, r-1, (1)

Llut (4) is lrot huc. Hence any DRG can neler bc a Parity
[)rese]-\'ing C;ate.

[quation (7) sho{,s that tl]e tcsling iri)Lll aDd ortlpilL'olts t]l
IRC prese|vc pality. So (N 2) x (Ax2) I RCI \orrid bc faLrll

tolerant if and onlf if i1 is generated by r\i)i.\' parill
pleser'\'ir'rg Gatcs.

Fura1ly. Dccluccrl l{cvcrsiblt Gatcs (DR(j) ls noi i rLrlt
'[oleranl brrl corresponcling Iestable Rcrersiblc C cl]s ( l l{(-)

l18l preserre parity according 10 Theorenr I and 2.

l,or. exanlple- the l-liCi CieDeratoL {FRG(i) and the Il{(j
Propagator (!ltGirl ale eLluivaieDl to DR(l \\4ro5e ale not
t'auh lolerarll but Onlinc lestrble (siroivn rn Fig. 6{a) and

6(b)). Thc combinalion ol FItGG aucl liR(iP conslrLrcts

Fault Tolcrant Tcstable I{clcr siblc Cell ol llR(l (FR(l TI{C)
\\hich is sirorvn in Fig. (r(c) $hich is lault tolerart.

A'B@AC
A'C@ AB

B

C
FRGP

Y=EV=A B$AC

W=A CeAB
O=P 0AS BO C

t) - X=D

E

R S=ReDG EsF

B

C

0

Y,B
z'c
s1l

(c)

I ig. 6: Quantum relliTation ofllc\crsrble Sirtes

,1. Proposed Orlinetestable l-ault lolerant I uil Adder

Ful1 Aciclcr is thc nrost itupelative circLrit tbl con\ltlialion
rvhich has thrce inpuls (a, l) c,,,) and output fLLnctrons ate

Sum (.srrnr) and Cally (c,, ,,) *'ith thc tbllon ing ruapping:

\/"" l' : 
'

( 
",, 

tth (L1 ltc ,. (!) ut: .

Next algorithm is proposecl to br,ilcl a Faull lolqrant Frrll

Adder (shou,n in Fig. 7) rvith lorvest qriantum cost by rsnlg

(d ) MIG gate, Cost = 7
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ninilnun] dimensiolr of falrlt tolerant gates \\llich is easily

adoptable iuto nlrilnun dtt'uelision of OltLine Testable

Block.

,{.lgorithm 1: Construction of Fault Tolerant Full
Adder.

lnput : a, b, r',,,.

C)utput : Jxr? .i,,,,r

b egin

l. (;encrate (a,:rb)by F2G gate

2. Vake t\\, o copies of c,,,by another F-2G gate

3. Propagate (a.:)b) and genelate c,,,,, b,v FRG ttsing c1,,

4. Genelate Sum by XORing (ai ir) with c" by final
r2G

ll nd

0 '-- It -J r
t

F2G
G

a
F2G

FRG
@ ab

Fig. 7l Ploposed Fault Tolerant Full Adder

'lab1e I, shous thc comparative performance with existutg
ploposed cilcuit according to quantum cost. It LS bettel to
lealize cilcuit using mrnimuni dimensional reversible gate.
(lleater dimelision causcs gleater quanturr cost.

Table 1: Comparison lrith existing circuit

Ilre Onlinc Tcstable rersicru of the above cilcuit rnciuding
l'.rult I-olerant leaturc rs siro$ll rn ]ig. E.

.\lgorithnr 2: Dcsign of Online lestablc FaLrlt lolelant
I:ull .\ddcr.

Inpul : e. b end c,,,

Output : srLrn ..(a b' ,c,,) ancl

c,,,,, (ab :l bc . ) ca)

Begin

Sajib Kunar Mina. Md. Faisal Hossain, Bishanlit Bistias. -\i,sa - ?.= 
=

aebOc"
G

1 Adopt all requtted JxJ rererstc.: .-- :i: -'
gates into 5x5 I RC.

2. Set testuig inpr-n 1,1 = a and 1.1 :, -': :.. -: -':
Blocks.

3. Set connectiol'r according lo Algouti.:-- . .:
generates c,,,, fr on.r FI{G TRC atid sur: :: - ':-
F2G TRC.

End

5. Experimental Result

We have realized the calculation ofploposed algon'-i--::,. - '
rni;ratrng arry iirc.ut into fartlt tole|attt properl\ : - -=

progranulting language Java (J2SE 1.6.0 17) on \:::=.--,
IDE (6.8) Ln l,inux Workstation. All the experinental ::,- :,

are tested on Intel(R) Core('fM)2 Duo CPU 117300 2 55C.--

edrtion with 2 GB RAM. Duting the execution. r: '::
ensured that no other applicatlon is nLnntng. Table II s:: ,

the expermental results ibr ciiffercnt benchmark functro::

Table 2: Experimental Result ofFault Tolerant Realizat::.-.
uf Ben.hnulk Iunctiorr>

6. Conclusion

Reversible logic is an enicrgin-g researclt area. Thts papet

has pr-esent tlle idea ofuslng lauh lolera l meciranisur u jllr

online testabrlity and aiso has propose.l mrnilDunl cosl lault
tolerant lull adder circuit. IIre conrpar.rson 1ab1e (lable I)
l'ias shou,n the better pcrformance tllan plcvious all destgn

offault tolerant full addcr circuit. r\n expennrellal ovetvic$
on benchnark circuit has been presented finally. We also

contimre to u'ork on improlement of this reseatch srtch as

ciuantum conputing ancl other cligrtal cilcuits.

l

Fault Tolelanl
l ull Adder

Des tgn

l:xisting[141

Benchnlark lunctions Desr

In/out CT GB

5xp I 7i l0 166 t94 5 0fr

9synl t)it 127 486 I 5 (t(r

adrl 2!2 5 1 tl
adr 2 4i3 24 32 6{r

adrS 6t4 67 85 195

ape \ I 4 5i45 tt)2t) 4) t6 126 t-0

ape\J 54,'50 3 998 4245 t0l
bL2 l5r9 I59 191 i r.1

5i 28 t05 122 144
cl p 9i5 492 569 1E1l

con I 1i2. l5 49 t0E

cordr c 23t2 I)t62 1295E 4400ii
dr rk e2 22!2t) 941 1009 1078
Inc l t/; i:) I

In cl 2,1 4 10

In c3 8,'l 9 ll 21

Inc4 4i5 t6 l0 34

Inc5 5r6 2l ll '/0

N{ isex l l{ lJ t04 246

Misex2 25itE r99 ()l

14114 615 9 9791 24641
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Fig. 8: Ploposed Desrgn of Fault Tolerant Online Testable

Full Adder'
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