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Abstract

Thispaperproposesa new wayof efficientlydoingarbi-
trary � -bit permutationsin programmableprocessorsmod-
eledonthetheoryof omegaandflip networks.Thenewom-
flip instructionwe introducecan performany permuta-
tion of � subwordsin ������� instructions,with thesubwords
ranging from half-words down to single bits. Each om-
flip instructioncan be donein a singlecycle, with very
efficient hardware implementation.Theomflip instruc-
tion enhancesa programmableprocessor’s capability for
handling multimediaand securityapplicationswhich use
subword permutationsextensively.

1 Intr oduction

Multimedia applicationsoften deal with relatively low
precisiondataandhavehighlevelsof dataparallelism.Mul-
timediainstructionsusingsubword arithmeticareadopted
into many modern microprocessorarchitecturesto ac-
celeratemultimedia processing. Examplesare MAX[2 ]
and MAX-2[3] extensionsto HP PA-RISC architecture,
MMX[7 ], SSE[8] andSSE2[9] extensionsto Intel IA-32
architecture,IA-64[1], 3DNow![6] for AMD x86, VIS[13]
for SunSPARC andAltiVec[10] for PowerPC.Theessence
of thesemultimediainstructionsis to pack several pieces
of low precisiondata,called subwords, into a single ma-
chineword so that they canbe processedin parallelusing
oneinstruction.Thesesubwordparallelinstructionsgreatly
improvetheperformanceof many multimediaapplications.
However, they alsoraisesomeproblems.An importantone,
the subword rearrangementproblem,ariseswhenthe sub-
wordsin a word arenot in thedesiredorder. Althoughthis
situationdoesnot exist in traditionalarchitectures,it natu-
rally occurswith theuseof subword parallelism.We need
to be able to rearrangesubwords in an efficient and easy
mannerwhennecessary.

1.1 Past Work

Existing software methods. When instructionset ar-
chitecturesupportfor subword rearrangementis not avail-
able, table lookup methodsand solutionsbasedon con-
ventionallogical andshift, or extract anddeposit,instruc-
tions are usedto solve the subword rearrangementprob-
lem. Thesemethodsarequiteslow for achieving arbitrary� -bit permutations.More recently, several subword rear-
rangementinstructionswereproposedandimplementedin
differentarchitectures.Examplesare the mix andper-
mute instructionsin MAX-2[3], mix andmux instructions
in IA-64[1], andthevperm instructionin AltiVec[10]. All
of theseinstructionscando certaintypesof subword rear-
rangementsquite efficiently for subword sizesof 8 bits or
larger. However, theconceptof subword encompassesdata
rangingfrom full wordsto halfwordsto singlebits. Permu-
tationsof smallsubwordsizesdown to abit areparticularly
importantfor acceleratingcryptography, which is becom-
ing increasinglyimportantfor securecommunicationsand
processing.Noneof thesecurrentlyimplementedsubword
rearrangementinstructionsprovidesa generalsolution for
efficiently doingarbitrarypermutationsfor all possiblesub-
wordsizes.
cross instruction . In a previous paper[14], we pro-

poseda new subword permutationinstruction,thecross
instruction. The cross instructionis able to do all pos-
sible permutationsfor all subword sizesefficiently. The
idea is basedon the fact that an � -input Benesnetwork,
which is formed by connectingtwo � -input butterfly net-
works back-to-back,canproduceany permutationof its �
inputswith edge-disjointpaths(seeFigure 1(a)). Further-
more,Benesnetworkscanbebrokeninto separatebutterfly
network stages.

Thecross instructionhasthenormal3-operandformat

cross,m1,m2 rd,rs,rc

rs andrd specifiesthe registerscontainingthe bits to be
permutedandthepermutedbits,respectively. rc is thereg-
isterholdingtheconfigurationbits. Onecross instruction



executesthe operationsof two butterfly stages.Thesetwo
stagesarespecifiedbym1 andm2, where	�
� representsthe
distancebetweenpairedinputs.

To usethecross instruction,wefirstobtainavalid con-
figurationontheBenesnetwork for thedesiredpermutation
using an algorithm presentedearlier[14]. Then we break
theconfigurednetwork into pairsof stages.For eachpairof
stages,we assigna cross instruction. By chainingthese
cross instructionsin sequence,we virtually constructa
Benesnetwork that is configuredfor the desiredpermuta-
tion. An exampleof across instructionsequenceis given
in Figure1(c). Sincethereare 	�������� stagesin an � -input
Benesnetwork, we needat most ������� cross instructions
to performany � -bit permutation.

Becauseacross instructionmayuseany two stagesin
a Benesnetwork in any order, we needto havea full Benes
network in hardwareto implementcross instructions.Al-
ternatively, we canhave two stagesin hardware,but each
stageneedsto containall thenecessaryconnectionsfor an� -input butterfly network. Neitherof thesetwo implemen-
tationsis efficient in termsof hardwareimplementation.
pperm and grp instructions. Shi andLee proposed

two permutationinstructions,pperm andgrp[12]. They
can do arbitrary � -bit permutationsin ������������� instruc-
tions. However, their circuit implementationsarealsonot
themostefficient. Leealsoproposedsubword permutation
instructionsfor two-dimensionalmultimediaprocessing[4],
but thesehave not beenshown to beeffective for arbitrary
bit-level permutations.

1.2 Objectiveof This Paper

Our objective is to explore alternative possibilitiesfor
solving the generalsubword permutationproblem,for all
subwordsizesdown to asinglebit. We aretrying to find an
efficientapproachthatcanachieveat leastthesamelevel of
performanceasthecross instruction,but canyield more
efficientcircuit implementations.

We chosethe butterfly network as the basis for our
cross instructionsbecauseit hascertaindesirableprop-
erties. It canbebrokeninto stagesthataresimpleto spec-
ify, andan � -input Benesnetwork is ableto do all permu-
tationsof its � inputs. However, onedisadvantageof the
butterfly network is that all its stagesaredistinct. From a
circuit point of view, it is beneficialto usenetworks that
haveuniformstages,whichcanresultin asmallerhardware
implementation.

2 Omegaand Flip Networks

Theomeganetwork hasuniform stages,i.e., eachstage
is identical. This is alsotrue for theflip network, which is
a mirror imageof theomeganetwork[5]. Omeganetworks
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(b) !  ! "" #!##!#$$cross,2,1  r1,r1,r2

cross,1,2  r1,r1,r4
  ;r4=01000000b

omflip,00  r1,r1,r2

omflip,11  r1,r1,r4
  ;r4=01000000b

cross,0,0  r1,r1,r3
  ;r3=10110000b

  ;r2=10001010b   ;r2=10001010b

omflip,10  r1,r1,r3
  ;r3=10110000b

(c) (d)

Figure 1. (a) Benes netw ork configured for
the perm utation �&%('*),+.-0/21(34�657�8/9%('*),-:+;3(1<� . (b)
Omega-flip netw ork configured for the same
perm utation. (c) cross instruction sequence
for (a). (d) omflip instruction sequence for
(b).



areisomorphicto butterfly networks andflip networks are
isomorphicto inversebutterfly networks,asshown in Fig-
ure2 for 8-inputnetworks.

As a resultof the isomorphism,thepropertiesof omega
andflip networksaresimilar to thoseof butterfly networks.
Thetotal numberof stagesin an � -inputomeganetwork or
flip network is ������� andthenumberof nodesin eachstage
is � . A nodeis wherethe pathselectionfor an input takes
place. In eachstageof an omeganetwork or flip network,
for every input, thereis anotherinput that sharesthe same
two outputswith it. We call thesepairsof inputsconflict
inputsandtheir correspondingoutputsconflictoutputs.

An omega-flip network is formed by connectingan � -
inputomeganetwork andan � -input flip network. It canbe
usedto performany permutationof its � inputswith edge
disjoint paths[5]. It is functionallyequivalentto an � -input
Benesnetwork.

3 Ar chitectural Implementation Based on
Omega-flipNetwork

3.1 BasicOperations

The basicoperationsfor our proposedpermutationin-
struction correspondto the single stageoperationsin an
omega network or flip network. We call themthe omega
operationandtheflip operation, respectively. Eachof these
two basicoperationshastwo sourceoperands:thebits to be
permutedandtheconfigurationspecification.Bits from the
sourceregisteraremovedto theresultregisterbasedon the
configurationbits. If theconfigurationbit for a pair of con-
flict inputs is 0, the bits from thesetwo inputsgo through
non-crossingpathsto the outputs. Otherwise,the bits go
throughcrossingpathsto theoutputs.

3.2 omflip Instruction

For eachof the basicoperationsintroducedabove, we
only need�>=�	 bits to specifytheconfigurationfor � input
bits. Therefore,for permutingthecontentsin an � -bit regis-
ter, we areableto packtheconfigurationbits for two basic
operationsinto oneconfigurationregisterandthuspacktwo
basicoperationsinto onesingleinstruction.Theinstruction
formatfor our permutationinstructionis

omflip,c rd,rs,rc

rs is the sourceregistercontainingthe subwordsto be
permuted,rd is thedestinationregisterwherethepermuted
subwordsare placed,andrc is the configurationregister
that holds the configurationbits for the two basicopera-
tions.c is a sub-opcodethat indicateswhich two basicop-
erationsareusedin thisinstruction.It containstwo bits. For
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Figure 2. Correspondence between nodes in
(a) an omega netw ork and a butterfly netw ork.
(b) a flip netw ork and an inverse butterfly net-
work.



eachbit, 0 indicatesthatanomegaoperationis usedand1
indicatesthata flip operationis used.Therearefour com-
binationsof c: omega-omega,omega-flip, flip-omegaand
flip-flip. Thefirst basicoperationis determinedby theright
bit of c. It takesthesourceregisterrs andmovesthebits
in it basedon the leastsignificanthalf of theconfiguration
registerrc to anintermediateresult. Thesecondbasicop-
erationis determinedby the left bit of c. It movesthebits
in the intermediateresultaccordingto the mostsignificant
half of rc to thedestinationregisterrd.

An example instruction sequenceis shown in Fig-
ure 1(d). For instance,the first omflip instruction,om-
flip,00 r1,r1,r2 performs two omega operations.
The first omegaoperationusesthe configurationbits from
the leastsignificanthalf of r2, 1010b. Theconfiguration
bit is 0 for nodescontaininga ande, 1 for nodescontaining
b andf, etc.Therefore,in thefirst omegaoperation,a and
e gothroughnon-crossingpaths,b andf gothroughcross-
ing paths,andsoon. The intermediateresultafter thefirst
omegaoperationis �8%;-:/?',)@1(32+;� . For thesecondomegaop-
eration,theconfigurationbits,1000b, comefrom themost
significanthalf of r2. Only theconfigurationbit for nodes
holding b andd is 1. Therefore,only b andd go along
crossingpathsandall othersgo alongnon-crossingpaths.
Theresultafterthefirstomflip instructionis �&%;),-A1</?3B+;',� ,
whichcorrespondsto theresultaftertheleftmosttwo stages
of theomega-flipnetwork shown in Figure1(b).

3.3 Usingomflip Instruction

In orderto useomflip instructionsto do arbitraryper-
mutations,we first needto obtain the configurationof an
omega-flipnetwork for thedesiredpermutation.Sincethere
is aone-to-onecorrespondencebetweennodesin an � -input
omega-flip network andan � -input Benesnetwork, we can
first obtainavalid configurationonaBenesnetwork for the
desiredpermutation,thentranslatetheBenesnetwork con-
figurationto anomega-flipnetwork configuration.For each
nodein an omega-flip network, we find its corresponding
nodein the Benesnetwork andusethis node’s configura-
tion for thecorrespondingnodein theomega-flipnetwork.

An example is given in Figure 1. We first configure
the Benesnetwork for the permutation �&%('*)C+�-0/21<32�D5�8/9%('*),-:+;3(1<� andobtaintheconfigurationbits for eachnode.
Theseconfigurationbits are shown in Figure 1(c) as the
contentsof the configurationregistersr2, r3 andr4 for
thecross instructions.Theright half of theconfiguration
register is for the even stageand the left half for the odd
stage.The configurationbits arereadfrom right to left as
we go throughnodesfrom top to bottom.For instance,the
fifth andseventhnodesin thesecondstageof theBenesnet-
work areconfiguredusingonebit. Thisbit is thesecondbit
from theleft in r2, which is 0. This bit is alsousedto con-

figure the secondand the sixth nodesin the secondstage
of theomega-flipnetwork in Figure1(b),whichcorrespond
to the fifth andseventhnodesin the Benesnetwork. This
bit is the third bit from the left in r2 of the first omflip
instruction.

After the omega-flip network is configured,we breakit
into pairsof stages.For eachpair of stages,we assignan
omflip instruction. This sequenceof omflip instruc-
tionsachievethedesiredpermutation.

Using this method, we can do all possiblepermuta-
tions(withoutrepetition)of the � bits in an � -bit register
using ������� omflip instructions.

3.4 Permuting Multi-bit Subwords

Whena Benesnetwork is configuredfor E -bit subword
permutationsusing our configurationalgorithm, the mid-
dle 	�������E stagesareconfiguredaspass-throughs(seeFig-
ure3(a)).Similarly, for E -bit subwordpermutation,themid-
dle 	F������E stagesof the omega-flip network alsocopy the
input bits to their outputwithout any changeof order(see
Figure3(b)). Hence,we caneliminatethemfrom thecon-
figuredomega-flip network(seeFigure3(c)) andassignin-
structionsto the remainingstageswithout affecting the re-
sult. Therefore,whenpermuting E -bit subwords in an � -
bit word, the maximumnumberof instructionsneededbe-
comes�������HGI������EKJL�����9���>=0E0�!JM�������ON , where �ON is the
numberof subwordsin aword.

4 Cir cuit Implementation

At the circuit level, to implementthe four variantsof
omflip instructions,we only needto have two omega
stagesandtwo flip stages,ratherthan 	F������� stagesfor the
entireomega-flipnetwork. Whenexecutinganomflip in-
struction,thecontrol logic selectsthepropertwo stagesfor
thetwo basicoperationsbasedon thesub-opcodec. It then
configuresthesetwo selectedstagesaccordingto the least
significanthalf andmostsignificanthalf of the configura-
tion registerrc. Thestagesthatarenotusedareconfigured
aspass-throughs.Notice thatneitheranomegastagenor a
flip stagehaspass-throughconnectionsexceptfor the two
nodesat the ends. We have to put bypassingconnections
on top of the two omega stagesandthe two flip stagesso
thatall of thestagescanbeconfiguredaspass-throughs.A
conceptualdiagramof thecircuit implementationis shown
in Figure4 wheretheadditionalbypassingconnectionsare
shown usingthick lines.A circuit diagramis shown in Fig-
ure5.

For comparison,we show thecircuit implementationfor
thecross instructionsin Figure6. We alsoshow a circuit
implementationfor a crossbarnetwork with thesamenum-
ber of inputs in Figure7. We calculatetheir track counts
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Figure 3. (a) 8-input Benes netw ork con-
figured for 2-bit subw ord perm utation�8%<T,%;UA'AT,'*UA)AT*),UA+;T,+�U:�V5 �&)AT,),UA'AT,'*UA+;T,+�UW%<T*%;UA� . (b)
8-bit omega-flip netw ork configured for the
same perm utation. (c) Eliminating the two
mid dle stages of the omega-flip netw ork.
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Figure 4. Conceptual diagram for the omflip
cir cuit implementation.
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Figure 5. Schematic diagram for the cir cuit im-
plementation of omflip instructions sho wing
(a) an individual node . (b) an 8-bit implemen-
tation.



in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in
0

1

in

1

0

CFG

in0

in1

in2

in3

in4

in5

in6

in7

In
pu

ts

out1

out2

out3

out4

out5

out6

out7

O
ut

pu
ts

out0

(b)

(a)

Figure 6. Schematic diagram for the cir cuit im-
plementation of cross instructions sho wing
(a) an individual node . (b) an 8-bit implemen-
tation.

andtransistorcountsto givearoughideaof theirsizes.The
numbersaresummarizedin Table1.

Thenumbersin Table1 arecomputedasfollows:
For theomflip implementation,wehaveX Y E0%;)CZ<[\J ]��^ Y E0%;)CZ<[\J _a`b�dcfe � 	 ��eg�������J _heg	0�iej���&���lkm_heon��Y E:%.��[Apd[Aqdr:E0[\J _��s`tcW	uJm_�v��xwy�

The ]�� horizontaltrackscomefrom the 3 output lines in
eachnode. The numberof vertical tracksis composedof
threeparts: 4 passsignalsfor the 4 stages,�>=�	 config-
uration lines per stagefor the 4 stages,and the number
of data tracks neededbetweenadjacentstages,which is������� (about _�� ). The _.v�� transistorscomefrom 12 tran-
sistorsin eachcell for _�� cells.

For thecross(Benes)implementation,we haveX Y E0%;)CZ<[\J 	0�^ Y E0%;)CZ<[\J 	F�������t` � 	 eg	z`t�{	0�|Gb	��J �}�������ieI_��~Gt_Y E0%.��[Apd[Cqdr:E�[\J 	0�}�������t`�n�J�cW	��}�������xwV�!�����l�
The 	�� horizontaltrackscomefrom the 2 output lines in
eachnode. The calculationof the vertical tracknumberis
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Figure 7. Schematic diagram for a cir cuit im-
plementation of an v -input crossbar netw ork.

similar to the calculationfor omflip implementationmi-
nusthe passsignals. The cW	��}������� transistorsarefrom 6
transistorsin eachcell for 	��}������� cells.

For thecrossbarimplementationweshow in Figure7,X Y E0%.)AZ<[�J �^ Y E0%.)AZ<[�J �t`b�dc�eo����������Jm�aeo�}�������Y E0%.��[Cpd[Aqdr:E�[�J �t`b���ie � ���<�� ���O�
� �������p � �8	��������aeg	0pd���J ����� U �����l���f��]�� U �����l��wm� U �������

Thehorizontaltracksconsistof the � input datalines. The
vertical tracksconsistof the � output data lines and the������� configurationlines for eachoutput data line. The
numberof transistorsarefor the AND gateandpasstran-
sistorat eachcrosspoint. An alternative implementationof
crossbaris to provide a negatedsignalfor eachcontrolsig-
nal sothatno invertersbeforeAND gatesareneeded.Then
theverticaltrackcountbecomes�Ke�	0�}������� andthetran-
sistorcountbecomes� U ��c�ej	F��������� . This implementation
mayyield a largersizedueto moreverticaltracksused.

From theseequations,we seethat when � is large, the
omflip implementationshouldyield thesmallestsize.As
weseein table1, theomflip circuit implementationyields
the smallesttransistorcount and reasonabletrack counts
for permutationsof 64 bits. Therefore,it shouldyield the



H tracks V tracks Transistors

24 50
Omega-flip 24(data) 30(data) 384
(omflip) 20(control)

16 52
(a) Benes 16(data) 28(data) 288

(cross) 24(control)
8 32

Crossbar 8(data) 8(data) 640
24(control)

192 k 400
Omega-flip 192(data)k 250(data) 3072
(omflip) 132(control)

128 636
(b) Benes 128(data) 252(data) 4608

(cross) 384(control)
64 448

Crossbar 64(data) 64(data) � 73728
384(control)

Table 1. Comparison of estimated horizon-
tal and ver tical trac k counts and transistor
counts for cir cuit implementations of omflip
instructions, cross instructions and a cross-
bar netw ork for (a) 8-bit perm utations and (b)
64-bit perm utations.

most area-efficient implementation. Notice that we have
notcountedthecontrollogic circuitsfor generatingthecon-
figurationsignals,which aremorecomplex for thecross
implementationandthecrossbarthanfor omflip.

5 Performance

5.1 Arbitrary Permutations of a 64-bit Word

Table2 showsthenumberof instructionsneededfor per-
mutationsof a 64-bit word with different subword sizes
for different methods: usingomflip instructions,using
cross instructions,andthe bestmethodwith existing in-
structionsetarchitectures(ISAs).

Thesolutionbasedon omflip instructionshassimilar
performanceto thatbasedoncross instructions.Theav-
erageperformance,especiallyfor largesubword sizes,can
beimprovedby instructionsequenceoptimizations.For ex-
ample,we have not yet exploitedtheuseof flip-omegaop-
erationsprovidedby theomflip instruction.

Subword Numof Maxa Max�
size subwordsin numof numof existing

in bits register omflip cross ISAs

1 64 6 6 30b

2 32 5 5 30�
4 16 4 4 30�
8 8 3 3 1c d

16 4 2 2 1�
32 2 1 1 1�

aThemaximumnumberhereis ���*�4� .
bInstructioncountsusing table lookup methods,actualcycle counts

will belargerdueto cachemisses.
cUsingsubwordpermutationinstructions.
dOnly vperm in AltiVecis ableto do this in oneinstruction.

Table 2. Comparing instruction counts for do-
ing arbitrar y perm utations of subw ords.

5.2 Permutations in DES

We measurethe performancegain of our omflip in-
structionsfor apermutationin arealcryptographyprogram,
theDataEncryptionStandard,DES[11].

The initial permutationin DES is a fixed64-bit permu-
tation donefor each64-bit datablock at the beginning of
encryptionor decryption. We do this permutationin three
different ways: table lookup, logical operationsandom-
flip instructions. Whenusing the table lookup method,
thepermutationcanbe achievedby referencingeight256-
entrytables:E0-0[�J ��� q�'*��c����8[AE0),�u�� 4����������������������������/9/?�¢¡£ ��� q�'*�{	<���8[AE0),�u�� 4������������������������/9/9���.�>�u�gv0¡£ ��� q�'*�8]B���8[AE0),�u�� 4�������������������./9/9�������.�>�u�¤cAn�¡£ ��� q�'*�&_2���8[AE0),�u�� 4����������������/?/9�����������.�>�u��	0_�¡£ ��� q�'*�{¥<���8[AE0),�u�� 4������������/?/9���������������.�>�u�g]�	0¡£ ��� q�'*�8nB���8[AE0),�u�� 4��������/?/9�������������������.�>�u�j_���¡£ ��� q�'*�¢¦(���8[AE0),�u�� 4���./?/9�����������������������.�>�u�j_�v�¡£ ��� q�'*�8vB���8[AE0),�u�� 9/?/9���������������������������.�>�u��¥�n�¡
whichis mappedto 30instructionsona64-bitmachine.Us-
ing logicaloperations,thepermutationcanbedoneusing15
XOR’s, 10 SHIFT’s and5 AND’s on a 32-bit architecture,
as in the libdesimplementation[15]. This implementation
canbemappedto 34 instructionsona64-bitmachine.With
ouromflip instructions,weonly need6omflip instruc-
tions to do this permutationfor a 5 ` speedupover the ex-
isting tablelookupor logicaloperationsapproaches.

The entireDES programconsistsof two parts,encryp-
tion or decryption,and key scheduling. We comparethe



Encryption/decryption Key scheduling

Tablelookup 1 1
omflip 1.33 16.55

Table 3. Speedup of omflip over table lookup
for DES.

performanceof the implementationusing omflip per-
mutation instructionswith that using the traditional table
lookup methodby simulation. Table3 shows the speedup
we achieve usingomflip for a 2-way superscalararchi-
tecturewith 1 load-storeunit and a cachesystemsimilar
to PentiumIII processors.The hugespeedupfor the key
schedulingis dueto the many differentpermutationsused
andthecachemissesgeneratedby thetablelookupmethod.

6 Conclusion

The omflip instructionsfor doing arbitrary subword
permutationsachievegoodperformancefor permutingsub-
wordsof differentsizes.Themaximumnumberof omflip
instructionsneededfor permuting � subwordsis �����l� . It
is 	�������� if we take into accountthe load instructionsfor
the configurationregisters. The performanceof omflip
instructionsis comparableto the bestmethodwith exist-
ing architecturalsupportwhendealingwith largesubwords.
Whenpermutingsmallsubwords,our methodsignificantly
outperformsthebestexisting method,becausethereis cur-
rentlynoarchitecturalsupportfor arbitrarypermutationsof
small subwords and we have to fall back to the slow ta-
ble lookupor logical operationsapproaches.In this aspect,
ourmethodis particularlyadvantageousbecausepermuting
subwordsof onebit eachis very importantfor fast cryp-
tography. The circuit implementationfor theomflip in-
structionis alsoefficient. We areableto reducethe num-
berof stagesrequiredfrom 	F������� for thecross instruc-
tion to only 4 stagesfor theomflip instruction. We also
reducethe numberof transistorsneededfrom ���&�}���������
for cross instructionsand ���&� U ��������� for crossbarimple-
mentationsdown to ���&��� for omflip instructions,which
is greatsavingswhen � is large.
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