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Intr oduction

1. Mostof thecombinatordefinitionsandequivalences(beyondthosepeculiartomolec-
ularcomputation,suchas

�
, � , and � ) arefrom Curry andFeys [CFC58].

2. Wefollow theusualconventionin combinatorylogic of omittingparenthesesthatas-
sociateto theleft. For example,���	� means
�
�����
���
 , and ��
�����
�����
�
�
�����
�����
�

means
�
���
�
�����
�
�����
�
�
�
�
�����
�
�����
�
�
 .

3. In the definitionsof the operators,variablesaremarked with primes(e.g., ��� ) and
parenthesizedsuperscripts(e.g.,�! #"�$ ) to indicatesharedcomplexes.Seethedescrip-
tion of the � (Sharing)Primitive(Section17).

4. Notice that the following aredistinct andhave differentmeanings:�&% (powersof
combinators),� % (polyadiccombinators),�  % $ (sharing),�  % $ (deferredcombina-
tors), �(' %*) (left reduction),� ' %+) (polyadicextension);seeOther Notation (p.14). � %
is alsousedin theusualway to denoteanelementin aseries�-,/.��102.��13 , . . . . When
subscriptsandsuperscriptsof any kind arecombined,thesubscriptstakeprecedence;
thus 465% means
74 % 
85 .

5. The size 9 �:9 of a nonprimitive combinator� is expressedin termsof the number
of ; , < , and = nodesthat it contains.Sincenonprimitivecombinatordefinitionsare
binary trees,if they containno other nodesbesides; , < , and = , then the counts
satisfy >�?A@�BDCFEHG , andthetotal nodesare IJ?AKL>MB�GN?OKP
Q@RBMC�
SE:G .

6. A combinatoris calledregular if it doesnotaffect its first argument,thus,T ���U,WVXVXVY� % ?UZ ���[,WVXVXVY� 5]\
Mostcombinators(e.g., � , �^� , � , _ , < , ; , � , ` , 4 , 4 % , a ) areregular.
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Definitions of Combinators

1 b Primiti ve(Application Complex)

The application( = ) complex representsthe applicationof a combinatorto its argument.
Theapplicationof

T
to � , written

T � , is representedby amolecularcomplex cN= T � , in
which the“operator”bindingsiteof = is linkedto

T
, the“operand”bindingsite is linked

to � , andthe“result” siteis linkedto c , thecomplex into which theresultof
T � will be

linked.
All (or most)of thenon-terminal(interior) nodesof acombinatortreeare = nodes;the

terminals(leaves)areprimitivecombinators(e.g., ; and < ). If thenetwork is notatree,but
hassharednodesor cycles,then(mostof) the non-terminalnodesare = and � (sharing)
nodes.(Wesay“most” becauselaterwemaywantto defineadditionalinteriornodetypes.)

2 d Combinator (Elementary Compositor)

Definition: �^���	�e?UZf�M
g����
 (1)

Reduction to ;^< : � ? ;U
�<�;h
*< (2)

Size: Ki;jBkKl<mBDni=!?Ao total.
Equivalences: � ? �S� � (3)� ? ��
Qpq_r��
+
Qpq_s
 (4)� % Tjt �m,WVXVXV�� % ?UZ T 
 t �-,^VXVXV�� % 
 (5)

Notes: If
T

is regular(p. 2),
T ���U,�VXVXV�� % ?UZf�u�v,^VXVXVY� 5 , then� Tjt ����,hVXVXVY� % ?UZ t �u�v,�VXVXVY� 5w\

Thatis,
t

is appliedto theresultof applying
T

to thearguments���U,WVXVXVY� % .
3 dyx Combinator (Permuting Compositor)

Definition: � � �����J?UZz�M
7�w�	
 (6)

Equivalences: � � ? �S� (7)

Size: oi;jBD{|<mB�G}K~=(?eK�� total.
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4 � Combinator (Elementary Permutator)

Definition: ��������?UZf�u�w� (8)

Equivalences:

� ? ��
���;h
 (9)� ? ;�
�����;h
�
8<6<�
 (10)� ? pi�U�X
Qpi�U�/
�
Qpi�U��
 (11)

Size: �i;jBM��<mBD�i=!?�GXo total (Def. 9).

5 ��� Combinator (PurePermutator)

Definition: �U������?UZ �j� (12)

Equivalences:

����? �S_ (13)����? pq_�_ (14)

Size: {�;jBD{|<mB�G�G�=(?eKin total (Def. 13).

6 � Primiti ve(Elementary Deleter)

Reaction:

�U�	BJ�U� E�� �q�	B���� (15)��=�����B����(BJ�U� E�� �S��BJ���JB���=���0 (16)�vc � ��BkKl�U� E�� c]��B��W0 � �!B���� (17)�vc]����BJ�U� E�� ��c]����BJ��� (18)

Notes: In Eq. 15, � representsany primitive combinator(e.g., ; or < ). Notice that in
Eq.17,adeletioncancelsareplicationin progress.However, in Eq.18,adeletiondoesnot
affectasharedcomplex, exceptto capthedeletedsharinglink.

ReactionSpecification:

d: D, a: A, x, y, d’: D, p: P, q: Q, q’: Q.
d a, a_1 x, a_2 y, d’ q’, p q
=> (DeleteApplication)

d x, d y, p a, a_1 q, a_2 q’.
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d: D, u, r: R, x, p: P, p’: P, q: Q, q’: Q.
d r_1, u r_2, r x, p q, p’ q’
=> (DeleteReplicator1)

u x, p r_1, p’ r_2, r q, d q’.

d: D, u, r: R, x, p: P, p’: P, q: Q, q’: Q.
d r_2, u r_1, r x, p q, p’ q’
=> (DeleteReplicator2)

u x, p r_1, p’ r_2, r q, d q’.

d: D, u, v: V, x, p: P, q: Q.
d v_1, u v_2, v x, p q
=> (DeleteSharing1)

p v_1, u v_2, v x, d q.

d: D, u, v: V, x, p: P, q: Q.
d v_2, u v_1, v x, p q
=> (DeleteSharing2)

p v_2, u v_1, v x, d q.

d: D, pc: Prim, p: P, q: Q.
d pc, p q
=> (DeletePrimitive)

p pc, d q.

Notes: In the last (DeletePrimitive ) rule, ‘Prim ’ standsfor any primitivecom-
binator. Therefore,at leastat the presenttime, that rule mustbe repeatedwith ‘Prim ’
replacedby eachprimitivecombinatorspeciesin use(e.g.,‘K’, ‘S’).

7 � Combinator (Elementary Identificator)

Definition: _���?^Zz� (19)

Reduction to ;^< :

_�? ;�<�� (20)

Size: GX;jBkKl<mBkKL=!?A� total (taking _�?A;^<�< ).
Equivalences:

_�? ��<�� (21)_�? �k< (22)
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8 � Combinator

Definition: pic]������?UZ c]�M
�c��w��
 (23)

9 � Combinator (Elementary Cancellator)

Definition: <�����?UZ � (24)

Reaction: cw=�0X<����JBJ���AE�� c]��B���=S0X<�� � (25)

Equivalences:

C % ����,WVXVXV�� % ?UZ � (26)

ReactionSpecification:

a: A, b: A, k: K, d: D, q: Q, u, x, y.
u a, a_1 b, b_1 k, b_2 x, a_2 y, d q
=> (Kreaction)

u x, d a, a_1 b, b_1 k, b_2 q, a_2 y.

10 ¡ Combinator (Inert Complex)

The ¢ (inert) combinatoris usedwhenwe want to prevent reduction,generallywhenwe
are intendingto producea static structure. For example,if the structure

T �-,�VXVXV�� % is
generated,thenthereis a risk thatthereductionrulesfor

T
will destroy thestructure.This

is avoidedby usingthe inert combinator, e.g. ¢��-,�VXVXV�� % . Sinceit is inert, thereareno
reductionor reactionrulesfor it. Of course,in practice,thereneednot be just oneinert
combinator, and any molecularspeciesthat doesenter into the computationalreactions
couldbeused.

11 £ Primiti ve(ResultCap)

Theresultcapis inert; it is aplace-holderfor the“result” binding-siteof any group.

12 ¤ Primiti ve(Ar gumentCap)

Theargumentcapis inert; it is aplace-holderfor the“argument”binding-siteof any group
(in particular, for the“operator”and“operand”sitesof an = complex).
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13 ¥ Primiti ve(Elementary Replicator)

Reaction:

c�¦ � �	B��q��BJ�U� E�� c6��Bk¦��	B��W0 � � (27)c§¦ � =����JBJ��=�� 0�B��W0 � � E�� 
¨cN=�
�
Q¦©=�
+
 � ��
�
 � ��
�BMn��U� (28)

Notes: In Eq.27, � representsany primitivecombinator(e.g., ; or < ).
ReactionSpecification:

r: R, a: A, u, v, x, y, r’: R, a’: A,
p: P, p’: P, p’’: P, q: Q, q’: Q, q’’: Q.

u r_1, v r_2, r a, a_1 x, a_2 y,
p r’_1, p’ r’_2, r’ q, p’’ a’, a’_1 q’, a’_2 q’’

=> (ReplicateApplication)
u a, v a’,
a_1 r_1, a’_1 r_2,
a_2 r’_1, a’_2 r’_2,
r x, r’ y,
p q, p’ q’, p’’ q’’.

r: R, pc: Prim, u, v, pc’: Prim, p: P, p’: P, q: Q.
u r_1, v r_2, r pc, p q, p’ pc’
=> (ReplicatePrimitive)

u pc, v pc’,
p r_1, p’ r_2, r q.

Notes: In the last (ReplicatePrimitive ) rule, ‘Prim ’ standsfor any primitive
combinator. Therefore,at leastat thepresenttime, thatrule mustberepeatedwith ‘Prim ’
replacedby eachprimitivecombinatorspeciesin use(e.g.,‘K’, ‘S’).

14 ª Combinator (Elementary Formalizer, Replicating)

Definition: ;|�«����?UZz����
Q�	��
 (29)

Reaction:

cw=�3/;|������B��W0 � �AEW� cN= 
g=��u
�
¬=��y
 � �­B���;	BJ�U� (30)

ReactionSpecification:

a: A, a’: A, a’’: A, s: S, r: R, p: P, p’: P, q: Q,
u, x, y, z.
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u a, a_1 a’, a’_1 a’’, a’’_1 s, a’’_2 x, a’_2 y, a_2 z,
p r_1, p’ r_2, r q

=> (Sreaction)
u a, a_1 a’, a’_1 x, a’_2 r_1,

a_2 a’’, a’’_1 y, a’’_2 r_2,
r z,

p s, p’ q.

Equivalences:

; ? ��
���
����M
Y��
+
�����
 (31)

15 ®ª Combinator (Elementary Formalizer, Sharing)

Definition: ¯;|������?UZf�u� � 
Q����
 (32)

Reaction:

cN=S3 ¯;�������BJ��0����OEW� cN= 
¬=��u
+
g=��y
¨�6�MBJ�^;©B��^� (33)

ReactionSpecification:

a: A, a’: A, a’’: A, s: Ssh, v: V, p: P, p’: P, q: Q,
u, x, y, z.

u a, a_1 a’, a’_1 a’’, a’’_1 s, a’’_2 x, a’_2 y, a_2 z,
p v_1, p’ v_2, v q

=> (SharingSreaction)
u a, a_1 a’, a’_1 x, a’_2 v_1,

a_2 a’’, a’’_1 y, a’’_2 v_2,
v z,

p s, p’ q.

Equivalences: ¯; ? ��
���
�� ¯�­
���
�
�����
 (34)

Notes: SeeSec.19 for adiscussionof this definition.

16 ª]° Combinator (Polyadic Elementary Formalizer)

Definition: ; % �«��,�VXVXVY� % �±?^Zz�u�	
Q�U,���
^VXVXV�
Q� % ��
 (35)
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Reduction to ;^< :

;²,³? ; (36); %2´ ,³? ��; %]µ ; (37)

Size: 
7� ° E(�q
�;jBD�h
 ° E:G}
/<mBD¶P
 ° EHG}
8=(?�GX�h
 ° EHGX
�B�G total for ; % .
Notes: ; % can be replicatingor sharingdependingon whether ; or

¯; is usedin its
recursivedefinition. If it is sharing,it producesthefollowing structure:¯; % ���U,�VXVXVY� % ��?UZf�u�  % $ 
Q�U,��  %L· , $ 
^VXVXV2
g� %~· ,�� � 
�
Q� % ��
 (38)

Equivalences:

; % ? 4 %2´ ,+_ (39)

17 ¸ Primiti ve(Sharing Complex)

The sharingprimitive ( � ) is usedfor constructingnon-treestructures,including cyclic
structures. It is producedby sharingcombinatorssuchas

¯; , ¯� , and
¯` . Note that a �

complex betweena combinatorandits argumentswill block reductionof thecombinator,
so � complexesappearprimarily in structuredthatarebeingtreatedasdata.

Primesandparenthesizedsuperscriptson variablesareusedto indicateinformally the
sharingof structures.Thus,if thereis asinglesharingcomplex above � , thenthetwo links
to it will becalled � and ��� . Noticethatbothwill be“covered”by asharingcomplex; if it
is necessaryto makethisexplicit, thetwo links will bewritten �  s¹8$ and ��� . If oneof these
links is replacedby anothersharingcomplex, thentheoriginal link andthetwo new ones
will be called � , ��� , �&� � , andso forth. Obviously sucha notationcannotcaptureall the
possiblestructuresof sharingcomplexes,but it allows theconvenientexpressionof chains
of � complexes,which is themostcommoncase.To go beyondthis, diagramsshouldbe
used.

18 º Combinator (Elementary Duplicator, Replicating)

Definition: �!����?UZz�«�	� (40)

Equivalences:

� ? ��;U_ (41)� ? ;�
¨�S_s
 (42)� ? ;P;�
�<6_#
 (43)

Size: oi;jBD{|<mB�G}K~=(?eK�� total (Def. 41 or 42).
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19 ®º Combinator (Elementary Duplicator, Sharing)

Definition: ¯�(����?UZz��� � � (44)

Reduction to ;^< : ¯�D,g0�? � ¯;U_ (45)¯�(0�,±? ¯;�
���_#
 (46)¯�D,g0�? ; ¯;U
�<6_s
 (47)

Notes:
¯�M,g0 and

¯�!0�, aretwo variants,functionallyequivalentto
¯� , but producingdif-

ferentlyorderedlinks to thesharing( � ) complex (seeEquivalencesbelow). In theabsence
of subscripts,we will take

¯� to be
¯�D,g0 , sinceit is a little moreconvenientto use.Defini-

tion 47 is not very useful,becauseit needlesslybeginsreplicationof thefirst argumentof¯�M,g0 .
Noticethateither

¯� or
¯; maybetakenasaprimitivesharingoperation,sinceeithercan

bedefinedin termsof theother. At this time, it looksasthough
¯; will bethebestchoiceas

aprimitive,so
¯� will bedefinedby Eq.45 or 46.

Reaction: cw=�0 ¯�(���JBJ��0Y���AE�� cN=S0��&����BJ� ¯�»BJ�U� (48)

ReactionSpecification:

w: Wsh, a: A, a’: A, u, x, y, v: V, p: P, p’: P, q: Q.
u a, a_1 a’, a’_1 w, a’_2 x, a_2 y, p v_1, p’ v_2, v q
=> (SharingWreaction)

u a, a_1 a’, a’_1 x, a’_2 v_1, a_2 v_2, v y, p’ w, p q.

Equivalences: ¯�D,g0��«� ?^Z ��� � � (49)¯�(0�,¨�«� ?^Z ���©� � (50)¯� % ,g0 �«� ?^Z �¼�  % $ VXVXVY� � � � � �½ ¾¨¿ À%2´ , (51)

Notes: Theprimesandsuperscriptson � in Eq.51 representsuccessivesharingsof �
(seeSec.17).

20 º � Combinator (PureDuplicator)

Definition: �(���»?UZz�&� (52)
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Equivalences:

�(�Á? �H_ (53)

Size: ��;jBD�|<mB�G}�~=(?�n�G total.

21 Â Combinator (Elementary Fixed-point, Replicating)

Definition: ` T ?UZ ��
�`��u
 (54)

Reduction to ;^< :

` ? ;P;^<v
Q;�
8<[
g;P;�
Q;U
Q;P;^<�
�
�
�
/<S
 (55)

Size: ��;jBM��<mB�G�G�=(?eKin total.
Equivalences:

` ? �(;�
����:��
 (56)` ? ;P;U_Ã
Q;^��
�<v
Q;U_�_#
�
�
 (57)` ? ��� where �e?:��
���
Q;U_#
�
 (58)` ? �:_ µ � µ � (59)

Notes: Definition 55 by JohnTromp[LV97] maybetheshortestdefinitionin termsof;^< (12combinators).Definitionsby CurryandTuringarelonger(18and20,respectively).

22 ®Â Combinator (Elementary Fixed-point, Sharing)

Definition: ¯`6��?^Z Ä whereÄy? T Ä � (60)

Reaction: cN= ¯`[��BJ��0����OE�� c]�W=���B�� ¯`!B��^� (61)

ReactionSpecification:

y: Ysh, a: A, v: V, x, p: P, p’: P, q: Q.
u a, a_1 y, a_2 x, p v_1, p’ v_2, v q
=> (SharingYreaction)

u v_1, v a, a_1 x, a_2 v_2, p’ y, p q.
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Notes: Thefollowing illustratestheself-sharingcyclecreatedby
¯` T :¯` T ? Ä? T Ä �? T 
 T Ä � 
 �? T 
 T � Ä � � 
? T 
 T � 
 T Ä � 
 � � 
? T 
 T � 
 T � � Ä � � � 
�


...? T 
 T � 
 T � � 
 T � � � 
 T  #"�$ 
 T  sÅ8$ VXVXV#
�
�
�
�

Of course,it is the = complex thatis shared,not

T
, asthenotationsuggests.

23 Æ Combinators (Iterators or Church Numerals)

Definition: Ç
¹ ? <6_ (62)

Ç
%X´ ,�? ;U�

Ç
% (63)

Size: 
Qn ° B�G}
�;©Be
7K ° BMn�
*<-BA
7� ° BDn�
8=(?�GXÈ ° Bko total for

Ç
% .

Equivalences: Ç
% � ? � % (64)

Ç
5S´�% ? 4��

Ç
5
Ç
% (65)

Ç
5�% ?

Ç
5«µ

Ç
% (66)

Ç
%2É ?

Ç
5
Ç
% (67)

24 Ê Combinator (Dyadic Compositor)

Definition: 46���	�Ëce?UZz�M
Q��c§
+
7�Ëc�
 (68)

Equivalences:

4 ? ��
���;P
+� (69)4 % Tjt©Ì �-,�VXVXV8� % ?^Z T 
 t �m,�VXVXV�� % 
�
 Ì �-,WVXVXV�� % 
 (70)

Size: oi;jBD{|<mB�G}K~=(?eK�� total (Def. 69).
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25 ÊÍ° Combinator (Polyadic Compositor)

Definition: 4 % ���U,WVXVXVY� % �J?UZz�M
Q�U,���
^VXVXV�
Q� % ��
 (71)

Reduction to ;^< :

4 % ? ; %Nµ < (72)

Size: 
7� ° E�K�
�;jBO
¬� ° E:G}
/<mBA
g¶ ° E­�q
8=(?�GX� ° EMo total for 4 % .
Notes: 4 % canbereplicatingor sharing(

¯4 % ), dependingonwhether; % or
¯; % is usedin

definition72. If it is sharing,thenthefollowing structureis generated:¯4 % ���U,^VXVXV�� % ��?UZf�M
Q�U,��  %L· , $ 
^VXVXV2
g� %~· ,�� � 
�
Q� % ��
 (73)

Equivalences:

4 %X´ , ? ��; %Nµ � (74)4 5% ����,WVXVXV�� % �v,WVXVXV�� 5 ?UZ ��
Q�U,��[,�VXVXVY� 5 
^VXVXVX
g� % �v,�VXVXV�� 5 
 (75)4 5%2´ , _�����,WVXVXV�� % �v,WVXVXV�� 5 ?UZ ���[,�VXVXV�� 5 
Q�U,��v,^VXVXVY� 5 
^VXVXV2
Q� % �v,�VXVXV�� 5 
 (76)

26 Î Combinator ( Î Formalizer)

Definition: aw���yc�¦�?UZ �M
g�yc�
�
g��¦	
 (77)

Reduction to ;^< :

a ? ��
�����
�����
�
�
�����
�����
�
 (78)

Size: Ki{�;jBDKL�P<-BM��¶i=Í?A¶�¶ total.
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Other Notation

27 Composition

Definition: � µ ��?¼�^��� (79)

Size: Ki;jBkKl<mBk�L=!?e¶ total,plus 9 �k9*B�9 �Ï9 .
Equivalences:

� µ _�? _ µ ��?J� (80)� µ 
Q� µ ��
³? 
¬� µ ��
 µ � (81)��
¬� µ ��
³? �^� µ ��� (82)

28 Powers

Definition:

� ¹ ? _ (83)� , ? � (84)� %X´ , ? � µ � % (85)

(86)

Size: KP
 ° EMG}
�;�B­KP
 ° EDG}
/<ÐB­��
 ° EMG}
8=(?�¶h
 ° EDG}
 total,plus ° 9 �k9 , for � % , °�Ñ G .
Equivalences:

� 5 µ � % ? � 5�´�% (87)
�� 5 
 % ? � 5�% (88)
��^�u
 5 ? ��
�� 5 
 (89)

29 DeferredCombinators

Definition:

�  r¹8$ ? � (90)�  %X´ , $ ? �^�  % $ (91)

(92)

Size: K ° ;©BDK ° <-BM� ° =­?e� ° total,plus 9 �:9 , for �  % $ .
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Equivalences: T  % $ � ¹ �-,�VXVXV�� % ?UZ T 
�� ¹ �-,�VXVXV8� % 
 (93)�  5�´�% $ ? � 5 �  % $ (94)

Notes: If
T

is regular(p. 2),
T ���U,�VXVXV�� % ?UZf�u�v,^VXVXVY� 5 , thenT  rÒY$ t �-,^VXVXV�� Ò �U,�VXVXVY� % ?UZ t �-,�VXVXV�� Ò �v,�VXVXV�� 5]\

Thatis,
T  rÒY$ defers theactionof

T
by Ó steps.Since � , � , _ , < , and � areregular:�  % $ T �-,�VXVXV�� % t � ?UZ T �-,WVXVXV�� % 
 t ��
 (95)�  % $ T �m,�VXVXV�� % ��� ?UZ T �-,WVXVXV�� % �w� (96)_  % $ � ¹ VXVXV�� % ?UZ � ¹ VXVXV8� % (97)<  % $ � ¹ VXVXV8� % � ?UZ � ¹ VXVXV8� % (98)�  % $ T �-,^VXVXV8� % � ?UZ T �-,WVXVXV�� % �	� (99)

30 Left Reduction

Definition: � ' ¹ ) ? _ (100)� ' , ) ? � (101)� ' %2´ , ) ? �^� ' %+)iµ � (102)

Size: �²
 ° E:G}
�;jBD�h
 ° E:G}
/<mBD¶P
 ° EHG}
8=(?�G}oP
 ° EHGX
 total,plus ° 9 �k9 , for � ' %+) .
Equivalences:T ' %*) � ¹ �-,�VXVXV�� % ?UZ T 
 T VXVXV2
 T 
 T � ¹ �-,�
¨�10*
^VXVXV�� %L· ,�
8� % (103)T ' %2´ , ) � ¹ �-,�VXVXV�� % ?UZ T ' %+) 
 T � ¹ �m,�
8�10�VXVXV�� % (104)� ' %X´ , ) ? � % � µ � %L· , � µ VXVXV µ � 0 � µ �^� µ � (105)� ' %X´ , ) ? �  % $ µ �  %~· , $ µ VXVXV µ �  0 $ µ �  , $ µ �  r¹8$ (106)� ' %X´ , ) ? 
���� 0 �u
 % � (107)� ' 5�´�%+) ? � 5 � ' %+) µ � ' 5�) (108)� ' %*) T �m,�VXVXV�� % � %X´ ,±?UZ T � %X´ ,7�m,�VXVXV�� % (109); ' %+) ? ; % (110)

Notes:
T ' %*) canbecalleda left reduction [Mac90]. To seethis,write

T
in infix form,T§Ô Äy? Ô©Õ Ä andassume

Õ
associatesto theleft (so

Ô	Õ Ä ÕwÖ ?×
 Ô©Õ Ä�
 Õ�Ö ). Then:T ' %+) Ô ¹ Ô ,^VXVXV Ô % ? Ô ¹ Õ]Ô , Õ VXVXV ÕNÔ %�\
For

T
regular, T ' %*) ?¼
¨�S� 0 T 
*_ (111)
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31 Polyadic Extension

Definition:

� ' ¹ ) ? _ (112)� ' , ) ? � (113)� ' %2´ , ) ? � µ �^� ' %*) (114)

Size: �²
 ° E:G}
�;jBD�h
 ° E:G}
/<mBD¶P
 ° EHG}
8=(?�G}oP
 ° EHGX
 total,plus ° 9 �k9 , for �(' %+) .
Equivalences:

� ' %2´ , ) ? 
�� 0 �­��
 % � (115)� ' %*) T �-,¨�10�VXVXV8� %2´ ,Ø?UZ T �10�VXVXV�� %2´ ,¨�-, (116)

Notes: If
T

is regular, T ' %*) ? 
�� 0 �­��
 % _ (117)T ' %2´ , ) ? T µ � T µ VXVXV µ � % T (118)T ' %2´ , ) ? T  s¹8$ µ T  , $ µ VXVXV µ T  % $ (119)T ' 5S´�%*) ? T ' 5�) µ � 5 T ' %+) (120)
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