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Ralf Stephan�

In this article, we give two independent proofs of the power series generating functions of the recurrence class
a2n � αan � c, a2n�1 � αan � d, one from the ground up, and one using a recently published lemma of the author.

Having motivated the search for ordinary generating functions of divide-and-conquer
recurrences (and vice versa) earlier[S1], we state first the results of this article.

Let us acquire a symbol from Wilf[W] and define for a formal power series f and a

sequence �an��0 that f
ogf
�� �an��0 means f �z� � ∑ j a jz j. Throughout this article, let α, c, d

be integers, with �α� � 0.
Theorem 1. The sequences

(0.1) e�α, c, d; n� : �a0 � 0, a2n � α � an � c, a2n�1 � α � an � d�

satisfy

(0.2)
1

1 � z ∑
k�0

αk�d � z2k
� c � z2k�1

�

1 � z2k

ogf
�� e�α, c, d; n�

and

(0.3) e�α, c, d; n� �

���
��
�d � c� � e1�n� � c��log2 n�� 1�, α � 1,

�d � c�∑
i�0

αibi �
c
�
α�log2 n��1 � 1

�
α � 1

, else,

where n � ∑ 2ibi and e1�n� � ∑ bi.
The first section contains the proof of all results by elementary means, and the second

section proves (0.2) using a new lemma.

1. BITS AND PIECES

Let α, c, d be integers, �α� � 0. The sequences defined by

e�α, c, d; n� � 0, n � 0,

� α � e�α, c, d; n�2� � c, n � 2k,(1.1)

� α � e�α, c, d; �n � 1��2� � d, n � 2k � 1,(1.2)

include the ones- and zero-counting (and other well-known) sequences with

e1�n� � e�1, 0, 1; n� � ∑
m�0

�m-th bit of n exists and is set �,

e0�n� � e�1, 1, 0; n� � ∑
m�0

�m-th bit of n exists and is not set �.

In order to arrive at Theorem 1, we will prove generating functions with increasing com-
plexity. For the purpose, it is necessary to be rigorous about bits. A number n, expressed
in the minimal binary representation, has �log2 n�� 1 digits, called bits: a bit can exist or not,
and it can be set or not set. Likewise, we would in decimal assume that 08 and 8 are differ-
ent representations that amount to the same number. Let us define the following functions
restricted on m, n � 0:

�m-th bit of n exists and is set � �

�
1 n � 0 �� m � �log2 n� �� bit is set,
0 else,

�m-th bit of n exists and is not set � �

�
1 n � 0 �� m � �log2 n� �� bit is not set,
0 else,

������������	��
���
���������
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where ‘��’ denotes logical AND. The recurrence acts as the divide-and-conquer algorithm
that, starting from an index n, reaches 0 using a path between the two recurrence branches.
This path is identical to the minimal binary representation of n, when read from the least
significant bit first, if one denotes branch (1.2) as 1 and (1.1) as 0.
Lemma 1. For integer m � 0,

(1.3)
1

1 � z
�

z2m

1 � z2m

ogf
�� �am,n � �m-th bit of n exists and is set ��.

Proof. For m � 0 we have the series z��1 � z2� which generates �0, 1, 0, 1, . . .� because it
consists of the partial sums (cf. the factor 1��1 � z�) of the sequence �0, 1,�1, 1,�1, . . .�
that is generated by z��1 � z�. If, in any series, z is replaced by z2, then the generated se-
quence has its members interleaved with 0, for example, z2��1� z2� generates the sequence
�0, 0, 1, 0,�1, 0, 1, . . .�. The partial sums of ever more elongated versions of this sequence
consist of repeating blocks of “2m zeros, followed by 2m ones”, and the identity holds be-
cause any mth bit of n is changed by subtraction of 2m from n. �

Lemma 2. For integer m � 0,

(1.4)
1

1 � z
�

z2m�1

1 � z2m

ogf
�� �bm,n � �m-th bit of n exists and is not set ��.

Proof. The two sequences am,n and bm,n are not the negation of each other, because for ex-
ample

� 6th bit of 2 exists and is set � � � 6th bit of 2 exists and is not set � � 0.

Since bm,n is not 1 � am,n, we cannot simply subtract the g.f. of am,n from 1��1 � x� to get the
g.f. of bn,m. Rather, the mth bit of n does not exist or is unset if the mth bit of n � 2m is set,
because the mth bit is changed by subtraction of 2m. Thus, bm,n is am,n shifted right by 2m

places (the empty placeholders filled with 0), and the g.f. of bm,n is the g.f. of am,n multiplied
with z2m . �

Now, we will compute the recurrence backwards, let q � �log2 n� the index of the most
significant bit, and pm � daq�m,n � cbq�m,n, then

e�α, c, d; n� � ��p0α � p1�α � p2�α � � � �

� αq p0 �αq�1p1 � � � ��α0 pq,

� αq�daq,n � cbq,n� �αq�1�daq�1,n � cbq�1,n� � � � �� �da0,n � cb0,n�.(1.5)

Using Lemmas 1 and 2, equation (0.2) follows.
Corollary 1.

e�α, c, d; n� � e�α, c, 0; n� � e�α, 0, d; n� � ce�α, 1, 0; n� � de�α, 0, 1; n�.(1.6)

e�α, 1, 1; n� �
�log2 n�

∑
k�0

αk �

��
�
�log2 n�� 1, α � 1,
α�log2 n��1 � 1

α � 1
, else.

(1.7)

e�α, c, d; n� �

��
�
�d � c� � e1�n� � c��log2 n�� 1�, α � 1,

�d � c� � e�α, 0, 1; n� �
c
�
α�log2 n��1 � 1

�
α � 1

, else.
(1.8)

Proof. Equation (1.6) follows from the main g.f., in (1.7) the main g.f. simplifies by can-
celling �1 � z2k

� from the fraction, and (1.8) is a consequence of all previous results. �

Identity (1.8) demonstrates that asymptotic behaviour of all sequences discussed in this
section is a simple function of the set of “core” sequences e�α, 0, 1; n�, the possible descrip-
tions of which (modulo α) follow from (1.5):
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	 Replace 2k with αk in binary expansion of n.
	 Sums of distinct powers of α.
	 α-ary representation contains only 0, 1.

Finally, equation (0.3) is a matter of substituting these definitions into eq. (1.8).

2. ALTERNATIVE PROOF OF (0.2)

To restate a proposition of us published in the WWW[S2],
Lemma 3. Let A�z� an infinite sum of rational functions of form

A�z� � ∑
k�0

αkB�z2k
�, B rational, �α� integer � 0,

then A�z� generates an integer sequence of divide-and-conquer type satisfying

a0 � 0, a2n � α � an � b2n, a2n�1 � b2n�1,

where bn is the sequence generated by B�z�.
Note that the summation term with k � 0 fills both bisections of an sinceαk and 2k reduce

to 1. Any other term contributes only to a2n as all exponents to z are even. Moreover, other
sequences from single terms of the sum are increasingly sparse (spread out by a factor of 2)
and have values multiplied with α, with respect to each other. This is essentially the reason
for the sequences’ fractality.

Using Lemma 3, it is easy to show that

(2.1) ∑
k�0

αk�d � z2k
� c � z2k�1

�

1 � z2k

ogf
��

�
a2n � αan � c � d,
a2n�1 � d � c.

Let e��α, c, d; n� the first differences of the sequences e as defined in (0.1):

e��α, c, d; n� � e�α, c, d; n�� e�α, c, d; n � 1�.

We have the four cases

e��4n � 1� � e�4n � 1�� e�4n� � αe�2n� � d �αe�2n�� c � d � c

e��4n � 2� � e�4n � 2�� e�4n � 1� � αe�2n � 1� � c �αe�2n�� d

� α�e�2n � 1�� e�2n�� � c � d � αe��2n � 1� � c � d

e��4n � 3� � e�4n � 3�� e�4n � 2� � αe�2n � 1� � d �αe�2n � 1�� c � d � c

e��4n � 4� � e�4n � 4�� e�4n � 3� � αe�2n � 2� � c �αe�2n � 1�� d

� α�e�2n � 2�� e�2n � 1�� � c � d � αe��2n � 2� � c � d

The fact[GKP, W] that �1 � z�A�z� generates the first differences of an, together with (2.1)
proves the assertion.

We hope that Lemma 3 will help with other proofs of generating functions of this type.

REFERENCES

[GKP] R. L. Graham, D. E. Knuth and O. Patashnik, Concrete Mathematics, 2nd ed., Addison-Wesley, 1994
[OEIS] N. J. A. Sloane, editor (2003), The On-Line Encyclopedia of Integer Sequences,

��������������������������������������������
[S1] R. Stephan, Divide-and-conquer generating functions. I. Elementary sequences, ������������� �
[S2] R. Stephan, Some divide-and-conquer sequences with (relatively) simple generating functions,

��������������������������������������������������!������
�������������
���
�������������� ��!���������

[W] H. S. Wilf, Generatingfunctionology, Academic Press, NY, 1990.
��������������������������������"�����#$�����



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


