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Abstract

In this report we consider the problem of merging two sorted lists of m and n keys each
in-place. We survey known techniques for this problem, focussing on correctness and the
attributes of Stability and Practicality. We demonstrate a class of unstable in-place merge
algorithms that uses block rearrangement and internal buffering that actually does not merge
in the presence of sufficient duplicate keys of a given value. We show four relatively simple
block sorting techniques that can be used to correct these algorithms. In addition, we show
relatively simple and robust techniques that does stable local block merge followed by stable
block sort to create a merge. Our internal merge is base on Kronrod’s method of internal
buffering and block partitioning. Using block size of O(y/m + n) we achieve complexity of no
more than 1.5(m+n)+O0(y/m + nlg(m+n)) comparisons and 4(m+n)+O(v/m + nlg(m+n))
data moves. Using block size of O((m + n)/lg(m + n)) gives complexity of no more than
m +n+ o(m +n) comparisons and 5(m +n) + o(m +n) moves. Actual experimental results
indicates 4.5(m + n) + o(m 4+ n) moves. Our algorithm is stable except for the case of buffer
permutation during the merge, its implementation is much less complex than the unstable
algorithm given in [26] which does optimum comparisons and 3(m + n) 4+ o(m + n) moves.
Buffer extraction and replacement is the only additional cost needed to make our algorithm

stable.
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INTRODUCTION

1 The Ranking Problem

A set of data values can be ranked in space by their relative size by

(1) A process of pair-wise comparison followed by data move operation(s) or

(2) A logical or mathematical method whereby an individual data value location is determined
and then followed by data move operations.

From this it can be easily seen that the process of ranking a set of data values requires data space
and processing time that are related in some form to the method used to achieve this objective.
Ranking data values by the first method is commonly termed as Comparison base sorting. The
second method is called Hashing. The first method is a common solution to the ranking problem
as it allows minimal restriction on the type and range of data values to be ranked. We seek a
solution to the ranking problem that can be implemented on a digital computer system using

minimum data space and processor time.

It is well known that there is a minimum limit to the number of comparisons that can be done
in order to rank a set of N data values using the comparison method. This minimum number of
comparisons is known as the theoretical lower limit and is easily shown to be N logy(N)—(N—1).
The implication of this is that you can not design an algorithm that will do less than this number
of comparisons on average to rank a set of N data values. Note that the theoretical lower limit
does not place a limit on the amount of memory space available for ranking. Therefore, it has
remain a big challenge in Computer Science to develop an algorithm that will rank NV data values
using the lower limit on the number of comparisons and a constant amount of extra memory
space. Research and development in Computer Science to solve this problem have been going on
for over 50 years. Best known algorithms that approach the lower limit of N logy(N) — (N —1)
on the number of comparisons using constant amount of extra memory and no more than a
constant amount of NV log,(N) data moves are listed in the attached bibliography. However these
algorithms does not achieve the exact lower limit and in some instance have other undesirable

attributes as explained below. From now on we use the term sort to mean a process whereby a
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set of data values are ranked by the method of pair-wise comparisons of data values followed by
data move operation(s). From this, we see that the desirable characteristics of a good sorting

algorithm are

(1) The number of comparisons and data moves done to sort N data values is about a constant
amount of N log,(N). In this case the algorithm is said to be optimum and is termed as

an O(N logy(N)) algorithm.

(2) The extra memory space required by the algorithm apart from that required for storing
the IV data values is the same regardless of the value of N. In this case, the algorithm is

said to be in-place.

1.1 The Big Question

What is the most efficient general algorithm to order a set of data values in the memory of a
digital computer base on their relative size? Is there a stable in-place algorithm that achieves
the theoretical lower bound on the number of comparisons and data move operations?

Some Answers

Use a general algorithm that has the following attributes

(1) Does ranking by comparison

(2) Not difficult to programme

In addition, we would like our sort algorithm to have the following attributes.

(a) Number of comparison done is proportional to N logy(/N). With small proportionality con-
stant.

(b) Uses the same amount of extra memory regardless of the value of N.

(c) Keep equal set of data values in the same order at the end of sorting.

More recent research work in this area have highlighted the attribute of stability, its implication
on the correctness and complexity of other data processing activities and its implication on the
correctness of particular sorting method. A sorting method is said to be stable if it leaves a

set of equal data values in the same order as they were before at the end of sorting. We use



4 Denham Coates-Evelyn

an example to illustrate this important attribute later on. we give more concise definition of
italised terms later on. As we see further on, stability has proven to be a critical attribute for

the correctness of in-place merge algorithms.

1.2 A General Statement About Merging as it Relates to Sorting

Merging is the process whereby two pre-sorted lists of m and n data values each are combine in
a systematic manner to create a single sorted output list of m + n data values. This sorted list
consists of the original values in the two presorted lists. The most natural technique for merging
two lists of sorted data values is to compare the smallest values in both lists and then output
the smaller of the two values to a new list. This process is repeated for the remaining values in
both lists until one of the list become exhausted. The remaining values in the non-exhausted
list are appended to the output list in sorted order. Merging in this way requires m +n — 1
comparisons and m + n data moves to create a sorted list of m + n data values. In addition,
this lower limit is guaranteed regardless of the nature of the input permutation. We refer to this
merge technique as a natural merge operation. In some place, sorting is described as a process of
information gathering followed by data movement. Sorting by merging clearly demonstrate this
notion. Merging have the favorable attributes of using no more than m+n — 1 comparisons and
m+n data moves to merge two pre-sorted lists of m and n keys each. Therefore, it is possible to
use merge in an iterative or recursive manner to sort a list of NV data values in a stable manner
using no more than N logy N — (N — 1) comparisons and no more than about the same number
of data moves. We use the term Merge-sort to describe a sort implemented in this manner. The
reader should take note of the following assumption on the above explanation. I.e. each data
value in the input lists to be merged is allocated a fixed amount of memory. Therefore, the
issues pertaining to the merge of variable length records does not apply. This is dealt with in a

further discussion.

Unfortunately, the merge operation as described above require the use of O(m + n) extra mem-
ory as output for the newly created merged list. We note that each data item or record that is

moved during the sort (or merge) is allocated a fixed amount of memory locations. Therefore,
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the time used for moving each data item is fixed, a data ietm is easily moved to a new location
and the location of any two data items are easily interchange during a sort (or merge) operation
where data interchnage is required. However, the merge operation as decribed above does not
require the interchange of data items. Therefore sorted lists consisting of variable lenghth data
items can be merged using this method. There are no known internal merge technique where

this is the case.

John Von Neuman first proposed merging in 1945 as a method for sorting data on digital
computer systems that use the stored program concept. At this time most existing merge tech-
niques used less expensive external memory as their output medium during the merge operation.
Merge-sort is used for sorting large data files on systems where internal Random Access Memory
(RAM) is more expensive than external magnetic mediums. The time required for input and
output operations during the merge far exceed that required for internal comparisons and data
moves. This creates a time bottleneck during the merge operation. Hence, the main disadvan-
tage of using external memory is that input and output operations during the merge significantly
reduce the overall speed. Here we refer to an external merge as a technique that uses external
memory for output. Many external merge techniques attempt to increase the efficient use of
processor time and memory resource. Many of these techniques attempt to syncronise inter-
nal data processing activities with input and output operations. For all practical purpose, this
increases the complex requirement of the operating systems and the physical configuration of

hardware systems on which such techniques are implemented.

A significant theoretical breakthrough took place in the late 1960s’when M.A. Kronrod [16]
showed that two presorted lists of m and n keys each can be merge internally using constant
amount of extra memory and O(m + n) comparisons and data moves. M. A. Kronrod pre-
sented the key concepts of the Internal Buffer and Block Rearrangement. Since then, many
new techniques have appeared in various related academic publications. The original emphasis
on new techniques has been their theoretical complexity. However, many of these techniques

provide useful insight on new methods for devising better algorithms of a more practical nature.
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Although most of these early techniques are optimum on the number of comparisons and data
moves, they tend to have large proportionality constants that renders them impractical. This
results mainly from large amount of data moves. In addition, some of these algorithms are not
stable and in some instance will not perform a proper merge. We illustrate instances for selected
algorithms that actually do not produce a merge. We highlight the importance of stability dur-

ing block sorting to the merge actually taking place.

In addition to doing no more than m +n — 1 comparisons and m + n data moves when merging
two presorted lists of m and n data values each, natural merge is also stable. However, the basic
ideas presented by M.A. Kronrod results in unstable merge and increase comparisons and data
moves. More recent techniques attempt to achieve stability and to reduce the amount of data
moves during the merge. Hovarth [9] developed a stable optimum in-place merge algorithm that
uses the key concepts in Kronrod’s algorithm. However, the algorithm does data modification
and has a relatively large proportionality constant. In order to achieve stability, Hovarth uses
O(logy(m + n)) data bits as pointers to encode the correct movement of data values during the
merge. Later on Trab Pardo derived a stable optimum algorithm that does not use key modifica-
tion [22]. It is clearly demonstrated that stable block sorting followed by stable local block merge
does not necessarily lead to a stable merge. However, as we clearly show in the following discus-

sion, stable block sorting is a sufficient condition that guarantees correctness of these algorithms.

A modified version of Kronrod’s algorithm is given by Huang & Langston [10]. Their algo-
rithm is unstable and does no more than 1.5(m + n) + O(y/m + nlogy(m +n)) comparisons and
6(m +n) + O(y'm + nlogy(m + n)) data moves to merge two presorted lists of m and n data
values each. The average number of data moves is reduced by moving the buffer across series
of blocks that are sorted by their last element in non-decreasing order. The need to do a block
swap at the start of each local merge is eliminated by locating natural runs in the block sorted
sequence and then merging with a second series of size no more than k. Where k is the number
of elements in each block. A merge algorithm that achieves the lower bound on the number of

comparisons with m < n is given in [24]. This algorithm uses the main ideas in Mannila’s and
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Ukkonen’s technique [18] to achieve the lower bound.

Consequent to this, V. Geffert et al [26] have given theoretical results proving that optimum
in-place merge can be done using 3(m+n)+o(n) data moves and m(t+1)+n/2!+o0(m) compar-
isons. Where m < n and ¢ = [logy(n/m)|. An implementation algorithm is given. However, this
algorithm is relatively complicated. In addition, the upper bound on the number of data moves
increases to 5n + 12m + o(m) when the algorithm is made stable. We present two relatively
simple and robust algorithms for merging two presorted lists of m and n data values each that
does no more than (m+n)+o(m+n) comparisons and 5(m-+n)+o(m+n) data moves for block
size of O(mﬁ%) and no more than 1.5(m+n)+o(m+n) comparisons and 4(m-+n)+o(m-+n)
data moves using block size of O(y/m +n). Our algorithms are stable except for the case of

buffer permutation during the local block merge operation. Making the algorithm stable is a

relatively simple task that can be implemented using any well known buffer extraction technique.

The remaining section of the paper is organized as follows: In Section 2 we define our main
terminology, notations and convention. We also give a general overview of well-known results
and techniques used in this discussion. Section 3 is a brief overview of Kronrod’s and Huang
& Langston’s algorithms along with a general proof of their correctness for the case where the
number of duplicates for any given value is less than the block size. We also do computational
complexity analysis and tabulate experimental results from their implementation. The number
of comparisons and data moves is used as the basis of our metrics. In section 4 we present four
optimum and stable block sorting techniques. We show that stable block sorting with minimum
data moves is relatively trivial. In section 5 we present our merge algorithms. This includes
complexity analysis on the number of comparisons and data moves. We also give tabulated re-
sults from its implementation. Section 6 summarizes our main results with concluding remarks

and suggestions for further development.
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2 Terminology and Definitions

When a set of data values are sorted, they are ranked in order of their relative size. For ex-
ample, the following sequence of integer values is said to be sorted in non-decreasing order
—10,-8,-8,1,3,7,12,12. If we were to place the values in reverse order by putting the largest
value in the lowest position followed by the next largest value and so on, then we say that the
values are sorted in decreasing order. Placing a set of data values in sorted order in the memory
of a digital computer is important to other internal operations such as searching, data insertion,

data extraction, data encryption, data compaction and so on.

It has been shown that the lower limit on the number of comparison and data move operations
when merging a set of m and n pre-sorted data values is m +n — 1 and m + n respectively.
However, the lower limit on the number of comparisons is further reduce to m! + n/2t, where
t ~ logy (m/n) and m < n. This is done by taking advantage of the fact that a fast search can
be done on the list consisting of the n keys with selected values from the list consisting of m
keys by use of the binary search technique. Series of values less than the value used to do the
search are then sent as output to the merged list without the need for further comparisons. In

this paper we use lg(N) to mean log,(N).

A sort or merge algorithm is said to be in-place whenever it does sorting or merging with the
use of constant extra memory. In this case, the amount of extra memory required to implement

the algorithm does not depend on the number of records in the input list(s).

In addition, the sort (or merge) algorithm is stable if it keeps the indices of a sequence of equal
values in the input list (in any of the input list) in sorted order at the end of sorting (or merging).
Otherwise, the algorithm is said to be unstable. For example, if we have the set of indexed values

in the two presorted lists A and B as follows.

A 11 21 22 23 51 52 7

B|l1ly|13]124|25| 6| 8|9
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Output when the merge operation is stable is as follows.

Cl1li 1o 1321222324 (25|b1 5267|819

Note that, the merge operation that produces the output list C selects values from A in pref-
erence to those from B whenever a tie occurs. We define stability in the general sense to mean
that, whenever duplicates of a given value occurs both in the A and B lists, the duplicates in
A are given smaller indices to those in B and that the indices of equal set of values are always
kept in sorted order at the end of the sort or merge operation. Note that in the above example,

each duplicate is assigned an index base on its relative location to the first element in the array.

We note that each data item or record that is moved during the sort (or merge) is allocated a
fixed amount of memory locations. Therefore, the time used for moving each data item is fixed,
a data value is easily moved to a new location and the location of any two data items are easily
interchange during a sort (or merge) operation where data interchnage is required. However,
the natural merge operation as decribed above does not require the interchange of data items.
Therefore sorted lists consisting of variable lenghth data items can be merged using this method.

There are no known internal merge technique where this is the case.

During a natural merge operation, each output value is place in its final location by a single
data move. We define a data move as the process whereby a data value is moved from a selected
location in Random Acces Memory (RAM) to a new location. A data move operation on most
computer systems requires a fixed number of memory reference and Central Processing Unit
(CPU) register manipulation operations depending on the length of each data item and the
length of each register in the CPU. We see that natural merge does not require the use of the
swap operator. We use the following macro to define a swap operation between the two data
variables s and t. A variable is defined as a selected sequence of contiguous memory locations
that will hold 2P different data values where p is the number of bits that constitute these memory
locations. We see that generally a swap operation uses three data move operations as illustrated

by the following macro. In most case, this uses six memory reference operations. However, a
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swap can be implemented in two moves or equivalently four memory reference operations where
the architecture of the CPU allow this.

Macro: Swap(s, t)
HoldVariable = s;

s = t;
t = HoldVariable;
End Macro

Note that in some programming langugages such as C/C++ we can explicitly reduce the number

of moves external to the CPU to 2 by setting HoldVariable as a register variable.

For any indexed sequence T', we denote the number of elements in 7" as |T'| and the value at
position j in 7" as T[j]. Where j is an integer that satisfy 0 < j < |T'| — 1.

We also denote the set of values in T' at positions 7,7 + 1,---j inclusively as T[i : j], where
0 <i<j<|T|—-1. We define a block in T" as a sequence of predefined number of contiguous
locations. We also denote the rth block in T as T, and the value at position i in T, as T}[i],

where 1 <r < |/|T|/2] and 0 < i < |T}| — 1.

Let T[t] = T'[s], where T7 is the sorted sequence derived from the permutation of 7" and 0 <
s<|T|—-1,0<t<|T|—1; We say

1. T'[t] is above its final sorted location whenever ¢ > s and

2. T't] is below its final sorted location whenever ¢ < s.

We also denote the upper and lower halves of T as

T, =T[0:r—1] and T5, = T[r : 2r — 1] respectively, where 2r = |T'|.

We say that a sequence of s blocks 11, T, - - - T forms a series whenever Tj[k — 1] < Tj1[k — 1]
and Tjlk — 1] < Tj41[0], where 1 < j < [|T|/k| and k = |Tj|. Therefore, we see that the values

that form a series are in sorted order. Hence, they form a natural run in the merge series.

The merging problem consist of the two presorted sequences A and B, where |A| =m,|B|=n
and m +n = |L|. The sequences A and B constitute the list L as follows: A = L[0 : m — 1]

and B = Lim : m 4+ n — 1]. We use an internal buffer consisting of a selection of k locations in
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L. Assume that k < m always. At the end of merging A and B, the values in L are sorted in

non-decreasing order.

2.1 The Internal Buffer And Block Rearrangement

Generally, the internal buffer consist of a fixed number of contiguous data elements within L.
They are used as temporary output locations during the local block merge operation. A Local
Block merge is a merge of two or more blocks in L. The output from a local block merge goes
into the buffer. During the merge operation, consecutive sequences of blocks are selected and
then merge into the buffer. Hence, buffer elements are swapped into new locations during a
local block merge. As a result of this, the values that constitute the buffer are permuted at
the end of a local block merge. If the local block merge operation is stable. Then to maintain
overall stability of the merge operation, it is necessary to ensure that all data values in the buffer
are unique or that the original permutation of the buffer can be preserve or recovered at the
end of local block merging. In Kronrod’s original algorithm, the position of the buffer is fixed
throughout the merge operation. However, more recent techniques such as [10] allow the buffer
to change its location during the Local Block merge operation. In addition, local block merge
is done at the end of block rearrangement. We present a merge technique in which local block
merge is done before block rearrangement. In addition, the position of the buffer at any instant
in time is not localized and the buffer may also split into two non-contiguous sets of locations.
Block selection is done concurrently with Local block merge in a manner similar to the natural
merge operation described above. This ensures that stability does not affect the correctness of
the local block merge operation. Pointers are used to track the location of the buffer during the

local block merge.

2.2 Block Size

A regular or full block in A, B or L consist of k fixed elements at a contiguous sequence of mem-
ory locations. The value for k is chosen such that the proportionality constant on the number of
moves and compare operations remains asymptotically optimal with a practical value. Hence k

is chosen as O(y/m + n) when the number of comparisons or data moves done by the algorithm
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chosen to implement the block sorting phase of the merge is O((m + n)?). To do stable block
sorting whilst at the same time reduce the number of data moves, we implement block sorting
by encoding permutation cycles that determine the final locations of merged blocks. We encode

these permutation cycles in either of the following two ways.

(1) With the use of O(lg(n)) extra bits or

(2) Permutation of individual block elements at the end of local block merge to encode the

correct sorted location of individual blocks.

Either of these two methods allow us to choose block size of O((m+n)/lg(m+n)) or O(v/m +n)
respectively. We use the variable v to represent the number of k size blocks in L. Therefore
m+n=vXk+mod(m+n,k) or m+n=vxk+mod(m,k)+ mod(n,k).

2.3 Block Transformation

Consider the contiguous sequence of blocks ABC represented as

ABC | A1,Ay--- Ay | B1,By--- By | C1,Cy---C,.

Where a,b and ¢ are the number of elements in the sequences A, B and C' respectively. The
permutation CBA is created from ABC by application of a block transformation algorithm.
This algorithm can be implemented by a sequence of block reverse operation as illustrated

below. This algorithm is used to move contiguous sequences of data values in a stable manner.

2.4 Block Reverse

We define a block reverse operation on V' = {Vj, Vs, -- -V, } as the following transformation on V'
implemented by the macro BLOCKREVERSE( ) which is defined below. V7= {V,, V,_1,--- V3, V1 }.
Where v = |V|.
Macro BLOCKREVERSE(i, r)

INITIALISE s = i; e = r;

DO:
Swap(L[s], Llel);



In-Place Merging Algorithms 13

s=s+1; e=¢e -1;
REPEAT (r - i)/2 times;
END DO
END Macro

A block reverse does a total of |v/2] data swaps. Two adjacent blocks in L,U = L[i : r] and
V=Lr+1:j where 0 <i<r < j<m+n—1 are transformed by three series of block
reverse operations to create the transformation UV — VU.

This transformation uses a total of © + v — A swaps. Where A = 0 if both v and v are even, 1

if either but not both w or v is odd, 2 if both v and v are odd, where u = |U|.

We seek time and space efficient algorithm(s) to implement block permutation. A recursive
version of a block transformation algorithm is given in [19]. This algorithm always do no
more than a + b+ ¢ — ged(a + b, ¢ + b) data moves in effecting a block transformation. Where
gcd(a + b, c + b) is the greatest common divisor of a + b and ¢+ b. To ensure that our merge
algorithm is always in-place we use a more recent iterative algorithm given in [3] since it does

the same operation in-place.

2.5 Block Sorting

The full blocks in A and B are rearranged so as to create the invariant property given in the
next section. Blocks of values are selected into their sorted locations by using a selection sort.
Blocks are selected by their mark. The value at a fixed location in each block is chosen as the
mark. This is usually the first or the last value in each block. During block sorting, the block
that has the smallest mark is chosen as the first block and the block with the next smallest mark
is chosen as the next block and so forth. Figure 1 illustrates a possible arrangement of blocks

in L at the end of an unstable block sort.

Ay | Ay | A3 | Ay | As | Ag | B1 | Bo | B3 | B4 | Bs | Be | Br | Bs | By

At the end of block sorting we now have the following.

Bi | A1 | B3| By | Ay | By | A3 | A5 | Bs | Ay | By | Bg | Ag | Bs | By
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Figure 1
A possible rearrangement of blocks in L at the end of an
unstable block sorting.

2.6 Stability And Correctness

The error in Kronrod’s method pointed out in [23] highlight the importance of stability for

correctness in the presence of duplicates.

As with Kronrod’s algorithm, Huang & Langston algorithm will not merge under similar cir-
cumstance. For example, if at the end of the block sorting phase we have the following series
of values (888), (458), (129), the algorithm will not correctly merge these values during the local
block merge. We use single digit whole numbers to represent each value in a block. Open and
close brackets delimit blocks of values. Huang & Langston went on to devise a stable version of
their algorithm [11]. However, this results in a more complex algorithm with significant increase

in the proportionality constant.

Mannila’s & Ukkonen’s algorithm is easily modified so that it achieves the lower bound on
the number of comparisons for merging with |A] = m < |B| = n [18]. The basic idea of the
algorithm is a divide and conquer technique originally devised for parallel systems [25]. Basically,
the algorithm merge by dividing the A list into v & y/m blocks. The B list is also divided into v
blocks, where the jth B block is located by using the last value in the jthA block to do a binary
search to locate a value in the B list that is greater than this value but whose previous adjacent
value is less than this value. Where 0 < j < v — 1. The jthA and B blocks are then moved to
the locations they will finally occupy at the end of merging. The two blocks are merge using
an internal buffer of size & v. A summary explanation of the algorithm is given in [24, 18].
Unfortunately, the algorithm is unstable and actually will not perform a proper merge under
similar circumstance to that given above. For example, if the two A blocks (5555) and (5568) are
selected and then merge with the sequence of B values (01234599), a possible outcome from the
pair of selection operation could be as illustrated below. Note that the second B block is empty

in this case and the remaining values in the B list are 99. Merge blocks {(5568), (012345)} and



In-Place Merging Algorithms 15

then {(5555), ()...(99)}. The values are not sorted at the end of the merge operation. The same
problem occurs if we select A blocks by their last element as we could have the two sequences
of A blocks (1245) and (5555). We show in section 3.2 how to correct the problem of correct

block selection in these algorithms in the presence of duplicates of a given value in excess of the

block length.

3 Analysis of Kronrod’s And Related Algorithms

Our analysis includes a brief overview of Kronrod’s and Huang & Langston’s algorithms. For
Kronrod’s algorithm, we use the implementation given in [23]. We determine the upper and
lower bounds on the number of comparisons and data moves for both algorithms. We show

experimental results on random integer data that confirm these complexity analysis.

3.1 Kronrod’s Algorithm

Let m = n and v = Number of full blocks in A and B, where k = [/n] and v = |n/k].
Therefore total number of full blocks in L is 2v. Let s = mod(n, k) the number of element less

than k in each undersize blocks.

At the end of local block merging, we use selection sort to sort the k values in the buffer. This
uses a total of k(k — 1)/2 comparisons and no more than k data swaps. The analysis of the
algorithm’s implementation consist of 7 steps. An internal buffer consisting of the 1st full block
location in A is used. Totals on the maximum and minimum number of data comparison and

data move operations are listed in table 1 below.

Table 1. summary analysis of Kronrods technique
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COMPARISONS DATA SWAPS
STEP Minimum Maximum Minimum Maximum
1 0 0 n n
2 v(v—1) v(v—1) 0 2vk
3 k(k—1)/2 k(k—1)/2 0 2k
4 2v—2)2k—1) | 2v—2)(2k—1) 3k(2v —2) (2v — 2)3k
) 2s -1 2s —1 3s 3s —1
6 2s—1 k+s—1 3s k+2s
7 k(k—1)/2 k(k—1)/2 0 k
~5in—0(y/n) | ~53n—0(/n) | =Tn—6k+6s | =9n—2k+5s—1

The algorithm was implemented for the case where n = m in ANSI C/C++ code and then
compiled and run on a SUN SPARC system in the department of Computer Science at Kings
College, University of London. Integer values were generated using standard random number
generator functions available in ANSI C++. Our experimental results are consistent with our
theoretical analysis as can be seen by comparing the above tabulations with figure 2 below.

Experimental test results are tabulated below.

2n n | Compares(C) | Moves(M) | C/n | M/n
50 25 129 556 5.16 | 22.24
100 50 230 1230 4.61 | 24.60
200 | 100 527 2329 5.27 | 23.29
500 250 1307 5716 5.23 | 22.86
1000 | 500 2253 12107 4.51 | 24.21
2000 | 1000 5271 23936 5.27 | 23.94
5000 | 2500 13103 60070 5.24 | 24.03
10000 | 5000 26893 120023 5.38 | 24.00
Averages | 5.08 | 23.65

Figure 2
Average number of comparisons and data swaps
in a merge implemented by Kronrods original technique.
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3.2 Huang & Langston’s Technique

Table 2 below sumerises our analysis of the algorithm. The algorithm was implemented with
slight modification to the buffer extraction operation. This results in o(s) reduction in the num-

ber of data comparisons and data moves during buffer extraction.

Table 2 Summary analysis of Huang and Langstons technique

COMPARISONS DATA SWAPS
STEP Minimum Maximum Minimum Maximum
1 k k 0 k
2 kE+s—1 k+s—1 0 k+s
3 2s -1 2s -1 2s 3s
4 0 0 k k
5 v(iv—1) viv—1) 0 (2v — 1)k
6 (2v — 1)k (2v—2)(k+1) (2v — 1)k (2v — 1)k
7 k(k—1)/2 k(k—1)/2 0 k(k+1)/2
~3n+3s—v—-2|=3In+3s+rv—4 | =2n+2s | =4dn+4s+k+1
+0(v/nlg(n)) +0(v/nlg(n)) +0(y/nlg(n)))

The algorithm was coded in ANSI C/C++ and then compiled and tested on a SUN SPARC
system in the Computer Science Department at Kings College, University of London. Random
integer values were generated using standard C/C++ random number generator functions. Fig-
ure 3 tabulates experimental results from the implementation of Huang & Langston’s algorithm

as described above.
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2n n | Compares(C) | Moves(M) | C/n | M/n

50 25 89 291 3.57 | 11.64

100 50 168 607 3.35 | 12.14

200 100 337 1164 3.37 | 11.64

500 250 820 2905 3.28 | 11.62

1000 | 500 1621 6032 3.24 | 12.06

2000 | 1000 3288 11942 3.29 | 11.94

5000 | 2500 8158 30259 3.26 | 12.10

10000 | 5000 16246 60728 3.25 | 12.15
Averages | 3.33 | 11.91

Figure 3

Test runs on Huang & Langston’s merge algorithm for m = n

3.3 Correctness Analysis

We now prove the correctness of Kronrod’s algorithm in the presence of unique values. We also

do analysis on the nature of distribution of inversions before and at the end of the block sorting.

We define an inversion in L as the ordered pair (i,7) for which ¢ < j but L[i] > L[j], 0 < i <

m—1<j<m+n—1. Let the sequence S be the permutation of L at the end of a block sort

and let the sequence S’ be sorted L. We state the following facts.

Fact 1 For any pre-sorted sequences A and B, the mazimum number of inversions that results

from an out of sort element in the sublist B is m.

Fact 2 The mazximum number of inversions in L is m(n — 1).

Fact 3 Any two pre-sorted sequences S and T for which |S| < |T| can be merged using an

internal buffer of length > |S|
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An invariant of the permutation of L at the end of block sorting is that for any given element at
position y in a block in L, the value L[y] is no more than k — 1 positions above its final sorted

location. To begin the proof, we first assume the following
() 4] = |B| = n.
(ii) |L| = N and
(iii) mod(N, k) = 0.

We derive the invariant property as follows. We consider the position of a selected value in S
and in S7. The results from our analysis apply to any other value in L that takes part in the
block sorting operation. We look at the case where the value in consideration comes from the A
list. The case where the value in consideration comes from the B list is given in brackets beside

references to the A list. See figure 4.

If for some integers x,y,a and b we have S/[x] = S[y] = BI[b| (or Sr[z] = S[y] = Ala]) and
Stz — 1] = Ala] (or Stffz — 1] = B[b]), where 0 <y <z < N—-land 0<b<a<n-—1 We

have the following conditions satisfied on A, B, S and S/.

i. The number of blocks from A (or B) below the pth block in S is < [a/k|([b/k]). Recall
that S[y] is located in the pth block of S. Number of elements from A (or B) to the left
of S[y] is < [a/k1k (or < [b/k].k)

ii. The number of B (or A) blocks in S below the pth block in S is [b/k](or |a/k]) number
of elements from B (or A) in S below S[y] is b (or a).

From i. and ii. we see that the total number of elements to the left of S[y| is
<b+|a/kl xk<b+ (a/k—1/k+1)xk=b+a+k—1or

<a+ bkl xk<a+ (b/k—-1/k+1)xk=a+b+k—1

y <z + k — 1. This ends the proof of the invariant property.

A blocks.
A Ao ‘ . ‘ Ala] ’ . ‘ A,
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B blocks.
B, B, “ B[b] ‘ ‘ B,

S, S, “ S[y] ‘ ‘ So,,
St - sorted L.

Sn Sty “ S1[x] ‘ ‘ Stay,
Figure 4

The arbitrary location of a value in L at the end of block sorting and at the end of the merge.

If S[y] is no more than k — 1 locations above its final sorted location, then at the end of a local
block merge of any two adjacent blocks, any value in the first of these two adjacent blocks is in
its final sorted location provided that all values in the previous block to the left adjacent block

are already in their final sorted locations.

The reader should note that a block swap between A and B only occurs whenever the two values
a and b are such that A[a] > B[b] and the blocks in which a and b occurs are out of sequence in
L by their mark. We need not consider the case where Afa] = S/[z] and AJa — 1] = S/[z — 1] (or
B[b] = S/[z] and B[b — 1] = S/[z — 1]) in the above proof.

Lemma 1 If for any three adjacent blocks in S, the set of data values in the first block are
sorted relative to the values in the next two blocks, then there are at least k values in the last

two blocks that belong to the next k final sorted locations in the 2nd block.
The proof of this lemma follows from the above invariant property and is not given here.

Proposition 1 Stable block sorting is sufficient to guarantee that Kronrod’s and related algo-
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rithms will merge properly in the presence of more than k duplicate keys in a list.

Consider the set of duplicate values to be indexed according to their locations in A and B. If
we use the indices of these repeat values to mark them as unique and as the relative value to
any other repeat value of the same kind when it is compared during the merge operation, then
block sorting in this way is equivalent to sorting where all values are unique. Therefore, stable
block sorting will ensure that the invariant property proven in section 2 is maintained at the
end of block sorting. Note that if a given value is repeated in the A list and the B list then we

index repeat values in the B list with larger indices than those in the A list.

3.4 Correctness of Huang & Langston’s Algorithm

It is easy to show that Huang & Langston’s method correctly merge whenever the block sorting
phase is implemented in a stable manner. Stability is not a correctness issue whenever the values
in L are unique. Let S = S|z : £+ ¢] and So = S[y : y+ p| be two series in S. Where S is block
sorted Land 0 <z <k,k<qg<n—-k0<y<k-11<|5|<n—-1,|S|=k—1.

The values in S and Ss are in sorted order and therefore constitute a pair of natural runs in S.
In addition, the values in these runs are in relative sorted order to all other values in S except
for the last unmerge value in S; that remains at the end of the series merge. The remaining
values in S9 becomes the first block in the next series. A buffer of size k is sufficient to merge
Sp and So, since |S2| < k. In addition, there is at least 1 buffer element to the front of series 1
during the merge. This element is at the location where the next selected value from the merge

is to be place. Hence, the output values are always place in their correct final sorted location.

3.5 Sufficient Condition for Proper Merge

A sufficient condition for a correct merge is that at the end of block sorting, no value should be

more than &k — 1 locations above their final sorted location.

This condition is satisfied at the end of block sorting for the case where there are no more than

k duplicates of a given value. If there are more than k duplicates of a given value, then we have
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the following problems:

(1) The merge may actually not take place if the block sorting phase is unstable

(2) The overall merge is unstable even when the block sorting phase is stable and the values

in the buffer are unique.

Permutations that can result in unstable merge even when the block sorting phase is stable is
dealt with in [22, 23]. We see that stable block sorting does not necessarily result in stable
merge even when a buffer consisting of unique values is used. A rigorous explanation on stable

merge as a consequence of block re-arrangement is given in [22].

3.6 Counting Inversions in L and S

We state the following facts:

Fact 4 The mazimum locations that a value L|r] can be above or below its final sorted location is

n—1, where 0 <r <n-—1;i.e. if L[r] = SIt] then r and t satisfy the condition: 0 < |r —t| <n.

It is readily seen that there is a maximum of n(n — 1) inversions in L before block sorting. In
this case, we assume that m = n. At the end of block sorting we have the following property on

L as defined in theorem 1 below.

Theorem 1 The mazimum values in S, belonging to Sla, or that is in So, but belongs to St,

sk —1.

Proof If the set of values Ly [r,7+1, - - - r+t] are finally located in Sto,, or S, where 0 <t < n—1.
Since these values are sorted, they form a set of contiguous full blocks in L if t > k. In addition,
there is only one block in L,[r : r + t] with mark less than S/9,[0] if mod(t,k) # 0. Since
mod(t, k) can assume a maximum value of & — 1, then the argument for the proof is concluded.
Similarly, there is a set of corresponding values in S,, adjacent to each other but belonging to
Stoy,. These values create a maximum of n(k — 1) inversions in S7. We could have used the proof

of this theorem to show the correctness of Huang & Langston’s algorithm. Instead, we used a
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simple argument base on runs. We make the following observation. Since any element is no more
than & — 1 locations above its final sorted location at the end of block sorting, the maximum
number of inversions in S is n(k — 1) and the maximum position of any given value below its
final sorted location is n. However, the number of elements at maximum position below their

final sorted location in n is less by a factor of (k —1)/n in S.

4 Stable Block Sorting Techniques

Traditionally, block sorting is implemented in algorithms that uses block rearrangement using
selection sort. However, selection sort is unstable and therefore, block sorting is unstable. We
present four relatively simple and robust stable in-place block sorting techniques. The first of
these techniques results in no more than O(n) extra comparisons and data moves. The last two
of these techniques results in no more than n + O(y/n) extra swaps. The 3rd algorithm uses
O(n) bit level operations and no extra comparisons, while the 4th method uses O(y/nlg(n))
extra comparisons and swaps along with n extra swaps. Here we assume that n = m. None
of our block sorting scheme uses an extra buffer. The first scheme uses block encoding and
is limited by the number of unique values in L. Our second scheme is relatively simple and
uses bit modification which is not affected by the presence of multiple types of duplicate values.
The third scheme uses O(lg(m + n)) extra bits to encode the sorted location of each block.
In this scheme we set k = (m + n)/lg(m + n). The permutation cycles that determines the
final location of each block are encoded and used during the block sorting operation. The first
scheme is general and is independent of the block size whereas the third scheme is applicable
where the block size is O((m+n)/lg(m+n)). In our fourth scheme we also encode permutation
cycles using O(y/m + nlg(m+mn)) extra comparisons and swaps. In this case we set the number
of blocks v &~ k. Since permutation cycles are used to implement block sorting, we see that
~ v — 1 block swaps is adequate to place these blocks in their final sorted locations. Therefore,
block sorting requires no more than O(m +n) extra swaps apart from those smaller order terms
depending on the scheme that is used. This takes the total number of swaps to 2(m + n) for

scheme 3 and 2(m+n)+ O(yv/m + nlg(m+n)) for scheme 4. These schemes are describe below.
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4.0.1 Scheme 1 - Duplicate Encoding

We use this scheme where the desire is to distinguish blocks with duplicate mark. It is easy to
encode information that distinguishes each block as unique inside ¢ adjacent blocks having the
same mark. This is done by identifying the first ¢t unique data values in L and then swapping
them in sorted order with the second value in each of these block. The second to last value
is swapped when the mark is taken as the last value in each block. These values are inserted
back into their original locations when a block is place in its correct location or at the end of
block sorting. For example, a binary search is used to locate each duplicate value at the end
of block sorting. Since duplicate values are swapped in sorted order, they are also located and
replace in sorted order. Using appropriate selection technique, it is only necessary to encode

this information in blocks that have duplicate marks in A.

Blocks in A with duplicate marks are adjacent to each other. In addition, there may be more
than one set of blocks with duplicate marks. A set of adjacent blocks in A consisting of ¢ du-
plicate marks is encoded before the start of the block sorting phase as follows. A check is done
to determine blocks that have equal marks. After locating these t adjacent blocks, a search
for t consecutive unique values in L is done. The search for unique values starts at the second
location in A if the mark of the first duplicate block is above the first block in A and terminate
with the last value in the adjacent block below the first duplicate block. Otherwise, the search
starts with the first unique value that follows the last duplicate value in block ¢. This search
begins at the first unique location which follows the last duplicate value in block ¢. These t
unique values are swapped with the data values at the second location in each of the ¢ blocks.
Searching and swapping of these ¢ unique values is done sequentially. We do not swap a unique
value if it happens to be a block mark or if the value is at a second location in a block that have
duplicate values of a different kind. In the case where only the mark in block ¢ is a duplicate
value, the second value in this block is swapped with the kth value in the previous block. Of
course, we do not confine the search for unique values to the A list. During the merge, the cor-
rect block among two blocks having equal mark is stably selected by comparing the second value

in each block. The block with the smaller value in its second location is selected as the next block.
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The encoded values are return to their original blocks in sorted order at the end of block sorting
or once a block is selected into its correct sorted location. This is done by first locating duplicate
block marks and then by doing a binary search on the other blocks for the corresponding
duplicate value followed by a linear search of L to locate the insertion point for the second value
in each block that have duplicate mark. A binary search is used to locate the first duplicate
value apart from the sequence of duplicate values that is kept intact at the end of block sorting.
No more than O(v) extra operations is required for block encoding and decoding during this
stable block sorting operation. In the case where only the mark in block ¢ is a duplicate value,
the 2nd value is restored as with other blocks followed by a swap with this value and the kth
value in the previous block. Locating duplicates of a given kind is done during the local block
merge operation. When the number of duplicates of a given kind in A exceed k, then we start
counting to determine the value of ¢ for this duplicate type. We terminate counting of blocks

when the duplicate type changes.

4.0.2 Scheme 2 - Block Encoding by Bit Modification

Alternatively, if the data representation on the computational model been used allow for key
modification and the merge operation is performed on record keys, then the s = [lg (¢)] most-
significant-bits (msb) are used in the data value at the 2nd location of each block to encode
the original order in which these blocks occur in the sequence. Hence, the s msbs in the data
value at the 2nd location of the first such block is set to 01g, the s msbs in the 2nd such block
is set to 119 and so on. In the case where block t consist of only 1 duplicate value, a swap is
made between the 2nd value in this block and the kth value in block ¢ — 1. The s msbs in the
second value of this block is then set to (¢ — 1)19. During the block sorting phase, whenever 2
blocks of equal marks are selected, a comparison is done between the 2nd values in each block to
resolve this clash. The block with the smallest 2nd value is selected as the next block. The 2nd
value in an encoded duplicate block is restored whenever the block is place at its final sorted
location. The information needed to restore the 2nd value is obtained from the 1st or any other

duplicate value in each block. It is easy to determine that a selected block is the final block in
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the t sequence of blocks even though they may have been permuted during the sorting process.
If during the comparison to select the previous block there was an equality but comparison to
select the current block does not result in an equality when it is selected as the next block, then
this block must be the last block in the series of ¢ blocks. In this case, a comparison is done to
determine if this block consisted of only one duplicate value by comparing the kth value in the
previous block to any other duplicate value in the series. In the case where this block consists
of only one duplicate value, the 2nd value is restored by the appropriate bit operation and a
swap is done between this value and the kth value in the previous block. This method uses < k
comparisons and O(2!) bit operations. This approach is recommended where key modification
is allowed. Note that, in the case where the kth value in each block is chosen as the mark, the

data value at the (k—1)th location in each block is used to encode the block sequence information.

In scheme - 1, if the last block have only 1 duplicate value as its mark, then the search for unique
values begins at the 3rd location in this block if there are no unique values below the ¢ duplicate
block mark. In addition, this value is replace by a value that is larger than the value that was

replaced in the other t — 1 blocks.

4.0.3 Scheme 3 - Block Permutation Cycle Encoding

If we use blocks of size k ~ n/clg (n), assume that the number of blocks to be sorted is strictly
clg(n). Therefore, we use an array of clg(n) bits to encode the sorted location of each block.
We use a Block Encoding word consisting of clg(n) bits to encode the final sorted location of a
block, where ¢ > 1 is some constant. The final position of the mth block in sorted L is encoded
by setting the mth bit in the Block Encoding word to 1 if this block comes from B otherwise
this bit is set to 0. This encoding is done during the local block merge operation and therefore
does not need the use of extra comparisons. This is possible because we keep a count of merged
blocks as the local block merge proceed and we also note the list in which each merged block
occurs. We use the Block Encoding word to encode the order in which blocks are to be selected
to create a stable block sort as follows. It may be useful for the reader to go forward in the text

and do some reading on our merge algorithm in order to have a clearer understanding of the
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way this encoding technique works.

(a)

Two pointers are used to indicate the marks of the A and B blocks to be used in the next
comparison. If the block from A has the smaller mark or is equal to the mark in B, then
the first bit position in the Block Encoding word is set to 0 else the first bit position is
set to 1. The appropriate pointer is incremented by k£ to point to the mark in the next
A block if the selected block is from the A list. Otherwise, the pointer is incremented to
point to the mark of the next B block. A second comparison is done to determine the
next block. If this block comes from A, the next bit position is set to 0 else this bit is
set to 1. Continue in this manner until all blocks are selected and their corresponding bit
position set to 0 when a block from A is selected or is set to 1 when a block from B is
selected. At the end of this process, the clg(n) bits that constitute the Block Encoding
word will encode the sequence in which blocks from A and B are to be selected to create
a stable block sort. The bit pattern created from this operation encodes the permutation
cycles that are used to place the blocks in their sorted position in a stable manner. These
bit positions can be simultaneously set with our local block merge operation. Therefore

no extra comparisons need to be done to create this encoding word.

During block placement, we also use a second array of clg(n) extra bits to encode infor-
mation that indicates when a block has been place in its final sorted position. We call
this the Block Placement word. The first bit in the block encoded word encodes the list
and the block location in this list from which the first block originates to create the block
sorted sequence. During the block sorting operation, if the first bit in the block encoded
word is set to 1. Then we know that the first sorted block comes from the first B block.
Therefore, we swap the 1st block in L with the first block in B. We then determine the
block that belongs to the first block location in B. In our case, the first B block location
is at v — 1 since we have decided that the B list should begin at the original buffer location
at the end of the local block merge operation. To determine the correct block that belongs
to location v — 1, we do a scan of bit location v — 1 in the block encoded word to determine
the bit type. If the bit type is 0, then we count the number of 0’s up to this bit position to
determine the block location in the A list. This is the block that is to be placed in block
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location v — 1. We then do appropriate block swapping. On the other hand, if this bit is
1, we count the number of 1’s up to this bit position to determine the block location in
the B list and the do appropriate swapping. We continue placing blocks in this fashion
until we have completed a block permutation (placement) cycle. A block placement cycle

completes whenever the 1st block in a cycle reaches its final sorted location.

At the start of each block placement cycle, we determine the correct location of the first block
that is swapped as follows. Starting at the first bit location in the Block Encoded word, we count
bits of the type at this location until the bit position that correspond to this block location is
reached. Let the number of such bit location be m, where 2 < m < clg (n). Therefore, the final
destination of this first block is at the mth block position in block sorted L. Therefore, during
our block placement cycle operation we check to determine if the next block to be placed is at
this location. If this is the case, then we know that our block placement cycle is complete and

a new cycle should begin.

The Block Placement word encodes blocks that are already place in their final sorted location
during the block sort operation. Originally, these bits are all set to 1s. When a block is selected
into its final sorted location, the corresponding bit is set to 0. Therefore, we know where to
start a new block placement cycle by doing a check to determine the next bit that is set to 1
in this array. A new block placement cycle starts with the block in this position in L. Note
that we set all bit positions that correspond to singleton cycles to 0 before we begin the block
placement operation. The block placement operation ends whenever the Block Placement word

is finally set to 01p.

4.0.4 Scheme 4 - Block Cycle Encoding In The Presence of < k/2 duplicates

Before using this method we ensure the following 2 conditions are satisfied.

(1) The number of element in each block k ~ v = [v/2n], where v is the number of k size
blocks in L.

(2) The maximum duplicate of any given value in L does not exceed %k:
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Since our merge algorithm creates two sorted list from A and B in the locations L[0 : m— (k+1)]
and Lim —k : m+n — (k + s)| in block size units then we can encode the actual location where
a sorted block should be place during the block sort phase of our merge algorithm by making
use of the ordered information in each merged block. Let the number of unmerge blocks in the
list previously occupied by A excluding the buffer be v; and the number of blocks occupied by
the second list be v5. We have v = v; + 19 &~ k. We keep a counter ¢ whose value at any given
time is the block number been created from a local block merge operation. During our series
merge operation, at the end of merging the jth block in the first or second list of L, we swap
the value at the jth location with the value at location ¢. If j # ¢ then these two values are
out of sort and are used to encode the correct sorted location of block ¢ in sorted L. During
our block sorting operation, we simply check the jth location for an out of sort data value. If
an out of sort data value exist, then we know that this block is not placed in its final sorted
location. Therefore, we do a binary search operation to locate a second out of sort value in this
block. The location of this second value encodes the final sorted block location for this block.
The block at the location to be swapped is checked in a similar manner to determine its correct
sorted location, after which the two blocks are swapped. The two out of sort values are then
returned to their correct sorted location by a single swap operation. We continue in this fashion
until a cycle of out of sort blocks are properly placed. We search for a new cycle by checking
the adjacent block location where a previous cycle started. In addition, we keep a count of all

placed blocks. The placement operation ends when this count equals v.

Computation to determine the second out of sort value is done using O(lg(k)) comparisons.
Hence, we see that we need at most an extra v 1g(v) comparisons and v swaps to implement our
block sort stably by this method. This v 1g(r) extra comparisons is less than the standard O(v?)
required by selection sort. Careful consideration of scheme 1 above reveals how this method
can be easily modify to implement stable block sorting in the presence of more than k duplicate
values in L. Hence we use a maximum of v(1+1g(v)) comparisons and (v —1)k— (2s+h)+v—1

swaps.
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5 A Practical In-Place Merge Technique

We now describe an unstable algorithm that does optimum in-place merge. We use example
illustrations to give a clear understanding of how the algorithm works. We then explain the
modifications needed to

(1) Reduce the number of comparisons and moves and

(2) Make the algorithm stable. In essence, the algorithm works by first doing stable local block
merge on the values in A and B followed by block rearrangement. It is possible to use an internal

buffer to merge A and B in this manner because of the following fact.

Fact 5 If L is sorted and then block permuted so that the values in A and B remain sorted, any
stable block sorting algorithm can be used to regain sorted L in a stable manner. In addition,
the value at any location within a given block can be used to select that block during the block

sorting.

The merge is performed by first extracting a buffer as described above. The location block
merge begins with the first buffer location. At the end of the local block merge operation, the
values in L are sorted but permuted in k size blocks. Therefore, a stable block-sorting algorithm

is used to rearrange the blocks to create a sorted sequence.

5.0.5 Buffer Extraction

We use pointers pl and p2 to locate the k largest values in L as follows. Set pl and p2 to point
to A[m —1] and B[n — 1] respectively. Compare the two values pointed to. Decrement the value
of the pointer by 1 that points to the larger of the two values. Compare the next two values and
repeat until the k largest values are selected in this manner. At this time, the k largest values
in L are A[pl : m — 1] and B[p2:n — 1], where m —k <pl <m—1,n—k <p2 <n-—1 and
m+n— (pl+p2+1) = k. Figure 5 illustrates the way in which p1 and p2 are used to determine

the locations of the k largest values in L.
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Buffer elements

c | r] | D|E

pl P2

Figure 5

The k largest values in L are located in blocks E and F

pointed to by pointers pl and p2. Buffer size as illustrated are
exaggerated for the purpose of emphasis and clarity of explanation.

Denote the values A[m—Fk : pl] and B[n—k : p2] as C and D respectively. Note that |C| = m—p2.
We bring the buffer into 1 & size block at the end of A whilst at the same time merging the values
in the undersize block C' with the remaining non-buffer elements in B by using F as an output
buffer as follows. Note that C[0] forms the mark of the last k size block in A and therefore we
have |C| = |E|. We merge by comparing the value A[pl — 1] in C to the value B[p2 — 1]. The
larger of the two values goes into the highest location in . We decrement appropriate pointers
and continue to merge in this manner until the values in C' are fully merge with the remaining
values in B. At this point, the h largest values in L occupies the h highest locations in B, where
|D| < h < n—|C]|. At this point, the originally sorted buffer elements from block E are now

located in block C but possible permuted.

Buffer extraction uses k — 1 comparisons. Merging blocks C' and D uses h — 1 comparisons and
h swaps. This brings the total number of comparisons at this stage to k + h — 2 and the total

swaps to h. Where h is the actual number of values merged at the end of the B list.

5.1 Ensuring Integer Number of Unmerge k£ Size Blocks

We ensure that the last value in the last k& size block in B is > the last value in the last
block in A. Therefore, we would normally prefer that h > s = mod(n, k). If the last merged
value in B falls above the last k size boundary, here we count k size blocks starting at the

first location in B, then we merge the remaining unmerge (s — h + 1) values in the s highest
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locations of B with the non-buffer elements in A. We use the last (s — h + 1) locations of the
buffer as output. Our objective here is to ensure that our local block merge operation always
conclude with exhaustion of the A list. We then swap the (s —h+ 1) merged values at locations
Lim+4+n—(s—h+1): m+n—(h+1)] in the buffer with the buffer elements at locations
Lim+n—(s+1):m+n—(s—h+1)]. We use 2(s—h+ 1) data moves to implement this block
permutation instead of data swapping. Because some buffer elements may have rotated at the
end of the A list during this merge operation, we do another block rotation to restore the buffer
to the last k locations in A. We mark the last merged value at the end of A to determine when
the local block merge operation is to be terminated. Possible configuration of L at the end of

this stage is illustrated by

Additional merged values
at end of 2" merge

ST

[ Buffer | | Do | B

pl A k boundary counting from
lowest location in B.

Figure 6
Configuration of L at the end of the first merge phase.

Let the number of merged values at the end of the A list be h/. For the case where our block size

_m+n

Ig(m+n)’
bit position in our Block Encoding word to ensure that these blocks are place in their proper

is set to g if hs lies below a given number of k size boundary, then we set the appropriate
sorted locations during the block sorting phase of the algorithm. In addition, we terminate the
merge operation after the next merged value in the A list is the last unmerged value.

Because our technique does local block merge before block sorting, it is easy to use a more
efficient alternative approach as follows. We use pointer p2 to mark the location of the last
merge value at the h highest locations in B. Therefore, the last block to be merged from the B

list may be an undersize block. The location of the last element in this block been the location
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pointed to by p2. Similarly, we use pointer pl to mark the last merge value in A. Therefore the

merge operation terminates when either of these values is reached.

5.2 Placing the Leftmost s Smallest Values in L

The s/ highest locations in the buffer are used to merge the values at the s/ lowest locations in
A with the remaining unmerge values in B, where s/ = mod(m, k). The objective of this merge
operation is to place the s/ smallest values in L at the s/ smallest locations in A. This operation
uses a minimum of s/ — 1 comparisons and s/ swaps. Another s/ swaps at the end of this phase
bring the total number of swaps to 2s/. The extra s/ swaps are used to place the s/ smallest
values at the s/ lowest locations in A whilst at the same time restoring the buffer to a single k
size block. Again, restoring the buffer can be done by using straight data moves instead of data
swaps. We use 2s/ + 1 data moves to achieve this. Note that a sequence of the next r smallest
values, where 0 < r < n — (s + 1) may also be merged into the head of the B list during this
merge operation. At this point, the remaining unmerge values in L are located within an integer
number of k size blocks apart from the blocks in B that contain the r additional merged values.
The last merged value in A is at a location above the last location that has an unmerge value
in this list. Similarly, the first unmerge value in B is at a location pointed to by R. Therefore,
we see that this operation requires a maximum of r + s/ — 1 comparisons and r + s/ data swaps.
Another s/ swaps at the end of this phase bring the total number of data swaps to r+2s/. Where
the values at the first r locations in B are the next r smallest values in L. Figure 7 illustrates the
possible configuration of L at the end of this phase. The number of unmerged values excluding
the buffer is m +n — (k 4+ s + s/ + r). At this point, we are now ready to determine pairs of

unmerge full blocks in L and then merge them using the buffer as output.
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Locations of the s/ = |S| and
r = |R| smallest values in L.

5] | Buffer | | R| D1 | Er |

pl A k boundary counting from
lowest location in B.

Figure 7
Location of the (s/ + r) smallest values in L at the end of the 3"¢ merge phase.

5.3 Determining the next output buffer location

At the end of merging the first k values into the original buffer location, the buffer may be split
into two parts. The buffer is displaced into locations previously occupied by values that are
merged. We determine the first location that is the next k size buffer location that will hold the
next merged full block. This is done by comparing the marks of the two current blocks. Recall
that a current block is a block on which a merge operation is currently been done. Figure 8
illustrates a possible sequence of configurations of L during and at the end of the local block
merge operation. The value at the last location in each block is chosen as the mark. The block
with the smallest mark is determined. The lowest buffer location to the front of the block with
the smallest mark is the next output buffer location. In the case where two blocks have the
same mark, the block from the A list is chosen as the next block. In addition, during the merge
operation, we give values from the A list first preference in the case of a tie. This ensures that
the merge operation at this point is actually stable. No more than v — 1 comparisons is used to

locate each block during this phase of the merge.

5.3.1 Merging Pairs of Blocks

Assume that number of unmerged full blocks in A is the same as the number of unmerged full

blocks in B. Also use the last value in each block as their mark. A possible sequence of merged
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blocks in L and the positions of the buffer is illustrated in figure 8.

5.3.2 An Example Instance of Merging

The example below illustrates the operation of the merge algorithm.

35

We use the undersize blocks bf1 and bfy to represent the location of the buffer at any given

moment during the local block merge operation. The ith merged block in L is represented as

L;. An unmerge block is represented as the original block fromm the A or B list.

(1) At the end of merging the first block, a possible configuration of A and B is illustrated

below.

New buffer locations

B list

/
AN —

A list

[0 | ] | |

N

Assume that this block has the smaller mark.
Therefore new buffer output begins

at the first location in this block

Original location

of buffer now first
merged full block

(2) Possible distribution of values in A and B at the end of merging the 2" block in L.
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Second merged block

B list
L Le [on] | | | | | |
A list
7725 A S N 7R
Current buffer elements. First output

merged block

(3) Assume now that A; is the next block with the smallest mark. The distribution of values in

L at the end of merging L3 is as illustrated below.

Second merged block

B list
L [ bh ]| ] | | | | |
A list
L Pl | | | [ L ]
Third output First output
merged block. merged block

Possible permutation of blocks in L at the end of merging all blocks

Original merged values
during buffer extraction

B list l
Ly Ly Ls Ly Lyw | L |bA] |

L Lg Lg Ly Ly | | 5{2 | | L

Split buffer
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Note that except for the last k size block in A and the permuted buffer, the values in both lists
are sorted. A single block exchange operation brings the buffer into a single k size block whilst
at the same time bringing the two undersized merged blocks into a single full block. The buffer
is then sorted using an optimum sort algorithm. Block sorting on L excluding the buffer, creates

a single sorted list as desired.

Permutation of L at the end of block sorting.

Buffer elements

| Ls | Ly | Lw | Lu | Lo | Ls | |

L L | L» | Ly [ Li | Ly [ L | Lr |

Figure 8
A possible sequence of local block merge operations for given input permutation of A and B.

5.4 Merging Two Current Blocks

At the end of merging a full block, the buffer may be split into two parts. Each part is located
to the front of the current blocks. At this point, the algorithm is ready to merge the next full
size block. At the end of merging k values from the two current blocks, a single sorted sequence
is created that occupies previous locations of the buffer. See figure 8. When the buffer is split
into two parts during the merge of two current blocks, output from the current merge is place in
these buffer locations until a full block of merged values in obtained. In this way, it is seen that
a sequence of merge values always start and end at k size boundaries. These locations been the

same as those in the previous unmerge permutation of L.

We see that at the end of merging all blocks, the block with the rth smallest mark always contain

the (rk + s)th smallest values in L, where 0 < r < 2y — 1. This invariant property makes it
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possible to use a simplified version of scheme 1 given above to implement a stable block sort on
L at the end of merging all blocks. Effectively, the merge is complete when an output value is
either the last unmerged value at the end of A or B. Since before the start of the local block
merge we had permuted L so that the merge will terminate on the exhaustion of A. We do ap-
propriate swapping of remaining data values in the k size block in B that forms the last selected

block in B with remaining data values in the buffer at the end of A to bring the buffer into 1 piece.

We do a block transformation to set the buffer above the h or s merged values at the end of B.
At this point, we have done a maximum of (¥ — 1) comparisons to locate blocks for merging in
sorted order, a maximum of m +n — (k4 s+ s/+r — 1) comparisons and m+n — (k+s+s/+r)
swaps during the local block merge operation and an extra 2b+ 1 moves to restore the buffer to
a single k size block, where b is the number of buffer elements in A at the end of the local block
merge. In addition, we use a further k + h + 1 moves to place the buffer in its correct location

at the end of merging. We use the algorithm given in [3] for permuting the location of the buffer.

We sort the values in the buffer by doing O(v/m + nlg(m + n)) or O((m + n)(1 — %))

comparisons and O(y/m + nlg(m +n)) or O((m +n)(1 — %)) swaps. At this point, the

values in L are sorted in non-decreasing order.

5.5 Maximum Number of Comparisons and Moves

Summeries from the tabulation below gives us total number of comparisons m +n + (v — 1) (or

m+n+v(v+5) —6) +o(m+ n), swaps 2(m +n) +o(m +n)

and 2(k + s+ s/ + r) + 1 moves.

Summery totals for comparisons, swaps and moves are tabulated in table 3 below. In this
m4n

tabulation we use block size TE(min) with lg(m+n) extra bits for block placement cycle encoding.
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Table 3 Summary analysis of dynamic Buffer merge

COMPARISONS DATA MOVES
STEP Minimum Maximum Minimum Maximum
1 kE+h—2 k+h—2 h h
2 s—h+h—2 s—h+h-1 2s—h+1)+h| 2(s—h+1)+h
3 r+s—1 r+s—1 r+2s T+ 2s
4 m+n+v—s— |2wv—-1)+m+n— m+n+2v m+n—s—h—k—
k—h—r—Hh s—h—h—Fk—r —s—k—r r—h+2v—-1)
5 o(1) 0(1) 4(m +n)+ (m+mn)—
2(v—s—k) (2s+ k)
6 o(m+n) o(m+n) o(m+n) o(m+n)
~m+n+v =m+n+2v+s ~5(m+n) ~6(m+n)+
+s—h+o(m+n) —h+o(m+n) —6k+o(m+n) | 3(v—1)+o(m+n)

Complexity analysis sumerise in table 3 above is done by taking the following optimizing tech-

nique into account.

5.6 Optimizing the Merge Operation

We reduce the average number of data comparisons and data moves during the local block merge

operation as follows.

(1) By making better use of the two pointers pl and p2 as follows. Use p2 to indicate the
location of the last merged value at the end of B when merging the h or s largest values in
L. Similarly, we use the pointer r to indicate the last merged value at the head of the B
list when merging the s 4 r smallest values in L. Therefore, we move the r smallest values
into the buffer and locate the next k boundary after the (r — 1)th merged value in B.
The buffer rolls in front of B until the first unmerge value is reached. Use the first value
located above the last buffer element in B as the first value in this first undersize block in

B. Therefore, number of remaining values to be merge is (m+n) — (s +r+k+ h + h/).
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Output during the first paired series merge operation starts at the first buffer location

which is k£ locations below the rth location in B.

(2) Whenever the last value in a newly selected block to be merged is less than the first value
in the second current block, there is no need for comparisons and swaps to create the next
merged full block in L. Instead, all data values in that block are moved into the buffer by
doing 2k + 1 data moves. This operation is possible because at least 1 buffer element is

always below the elements to be merged.

(3) Since buffer elements are permuted during the local block merge operation, we use 2(m +
n—(k+ s+ s'+r))+ 1 moves to merge instead of (m +n — (k+ s+ s/ +r)) swaps. We

show how this is done further on.

(4) If a selection sort is used to do block sorting at the end of merging L then it is possible to
use 2(m+n — (k+ s+ s/+ 1))+ 1 moves to place blocks in their sorted locations instead

of using (m +n — (k+ s+ s/ + 1)) swaps. We show how this is done below.

We implement these operations by first extracting the k + 1 largest values in L into the buffer.
Therefore, the k + 1 largest values in L are located at the k + 1 highest locations in A. We then
merge the 1st value in A with the smallest values in B using the last buffer location. A buffer
element is now at A[0] and the smallest value in L is at A[m — 1]. Therefore, we reset the last k
size boundary in A at location A[m — 2]. We also decrement the location of all k£ boundaries in
B by 1. We then merge the s/ = mod(m — 1, k) values at locations A[l : s/] with the remaining

unmerge values at the head of the B list as follows.

(4.1) Shift the already merged 7/ values into the r/ locations starting at L[m — s/] by a block

permutation operation. Therefore, last buffer element is at location L[m + r/ — 1].

(4.2) Merge the s/ values at A[l : s/| with Blr/ : n — s — 1] using buffer elements at locations

L{m + r1 — s : n+ 1/ — 1] as output locations.

(4.3) Exchange buffer elements at locations A[0 : s/ — 1] with the next s/ smallest values at

locations L[m — (s/+2) : m —2|. Use data moves employing buffer elements to implement
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these block exchange. The buffer is now in 1 piece at the last k size block in A with a
single buffer element at the head of A. This element constitute our hole to be used for
effecting data moves during block sorting. Recall that the k boundaries for elements in
A and B have been moved back by 1 element. We use a block permutation operation to
move the merged values at the head of B to the front of the buffer elements whilst at the
same time moving the buffer elements adjacent to the first unmerge values in B. We then

proceed with the local block merge in the usual way.

5.7 Implementation Results

Results from experimental test for the case where k = |/m + n| and a selection sort is used to
implement the block sort as described above are tabulated below. In this case, results are place
in columns headed Algl. We also list results for the case where k = (m + n)/lg(m + n) with
block sorting implemented by use of O(lg(m + n)) extra bits, we place these results in collumns
headed Alg2. Figure 9 tabulates our experimental results for implementation using block size

O(vm +n) and O(lg?:)jfn)) for Algl and Alg2 respectively. Tabulation in figure 9 assumes that

m = n and does not include buffer sorting. Block sorting was implemented using the selection

sort. This adds an extra v(v + 1)/2 = 0.5n + O(;/(n)) comparisons to our merge algorithm.
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Compares(C) Moves(M) C/n M/n
n Algl Alg2 Algl Alg2 Algl | Alg2 | Algl | Alg2
25 69.30 56.60 220.00 210.00 2.77 | 2.26 | 8.80 | 8.40
50 78.80 104.80 462.80 453.10 1.58 | 2.10 | 9.26 | 9.06

100 288.00 199.50 822.20 1056.40 | 2.88 | 1.99 | 8.22 | 10.56

250 771.90 513.50 2019.30 2163.90 | 3.09 | 2.00 | 8.08 | 8.66

500 1506.30 1015.20 4007.20 4505.00 | 3.01 | 2.05 | 8.01 | 9.01

1000 3054.90 2017.40 7963.40 8772.40 | 3.05 | 2.03 | 7.96 | 8.77

2500 7448.40 5020.50 19964.80 | 22942.10 | 2.98 | 2.02 | 7.99 | 9.18
5000 | 15110.50 | 10022.20 | 39989.20 | 46117.000 | 3.02 | 2.01 | 8.00 | 9.22
10000 | 29899.30 | 20023.70 | 79873.40 | 90598.80 | 2.99 | 2.00 | 7.99 | 9.06

20000 | 57990.90 | 40025.80 | 163842.70 | 190802.60 | 2.90 | 2.00 | 8.19 | 9.54
25000 | 75120.90 | 50026.70 | 199702.41 | 237631.80 | 3.00 | 2.00 | 7.99 | 9.51
35000 | 105154.30 | 70028.10 | 279463.19 | 300909.20 | 3.00 | 2.00 | 7.98 | 8.60

45000 | 135155.09 | 90028.40 | 359327.41 | 386233.59 | 3.00 | 2.00 | 7.99 | 8.58

50000 | 150399.20 | 100027.50 | 399509.91 | 428899.80 | 3.01 | 2.00 | 7.99 | 8.58

Averages | 2.89 | 2.03 | 8.16 | 9.05

Figure 9

Experimental results from implementation of our algorithm.

6 Conclusions And Remarks

We have done a detailed analysis of Kronrod’s and Huang & Langston’s merge algorithms.
We have confirm the importance of stability for the correctness of these algorithms whenever
there are more than k£ duplicates of a given value in the input lists. Our complexity analysis is
supported by results from experimental implementations. We also showed four novel techniques
for doing stable block sorting in-place that can be used to make these algorithms stable. In our
implementation, we avoided the problem of correctness due to unstable block merge by doing

local block merge in the natural way. Therefore, we have simplified the problem of stability to
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that of buffer extraction. A trade off from this approach is a reduce number of data moves and

data comparisons.
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