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Abstract. In this paper we present a new data structure for implement-
ing heapsort algorithm for pairs of which can be simultaneously stored
and processed in a single register. Since time complexity of Carlsson
type variants of heapsort has already achieved a leading coefficient of
1, concretely nlgn + nlglgn, and lower bound theory asserts that no
comparison based in-place sorting algorithm can sort n data in less than
[lg(n!)] ~ nlgn — 1.44n comparisons on the average, any improvement
in the number of comparisons can only be achieved in lower terms. Our
new data structure results in improvement in the linear term of the time
complexity function irrespective of the variant of the heapsort algorithm
used. This improvement is important in the context that some of the
variants of heapsort algorithm, for example weak heapsort although not
in-place, are near optimal and is away from the theoretical bound on
number of comparisons by only 1.54n.
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1 Introduction

Heapsort is one of the best sorting algorithms with both average and worst case
complexity of O(nlgn). It is based on heap data structure implemented in a
complete binary tree. While leading coeflicient of nlgn in the worst case com-
plexity of traditional heapsort [15] is 2, Carlsson’s variant brought the complexity
down to nlgn+nlglgn [2]. Potential of heapsort algorithm attracted attention of
many researchers and as a result many promising variants of heapsort like Weak-
Heapsort [5], Ultimate Heapsort [10], Bottom-Up-Heapsort [14], MDR-Heapsort
[11, 3], Generalized Heapsort [13, 9] as well as heaps like Weak heap [6], Min-max
heap [1], Min-max pair heap [12, 4] have been introduced. Although weak heap-
sort is not an in-place sorting algorithm, in terms of number of comparisons it
is by far the best variant requiring nlgn + 0.1n comparisons and is only 1.54n
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more than the theoretical bound for number of comparisons [2]. Heapsort algo-
rithm works in two phases. In the first phase, a heap is built that requires about
1.5n comparisons for all variants excepting for Weak-Heapsort in which case
about n comparisons suffice although it needs additional n bits. In the second
phase sorting is performed. Williams’ [15] or Floyd’s version [7] requires 2nlgn
comparisons, whereas Carlsson’s and similar variants require nlgn + nlglgn.
We introduce a new data structure in which creation of heap will require lesser
number of comparisons excepting for Weak-Heaps. When heapsort algorithm is
implemented on such data structures all variants of heapsort algorithm require
lesser number of comparisons. Simulation runs also support the results of theo-
retical analysis. In this paper we restrict our discussion and analysis to in-place
variants of heapsort. In Section 2, we elaborately describe our data structure,
whereas section 3 describes improvement in the heapsort algorithm implemented
on the new data structure. Section 4 contains analysis of the number of move-
ments required by Carlsson’s [2] variant of heapsort algorithm implemented on
this new data structure.

2 New Data Structure

Assuming that any of the n! permutations are equally likely probability that
any permutation is sorted is % Independent pairwise comparisons result in
reducing uncertainty by the most and probability of a sequence, complying with
the comparison, being sorted is doubled after each such independent comparison.

This fact encourages creation of heaps with two element ordered in each node

For simplicity of discussion let us sort pair of elements in ascending order. By
n/2 comparisons (assuming sequence starts from 0) all larger elements of each
pair 24, 2¢ + 1 can be brought to even positions. Let us call even elements active
and the other ones dormant.

Now a heap is constructed using n/2 active elements. For any heap creation
algorithm requiring (1+ a)n comparisons with « > 0 creation phase will require
lesser number of comparisons since % + (14 @)% = (1+ %) n comparisons. In
the case of constructing weak heaps which takes as low as n — 1 comparisons,
the new data structure takes the same number of comparisons. Because for any
positive integer n, [(n/2)] + |[((n+1)/2)] — 1 = n — 1. Weak heap requires n
extra bits for sorting but if we deploy the new data structure, it only takes n/2
extra bits [5].

But in this data structure during swapping we must swap nodes, contain-
ing pair of elements, with similar nodes. Now-a-days 64-bit processors are very
common and most of the data for sorting can be accommodated in 32 bits. We
use this advantage of element swapping equivalent to swapping of two-element
nodes with another two-element node at no extra cost. In fact, this advantage
can be taken for all processors and data for which data size is half the size of
the processor’s register.
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3 Improvement in Sorting Phase

In the sorting phase we can apply any algorithm in the following way and as
depicted in Figure 1-4 and see that in terms of number of comparisons the new
data structure is better. After constructing the heap, in the sorting phase the
active element in the root will be placed in the last unsorted position (the 1st or
the 2nd key position of the unsorted pair) and perform heapify or adjustment
of heap. The new data structure always need an extra comparison before the
heapify. This is to find out the larger or smaller key between the 2nd key of the
1st pair and the 1st key of the last pair.

While for traditional data structure, if a heap with n elements has height h,
in our data structure it will have height ~ h—1 (actual height is [lg (n + 2)] —2).
The complexity of any heapsort algorithm rely on the height of the tree or heap.
Every sorting algorithm searches along the height for finding the larger or smaller
element.

For Floyd’s [7] and similar type variants which look for larger key in every
level, requires 2 comparisons per level. The worst number of comparisons for
sorting each element is 2h, whereas in the proposed data structure it will be
arround 2(h — 1) + 1 = 2h — 1 comparisons.

In Carlsson type variants [2], the path of the elder sons is constructed and
then binary search is performed to ascertain the position of the last unsorted el-
ement. In these variants the number of comparisons for adjusting an element
at position ¢ — 1 is [lg(z)] + [1g(|lg(?)])], the new data structure will need
([g(z +2)] —2) + [1g([lg( + 2)] — 2)]. If the maximum number of comparisons
needed for the Carlsson’s heapsort is denoted by C'(n), then

C(n) =0+ (llg(i — )] +[le(lls(i = 1)])]) = i(tlg(i)J + (g ([1g(9)])]
=1 =3 =2

_ Number of comparisons required by the proposed data structure, denoted by
C(n) is then

n
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n—1 n+1 n—1 n+1
=Y (Ue@)->_ (Ne@)] = 2)+)_ Mg (Ue@dN1-Y_ (Mg (Na(@)] - 2))—(n—2)
=2 1=6 =2 =6
n—1 n—1 n—1
= (Le®))+6=_ (Ne(&)))~Ng(n)1~g(n + 1)]+2(n—4)+ > _ Ng (|lg(@)])1+2
=6 =6 =6
- i (Mg (Ng(i)1 =2)1) = Ng (Mg(n)] = 2)] = Mg (Mg(n +1)] =2)] = (n—-2)
1=6
n—1 n—1 n—1 n—1
= (Hg@)) = (Ne@D|+|p_ Ng(le@NT— > (Mg (Ng(@)] —2)1)
1=6 =6 1=6 1=6

—[lg(n)] = Ng(n + 1] - lg (Mg(n)] —2)] — [lg([lg(n + )] = 2)[ +n +2

We know the difference between ceil and floor values of lgi is always 1, for
all values of i expecting for powers of 2. So, from 7 = 6 to i = n — 1 there are
(n—1—-6+1) = (n—6) elements and for i = 2 and i = 4, we miss 2 elements
because we start from ¢ = 6. So for the expression inside the first pair of third
brackets

I
-

n

3 (g0~ Y- (Na@)]) = ~(n—6-+2)+ [lgln — 1)] = ~(n-4)+ [1g(n - 1)}
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The value of the expression [lg (|1g(¢)])] — [1g ([1g(¢)] — 2)] inside the second
pair of third brackets is 0 or 1 in alternate intervals as shown in the table below,
excepting for ¢ = 8 where the value becomes 2. In the second row the value
after plus sign indicates total savings at the end of the interval. For example, in
interval [25, 26} there are 33 elements where we save one comparison per element.
So total savings is 33 comparisons, whereas in the preceding interval we do not
have any savings per element as reflected in 0 after plus sign. In Table 1 values

of this expression have been shown for different important intervals of . So,
n—1 n—1 n—1

2 Ne(lls@))]- 2;36 (Ne (Ne@1=2)1) = % (Mg (sG] - e (llg] - 2)1)
+12

- 22T i 1> 22
Letz = [lg ([lg(n —1)] = 1)[-2and R = { 0, otherwise.

2m+2

Hence, ”;61 (Ne (g@) )] - Mg (Ngd] —2)7) = é (271 1) + R+ 12
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Table 1. Cumulative Savings in comparison in different intervals

Value of i [[6,2"][[2" +1,2° — 1][[2°,2°] [2° +1,2° —1][[2°,2"]
Savings in[12 [12+0=12 [12+33=45[45+0=45 [45+513 =558
comparison

_ (22’“““) + R+ 12 + 2. Now For simplicity, let
k=1

p = [lg(n — 1)]=g(n)]=[lg(n + 1)]-[lg ([lg(n)] = 2)]-(1g ([lg(n + 1)] = 2)]
Then we have, C(n) — C(n) = —(n—4) + Xw: (22k+1+1) +R+z+124n+2+p
k=1
= (22“1“) +18+R+az+p
k=1

4 Analysis on the Number of Movements

Till now we have had discussion on comparisons. Now in case of movement our
new data structure requires three movements for each key. It may be noted here
that ’temp’ is similar to a node capable of holding 2 data elements together.
There are four different scenarios for sorting keys (two for 1st key of the pair
and two for 2nd key of the pair).
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Fig. 1. Scenario 1: (a)before copy (b)after copy

Scenario 1: If the 2nd key of the 1st pair is greater than the 1st key of the
last pair (Figure 1(a), 1(b)), we move the 2nd key of the 1st pair to the 1st key
of temp pair, move the 2nd key of the last pair to 2nd key of the temp pair and
finally move the 1st key of the 1st pair to the 2nd key of the last pair.

Scenario 2: If the 2nd key of the 1st pair is less than the 1st key of the last
pair (Figure 2(a), 2(b)), we move the last pair to the temp pair, the 1st key of
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Fig. 2. Scenario 2: (a)before copy (b)after copy

the 1st pair to the 2nd key of the last pair and finally the 2nd key of the 1st pair
to the 1st key of the last pair.
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Fig. 3. Scenario 3: (a)before copy (b)after copy

Scenario 3: After sorting the 1st key for the 2nd one, if the 2nd key of the
1st pair is less than the 1st key of the last pair (Figure 3(a), 3(b)), we move the
1st key of the last pair to the 1st key of the temp pair, then the 1st key of the
1st pair moves to the 1st key of the last pair and finally we move the 2nd key of
the 1st pair to 2nd key of the temp pair.

Scenario 4: If the 2nd key of the 1st pair is greater than the 1st key of the
last pair (Figure 4(a), 4(b)), we move the 2nd key of the 1st pair to the 1st key
of the temp pair, then move the 1st key of the last pair to the 2nd key of the
temp pair and finally the 1st key of the 1st pair to the 1st key of the last pair.

In Carlsson’s version of heapsort, it takes 2 movements- one for taking the
last element to temp and the other one for moving root to the last unsorted
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Fig. 4. Scenario 4: (a)before copy (b)after copy

location (Figure 5(a), 5(b)). So for movement calculation we take 1 extra move-
ment than Carlsson’s version. Dominating operations in sorting algorithms are
combination of comparisons and movements. For different computer architec-
tures, compilers and a few other things, time for comparison and movement
varies [8]. Here we are presenting some latency of AMD64 processors (64-bit) for
movement and comparisons [?]. We only consider here static movement latency
and comparison latency. All other calculations, like effective address calculation,
jumping decisions, are not considered here.
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Fig. 5. Copy in Carlsson variant (a)before copy (b)after copy

In scenarios 1 and 2 (Figure 1(a), 1(b), 2(a), 2(b)), if we move the 1st and
the last pair to register (from memory) we need three clock cycles for each and
one clock cycle per movement for those three movements, as shown in figures
mentioned above (Because those are from register to register). So, in total we
take (3+3+1+4+141=) 9 cycles for adjusting the first key and in scenario 3 and 4
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we move the 1st pair to register (from memory) and it takes three clock cycles and
those three movements take (as in Figure 3(a), 3(b), 4(a), 4(b)) three clock cycles
(one for each movement). We are not saving anything in registers and moving
back every thing to memory. So after sorting a pair of keys corresponding to
a node we move it back to memory which takes three clock cycles. So, all this
takes (3+14+14143=) 9 clock cycles. Now we can see that each key of a pair
takes 9 clock cycles.

Considering Carlsson’s version to move the last key from memory to register
it takes three clock cycles and to move the 1st key to the last unsorted position it
takes six clock cycles (3 for moving memory to register and 3 for moving register
to memory). In all it takes 9 clock cycles to adjust a key. Though we make more
movements than Carlsson’s variant, application of the technique shown above
ensures that in terms of clock cycle requirement we are at par even in case
of time requirements for movements. Moreover, we perform sorting with lesser
number of comparisons than Carlsson’s version and for both the proposed data
structures and the existing ones it costs 4 clock cycles to compare register with
memory or memory with register.

5 Conclusion

Our analysis and experimental results indicate that the new data structure for
heaps result in better performance of the heapsort algorithm. It appears to be
superior in terms of numbers of comparisons. Although it requires more move-
ments, the technique shown does indicate that in terms of clock cycles required
for movement the proposed data structure is evenly comparable with existing
data structures. Expressions for decrease in the number of comparisons remained
as an explicit sum and could not be expressed in closed form although it is evi-
dent from experimental results that in the best case this savings is around n/2
and for the worst case it is as low as 0, and these happen in alternate intervals
as shown in Table 1.
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