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COMPARATIVE EXPERIMENTAL ANALYSIS OF METHODS
FOR IMPLEMENTING THE AVL TREE

Abstract. The paper presents an experimental proof of the difference between two computational models of AVL trees:
the classical online balanced AVL tree and the canonical median tree constructed on the basis of a sorted array of keys.
Despite close asymptotic estimates of the complexity of search, insertion, and deletion operations, these implementations of
AVL trees demonstrate fundamentally different behavior in practice. The study analyzes the impact of balancing strategy,
tree shape, and search operation implementation method on the performance of search, key insertion, and deletion operations,
as well as AVL tree creation. It is shown that using binary search on a sorted array of keys in a canonical AVL tree
significantly improves the search time, but leads to linear complexity of insertion and deletion operations. The results confirm
that the considered implementations are optimal for different load classes and are not interchangeable. The main contribution
of this work is the experimental proof that canonical AVL trees and online AVL trees are fundamentally different
computational models rather than competing implementations.
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Introduction

Height-balanced binary search trees are a
fundamental data structure widely used in systems and
applied programming. AVL trees [1-3], proposed by G.
M. Adelson-Velsky and E. M. Landis, guarantee
logarithmic tree height through a strict height-balanced
condition and local rotations.

The classic implementation of an AVL tree [1-3] is
focused on an online model in which each insertion or
deletion operation immediately restores the tree's
balance.

However, in practice, there are alternative scenarios
for using AVL trees in which the tree is built in batches,
and search operations dominate modification operations.
Such scenarios arise in workloads with, for example,
read-dominant data, static indexes, and autonomous
analytics pipelines.

This paper considers two approaches:

* AVL(A) —aclassical online AVL tree balanced by
rotations;

* AVL(B) —a canonical AVL tree constructed using
the median method from a sorted array of unique keys
and completely rebuilt for each insertion and deletion.

AVL trees are traditionally analyzed in terms of the
asymptotic complexity of operations, the number of
rotations, and upper bounds on the height [1-3].
However, relatively few studies have been devoted to the
experimental analysis of alternative implementations of
AVL trees, in particular, canonical trees of a fixed shape
constructed from sorted data, i.e., using data from
preorder and inorder traversals of the tree.

Such approaches are more often considered in the
context of static binary search trees (BSTs) or optimal
search trees.

This work complements existing studies [4-6] by
demonstrating practical differences between online and
batch AVL tree balancing models.

The aim of the work is to experimentally compare
the AVL(A) and AVL(B) approaches in terms of
execution time of operations of creating an AVL tree,
searching, inserting and deleting keys.

Main part

The classic AVL tree AVL(A) implements the
standard AVL tree algorithm [1-3]: - insertion and deletion
are performed recursively, - height balance is maintained
through single and double rotations, - tree height is
maintained within O(log n). This implementation is
optimal for scenarios with frequent tree structure changes.

An AVL(A) tree depends on the insertion order of
keys, allows multiple shapes for the same set of keys, and
guarantees only height balance, not shape minimality. A
canonical median AVL tree, AVL(B), is constructed as
follows: - the input array of keys is cleared of duplicates,
- the keys are sorted, - the tree is built recursively,
choosing the median of the sorted array as the root.

The result is a canonical AVL tree of minimum
height and minimum node depth variance among all
binary search trees on the same set of keys.

A canonical tree for a set of keys means that it is a
binary search tree that: - depends only on the set of keys,
- does not depend on the order in which keys are inserted
into the tree, - has the minimum possible height, and - can
be reconstructed from the set of keys in a unique way.

A key feature of the implementation is the storage
of a sorted array of keys, which is used not only to
construct the tree but also to perform search operations
via binary search. Insertion and deletion operations are
implemented as complete tree rebuilding.

For the experiments, arrays of unique integer keys,
generated uniformly at random within a given range,
were used. Input data sizes ranged from 5,000 to 25,000
elements.

The following operations were evaluated: Create —
constructing a tree from an array of keys, Insert —
sequentially inserting elements, Delete — sequentially
deleting elements, and Search — searching for keys.

For the Delete operation, two scenarios were
considered: 1) a complete deletion of all tree keys, 2) a
partial deletion of tree keys (after deleting nodes, the tree
remained non-empty).

For the Search operation, three scenarios were
considered: 1) all searched keys are present in the tree,
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2) none of the searched keys are present in the tree, 3)
half of the searched keys are present in the tree and the
other half are not.

The following metrics were recorded in the
experiments: - operation execution time, - tree height
after the operation, - average tree node depth, - tree node
depth variance, - number of rotations (for AVL(A)).

Experiments with the Create operation for random
keys uniformly distributed in the range (0, 50000)
showed (Table 1, Fig. 1-4) that AVL(B) significantly
outperforms AVL(A) in tree construction time. This is
explained by the linear complexity of median
construction and the absence of rotations in AVL(B).

Table 1 — Experiment results for the Create operation

approximately equal and increases approximately
linearly with the number of keys n (Table 1).
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In Table 1, type is the type of AVL tree, n is the size 10
of the key array, tMs is the operation execution time in 5000 10000 15000 20000 25000
Ms, h is the height of the tree after the operation is n
executed, avgD is the average depth of tree keys, varD is
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the depth variance, leftR, rightR are the number of left (4) (B)

and right rotations, respectively, for AVL(A).

AVL(B) minimizes tree height globally, while
AVL(A) minimizes it only locally (Table 1, Fig. 1).
Moreover, AVL(A) has a consistently higher tree height,
and compared to AVL(B), the difference in heights
increases with n.
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Fig. 1. Dependence of the tree height h
on the number of elements n in the tree

The AVL(B) tree is constructed faster, while the
AVL(A) tree must spend significant time on comparisons,
height determinations, and rotations (Table 1, Fig. 2). For
AVL(A), the number of left and right rotations is

Fig. 3. Dependence of the average key depth avgD on n

The variance of key depth varD is lower and more
stable for AVL(B), while it is higher for AVL(A)
(Table 1, Fig. 4), since the shape of the AVL(A) tree
depends on the insertion order of keys.
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For insertion and deletion operations, AVL(A)
demonstrates significantly better performance (Table 2).
Despite the poorer tree structure and the presence of
rotations, the O(log n) asymptotics of operations ensures
fast execution time.
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Table 2 — Ratio of times (tMs AVL(B) / tMs AVL(A))
for executing an insert operation and
two scenarios for the delete operation

Ratio of times
n Insert Delete
1) 2)
5000 658 11224 1483,4
10000 1864,1 2027,8 2480,3
15000 2398,6 2567,9 3153,2
20000 3133,3 3151,6 3654,4
25000 3656,1 3696,4 4024,2

AVL(B), despite its more compact tree form (lower
height and average depth), exhibits linear complexity of
O(n) operations, since each operation results in a
complete tree rebuild.

The dependence of the ratio of insertion and
deletion times on n for the two approaches, AVL(B) and
AVL(A), respectively, shows a linear increase with
increasing n and a significant advantage for the AVL(A)
approach (Table 2, Fig. 5 and 6).
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Fig. 5. Dependence of the ratio of execution times of the insert
operation on n for two approaches AVL(B) and AVL(A)

For all dimensions n, scenario 1) (complete deletion
of all tree keys) shows a lower time ratio for the two
approaches, AVL(B) and AVL(A), respectively,
compared to scenario 2) (partial deletion of tree keys)
(Table 2, Fig. 6).
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Fig. 6. Dependence of the ratio of times for two scenarios of
performing the deletion operation on n for two approaches
AVL(B) and AVL(A)

Although deletion in AVL(A) is algorithmically
more complex than insertion, its cost remains logarithmic

due to local rebalancing. In contrast, AVL(B) performs a
complete rebuild for these operations; however, deletion
additionally destroys the structural locality accumulated
during construction, resulting in poor cache performance
and higher constant coefficients.

Three scenarios were considered for the search
operation;

1) all searched keys are present in the tree — search
for k=1000 keys, where p=500 keys are present in the tree
and m=500 are not;

2) none of the searched keys are present in the tree
—k=1000, p=0, m=1000;

3) half of the searched keys are present in the tree
and the other half are not — k=1000, p=500, m=500.

When using search, the AVL(A) and AVL(B)
approaches demonstrate comparable times (Table 3,
Fig. 7), with the differences between the search scenarios
being virtually indistinguishable.

Using binary search over the underlying sorted key
array in the AVL(B) search operation results in a
noticeable speedup. This approach preserves the tree
structure for structural analysis.

Table 3 — Ratio of execution times (tMs AVL(B) / tMs
AVL(A)) for three search operation scenarios

n Search scenario
1) 2) 3)
5000 1,05 1,04 1,02
10000 1,02 1,15 1,08
15000 0,97 0,96 0,92
20000 0,98 0,93 1,01
25000 1,03 1,09 0,98
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Fig. 7. Ratio of times for three scenarios of performing
a search operation from n for AVL(B) and AVL(A)

AVL(B) has a strictly minimal height and the
smallest depth variance (Table 1). AVL(A), despite
meeting the balancing conditions, produces trees with
greater shape variability, which can negatively impact
access locality and search time (Tables 1, 3).

The results show (Tables 1-3) that the choice of
AVL tree implementation should be determined by the
nature of the workload:

» for dynamic scenarios with frequent insertions and
deletions, the classic online implementation is preferred;

» for static or search-oriented scenarios, the
canonical AVL tree with binary array search provides
better performance and predictability.
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Thus, AVL(A) and AVL(B) represent different
algorithmic paradigms, not competing optimizations of
the same data structure.

Conclusions and future directions

This paper presents a systematic experimental
comparison of two conceptually different approaches to
AVL tree construction and maintenance: the classical
online balanced AVL tree (AVL(A)) and the canonical
median-based AVL tree with complete rebuilding
(AVL(B)).

Experimental results show that, despite identical
asymptotic search complexity, the two approaches
exhibit fundamentally different performance
characteristics due to their underlying computational
models. AVL(A) maintains balance gradually through
local rotations and is therefore optimal for dynamic
workloads dominated by insertion and deletion
operations. In contrast, AVL(B) constructs a canonical
tree using sorted keys and completely avoids rotations,
achieving minimal variance in tree height and depth.

The key result of this work is that replacing the tree-
based search in AVL(B) with binary search over an
underlying sorted array of keys significantly improves
search performance, making it comparable to or faster

than AVL(A). This highlights the importance of
separating the logical tree structure from the physical
data representation used to execute queries.

At the same time, the batch rebuild strategy used by
AVL(B) results in insertions and deletions in linear time,
making it unsuitable for workloads with intensive online
updates. However, in search-dominant or static
scenarios, AVL(B) provides excellent structural
optimality and predictable performance characteristics.

Overall, the results confirm that AVL(A) and
AVL(B) are not competing implementations of the same
data structure, but rather represent distinct algorithmic
paradigms optimized for different workload profiles.
Therefore, the choice between them should be
determined by the relative frequency of update and query
operations, as well as the requirements for determinism
and structural canonicity. Future research directions
include experimentally studying the influence of the
AVL tree shape and its height on search time while
maintaining balancing conditions, and considering
hybrid approaches combining the canonical form and
partial online balancing.

Use of Artificial Intelligence Tools. The author
confirm that artificial intelligence technologies were not
used in the creation of the presented work.
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IlopiBHAJbHUI eKcepHMeHTAIBLHMIA aHaJi3 criocoliB peasizaunii ABJI-nepeBa
A. B. lllocrak

AnoTaunis. Y poOOTi IPOBOAUTHCS EKCIIEPUMEHTAIBHUI TOKa3 BIIMIHHOCTI TBOX 00YMCITIOBATBHAX Mojeneit AVL-nepes:
KJIACHYHOTO OHJIaliH-0amaHcoBaHoro AVL-aepeBa Ta KAHOHIYHOTO MEiaHHOTO, 110 Oy IyeThCsl Ha OCHOBI BiJICOPTOBAHOT'O MAaCHBY
kiro4iB. He3Bakaroun Ha ONHM3bKI aCHMITOTHYHI OLIHKH CKJIQJHOCTI OIEpaIliif MOIIyKy, BCTABKH Ta BUIAJICHHS, JaHI peanizamii
AVL-nepeB IeMOHCTPYIOTH MIPHUHIMIIOBO Pi3HY MOBEIIHKY Ha MPaKTHUIi. B paMkax JocTiKeHHs aHai3yeThCs BIUIMB CTPATETii
GanaHcyBaHHS, (OpMHU JepeBa Ta crocoOy peaiizaiii omepauii momyky Ha NPOJYKTHBHICTH ONEpaliif MOIIYKYy, BCTaBKH Ta
BUJAJICHHS KJIIOYiB, a TakoX cTBOpeHHs AVL-mepesa. Iloka3aHo, 110 BUKOPHUCTAHHS OIHAPHOTO IMOLIYKY 3a BiJICOPTOBaHHUM
MacHBOM KIIOYiB y KaHOHIYHOMY AVL-IepeBi CyTTE€BO MOKpallye 4ac MOIIYKY, MPOTE MPU3BOJAUTH A0 JiHIHHOI CKIIaJHOCTI
orepaiiii BCTaBKM Ta BUIAJCHHs. Pe3yibTaTé MiATBEpAXKYIOTh, L0 aHANi30BaHI peaji3alil ONTUMAaNbHI IS PIi3HUX KIaciB
HaBaHTA)XEHb 1 He B3aeMo3aMiHHI. OCHOBHHII BHECOK i€l poOOTH MoOJIsTrae B eKCHEPUMEHTANEHOMY JI0Ka3i TOTO, M0 KaHOHIYHi
AVL-nepesa Ta onnaitH-AVL-1epeBa € IPUHIMIIOBO Pi3HUMH 00YHCITIOBATBHUMH MOJCIISIMH, A HE KOHKYPYIOUNMH peaizarii.

KawuoBi cnoBa: obuncmoBanbaa Moaesb, AVL-nepeBo, OiHapHUit NOIIYK, aCHMOTOTHYHA OLiHKA.
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