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Chapter 1

The 100th recorded species of the genus Zercon
(Acari: Zerconidae) from Tiirkiye:
Zercon mirayae Sp. nov.

Mehmet KARACA!, Rasit URHAN?

Abstract

A new species of the genus Zercon C. L. Koch, 1836 (Acari: Mesostigmata:
Zerconidae), Zercon mirayae sp. nov., is described from Trabzon Province,
northeastern Tiirkiye, based on adult and immature specimens. The new species is
characterized by the absence of podonotal seta s/, completely smooth idiosomal
setae, and smooth dorsal shields without ornamentation. It is compared with the
morphologically similar species Z. arcuatus, Z. bulgaricus, and Z. perforatulus, and
the diagnostic morphological differences are discussed. A comparison with Turkish
specimens previously identified as Z. perforatulus indicates that these specimens
were likely misidentified and may actually represent Zercon mirayae sp. nov. The
description of this new species increases the number of Zercon species known from
Tiirkiye to 100 and further highlights the remarkable diversity of Turkish
Zerconidae.

Key words: Mesostigmata, taxonomy, new species, soil mites, Turkish
acarofauna
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INTRODUCTION

Mites of the family Zerconidae Canestrini, 1891 are small soil-dwelling
mesostigmatic mites that constitute an important component of the zooedaphon in
temperate regions of the Northern Hemisphere. They occur predominantly in leaf
litter, decomposing organic matter, soil, and moss, although a few species have also
been recorded from caves as well as bird and mammal nests (Jandik & Fend'a
2026). Most zerconid mites are predatory, feeding on nematodes, small arthropods,
and other microarthropods, thereby contributing to the regulation of soil
microfaunal communities and the maintenance of ecological balance (Karg 1993;
Masan & Fend’a 2004). Owing to their abundance, habitat specificity, and
sensitivity to environmental conditions, zerconid mites are regarded as important
components of soil biodiversity and have considerable potential for ecological and
biogeographical studies.

The genus Zercon C. L. Koch, 1836 is the type genus of the family Zerconidae
and, with 307 described species worldwide (Jandik & Fend'a 2026), is its most
species-rich genus. Together with the genus Prozercon Sellnick, 1943, it is one of
only two zerconid mite genera currently known from Tiirkiye and is represented by
99 species in the country (Karaca & Urhan 2025; Urhan & Karaca 2025; Urhan et
al., 2026). However, systematic and ecological studies on Turkish zerconid mites
are continuing throughout the country, and the number of recorded species is
expected to increase considerably in the coming years. During the examination of
zerconid mite specimens collected in 2018 from Trabzon Province in northeastern
Tiirkiye (Figure 1), a previously unknown species of Zercon was discovered and is
described in this study.

Figure 1: Aerial view of the habitat at Biiyiilk Harman Plateau, Trabzon Province
(Url-1) (red arrow indicates the locality of the new species was collected)
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MATERIALS AND METHODS

Soil, leaf litter, and moss materials were sampled from forest habitats located on
the Biiyiik Harman Plateau, Trabzon Province). Geographic coordinates and
altitude of the sampling site were determined using the Altimeter GPS &
Barometer application (Url-2). All collected material was transferred to the PAU
(Acarology Laboratory, Department of Biology, Faculty of Science, Pamukkale
University, Denizli, Tiirkiye). Standard methods were used for the extraction of
zerconid mites, the examination and measurement of various idiosomal structures,
and the preparation of illustrations (Urhan & Karaca 2025). The chaetotactic and
poroidotactic nomenclature follows the terminology proposed by Sikora (2014). All
measurements of idiosomal structures and setae, as well as the scale bars shown in
the figures, are presented in micrometers (pm).

RESULTS
Family Zerconidae Canestrini, 1891

Genus Zercon C. L. Koch, 1836
Type species: Zercon triangularis C. L. Koch, 1836

For a detailed diagnosis of the genus, see Urhan & Karaca (2023).
Zercon mirayae sp. nov. (Figures 2-7)

Type Material. Holotype: female: Trabzon Province, Hayrat County, Biiyiik
Harman Plateau, near Gegitli Village, 40°45.441'N 40°23.996'E, 1980 m a.s.l.;
15.05.2018; in litter, soil and moss (unspecified) samples under Oriental
beech=Fagus orientalis (Fagaceae), bramble=Rubus sp. (Rosaceae) and common
rhododendron=Rhododendron ponticum (Ericaceae). Paratypes: 72 @, 3 &, 17
deutonymphs, 8 protonymphs: same data as holotype. Leg. M. Tataroglu & Y.
Katilmis. All material deposited in the PAU.

Diagnosis. On podonotum, all setac smooth, seta s/ absent. On opisthonotum,
all setae smooth. Gland pore gdS2 located between setae S2 and S3, closer to S3,
gdZ3 located between setae Z3 and Z4, closer to Z4. Dorsal cavities as transversely
arcuate, weakly developed and distinct. Podonotum and opisthonotum entirely
smooth, without tile-like patterns, reticulation, punctation, or any other sculptural
ornamentation.

Description. Female (Figures 2-3). idiosomal length 432, width 326 in
holotype (excluding gnathosoma). Measurements in paratypes: 407-438 x 314-332
(n=10).



Figure 2: Female of Zercon mirayae sp. nov., dorsum (scale bar = 100 um).

Dorsal side (Figure 2). Nineteen pairs of setae on podonotal shield, including
jl-6, z2—6, s2—6, r2 and r4—5. Seta si absent. Insertions of setae »/ and r3 inserted
ventrally on peritrematal shields. All podonotal setae similar in shape, all of them
smooth and needle-like. Marginal setae s3, s6 and »4—5 slightly longer than the
others. None of setae j6, z6 and s5 reaching posterior margin of podonotal shield.
The podonotal shield lacks ornamentation. Twenty-one pairs of setae present on
opisthonotal shield, including JI-5, ZI-5, SI-5 and RI-6. All opisthonotal setae
similar in shape, all of them smooth and needle-like. Marginal setae (S/ and R/-6),
Z5 and S5 longer than the others. None of opisthonotal setae reaching insertions of
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next setae in the related rows. Only setac Z5 and S5 reaching beyond margin of
opisthonotum, remaining opisthonotal setae not reaching margin of opisthonotum.
Distances between setae Z5—Z5 88-96, Z5-JV5 23-28, respectively. The
opisthonotal shield lacks ornamentation.

Figure 3: Female of Zercon mirayae sp. nov., venter (scale bar = 100 pm).

Pores (Figure 2). All gland pores are generally in the same size. Gland pores
gdj2 situated among setae j2 and z2, closer to z2, gdj4 situated among setae j4 and
z4, closer to z4, gds4 situated among setae z6 and s4, gdZ1 situated anterior to the
base of seta ZI, gdS2 situated among setac S2 and S3, closer to S3, gdZ3 situated
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among setae Z3 and Z4, closer to Z4, gdS5 situated among setae S5 and JV5. Dorsal
cavities as transversely arcuate, with smooth anterior margins, equal in size and
shape, axes parallel to that of the body.

Ventral side (Figure 3). The ventral ornamentation, poroidotaxy, and chaetotaxy
are consistent with those of the genus Zercon. The posterolateral ends of the
peritrematal shield extend to the level of seta S/. Seta r/ short, smooth and needle-
like, 3 elongated and finely barbed without hyaline endings on peritrematal shield.
The peritreme is inversely comma-shaped. Gland pore gv/ is located anterior to the
peritreme, gv2 at the junction of the peritrematal, epigynal, and ventrianal shields
with four opening valves, and gv3 between setae Ad and JV'5. All sternal setae (s¢/—
3), epigynal seta st5, and seta st4 located on the soft cuticle between the sternal and
epigynal shields are short, smooth, and needle-like. The anterior margin of the
ventrianal shield bears two pairs of setae, JV'I and ZVI. All ventrianal setae (JVI—
4, ZVI1-4, Ad) are short, smooth and needle-like. The postanal seta (Pa) is single
and similar in length to the other setae on the ventrianal shield. Seta JV5 is smooth
and needle-like, resembling the marginal setae of the opisthonotum but distinctly
shorter. The ventrianal shield is entirely smooth.

The lengths and ranges of opisthonotal setae in the J, Z, and S rows of female,
male, deutonymph and protonymph specimens are presented in Table 1.

Male (Figures 4-5). Length and width of idiosoma 327-357 x 242-274 (n=3).
The shape of idiosomal setae, locations of idiosomal gland pores and
ornamentation of dorsal (Figure 4) and ventral (Figure 5) shields similar to those of
females. Adgenital shield (gland pore gv2) with three opening valves Distances
between setae Z5 and Z5 76-80, between Z5 and JV5 20-26.

Table 1: Lengths of and longitudinal distances between the insertions of
opisthonotal setae in Zercon mirayae sp. nov. (Symbols and abbreviations: {:
female, &' male, DN: deutonymph, PN: protonymph)

Setae PP | 43 | DN | PN |Setae Q9 | 43 | DN | PN |[Setae P9 | 48 | DN | PN
J1 7-14 | 7-11 5-8 3-5 |Z1 8-14 | 7-10 | 3-11 4-5 |81 24-29 |12-14 |15-19 |8-11
JI1-J2 | 42-54 | 28-34 | 28-42 | 25-29 |Z1-Z2 49-56 | 36-43 | 33-52 | 32-38 |S1-S2 |[38-45 |22-28 [21-25 |[23-28
J2 6-10 | 10-12 | 5-11 3-5 |22 8-15 7-12 5-7 4-5 |82 12-15 |8-11 8-13 17-33
J2-J3 | 39-47 | 28-35 | 27-35 | 20-28 |22-Z3 | 55-59 | 33-37 | 27-35 | 22-30 [$2-§3 |45-50 |28-35 [28-41 [28-35
J3 8-17 | 7-13 3-5 34 |Z3 8-14 | 7-12 3-6 3-4 |S3 12-15 |9-13 8-11 26-34
J3-J4 | 37-45 | 24-31 | 22-29 | 28-31 |Z3-Z4 29-38 | 24-36 | 26-30 | 26-36 |S3-S4 [46-50 |32-35 [29-34 [25-29
J4 713 | 7-11 | 35 | 24 |z4 9-14 | 5-8 | 3-5 | 34 |4 14-17 |9-11 |8-11 [32-38
J4-J5 | 26-32 | 19-22 | 19-29 | 20-25 |Z4-Z5 38-44 | 32-38 | 21-26 | 22-28 |S4-S5 |43-48 (29-41 |(29-36 (27-33
J5 10-12| 5-8 | 35 | 23 |z5 32-38 | 31-35 | 37-56 | 52-56 |S5 31-36 |28-42 |45-50 [50-53
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Figure 4: Male of Zercon mirayae sp. nov., dorsum (scale bar = 100 pum).

Deutonymph (Figure 6). Length and width of idiosoma 307-364 x 217-289

(n=10).

All podonotal setae smooth and needle-like. Seta s/ absent. Setae j/ and s3
longer than the others. None of podonotal setae reaching margin of posterior part of
podonotum. The podonotal shield is smooth, without ornamentation. All
opisthonotal setae smooth and needle-like. None of opisthonotal setae reaching
insertions of next setae in the related rows. Setae Z5 and S5 longer than the others,
reaching beyond margin of opisthonotum, remaining opisthonotal setae not
reaching margin of opisthonotum. Distances between setae Z5 and Z5 72-98, Z5
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and JV5 22-26. The opisthonotal shield is smooth, without ornamentation. Gland
pores gdj2 situated among setae j2 and z2, closer to j2, gdj4 situated among setae j4
and z4, gds4 situated among setae z5 and s3, closer to z35, gdZ1 situated anterior to
the base of seta Z/, gdS2 situated among setae S2 and S3, gdZ3 situated among
setae Z3 and Z4, closer to Z3, gdS5 situated anterior to the base of seta JV5. Dorsal
cavities as transversely arcuate, equal in size and weakly sclerotised.

y
1 zvi

w2?

Figure 5: Male of Zercon mirayae sp. nov., venter (scale bar = 100 um).
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Figure 6: Deutonymph of Zercon mirayae sp. nov., dorsum (scale bar = 100 pum).

Protonymph (Figure 7). Length and width of idiosoma 282-298 x 190-212

All podonotal setae smooth and needle-like. Setae z2 and s3 longer than the

others. Some podonotal setae (z3, z6, s2, r4-5) and gland pore gds4 invisible. Only

seta s5 reaching margin or beyond of posterior part of podonotum. The podonotal

shield is smooth, without ornamentation. All opisthonotal setac smooth and needle-

like. None of opisthonotal setae reaching insertions of next setae in the related
rows. Setae Z5 and S2—5 longer than the others. In contrary of female, male and

deutonymph specimens, setae S2—5 reaching beyond margin of opisthonotum. Only
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seta R/ visible in marginal row. Distances between setac Z5 and Z5 79-83, Z5 and
JV5 21-24. The opisthonotal shield is smooth, without ornamentation. Gland pores
gdj2 situated among setae j2 and j3, closer to j2, gdj4 situated among setae j4 and
z4, closer to z4, gds4 invisible, gdZ1 situated anterolaterally to the base of seta Z1,
2dS?2 invisible, gdZ3 situated among setae Z3 and Z4, gdS5 situated anterior to the
base of seta JV5. Dorsal cavities as transversely arcuate, equal in size and weakly
sclerotised.

Figure 7: Protonymph of Zercon mirayae sp. nov., dorsum (scale bar = 100 um).
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Differential diagnosis. The morphological characters of Zercon mirayae sp.
nov. are similar to Z. arcuatus, Z. bulgaricus, and Z. perforatulus. The
distinguishing features of these species are summarized in Table 2. Two of these
species (Z. arcuatus and Z. perforatulus) have a complete set of podonotal setae,
whereas the other two species (Z. bulgaricus and Z. mirayae) lack seta si.
However, none of these species lacks any setae in the related rows of the
opisthonotum. All species listed in Table 2, including the new species, share the
following morphological features: All podonotal and opisthonotal setae smooth
(except the finely barbed seta j/ in Z. arcuatus and the narrowly lanceolate or
spatulate setae Z4—5 and S5 in Z. perforatulus). None of the podonotal setae j6, z6,
and s5 reaches the posterior margin of the podonotal shield or extends beyond it.
None of the opisthonotal setaec JI-2, ZI-2, and S2-3 reaches the base of the
following seta in the same row. In all of these species, seta JV5 smooth on the
posterior part of opisthonotum. All species have dorsal cavities that are equal in
size and appearance (except Z. bulgaricus, in which the outer pair is about 2-4
times larger than the inner pair), and their axes are parallel to the longitudinal axis
of the body. In addition, all of these species have four setae in the anterior margin
of the ventrianal shield.

Etymology. The specific epithet “mirayae” is dedicated to Miray Karaca, the
daughter of the first author.

Habitat. All specimens were collected from forest habitats. Zerconid mites were
extracted from litter, soil, and moss samples collected Oriental beech (Fagus
orientalis, Fagaceae), bramble (Rubus sp., Rosaceae), and common rhododendron
(Rhododendron ponticum, Ericaceae).

DISCUSSION AND CONCLUSIONS
The presence of completely smooth idiosomal setae has been documented in

several Zercon species (Karaca & Urhan 2016), including Z. bulgaricus, Z.
cabylus, and Z. filiformis. In addition to these species, Z. mirayae sp. nov.,
described in the present study, also possesses completely smooth idiosomal setae,
with none bearing finely barbs or a hyaline sheaths. This feature represents a
distinctive morphological character shared by all of the above-mentioned Zercon
species.

On the other hand, Z. mirayae sp. nov., described in the present study, exhibits a
remarkable morphological resemblance to the specimens identified as Zercon
perforatulus by Urhan and Ayyildiz (1996), which were reported from Artvin
Province as a new record for the Turkish acarofauna. However, the specimens
illustrated by Urhan and Ayyildiz (1996) do not correspond to the original
description and illustrations of Z. perforatulus published by Sellnick (1958).
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Examination of Sellnick’s original figures clearly shows that the idiosoma of Z.

perforatulus is broadly oval, whereas the specimens reported from Artvin do not

exhibit the characteristic oval outline of the original species. Furthermore, the
idiosoma of Z. perforatulus is irregularly punctate in Sellnick’s original
description, whereas the Artvin specimens have a generally smooth idiosoma

lacking the characteristic punctate ornamentation. These two conspicuous
morphological differences strongly suggest that the specimens reported by Urhan
and Ayyildiz (1996) were most likely misidentified. Considering the geographical
proximity between Trabzon Province, where the type specimens examined in the

present study were collected, and Artvin Province, where the morphologically

similar specimens reported by Urhan and Ayyildiz (1996) were collected, Z.
mirayae sp. nov. is likely to be distributed over a relatively wide area in the eastern
Black Sea region of Tiirkiye.

Table 2: Comparison of the distinguishing morphological features of Zercon

mirayae sp. nov. and related species of the genus Zercon. Data compiled from

Berlese (1904), Tragardh (1931), and Balogh (1961).

Z. mirayae Z. arcuatus Z. bulgaricus Z. perforatulus
Sp. nov. Tragérdh, 1931 Balogh, 1961 Berlese, 1904
Podonotal seta j/ smooth finely barbed smooth smooth
Podonotal seta s/ absent present absent present
Podonotal ghleld smooth retlcplate only smooth mainly punctate
ornamentation medially pattern
Opisthonotal setae smooth narrowly lanceolate smooth smooth

Z4-5 and S5

or spatulate

Opisthonotal setae
J3—-4,Z3—4 and S3—4

not reaching
insertions of next
seta

not reaching
insertions of next
seta

reaching insertions of
next seta

not reaching
insertions of next
seta

not reaching the . . reaching beyond the not reaching the
. . reaching the margin . .
Opisthonotal seta J5 margin of of opisthonotum margin of margin of
opisthonotum P opisthonotum opisthonotum
not reaching the reaching beyond the | reaching beyond the not reaching the
Opisthonotal seta Z4 margin of margin of margin of margin of

opisthonotum

opisthonotum

opisthonotum

opisthonotum

Opisthonotal seta S3

not reaching the
margin of
opisthonotum

reaching the margin
of opisthonotum

reaching the margin
of opisthonotum

not reaching the
margin of
opisthonotum

Opisthonotal seta S4

not reaching the
margin of
opisthonotum

reaching beyond the
margin of
opisthonotum

reaching beyond the
margin of
opisthonotum

reaching the margin
of opisthonotum

Opisthonotal pore
gdS2

between setae S2
and S3

between setae S/
and S2

between setae Z/ and
72

not stated

Opisthonotal pore
gdZ3

between setae Z3
and Z4

between setae Z3
and Z4

between setae J4 and
74

between setae Z3 and
74

Dorsal cavities shape

transversely arcuate

saddle-like

saddle-like

transversely arcuate

Opisthonotal shield
ornamentation

smooth

reticulate-punctate
pattern

smooth

mainly punctate
pattern
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Tiirkiye is characterized by remarkable environmental heterogeneity,
encompassing diverse topographical formations, a wide range of climatic regimes,
and highly variable vegetation types. These conditions create numerous ecological
niches that provide suitable habitats for soil-dwelling mites, including members of
the family Zerconidae. As a result, the country supports a rich and diverse
acarofauna. Despite this considerable ecological potential, large parts of Tiirkiye
have not yet been investigated comprehensively, and the acarological diversity of
many regions remains poorly documented.

Future taxonomic surveys focusing on the family Zerconidae are therefore
expected to reveal additional species, particularly in regions that have received
relatively little attention, such as the Mediterranean, Eastern Anatolia, Southeastern
Anatolia, Black Sea, and Central Anatolia. Continued sampling in these areas,
together with detailed morphological and integrative taxonomic studies, will
certainly contribute to the discovery and description of numerous new taxa.
Accordingly, the known diversity of the Turkish Zerconidae fauna is likely to
increase significantly as further investigations are conducted. These observations
emphasize the importance of expanding systematic acarological research
throughout the country and demonstrate that comprehensive faunistic and
taxonomic studies will provide valuable insights into the true biodiversity of
Tiirkiye.
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Chapter 2

On the Wheel Graph Constructed from a
Monogenic Semigroup Graph

Seda OGUZ UNAL!

1. Introduction

Let G = (V,E) be a simple graph with vertex set V(G) = {vq,v,, ..., v, } and
edge set

E(G) = {ey, ey, ..., ey }. The degree of a vertex v € V(G) is denoted by d(v).
If two vertices u and v are adjacent, the corresponding edge is represented by uv.
The distance between two vertices u and v, denoted by d(u, v), is defined as the
length of a shortest path connecting them. For standard terminology and notation,
we refer the reader to West [1].

A finite multiplicative monogenic semigroup with zero is defined as

Sy = {0,x,x2,x3, ..., x"}

Based on the concept of zero-divisor graphs, Das et al. introduced the
monogenic semigroup graph I'(Sy). The vertex set of I'(Sy) consists of all
nonzero elements of S;. Two distinct vertices x'and x/, where 1 < i, Jj < n,are
adjacent if and only if i +j > n.

Since its introduction by Das et al. [2], monogenic semigroup graphs have
become an active research topic in algebraic graph theory. Several graph-
theoretical and topological properties of these graphs have been investigated in
the literature. Akgiines, Das and Cevik [3] studied various topological indices
associated with monogenic semigroup graphs and demonstrated their connections
with chemical graph theory. In subsequent years, numerous degree-based graph
invariants were determined for this graph family. In particular, the Sombor index
was investigated in [4], while the Banhatti-Sombor index was studied in [5]. The
Nirmala index was computed in [6], and several other vertex degree based indices
were examined in [7]. These studies reveal that monogenic semigroup graphs
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constitute a rich class of algebraically defined graphs whose structural and
topological characteristics deserve further investigation.

The origin of monogenic semigroup graphs lies in the theory of zero-divisor
graphs. Zero-divisor graphs were first introduced for commutative rings by Beck
[8] and were subsequently extended to both commutative and noncommutative
rings [9]. Later, DeMeyer and coauthors generalized these ideas to semigroups
[10, 11], leading to a rich interaction between algebraic structures and graph
theory. Monogenic semigroup graphs constitute one of the most important graph
classes arising from this interaction. Another well-known graph family is the
wheel graph. A wheel graph is obtained by joining a new central vertex to every
vertex of a cycle [12]. Owing to their simple structure and numerous applications,
wheel graphs have been extensively investigated in graph theory. Various graph
parameters and topological indices of wheel graphs have been studied, making
them a natural candidate for further structural investigations.

Motivated by the significance of both monogenic semigroup graphs and wheel
graphs, we introduce and study a new graph structure obtained by adjoining a
central vertex to every vertex of a monogenic semigroup graph. We call this graph
the wheel graph constructed from a monogenic semigroup graph and denote it by
W (I'(Sy)). The purpose of this chapter is to investigate several classical graph
parameters of W (I'(Sy)), including the maximum degree, minimum degree,
radius, diameter, girth, clique number, chromatic number, and domination
number.

The chapter is organized as follows. In Section 2, we present the necessary
definitions and preliminary results. Section 3 introduces the wheel graph
constructed from a monogenic semigroup graph and establishes its basic
structural properties. Section 4 is devoted to determining the maximum degree,
minimum degree, radius, diameter, girth, clique number, chromatic number, and
domination number of W (I'(S))). Finally, concluding remarks and possible
directions for future research are discussed.

2. Preliminaries

In this section, we recall the basic definitions and notation that will be used
throughout this chapter. We also introduce the wheel graph constructed from a
monogenic semigroup graph, which serves as the main object of our study.

Definition 2.1

Let Sy = {0,x,x2%,---,x™} be a finite multiplicative monogenic semigroup
with zero. The monogenic semigroup graph associated with (S_M), denoted by
I'(Sy), is defined as the graph whose vertex set is
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V(r(Sy) = {x,x2,+,x™}

and two distinct vertices x' and x/ are adjacent if and only if i + j > n.
Unless otherwise stated, I'(Sy) will denote the monogenic semigroup graph
throughout this chapter.

Definition 2.2

A wheel graph W}, is a graph obtained by joining a single central vertex to
every vertex of the cycle graph C,. Motivated by this classical construction, we
define the wheel graph constructed from a monogenic semigroup graph in
Definition 2.3. Equivalently, W,, = K; + C,, where " + " denotes the graph join
operation. The additional vertex is called the hub (or center) of the wheel graph.

Definition 2.3

Let I'(Sy) be a monogenic semigroup graph with vertex set V(I'(Sy)) =
{x,x2,--+,x"}. The wheel graph constructed from I'(S,,), denoted by W (I'(S),)),
is obtained by adding a new vertex ¢ and joining ¢ to every vertex of I'(Sy).
Hence,

V(W) =va@u) vl  and  E(W(IS,))) =E(Sy)u
{cxi|1 i< n}

The vertex c is called the center of W (I'(Sy)).

Remark 2.1

Since the center vertex c is adjacent to every vertex of I'(S,;), several graph
parameters of W (I'(Sy,)) are expected to differ significantly from those of
I'(Sy). In particular, the radius, diameter, domination number, and degree
sequence are directly influenced by the introduction of the center vertex.

3. Construction of the Wheel Graph from a Monogenic Semigroup Graph

This section is dedicated to the formal construction and structural breakdown
of a novel graph family emerged by expanding a monogenic semigroup graph via
a wheel-like initialization. Specifically, we generate this configuration by adding
a unique external center vertex and establishing an adjacency toward every pre-
existing vertex within the semigroup graph boundary. This architectural
integration fundamentally alters the density and connectivity profiles of the
underlying algebraic framework. The resulting join operation serves as a
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controlled environment to observe how classical graph parameters adapt when an
algebraically restricted adjacency network is coupled with a universal center.

By Definition 2.3, the graph W(I'(Sy)) is obtained by adjoining a center
vertex ¢ to every vertex of I'(Sy). We now present some basic structural
properties of this construction. Consequently, the graph W(F (SM)) contains
exactly one additional vertex compared to I"(Sy;). This implies that:

v ((W(F(SM))))| —n+1.

Since the center vertex $c$ is adjacent to every vertex of I'(Sy), exactly n
new edges are added to the system. Therefore, we obtain:

|E ((W(F(SM))))| = |E(r(S)| +n.

Furthermore, the degree of the center vertex is exactly the order of the
underlying graph:

d(c) =n.
For every vertex v e V(F S M)) one additional adjacency is created through

the connection with the center vertex. Hence, the new degree configuration
becomes:

dwy) =dr(v) + 1.

These observations will play a fundamental role in determining the exact
structural parameters of W(F (s M)) in the subsequent sections.

Example 3.1
Consider the monogenic semigroup graph I'(S);) corresponding to

_ 2 .3 .4 .5 .6
Sy =1{0,x,x%, x>, x* x>, x°}.

The wheel graph W(F (s M)) is obtained by introducing a new vertex ¢ and
joining it to each vertex of I'(Sy,). In this case, |V ((W(F(SM)))>| = 7 while
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the number of edges increases by six compared to I'(Sy,). The center vertex ¢ has
degree six and is adjacent to every other vertex of the graph.

x4 x3
x© x>
X X2

Figure 3.1: The monogenic semigroup graph I'(Sy,) for n = 6.

4. Structural Parameters of the Wheel Graph Constructed from a
Monogenic Semigroup Graph

In this section, we systematically determine and rigorously analyze several
classical graph parameters of the graph W(F (SM)), which constitute the core
analytical findings of this chapter. To provide a comprehensive topological profile
of this newly introduced hybrid structure, our investigation is partitioned into four
fundamental structural domains. First, we examine degree-based parameters to
evaluate local connectivity transitions. Second, we compute distance-based
parameters, such as radius and diameter, to quantify the geometric compactness
of the system. Third, we delve into cycle and coloring invariants, including girth,
clique number, and chromatic number, to establish the boundaries of structural
density and monochromatic partitioning. Finally, we determine the domination-
related characteristics of the network. By evaluating these diverse invariants, we
explicitly map how the algebraic boundaries of the underlying monogenic
semigroup interact with a globally dominant central hub.

4.1 Degree-Based Parameters

The degree distribution of monogenic semigroup graphs exhibits a
characteristic asymmetric structure, where the vertex x™ attains the highest
degree while the remaining vertices possess varying levels of connectivity
determined by the adjacency condition { + j > n. When a new central vertex is
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introduced to construct the wheel graph W(F &) M)), this heterogeneous degree
structure undergoes a significant centralization process. In particular, the center
vertex becomes adjacent to all vertices of I'(S)), thereby increasing every
existing degree by one and creating a highly connected hub that substantially
influences the degree-based characteristics of the resulting graph.

The first results concern the maximum and minimum degrees of W(F (s M)).

Theorem 4.1
Let G = I'(S);) be the monogenic semigroup graph and let W (G) be the wheel
graph constructed from G. Then A(W(G)) = n.

Proof

Let ¢ denote the center vertex of W (G). Since c is adjacent to every vertex of
G, we have

d(c) = |V(G)| = n. Furthermore, it is known that the vertex x™ has
maximum degree in G, namely

de(x™)=n—-1

Since the construction of W (G) adds the center vertex as a new neighbor of
every vertex of G, we obtain

dwe)x™ =de(x™) +1=m-D+1=n
For any other vertex v € V(G),
de(v) <n-2
and therefore dy,(6)(v) = dg(v) +1<n -1
Hence no vertex of W (G) has degree exceeding n. Consequently,
AW(G)) =n.
This completes the proof.

Theorem 4.2 (Minimum Degree) Let G = I'(S)) be the monogenic
semigroup graph and let W (G) be the wheel graph constructed from G. Then
sW(®) = 2.
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Proof Let ¢ denote the center vertex of W (G). By construction, the degree of
the center vertex is

dW(G)(C) =n.

For every vertex x' € V(G), the introduction of the center vertex increases its
degree by exactly one:

dw(G)(xi) = dG(xi) + 1.

As established by Das et al. [2], the minimum degree of the monogenic
semigroup graph G is attained at the vertex x, giving §(G) = dg(x) = 1.
Therefore, for the vertex x, we have

Since the minimum degree of the graph is the minimum among all vertex
degrees, it follows that S(W(G)) <2.
On the other hand, for every vertex x' € V(G), we have dG(xi) > 1.

Consequently, dW(G)(xi) =d; (xi) +1=2.

Moreover, the center vertex ¢ has degree n. Thus, no vertex of W(G) has a
degree less than 2, which implies 6(W(G)) > 2.

Combining the inequalities § (W(G)) <2 and 6 (W(G)) > 2, we conclude
that

§(W(G)) = 2. This completes the proof.

This result indicates that regardless of the order n of the monogenic
semigroup, the minimum degree of the constructed wheel graph remains invariant
at 2. In contrast to standard wheel graphs W,, where peripheral vertices maintain
a degree of 3, the algebraic boundary conditions of I'(Sy;) generate a unique
structural constraint that forces the minimum degree to drop to 2.

4.2 Distance-Based Parameters

In this subsection, we shift our attention to the distance-based parameters of
the constructed graph system, which reflect its geometric compactness and
internal connectivity. Specifically, we determine the exact values of the radius
and diameter of W (I'(Sy)). By analyzing these metrics, we illustrate how the
introduction of a universal center vertex ¢ minimizes the eccentricity across all
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algebraic configurations, effectively compressing the metric layout of the
underlying monogenic semigroup graph to its theoretical minimum.

Theorem 4.3 (Radius)
Let G = I'(S)) be the monogenic semigroup graph and let W (G) be the wheel
graph constructed from G. Then rad(W (G)) = 1

Proof
Let ¢ denote the center vertex of W (G). By construction, ¢ is adjacent to every
vertex of G. Hence,

d(c,v) =1
for every vertex

v € V(W (G))\{c}

Therefore, the eccentricity of the center vertex is e(c) = 1.
Since the radius of a graph is defined as the minimum eccentricity among all
vertices, we obtain

rad(W(G)) = vEVr?ViVI%G)) e(v) <e(c)=1.

On the other hand, the radius of a nontrivial graph cannot be less than 1. Thus,
rad(W(G) = 1.
Combining the above inequalities yields

rad(W(G)) = 1.
This completes the proof.

Theorem 4.4

Let W (I'(S);)) be the wheel graph constructed from the monogenic semigroup
graph I'(Sy,). Then diamW(F(SM)) = 2.

Proof

Let u,v € V(W(I'(Sy))). By construction, W(I'(Sy)) contains a center
vertex ¢ which is adjacent to every vertex of I'(Sy;).
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If one of the vertices is ¢, say u= u = ¢, then d(u, v) = 1. Now assume that
u,v € V(I'(Sy)). If u and v are adjacent in I'(S,,), then they remain adjacent in
W (I (Sy)),and hence d(u,v) = 1.

Suppose that u and v are not adjacent. Since the center vertex c is adjacent to both
u and v, there exists a path u — ¢ — v of length two. Therefore, d (u, v) < 2.

Consequently, every pair of vertices in W (I'(S);)) is at distance at most two,

implying that
diam(W (I'(Sy)) < 2.

On the other hand, I'(S),) is not a complete graph. Hence, there exist two
vertices u, v € V(I'(S);)) that are not adjacent. For such vertices,

d(w,v) # 1.

Since the path u — ¢ — v has length two, we obtain d(u, v) = 2.
Therefore,

diam(W (I'(Sy)) = 2.
Combining the inequalities
diam(W (I'(Sy)) < 2 and diam(W (I'(Sy)) = 2.

we conclude that
diam(W(I'(Sy)) = 2.
This completes the proof.

4.3 Cycle and Coloring Parameters

In this subsection, we delve into the cycle-related and coloring parameters of
the constructed graph family, specifically examining its girth, clique number, and
chromatic number. In structural graph theory, these invariants are deeply
intertwined; the clique number provides a lower bound for the chromatic number,
while the girth determines the local structural density and the presence of minimal
cycles. By analyzing these parameters for W (I'(Sy), we explore how the
algebraic boundary constraints of the underlying monogenic semigroup interact
with a universal hub, ultimately demonstrating how this combination influences
the chromatic stability and leads to a weakly perfect graph configuration.
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Theorem 4.5 (Girth)
Let G = I'(S),) be the monogenic semigroup graph and let W (G) be the wheel
graph constructed from G. Then girth(W(G)) = 3.

Proof
Let ¢ denote the center vertex of W (G). By construction, c is adjacent to every
vertex of G.

n—-1

Since x™ and x are adjacent in G, we have

x"x™"1 € E(G).

Moreover,
cx™ € E(W(G))
and
cx™ 1l e EW(G)).

Therefore, the vertices ¢, x™, x~1form a cycle of length three:

c—x"—x"1—c.

Hence,
girth(W(G)) < 3.
On the other hand, every cycle in a simple graph has length at least three.
Thus,

girth(W(g)) = 3.
Combining these inequalities, we obtain

girth(W(G)) = 3.
This completes the proof.

Theorem 4.6 (Clique Number)
Let G = I'(Sy) be the monogenic semigroup graph and let W (G) be the wheel

graph constructed from G. Then w(W (I'(Sy)) = [g] + 1.

Proof
Consider the set

o= feit b e )
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For any two vertices x*, x/ € A, we have i,j > >

Hence, i + j > n, which implies that x! and x/ are adjacent in G. Therefore,
A forms a clique in G. The number of vertices in 4 is

=n--

v = [

Thus,

Now consider the wheel graph W (G). Let ¢ denote its center vertex. By
construction, ¢ is adjacent to every vertex of G. Consequently, A U {c}
is a clique in W (G) of size

Hence,
ww(6) = [5] +1.

On the other hand, every clique in W (G) contains at most one additional

vertex beyond a clique of G, namely the center vertex c¢. Since w(G) = E], no

clique in W(G) can have more than E] + 1 vertices.

Therefore,

w(W(6)) = [g] +1.

This completes the proof.

Theorem 4.7 (Chromatic Number)
Let G = I'(Sy) be the monogenic semigroup graph and let W (G) be the wheel

graph constructed from G. Then (W (G)) = E] + 1.

Proof

By Theorem 4.6,
n
wW () = [5] +1.

25



Since the chromatic number of a graph is always at least its clique number, we
obtain

x(W©) =[5+ 1.

Now consider the clique A = {xlglﬂ, xEJ”, e, x™ }

This clique contains E] vertices. Assign distinct colors

to the vertices of A.

Let c be the center vertex of W (). Since c is adjacent to every vertex of G,
it cannot receive any of the colors assigned to the vertices of A. Therefore, assign
a new color to c.

Hence, E] + 1 colors are sufficient to color the vertices of A U {c}.
To explicitly show that E] + 1 colors are sufficient, we define a proper vertex
coloring function f: V(W (G)) — {1, 2, E] + 1} as follows:
1. For the center vertex, we assign a unique color: f(c) = E] +1
2. For the vertices in the maximum clique A = {XEJH, T x"}, we assign
distinct colors: f(x™ %) =k +1for0 <k < [g]

3. For the remaining vertices x* where 1 < i < EJ, we can set f (xi) =1.

To verify that this coloring is proper, notice that the only vertex with color

E] + 1 is ¢, which causes no conflicts. For any two vertices xt, xJ with 1 <
I,j < EJ, they both receive color 1, but they are not adjacent since i + j < n.

Furthermore, a vertex x* (where 1 < i < EJ is adjacent to a vertex x/ € A if and

only if i + j > n. If they are adjacent, since f (xi) =1landf (xj ) > 1 (as color
1 is strictly reserved for the independent set or a non-adjacent boundary vertex),
no two adjacent vertices receive the same color. Thus, f is a proper coloring,
which implies:

x(W(©)) < [g] +1.

26



Combining the inequalities )((W(G)) > E] +1 and )((W(G)) < E] +1,

we conclude that

x(W@©) = [%] +1.

This completes the proof.

The identical nature of the clique number and the chromatic number confirms
that W(F (s M)) belongs to the class of weakly perfect graphs. This symmetric
expansion demonstrates that the addition of a universal center vertex preserves
the chromatic structural tightly bound to its maximum clique size.

4.4 Domination Parameter

In this final subsection of our structural analysis, we investigate the
domination-related characteristics of the constructed graph system. In structural
graph theory and network optimization, the domination number is a fundamental
parameter used to determine the minimum number of strategic positions required
to monitor, control, or efficiently allocate resources across the entire vertex set.
By evaluating this parameter for W(F (s M)), we explore the immediate
consequence of coupling an algebraically constrained adjacency layout with a
universal hub. Our findings explicitly demonstrate how the presence of a single
globally connected center vertex collapses the domination requirements of the
network to its absolute theoretical minimum, transforming a distributed structure
into an optimally centralized system.

Theorem 4.8 (Domination Number)
Let G = I'(S)) be the monogenic semigroup graph and let W (G) be the wheel
graph constructed from G. Then y(W(G)) =1.

Proof

Let ¢ denote the center vertex of W (G). By construction, c is adjacent to every
vertex of G. Hence, every vertex of V(W (G))\{c} is adjacent to c.

Therefore, the singleton set

D = {c}

is a dominating set of W (G). Consequently, y(W(G) < 1.
Since the domination number of a nonempty graph is at least one, we have

y(W(e)) = 1.
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Combining these inequalities yields
y(w(®) = 1.
This completes the proof.

5. Concluding Remarks and Open Problems

The present chapter establishes several fundamental structural parameters of
W(T'(S_M)), including its degree-based, distance-based, chromatic, and
domination properties. These results provide a solid foundation for future
investigations concerning topological indices, spectral properties, metric
parameters, and graph operations associated with this algebraically defined graph
family.

Based on the results obtained in this chapter, the following open problems and
research directions naturally arise:

Problem 1 Determine degree-based topological indices of W(I'(Sy)),
including the Zagreb indices, Reverse Zagreb indices, Sombor index, Banhatti—
Sombor index, Nirmala index, and other related invariants.

Problem 2 Investigate the spectral properties of W(F (SM)), including its
adjacency spectrum, Laplacian spectrum, and signless Laplacian spectrum.

Problem 3 Determine metric-based parameters of W(F (s M)), such as the
metric dimension, strong metric dimension, and resolving domination number.

Problem 4 Study graph operations associated with W(F (s M)), including its
line graph, complement graph, subdivision graph, and total graph.

Problem 5 Generalize the present construction by replacing the single center
vertex with more general graph structures or operations, and investigate the
resulting structural and topological properties.
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Chapter 3

In Silico Targeting of Sting Pathway: Application of
Molecular Docking and Molecular
Dynamics Simulations in Drug Discovery

Selma AKDENIZ', Nazmiye SABANCI?

1. Introduction

The innate immune system constitutes the first line of defense against
infectious agents and cellular damage and functions through pattern recognition
receptors (PRRs), which enable the rapid detection of foreign or abnormal
molecular structures (Hooftman et al., 2026). Molecular and structural biology
studies conducted in recent years have demonstrated that the cGAS—-STING
(cyclic GMP-AMP synthase—Stimulator of Interferon Genes) signaling pathway
plays a central role in the detection of cytoplasmic double-stranded DNA
(dsDNA) (Hooftman et al., 2026; Sun et al., 2013). In addition to regulating host
defense against viral and bacterial infections, this pathway is critically involved
in the pathogenesis of cancer, autoimmune diseases, chronic inflammation,
neurodegenerative disorders, and cardiovascular diseases (Hooftman et al.,
2026). Accordingly, STING is currently regarded as one of the most important
molecular targets in both fundamental biomedical research and drug
development.

STING is a transmembrane adaptor protein located in the endoplasmic
reticulum membrane and is activated not directly by cytoplasmic DNA, but
through 2'3'-cGAMP synthesized by the DNA sensor cGAS (Ishikawa & Barber,
2008). Recognition by cGAS of foreign DNA or DNA released from damaged
cells into the cytoplasm leads to the synthesis of cGAMP, which binds to STING
and induces a marked conformational change in the protein (Sun et al., 2013).
Activated STING is subsequently translocated to the Golgi apparatus, where it
activates several signaling proteins, particularly TANK-binding kinase 1 (TBK1)
and interferon regulatory factor 3 (IRF3) (Ishikawa & Barber, 2008; Tanaka &
Chen, 2012). This process stimulates the expression of type I interferons and
numerous proinflammatory cytokines, thereby initiating an effective antiviral or
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antitumor immune response. STING activation is also involved in the regulation
of NF-«kB signaling, autophagy, cellular senescence, apoptosis, and various forms
of programmed cell death (Barber, 2015). Therefore, this pathway performs
multiple functions not only in the initiation of immune responses but also in the
maintenance of cellular homeostasis (Hooftman et al., 2026).

Recent studies have shown that controlled activation of the STING signaling
pathway at physiological levels provides protection against infections, whereas
excessive or chronic activation may contribute to the development of systemic
lupus erythematosus (SLE), STING-associated vasculopathy with onset in
infancy (SAVI), rheumatoid arthritis, and various inflammatory disorders
(Barber, 2015). Similarly, suppression of STING signaling in many tumor cells
is considered an important mechanism of immune evasion, while excessive
STING activation in certain cancer types may support tumor progression by
promoting chronic inflammation. This bidirectional biological effect has
accelerated efforts to develop both STING agonists and STING inhibitors as
therapeutic agents (Barber, 2015; Hooftman et al., 2026). At present, numerous
STING agonists and inhibitors acting through different mechanisms are being
evaluated in preclinical studies, while several candidate molecules have
progressed to clinical investigation.

The development of new drugs is generally a lengthy, costly, and low-success
process. In conventional drug discovery, bringing a single molecule into clinical
use often requires more than 10-15 years and investments amounting to billions
of dollars. In contrast, computer-aided drug design (CADD) methods provide
considerable advantages in terms of both time and cost by allowing potential drug
candidates to be evaluated before experimental testing. In particular, the high-
resolution determination of three-dimensional protein structures, advances in
artificial intelligence-assisted protein modeling, and the increasing availability of
high-performance computing systems have made structure-based drug design an
indispensable component of modern pharmaceutical research.

One of the most widely used computational methods in structure-based drug
design is molecular docking analysis. Molecular docking is an optimization-
based approach used to predict the orientation and binding energy with which
small-molecule ligands may occupy the active site of a target protein. Docking
analyses enable thousands or even millions of candidate compounds to be
screened within a relatively short period, allowing molecules with high predicted
binding affinity to be identified and prioritized for experimental investigation.
However, docking methods commonly treat the protein structure as rigid and only
partially represent the dynamic characteristics of the biological environment.
Consequently, docking results should be interpreted together with
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complementary computational approaches capable of evaluating receptor
flexibility and interaction stability.

Molecular dynamics (MD) simulations complement molecular docking by
describing the time-dependent behavior of protein—ligand complexes, enabling
assessment of structural stability and interaction persistence. Together with
binding free-energy calculations, MD simulations substantially improve the
reliability of docking predictions and have become an integral component of
modern STING drug discovery (Hussain et al., 2022; Shang et al., 2019).

In recent years, intensive research on STING-targeted drug development has
focused on natural products, synthetic small molecules, cyclic dinucleotides
(CDNs), non-CDN agonists, and selective inhibitors (Wang et al., 2026; Kong et
al., 2022; Wu et al., 2025). A substantial proportion of these studies are supported
by multistep in silico approaches that combine molecular docking, molecular
dynamics simulations, and free-energy calculations with experimental
biochemical methods (Sood, & Kulharia, 2024; Hou et al., 2025; Ozkurt, 2026).
These integrated strategies enable the binding mechanisms of candidate
molecules to be characterized in greater detail and facilitate the identification of
the most promising compounds before experimental validation. Considering the
rapid advances in computational biology and bioinformatics, in silico methods
are expected to play an increasingly decisive role in the discovery of next-
generation therapeutic agents targeting the STING pathway.

2. Structural Biology of STING as a Drug Target

2.1. Structural Organization of STING

Stimulator of interferon genes (STING), encoded by the TMEM173 gene, is
an endoplasmic-reticulum-resident transmembrane protein that functions as a
central signaling scaffold in cytosolic nucleic-acid sensing. Human STING is a
379-amino-acid protein organized into an N-terminal four-pass transmembrane
domain, a connector region, a cytosolic ligand-binding domain, and a flexible C-
terminal tail (Figure 1). This integrated architecture enables ligand recognition in
the cytosol to be coupled with intracellular trafficking, oligomerization, and
recruitment of downstream signaling proteins (Ishikawa & Barber, 2008; Ergun
& Li, 2020; Decout et al., 2021; Zhang et al., 2022). Figure 1, illustrates the
overall architecture of the STING homodimer, highlighting the N-terminal
transmembrane domain (TMD), the connector region, the cytosolic ligand-
binding domain (LBD), and the ligand-binding cavity located at the dimer
interface. The endoplasmic reticulum (ER) membrane is shown schematically to
indicate the membrane orientation of the receptor. The C-terminal tail (CTT),

32



which is largely unresolved in the cryo-EM structure because of its intrinsic
flexibility, is indicated separately.

Ligand-binding domain
(LBD)

Dimer interface

/ (ligand-binding cavity)

b ~
P 4 \

Connector region

domain

~ W by
Y ? \L\; ER membrane
g . X X L
) P-’
asHelices 0 | oW gacsgesceaieiiisaiiy
B-Sheets The C-terminal tail (CTT) is largely

Transmembrane _| €§ i

Loops / Coils
Flexible regions / Disordered

| unresolved in this cryo-EM structure and is |
| considered intrinsically disordered. |

Figure 1. Structural organization of full-length human STING based on the
cryo-EM structure

STING exists predominantly as a preassembled, domain-swapped homodimer
rather than undergoing ligand-induced dimerization. The transmembrane helices
form a stable membrane-embedded base that supports the cytosolic ligand-
binding domains, giving the dimer its characteristic butterfly-shaped architecture
(Decout et al., 2021). A connector region situated between the transmembrane
and ligand-binding domains provides structural communication between these
components, and alterations at this interface can substantially affect receptor
activation. The integrity of both the dimer interface and interdomain contacts is
therefore essential for maintaining the inactive receptor configuration and
transmitting ligand-induced structural changes (Shang et al., 2019; Coderch et al.,
2023).

The cytosolic ligand-binding domain contains the canonical cyclic-
dinucleotide-binding pocket at the interface of the two protomers. This pocket
recognizes the endogenous second messenger 2'3'-cyclic GMP-AMP, bacterial
cyclic dinucleotides, and numerous synthetic agonists and antagonists (Gao et al.,
2013). Ligand recognition is mediated by a combination of hydrogen bonds,
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electrostatic interactions, aromatic stacking, hydrophobic contacts, and
coordinated water molecules. The ligand-binding pocket accommodates
endogenous cyclic dinucleotides together with numerous synthetic agonists and
antagonists through hydrogen-bonding, electrostatic, hydrophobic, aromatic, and
water-mediated interactions (Gao et al., 2013; Hong et al., 2021). Because STING
adopts multiple experimentally observed conformations, selection of an
appropriate structural model is an important consideration for structure-based
drug discovery (Coderch et al., 2023).

The flexible C-terminal tail extends beyond the folded ligand-binding domain
and provides the principal docking platform for downstream signaling
components, particularly TANK-binding kinase 1. In inactive STING, this region
is conformationally restrained or poorly ordered; ligand-induced structural
rearrangements facilitate its release and functional exposure. Because of its
intrinsic flexibility, the C-terminal tail has frequently been unresolved in
crystallographic  structures, whereas cryo-electron microscopy and
complementary biochemical studies have provided greater insight into its
relationship with receptor oligomerization and signal propagation (Shang et al.,
2019; Ergun & Li, 2020).

Structural studies have also shown that the classical cyclic-dinucleotide
pocket is not the only pharmacologically accessible region of STING. Small-
molecule agonists may bind to a cryptic pocket within the transmembrane
domain, while molecular-glue-like compounds can occupy an interface between
the transmembrane domains of neighboring STING dimers and promote higher-
order assembly (Li et al., 2024). These findings expand STING from a single-
pocket receptor into a multidomain drug target with several potentially ligandable
sites and conformational states (Lu et al., 2022). Lu et al. demonstrated activation
through a transmembrane pocket, whereas Li et al. showed that NVS-STG2 binds
between neighboring transmembrane-domain dimers and promotes
oligomerization through a molecular-glue-like mechanism.

Collectively, STING functions as an integrated multidomain receptor in which
the transmembrane domain, connector region, ligand-binding domain, and
flexible C-terminal tail cooperate to support ligand recognition and intracellular
signal transduction. The structural transitions associated with receptor activation
are discussed in the following section.

2.2. Conformational Activation of STING

Conformational activation of STING is a dynamic process that transforms the
receptor from an inactive dimer into a signaling-competent oligomer following
ligand recognition. Activation is primarily initiated by binding of the endogenous
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cyclic dinucleotide 2'3'-cyclic GMP-AMP (2'3'-cGAMP), produced by cyclic
GMP-AMP synthase (¢cGAS) in response to cytosolic DNA, although bacterial
cyclic dinucleotides and several synthetic agonists can also activate the receptor
(Gao et al., 2013; Zhao et al., 2019). Structural studies have shown that ligand
binding induces coordinated conformational changes within the preassembled
STING dimer, including inward rotation of the ligand-binding domains,
formation of a four-stranded B-sheet lid over the ligand-binding pocket, and
remodeling of the connector region linking the transmembrane and cytosolic
domains. In full-length STING, these changes are accompanied by an
approximately 180° rotation of the ligand-binding domain relative to the
transmembrane domain, generating a structural configuration that enables
receptor activation and higher-order assembly (Li et al., 2023; Gharpure et al.,
2025).

These conformational rearrangements promote oligomerization into tetramers
and larger supramolecular assemblies that serve as signaling platforms. Although
individual STING dimers are capable of binding TANK-binding kinase 1
(TBK1), efficient phosphorylation of STING and interferon regulatory factor 3
(IRF3) requires higher-order oligomerization, which brings adjacent signaling
complexes into the appropriate spatial arrangement for trans-phosphorylation and
downstream signaling (Zhang et al., 2022; Dempsey et al., 2019). Activated
STING subsequently traffics from the endoplasmic reticulum to the Golgi
apparatus, where assembly of the STING-TBKI1-IRF3 signaling complex
initiates type 1 interferon production together with NF-kB-mediated
inflammatory responses (Hornung et al., 2014; Hopfner & Hornung, 2020).
Collectively, these findings demonstrate that receptor activation is governed not
by a single structural transition but by a coordinated sequence of ligand
recognition, conformational rearrangement, oligomerization, intracellular
trafficking, and signalosome assembly.

Recent structural studies have further refined this classical activation model
by demonstrating that STING can be activated through multiple conformational
pathways (Xie et al., 2022; Gharpure et al., 2025; Han et al., 2026). While
nucleotide agonists such as 2'3'-cGAMP typically induce the canonical closed
ligand-binding domain conformation, several non-nucleotide agonists are
capable of activating STING through alternative structural mechanisms.
Compounds such as diABZI can promote receptor activation without complete
closure of the ligand-binding domain, whereas other agonists induce signaling
through remodeling of the transmembrane domain or stabilization of inter-dimer
interfaces rather than the canonical cyclic-dinucleotide-binding pocket (Xie et al.,
2022; Gharpure et al., 2025; Han et al., 2026). These discoveries indicate that
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STING activation is structurally more diverse than previously recognized and that
multiple conformational states can converge on the same functional outcome of
receptor oligomerization and signaling competence. This structural plasticity has
clear implications for structure-based drug discovery, because different agonist
classes engage different pockets and stabilize different active assemblies (Lu et
al. 2022).

2.3. Structural Basis of STING Modulation

Recent structural studies have substantially expanded the understanding of
STING as a therapeutic target by demonstrating that receptor modulation is not
restricted to the canonical cyclic dinucleotide (CDN)-binding pocket. In addition
to the cytosolic ligand-binding domain, alternative ligandable sites have been
identified within the transmembrane domain and at inter-dimer interfaces,
providing multiple opportunities for pharmacological intervention. Small-
molecule agonists can activate STING through distinct allosteric mechanisms,
including stabilization of transmembrane conformations or promotion of higher-
order oligomerization independently of the classical CDN-binding mode (Lu et
al., 2022). Representative compounds such as C53 and NVS-STG?2 illustrate that
structurally diverse ligands can engage different regions of the receptor while
converging on the same functional outcome of productive STING activation.
These discoveries demonstrate that STING contains multiple pharmacologically
accessible binding sites, providing new opportunities for rational agonist and
antagonist design.

The recognition of multiple binding sites and conformational states has
important implications for rational drug discovery. Ligand affinity and
pharmacological activity are further influenced by species-specific sequence
differences and naturally occurring human STING polymorphisms, making the
selection of an appropriate structural model a critical step in computational
studies (Kong et al., 2022). Consequently, successful structure-based drug design
increasingly relies on approaches that account for receptor flexibility rather than
assuming a single static protein conformation (Ferreira et al., 2015). Ensemble
docking, molecular dynamics simulations, and binding free-energy calculations
have therefore become essential tools for identifying biologically relevant
binding modes, characterizing allosteric mechanisms, and optimizing both
agonists and antagonists (Tehrani et al., 2022; Basciu et al., 2025). Together, these
advances establish the structural foundation for modern in silico strategies
targeting the STING pathway.
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3. Computational Strategies for STING Drug Discovery

3.1. Preparation of STING Structural Models and Ligands

The success of structure-based drug discovery depends fundamentally on the
quality of the protein and ligand models used throughout the computational
workflow. Before molecular docking or molecular dynamics (MD) simulations
are performed, both the receptor and ligand must be carefully prepared to ensure
chemically and structurally meaningful representations. Proper system
preparation includes assignment of bond orders, addition of hydrogen atoms,
optimization of hydrogen-bonding networks, determination of protonation and
tautomeric states, completion of missing residues or side chains, and restrained
energy minimization. These procedures substantially improve docking accuracy
and virtual screening performance, whereas inadequate preparation may
introduce systematic errors that propagate through subsequent computational
analyses (Sastry et al., 2013; Schrodinger, 2021). Likewise, ligand preparation
requires generation of reliable three-dimensional conformations, stereochemical
verification, ionization-state prediction, and conformational sampling prior to
docking. Because ligand flexibility strongly influences binding predictions, high-
quality conformer generation has become an essential component of modern
virtual screening workflows (Hawkins et al., 2010). Increasingly, receptor
flexibility is also incorporated through ensemble-based strategies that employ
multiple experimentally determined or computationally generated conformations
instead of relying on a single static structure, thereby improving the identification
of biologically relevant binding modes (Amaro et al., 2018).

For STING, protein preparation requires additional considerations owing to
the receptor's exceptional conformational plasticity and membrane-associated
architecture. Multiple high-resolution X-ray and cryo-EM structures are now
available, representing apo and holo states, open and closed ligand-binding
domains, transmembrane-bound conformations, and complexes with endogenous
cyclic dinucleotides, synthetic agonists, antagonists, and downstream signaling
proteins (Gao et al., 2013; Shang et al., 2019). Consequently, receptor selection
should be driven by the biological objective of the study rather than by structural
resolution alone. For example, investigations of canonical cyclic dinucleotide
recognition generally benefit from ligand-bound closed conformations, whereas
studies targeting recently identified allosteric transmembrane pockets require
full-length cryo-EM structures that preserve these binding sites (Lu et al., 2022).
Accordingly, receptor selection should be guided by the biological objective of
the study and the availability of experimentally resolved conformational states.
Therefore, careful selection of the receptor structure, together with appropriate
protein and ligand preparation, provides the structural foundation for reliable
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docking, molecular dynamics simulations, and subsequent free-energy
calculations in STING-targeted drug discovery. The overall computational
workflow employed in structure-based STING drug discovery is summarized in
Figure 2. The workflow summarizes the principal stages of computer-aided drug
design (CADD) applied to STING, including structural model selection, protein
and ligand preparation, virtual screening, molecular docking, molecular
dynamics simulations, binding free-energy calculations, and lead optimization
followed by experimental validation.
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Figure 2. General computational workflow for structure-based STING drug
discovery

3.2. Molecular Docking Strategies for STING Modulator Discovery

Molecular docking has become one of the fundamental computational
techniques for discovering and optimizing small-molecule modulators targeting
the stimulator of interferon genes (STING). The rapid increase in experimentally
resolved STING structures, particularly those obtained by X-ray crystallography
and cryo-electron microscopy (cryo-EM), has markedly improved the reliability
of structure-based drug discovery by enabling the accurate prediction of ligand-
binding modes and receptor—ligand interactions. Rather than functioning solely
as a virtual screening tool, molecular docking is now routinely integrated with
structural biology, medicinal chemistry, molecular dynamics (MD) simulations,
and free-energy calculations to accelerate the identification and optimization of
both agonists and antagonists. Recent cryo-EM studies have further revealed
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multiple conformational states of STING, providing valuable structural templates
for receptor selection and rational ligand design (Bai & Zhang, 2024).

A major milestone in STING-targeted drug discovery was achieved by
Ramanjulu et al. (2018), who reported the first systemically active non-cyclic
dinucleotide (non-CDN) STING agonist through an integrated strategy
combining high-throughput screening, X-ray crystallography, and structure-
guided medicinal chemistry. Initial screening identified amidobenzimidazole
(ABZI) compounds capable of binding the canonical cGAMP-binding pocket,
while crystallographic analysis demonstrated that two ABZI molecules
simultaneously occupied the STING homodimer interface. Structural information
obtained from these complexes enabled the rational linking of two ABZI
molecules, leading to the development of diABZI with substantially enhanced
affinity and biological activity. Importantly, this work demonstrated that
structural information could directly guide lead optimization rather than merely
validate computational predictions, establishing one of the earliest and most
influential examples of structure-guided drug design for STING (Duvall et al.,
2023).

The increasing availability of structural information subsequently enabled
large-scale structure-based virtual screening approaches aimed at expanding the
chemical diversity of STING modulators. Using receptor-based virtual screening,
Hou et al. (2020) identified triazoloquinoxaline derivatives as a novel class of
non-CDN STING agonists. Experimental validation demonstrated that the lead
compound activated the STING-TBK1-IRF3 signaling cascade, increased the
expression of IFN-B, CXCL10, and IL-6, and exhibited biological activity
comparable to endogenous cGAMP in cellular assays. This study clearly
illustrated how molecular docking can efficiently explore large chemical libraries
to identify entirely new chemical scaffolds with immunostimulatory activity
before extensive medicinal chemistry optimization (Hou et al., 2020).

Following hit identification, molecular docking has become an indispensable
component of structure-guided lead optimization. An excellent example is
provided by Duvall et al. (2023), who optimized a non-CDN STING agonist
platform for antibody—drug conjugate (ADC) applications through an iterative
workflow integrating crystallographic information, molecular modeling,
medicinal chemistry, and biological evaluation. Co-crystal structures identified
key interactions within the STING ligand-binding pocket and revealed
opportunities for scaffold modification, including optimization of benzimidazole
derivatives, heterocyclic substituents, linker chemistry, and scaffold
hydrophilicity. Successive rounds of structure-guided optimization ultimately
generated highly potent agonists with improved pharmacokinetic properties,
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demonstrating that molecular docking is equally valuable during hit-to-lead
optimization as during initial virtual screening.

Recent structural studies have further broadened the application of molecular
docking by revealing previously unrecognized ligand-binding conformations and
regulatory mechanisms. Cryo-EM analyses have demonstrated that STING
activation involves large-scale conformational rearrangements, including rotation
of the ligand-binding domain, higher-order oligomerization, and recruitment of
TBK1. These structural discoveries have enabled computational studies to move
beyond the traditional closed conformation of STING by incorporating multiple
receptor states into docking protocols. Consequently, ensemble docking and
conformation-dependent virtual screening have become increasingly important
strategies for identifying ligands capable of selectively stabilizing distinct
functional states of the receptor (Bai & Zhang, 2024).

The role of molecular docking has also evolved within broader computer-
aided drug discovery (CADD) frameworks. Instead of relying exclusively on
docking scores, contemporary studies combine machine learning, virtual
screening, ADMET prediction, molecular docking, molecular dynamics
simulations, and experimental validation into integrated discovery pipelines. A
representative example is provided by Zhao et al. (2026), who developed a
machine learning-driven workflow to prioritize potential STING inhibitors from
multiple traditional Chinese medicine databases. More than 1,500 candidate
compounds were progressively filtered using predictive models, docking
analyses, ADMET evaluation, and molecular dynamics simulations before
biological validation identified Cassiaside and Plantaginin as promising STING
inhibitory compounds. This multidimensional strategy illustrates how docking
now functions as one component within an integrated computational framework
rather than as a stand-alone prediction method (Zhao et al., 2026).

Besides agonist discovery, molecular docking has become equally important
for elucidating the binding mechanisms of STING antagonists. Recent
computational investigations of the covalent inhibitor H-151 demonstrated that,
in addition to its established interaction with the palmitoylation region, the
compound can adopt a stable non-covalent binding mode within the canonical
cGAMP-binding pocket. By integrating molecular docking, Gaussian accelerated
molecular dynamics, MM-GBSA free-energy calculations, and interaction
fingerprint analyses, the study identified residues such as Tyr261, Thr263, and
Ala262 as major contributors to ligand stabilization. These findings highlight the
capacity of docking-guided simulations to identify alternative pharmacophores
and previously unrecognized inhibitory mechanisms that may facilitate the
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rational design of next-generation non-covalent STING antagonists (Ozkurt,
2026).

Collectively, these studies demonstrate that molecular docking has evolved
from a simple binding-pose prediction technique into a central component of
modern STING drug discovery. It now supports virtual screening, structure-
guided medicinal chemistry, scaffold optimization, mechanistic interpretation of
ligand recognition, and prioritization of compounds for experimental validation.
Nevertheless, because docking provides only a static representation of receptor—
ligand interactions, its predictions require further validation through molecular
dynamics simulations and binding free-energy analyses, which offer a more
comprehensive description of conformational flexibility, interaction stability, and
binding energetics. Accordingly, these complementary computational approaches
constitute the next stage of contemporary STING-targeted computer-aided drug
discovery and are discussed in the following section.

3.3. Molecular Dynamics Simulations in STING Drug Discovery

Molecular dynamics (MD) simulations have become an indispensable
component of STING-targeted drug discovery by providing mechanistic insights
that extend far beyond the static receptor—ligand complexes predicted by
molecular docking. Because STING activation involves extensive
conformational rearrangements, including ligand-binding domain closure,
allosteric communication between structural elements, oligomerization, and
recruitment of TBK1, the dynamic behavior of the receptor cannot be adequately
described using static structural models alone (Li et al., 2023). Consequently, MD
simulations are now routinely integrated with docking, cryo-electron microscopy
(cryo-EM), and free-energy calculations to investigate ligand stability, receptor
flexibility, interaction networks, and activation mechanisms at atomic resolution.
As highlighted in recent reviews, these computational approaches have become
essential for understanding both canonical and non-canonical mechanisms of
STING modulation and for guiding the rational development of agonists and
antagonists.

Recent studies clearly illustrate the expanding role of MD simulations in the
discovery and optimization of novel STING agonists. Li et al. (2023)
demonstrated through 1000 ns MD simulations that agonist binding induces
coordinated movements of helices a5—a7 together with loop 6, loop 8, and the C-
terminal tail, thereby promoting stable STING-TBKI1 interactions. Their free-
energy perturbation analyses further identified the a5 region as a critical
determinant of agonist efficacy, providing a structural basis for the rational
optimization of non-nucleotide agonists such as SR-717. More recently, Liu et al.
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(2026) combined multilevel virtual screening, medicinal chemistry, and MD
simulations to identify the allosteric agonist LA24, demonstrating that persistent
hydrogen bonds with G114 and Y106 together with n—= interactions involving
HS50 stabilize ligand binding within the transmembrane allosteric pocket.
Similarly, Hou et al. (2025) employed molecular dynamics simulations to
optimize a new class of 3-(fluoro-imidazolyl)pyridazine derivatives, showing that
appropriate spatial orientation and dynamic stabilization of the ligand—STING
complex were critical determinants of agonistic activity, ultimately leading to the
identification of compound A4, which exhibited superior antitumor efficacy
compared with SR-717. These studies collectively demonstrate that MD
simulations have evolved from a post-docking validation tool into a key driver of
structure-guided lead optimization and mechanistic understanding.

Beyond agonist optimization, MD simulations have substantially advanced
the understanding of ligand recognition, species specificity, and receptor
dynamics in STING biology. Wang et al. (2024) demonstrated that cyclic
adenosine—inosine monophosphate analogues adopt stable U-shaped
conformations within the canonical ligand-binding pocket, promoting the
transition from the inactive open state to the active closed conformation through
persistent interactions with residues such as Tyrl67, Arg238, Thr263, and
Thr267. Likewise, Gates et al. revealed that explicit-solvent MD simulations
could explain the species-selective activity of DMXAA by identifying the critical
contributions of mutations G230I and S162A/Q2661 and, importantly, by
demonstrating the essential role of bridge water molecules in stabilizing STING—
ligand complexes and modulating local electrostatic environments (Gates et al.,
2024). Furthermore, recent structure-based virtual screening studies have
successfully integrated MD simulations with binding free-energy calculations to
identify novel STING modulators, including natural CdnP inhibitors,
underscoring the increasing role of dynamic simulations in hit validation and lead
prioritization. Collectively, these findings establish MD simulations as a
cornerstone of contemporary STING drug discovery, enabling a comprehensive
understanding of receptor activation, conformational plasticity, and ligand
recognition that is unattainable through static structural approaches alone.

4. Current Progress, Challenges, and Future Perspectives

Over the past decade, remarkable progress has been achieved in the
development of STING-targeted therapeutics through the integration of structural
biology and computational drug discovery. Advances in X-ray crystallography
and cryo-electron microscopy have provided detailed insights into the
conformational dynamics of STING, enabling the identification of key ligand-
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binding regions and activation mechanisms. These structural data have
significantly improved the accuracy of molecular docking, virtual screening, and
molecular dynamics (MD) simulations, facilitating the rational design and
optimization of novel STING agonists and antagonists. As a result, several
promising small-molecule agonists, including amidobenzimidazole (ABZI)-
based derivatives, diABZI, MSA-2, and SR-717, have been successfully
developed and demonstrated potent immunostimulatory activity in preclinical
studies (Ramanjulu et al., 2018; Shang et al., 2019; Ergun & Li, 2020; Li et al.,
2023). These advances clearly demonstrate that computational approaches have
evolved from supportive tools into essential components of modern STING-
directed drug discovery.

Despite these remarkable advances, several scientific and computational
challenges continue to limit the efficient development of STING-targeted
therapeutics. One of the major obstacles is the pronounced conformational
plasticity of STING, which undergoes substantial structural rearrangements
during activation. As a result, static protein structures obtained from X-ray
crystallography or cryo-electron microscopy may not fully represent the dynamic
conformational ensemble involved in ligand recognition. In addition, significant
sequence variations among human STING haplotypes and the well-documented
differences between human and murine STING complicate the translation of
preclinical findings into clinical applications. The species-specific activity of
early agonists such as DMXAA clearly illustrates this challenge and has
encouraged the development of new compounds capable of activating multiple
human STING variants. Furthermore, although molecular docking has become
an indispensable screening tool, accurately predicting ligand affinity remains
difficult because conventional scoring functions often fail to capture induced-fit
effects, long-range electrostatic interactions, and the energetic contribution of
ordered water molecules. Recent computational studies have demonstrated that
explicit-solvent molecular dynamics simulations and free-energy calculations
substantially improve the reliability of binding predictions, emphasizing the need
for integrated computational workflows rather than relying on docking alone
(Gates et al., 2024; Li et al., 2023). These challenges indicate that future progress
will depend on combining high-resolution structural data with advanced
simulation techniques and experimental validation to improve both prediction
accuracy and clinical translatability.

Future advances in STING-targeted drug discovery will increasingly rely on
the integration of computational and experimental approaches rather than on the
application of individual techniques. The growing availability of high-resolution
structural data, together with improvements in molecular docking, molecular
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dynamics simulations, and binding free-energy calculations, is expected to
facilitate the identification of more selective and pharmacologically optimized
STING modulators. At the same time, advances in artificial intelligence and
machine learning are transforming structure-based drug design by accelerating
virtual screening, predicting ligand—protein interactions, and guiding lead
optimization. These emerging technologies, combined with medicinal chemistry
and experimental validation, are expected to reduce the time and cost of drug
development while improving the probability of clinical success. Future studies
should also focus on designing compounds with broad activity against human
STING variants, improved oral bioavailability, reduced systemic toxicity, and
enhanced tissue selectivity. Such multidisciplinary strategies will play a pivotal
role in translating computational discoveries into clinically effective therapeutics
for cancer, infectious diseases, and immune-mediated disorders.

5. Concluding Remarks

Advances in structural biology and computational methodologies have
transformed STING-targeted drug discovery from an empirical process into a
rational, structure-guided discipline. As discussed throughout this chapter, the
integration of molecular docking, molecular dynamics simulations,
pharmacophore modeling, and virtual screening has significantly improved the
identification and optimization of novel STING modulators while reducing the
time and cost associated with early-stage drug discovery. At the same time,
continuous improvements in high-resolution structural characterization and
computational algorithms have enhanced our understanding of STING activation
mechanisms and ligand recognition, providing valuable guidance for the design
of more potent and selective therapeutic agents. Despite these advances,
important challenges remain, including the dynamic nature of STING,
interspecies differences, genetic polymorphisms, and the need to improve the
pharmacokinetic and safety profiles of candidate molecules. Addressing these
challenges will require close collaboration between computational scientists,
structural biologists, medicinal chemists, and experimental researchers. Looking
forward, the integration of next-generation computational technologies with
experimental validation is expected to accelerate the discovery of clinically
effective STING-targeted therapeutics. Such multidisciplinary approaches will
not only facilitate the development of improved cancer immunotherapies but also
expand the therapeutic potential of STING modulation in antiviral therapies,
vaccine adjuvant design, and the treatment of immune-mediated diseases.

44



REFERENCES

Amaro, R. E., Baudry, J., Chodera, J., Demir, O., McCammon, J. A., Miao, Y., &
Smith, J. C. (2018). Ensemble Docking in Drug Discovery. Biophysical
Journal, 114(10), 2271-2278. https://doi.org/10.1016/1.bpj.2018.02.038

Bai, X. chen, & Zhang, X. (2024). Applications of cryo-EM in drug development
for STING. Current Opinion in Structural Biology, 84, 102767.
https://doi.org/10.1016/j.sb1.2023.102767

Barber, G. N. (2015). STING: infection, inflammation and cancer. Nature
Reviews Immunology, *15%(12), 760-770. https://doi.org/10.1038/nri3921

Basciu, A., Athar, M., Kurt, H., Neville, C., Malloci, G., Muredda, F. C., Bosin,
A., Ruggerone, P., Bonvin, A. M. J. J., & Vargiu, A. V. (2025). Toward the
Prediction of Binding Events in Very Flexible, Allosteric, Multidomain
Proteins. Journal of Chemical Information and Modeling, 65(4), 2052—
2065. https://doi.org/10.1021/acs.jcim.4c01810

Coderch, C., Arranz-Herrero, J., Nistal-Villan, E., de Pascual-Teresa, B., & Rius-
Rocabert, S. (2023). The Many Ways to Deal with STING. International
Journal of Molecular Sciences, 24(10), 9032.
https://doi.org/10.3390/ijms24109032

Decout, A., Katz, J. D., Venkatraman, S., & Ablasser, A. (2021). The cGAS—
STING pathway as a therapeutic target in inflammatory diseases. Nature
Reviews Immunology 21 (9), 548-569). https://doi.org/10.1038/s41577-
021-00524-7

Dempsey, L. A. (2019). STING-ing insights. Nature Immunology, 20(4), 377.
https://doi.org/10.1038/s41590-019-0370-9

Duvall, J. R., Thomas, J. D., Bukhalid, R. A., Catcott, K. C., Bentley, K. W.,
Collins, S. D., Eitas, T., Jones, B. D., Kelleher, E. W., Lancaster, K.,
Protopopova, M., Ray, S. S., Ter-Ovanesyan, E., Xu, L., Yang, L., Zurita,
J., Damelin, M., Toader, D., & Lowinger, T. B. (2023). Discovery and
Optimization of a STING Agonist Platform for Application in Antibody
Drug Conjugates. Journal of Medicinal Chemistry, 66(15), 10715-10733.
https://doi.org/10.1021/acs.jmedchem.3c00907

Ergun, S. L., & Li, L. (2020). Structural Insights into STING Signaling. Trends
in Cell Biology, 30(5), 399-407.
https://doi.org/10.1016/J.TCB.2020.01.010

Ferreira, L. G., Dos Santos, R. N., Oliva, G., & Andricopulo, A. D. (2015).
Molecular Docking and Structure-Based Drug Design Strategies.
Molecules, 20(7), 13384-13421.
https://doi.org/10.3390/molecules200713384

45


https://doi.org/10.1038/nri3921
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.1038/s41590-019-0370-9
https://doi.org/10.1016/J.TCB.2020.01.010

Gao, P., Ascano, M., Zillinger, T., Wang, W., Dai, P., Serganov, A. A., Gaffney, B.
L., Shuman, S., Jones, R. A., Deng, L., Hartmann, G., Barchet, W., Tuschl,
T., & Patel, D. J. (2013). Structure-function analysis of STING activation
by c[G(2",5") pA(3',5")p] and targeting by antiviral DMXAA. Cell, 154(4),
748-762. https://doi.org/10.1016/j.cell.2013.07.023

Gates, H., Payne, R. T., Pfeifer, H., Le, L., Crivelli, S., & Watanabe, M. (2024).
Roles of water molecules in STING activation: A computational
perspective. ChemRxiv. https://doi.org/10.26434/chemrxiv-2024-7k67q

Gharpure, A., Sulpizio, A., Loeffler, J. R., Fernandez-Quintero, M. L., Tran, A.
S., Lairson, L. L., & Ward, A. B. (2025). Distinct oligomeric assemblies of
STING induced by non-nucleotide agonists. Nature Communications,
16(1), 3440-. https://doi.org/10.1038/s41467-025-58641-5

Han, J., Zhang, S., Hou, Y., Wang, Y., Zhang, Z., Yang, J., Xu, Y., Peng, Z., Yin,
H., Chen, K., Liu, X., & Zhang, C. (2026). A chemical agonist and the
Golgi-resident lipid PI4P activate STING by inducing transmembrane
helix rearrangement. Immunity, 59(1), 34-47.€9.
https://doi.org/10.1016/j.immuni.2025.11.004

Hawkins, P. C. D., Skillman, A. G., Warren, G. L., Ellingson, B. A., & Stahl, M.
T. (2010). Conformer generation with OMEGA: Algorithm and validation
using high quality structures from the protein databank and cambridge

structural database. Journal of Chemical Information and Modeling, 50(4),
572-584. https://doi.org/10.1021/c110003 1x

Hong, Z., Mei, J., Li, C., Bai, G., Maimaiti, M., Hu, H., Yu, W., Sun, L., Zhang,
L., Cheng, D., Liao, Y., Li, S., You, Y., Sun, H., Huang, J., Liu, X,
Lieberman, J., & Wang, C. (2021). STING inhibitors target the cyclic
dinucleotide binding pocket. Proceedings of the National Academy of
Sciences of the United States of America, 118(24), ¢2105465118.
https://doi.org/10.1073/pnas.2105465118

Hooftman, A., Keller, A., Ablasser, A. (2026). The cGAS-STING pathway:
Mechanism and medical implications. Cel/, 189(13), 3849-3870.
https://doi.org/10.1016/j.cell.2026.06.001

Hopfner, K. P., & Hornung, V. (2020). Molecular mechanisms and cellular
functions of cGAS—STING signalling. Nature Reviews Molecular Cell
Biology, 21(9), 501-521. https://doi.org/10.1038/s41580-020-0244-x

Hornung, V., Hartmann, R., Ablasser, A., & Hopfner, K. P. (2014). OAS proteins
and cGAS: Unifying concepts in sensing and responding to cytosolic

nucleic acids. Nature Reviews Immunology, 14(8), 521-528.
https://doi.org/10.1038/nri3719

46


https://doi.org/10.1016/j.cell.2013.07.023
https://doi.org/10.1016/j.cell.2026.06.001

Hou, H., Yang, R., Liu, X., Wu, X., Zhang, S., Chen, K., & Zheng, M. (2020).
Discovery of triazoloquinoxaline as novel STING agonists via structure-
based virtual screening. Bioorganic Chemistry, 100, 103958.
https://doi.org/10.1016/j.bioorg.2020.103958

Hou, S., Chang, J., Xing, C., Ye, Z., Li, W., Zhang, Y., Zheng, Z., Xiao, J., & Li,
S. (2025). Design, Synthesis, and Biological Evaluation of Selective
STING Synergists That Enhance cGAMP-STING Pathway Activation
without Inherent Agonist Activity. Journal of Medicinal Chemistry, 68(9),
9407-9430.
https://doi.org/10.1021/ACS.JMEDCHEM.4C03131/SUPPL_FILE/JIM4
C03131_SI 003.PDF

Hussain, B., Xie, Y., Jabeen, U., Lu, D., Yang, B., Wu, C., & Shang, G. (2022).
Activation of STING Based on Its Structural Features. Frontiers in
Immunology, 13, 808607. https://doi.org/10.3389/fimmu.2022.808607

Ishikawa, H., & Barber, G. N. (2008). STING is an endoplasmic reticulum
adaptor that facilitates innate immune signaling. Nature, 455(7213), 674—
678. https://doi.org/10.1038/nature07317

Kong, X., Zuo, H., Huang, H. Da, Zhang, Q., Chen, J., He, C., & Hu, Y. (2022).
STING as an emerging therapeutic target for drug discovery: Perspectives
from the global patent landscape. Journal of Advanced Research, 44, 119.
https://doi.org/10.1016/J.JARE.2022.05.006

Li, R., Chen, L., He, X., Cao, D., Zhang, Z., Jiang, H., Chen, K., & Cheng, X.
(2023). Loops Mediate Agonist-Induced Activation of the Stimulator of
Interferon Genes Protein. Journal of Chemical Information and Modeling,
63(23), 7373-7381. https://doi.org/10.1021/acs.jcim.3c00984

Li, J., Canham, S. M., Wu, H., Henault, M., Chen, L., Liu, G., Chen, Y., Yu, G.,
Miller, H. R., Hornak, V., Brittain, S. M., Michaud, G. A., Tutter, A.,
Broom, W., Digan, M. E., McWhirter, S. M., Sivick, K. E., Pham, H. T.,
Chen, C. H,, ... Feng, Y. (2024). Activation of human STING by a
molecular glue-like compound. Nature Chemical Biology, 20(3), 365-372.
https://doi.org/10.1038/s41589-023-01434-y

Liu, Y., Wu, J., Gao, N., Zheng, L., Zhang, W., Zhao, F., Meng, B., Liu, X., Liu,
L., Zhao, H., & Kang, D. (2026). Discovery and optimization of 2,3-
dihydroindole derivatives as STING receptor allosteric agonists.
Bioorganic &  Medicinal ~ Chemistry  Letters, 132, 130508.
https://doi.org/10.1016/j.bmcl.2025.130508

Lu, D., Shang, G., Li, J., Lu, Y., Bai, X. chen, & Zhang, X. (2022). Activation of
STING by targeting a pocket in the transmembrane domain. Nature,
604(7906), 557-562. https://doi.org/10.1038/s41586-022-04559-7

47


https://doi.org/10.1038/nature07317
https://doi.org/10.1016/J.JARE.2022.05.006
https://doi.org/10.1021/acs.jcim.3c00984

Ozkurt, C. (2026). Non-covalent engagement of the cGAMP-binding pocket by
STING inhibitor H-151: Characterization by molecular docking, Gaussian
accelerated molecular dynamics, and MM-GBSA free energy analysis.
Computational Biology and Chemistry, 124, 109164.
https://doi.org/10.1016/J.COMPBIOLCHEM.2026.109164

Ramanjuly, J. M., Pesiridis, G. S., Yang, J., Concha, N., Singhaus, R., Zhang, S.
Y., Tran, J. L., Moore, P., Lehmann, S., Eberl, H. C., Muelbaier, M.,
Schneck, J. L., Clemens, J., Adam, M., Mehlmann, J., Romano, J.,
Morales, A., Kang, J., Leister, L., ... Bertin, J. (2018). Design of
amidobenzimidazole STING receptor agonists with systemic activity.
Nature, 564(7736), 439—443. https://doi.org/10.1038/s41586-018-0705-y

Sastry, G.M., Adzhigirey, M., Day, T., Annabhimoju, R., & Sherman, W. (2013).
Protein and ligand preparation: Parameters, protocols, and influence on

virtual screening enrichments. Journal of Computer-Aided Molecular
Design, 27(3), 221-234. https://doi.org/10.1007/s10822-013-9644-8

Schrodinger Release 2021-3: Protein Preparation Wizard. (2021). Schrodinger,
LLC, New York, NY.

Shang, G., Zhang, C., Chen, Z. J., Bai, X. C., & Zhang, X. (2019). Cryo-EM
structures of STING reveal its mechanism of activation by cyclic GMP-
AMP. Nature, 567 (7748), 389-393. https://doi.org/10.1038/s41586-019-
0998-5

Sood, A., & Kulharia, M. (2024). Inhibition of IRF3-STING axis interaction in
silicosis using natural compounds: an in-silico study using molecular
docking, ADMET, molecular dynamics and MMPBSA approach. /n Silico
Pharmacology, 13(1). https://doi.org/10.1007/S40203-024-00290-5

Sun, L., Wu, J., Du, F., Chen, X., & Chen, Z. J. (2013). Cyclic GMP-AMP
Synthase Is a Cytosolic DNA Sensor That Activates the Type I Interferon
Pathway. Science, 339 (6121), 786—791.
https://doi.org/10.1126/science.1232458

Tanaka, Y., & Chen, Z. J. (2012). STING specifies IRF3 phosphorylation by
TBK1 in the cytosolic DNA signaling pathway. Science Signaling, 5(214),
ra20. https://doi.org/10.1126/scisignal.2002521

Tehrani, Z. A., RuliSek, L., & Cem}'l, J. (2022). Molecular dynamics simulations
provide structural insight into binding of cyclic dinucleotides to human
STING protein. Journal of Biomolecular Structure and Dynamics, 40(20),
10250—-10264. https://doi.org/10.1080/07391102.2021.1942213

Wang, M., Fan, B., Lu, W., Ryde, U., Chang, Y., Han, D., Lu, J., Liu, T., Gao, Q.,
Chen, C., & Xu, Y. (2024). Unraveling the Binding Mode of Cyclic
Adenosine—Inosine Monophosphate (cAIMP) to STING through

48


https://doi.org/10.1016/J.COMPBIOLCHEM.2026.109164
https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1038/s41586-019-0998-5
https://doi.org/10.1038/s41586-019-0998-5
https://doi.org/10.1126/scisignal.2002521

Molecular Dynamics Simulations.  Molecules, 29(11), 2650.
https://doi.org/10.3390/molecules29112650

Wang, L., Nafees, M., Fei, H., Hanif, M., & Yang, P. (2026). Recent progress in
cGAS-STING agonist design and mechanisms of cancer immune
modulation. RSC Chemical Biology. Advance online publication.
https://doi.org/10.1039/D6CB00005C

Wu, K., Xu, Y., Liu, P., Chen, K., & Zhao, Y. (2025). STING inhibitors and
degraders: Potential therapeutic agents in inflammatory diseases.
European  Journal of Medicinal Chemistry, 291, 117632,
https://doi.org/10.1016/j.ejmech.2025.117632

Xie, Z., Wang, Z., Fan, F., Zhou, J., Hu, Z., Wang, Q., Wang, X., Zeng, Q., Zhang,
Y., Qiu, J., Zhou, X., Xu, H., Bai, H., Zhan, Z., Ding, J., Zhang, H., Duan,
W, Yu, X., & Geng, M. (2022). Structural insights into a shared mechanism
of human STING activation by a potent agonist and an autoimmune
disease-associated = mutation. Cell  Discovery, 8(1), 133-.
https://doi.org/10.1038/s41421-022-00481-4

Zhang, Z., Zhou, H., Ouyang, X., Dong, Y., Sarapultsev, A., Luo, S., & Hu, D.
(2022). Multifaceted functions of STING in human health and disease:
from molecular mechanism to targeted strategy. Signal Transduction and
Targeted Therapy, 7, 394. https://doi.org/10.1038/s41392-022-01252-z

Zhao, B., Du, F., Xu, P., Shu, C., Sankaran, B., Bell, S. L., Liu, M., Lei, Y., Gao,
X., Fu, X., Zhu, F., Liu, Y., Laganowsky, A., Zheng, X., Ji, J. Y., West, A.
P., Watson, R. O., & Li, P. (2019). A conserved PLPLRT/SD motif of
STING mediates the recruitment and activation of TBK1. Nature 2019
569:7758, 569(7758), 7T18-722. https://doi.org/10.1038/s41586-019-
1228-x

Zhao, T., Chen, D., Chen, Z., Wang, Q., Qing, J., Huang, Q., Zhao, Y., & Zhu,
L. (2026). Machine learning-driven prioritization and experimental
validation of traditional Chinese medicine-derived STING-inhibitory
candidates. Molecular Diversity, 1-15. https://doi.org/10.1007/s11030-
026-11634-y

49


https://doi.org/10.1016/j.ejmech.2025.117632
https://doi.org/10.1038/s41392-022-01252-z

Chapter 4

Machine Learning in Chemical Sensors: Fundamentals,
Diffusion Theory, and Recent Application

Sibel CELIK ACIKBAS", Ali DENiZ?

ABSTRACT

Growing concerns over environmental pollution and the increasing release of
hazardous volatile organic compounds (VOCs) have accelerated the development
of chemical sensors with high sensitivity, selectivity, and reliability for toxic gas
detection. Recent developments in sensing materials have significantly improved
sensor performance; however, the increasing complexity of sensor responses has
highlighted the need for advanced data analysis techniques. In this chapter, the
fundamental operating principles of chemical sensors are first introduced,
including the structure of sensor systems, sensing mechanisms, and signal
transduction processes. Subsequently, the theoretical basis of molecular diffusion
is discussed through Fick's First and Second Laws, together with their
mathematical formulation for one-dimensional thin-film sensing layers. The
early-time approximation of Fickian diffusion is also presented as an effective
approach for estimating diffusion coefficients from experimental sensor
responses. The chapter then provides an overview of machine learning, covering
its fundamental concepts and major learning paradigms, including clustering,
classification, and artificial neural networks. Finally, recent studies on the
application of machine learning techniques in chemical sensing are reviewed,
with particular emphasis on gas identification, sensor calibration, diffusion
modeling, response prediction, and intelligent sensor systems. The reviewed
literature demonstrates that integrating machine learning algorithms with
chemical sensor technologies substantially enhances prediction accuracy, sensor
selectivity, and data interpretation, thereby contributing to the development of
next-generation intelligent sensing platforms.
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1. INTRODUCTION

The widespread application of nanotechnology across numerous fields,
together with rapid industrial development, has raised concerns regarding its
potential adverse effects on human health and associated safety risks (Hsieh et
al., 2026). The inhalation of nanoparticles and hazardous volatile organic
compounds (VOCs) can result in their deposition in the brain and lungs, leading
to various health problems, including oxidative stress, respiratory diseases, skin
aging, and inflammation (Paul and Bari, 2022). Consequently, there is an
increasing need for rapid and reliable monitoring and control systems, as well as
regulatory standards that govern exposure to airborne pollutants, in order to
minimize or prevent the resulting health damage. In this context, the development
of gas sensors for the detection of hazardous volatile organic compounds has
become an essential research priority (Acikbas et al., 2016a; Acikbas et al.,
2016b; Acikbas et al., 2017).

In this context, numerous academic studies have been conducted, leading to
the development of various organic and inorganic sensors for the detection of
hazardous volatile organic compounds in the atmosphere. The accuracy and
reliability of the experimental data can be evaluated through theoretical
calculations or machine learning approaches. Consequently, the comparison and
discussion of experimental and theoretical results become possible, providing a
more comprehensive understanding of sensor performance and detection
mechanisms.

2. BASIC PRINCIPLES OF CHEMICAL SENSORS

In general, a sensor can be defined as a device that converts the magnitude or
state of a physical or chemical property into measurable or observable electrical
signals. Today, sensors are being developed for a wide range of applications,
including improving human quality of life, preventing environmental pollution,
protecting human health, and supporting scientific research. A sensor system
typically consists of four main components, as illustrated in Figure 1 below.
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Figure 1. Circuit components of a sensor system.

In a sensor system, the sensing material (receptor) is the component where the
sensing mechanism is initiated. The receptor comes into direct contact with the
target analyte or surrounding environment. As a result of this interaction, the
analyte molecules temporarily interact with the receptor molecules, inducing
changes in their physicochemical properties. These changes are subsequently
converted into measurable electrical signals by the signal conditioning
(transducer) stage. The generated signals are then processed and analyzed by the
electronic processing unit, where their magnitude is evaluated and interpreted.
Based on the processed signal, the system can display the measurement results
on a computer interface or activate an audio/visual alert module when the
detected gas concentration exceeds a predefined threshold. In safety-critical
applications, the processed signal may also trigger an automatic gas shut-off
valve to prevent hazardous gas leakage. The sensing material employed as the
receptor is typically composed of organic or inorganic sensitive materials
deposited onto the sensor substrate using various coating or fabrication
techniques.

3. DIFFUSION THEORY AND MATHEMATICAL
FORMULATION FOR CHEMICAL SENSORS

Fick's laws constitute the fundamental principles governing mass transport by
diffusion and describe the movement of substances within a medium driven by
concentration gradients. Diffusion is a spontaneous transport process in which
particles migrate from regions of higher concentration to regions of lower
concentration as a result of their random thermal motion, leading to a net transfer
of mass until concentration equilibrium is approached.
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Fick's First Law describes diffusion under steady-state conditions, where the
concentration profile remains constant over time. Under these conditions, the
diffusion flux is directly proportional to the concentration gradient and is
independent of time. Accordingly, the rate of mass transfer is determined solely
by the spatial concentration gradient within the diffusion medium. The
mathematical expression of Fick's First Law is given by:

_ ac(x,t)

J=-D—""= (D

where | is the diffusion flux, D is the diffusion coefficient, C denotes the
concentration, and x is the spatial coordinate in the direction of diffusion. The
negative sign signifies that mass transport proceeds in the direction of decreasing
concentration, indicating that diffusion occurs down the concentration gradient.

Although Fick's First Law provides an adequate description of diffusion under
steady-state conditions, it cannot account for situations in which the
concentration profile evolves with time. In practical diffusion problems,
concentration is generally a function of both time and position, requiring a
transient diffusion model. Under these circumstances, Fick's Second Law is used
to describe the diffusion process by incorporating the principle of mass
conservation into Fick's First Law.

According to Fick's Second Law (Crank, 1970), both the concentration of the
diffusing species and the diffusion flux vary as functions of time and spatial
position. Unlike Fick's First Law, which describes steady-state diffusion, Fick's
Second Law provides a mathematical framework for analyzing transient diffusion
processes in which the concentration distribution changes with both time and
distance. The general form of Fick's Second Law is given in Equation (2).

N @

In Equation (2), C(x, t) denotes the concentration of the diffusing species at
position x and time t, while D represents the diffusion coefficient of the species
within the sensing medium. In chemical sensor studies, diffusion is commonly
assumed to occur in a one-dimensional planar sensing film of thickness d, where
hazardous gas molecules penetrate from the surface of the sensing layer into its
interior. This one-dimensional diffusion assumption simplifies the mathematical
description while adequately representing the diffusion behavior of thin-film gas
Sensors.
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Applying a second spatial differentiation to Equation (2), together with the
appropriate boundary conditions, results in the governing diffusion equation for
the sensing layer.

aj _  Hdict)
dx D dx? (3)

is obtained. By substituting the continuity equation into the above expression,
Fick's Second Law is obtained in the form presented in Equation (4).

_de(xt) o dfc(xt)
dt =D dx? )

The transport of molecules within a sensing medium is governed by diffusion,
a process initiated by concentration gradients and sustained through random
molecular motion. Consequently, molecules migrate from regions of higher
concentration to regions of lower concentration until a state of equilibrium is
achieved. In gas sensing studies, the diffusion coefficient (D) is determined from
the time-dependent response of organic- and inorganic-based sensing materials
exposed to volatile organic compounds (VOCs). The experimental data are
interpreted using the mathematical model described by Fick's Second Law of
diffusion.

For the thin-film sensing layer, diffusion is assumed to be one-dimensional,
occurring only along the x-axis. Accordingly, the spatial domain is defined as
0 <x <d, where d represents the thickness of the sensing film. This
assumption significantly simplifies the mathematical formulation while
accurately describing the diffusion process in thin-film chemical sensors.

The diffusion behavior in non-steady-state systems is described by Fick's
Second Law. This law explains how the concentration profile evolves over time
as a consequence of spatial concentration gradients. Its mathematical formulation
is presented in Equation (5).

C(x’t) — { + EZOO lSln (ﬂ) e—DnzTL'zt/dZ (5)
Co d d

Y n=1 n

Here, C, and C denote the concentrations of the diffusing species at the initial
time (t = 0) and at time t, respectively. The parameter d represents the initial
thickness of the sensing layer, while D is the diffusion coefficient of the diffusing
species within the sensing medium. Since the concentration of the diffusing
species is directly proportional to its amount in the sensing layer, Equation (5)
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can be reformulated in terms of the amount of the diffusing substance, yielding
the expression presented in Equation (6).

M= [,CdV (6)

Here, M represents the amount of the diffusing species, and V denotes the
volume element within the diffusion medium. Substituting Equation (6) into
Equation (5) and assuming a constant diffusion coefficient throughout the sensing
layer yields the simplified diffusion equation (Erdogan et al., 2008) given in
Equation (7).

2.2
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In this expression, M; and M, represent the cumulative amount of the
diffusing species absorbed by the sensing layer at time t and at equilibrium (t —
o), respectively. The solution of the diffusion equation is governed by the initial
and boundary conditions, which depend on the geometry of the diffusion domain.
For the case of one-dimensional diffusion in a planar layer, the early-time
solution can be approximated by the expression (Erdogan et al., 2010) given in
Equation (8).

=) ®

This simplified expression is commonly referred to as the early-time
approximation of Fick's diffusion equation.

4. MACHINE LEARNING AND ITS MAIN TYPES

The volume of data generated worldwide has been increasing continuously.
Ubiquitous electronic devices record our choices, decisions, and financial
activities. As the amount of available data continues to grow, the proportion of
individuals capable of effectively understanding and interpreting these data
decreases. The increasing complexity of the modern world further intensifies the
challenges associated with analyzing the vast amount of generated data.
Consequently, data mining has emerged as an essential approach for uncovering
hidden patterns and meaningful relationships within large datasets. Data mining
focuses on solving problems by analyzing data stored in databases. Machine
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Learning (ML) is a field that combines artificial intelligence and statistical
techniques to extract valuable knowledge from large datasets. This knowledge is
used to develop predictive models by training computational systems using
machine learning algorithms.

Machine learning is a scientific discipline that investigates the design and
development of algorithms enabling computers to learn by extracting meaningful
information from sensor data. Through these algorithms, intelligent systems are
capable of systematically recognizing complex events and objects and making
rational, data-driven decisions. According to Arthur Samuel, who introduced one
of the earliest machine learning algorithms for the game of checkers, machine
learning is "the field of study that gives computers the ability to learn without
being explicitly programmed." Data mining learning paradigms have largely
evolved from machine learning paradigms, which can be described by three
fundamental components: knowledge representation, predictive models, and
learning mechanisms. Machine learning originated as a subfield of Artificial
Intelligence (AI). While Al is concerned with developing intelligent machines
capable of solving problems and reasoning in a human-like manner, machine
learning focuses on designing algorithms and computer systems that enable
machines to learn from previous experience. Since intelligence cannot be
achieved without the ability to learn, machine learning plays a central role in the
advancement of artificial intelligence. Based on their functional characteristics,
machine learning techniques are generally categorized into three main groups:
clustering, association analysis, and classification.

Clustering Analysis

Clustering is one of the most powerful techniques in data mining, aiming to
discover and analyze the underlying patterns within a dataset by grouping data
points according to their similarities. The fundamental principle of clustering is
that data points belonging to the same cluster exhibit high similarity, whereas
those assigned to different clusters are expected to be dissimilar Clustering
methods consist of four categories: hierarchical methods, partitioning methods,
grid-based algorithms, and genetic algorithms.

Classification Techniques

Classification is a supervised machine learning technique that aims to
construct a predictive model capable of identifying and distinguishing predefined
data classes or concepts. The resulting model is subsequently used to predict the
class labels of previously unseen data instances. Model development is based on
the analysis of labeled training data, in which the class membership of each data
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instance is known. The classification process generally involves defining class
categories, identifying discriminative patterns or decision rules, training the
model using labeled examples, and assigning new observations to the most
appropriate predefined class based on the learned knowledge. As the volume and
complexity of datasets continue to increase, the application of machine learning
algorithms for learning classification rules and accurately categorizing new data
has become both increasingly effective and essential.

Artificial Neural Networks

Artificial Neural Networks (ANNs) are adaptive computational models
capable of learning complex input—output relationships directly from data.
Inspired by the parallel processing mechanism of the human brain, these models
identify hidden patterns by iteratively adjusting the connection weights between
interconnected artificial neurons. Unlike conventional analytical approaches,
ANNSs do not require explicit mathematical descriptions of the underlying system,
making them particularly effective for modeling nonlinear processes. Their
architecture typically comprises an input layer, one or more hidden layers, and an
output layer, where information is processed through distributed computation to
produce the final prediction or classification.

5. APPLICATIONS OF MACHINE LEARNING IN CHEMICAL
SENSORS

Cihan et al., (2021) proposed a machine learning—based approach to develop
an accurate model for the early prediction of diabetes. In their study, seven
classification algorithms were employed, namely Decision Tree (DT), K-Nearest
Neighbors (KNN), Support Vector Machine (SVM), Gaussian Naive Bayes
(GNB), Logistic Regression (LR), Artificial Neural Network (ANN) and Random
Forest (RF). The predictive performance of these models was assessed using
precision, sensitivity, Precision—Recall Curve (PRC), and Receiver Operating
Characteristic (ROC) metrics. The experimental results demonstrated that the
Logistic Regression model outperformed the other classification algorithms in
accurately predicting diabetes.

In a study conducted by Giltepe (2019), various machine learning algorithms
were employed to predict air pollution levels in Kastamonu Province using
selected meteorological variables. Since machine learning techniques have
recently demonstrated promising performance in meteorological and
environmental applications, several predictive models were developed based on
the Min—-Max normalization technique. The evaluated algorithms included
Artificial Neural Networks (ANN), Random Forest (RF), K-Nearest Neighbors
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(KNN), Logistic Regression (LR), Decision Tree (DT), Linear Regression, and
Naive Bayes (NB). The ANN model achieved a prediction accuracy of 87%,
whereas the Random Forest and Decision Tree models yielded the highest
accuracy, reaching 99%. In contrast, the Linear Regression model exhibited the
weakest performance, with an accuracy of only 30%.

Chauhan and Urooj (2019) proposed an intelligent Metal Oxide Gas Sensor
(MOX) model for gas detection applications aimed at preventing industrial
accidents. Although MOX sensors exhibit high sensitivity, their performance is
often affected by challenges such as environmental interference and limited
selectivity. To address these limitations, the authors incorporated an Artificial
Neural Network (ANN)-based approach to improve sensor performance. The
effectiveness of the proposed model was validated using the MATLAB
environment, demonstrating the feasibility of ANN-assisted gas detection
systems.

Lamamra and Rechem (2016) developed an Artificial Neural Network (ANN)
model for the Metal Oxide Gas Sensor TGS 2610. The TGS 2610 is a thin-film
semiconductor gas sensor characterized by high sensitivity to liquefied petroleum
gas (LPG), low power consumption, and long operational lifetime. The proposed
ANN model was employed to characterize the sensor response to LPG.
Comparative analysis between the experimental measurements and ANN
predictions demonstrated a high degree of agreement, confirming that the
proposed ANN model provides an effective and reliable approach for modeling
the LPG sensing characteristics of the TGS 2610 sensor.

Topalovic¢ et al. (2019) investigated whether the data generated by individual
sensor systems could be calibrated using their own measurements to achieve
substantially higher data quality relative to reference instruments. To this end,
they performed a comprehensive comparative analysis of univariate Linear
Regression, Multivariate Linear Regression, and Artificial Neural Networks
(ANNSs) for the calibration of low-cost CO and Os sensors deployed under field
conditions. In addition, three widely used ANN training algorithms were
evaluated to determine their effectiveness in improving sensor calibration
performance.

Roj (2016) investigated two approaches for implementing dynamic error
correction in a gas concentration measurement transducer. The first approach was
based on a parametric model describing the transducer's dynamic behavior,
whereas the second employed an Artificial Neural Network (ANN). The study
examined the dynamic characteristics of gas concentration measurements and led
to the development of both a parametric dynamic model and an effective
correction algorithm. The results demonstrated that both approaches significantly
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reduced the response time of the transducer, thereby improving the dynamic
performance of the gas measurement system.

Babhri et al., (2021) investigated the application of graphene-based gas sensors,
with particular emphasis on the influence of operating temperature on sensor
performance. In their study, a machine learning model was trained using synthetic
data generated by a sensor simulation framework. The proposed approach
provided valuable insights into the effects of different operating temperatures and
training data selection on the predictive performance of machine learning
algorithms. Furthermore, the study offered practical guidelines for selecting
representative training datasets to improve the robustness and generalization
capability of prediction models.

Cruz et al., (2022) employed machine learning techniques to discriminate
nitrogen dioxide (NO:) from other gaseous species by analyzing the mass-loading
and elastic response characteristics of CBNm-based sensors. Owing to its
compact size, low cost, and satisfactory analytical performance, the proposed
sensing system was identified as a promising platform for the on-site detection of
NO: at sub-ppm concentration levels.

Acikbas et al., (2020) investigated the sensing performance of a deca-
pyridine-2-amine functionalized Pillar[5]arene (P5-PA)-based gas sensor toward
several hazardous volatile organic wvapors. Diffusion coefficients were
determined from the experimental gas sensing data using Fick’s law of diffusion.
To model the sensor response, two deep learning architectures, Nonlinear
Autoregressive Neural Network (NARNET) and Long Short-Term Memory
(LSTM), were employed due to their effectiveness in handling relatively small
datasets. Approximately 83% of the experimental data were used for model
training, while the remaining 17% served as the test set for evaluating predictive
performance. The predicted responses were subsequently compared with the
corresponding experimental measurements. The developed deep learning models
achieved correlation coefficients exceeding 0.98 for all investigated vapors,
demonstrating excellent predictive capability and strong agreement with the
experimental results. Similar studies were studies reported in the literature have
demonstrated the successful application of artificial neural network (ANN)
models to a wide range of chemical sensing problems, including gas
identification, concentration estimation, sensor calibration, response prediction,
and diffusion modeling. These studies consistently highlight the capability of
ANNs to improve prediction accuracy and effectively capture the nonlinear
behavior of sensor responses (Buyukkabasakal et al. (2019); Deniz et al., (2022);
Celik Acikbas et al., (2026)).
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Yan et al., (2022) reported an identification accuracy of approximately 90%
for mixed ammonia and amine gases at room temperature. Their study
demonstrated that integrating molecular design with machine learning techniques
significantly enhances the selectivity of sensor arrays. This integrated approach
provides a promising strategy for the development of rapid, practical, non-
invasive, and cost-effective sensor systems for breath analysis and exhaled gas
diagnostics.

To improve the identification of complex gas mixtures, Javed et al., (2022)
combined electrochemical sensing with machine learning techniques. Their
sensing system consisted of four electrochemical sensors based on metal oxide
electrodes and a yttria-stabilized zirconia electrolyte, which produced
characteristic voltage signals for different gas compositions. Instead of directly
estimating gas concentrations, the proposed methodology first determined the
types of gases present through multiclass classification and subsequently
quantified the concentration of each identified component. Experimental
validation using mixtures containing NO, NO2, CsHs, and NHs demonstrated that
the framework could accurately characterize both the composition and
concentration of mixed gases from a single measurement. Owing to its flexible
architecture, the proposed approach can be extended to incorporate additional
gases, making it a promising solution for industrial safety, automotive emission
control, and environmental monitoring.

To address the problem of mixed-gas quantification, Kanaparthi and Singh
(2022) developed an energy-efficient computational strategy based on linear gas
sensors. The sensing platform consisted of two ZnS resistive sensors biased at
different operating voltages, and the concentrations of NHs and CO were
determined by exploiting the superposition principle. Recognizing the influence
of ambient humidity on sensor performance, the authors incorporated relative
humidity into the sensitivity model to compensate for environmental variations.
Validation experiments showed that the algorithm maintained a maximum
absolute concentration error of nearly 15% over a range of humidity conditions,
demonstrating satisfactory performance for practical applications. The
combination of low computational demand and reduced power consumption
makes this approach particularly attractive for portable gas sensing systems and
continuous environmental monitoring.

6. CONCLUSIONS

This chapter has presented a comprehensive overview of the fundamental
principles underlying chemical sensing, diffusion theory, and the application of
machine learning techniques to chemical sensor systems. The basic architecture
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and operating mechanism of chemical sensors were introduced, emphasizing the
roles of sensing materials, signal transduction, and electronic processing in
converting physicochemical interactions into measurable electrical signals. In
addition, the mathematical framework of molecular diffusion based on Fick's
First and Second Laws was discussed, highlighting the importance of diffusion
modeling for describing mass transport within thin-film sensing materials and for
estimating diffusion coefficients from experimental sensor responses.

The chapter also reviewed the fundamental concepts of machine learning and
summarized the principal learning paradigms commonly employed in sensor data
analysis. Furthermore, recent advances in machine learning applications for
chemical sensors were examined, demonstrating that algorithms such as artificial
neural networks, deep learning models, support vector machines, random forests,
and other classification techniques have significantly improved gas identification,
sensor calibration, concentration estimation, and predictive modeling. These
approaches effectively compensate for sensor nonlinearity, environmental
interference, and cross-sensitivity while enhancing overall sensing performance.

Overall, the integration of advanced sensing materials, diffusion-based
mathematical modeling, and machine learning algorithms provides a powerful
framework for the development of intelligent chemical sensor systems. As
computational methods, sensing technologies, and artificial intelligence continue
to evolve, machine learning-assisted chemical sensors are expected to play an
increasingly important role in environmental monitoring, industrial process
control, healthcare diagnostics, food quality assessment, and public safety. Future
research should focus on improving model generalization, explainability, real-
time implementation, and the fusion of multimodal sensing data to enable more
accurate, robust, and autonomous sensing platforms.
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5. Boliim

Esnek Elektrotlarin Siiperkapasitor Uygulamalar:
Aysel AYDIN KOCAEREN', Petek TUNC?

Stiperkapasitorler, yiiksek giic yogunlugu, hizli sarj-desarj kabiliyeti ve uzun
cevrim Omrii ile one ¢ikan enerji depolama cihazlaridir. Bataryalara kiyasla daha
kisa siirede enerji saglayabilmeleri sayesinde, oOzellikle elektrikli araglar,
taginabilir elektronikler ve yenilenebilir enerji sistemleri gibi yiiksek giic
gerektiren uygulamalarda yaygin olarak tercih edilmektedir (Simon & Gogotsi,
2008; Conway, 1999). Bu istiin ozellikler, siiperkapasitorleri klasik batarya
sistemleri ile karsilastirildiginda daha verimli ve giivenli hale getirmektedir
(Ozada, Unal, & Yazic1i, 2023). Siiperkapasitorlerin performansi, elektrot
malzemesinin yliksek yiizey alani, iletkenlik, gozenek yapist ve kimyasal
stabilitesi gibi Ozelliklerine baghdir (Zhai vd., 2011; Wang vd., 2012). Bu
nedenle, nanoyapili, iletken polimerli ve hibrit sistemler gibi yenilikei elektrotlar
gelistirmek biiylik 6nem tasimaktadir (Zhang & Zhao, 2009). Siiperkapasitorler,
yiiksek enerji yogunlugu, hizli sarj-desarj siirecleri ve uzun dmiirlii kullanim gibi
istlin Ozellikleriyle enerji depolama sistemleri arasinda Onemli bir yer
tutmaktadir (Simon & Gogotsi, 2008). Bununla birlikte, mevcut siiperkapasitorler
genellikle diisiik enerji yogunlugu ve yiiksek maliyet gibi sinirlamalara sahiptir.
Bu baglamda, iletken polimerler ve metal oksitlerin kompozit elektrotlar olarak
kullanimi, enerji depolama performansini artirma potansiyeli tagimaktadir (Xi
vd., 2025). Polipirol (PPy) ve Polianilin (PANI) gibi iletken polimerler, yiiksek
elektriksel iletkenlikleri ve kimyasal stabiliteleri nedeniyle siiperkapasitorlerde
yaygin olarak kullanilmaktadir (Wang vd., 2019; Shimoga vd., 2021). Bununla
birlikte, bu polimerlerin tek baslarina kullanildiginda sinirli kapasitans degerleri
ve diigiik dongii stabilitesi gibi dezavantajlari bulunmaktadir. Metal oksitlerin,
ozellikle MnO:-'in, enerji depolama performansini iyilestirdigi ve polimerlerle
olan sinerjik etkileri nedeniyle bu tiir kompozit materyaller daha fazla dikkat
cekmektedir (Diilger, 2023).
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Stiperkapasitorler, yiiksek giic yogunlugu, hizli sarj-desarj kabiliyeti ve uzun
cevrim Omiirleri sayesinde giinlimiizde enerji depolama sistemlerinde 6nemli bir
yere sahiptir. Bu tiir kapasitorler, geleneksel kapasitorlerle karsilagtirildiginda
daha fazla enerji depolayabilirken pillerden farkli olarak enerjiyi ¢ok kisa siirede
saglayabilirler (Zhang, Gu & Chen, 2023). Enerji depolama mekanizmalari
temelde ikiye ayrilir: i) elektrostatik yiik birikimine dayal ¢ift tabaka kapasitansi
(EDLC) ve ii) yilizeyde gerceklesen hizli redoks reaksiyonlarina dayali
psddokapasitans (Sharma & Chand, 2023). EDLC’lerde genellikle aktif karbon
malzemeler kullanilirken psodokapasitif 6zellik gosteren siiperkapasitorlerde
metal oksitler (6rnegin MnQO:) ve iletken polimerler (6rnegin polipirol) tercih
edilmektedir. Bu tiir hibrit yapilar, yiiksek 6zgiil kapasitans ve daha iyi ¢cevrim
stabilitesi sunmaktadir (Low vd., 2019; Chhetri vd., 2020).

Esnek Elektrotlar

Esnek elektrotlar, geleneksel kati elektrotlara gore daha hafif, ince ve esnek
olup giyilebilir elektronik ve katlanabilir enerji depolama sistemleri gibi
uygulamalar i¢in tercih edilebilir. Bu tiir elektrotlar, genellikle polimerler, grafen,
karbon nanotiipler (CNT) ve metal oksitler gibi malzemelerle iiretilirler. Esnek
yapilari, bu elektrotlara yiiksek mekanik dayaniklilik, uzun 6miirlii performans,
yiiksek iletkenlik ve yiik tasima kapasitesi kazandirmaktadir (G.S. dos Reis vd.,
2021).

Iletken Polimerler

[letken polimerler, elektriksel iletkenlik gosterebilen, organik malzemelerdir.
Bu polimerler, genellikle metalik baglar iceren yapilarla, elektronlarin serbestce
hareket etmesini saglar. Polipirol (PPy), polianilin (PANI) ve politiyofen (PTh)
gibi iletken polimerler, siiperkapasitorler ve diger enerji depolama cihazlar1 gibi
birgok uygulamalarda kullanilmaktadir. fletken polimerlerin avantajlari arasinda
esneklikleri, diigiik maliyetleri ve kolay islenebilir olmalart bulunur. Bu
polimerler, enerji depolama sistemlerinde yiiksek kapasitans degerleri ve iyi
dongii stabiliteleri sunarak geleneksel siiperkapasitor malzemelerine kiyasla
onemli bir performans artis1 saglayabilir. Bununla birlikte, saf iletken
polimerlerin sinirh iletkenlik ve diisiik yiizey alan1 gibi baz1 dezavantajlar1 vardir.
Bu nedenle siklikla karbon nanotiipler, grafen ve metal oksitler gibi materyallerle
kombinasyon halinde kullanilirlar (Namsheer & Rout, 2021; Bezgin Carbas,
2016).
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Metal Oksitler

Metal oksitler, sliperkapasitorler ve diger enerji depolama cihazlarinda yer
alan onemli bilesenlerdir. MnO2, RuO2, Co0sO4 gibi metal oksitler, yiiksek
kapasitans degerleri ve iyi elektrokimyasal 6zellikleri ile taninir. Bu oksitler,
Ozellikle iletken polimerlerle veya karbon tabanli materyallerle kombin
edildiginde, elektriksel iletkenlikleri ve enerji depolama kapasiteleri daha da
iyilesir. Metal oksitlerin, polimerler ile sinerjik etkileri, yliksek yiizey alan1 ve
elektrokimyasal stabilite saglarken dongiisel kararlilig1 artirir ve enerji depolama
cihazlarmin performansini gii¢lendirir (An vd., 2019).

Membran

Membran, genellikle bir ylizeyi aywran, ince, yar1 gegirgen bir yapidir.
Elektriksel iletkenlik, iyon iletkenligi, mekanik dayaniklilik gibi 6zelliklere sahip
olan membranlar, enerji depolama sistemlerinde Onemli bir rol oynar.
Membranlar, genellikle elektrotlar arasindaki iyon akisini kontrol eder ve enerji
depolama kapasitesini optimize eder. Bu yapilar, elektrolit ile etkilesime girerek
enerji verimliligini artirir. Stiperkapasitorlerde kullanilan membranlar, genellikle
yiiksek iyon iletkenligi, diisiik i¢ direng, kimyasal kararlilik ve uzun dongii 6mrii
gibi 6zelliklere sahip olmalidir.

Membran Tiirleri:

1. Polimerik Membranlar: Polimerik membranlar, siiperkapasitorlerde
yaygin olarak kullanilmaktadir. Bu membranlar, yiiksek mekanik dayaniklilik ve
esneklik saglar, ayni zamanda iyon iletkenligini optimize eder. Yaygin polimerler
arasinda polipropilen (PP), polietilen (PE), poliviniliden floriir (PVDF) ve
poliamid gibi malzemeler yer almaktadir. Polimerik membranlar, kolay
uiretilebilir ve diisiik maliyetli olma avantajina sahiptir. Ayrica, elektrokimyasal
cihazlarin uzun 6miirlii ve giivenilir olmasini saglar (Szubzda vd., 2014).

2. Seramik Membranlar: Seramik membranlar, yiiksek sicaklik stabilitesine
sahip olup, genellikle yiiksek performansl uygulamalar i¢in tercih edilmektedir.
Bu membranlar, dayanikli ve kimyasal olarak inerttir, bu nedenle asindirici
ortamlarda Dbile kullanmilabilirler. Yiiksek iyon iletkenligi saglayarak
stiperkapasitorlerin performansini artirabilirler. Ancak, seramik membranlarin
daha kirilgan ve pahali olmasi, kullanim alanlarini smirlayabilir (Zhang vd.,
2018).

3. Biyolojik Membranlar: Son yillarda, biyolojik membranlar, 6zellikle cevre
dostu ve siirdiiriilebilir enerji depolama ¢oziimleri i¢in arastirilmaktadir. Bu tiir
membranlar, dogadan tiiretilen malzemelerden (6rnegin, seliiloz, jelatin, kitosan)
yapilir. Biyolojik membranlar, polimerik membranlara benzer sekilde islev gorse
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de genellikle daha diisiik maliyetli ve biyolojik olarak ayrigabilir olmalar
nedeniyle ¢evre dostu bir secenek sunmaktadir. Bununla birlikte, biyolojik
membranlarin mekanik dayanikliligi ve elektrokimyasal ozellikleri hala
gelistirilme asamasindadir (Penchev vd., 2025).

4. Iyonik Swvi Membranlar: Iyonik sivilar, diisik buharlasma noktasi ve
yiiksek iyon iletkenligi gibi avantajlar sunan s1vi malzemelerdir. Iyonik sivilarin
kullanildigr membranlar, elektrokimyasal kapasiteyi artirabilir ve daha genis
sicaklik araliklarinda c¢alisabilir. Ancak, bu tiir membranlarin kullanimi
genellikle daha karmasik ve maliyetli olabilir (Jamil & Debbie, 2022).

5. Kompozit Membranlar: Kompozit membranlar, farkli malzemelerin bir
araya getirilerek tretildigi yapilar olup genellikle daha istiin Gzellikler
sunmaktadir. Ornegin, karbon nanotiipler (CNT), grafen, metal oksitler veya
polimerlerin birlestirilmesiyle iiretilen kompozit membranlar, yiiksek iletkenlik
ve mekanik dayaniklilig1 bir arada saglar. Bu tiir membranlar, enerji depolama
sistemlerinin verimliligini 6nemli 6l¢iide artirabilir ve cevresel etkiyi azaltabilir
(Akm vd., 2023).

Esnek Membran Elektrotlar

Esnek membran elektrotlar, geleneksel kati elektrotlara kiyasla daha hafif,
ince ve biikiilebilir yapilari ile enerji depolama cihazlarinda 6nemli bir gelisme
sunmaktadir. Bu tiir elektrotlar, ozellikle giyilebilir elektronik cihazlar,
katlanabilir enerji depolama sistemleri, tasimasi kolay enerji ¢6ziimleri ve mobil
cihazlar gibi uygulamalar i¢in uygundur. Esnek membran elektrotlar, elektriksel
iletkenlik, kimyasal kararlilik ve mekanik dayaniklilik gibi 6zelliklere sahiptir,
bu nedenle modern enerji depolama sistemlerinde siklikla tercih edilmektedir
(Zhang vd., 2016; Topgu, 2020).

Esnek membran elektrotlar genellikle ii¢ ana bilesenden olusur, bunlar; aktif
malzeme, destek katmani ve koruyucu katmandandir.

Kullanilan Malzemeler

* Polimerler: Polipirol (PPy), polianilin (PANI) gibi iletken polimerler, esnek
membran elektrotlarin en yaygin malzemeleridir. Bu polimerler, yiiksek
elektriksel iletkenlikleri ve kolay islenebilirlikleri ile oOne c¢ikar. Ayrica,
polimerlerin esnek yapilari, elektrotlara mekanik dayaniklilik ve uzun Omiir
kazandirmaktadir.

* Grafen ve Karbon Nanotiipler: Grafen ve karbon nanotiipler (CNT), esnek
membran elektrotlar i¢in miikemmel iletkenlik ve dayaniklilik saglayan
malzemelerdir. Bu malzemeler, elektrotlarin elektriksel performansini artirirken
ayn1 zamanda esnekligini korumaktadir.
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* Metal Oksitler: MnO:, RuO: gibi metal oksitler, yiiksek enerji yogunlugu ve
kimyasal stabilite sunmaktadir. Metal oksitlerin polimerlerle kombine edilmesi,
elektrotlarin performansini daha da artirabilir (Diilger, 2023).

Avantajlar

* Esneklik ve Biikiilme Yetenegi: Esnek membran elektrotlar, katlanabilir ve
biikiilebilir yapilar1 sayesinde giyilebilir cihazlar veya portatif enerji depolama
sistemleri i¢in idealdir.

« Hafiflik: Bu elektrotlar, geleneksel elektrotlara gore ¢ok daha hafif olup,
tagima ve montaj kolaylig1 saglar.

» Yiiksek Elektriksel Iletkenlik: Esnek elektrotlar, yiiksek iletkenlik sunarak
hizli sarj ve desarj islemlerine olanak tanir, bu da enerji depolama verimliligini
artirir.

* Uzun Omiirlii Performans: Esnek yapilari, elektrotlarin mekanik strese karsi
dayanikli olmasini saglar. Bu, uzun vadeli kullanimda da yiiksek performans
saglar (Hwang vd., 2024; Guan vd., 2021).

Uygulamalart

1. Giyilebilir Elektronikler: Esnek membran elektrotlar, giyilebilir enerji
depolama cihazlarinda kullanilabilir. Bu tiir cihazlar, enerji ihtiyaci olan kigisel
cihazlar i¢in verimli enerji depolama ¢oziimleri sunmaktadir (Zhang vd., 2023)

2. Katlanabilir ve Tasinabilir Enerji Depolama Sistemleri: Katlanabilir
cihazlar ve tasinabilir enerji depolama ¢oziimleri, esnek elektrotlar sayesinde
daha kompakt hale gelir. Bu sistemler, 6zellikle mobil cihazlar ve robotik
uygulamalar i¢in uygundur (Gashaw Hone, Tegegne, & Andoshe, 2021).

Sonu¢ olarak, esnek membran elektrotlar, modern enerji depolama
teknolojilerinde devrim niteligindedir. Bu tiir elektrotlar, daha hafif, esnek,
dayanikli ve yiiksek performanshi enerji ¢oziimleri sunarak gelecekteki enerji
depolama cihazlarinin verimliligini artirmaktadir.

Stiperkapasitor elektrotlar, iletken polimerler ve metal oksitler, yiiksek 6zgiil
kapasiteleri ve iyi elektrokimyasal performanslari sayesinde literatiirde oldukca
ilgi gormektedir. Bu alanda yapilan bir¢cok caligma, bu malzemelerin enerji
depolama kapasitesini artirmada yenilik¢i ve etkili ¢oziimler sundugunu
gostermektedir.

Ma ve arkadaslarimin yaptigi bir calismada (2013), PPy/SA nanosferleri
sentezlenmistir. Bu malzeme, 347 F-g”' yiiksek bir 6zgiil kapasite gdstermis ve
500 sarj-desarj dongiisii boyunca iyi elektrokimyasal stabilite sergilemis ve
stiperkapasitor uygulamalari i¢in umut verici bulunmustur (Ma vd., 2013). Fan'in
caligmasinda (2006), yiiksek aktif polipirrol elektrotlar, titanyum folyo iizerine
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elektrodepozisyon yontemiyle hazirlanmig ve 1 M KCI ¢ozeltisinde karakterize
edilmistir (Fan vd., 2006). Polipirroliin yiiksek gdzenekli yapisi, yaklasik 480 +
50 F/g gibi yiiksek bir 6zgiil kapasite saglamis, elektrot ise dongli omrii
testlerinde yiiksek stabilite gostermistir. Yan’in yaptig1 basta bir caligmada
(2009), GNS/CNT/PANI kompoziti, PANI'nin katkisiyla yiiksek performans
gostermistir (Yan vd., 2009). 6 M KOH ¢ozeltisinde 1035 F/g 6zgiil kapasiteye
ulasirken, saf PANI ve CNT/PANI kompozitlerine gére dongiisel stabiliteyi de
tyilestirmistir. 1000 dongii sonunda kapasite yalnizca %6 azalirken, GNS/PANI
ve CNT/PANI kompozitlerinde bu oran sirasiyla %52 ve %67'dir. PANI'nin
eklenmesi, iletkenlik ve mekanik giicli artirarak stabiliteyi iyilestirmistir.
Maheswari ve arkadasinin yaptig1 calismada (2018), CeO2/PANI nanoyapist, saf
CeO-’ye kiyasla 6zgiil kapasitans1 1452 F/g’a ¢ikararak (2 A/g) onemli iyilesme
saglamistir (Maheswari vd., 2018). Ayrica, yliksek akimda iyi ¢evrim kararlilig:
ve 75 Wh/kg enerji yogunlugu sunarak siiperkapasitor elektrotu olarak yiiksek
performans gostermistir. Altin (2020) ¢alismasinda karbon nanolif elektrotlar
farkli polimerlerle (PEDOT:PSS, PANI) ve grafen katkilariyla modifiye edilerek
stiperkapasitor performansi iyilestirilmistir (Altin vd., 2020). Polimer kaplamalar
elektrodun iletkenligini, 6zgiil kapasitansin1 (%75'e kadar artig) ve dongiisel
stabilitesini belirgin sekilde gelistirmistir. Gozenekli yap1 ve grafen katkilariyla
da ylizey alani artirilarak toplamda 268 F/g’a kadar 6zgiil kapasitans elde
edilmistir. Yang ve arkadaslarinin yaptig1 ¢alismada (2014), PEDOT:PSS'in ¢ok
katmanli karbon nanotiiplerle (MWCNT) olusturdugu kompozitlerin
stiperkapasitor performansina katkisi incelenmistir (Yang vd., 2014). %S5
PEDOT:PSS igeren kompozit en yiiksek 6zgiil kapasitansi gosterirken, %50
PEDOT:PSS ise yiiksek tarama hizlarinda kararli kapasitif davranis sergilemistir.
Genel olarak PEDOT:PSS, MWCNT elektrotlarin 6zgiil kapasitansini ve yiiksek
hizlardaki performansini artirmistir. Lee’nin yaptig1 ¢alismada (2017), esnek
stiperkapasitorler i¢in PEDOT:PSS kapli MWNT/MnO: kompozit elektrot
gelistirilmistir (Lee vd., 2017). Triton X-100, nanotiiplerin ¢ozeltide iyi
dagilmasini saglamis, PEDOT:PSS ise iletkenligi ve kararlilig1 artirmistir. MnO.,
yiiksek teorik kapasitansi ile 6zgiil kapasitans1 yiikseltmistir. Sonugta, 428.2 F/g
kapasitans, 63.8 Wh/kg enerji yogunlugu ve iyi ¢evrim omrii elde edilmistir. Bu
yapi, esnek ve yiiksek performansli enerji depolama i¢in giiclii bir adaydir. Jeong
ve ekibi (2019), yarn siiperkapasitorlerde yliksek kapasitans ve stabilite saglamak
icin MnO:, karbon nanotiiplere (MWNT) yiiksek kiitle yliklemesiyle kaplanmistir
(Jeong vd., 2019). 60°C'de kaplanan MnO2/CNTs-60, yiiksek areal kapasitans
(3.54 F/cm?) ve enerji yogunlugu (93.8 uWh/cm?) ile {istiin performans
sergileyerek Onceki oOrneklerden daha verimli olmustur. Liu'nun yaptigi
calismada pulse elektrodepozisyon yontemiyle anilin, HySOs ve MnSO4 sulu
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¢ozeltisinde polianilin (PANI)/MnQO; kompoziti sentezlenmistir (Liu vd., 2025).
PANI/MnO; kompoziti, saf PANI'ye kiyasla 0.5 A g ' akim yogunlugunda daha
yiiksek 6zgiil kapasite (810 F g™') gostermektedir. Ayrica, kompozit 1.000 dongii
sonrast baslangi¢ kapasitesinin %86.3"linii koruyarak miikemmel dongiisel
stabiliteye sahiptir. Bu o0zellikler, PANI/MnO; kompozitinin siiperkapasitor
elektrodu olarak yiiksek performans potansiyeline sahip oldugunu
gostermektedir. Verilen c¢alismalara bakildiginda PANI, PEDOT, PVDF ve
MnO: gibi iletken polimerler ve metal oksitler, siiperkapasitor elektrotlarinin
performansini 6nemli Sl¢lide iyilestiren malzemelerdir. PANI, yiiksek 6zgiil
kapasite ve dongiisel stabilite saglarken, PEDOT, karbon nanotiiplerle
birlestirildiginde  elektrotlarin  kapasitesini  ve hizdaki performansim
artirmaktadir. MnO: ise yiiksek teorik kapasitansi ve iyi ¢evrim kararliligiyla
stiperkapasitorlerde enerji yogunlugunu iyilestirmektedir. Bu malzemeler,
stiperkapasitorlerin kapasitesini, enerji yogunlugunu ve dongiisel stabilitesini
artirarak, daha verimli ve uzun 6miirlii enerji depolama ¢oziimleri sunmaktadir.

Tesekkiir

Bu c¢alisma “Polipirol Destekli Esnek FElektrotlarin Siiperkapasitor
Uygulamalar1 I¢in Tasarimi ve Kapasitif Davramslarinin Elektrokimyasal
Yontemlerle Incelenmesi” baslikli COMU-BAP FYL-2025-5259 kodlu yiiksek
lisans tez projesi kapsaminda desteklenmis ve iiretilmistir. Destegi i¢in ilgili
birime tesekkiir ederiz.
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6. Boluim

Zihnin Cebirsel Ahskanhiklarina Pedagojik Bakis

Sahin TOSUN', Ali BOZKURT?

Ozet

Bu béliimde, erken cebir 6gretim siirecinde dgrencilerin cebirsel diisiinme
becerilerini gelistirmek amaciyla gelistirilen Zihnin Cebirsel Aligkanliklar
(ZCA) yaklasimi pedagojik agidan ele alimmustir. Bu galisma TUBITAK destekli
bir arastirma projesi (TUBITAK 1001 proje no: 223K317) kapsaminda
yapilmigtir. Yaklagimin daha iyi anlagilmasi i¢in Oriintiiler, cebirsel ifadeler,
esitlik ve denklemlerle ilgili 6rnek etkinliklere yer verilmistir. Ayrica diisiik
biligsel talebe sahip matematik gorevlerinin yiiksek biligsel talep gerektiren
gorevlere doniistliriilmesine dair drnekler verilmistir. Bu doniisiime yonelik
Ogretmenler icin uygulamali 6neriler gelistirilmigtir. Calisma, 6grencilerin zihnin
cebirsel aligkanliklar1 ve cebirsel muhakeme becerilerini gelistirmeye yonelik
kuramsal ve pratik bir zemin olusturmaktadir.
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Giris

Cebir, fonksiyonel iligkileri inceleyen temel bir matematik alanmidir; bu
iligkilerden dogan temsil sistemlerini ve yapilart olusturup analiz etmeyi igerir.
Say1 sistemleri, bilinmeyenler, oriintiiler ve denklemler in kurulmasi ve
¢Oziilmesi bu alanin temel pargalarini olusturur. Cebirsel diisiinme, bilinen
niceliklerle islem yapan aritmetik muhakemeden farklidir; islemler ile
matematiksel yapilardan genellemeler ve kurallar olusturmayi, bunlar
sembollerle ifade etmeyi ve bilinmeyenleri tipk: biliniyormus gibi isleme dahil
edebilmeyi kapsar. Bu dogrultuda siire¢, cebirsel islemlerin, iligkilerin ve
oriintiilerin sistematik bir sekilde genellenebilmesine zemin hazirlar. Ogrenciler
bu genellemelerden ¢ikarimlar yapar ve bunlart uygun temsillerle ifade eder
(Kaput, 1999; Bozkurt vd., 2025).

Alanyazin, 6grencilerin cebirsel diisiinme becerilerini gelistirme ve gelisim
seviyelerini belirleme iizerine yogunlagsmaktadir (Kaput, 1999; Chimoni vd.,
2018; Hart vd., 1998). Bu dogrultuda Kaput’un cebirsel diisiinmenin temel
bilesenlerine iliskin ¢ercevesi, Hart vd.’nin (1998) gelistirdigi cebirsel diisiinme
diizeyleri modeli ile Chimoni vd.’nin (2018) tanimladig1 yapisal bilesenler dikkat
cekmektedir. Bu c¢alismalar cebirsel diisiinmenin ¢ok boyutlu yapisini ortaya
koymakta ve kavramsal katkilar sunmaktadir. S6z konusu modeller diigiinme
bigimlerinin 6gretim ortamlarinda nasil insa edilecegine dair acik yonlendirmeler
sunmamaktadir.

Matematiksel igerige yonelik faydali diisiinme yollar1 zihin aliskanliklar
olarak tanimlanir (Cuoco vd., 1996). Bu durum uygulayicilar i¢in yol gosterici
olmaktan uzaktir. Bu nedenle calismada kuramsal temel olarak Driscoll
(1999)’un calismasinda yer verilen ZCA yaklasimi benimsenmistir.
Matematiksel icerige yonelik faydali diisiinme yollar1 zihin aliskanliklar1 olarak
tanimlanir (Cuoco vd., 1996). Bu yaklasimdan yola ¢ikarak cebirsel diisiinmenin
temelindeki siiregleri kavramsallagtirmak amaciyla Driscoll (1999) tarafindan
zihnin cebirsel aligkanliklar1 ¢ergevesi gelistirilmistir. Bu ¢alismada kuramsal
temel olarak Driscoll (1999)’un calismasinda yer verilen ZCA yaklagimi
benimsenmigtir. Bu ¢erceve cebirsel diisiinmeyi yalnizeca icerik temelli bir
Ogrenme siireci olarak gormez. Siireci biligsel aligkanliklarin doniiglimiinii igeren
bir gelisim alan1 olarak tanimlar. Boylece pedagojik miidahale acisindan giiglii
bir kuramsal zemin saglar. Tanimlanan zihinsel aliskanliklar, &gretim
tasarimlarinin hangi biligsel siiregleri harekete gecirmesi gerektigi konusunda
sistematik bir yonlendirme sunmaktadir.
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Zihnin Cebirsel Ahskanhiklar:

Zihnin cebirsel aligkanliklar1 cebirle ugragirken, cebir problemlerini ¢dzerken
veya ¢ozimil agiklarken sergiledigi davranislardir. Cebirsel diisiinme becerisine
sahip olmak, fonksiyonlar ile fonksiyonlarm isleyis bigimleri iizerine
odaklanmay1 gerektirir. Sistemin yapisinin hesaplamalar {izerindeki etkisini
dikkate almak bu siirecin bir diger 6nemli boyutudur. Driscoll (1999), zihin
cebirsel aligkanliklarini {i¢ ana kategoride ele alir (Sekil 1):

Hesaplamadal

Yapma-Geri
Soyutlama

Alma

Fonksiyonlari
emsil Eden

Sekil 1. Zihin cebirsel aligkanliklart

Yapma — Tersini Yapma

Bu aligkanlik, matematiksel ifadeleri ¢6zmek, yazmak veya yeniden
yapilandirmak igin kullanilan sembolik manipiilasyonlar1 ifade eder. Ogrenciler
sadece bir iglemin sonucunu bulmakla kalmaz, sonuctan yola ¢ikarak baslangig
noktasma da ulasir. Bu aligkanlik odagin sadece nihai yanitta kalmasini 6nler.
Siirecin kendisine yonelik bir yansitma saglar (Driscoll, 1999).

Girdiden ¢iktiya ulagsma. Girdiden ¢ikt1 bulma veya bir orlintiide baglangic
degerlerinden istenilen degere ulasma aliskanligidir. Verilen bir iliski/yapida
girdiyi kullanarak bir istenilen degeri bulur veya bir oriintiide verilen adimlar
kullanarak istenilen adimdaki degeri bulur. Ornegin x=3 i¢in x>-5 {in degeri
kagtir? Sorusunda x’in yerine 3 yazarak cevabin 4 oldugunu bulma girdiden
ciktiya ulagma aligkanlig1 gerektirir.

Ciktidan girdiye ulasma: Verilen bir ¢iktidan hareketle, bu ¢iktiy1 olusturan
baslangi¢ degerini belirlemek amaciyla islemleri ters sirada ve ters islem
Ozelliklerini kullanarak bilinmeyen girdiyi bulabilmektir (Driscoll, 1999;
Driscoll & Moyer, 2001). Baska bir deyisle bir fonksiyonda veya denklemde
sonucun bilinmesi, bilinmeyenin aranmasi durumudur. Ornegin, x’in hangi
degeri iciny = x? + 8 egrisi grafikte 100 degerine ulasir? Sorusunda "x, 9 ile
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10 arasinda bir yerde oldugunda,y = x? + 8egrisi grafikte 100 degerine
ulagir." Cevabina ulagsmak ¢iktidan girdiye ulagma aligkanlig1 gerektirir.

Geriye dogru c¢aliyma: Bir problemin ¢oziimiine ulasirken islemleri
uygulandiklari siranin tersine izleyerek ¢oziim siirecini baslangi¢ noktasina kadar
geri takip edebilme stratejisidir (Driscoll, 1999; Driscoll & Moyer, 2001). Baska
bir deyisle ¢ok adimli problemlerde, son adimdan ilk adima dogru tersine bir

islem zinciri kurmaktir. Ornegin, x_gi = 23 ifadesinde bilinmeyenin kag

oldugunu bulma siirecinde, 6grenci dogrudan tek bir hamle yapamaz; gergek
yasam durumu problemlerini ya da ¢ok adimli islemleri en sondan baslayarak
zincirleme sekilde geriye dogru isletir. Once en distaki bolmenin tersi olarak 23'
i 3 ile carpar (69), ardindan ¢ikarma isleminin tersi olarak 11 ekler ve
bilinmeyenin (x) 80 oldugunu adim adim geri sararak bulur.

Fonksiyonlari Temsil Eden Kurallar Olusturma (FTEKQO)

FTEKO aligkanlig1 biiyiik 6lciide fonksiyonel iligkileri arama ve tanimlama
becerisiyle ilgilidir. Temsillerle islemler yapma ve genel kurali sembollerle ifade
etme stratejileri bu kapsamda devreye girer (Driscoll & Moyer, 2001). Bu
aligkanliga dair yedi alt bilesen tanimlanmigtir:

Bilgiyi diizenleme: Probleme iliskin nicelikleri sistematik bicimde
diizenleyerek aralarindaki iliskilerin goriiniir hale gelmesini saglamaktir. Bu
stirecte veriler tablo, liste veya sema gibi uygun temsillerle organize edilir.

Bilgiyi anlamli par¢alara aywrma: Karmasik bir problem durumunu daha
kiigiik ve yonetilebilir bilesenlere ayirarak nicelikler arasindaki iligkileri daha
kolay analiz etmektir.

Farkly temsiller kullanma: Bu bilesen iki durumda karsimiza ¢ikmaktadir.
Bilgiyi diizenleme siirecinde karsimiza ¢iktig1 gibi ulasilan matematiksel
iliskiyi/kurali grafik, sekil, sozel veya cebirsel ifadeler gibi farkli gdsterimlerle
ifade edebilmeyi de igerir.

Degisimi agiklama: Bir nicelikte meydana gelen degisimin diger nicelik
iizerindeki etkisini agiklayarak degiskenler arasindaki fonksiyonel iliskiyi ortaya
koymaktir

Oriintiileri tahmin etme: Veriler arasindaki diizenliligi belirleyerek riintiiniin
sonraki adimlarin dngdrme ve olasi genellemeler gelistirmedir

Kurali tanimlama: Belirlenen oriintii veya iligkinin genel yapisini sozel ya da
cebirsel bigimde ifade etmektir (Driscoll, 1999; Driscoll & Moyer, 2001).

Kurali gerekgelendirme: Olusturulan genel kuralin neden gecerli oldugunu
matematiksel gerekceler ve kanitlarla agiklamaktir
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Ornek 1. Betiil’iin inceledigi internet tarifesinde giris ticreti sabit 150
TL’dir. Harcanan her 1 GB internet i¢in bu fiyata 20 TL eklenecektir.

Buna gore;

1- Betiil'in 1 GB, 2 GB ve 3 GB internet harcamasi durumunda 6deyecegi
toplam tutarlar1 gésteren bir tablo olusturunuz.

2- Bu tarifede faturay1 olusturan iicretleri sabit ve degisken olarak iki farkli
parcaya ayiriniz; hangisi sabit, hangisi degisken agiklayniz.

3- Kullanilan internet miktar1 arttik¢a toplam fatura tutarinin nasil bir degisim
gosterdigini agiklayiniz.

4- Betiil'iin 4 GB internet harcamasi durumunda &deyecegi tutari tahmin
ediniz.

5- Internet miktar1 ile toplam fatura arasmdaki bu iliskiyi matematiksel
sembol kullanmadan, kendi climlelerinizle s6zel olarak tanimlayiniz.

6- Internet miktar1 ve toplam faturaya degiskenler atayarak ikisi arasindaki
iliskiyi gosteren bir cebirsel formiil yaziniz.

7- Yazdigimiz formiiliin, tarifedeki sabit {icret ve GB basi licret mantigiyla
neden tam olarak eslestigini gerekcelendiriniz.

Coziim:

1- 1 GB igin 170 TL, 2 GB i¢in 190 TL ve 3 GB i¢in 210 TL &denir (bilgiyi
diizenleme)

2- Degismeyen 150 TL sabit kisimdir, internet kullanimina gore eklenen 20
TL ve katlar1 ise degisken kisimdir. (Bilgiyi anlamli parcalara ayirma)

3- Kullanilan internet miktar1 her 1 GB arttiginda, toplam fatura bedeli de
buna bagl olarak diizenli sekilde 20 TL artmaktadir. (Degisimi a¢iklama)

4- 3 GB kullanimi1 210 TL ise, sabit artis diizenine gore bir sonraki adim olan
4 GB kullanimi 230 TL olur. (Oriintiileri tahmin etme)

5- Odenecek toplam para, harcanan internet miktarmin yirmi kat1 ile
baslangigtaki sabit 150 liranin toplamidir. (Kurali tanimlama)

6- Internet miktar1 (x) ve toplam fatura (y) arasindaki iliskiyi gosteren esitlik
y = 20x + 150 seklindedir. (Farkl: temsiller kullanma)

7- Formiildeki 150 baslangictaki GB kullamimima bagli olmayan giris
iicretini, 20x ise harcanan GB basina 6denen bedeli temsil ettigi icin
yazilan model tarifenin igleyisini tam olarak dogrular. (Kurah
gerekcelendirme)

Hesaplamadan Soyutlama (HS)
Hesaplamalari, gerceklestirilen somut islemlerden bagimsiz olarak

diisiinebilme becerisidir. Bu aligkanlik hesaplamalara yonelik genellemeler
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gelistirmeyi saglayan bir cebirsel yap1 anlayis1 sunar. Soyutlama bu siirecin temel
tagidir (Lew, 2004). Genellemelere dayali matematiksel nesne ve iligkilerin
cikarilmasini igerir (Driscoll & Moyer, 2001). Bu aligkanliga dair alt1 alt bilesen
tanimlanmustir:

Hesaplama kisa yollar: gelistirme: Islemleri daha verimli gergeklestirebilmek
amaciyla matematiksel 6zelliklerden yararlanarak alternatif ¢éziim stratejileri
gelistirmektir.

Islem yapmadan hesap yapma: Ayrmtili islem yapmaya gerek kalmadan,
islemin yapisindan hareketle sonucun biiyiikliigli, yonii veya niteligi hakkinda
akil yliriitmektir.

Orneklerin dtesine gecerek genelleme yapma: Belirli drneklerde gozlenen bir
matematiksel 6zelligin tiim benzer durumlar igin gegerli olacagimi fark ederek
genel bir iligki olusturabilmektir.

Esdeger ifadeler olusturma: Ayni matematiksel iligkiyi farkli ancak esdeger
cebirsel ifadeler kullanarak gdsterebilmektir.

Sembolik ifadeler kullanma: Sayisal Orneklerden hareketle genel
matematiksel iligkileri harfler ve cebirsel semboller aracilifiyla ifade
edebilmektir.

Kisa yollar1 gerekgelendirme: Kullanilan zihinsel strateji veya kisa yolun
neden matematiksel olarak gecerli oldugunu 6zellikler, kurallar veya iliskilerle
aciklayabilmektir.

Ornek 2. Bir okul kafeteryasi igin yan yana dizilen kare masalarin etrafina
sandalyeler yerlestirilecektir. Bir adet kare masanin etrafina 4 sandalye
sigmaktadir. Masalar u¢ uca eklendiginde ise birlesen kenarlara sandalye
konulamamaktadir.

Buna gore agagidaki sorulari cevaplayiniz.

1- 10 adet kare masa yan yana birlestirildiginde toplam ka¢ sandalyeye
ihtiya¢ duyulacagini, masalan tek tek ¢izip sandalyeleri saymak yerine,
islemi kolaylastiracak bir zihinsel yontemle nasil hesaplarsiniz?

2- Masalar1 yan yana eklemeye devam ettigimizi diisiinelim. 50 masalik bir
diizenek igin gereken sandalye sayisinin, higbir tam hesaplama yapmadan,
100'den biiyiik mii yoksa kiigiik mii olacagini masalarin ve islemlerin
yapisina bakarak nasil 6ngoriirsiiniiz?

3- 1, 2, 3 ve 4 masa i¢in durumlar incelediginizde, masa sayis1 ile sandalye
sayis1 arasinda her zaman gegerli olan ortak iliskiyi nasil agiklarsiniz?

4- Masa sayisini n ile gosterdigimizde, toplam sandalye sayisini bulmak i¢in
ti¢ farkl1 6grenci su ifadeleri yaziyor:

1. Ifade: 2n + 2
2. Ifade: 6+ 2(n - 2)
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3. I[fade: 2(n + 1)
Bu ti¢ ifadeden hangileri birbirine esdegerdir ve bu masalar i¢in kurulacak

dogru modeli temsil eder?

5-

6-

Masalarin dizilimindeki genel iliskiyi temsil etmek iizere, sayilar yerine
dogrudan harfleri ve cebirsel sembolleri ise kosarak bu Oriintiiyii
matematiksel olarak nasil kdgida dokersiniz?

Gelistirdiginiz bu formiiliin veya zihinsel kisa yollarin, masalarin yerlesim
diizenindeki matematiksel kurallara neden tam olarak uydugunu ve neden
her zaman dogru sonug verecegini nasil savunursunuz?

Coziim:

1-

[k masanin sagina ve soluna birer, alt ve iist kenarlara da birer sandalye
yerlestirildigini diislinebiliriz. Masalar yan yana eklendikge, aradaki
birlesen kenarlar kapanir. Bu durumda her masanin sadece alt ve iist
kenarlarina (yani her masa i¢in 2 tane) sandalye gelecektir. En bagtaki ve
en sondaki iki dis kenara da birer sandalye sabit kalacaktir. Buradan
hareketle 10 masa icin zihinden 10.2 = 20 hesaplanip, sabit olan 2 ug
sandalye eklenerek 22 sonucuna pratik yoldan ulasilir. (Hesaplama kisa
yollar: gelistirme)

Her masa diizende alt ve iist olmak iizere 2 sandalye tasimaktadir. Sabit
olan 2 uc¢ kenar hesaba katilmasa bile, 50 masanin sadece alt ve iist
kenarlarma 50.2 = 100 sandalye yerlesir. iki uctaki sandalyeler de
eklenecegi i¢in tam sonucu hesaplamaya gerek kalmadan toplam sandalye
sayisinin 100'den biiyiik (102) olacagi yapmin karakterinden dogrudan
ongoriiliir. (Hesaplamadan hesap yapma)

Masalar incelendiginde; 1 masa i¢in 4, 2 masa i¢in 6, 3 masa i¢in 8, 4 masa
icin 10 sandalye gerekir. Orneklerdeki masa sayis1 ile sandalye sayisi
arasindaki ortak iligki, masa sayisi ne olursa olsun sandalye sayisinin her
zaman masa sayisinin 2 katinin 2 fazlas1 seklinde ilerlemesidir (Orneklerin
Otesine gegerek genelleme yapma).

Verilen ifadeleri cebirsel olarak sadelestirildiginde; 2(n+1)=2n+2 (dagilma
ozelligi) ve 6+2n-4=2n+2 (Benzer terimleri toplama-¢ikarma) elde edilir.
Bu yilizden ¢ ifade de birbirine tamamen esdegerdir. Masalar igin
kurulacak dogru modeli temsil eder. (Esdeger ifadeler olusturma)

Masa sayis1 olan bagimsiz degisken m harfi ile sandalye sayis1 olan bagiml
degisken ise s harfi ile sembolize edilebilir. Sayisal denemelerin Gtesine
gecilerek, bu iki nicelik arasindaki fonksiyonel bag ve genel iliski
matematiksel olarak s = 2m + 2 esitligiyle kagida dokiiliir. (Sembolik
ifadeler kullanma)
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6- Modeldeki “2m” kismi, dizilimde yan yana duran her masanin alt ve iist
kenarlarinda mutlaka ikiser adet a¢ik yer bulunmasindan kaynaklanir; yani
masa sayisi (m) degistikce sandalye sayisi ikiser ikiser biiyiir. Modelin
sonundaki “+2” sabit sayis1 ise masalar ne kadar uzarsa uzasin sirt sirta
veremeyen en bastaki ve en sondaki iki dis uca yerlestirilen degismez
sandalyeleri temsil eder. Geometrik diizenin fiziksel yapis1 bu kurallara
dayandigi i¢in yazilan formiil her zaman dogru sonug verir (Kisa yollar:
gerekgelendirme).

Z.CA cercevesine gore Tasarlanmis Etkinlik Ornekleri

Zihin aligkanliklarmin ders kitaplarindaki kazanimlarla nasil somutlagtigin
gostermek adina, calisma kapsaminda gelistirilen Ozgiin etkinlik yapilar
dogrudan asagida c¢oziimlenmistir. Bu ZCA senaryolari, 6grencilerin hem
islemsel hem de kavramsal becerilerini es zamanl tetikleyen iskele siireglerini
temsil etmektedir.

Kazanim: Bir dogal say1 ile bir cebirsel ifadeyi carpar.

Etkinlik 1: 3.(x+2) islemini modelleyerek ¢cozme
Sar1 cebir karosu x degiskenini, yesil cebir

karosu +1 sayisini temsil etmektedir.

-

X+2
Cebir karolari ile 3.(x+2) cebirsel ifadesini X .
. 3 Farkli temsil
modelleyiniz. X
X kullanma

cHZUM ZCA

Her bir parcanin alanini veren degerleri 3xt6 Cebirsel olarak
X .
toplayin. ifade etme
3.(x+2) = 3x+.6. ffsitliginde 3ile x+2’vn'in N 3 saylslr.n once x ile Es deger ifade
carpiminin esiti ile 3x+6 arasindaki iliskiyi sonra 2 ile garpip
kullanma
tanimlaym. sonuglari topluyoruz.

Bir dogal say1 ile bir

birsel ifad
Belirlediginiz iliskiye gore bir dogal say1ile o oo oce

o . . . lirken dogal Ornekleri
cebirsel ifadenin ¢arpimina dair genel bir garpriricen dogal sayi - rneidern
. ile cebirsel ifadedeki otesinde genelleme
ifade yaziniz. .
her bir terim ayr1 ayr1
carpilir.
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Etkinlik 2: 2x-4 cebirsel ifadesini bir cebirsel ifade ve bir dogal saymin ¢arpimi
seklinde yazma
Sar1 cebir karosu x degiskenini, mavi cebir karosu

-1 sayisini temsil etmektedir. CcOZUM ZCA
- E—
x-2
2x-4 cebirsel ifade ile bir dogal sayinin ¢arpimi X T Farkli temsil
seklinde yaziniz 2 = o kullanma
Cebirsel

Tiim alant bulmak i¢in dikd6rtgenin alanini

2(x-2 larak if
hesaplama formiiliinii kullanin (x-2) olarak ifade
etme
Her iki terimde de 2 5
e . - . Es deger
2.(x-2) = 2x-4 esitliginde 2 ile x-2’nin ¢arpiminin say1st ortak oldugu igin ifad
esiti ile 2x-6 arasindaki iliskiyi tanimlaym. 2 ortak parantezine ¢
s kullanma ve
alabiliriz

el L o Verilen cebirsel bir
Belirlediginiz iliskiye gore bir cebirsel ifadeyi bir ifadedeki her terimde

dogal say1 (varsa) ile bir cebirsel ifadenin ¢arpimi Otesinde

. . .. rtak ol rtak
seklinde yazmaya dair genel bir ifade yaziniz. ortak o a.n sayi o 2.1. genelleme
parantezine alinabilir

Orneklerin

Bu etkinliklerde, 6grencilerin ¢arpma islemini alan ve karo modelleriyle
somutlagtirmasi, ardindan siireci tersine isleterek (Yapma-Tersini yapma)
carpanlara ayirma sezgisi kazanmasi hedeflenir.

Diizenle ve Iliski Ara Asamasi (DO - ileriye Dogru Islem): Ogrencilere sari
cebir karosunun x degiskenini, yesil cebir karosunun ise +1 sayisini temsil ettigi
bilgisi sunulur. Ogrencilerden 3.(x+2) ifadesini modellemeleri istenir. Ogretmen
bu asamada, her bir par¢anin alanim1 veren degerleri toplayarak bilgileri
diizenlemelerini saglar. Yonlendirici Soru: "3.(x+2) = 3x+6 esitliginde,
carpanlarm yapisi ile elde ettiginiz toplam alan arasindaki iliskiyi nasil
tanimlarsiniz?" Bu soruyla 6grencinin es deger ifadeleri fark etmesi ve kurali
Ongormesi tetiklenir.

Olustur Asamast: Ogrenciler 6rneklerin Stesine gecerek bir dogal say1 ile
cebirsel ifadenin carpiminda katsayinin parantez icine nasil dagildigini geneller
ve cebirsel kurali kendi climleleriyle olusturur.

Kullan agsamasi: Aligkanligi tam anlamiyla yapilandirmak adina siireg tersine
cevrilir. Ogrencilere 2x-4 cebirsel ifadesi verilir (Burada mavi karo -1'i temsil
eder). Ogrencilerden bu ifadeyi bir dogal say1 ile bir cebirsel ifadenin ¢arpimi
seklinde yeniden yazmalari istenir. Pedagojik Hamle: Ogrenci tiim alan1 temsil
eden dikdortgenden yola ¢ikarak kenar uzunluklarmi (girdileri) bulmak i¢in
tersine miihendislik yapar ve ifadeyi 2.(x-2) olarak kurar. Boylece odagin
yalnizca tek yonlii sonug bulmada kalmasi engellenir.
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Kazanim: Sayi1 oOriintiilerinin kuralin1 harfle ifade eder. Kurali verilen
Oriintiiniin istenilen terimini bulur.
Etkinlik 3: Nermin Hanim, bahgesine ¢igek dikmeye karar veriyor. Nermin
Hanim; ilk siraya 1, ikinci siraya 3, iiclincii siraya 5, dordiincii siraya 7, besinci
siraya 9 cicek dikiyor.

Nermin Hanim’1n her bir siraya diktigi ¢igek sayilarinin arasindaki iliskiye dikkat
ederek cicek dikmeye devam etmesi durumunda;

Yonergeler Coziim ZCA
Dokuzuncu siraya
dikecegi ¢igek 1,3,5,7,9,11,13,15,17, ... Bileileri
say1st nasil Aciklama: Her adimda bir 6nceki adim 2 artirilarak dl'izgenle
bulunabilir? 9. Adima ulagilabilir.
Agiklaymniz.
Adim sayisina gore Adim 1.2 3. |4 |5 |6 |7
. . - Farkli
dikilecek ¢igek Cigeksayis1 [ 1 |3 [5S |7 |9 [11]13 remsil
say1s1 gosteren bir Kullan
tablo olusturunuz.
Her adimda bir 6nceki adimdaki cigek sayisindan iki
tane fazla dikilecek (X Aradigimiz kural degil)
Her bir adimdan Adim L 2. 34 e | B B
. Esdeger
diger adima : .
. Cigek sayist | 1 3 5 7 ifade &
gecerken nasil bir —— ..
s Migki Degisimi
degisim - =1 ==
o = N © = tanimla
tanimlayabiliriz? o i i a
Adim numarasi ile o adimda dikilecek ¢igek sayisi
arasinda bir iliski oldugunu gérmemiz.
Etkinlik 3: (Devamzi)
Herhangi bir
adimda dikilecek
cicek sayisini Her adimda adim numarasinin 2 katinin 1 eksigi kadar Kurali
bulmanizi agac dikilecektir. tanimla
saglayacak kuralt
yaziniz.
Herhangi adimda Cebirsel
dikilecek ¢igek n. adimda 2n-1 ¢igek dikilecektir. olarak
sayisini bulmanizi ifade et
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saglayacak kurali
cebirsel olarak ifade
ediniz.

Bu kuraldan
hareketle,
dokuzuncu siraya

veya yuizincl siraya 2.9-1=18-1=17 Isteneni
dikilecek gigek 2.100-1=200-1=199 bul
sayisini tek tek

saymadan dogrudan

nasil bulabilirsiniz?

Bu etkinlikte 6grencilerin uzun uzun aritmetik hesaplamalar yapmaktan
uzaklasarak cebirsel yapilar1 dogrudan soyutlamalari hedeflenir:

Diizenle Asamasi: Nermin Hanim’in bahgesine ¢i¢cek dikme durumu ele alinir.
[k siraya 1, ikinci siraya 3, 3. Siraya 5, dordiincii siraya 7 cicek dikilmektedir.
Ogrencilerden ilk olarak adim sayist ile dikilecek gigek sayisin1 gdsteren bir tablo
olusturarak bilgileri diizenlemeleri ve farkli temsil sistemlerini kullanmalari
istenir.

Iliski Ara Asamas1: Ogrenciler tablodaki ardisik adimlar arasindaki degisimi
tanimlar. Yonlendirici Soru: “Her bir adimdan diger adima gecerken nasil bir
sabit degisim goriiyorsunuz? Bu yinelenen pargalar1 aritmetik toplama yapmadan
dogrudan nasil ifade edebiliriz?” Ogrenciler kural sezgisel olarak 6ngoriir.

Olustur Asamast: Ogrenciler herhangi bir adimdaki (n. Adim) ¢icek sayisini
veren genel kurali 2n-1 seklinde cebirsel olarak ifade eder. Formiiliin sadece
mekanik olarak ezberlenmedigini gostermek i¢in Orneklerin Gtesinde bir
dogrulama yapilmasi istenir.

Kullan Asamasi: Soyutlanan kural dogrudan biiyiik bir adima uygulanir: “Bu
kuraldan hareketle, dokuzuncu siraya veya yiliziincii siraya dikilecek c¢igek
sayisini tek tek saymadan dogrudan nasil bulabilirsiniz?” Ogrenci genel yapiyi
kullanarak sonuca ulagir.

Kazamim: Esitligin korunumu ilkesini anlar ve gergek hayat durumlarina
uygun birinci dereceden bir bilinmeyenli denklem kurar.

Etkinlik 4: PhET vyazilmi kullanilarak  (https://phet.colorado.edu/tr/
simulations/equality-explorer) sol kefesinde mavi bir kutu, sag kefesinde 5 kg
bulunan denge durumundaki terazi modeli elde edilmistir.
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Etkinlik 4: (Devamz)

2
Eﬁfﬁﬁé

Buna gore teraziye asagidaki agirliklardan hangisi ya da hangileri konursa
terazinin dengesi bozulmaz?

Not: Birkag¢ saglayan veya saglamayan 6rnek verilerek 6grencilerden 6rneklerin
Otesinde genelleme yapmalar1 beklenir.

Yonergeler Cozim ZCA
1 tane daha mavi kutu sag kefeye, 1 tane Bozulmaz
5 kg sol kefeye konursa '
1 tane daha mavi kutu sol kefeye, 5 tane 1

< Bozulmaz
kg sag kefeye konursa
Her iki kefede bulunan agirliklar 3 katina Bilgileri

Bozulmaz .

cikartlirsa diizenle
2 tane daha mavi kutu sol kefeye, 1 mavi Farkli temsil
kutu ile 5 tane daha 1 kg’lik cisim sag Bozulmaz kullan
kefeye konursa
3 tane daha mavi kutu sag kefeye, 2 mavi

. Bozulur
kutu ile 2 tane 1 kg sol kefeye konulursa
Hangi durumlarda terazinin dengesinin Her iki kefede esit agirlik yoksa .

< . .. Degisimi

bozulduguna dair ne tiir ¢gikarimlar denge bozulur.

o tanimla
yapabiliriz. Tartisiniz.

- Her iki kefeye ayn1 agirlikta
cisimler eklendiginde terazinin

Esit kollu terazinin hangi durumlarda dengesi bozulmaz. Orneklerin
dengesinin bozulmadigina dair bir kural - Her bir kefedeki agirliklar 2,3, Gtesinde
gelistiriniz. ... veya herhangi bir katina genelleme

¢ikarilirsa terazinin dengesi
bozulmaz.
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Etkinlik5: Sol kefede 3 tane mavi kutu, sag kefede 1 mavi kutu ile bir tane 5 kg,
5 tane daha 1 kg sag kefeye konulmus terazi verilmistir.

D

i

ﬁr% SEIENENE),

Buna gore teraziye asagidaki agirliklardan hangisi ya da hangileri konursa

terazinin dengesi bozulmaz?

Yonergeler Coziim ZCA
1’er tane mavi kutu her iki kefeden Bilgileri
Bozulmaz. N
¢ikarilirsa diizenle
Son durumda her iki kefedeki agirliklarin Farkli temsil
Bozulmaz
yarist alinirsa kullan
Etkinlik5: (Devamr)
2 tane daha mavi kutu sol kefeye, 1 mavi e
. s . ~ Bilgileri
kutu ile 5 tane daha 1 kg’lik cisim sag Bozulmaz .
diizenle Farli
kefeye konursa .
- — - temsil kullan
3 tane daha mavi kutu sag kefeye, 2 mavi Bogulur (devami)
kutu ile 2 tane 1 kg sol kefeye konulursa
Hangi durumlarda terazinin dengesinin Her iki kefede esit agirlik yoksa .
< - .. Degisimi
bozulduguna dair ne tiir ¢ikarimlar denge bozulur. tammla
yapabiliriz. Tartisiniz.
Her iki kefeden ayni agirlikta
cisimler ¢ikarildiginda terazinin
Esit kollu terazinin hangi durumlarda dengesi bozulmaz. Orneklerin
dengesinin bozulmadigina dair bir kural Her bir kefedeki agirliklar Otesinde
gelistiriniz. yartya 3’te birine veya herhangi genelleme

bir oranina indirilirse terazinin
dengesi bozulmaz.
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Etkinlik6: Terazi etkinliklerindeki denge durumu “esitlik” yani semboliinii
kullanabiliriz. Bu durumda etkinlik 2 deki kurallar1 (6rneklerin Otesinde
genelleme) kullanarak agagidaki esitliklerin bozulmamasi igin sekiller yerine
gelecek sayilar1 bulunuz.

Yonergeler Coziim ZCA
742 =A-3 7 +2+3 = A-3 +3 (Her iki tarafa 3 ekle)
12=A
6=03
trz=03 (Her iki tarafi 3 e bol) =2
3+5= s 8- ‘./2. . Kurali
2 (Her iki tarafi 2 ile garp) =16 Kullan

3+2+0=3-060+06
(Her iki tarafa@ekle)5 + @ = 3
3+2=3-06 (Her iki taraftan 5 ¢ctkar)
5+0-5=3-5
O= -2

Etkinlik7: “Deniz’in parasi, Giilcan’'in parasun 4 katinin 4 fazlasi kadardir.
Deniz’in 60 TL parast olduguna gore, Giilcan’in ka¢ TL parasi vardir?’’
ifadesine uygun bir denklem yazimiz.” problemini ¢6zmek icin asagidaki
yOnergelerde istenilenleri yapalim:

Yonergeler Cozliim ZCA
Giilcan’in parasn@ ,).( diyelim. Bilgileri
Bu durumda Deniz’in parasini 4x+4 .
L . diizenle
veren cebirsel ifadeyi yazalim
Deniz’in parasit 60 TL olduguna
gore ceblrse.l 1%1F1§ ile l?emz in Axt4=60 Farkli temsil
parasinin esitligini cebirsel kullan
olarak gosterelim.
Degisimi
Denklemi olusturmak icin ne Deg1skf3n tat‘nmlad.lk, C.eb1rse} 1fadej ygzdlk. tanimla
atiFmIZa tartisiniz Bu cebirsel ifadenin esit oldugu degeri /Kural1
yaphs Sz, yazdik ve denklemi olusturduk. Ongor
Gergek hayat durumlarina uygun bir
denklem yazilirken
1.Adim. Once bilinmeyenin yerine bir harf
belirlenir.
Gergek hayat durumlarina eremt - .
A . 2.Adim. Ifadede bilinmeyenin; .. .
uygun birinci dereceden bir : Orneklerin
- . - Fazlasi deniyorsa toplama, L
bilinmeyenli denklem kurmak e . Otesinde
.. . . - Eksigi deniyorsa ¢ikarma,
icin hangi adimlar1 takip genelleme

etmeliyiz? - Kati deniyorsa ¢arpma,

- Orani veya boliimii deniyorsa bolme
islemi yaplir.

3.Adim. Denklem yani bilinmeyen igeren
esitlik elde edilir.
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Bu etkinliklerde, terazideki denge durumunu "Esitlik" yani
iliskilendirerek matematiksel yapilar1 gerek¢celendirmeyi igerir.

semboliiyle

Diizenle ve iliski Ara Asamasi: Dijital bir terazi simiilasyonunda, sol kefede
bir mavi kutu (x), sag kefede ise 5 kg'lik bir agirlik dengededir. Teraziye her iki
tarafa ayni agirliklar eklendiginde (Orn: her iki tarafa 5 kg eklenmesi veya her iki
tarafin 3 katina ¢ikarilmasi) dengenin bozulmadigi, farkli islemler yapildiginda
ise dengenin bozuldugu durumlar listelenerek bilgiler diizenlenir.

Olustur Asamasi: Ogrenciler bu denemelerden yola ¢ikarak "hem esitligin her
iki tarafina aynm1 sayinin eklenmesi veya c¢ikarilmasi hem de esitligin her iki
tarafinin ayni sayiyla carpilmasi veya boliinmesi durumunda esitlik korunur"
(Kieran, 2018; Tamish & Kose, 2020) genellemesine ulasir. Bu kurali
olusturduktan sonra, gercek hayat durumlarina tasirlar: "Deniz'in parasi,
Giilcan'in parasmin 4 katinin 4 fazlasidir. Deniz'in 60 TL'si olduguna gore
Giilcan'm parasin1 veren esitligi yazimz." Ogrenci sézel durumu 4x+4=60
seklinde yapilandirarak denklemi kurar ve dogrular.

Matematiksel Gorev Doniisiimleri

Erken cebir 6gretiminde, ders kitaplarinda yer alan standart ve diisiik biligsel
talebe sahip islemsel gorevlerin, 6grencilerin cebirsel diisiinme becerilerini ve
matematiksel zihin aligkanliklarini gelistirecek nitelikte yeniden yapilandiriimasi
mimkiindiir. Alan yazininda, matematiksel gorevlerin bilissel talebinin yalnizca
gorevin kendisine degil, 6gretmenin gorevi nasil diizenledigine, sunduguna ve
siif icinde nasil yonettigine bagh oldugu vurgulanmaktadir (Smith & Stein,
1998; Stein et al., 2000). Erken cebir yaklagimi da 6gretmenlerin rutin hesaplama
etkinliklerini; Orlintiileri fark etme, genelleme yapma, matematiksel iliskileri
aciklama, degiskenleri anlamlandirma, esitlik kavramini iligki temelli ele alma ve
matematiksel muhakemeyi destekleme firsatlarina doniistiirebileceklerini ortaya
koymaktadir (Kaput, 2008; Blanton & Kaput, 2011; Kieran, 2007). Bu dogrultuda
gorev doniigiimii; islemsel sorularin 6grencileri neden-sonug iliskileri kurmaya
yonlendirecek sekilde yeniden diizenlenmesi, birden fazla ¢6ziim yoluna olanak
taninmasi, 6grencilerden ¢ozlimlerini gerekcelendirmelerinin istenmesi, Oriinti
ve fonksiyonel iligkiler {izerinden genelleme yapmalariin tesvik edilmesi, ¢oklu
temsil bigimlerinin kullanilmasi, a¢ik uclu sorulara yer verilmesi ve siif igi
matematiksel tartismalarin desteklenmesi gibi stratejilerle gerceklestirilebilir
(Stein et al., 2000; Smith & Stein, 2011). Bu tiir gérevler, 6grencilerin yalnizca
dogru sonuca ulagmalarim1 degil; matematiksel iliskileri kesfetmelerini,
genellemeler olusturmalarint ve cebirsel diisiinmenin temelini olusturan
matematiksel zihin aligkanliklarmi gelistirmelerini desteklemektedir (Kaput,
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2008; Blanton & Kaput, 2011). Tablo 2’de diisiik biligsel talep i¢eren gorevlerin
yiiksek biligsel talep igeren gorevlere doniisiim 6rnekleri verilmistir:

Tablo 2.

Diisiik biligsel talep iceren gorevlerin yiiksek bilissel talep iceren gorevlere

doniisiim ornekleri

Diigiik biligsel talep iceren gorev

Yiiksek biligsel talep igeren gorev

Bilinen kurali kullanma: Kisa kenar1 5 cm,
uzun kenart 10 cm olan dikdortgenin alan
formiiliinii kullanarak alanini hesaplayiniz.

Kural kesfi ve dogrulama: Cevresi 30 cm olan
farkli  dikdortgenler  olusturunuz.  Bu
dikdortgenlerin kenar uzunluklan ile alanlari
arasidaki iliskiyi diizenleyerek alani en biiyiik
olan dikdortgenin yapisina dair genel bir kural
olusturup gerekgelendiriniz

Yontemsel akil yiriitme: 4x - 8 = 6 + 2x
denklemini ¢dziliniiz.

Yapma-tersini yapma ve Farkli temsil
kullanma: C6ziim kiimesi x = 7 olan iki farkli
dogrusal denklem sistemi

Olusturdugunuz

olusturunuz.
denklemlerin  katsayilari
arasindaki sistemin
yapisini

aciklayiniz.

iligkileri
grafiksel

diizenleyerek

ve cebirsel temsillerle

Hesaplama: 3, 7, 11, 15, ... seklinde devam
eden say1 Oriintiiniin 8.terimini bulunuz.

Yapisal iliskileri inceleme ve kural kesfi: Bir
Oriintiiniin 4. adim 15, 7. adim1 27 olarak
veriliyor. Bu Oriintiiniin  biiylime iliskisini
gosteren geometrik bir model tasarlaymiz.
Tasarladiginiz  modelden  yola  ¢ikarak
Orlintiiniin herhangi bir adim1 ile o adimdaki
eleman sayisi arasindaki zemin iliskisini
aciklaymiz. Olusturdugunuz genel kuralin
neden her adim i¢in gecerli oldugunu mantiksal
olarak gerekgelendiriniz.

Hesaplama: Genel terimi 3n—1 olan say1
orlintiisiiniin ilk 4 adimin1 yaziniz.

fark
Genel terimi 3n-1

Degismeyen  Ozellikleri etme ve
hesaplamadan soyutlama:
olan orlintiiniin adimlar arasindaki biiylime
hizint  degistirmeden, sadece baglangig
miktarin1  degistirerek  yeni  bir  Oriintii
olusturunuz. ki 100.
arasindaki farki hesaplamadan, kurallarin
yapisindaki degisim {izerinden bu farki tahmin

ediniz ve diisiinme siirecinizi agiklaymniz.

Oriintliniin adimlari
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Sonu¢

Matematiksel zihin aligkanliklari, miifredat kazanimlar1 goérev yapilarina
birlikte islenmelidir. Bu biitiinliik, 6grencilerin islemsel bilgi ile kavramsal
anlamayi bir arada gelistirmesini saglar (Kaput, 2008).Erken cebir yaklagiminda
siireg sadece dogru sonuca ulasmaktan ibaret degildir. Ogrencilerin matematiksel
iligkileri fark etmesi, genellemeler yapmasi ve degismez ozellikleri belirlemesi
onceliklidir. Farkli temsil bigimleri arasinda bag kurmak ve diislinceleri
gerekcelerle savunmak bu siirecin zeminini olusturur (Blanton & Kaput, 2003;
Kieran, 2007). Bu dogrultuda 6gretmen hazir bilgiyi aktaran kisi konumundan
uzaklasir. Ogretmenin rolii, cebirsel diisiinmeyi ortaya ¢ikaracak ortamlari
tasarlamak ve 6grencilere rehberlik etmektir.

Gorevlerin biligsel talebini artirmak sadece sorularin seklini degistirmek
anlamina gelmez. Ogrencilerin yapilar1 incelemesi, iliskileri kesfetmesi ve farkli
¢Oziimleri karsilastirmasi hedeflenir. Genellemeleri test etmek ve sonuglari
mantiksal gerekcelerle savunmak kalici 6grenme deneyimleri yaratir. Yiiksek
biligsel talebe sahip gorevlerin smiftaki basarisi dogrudan &gretmenin
uygulamalarma baghdir (Stein et al., 2000; Smith & Stein, 2011). Ogretmenin
sorular1 yonlendirme bi¢imi, diisiinceleri goriiniir kilmas1 ve tartigma yonetimi bu
basariy1 belirler. Siire¢ boyunca goérevin niteligini korumak temel bir adimdir. Bu
rehberdeki doniisiim ornekleri, ders kitaplarindaki rutin etkinlikleri zengin
Ogrenme firsatlarina doniistiirmek i¢in pratik bir yol haritasi sunar. Gorevler zihin
aliskanliklar1 ekseninde yeniden yapilandirildiginda, dgrenciler sadece islem
yapan kisiler olmaktan ¢ikar. Matematiksel iligkileri arastiran, varsayimlar kurup
test eden ve diigiincesini gerekgelendiren aktif bireylere doniisiirler. Tasarlanan
gorevler, miifredat kazanimlarimi gergeklestiren siradan araglar degildir. Bu
gorevler, erken cebirsel diigsiinmenin ve {ist diizey muhakemenin sistemli sekilde
gelistigi birer 6grenme zeminidir (Kaput, 2008; Blanton & Kaput, 2011; Kieran,
2007; Stein et al., 2000).

Ogretmenlerin gorevleri analiz etmesi ve cebirsel potansiyeli degerlendirmesi
ogretim kalitesini ve akademik basariyr dogrudan artirir (Tosun vd., 2026).
Gerekli durumlarda uygun stratejilerle doniisiim yapmak degerli bir mesleki
beceridir. Bu yaklasim, dgrencilerin ileride ihtiya¢ duyacagi problem ¢dzme,
modelleme ve akil yiiriitme becerilerine giiglii bir bag olusturur.

92



KAYNAKLAR
Blanton, M. L. & Kaput, J. J. (2003). Developing elementary teachers' algebra
eves and ears. Teaching Children Mathematics, 10(2), 70-77.
https://doi.org/10.5951/TCM.10.2.0070
Blanton, M. L. & Kaput, J. J. (2011). Functional thinking as a route into algebra
in the elementary grades. In J. Cai & E. Knuth (Eds.), Early algebraization:

A global dialogue from multiple perspectives (pp. 5-23). Springer.
https://doi.org/10.1007/978-3-642-17735-4 2

Bozkurt, A., Ozmantar, M. F. & Simsekler Dizman, T. H. (2025). Utilization of
algebraic habits of mind according to types of algebraic demands. The
Eurasia Proceedings of Educational and Social Sciences, 47, 231-237.
https://doi.org/10.55549/epess.996

Chimoni, M., Pitta-Pantazi, D. & Christou, C. (2018). Examining early algebraic
thinking: Insights from empirical data. Educational Studies in
Mathematics, 98(1), 57-76. https://doi.org/10.1007/s10649-018-9803-x

Cuoco, A. A., Goldenberg, E. P. & Mark, J. (1996). Habits of mind: An
organizing principle for mathematics curricula. Journal of Mathematical
Behavior, 15(4), 375-402. https://doi.org/10.1016/S0732-3123(96)90023-
1

Driscoll, M. (1999). Fostering algebraic thinking: A guide for teachers, Grades
6—10. Heinemann.

Driscoll, M. & Moyer, J. C. (2001). Using students' work as a lens on algebraic
thinking. Mathematics Teaching in the Middle School, 6(5), 282-287.

Hart, K. M., Brown, M. L., Kerslake, D., Kiichemann, D. E., Ruddock, G. &
McCartney, M. (1998). Children's understanding of mathematics: 11-16.
John Murray.

Kaput, J. J. (1999). Teaching and learning a new algebra with understanding. In
E. Fennema & T. A. Romberg (Eds.), Mathematics classrooms that
promote understanding (pp. 133—155). Lawrence Erlbaum Associates.

Kaput, J. J. (2008). What is algebra? What is algebraic reasoning? In J. J. Kaput,
D. W. Carraher, & M. L. Blanton (Eds.), Algebra in the early grades (pp.
5-17). Lawrence Erlbaum Associates.

Kieran, C. (2007). Learning and teaching algebra at the middle school through
college levels: Building meaning for symbols and their manipulation. In F.
K. Lester Jr. (Ed.), Second handbook of research on mathematics teaching
and learning (pp. 707-762). Information Age Publishing.

Kieran, C. (2018). The learning and teaching of algebra: Ildeas, insights and
activities. Routledge.

93


https://doi.org/10.5951/TCM.10.2.0070
https://doi.org/10.1007/978-3-642-17735-4_2
https://doi.org/10.55549/epess.996
https://doi.org/10.1007/s10649-018-9803-x
https://doi.org/10.1016/S0732-3123(96)90023-1
https://doi.org/10.1016/S0732-3123(96)90023-1

Lew, H. C. (2004). Developing algebraic thinking in early grades: Case study of
Korean elementary school mathematics. The Mathematics Educator, 8(1),
88-106.

Smith, M. S. & Stein, M. K. (1998). Selecting and creating mathematical tasks:
From research to practice. Mathematics Teaching in the Middle School,
3(5), 344-350.

Smith, M. S. & Stein, M. K. (2011). 5 practices for orchestrating productive
mathematics discussions. National Council of Teachers of Mathematics.

Stein, M. K., Smith, M. S., Henningsen, M. A. & Silver, E. A. (2000).
Implementing standards-based mathematics instruction: A casebook for
professional development. Teachers College Press.

Tanigh, D. & Kose, N. Y. (2020). Ortaokul 6grencilerinin aritmetikten cebire
gecis siirecindeki cebirsel diisiinme becerilerinin incelenmesi. Ege Egitim
Dergisi, 21(1), 45-63. https://doi.org/10.37217/egeegtm.573934

Tosun, S., Bozkurt, A. & Ozmantar, M. F. (2026). The effect of professional
development-supported instructional practices on students' algebra

achievement. [International e-Journal of Educational Studies, 10,
€2026208. https://doi.org/10.31458/iejes. 1810576

94


https://doi.org/10.37217/egeegtm.573934
https://doi.org/10.31458/iejes.1810576


  ( =   − 2  


  ( =   − 2  


  5 + ( − 5 =   3 − 5  


  5   ç 𝚤 k a r


  5 + ( =   3  


  (


  3   +   2 + ( =   3   −   ( + (


  𝟑   +   𝟐   =   𝟑   −   (


  𝟑   +   𝟓   =  (  𝟐


  ∙


  𝟒   +   𝟐   =   ( ∙ 𝟑


  𝟕   +   𝟐   =   ( − 𝟑


    x − 11 3 = 23


    y   =    x 2   +   8  


    y   =  x 2   +   8  


      M  t    M ∞ = 4    (   D t  𝜋   d 2 )  1 / 2


  t → ∞


    M ∞


    M  t


      M  t    M ∞ = 1 −  8    𝜋 2   ∑  n = 0 ∞   1    ( 2 n + 1 ) 2   e  −     ( 2 n + 1 ) 2   𝜋 2  4   d 2 D t


  V


  M


  M =   ∫ V  C  dV


  D


  d


  t


  t = 0


  C


    C  o


    C ( x , t )    C  o =   x  d +  2  𝜋   ∑  n = 1 ∞   1  n s i n ⁡  (   n 𝜋 x  d )   e  − D   n 2   𝜋 2 t /   d 2


  d


  0 < x   < d


  D


  −   d C ( x , t )  d t = D     d 2 C ( x , t )  d   x 2


    d J  d x = − D     d 2 C ( x , t )  d   x 2


  d


  D


  t


  C  ( x , t )


    d C  ( x , t )  d t = −   d J  d x  


  x


  C


  D


  J


  J = − D   ∂ C ( x , t )  ∂ x


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  𝛾  ( W  ( G ) ) = 1 .


  𝛾  ( W  ( G ) ) ≥ 1 .


  𝛾 ( W ( G ) ≤ 1


  W ( G )


  D = { c }


  c


  V ( W  ( G ) ) \  { c }


  G


    c


  W ( G )


  c


  𝛾  ( W  ( G ) ) = 1 .


  G


  W ( G )


  G = 𝛤  (   S  M )


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  𝜒  ( W  ( G ) ) =  ⌈   n 2 ⌉ + 1 .


  𝜒  ( W  ( G ) ) ≤  ⌈   n 2 ⌉ + 1 ,


  𝜒  ( W  ( G ) ) ≥  ⌈   n 2 ⌉ + 1


  𝜒  ( W  ( G ) ) ≤  ⌈   n 2 ⌉ + 1 .


  f


  f  (   x  j ) > 1


  f  (   x  i ) = 1


  i + j > n .


    x  j ∈ A


  1 ≤ i ≤  ⌊   n 2 ⌋


    x  i


  i + j ≤ n


  1 ≤ i , j ≤  ⌊   n 2 ⌋


    x  j


    x  i


  c


   ⌈   n 2 ⌉ + 1


  f  (   x  i ) = 1


  1 ≤ i ≤  ⌊   n 2 ⌋


    x  i


  0 ≤ k <  ⌈   n 2 ⌉


  f  (   x  n − k ) = k + 1


  A =  {   x   ⌊   n 2 ⌋ + 1 , ⋯ ,     x  n }


  f  ( c ) =  ⌈   n 2 ⌉ + 1


  f : V ( W  ( G ) ) →  { 1 ,   2 ,   ⋯ ,    ⌈   n 2 ⌉ + 1 }


   ⌈   n 2 ⌉ + 1


  A ∪  { c }


   ⌈   n 2 ⌉ + 1


  c


  A


  G


  c


  W ( G )


  c


  A


  1 ,   2 , ⋯ ,    ⌈   n 2 ⌉  


   ⌈   n 2 ⌉


  A =  {   x   ⌊   n 2 ⌋ + 1 ,     x   ⌊   n 2 ⌋ + 2 ,   ⋯ ,   x  n   }


  𝜒  ( W  ( G ) ) ≥  ⌈   n 2 ⌉ + 1


  ᴡ ( W  ( G ) ) =  ⌈   n 2 ⌉ + 1 .


  𝜒  ( W  ( G ) ) =  ⌈   n 2 ⌉ + 1


  G


  W ( G )


  G = 𝛤  (   S  M )


  ᴡ ( W  ( G ) ) =  ⌈   n 2 ⌉ + 1 .


   ⌈   n 2 ⌉ + 1


  W ( G )


  ᴡ  ( G ) =  ⌈   n 2 ⌉ ,


  c


  G


  W ( G )


  ᴡ ( W  ( G ) ) ≥  ⌈   n 2 ⌉ + 1


   ⌈   n 2 ⌉ + 1


  W ( G )


  A ∪  { c }


  G


  c


  c


  W ( G )


  ᴡ  ( G ) =  ⌈   n 2 ⌉


   | A | = n −  ⌊   n 2 ⌋ =  ⌈   n 2 ⌉


  A


  G


  A


  G


    x  j


    x  i


  i + j > n ,


  i , j >   n 2


    x  i ,     x  j ∈ A ,


  A =  {   x   ⌊   n 2 ⌋ + 1 ,   x   ⌊   n 2 ⌋ + 2 ,   ⋯ ,     x  n     }


  ᴡ ( W  ( 𝛤  (   S  M ) ) =  ⌈   n 2 ⌉ + 1


  G


  W ( G )


  G = 𝛤  (   S  M )


  g i r t h  ( W  ( G ) ) = 3 .


  g i r t h ( W  ( G ) ) ≥ 3 .


  g i r t h ( W  ( G ) ) ≤ 3 .


  c −   x  n −   x  n − 1 − c .


  c ,     x  n ,   x  n − 1


  c   x  n − 1 ∈ E ( W  ( G ) )


    c x  n ∈ E ( W  ( G ) )


    x  n   x  n − 1 ∈ E ( G )


  G


    x  n − 1


    x  n


  G


  c


  W ( G )


  c


  g i r t h  ( W  ( G ) ) = 3


  G


  W ( G )


  G = 𝛤  (   S  M )


  W ( 𝛤  (   S  M )


  d i a m ( W  ( 𝛤  (   S  M ) ) = 2


  d i a m ( W ( 𝛤  (   S  M ) ) ≥ 2 .


  d i a m ( W ( 𝛤  (   S  M ) ) ≤ 2


  d i a m ( W ( 𝛤  (   S  M ) ) ≥ 2 .


  d  ( u , v ) = 2 .


  u − c − v


  d ( u , v ) ≠ 1


  u , v ∈ V ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


  d i a m ( W ( 𝛤  (   S  M ) ) ≤ 2 .


  W ( 𝛤  (   S  M ) )


  d ( u , v ) ≤ 2


  u − c − v


  v ,


  u


  c


  v


  u


  d  ( u , v ) = 1 .


  W ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


  v


  u  


  u , v ∈ V ( 𝛤  (   S  M ) )


  d  ( u , v ) = 1 .


  u = c


  c


  𝛤  (   S  M )


  c


  W  ( 𝛤  (   S  M ) )


  u , v ∈ V ( W  ( 𝛤  (   S  M ) ) )


  d i a m W  ( 𝛤  (   S  M ) ) = 2 .


  𝛤  (   S  M )


  W ( 𝛤  (   S  M )


  r a d ( W ( G ) ) = 1


  r a d ( W ( G ) ≥ 1 .


  1


  rad  ( W  ( G ) ) =    min  v ∈ V  ( W  ( G ) ) ⁡  e  ( v ) ≤ e  ( c ) = 1 .


  e  ( c ) = 1


  v ∈ V ( W  ( G ) ) \ { c }


  d  ( c , v ) = 1


  G


  c


  W ( G )


  c


  r a d  ( W  ( G ) ) = 1


  G


  W ( G )


  G = 𝛤  (   S  M )


  c


  W ( 𝛤  (   S  M )


  2


  𝛤  (   S  M )


    3


    W  n


  2


  n


  𝛿  ( W  ( G ) ) = 2 .  


  𝛿  ( W  ( G ) ) ≥ 2


  𝛿  ( W  ( G ) ) ≤ 2


  𝛿  ( W  ( G ) ) ≥ 2 .


  2


  W ( G )


  n


  c


    d  W  ( G )  (   x  i ) =   d  G  (   x  i ) + 1 ≥ 2


    d  G (   x  i ) ≥ 1


    x  i ∈ V ( G )


  𝛿  ( W  ( G ) ) ≤ 2


    d  W  ( G )  ( x ) =   d  G  ( x ) + 1 = 1 + 1 = 2


  x


  𝛿  ( G ) =   d  G  ( x ) = 1 .


  x


  G


    d  W  ( G )  (   x  i ) =   d  G  (   x  i ) + 1 .


    x  i ∈ V ( G )


    d  W  ( G )  ( c ) = n


  W  ( G )


  c


  𝛿  ( W  ( G ) ) = 2


  G


  W ( G )


  G = 𝛤  (   S  M )


  ∆  ( W  ( G ) ) = n


  n


  W  ( G )


    d  W  ( G )  ( v ) =   d  G  ( v ) + 1 ≤ n − 1 .


    d  G  ( v ) ≤ n − 2


  v ∈ V ( G )


    d  W  ( G )  (   x  n ) =   d  G  (   x  n ) + 1 =  ( n − 1 ) + 1 = n .


  G


  W  ( G )


    d  G  (   x  n ) = n − 1


  G


    x  n


  d  ( c ) =  | V ( G ) | = n


  G


  c


  W  ( G )


  c


  ∆  ( W  ( G ) ) = n


  G


  W ( G )


  G = 𝛤  (   S  M )


  W  ( 𝛤  (   S  M ) )


  i + j > n


    x  n


  𝛤  (   S  M )


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  n = 6


  𝛤  (   S  M )


   | V  (  ( W  ( 𝛤  (   S  M ) ) ) ) | = 7


  𝛤  (   S  M )


  c


  W  ( 𝛤  (   S  M ) )


  c


  𝛤  (   S  M )


    S  M =  { 0 , x ,   x 2 ,   x 3 ,   x 4 ,   x 5 ,   x 6 }


  𝛤  (   S  M )


  W  ( 𝛤  (   S  M ) )


    d  W  ( G )  ( v ) =   d  𝛤  ( v ) + 1


  v   𝜖   V  ( 𝛤  (   S  M ) )


  d  ( c ) = n


   | E  (  ( W  ( 𝛤  (   S  M ) ) ) ) | =  | E  ( 𝛤  (   S  M ) ) | + n


  n


  𝛤  (   S  M )


   | V  (  ( W  ( 𝛤  (   S  M ) ) ) ) | = n + 1 .


  𝛤  (   S  M )


  W  ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


  c


  W  ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


  W ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


  c


  W ( 𝛤  (   S  M ) )


  c


  E  ( W  ( 𝛤  (   S  M ) ) ) = E  ( 𝛤  (   S  M ) ) ∪  {  c   x  i |  1 ≤ i ≤ n }


  V  ( W  ( 𝛤  (   S  M ) ) ) = V ( 𝛤  (   S  M ) ) ∪  { c }


  𝛤  (   S  M )


  c


  c


  W ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


  V  ( 𝛤  (   S  M ) ) =  { x ,   x 2 , ⋯ ,   x  n }


  𝛤  (   S  M )


  " + "


    W  n =   K 1 +   C  n


    C  n


    W  n


  𝛤  (   S  M )


  i + j > n


    x  j


    x  i


  V  ( 𝛤  (   S  M ) ) =  { x ,   x 2 , ⋯ ,   x  n }


  𝛤  (   S  M )


    S  M =  { 0 , x ,   x 2 , ⋯ ,   x  n }  


  W ( 𝛤  (   S  M ) )


  W ( 𝛤  (   S  M ) )


  W ( 𝛤  (   S  M ) )


  i + j > n


  1 ≤ i , j ≤   n


    x  j


    x  i


    S  M


  𝛤  (   S  M )


  𝛤  (   S  M )


    S  M =  { 0 , x ,   x 2 ,   x 3 , … ,   x  n }


  d ( u , v )


  v


  u


  u v


  v


  u


  d  ( v )


  v ∈ V  ( G )


  E  ( G ) =  {   e 1 ,   e 2 , … ,   e  m }


  V  ( G ) =  {   v 1 ,   v 2 , … ,   v  n }


  G = ( V , E )


  𝛤  (   S  M )


  c


  v


  C  ( x , t )


  𝟑   +   𝟓   =  (  𝟐


  𝛤  (   S  M )


  n = 6


  W  ( 𝛤  (   S  M ) )


    x  n


  i + j > n


  W  ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


  W  ( 𝛤  (   S  M ) )


  G = 𝛤  (   S  M )


  W ( G )


  u v


  t


  𝟑   +   𝟐   =   𝟑   −   (


  G


  ∆  ( W  ( G ) ) = n


  c


  W  ( G )


  c


  G


  d  ( c ) =  | V ( G ) | = n


    x  n


  G


    d  G  (   x  n ) = n − 1


  u


  D


  3   +   2 + ( =   3   −   ( + (


  W  ( G )


  G


    d  W  ( G )  (   x  n ) =   d  G  (   x  n ) + 1 =  ( n − 1 ) + 1 = n .


  v ∈ V ( G )


    d  G  ( v ) ≤ n − 2


    d  W  ( G )  ( v ) =   d  G  ( v ) + 1 ≤ n − 1 .


  W  ( G )


  n


  ∆  ( W  ( G ) ) = n


  G = 𝛤  (   S  M )


  c


  v ∈ V  ( G )


  C


  𝟕   +   𝟐   =   ( − 𝟑


  𝛤  (   S  M )


  V  ( W  ( 𝛤  (   S  M ) ) ) = V ( 𝛤  (   S  M ) ) ∪  { c }


  E  ( W  ( 𝛤  (   S  M ) ) ) = E  ( 𝛤  (   S  M ) ) ∪  {  c   x  i |  1 ≤ i ≤ n }


  c


  W ( 𝛤  (   S  M ) )


  c


  𝛤  (   S  M )


  W ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


  W  ( 𝛤  (   S  M ) )


  d  ( v )


  x


  𝟒   +   𝟐   =   ( ∙ 𝟑


  c


  𝛤  (   S  M )


  W  ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


   | V  (  ( W  ( 𝛤  (   S  M ) ) ) ) | = n + 1 .


  𝛤  (   S  M )


  n


   | E  (  ( W  ( 𝛤  (   S  M ) ) ) ) | =  | E  ( 𝛤  (   S  M ) ) | + n


  d  ( c ) = n


  v   𝜖   V  ( 𝛤  (   S  M ) )


  u


    d C  ( x , t )  d t = −   d J  d x  


  ∙


    d  W  ( G )  ( v ) =   d  𝛤  ( v ) + 1


  W  ( 𝛤  (   S  M ) )


  𝛤  (   S  M )


    S  M =  { 0 , x ,   x 2 ,   x 3 ,   x 4 ,   x 5 ,   x 6 }


  W  ( 𝛤  (   S  M ) )


  c


  𝛤  (   S  M )


   | V  (  ( W  ( 𝛤  (   S  M ) ) ) ) | = 7


  f


  𝜒  ( W  ( G ) ) ≤  ⌈   n 2 ⌉ + 1 .


  𝜒  ( W  ( G ) ) ≥  ⌈   n 2 ⌉ + 1


  𝜒  ( W  ( G ) ) ≤  ⌈   n 2 ⌉ + 1 ,


  𝜒  ( W  ( G ) ) =  ⌈   n 2 ⌉ + 1 .


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  G = 𝛤  (   S  M )


  i + j > n


    M ∞


  W ( G )


  G


  𝛾  ( W  ( G ) ) = 1 .


  c


  W ( G )


    c


  G


  V ( W  ( G ) ) \  { c }


  c


  D = { c }


  𝛤  (   S  M )


  t → ∞


  W ( G )


  𝛾 ( W ( G ) ≤ 1


  𝛾  ( W  ( G ) ) ≥ 1 .


  𝛾  ( W  ( G ) ) = 1 .


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  W  ( 𝛤  (   S  M ) )


  E  ( G ) =  {   e 1 ,   e 2 , … ,   e  m }


  D


    x − 11 3 = 23


    W  n


      M  t    M ∞ = 4    (   D t  𝜋   d 2 )  1 / 2


    C  n


    W  n =   K 1 +   C  n


  " + "


  𝛤  (   S  M )


  V  ( 𝛤  (   S  M ) ) =  { x ,   x 2 , ⋯ ,   x  n }


  𝛤  (   S  M )


  W ( 𝛤  (   S  M ) )


  c


  c


  W ( G )


  c


  G


  A


  c


   ⌈   n 2 ⌉ + 1


  V  ( 𝛤  (   S  M ) ) =  { x ,   x 2 , ⋯ ,   x  n }


  V


  A ∪  { c }


   ⌈   n 2 ⌉ + 1


  f : V ( W  ( G ) ) →  { 1 ,   2 ,   ⋯ ,    ⌈   n 2 ⌉ + 1 }


  f  ( c ) =  ⌈   n 2 ⌉ + 1


  A =  {   x   ⌊   n 2 ⌋ + 1 , ⋯ ,     x  n }


  f  (   x  n − k ) = k + 1


  0 ≤ k <  ⌈   n 2 ⌉


    x  i


  1 ≤ i ≤  ⌊   n 2 ⌋


  f  (   x  i ) = 1


    x  i


      M  t    M ∞ = 1 −  8    𝜋 2   ∑  n = 0 ∞   1    ( 2 n + 1 ) 2   e  −     ( 2 n + 1 ) 2   𝜋 2  4   d 2 D t


   ⌈   n 2 ⌉ + 1


  c


    x  i


    x  j


  1 ≤ i , j ≤  ⌊   n 2 ⌋


  i + j ≤ n


    x  i


  1 ≤ i ≤  ⌊   n 2 ⌋


    x  j ∈ A


  i + j > n .


    x  j


    M  t


  f  (   x  i ) = 1


  f  (   x  j ) > 1


  G


  A


   | A | = n −  ⌊   n 2 ⌋ =  ⌈   n 2 ⌉


  ᴡ  ( G ) =  ⌈   n 2 ⌉


  W ( G )


  c


  W ( 𝛤  (   S  M ) )


  D


  c


  G


  A ∪  { c }


  W ( G )


   ⌈   n 2 ⌉ + 1


  ᴡ ( W  ( G ) ) ≥  ⌈   n 2 ⌉ + 1


  W ( G )


  G


  c


  ᴡ  ( G ) =  ⌈   n 2 ⌉ ,


    S  M =  { 0 , x ,   x 2 , ⋯ ,   x  n }  


  M =   ∫ V  C  dV


  W ( G )


   ⌈   n 2 ⌉ + 1


  ᴡ ( W  ( G ) ) =  ⌈   n 2 ⌉ + 1 .


  G = 𝛤  (   S  M )


  W ( G )


  G


  𝜒  ( W  ( G ) ) =  ⌈   n 2 ⌉ + 1


  ᴡ ( W  ( G ) ) =  ⌈   n 2 ⌉ + 1 .


  𝜒  ( W  ( G ) ) ≥  ⌈   n 2 ⌉ + 1


  A =  {   x   ⌊   n 2 ⌋ + 1 ,     x   ⌊   n 2 ⌋ + 2 ,   ⋯ ,   x  n   }


  𝛤  (   S  M )


  M


   ⌈   n 2 ⌉


  1 ,   2 , ⋯ ,    ⌈   n 2 ⌉  


  A


  g i r t h  ( W  ( G ) ) = 3


  c


  W ( G )


  c


  i + j > n


  t = 0


  G


    x  n


    x  n − 1


  G


    x  n   x  n − 1 ∈ E ( G )


    c x  n ∈ E ( W  ( G ) )


  c   x  n − 1 ∈ E ( W  ( G ) )


  c ,     x  n ,   x  n − 1


  c −   x  n −   x  n − 1 − c .


  g i r t h ( W  ( G ) ) ≤ 3 .


  V  ( G ) =  {   v 1 ,   v 2 , … ,   v  n }


  J


    y   =  x 2   +   8  


  W ( 𝛤  (   S  M ) )


  t


  g i r t h ( W  ( G ) ) ≥ 3 .


  g i r t h  ( W  ( G ) ) = 3 .


  G = 𝛤  (   S  M )


  W ( G )


  G


  ᴡ ( W  ( 𝛤  (   S  M ) ) =  ⌈   n 2 ⌉ + 1


  A =  {   x   ⌊   n 2 ⌋ + 1 ,   x   ⌊   n 2 ⌋ + 2 ,   ⋯ ,     x  n     }


    x  i ,     x  j ∈ A ,


  i , j >   n 2


  i + j > n ,


  W ( 𝛤  (   S  M ) )


  d


    x  i


    x  j


  G


  A


  d  ( u , v ) = 1 .


  u , v ∈ V ( 𝛤  (   S  M ) )


  u  


    x  i


    C ( x , t )    C  o =   x  d +  2  𝜋   ∑  n = 1 ∞   1  n s i n ⁡  (   n 𝜋 x  d )   e  − D   n 2   𝜋 2 t /   d 2


  v


  𝛤  (   S  M )


  W ( 𝛤  (   S  M ) )


  d  ( u , v ) = 1 .


  u


  v


  c


  u


  v ,


  u − c − v


    x  j


    C  o


  d ( u , v ) ≤ 2


  W ( 𝛤  (   S  M ) )


  d i a m ( W ( 𝛤  (   S  M ) ) ≤ 2 .


  𝛤  (   S  M )


  u , v ∈ V ( 𝛤  (   S  M ) )


  d ( u , v ) ≠ 1


  u − c − v


  d  ( u , v ) = 2 .


  d i a m ( W ( 𝛤  (   S  M ) ) ≥ 2 .


  d i a m ( W ( 𝛤  (   S  M ) ) ≤ 2


  1 ≤ i , j ≤   n


  C


  d i a m ( W ( 𝛤  (   S  M ) ) ≥ 2 .


  d i a m ( W  ( 𝛤  (   S  M ) ) = 2


  W ( 𝛤  (   S  M )


  G = 𝛤  (   S  M )


  W ( G )


  G


    3


  𝛤  (   S  M )


  𝛤  (   S  M )


  D


  5 + ( − 5 =   3 − 5  


  2


  W ( 𝛤  (   S  M )


  c


  G = 𝛤  (   S  M )


  W ( G )


  G


  r a d  ( W  ( G ) ) = 1


  c


  W ( G )


  c


  𝛤  (   S  M )


  0 < x   < d


  ( =   − 2  


  G


  d  ( c , v ) = 1


  v ∈ V ( W  ( G ) ) \ { c }


  e  ( c ) = 1


  rad  ( W  ( G ) ) =    min  v ∈ V  ( W  ( G ) ) ⁡  e  ( v ) ≤ e  ( c ) = 1 .


  1


  r a d ( W ( G ) ≥ 1 .


  r a d ( W ( G ) ) = 1


  W ( 𝛤  (   S  M )


  𝛤  (   S  M )


    S  M


  d


  ( =   − 2  


  d i a m W  ( 𝛤  (   S  M ) ) = 2 .


  u , v ∈ V ( W  ( 𝛤  (   S  M ) ) )


  W  ( 𝛤  (   S  M ) )


  c


  𝛤  (   S  M )


  c


  u = c


  G = ( V , E )


  J = − D   ∂ C ( x , t )  ∂ x


    y   =    x 2   +   8  


  v


  d


  (


  W ( G )


  G


  𝛿  ( W  ( G ) ) = 2


  c


  W  ( G )


    d  W  ( G )  ( c ) = n


    x  i ∈ V ( G )


    d  W  ( G )  (   x  i ) =   d  G  (   x  i ) + 1 .


  G


  x


  d ( u , v )


    d J  d x = − D     d 2 C ( x , t )  d   x 2


  5 + ( =   3  


  𝛿  ( G ) =   d  G  ( x ) = 1 .


  x


    d  W  ( G )  ( x ) =   d  G  ( x ) + 1 = 1 + 1 = 2


  𝛿  ( W  ( G ) ) ≤ 2


    x  i ∈ V ( G )


    d  G (   x  i ) ≥ 1


    d  W  ( G )  (   x  i ) =   d  G  (   x  i ) + 1 ≥ 2


  c


  n


  W ( G )


    S  M =  { 0 , x ,   x 2 ,   x 3 , … ,   x  n }


  −   d C ( x , t )  d t = D     d 2 C ( x , t )  d   x 2


  5   ç 𝚤 k a r


  2


  𝛿  ( W  ( G ) ) ≥ 2 .


  𝛿  ( W  ( G ) ) ≤ 2


  𝛿  ( W  ( G ) ) ≥ 2


  𝛿  ( W  ( G ) ) = 2 .  


  n


  2


    W  n



