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Abstract:

The goal of this contribution is to reveal the analytical framework and
synthesis guidelines for frontal-attacking targets (FRATs) and flank-
attacking targets (FLATs) from the point of view of a graph as a
mathematical object. The final outcome of this study are three graph
models that in many ways describe the shooting targets under
consideration. The first graph model characterizes the structure of
connections between the vertices using an undirected graph. The model
showed that the complexity of silhouettes leads to an increase of the path
in the graph and growth of the complexity of its internal structure. The
second graph model allows the analysis of the connectivity of the graph
vertices. In this case, a bipartite graph is used. As a result, the reviewed
FRATs and FLATs are described by the same graph. The second model
showed its indifference to the types of the used graphic primitives (GPs).
The third graph model was developed for the analysis of the common
borders of the neighboring GPs and it uses a bipartite graph. It is also
indifferent to the types of the used GPs, but it takes into account the length
of the common borders. The third model describes FRATs/FLATs groups
in the same way. When using I-lll models, one can design GPs and carry
out the synthesis of new targets. A full group of flank-attacking targets
consisting of five silhouettes and their GPs is offered.

Key words: shooting target, geometric primitive, graph, adjacency
matrix, Mathcad.

925

Khaikov, V. Analysis and synthesis of silhouettes of frontal - and flank-attacking shooting targets using graphs, pp.525-537



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2019, Vol. 67, Issue 3

Introduction

The availability of various shooting targets in training processes
makes it possible to reproduce necessary combat situations for operators
of military special operations units as well as for radio-operators of
robotized ground combat systems with remote operating control. Since
shooting at selected targets is carried out only after the detection,
classification and aiming stages, the process of developing a
mathematical description of human-like silhouettes is actually a scientific
field.

Despite a diversity of plane shooting targets (PSTs), target design
as a generation of combatants’ silhouettes is not widespread in scientific
literature. A generally accepted point of view is that it is a phenomenon of
human creativity which has a complex formal description.

Graphs are widely used for modeling different processes in physics,
chemistry, engineering, information systems (Bondy & Murty, 1982),
(Kennedy & Quintas, 1988), (Xu, 2003), and for image processing
(Lézoray & Grady, 2012). Military applications also often apply the graph
theory in: military geography and geodesy (Talevski & Temjanovski,
2003), military planning systems (Boukhtouta et al, 2011), (Hocker,
2012), and combat modeling (Tolk, 2012).

Based on the graph theory in (Khaikov, 2019), there is a description
of a geometric similarity between the silhouettes of PSTs used in the
Swiss Confederation (Wikipedia Contributors, 2012) and in the
USSR/Collective Security Treaty Organization (Tarchishnikov, 2011).
However, the considered two groups of PSTs belonged to the same
target type, namely to frontal-attacking silhouettes. This study is a
continuation of the previous paper (Khaikov, 2019). This new contribution
attempts to widen the methods of the graph theory for the analysis of
frontal-attacking shooting targets (FRATs) to flank-attacking shooting
targets (FLATSs). The goal of this work is to determine the principles of
construction, analysis and synthesis of the methods for the FRAT/FLAT
geometry from the point of view of a graph as the prime object of discrete
mathematics. The computer algebra system Mathcad is used for graphic
visualization of these sets of problems.

Description of a single PST and a group of PSTs in
terms of graphs

Depending on the direction of displacement relative to an observer,
an infantryman can move forward/backward and from left to right (or vice
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versa). On the other hand, regardless of the direction of movement, an
observer can see only a head of an infantryman, a head and a chest
together or a full-size figure. If a real human silhouette is replaced by a
set of abstract shapes, then this group of targets must be controled by
some discretely variable parameter. The total area of a human-like
silhouette visible to an observer can be recognized as such. Therefore, if
the direction of an infantryman’s displacement is considered as a
classification criterion, and if an independent observer sees only a certain
part of an infantryman’s silhouette, one can create frontal-attacking and
flank-attacking shooting targets.

In Fig. 1, we consider five Soviet/Russian FRATs and two (outside of
the rectangle) FLATs (Tarchishnikov, 2011). The target geometry will be
useful for deeper understanding and further reasoning.
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Figure 1 — Silhouettes of five FRATSs (top row) and five FLATs (bottom row)
Puc. 1 — Cunyamsl namu ¢ppoHmarnsHo amakyowux (epxHuli psd) u ¢praH2080-
amakyruux nraocKux MuweHel (HuxHul pso)
Cnuka 1 — Cunyeme nem ¢ppoHmarsHux mema 3a 2aljare (2opru ped) u nem 604HUX
mMema 3a 2aljare (0oru ped)
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The dimensions of all silhouettes shown in Fig. 1 are given in
centimeters. Three figures in the bottom row are drawn inside a rectangle
(its perimeter is depicted by a dotted line). It should be mentioned that
these images are missing in (Tarchishnikov, 2011) and that they are the
result of a synthesis process conducted using I-lll graph models,
developed below.

Five FRATs have the following designations (from left to right): the
head target; the head and shoulders target; the upper torso target; the
torso target; and full-sized target. The designations of the two FLATSs are:
the side view of the torso target; the man-sized target (side view). All
FLATs move from right to left. If the movement is carried out from left to
right, the targets of the lower row must be rotated horizontally.

Plane shooting targets consist of geometrical primitives (GPs) which
are plane figures of elementary shapes. In addition, a single GP can be
represented as a polygon. An important feature of GPs is the fact that a
PST is built from them like a mosaic. The area of two contiguous GPs
increases due to the existence of a common border between them.

Each PST from the FRAT group can consist of a maximum of five
GPs (Fig. 2 a). There are «head», «shoulders (left / right)», «bottom of
the chest», «bottom of the torso», and «legs» GPs. The minimum
number of primitives required to generate a target’s shape is one.

Gmml:l).U DAD?-U

Figure 2 — Geometric primitives as constituent elements of PSTs
a) FRATs;, b) FLATs;
Puc. 2 — leomempuydeckue npuMumusbi Kak cocmasnsiroujue 31emMeHmsol
a) ppoHmMarnbHO amakyrouwux MuweHel;  6) ¢prnaHa080-amakyWUX MuweHel;
Cnuka 2 — OcHo8He eeomempujcke ¢hugype Kao KOHCmuUmMymueHU efleMeHmu
a) gppoHmarnHux mema 3a 2aharwe, 6) 604HUX Mema 3a 2ahare

The GPs of the FRAT group are obtained by overlaying a GP shape
with a smaller area on a shape with a larger area. For example, if the
silhouette «the torso target» is placed over the silhouette «full-sized
target», we obtain the GP named «the leg». Further, if the «the upper
torso target» silhouette is put on the «the torso target» silhouette, one
can obtain the GP with the designation «the bottom of the torso», and so
on.

Applying the principle of splitting the silhouette for the FLAT group,
five GPs were obtained (Fig. 2 b). There are side projections for «the
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head», «the chest / the back», «the bottom of the chest», «the bottom of
the torso», and «the leg». The GPs forming the FLAT group do not have
axial symmetry; however, the GPs of the FRAT group are symmetric by
the vertical QY axis. It should be noted that the shapes of the GPs for the
FLATs are more complex than the GPs for the FRATs. In order to
compare them more easily, the GPs for the FRATs and the FLATs
groups have the same numbers (1-5 from left to right) and identical
colors (Fig. 2). The GPs with number 2 for the FRATs and the FLATs
groups consist of two areas (light green color).

The first graph-model

The vertices of the first graph-model (Fig. 3, 4) are geometric
primitives and the edges of the graph are the connecting lines between
the adjacent GPs. The designations «No. I-V» shows the number of the
graph in the group of 6-, 10-, 10-, 12-, 14-vertex graphs.
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Figure 3 — The graphic visualization of the first graph model for five (I-V)
frontal-attacking plane shooting targets
Puc. 3 — Peanu3sauyus nepsol epagh-modesnu 0ns namu (I-V) hpoHmansHo amakyrouux
MJ1I0CKUX CMpeJsikosbix MulieHeu
Cnuka 3 — paghuyku npukas npeoe modena gpacgha 3a nem (I-V) chppoHmanHux
0800UMEH3UOHAalHUX Mema 3a ealja/-be
The graph with No. | is a classical circle graph. The vertices of the
polygon are numbered counterclockwise. The starting vertex is at the
bottom right. The vertices of the graph are not only the vertices of the
external polygon (vertices 1-8 for No.2), but also the points of the sides
formed by the intersections of the vertices which belong to different GPs
(points 9, 10 for No.2).
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Figure 4 — The graphic visualization of the first graph model for five (I-V)
flank-attacking plane shooting targets
Puc. 4 — Peanu3sayus nepeol epag-modenu 0ns namu (I-V) ¢pnaHzo80-amakyowux
MIOCKUX CIMPEeJIKo8bIX MUWeHel
Cnuka 4 — pacbuydku npukas npeoe modena gpacgha 3a nem (I-V) 604HUX
0800uMeH3UOHaIHUX Mema 3a 2ahar-e

The idea of analyzing the graph structure is to isolate the external
contour as a set of interconnected vertices and to transform them into a
circle. Regardless of the size of the target area in a group, the area of the
circle for all graphs is constant (Fig. 3, 4, |-V graphs). Then any
connection between the vertices of the external contour can be
represented as one or more edges inside the circle. The number of such
edges will characterize the complexity of the graph adjacency matrix. The
colors of the areas correspond to the colors of the geometric primitives
which form a group of targets. In Figures 3 and 4, the ratio of the areas
between the geometric primitives that make up the plane shooting targets
is not preserved.

A disappearance of target symmetry is detected when an odd
number of vertices appears in a circle-graph. In Fig. 3, each of the five
circle-graphs has an even number of vertices, i.e. 6, 10, 10, 12, and 14.
By comparing the areas with the same color (Fig. 4), we can notice an
unequal number of vertices in the adjacent areas inside the circle. The
light green areas of the graphs with IlI-V number (Fig. 3) have the same
number of vertices, but by transition to Fig. 4, these ratios change.
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In this way, the undirected circle-graph with a constant area has
provided a study of the internal connections in both silhouettes: a single
PST as well as a group of PSTs.

The second graph-model

Although the second model was already formulated in (Khaikov,
2019), its application here contributes to the FRATs/FLATs comparison.
The second graph-model consists of 10 vertices and 15 edges (Fig. 5).

DDDE.U DAD -W
(3 GR— (1) OO

| ==

&
@ mm

I
Figure 5 — Target design system for the FRATSs (a) and the FLATs (b) groups
Puc. 5 — [lse cucmembl mocmpoeHusi MuweHel: a) ppoHmarnsHO amakyrouux MuweHed;
6) prnaH2080-amakyrWUX MULWEeHel
Cnuka 5 — Cucmem ripojekmosarba Mema 3a epyre ¢oppoHmarnHux (a) u 6o4Hux (6) mema
3a cahame
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Vertices numbered 1-5 are GPs. Numbers 6-10 are the vertices of
the graph characterizing one of the frontal-attacking (or flank-attacking)
targets. The arrows (edges of the graph) show the relationship between
the GPs and the silhouettes. The colors of the graphic primitives (the
vertices of the graph) are identical to the colors in Fig. 2. The two
structures in Fig. 5 represent a target design system (TDS) (Khaikov,
2019). The left TDS (Fig. 5 a) is that of the FRATs group, while the
system on the right (Fig. 5 b) can be used for FLAT group generation. Let
us draw attention to the fact that the structures of the FRAT/FLAT
schemes (Fig. 5 a, b) are the same. The difference is only in the sets of
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the used primitives which are assigned in advance. By rebuilding these
schemes, we obtain a bipartite graph (Fig. 6 a)

G, = (V, E) = (10, 15),

where |V| — number of vertices (or nodes) (graph order);
|E| — number of edges (links, arcs) (graph size).

In a directed bipartite graph (Fig. 6), the edges are classically drawn
as arrows that indicate the direction. The G, graph does not have loops
and multiple edges.
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Figure 6 — The bipartite graph of FRATs/FLATs groups (a) and its adjacency matrix (b)
Puc. 6 — [lsydonbHnili epach (buepagh) ppoHmarbHo / hnaH2080-amakyowux
muweHed (a) u ux mampuua cessu (6)

Cnuka 6 — bunapmuman epagh epyna ¢ppoHmarnHux u 6o4HuUx mema 3a eafjare (a) u
Hezoea Mampuuya rnogesaHocmu (6)

For the bipartite graph G,=(V(G,), E(G;)) and the vertex (x4, Xz, X,
X4, X5) € V(G2), the out-degree of any vertex from the set (x4, X2, X3, X4, X5)
refers to the number of edges-arrows directed away from the selected
vertex. The in-degree of (X, X7, Xs, Xg, X10) € V(G>) refers to the number of
edges-arrows directed towards the vertex from the set (xg, X7, Xg, X9, X10).

Therefore, the out-degree indicates how many times the GPs with
numbers 1-5 in the FRATs/FLATSs groups are used. The in-degree shows
how many GPs are included in the targets with numbers from 6 to 10.
Accordingly, this graph-model is a formal description of the target
construction method from a set of GPs. By using it, one can obtain not
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only the Swiss/Soviet frontal targets (Khaikov, 2019), but also the flank
targets.

On the basis of the two targets shown in Fig. 1 (bottom row) and
their frontal images (top row of Fig. 1), it is possible to develop new
geometric primitives and synthesize a full group of flanking-attacking
targets. Therefore, the field of using the second graph-model has
expanded.

The adjacency matrix (Fig. 6 b) is a clear and unambiguous
description of the graph G,. This same matrix will correspond to both
front-attacking and flank-attacking targets. This matrix has a size of
10x10. The colors of vertices 1-5 correspond to the colors of the
geometric primitives in Fig. 2, and the resulting targets 6-10 are shown in
purple. Since the adjacency matrix is a sparse matrix, the single
elements of the matrix are shown in light brown.

The sparsity of the adjacency matrix (Fig. 7 b) is 85%, and its matrix
density — 15%. All nonzero-valued elements form a special upper
triangular matrix with four diagonals parallel to the main diagonal. The
adjacency matrix is singular.

The graph-model of the second type is indifferent to the type, but not
to the number of the used GPs that make up the target. The model does
not take into account the position of common boundaries in the resulting
target. Thus, the 10x10 matrix is a mathematical description for both the
FRATs and FLATs groups, and the shape of the targets depends on the
forms of the five geometric primitives used to generate them.

The third graph-model

The third graph model (Fig. 7) uses an oriented graph in which the
vertices of the graph are the GPs and edges of the graph - the existence
of common borders between the GPs. Two areas in GP No. 2 (see Fig.
2, light green designation) are considered as a coherent whole.

Two groups of targets, their decomposition to a set of GPs, and the
graphs of FRATs and FLATs are presented in Fig. 7. The arrows in the
forward (and reverse) directions indicate that the common borders
between the GPs can be crossed in the forward and reverse directions.
The designations «No. I-V» show the number of the graph. The colors of
the GPs are identical to those in Fig. 2. Each FRAT/FLAT group includes
5 graphs with the formulas: G3-(I-V) = (V, E): G3-1 = (1, 0); G3-ll = (2, 2);
G3-lll = (3, 6); G3-IV = (4, 8); and G3-V = (5, 10). The graph-model of
building targets for FRATs and FLATSs groups is the same.
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Figure 7 — The implementation of the third graph-model
for five FRATs and five FLATs
Puc. 7 — Peanusayusi mpembel epagh-modesnu 0115 namu ¢ppoHmarbHbIX U Nsgmu
hriaH2080-amaKyrouUX CMpPesikosbix MulieHel
Cnuka 7 — lNpumeHa mpehee modena epagha 3a nem ppoHmasnHux u nem 604HUX Mema
3a cahame
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The indifference (non-sensitivity) of the graph to the type of
geometric primitives confirmed by the use different sets of GPs, but the
same graph-structure. In this case one can generate both a frontal-
attacking targets and a flank-attacking targets. On the left, near each of
the |-V graphs, a FRAT/FLAT silhouette is represented.

Similarly to the model of the second type, the graph-model of the
third type is indifferent to the used GPs, but unlike the previous, it is able
to take into account the features of the common borders between the
GPs (for example, their length).

Conclusions

The basis of an individual description of a target in the form of a
graph is a set of vertices and edges connecting them (I model). Using
additional information about the number of geometric primitives and their
location in the silhouette, one can investigate the complexity of a certain
target.
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The basis of the description of a set of targets is a group of
geometric primitives. They describe the target either formally (Il model)
taking into account only the number of primitives in the target, or with
additional consideration of the common boundaries between them (llI
model).

The combination of the I-lll developed models makes it possible to
describe silhouettes and their groups and to characterize the process of
modifying the shape of the target inside the selected group. Knowledge
of the shape modifying rules allows the synthesis of new targets.
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AHANN3 N CUHTEZ CUITYSTOB ®POHTAJTbHbLIX U ®JTAHTOBO-
ATAKYIOLLNX CTPEJNIKOBbIX MULWEHEWM C NCMNOJIbSOBAHVEM
FPA®OB

Baduwm J1. XalikoB
He3aBMCUMbIN nccnegosarenb, r. KpacHogap, Poccuiickas Pegepaums

PYBPWKW: 78.21.00 BoeHHO-NpyKNagHbIe HayKu;

78.21.47 Bannuctuka. Teopus cTpensbbl
BWO CTATbW: opuruHanbHas Hay4Has ctaTbd
A3bIK CTATBW: aHrnumnckmn

Pe3swome:

Llenbto OaHHOU cmambu S8/1siemcsi packpbimue MnpUHYUNos aHasnusa u
Memodo8 cuHme3a YpoHMarbHbIX U hriaH2080-amaKyrouux MuLueHed,
C mMOYKU 3peHusi epagho8 Kak Mamemamuyeckux UHCIMPYMEHIMOS.
OcHosHbIMu ~ 3a0adamu  uccriedosaHusi  siensilomcsi  pa3pabomka
MameMamu4yecko20 OnucaHusi Ccuiyamos MuweHu. B kadecmee
OKOHYameJsibHOo20 pe3ysibmama bbiiu MpedsioxeHbl mpu epagh-modernu.
lNepsasi epagh-modesib xapakmepusyem cmpykmypy cesseli Mexoy
eepwuHamMu U UCIMosib3yem HeopueHmuposaHHbil 2pagh. Moderb
riokasara, 4mo YCrioXHeHUe Cuslyama MULeHU rpueooum K yeenu4yeHuto
nymu epagha U CIIOXKHOCMU €20 8HympeHHel cmpykmypbl. Bmopas
epagh-modesib Mo380s1em aHau3uposame C853HOCMb 8epwUH epadgpa.
B amom cniydae ucnonb3yemcsi opueHmupoeaHHbIl - gpa. B
pesynbmame 2pynna ¢poHmarkHbiX U ¢hriaH2080-amaKyrouiux
MuweHel orucbigaemcs 00HUM obwum epagom. Modenb rokasana
€800  UHOUGhYEPEHMHOCMb K UCIMOMb3yeMbiM  2pachuqdecKum
npumumueam  (IT]).  Tpembsi  epacghosasi mMoOesib  10380759em
aHanusuposame  obwue epaHuubl Mmexdy [Tl. OHa makxe
UuHOUGbgbepeHmMHa K Ucnonb3yeMbiM rpuMumueam (y4umsieaem mosibKo
OnuHbl ux obuweli epaHuubi). Bmopasi moderib, mak e Kak u mpemhbs,
onucsigaem 0se 8bibpaHHbIe 2pyrrbl MuweHel oduHakoso. I-Ill moderu
rnoseonsitom  uccriedogamerno  rpoekmuposams [Tl u  ebinonmHUMb
CUHME3 HOBbIX CMPESIKOBbIX MulieHeld. Vicrionb3ysi paHee U38eCmHbIe
cmpernikoeble  MuweHU Oblna  npedrioxeHa epyrnna  hrnaH20eo0-
amakyrowux muweHel u ux nams 1.

Kniouesble  crioga: cmpesikogasi  MUWEHb, 2eoMempuyeckull
npumumus, Mamemamudeckull  epagh, Mampuuya CMEeXHOCMU,
Mathcad.

AHAJTTIN3A NN CUHTE3A CUNYETA ®POHTANTHUX U BOYHUX META
3A TABAHE NMOMOTRY I'PA®OBA

Badum J1. Xajkos
camocTarnHu uctpaxmsad, KpacHogap, Pycka ®epgepauuja
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OBJIACT: npumeneHa MaTematuka (6annctuka, Teopuja rahama)
BPCTA YJTAHKA: opurnHanHu Hay4Hu pag
JESNK YJTAHKA: eHrnecku

Caxemak:

Y pady cy npedcmasrbeHu aHanumu4Ku OKeUp U CMEPHUUE 3a CUHMe3y
gpoHmarnHux u 6o4HUX Mema 3a 2afjare ca cmaHosuwma epagha Kao
Mamemamuukoe objekma. Kpajwbu pesynmam ose cmyduje cy mpu
modesia epagha Koju Ha pasnuyume HaqyuHe Orucyjy pasmampaHe meme
3a 2afjare. [psu Modern epacha Kapakmepuuwie CmpyKmypy ee3a usmeRy
yeoposa romohy HeycmepeHoe epagha. [lokazao je Oa crioxeHocm
cunyema 0oeodu 0o riogehara nyma y epagby U riopacma crioxeHocmu
He208e yHympawhe cmpykmype. [pyau moden epacha omozyhasea
aHarnusy rogesaHocmu 4eopoga gepadgha, [pu Yemy ce Kopucmu
bunapmumHu epach Koju ornucyje obe epyne pasmampaHux mema — u
¢poHmanHe u bouyHe. [pyau moden je nokasao UHOUEpPeHmMHocm
npema murnosuma kKopuwheHux seomempujckux ¢uaypa. Tpehu moden
epacha passujeH je 3a aHanusy 3aje0HUYKUX cmpaHuuya CcyceoHuX
eeomempujckux chuaypa nomohy 6urnapmumHoz 2pagha. U oH je
uHOuhepeHmaH rpemMa muriogumMa KopulwheHUx eeoMempujcKux
¢ueypa, anu y3uma y o063up OyXuHY 3ajedHUYKUX cmpaHuua. Tpehu
MOodesT Ha ucmu HaquH orucyje epyrne ¢bpoHmarnHux u bo4yHux mema 3a
eahamse. [Momohy oeux modena moayhe je npojekmosamu OCHO8He
eeomempujcke ¢huaype u cuHmemusosamu Hoge meme. [lpedcmasrbeHa
je uenokynHa epyrna boyHUX Mema 3a eahar-e Koja ce cacmoju 00 rnem
cuslyema u HUX08UX OCHOBHUX 260MEPUJCKUX ¢huaypa.

KmbyuHe peuu: mema 3a eafjaH-e, OCHOBHa 2eomempujcka ghuaypa,
epagh, mampuua nogseszaHocmu, Mathcad.
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