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Abstract—Most of the research on tool paths for cutting machines focuses on determining the
path for contour cutting. State-of-the-art, resource-efficient sheet metal cutting technologies
allow one to match the contours of the cut parts, thus reducing material waste and minimizing
the cut length. However, the alignment of the boundaries of the cut contours is the source
of a number of constraints formalized in terms of plane graphs: (1) ordered enclosing,
(2) nonintersecting cutting path. The article considers the main data structures and algorithms
used in the CAD/CAM system developed for technological preparation of cutting processes,
which allows cutting plans with combined contours, as well as software that constructs
a homeomorphic image of a graph to solve the problem of routing according to the cutting
plan, solves this problem, and interprets the solution results.
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1. INTRODUCTION

Laser cutting is one of the main modern technologies used in the processing of sheet material; this
makes the cutting-tool routing problem topical. The problem of determining the path is to determine
the exact sequence of cuts. The development of production automation has led to the emergence

of numerically controlled processing equipment used for cutting sheet materials. New technologies

allow cutting along an arbitrary trajectory with accuracy sufficient for practical purposes. The
advantage of using laser cutting is that it minimizes such parameters as cutting width and thermal
deformation. The problem of determining the cutting path is aimed at finding a cutting tool route
that satisfies the precedence conditions while minimizing the time spent on cutting [1].

The main restrictions in laser cutting are as follows:

1.

All elements of the inner contours must be cut out before the enclosing contour is completely
traversed (the OE-embracing condition [2]).

2. Cutting path crossings must be avoided, with touchdowns allowed (the NOE-constraint [1, 3]).

3. Thermal effects must be taken into account [4] because the metal sheet heats up during laser

cutting.

4. Restrictions on the location of the pierce point (constructing PPOE-cover [5]).

It is desirable to reduce the total time required to perform cutting as much as possible,
including the total time to complete all cuts, the time spent on idle transitions, and the
piercing time.
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The papers [1, 6] provide a classification of cutting tool routing problems, and it is noted that
ECP (Endpoint Cutting Problem) and ICP (Intermittent Cutting Problem) technologies permit
one to reduce material waste, cut length, and length of blank passes due to the ability to align the
boundaries of cut parts [1|. The problems of reducing material waste and maximizing the alignment
of fragments of the contours of the cut parts are solved at the stage of designing the cutting plan.

Despite the obvious advantages of ECP and ICP technologies, at present a majority of Rus-
sian [7—11] and foreign [1, 6, 12, 13] publications are devoted to the development of the GTSP
(General Traveling Salesman Problem) technology, which does not imply matching the contours
of cut-out parts. When using the GTSP technology, the path length is equal to the sum of the
perimeters of all contours, and the number of pierce points is equal to the number of contours, with
the problem of satisfying the conditions noted above becoming trivial.

When determining the sequence of cutting fragments of the cutting plan, no information about
the shape of the part is used; therefore, all curves without self-intersections and contacts on the
plane that represent the shape of the parts are interpreted as the edges of a graph representing the
homeomorphic image of the cutting plan, and all points of intersection and contact are represented
as vertices of this graph.

A homeomorphic image of the cutting plan is a plane graph G with the outer face fy on the
plane S. For each part J of the graph G (i.e., for J C G) by Int(J) we denote the set-theoretic
union of its inner faces (the union of all connected components S\ J not containing the outer face).
If we consider J to be the covered part of the cut tool route (it is obvious that J is a plane graph),
then Int(J) is interpreted as the cutoff part of the sheet. The sets of vertices, edges, and faces of J
will be denoted by V(J), E(J), and F(J), respectively.

The topological representation of the plane graph G on the plane S is defined up to a home-
omorphism by the following functions for each edge e € E(G) [2, 3]: vi(e), k = 1,2, are vertices
incident to edge e; lx(e), k = 1,2, are edges obtained by rotating the edge e counterclockwise about
the vertex vi(e); r.(e), k = 1,2, are the edges obtained by rotating the edge e clockwise about the
vertex vi(e); fir(e) is the face that is on the right when moving along edge e from vertex vy (e) to
vertex vs_j(e), k=1,2.

Thus, using the known coordinates of the preimages of the vertices of the graph G and of the
fragments of the cutting plan that are the preimages of the edges of the graph G, any route in the
graph G can be interpreted as a cutting tool path.

2. REPRESENTATION OF ORIGINAL DATA IN THE SOFTWARE

As a rule, the cutting plan contains large groups of duplicate parts, and to describe the placement
of a part on the cutting plan, it is sufficient to indicate the values (z,y, ), where (x,y) are the
coordinates of the base point of this part (usually it is its origin, to which the coordinates of the
other points are related), and ¢ is the angle of rotation of the part around its base point. Therefore,
it is wise to have a database of standard parts.

The main primitive elements of cutting route trajectories are segments of straight lines and
circular arcs. An entire circle is represented as the union of two arcs with the angles at center ¢
and 2m — ¢, ¢ > 0. To identify such primitives, it suffices to specify the coordinates (x1,y;)
and (x2,ys) of the extreme points v; and v, respectively, as well as tan(p/4), where ¢ is the central
angle of the arc (vq, vy) of the circle passing from point v; to point v, (it is obvious that for a segment
we can take tan(p/4) = 0). From the formal point of view, a flat part is part of the plane limited by
the outer boundary and inner boundaries in a number equal to the number of holes. Each boundary
is a closed contour consisting of a sequence of primitives such that the beginning of each subsequent
primitive coincides with the end of the preceding one.

The JSON format [14] is used to represent part-related data. Figure 1 shows examples of parts
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g t _
'partid": "RING", "partid": "RECT",
“paths": [ Epaths": [
[

1 [15, 165, 01,
//H;\ Eiooioéooi]ﬂ’ [93.3484, 165, 0.41421],
{3 2 | [2(’)0 100 <,)Z|Z| b [108.3484, 150, 01,
\ / ; ’ ’ ’ [108.3484, 15, 0.4142],

S~ (100, 50, 1] [93.348, 0, 0],
[100. 150, -11, [15, 0, 0.4142],
[100, 50, 011 Lo, 18, ol,
[0, 150, 0.4142],
}] [15, 165, 011
1}
¢ {
"partid": "SQUARE", ]
" " "partid": "RUMB",
|:paths [ vpaths®: [
1
[
¢ 21:10 [50, 50, 01, d S
[50, 0, 01,
[0, 223.59591, 01,

? Eg’ g(’) 0(])]’ [89.7810, 43.83713, 01,

50, 50, 011 e
! }
}

{
"partid": "WINDOW",
"paths": [
0 [
z [300, 0, 01,
fo, o, ol,
ro, 400, -11,
1 |a 6| 3 [300, 400, 01,
e [300, 0, 0]
1,
[
[50, 50, 01,
\5 J [50, 400, -11,
\\2/ [250, 400, 01,
[250, 50, 01,
[50, 50, 011
]
}

Fig. 1. Examples and descriptions of parts used in the following: (a) annulus; (b) rectangle; (¢) square; (d) triangle;
(e) window.

and their descriptions. The description of each part contains its name in the key field partid
and the list of contours in the field paths. Each contour is a three-element array consisting of two
coordinates of endpoints and the value of tan(p/4). The Cartesian coordinates of the endpoint of one
primitive are the coordinates of the starting point of the next one. Obviously, such a representation
of Cartesian coordinates makes it easy to identify closed contours (the initial coordinates of the
first primitive coincide with the final coordinates of the last one). Examples of descriptions of parts
consisting of several (more than one) contours are given in Figs. la and le.

With such a representation of data, the first object is the definition of a sheet containing a cutting
plan, with all the subsequent objects being the descriptions of parts, the coordinates of their base
points and orientation.

An example of the cutting plan with combined boundaries of part contours is presented in Fig. 2a.
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a b
[{
o ° "partid": "list",
"paths": [
[400, 600, 0],
[400, 0, 0],
[0, 0, 07,
[0, 600, 0],
[400, 600, 0]
11,
{ "partid":"WINDOW", "base":[0, O, 01},
{ "partid": "RING", "base": [50, 50, 01},
{ "partid": "SQUARE", "base": [120, 110, 01},
{ "partid": "RECT", "base": [50, 250, 0]},
{ "partid": "RUMB", "base": [158.3, 250, 01}
]

Fig. 2. Example: (a) cutting plan with matched boundaries; (b) JSON-code of cutting plan.

471

Fig. 3. Example: homeomorphic image of cutting plan with the numbers of vertices, edges, and faces indicated.
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No information about the shape of the part is used to determine the sequence of cutting the
fragments of the cutting plan; therefore, all curves without self-intersection and contact in the
description of the shape of parts can be interpreted as edges of a graph and all point of intersections
and touchdowns, as graph vertices. To obtain a representation for the plane graph that makes
it possible to reconstruct, up to a homeomorphism, the original cutting plan, it is necessary and
sufficient to fix a cyclic order at each vertex on the set of edges incident to it. Figure 3 presents
a homeomorphic image of the cutting plan shown in Fig.2a. Data structures used for representing
the homeomorphic image must include all information necessary for the effective operation of routing
algorithms and for interpreting the routes constructed [15, 16]. Listing 1 gives data structures for
representing the homeomorphic image of the cutting plan in the form a plane graph.

Listing 1 (data structures for homeomorphic image of cutting plan).

struct Vert { // Graph vertex
double x, y; // vertex coordinates
int sv; // number of connected component containing vertex
int rank; // vertex rank
double dpth; // vertex depth (adjusted rank)
int deg; // vertex degree
int mark; // label for breadth first search in algorithms
s

struct Edge { // Graph edge
int rank; // edge rank
int dpth; // edge depth (adjusted rank)
int v1, v2; // numbers of incident vertices in container vector< Vert> V
double x_0,y_0,r; // coordinates of arc center and its radius
double v1_ang, v2_ang; // central angles of possible arcs
double v1_tad, v2_ta4d; // tangents of the quarters of corresponding arcs
int 11,12,r1,r2; // numbers of possible adjacent edges in vector<Edge> E
int sv; // number of connected component in container vector<Connect> Sv
int cyclel, cycle2; // numbers of contours in container vector<Cycle> C
int £1, £2; // numbers of faces incident to edge in vector<Face> F
int mark; // label for breadth first search in algorithms
I

struct Face { // Graph face
int number; // face (part, hole, additional) number
int dpth; // face depth
I

struct Connect { // Connected component
int v; // one of vertices of component (number in vector<Vert> V)
int outcycle; // number of enclosing contour in vector<Cycle> C
int up; // adjacent enclosing component (number in vector<Connect> Sv)
int rank; // component rank
Connect () : v(-1), outcycle(-1), up(-1), rank(-1) {}; // constructor
s

AUTOMATION AND REMOTE CONTROL Vol. 82 No.3 2021



SOFTWARE FOR THE PROBLEM OF CONSTRUCTING CUTTING TOOL PATHS 473

struct Cycle { // Contour of outer or inner graph face
int v; // number of contour vertex in container vector<Vert> V
int e; // number of edge in container vector<Edge> E incident to v
int f; // number of face in container vector<Face>
vector<int> vertexes; // traversal-order sorted vertices
vector<int> edges; // traversal-order sorted cycle edges
Cycle (int vtx,int edg) : v(vtx), e(edg), £(-1) {3}; // constructor
Cycle () : v(-1), e(-1), £(-1) {}; // default constructor
I

The Vert structure contains fields with the specification of the Cartesian coordinates of the
corresponding point on the cutting plan and a number of auxiliary fields. These data are necessary
for route interpreter and when filling the fields of the Edge structure. The fields of the Edge
structure contain the numbers v1, v2 of incident vertices, the numbers f1, £2 of incident faces,
the numbers 11, 12, r1, r2 of neighboring, in cyclic order, edges, the values vi_ta4, v2_ta4 of the
quantity tan(y/4), where ¢ is the central angle of arcs (vi,v2) and (va,v;), respectively, as well
as auxiliary quantities. The Face structure puts objects on the cutting plan with the faces of its
homeomorphic image. The Connect structure is used for identifying the connected components of
the homeomorphic image of the cutting plan. The Cycle structure is used for identifying contours
that are the boundaries of the faces. The containers for the above structures, other auxiliary
data, all methods employed for filling them, and routing algorithms are encapsulated in the class
DataHolder [15-17].

3. ROUTING IN CONNECTED GRAPHS

The use of a plane graph as a homeomorphic image of the cutting plan model allows one to
formalize technological constraints on the order of cutting out fragments of the cutting plan: first,
the graph G contains the images of all possible elements of the tool path; second, the cutting route
must satisfy the ordered enclosing condition, i.e., the part cut off from the sheet should not require
additional cuts [2]; third, there should be no self-intersections of the cutting path [3].

An admissible route is formalized as an ordered sequence of OFE-chains covering the graph |2,
Definitions 4-5].

The definition of an O E-cover is quite constructive, as proved by the efficiency of the algorithms
considered in [2]. If the connected graph G is not Eulerian, then it contains 2k, k > 1, vertices of odd
degree. In this case, the O FE-route consists of k edge-disjoint chains. The problem of constructing
such a route is solved by the OE-Router algorithm [18]. Moreover, in the route constructed, the
length of idle transitions (i.e., transitions between the end of the current chain and the beginning of
the next chain) may not be optimal. If a plane graph G representing the image of the cutting plan
contains no bridges (i.e., edges incident to one face), then one can construct an O E-route in which
the edges of an arbitrary matching M on the subset V,qq4 C V(G) of the set of odd-degree vertices
and only they correspond to idle transitions. Choosing the shortest matching M allows one to find
a route with the minimum length of idle transitions. Note that connected planar graphs that are
images of cutting plans, as a rule, do not contain bridges. Therefore, if M is the shortest matching,
then the M-0E-Router algorithm builds a route with the minimum length of idle passes.

If a graph G representing the homeomorphic image of the cutting plan is connected and does not
contain bridges, then the M-0E-Router algorithm solves the problem exactly but requires determin-
ing the shortest matching. The OE-Router algorithm solves the problem for any graph G using the
greedy idle-course selection strategy. The complete list of algorithms for constructing O E-routes
for connected graphs is given in Table 1.
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Table 1. Algorithms for constructing O E-routes

Algorithm name Computational complexity

Eulerian OE-cycle (recursive algorithm) [2] o(|V|?)

Eulerian OE-cycle (OE-Cycle algorithm) [2] O(|E| -1og,|V])
OE-Postman Route (CPP_OE algorithm) O(|E| - V)
OE-Router [18§] O(|E| - log,|V])
M-OE-Router [2] o(V|?)

a b
le e

Fig. 4. (a) Original pointers to adjacent edges in split vertex. (b) Splitting of a vertex (bold lines show the edges of
the graph G; thin lines are additional (fictitious) edges) and modification of pointers in accordance with splitting.

4. NOE-ROUTING

The problem of constructing efficient algorithms for finding nonintersecting chains in plane graphs
remains open. Certain attempts to solve this problem were undertaken in [19]. The paper [20]
proposed a solution of the problem for a plane connected 4-regular graph.

Definition 1. The Eulerian cycle C' in a plane graph G is said to be nonintersecting (self-
avoiding) if it is homeomorphic to a cyclic graph G representing a plane Jordan curve with no
self-intersections. The cyclic graph G can be obtained from the graph G by applying O(|E(G)|)
vertex splitting operations.

The general case is the solution of the problem of constructing a self-avoiding OFE-chain (or
NOE-chain, nonintersecting O E-trail) [21].

Definition 2. We say that a chain is an NOF-chain if it is simultaneously an OFE-chain and
a nonintersecting chain.

Definition 3. The system of chain transitions [22] that corresponds to a nonintersecting chain
will be called a system of nonintersecting transitions.

The fact that for a transition system corresponding to a nonintersecting FEulerian cycle there
exists an initial vertex and a final edge adjacent to the outer face such that the cycle constructed
for them is an OFE-cycle is proved in many ways similar to the proof of Theorem 1 in [20] for a
4-regular graph G. This proof is an algorithm for constructing an NO E-chain.

To construct a nonintersecting Eulerian O E-chain (or cycle) in a plane Eulerian graph (in the
sequel, this chain will be called an NOE-chain (nonintersecting OE-chain)) for which no fixed
system of transitions is given can be constructed in the following manner [21].
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On the set of vertices V(G), we define the Boolean function

Checked (v) = true if the vertex has been checked

false otherwise.

When initializing this function, all vertices in V(G) are declared as unchecked.

The function nonintersecting(G) (Algorithm 1) splits all vertices v € V(G), deg(v) = 2n,
n = 3, in the graph G into n fictive vertices of degree 4 and introduces n fictive edges that are
incident to the vertices resulting after splitting and form a cycle (Fig. 4). To perform the above
transformations, it is necessary to check all functions vi(e), & = 1,2, defined for all edges e and
introduce the required modifications into the entire graph coding system. The function uses the
procedure Handle(e, vi(e), k) (Algorithm 2), which processes each unchecked vertex of the graph
G. Processing consists in splitting the vertex vy (e) in accordance with Figs. 4a and 4b.

Algorithm 1 (function Nonintersecting(G)).
Require: a plane Eulerian graph G|
Ensure: a plane connected 4-regular graph G*;

1: for all (e € E(G)) do > Check all graph edges
2: k=1, > Sequentially process functions with index 1 and then 2
3: while (k < 2) do

4: if (Checked (vi(e))) then > If the vertex has not been processed earlier
5: Handle(e, vi(e), k); > Process the vertex
6: end if

7 k++;

8: end while

9: end for

10: Return G*;

Algorithm 2 (procedure Handle(e, v, k)).

1: > Pass 1: determining degree of vertex v
2: Efirst = €;
3:d=0; > Vertex degree
4: repeat > Check all edges
5: le = li(e); > Find adjacent edge given by function I (e)
6: if (vi(le) # v) then
7: REPLACE(le);
8: end if
9: e =le; > Count current edge when calculating degree
10: d=d+1,; > and pass to the next one
11: until (e = eqyq);
12: > Pass 2: splitting of vertices with degree above 4
13: if (d > 4) then
14: € = eqrst; le = i (€); fl=new EDGE; fle = fl; eqrst = €; €nexs = lx (l€);
15: repeat
16: € = €net; le =1y (€); fr = fl; fl=new EDGE; e, = I (le);
17: Pointers(e, le, fr,fl); > Arrange pointers for edges
18: until (I;,(le) = eget);
19: Pointers(egyst, lk(€nst ), fle, fe); > Arrange pointers for edges
20: end if
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The n fictive vertices introduced by the Handle procedure and n fictive edges incident to these
vertices form a cycle. As a result of processing all vertices of the graph G, we obtain a modified
graph G* that is a plane connected 4-regular graph. We can apply the algorithm AQE-TRAIL()
to G*. This algorithm will construct an AOFE-chain T* in it. If we then replace all fictive edges
in T* and the vertices incident to them obtained when splitting the vertex v by v, then we obtain an
NQOEFE-chain T in the original graph G. The chain obtained after removing the edges will belong to
the O E-class, because the edge removal procedure does not alter the collation order of the remaining
edges in the chain; this rules out the emergence of a cycle that encloses the untraveled as yet edges.

5. ROUTING FOR DISCONNECTED GRAPHS

If the cutting plan contains parts with holes, as well as other parts located in these holes, then
the plane graph G = (V(G), F(G), E(G)) representing the homeomorphic image of the cutting plan
turns out to be disconnected. Since the cut out fragments contain the preimages of the enclosed
edges of the graph, the requirements for the cutting route that guarantee the validity of the OFE-
constraint can be formalized in terms of the graph G’ = (F(G), V(G), E(G)) dual to G [2]: it is
necessary that the order of traversing the faces of the graph G (i.e., the vertices of the graph G’)
be an extension of the partial order relation <,

(fi<f;) & (fj belongs to the shortest chain Tgﬁ between f; and fo) ,

where f is the outer (infinite) face of the plane graph G. The list of algorithms for constructing the
O E-routes for disconnected graphs is given in Table 2. The following approaches are implemented
to construct an O F-cover in a disconnected graph:

1. Determining the admissible traversal of the connected components of the graph G.
2. Completion of the set of edges E(G) to the set E(G), where G is a plane connected graph.

The first approach is realized in the algorithm MultiComponent, in which finding the desired
O E-route amounts to an independent construction of O E-routes for each connected component and
their subsequent merger into the resulting route in the order of decreasing ranks of the connected
components. The second approach is realized by the algorithms Bridging, DoubleBridging, and
FaceCutting and is based on adding bridges in separating faces.

Definition 4 [18]. A face f € F(G) is said to be separating if the graph G’ \ {f} is disconnected.

Let the graph G be obtained from the graph G by adding bridges belonging to the separating
faces between the connected components of the cardinality- and length-minimum set E. Obviously,
such edges in the graph G’ will be the edges of the minimum-weight spanning tree. The graph G
thus obtained is a plane connected graph for which one can construct an OE-route M (G) using the
algorithm OE-Router [18].

In this case, the OE-route M(G) is constructed based on the route M (G) by removing the edges
of the introduced set E. In this case, we obtain a set of chains representing an OFE-cover of the

original disconnected graph. This approach is realized by the algorithm Bridging.

Table 2. Algorithms for constructing O E-routes for disconnected graphs

Algorithm name Computational complexity
MultiComponent O(|E| - log,| V)
Bridging O(|E| - log,|V])
DoubleBridging oV
FaceCutting O(|E| - log,| V)
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To ensure the possibility of applying the algorithm M-OE-Router, it is sufficient to complement
the graph G to the graph G by including the set of edges F = Ueepler = e, ea = e}, ie., by
including two replicas for each edge e € E. This approach, in conjunction with the algorithm
M-0E-Router, is realized by the algorithm DoubleBridging.

Theorem 1. If the degrees of wvertices incident to the separating faces of the graph G in each
connected component Gy of the graph G are even, then the route with the minimum length of
additional constructions is realized by the algorithm DoubleBridging.

Proof. It is obvious that the traversal of each connected component must end at the outer
face. If we assume that the traversal of the connected component starts from a vertex that does not
belong to the outer face, then this fragment of the O E-cover ends at a vertex of odd degree that
does not belong to the face. Since there are no vertices of odd degree on the boundary, in accordance
with the definition of the OFE-route, the part of the graph containing the outer face will remain
untraveled. In the optimal solution (obtained by the M-OE-Router algorithm), the components
will be connected by pairs of multiple edges. Moreover, the total weight of all connecting edges is
minimal. The proof of the theorem is complete. W

It is obvious that the length of the bridges introduced in the DoubleBridging algorithm is at
least twice the length of the shortest spanning tree in the separating face.

Another way to obtain a connected graph without bridges is to split the vertices incident to the
separating face using a Hamiltonian cycle (the FaceCutting algorithm). This approach seems to
be the most expedient, because, first, in practice, the dimension of the traveling salesman problem
is comparable to the estimates of the degrees of the corresponding separating faces (i.e., rather
low); secondly, in accordance with the metric of the graph G, even the approximate polynomial
Christophides algorithm [23] for the traveling salesman problem constructs a Hamiltonian cycle in
the separating face with a length at most twice the length of the shortest spanning tree.

6. EXAMPLE

Table 3 (the left column) shows the optimal NOEFE-cover of the cutting plan in Fig. 2 by an
ordered sequence of O E-chains. The first chain goes through the square and the inner border of the
annulus. The second chain goes along the right-hand side of the rectangle and along the outer edge
of the annulus, and the cutting ends with the triangle and rectangle. The third chain completes the
inner outline of the window. The fourth chain runs along the outer contour of the window. The
toolpath JSON-code is given in the right column of Table 3. Each individual chain corresponds to
a specific part of the continuous cutting path and is a sequence of three-element arrays containing
the coordinates of the current starting point of the primitive, as well as the value for this point. All
technological constraints are observed when cutting parts in accordance with the found sequence of
chains.

7. CONCLUSIONS

A technology that allows the borders of cut parts to be aligned is a modern resource-saving
cutting technology. Routing algorithms are known when the following technological constraints are
simultaneously imposed on the cutting tool path:

1. A part cut off from the sheet does not require further cuts.
2. The cutting path has no self-intersections.
The present paper provides a solution of the problem of effective software implementation of

these algorithms and presents the authors’ results used in the development of functional elements
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Table 3. Optimal NOFE-cover of cutting plan in Fig. 2 by ordered sequence of O FE-chains

Chain Chain JSON-code
{ "partid": "chain_1",
chain 1: "paths": [
v17 eld v13 €9 v12 [150.0,100.0,-0.162278], [120.0,110.0,-0.0], [170.0,110.0,-0.0],
e8 vll ell v14 el0 [170.0,160.0,-0.0], [120.0,160.0,-0.0], [120.0,110.0,-0.720759],
v13 e27 v18 el5 v17 [150.0,200.0,-1.0], [150.0,100.0,0]
13},
chain 2: { "}'?artid::: "chain_2",
v23 €21 v19 16 v16 paths": [

[150.0,400.0,0.0], [150.0,265.0,-0.0], [150.0,250.0,0.0375],
[135.0,250.0,0.374006], [50.0,150.0,0.4142], [150.0,50.0,0.4142],
[250.0,150.0,0.4142], [150.0,250.0,-0.0], [250.0,300.0,-0.0],
[160.0,475.0,-0.0], [150.0,400.0,-0.414213],[135.0,415.0,-0.0],
[65.0,415.0,-0.414213], [50.0,400.0,-0.0], [50.0,265.0,0]

e30 v24 e33 vb5 el2
v10 e35 v15 el3 v16
el8 v80 el7 v20 e32
v23 €20 v22 el9 v21
e26 v6 e25 v26

1},
chain 3: { "}'?artid::f "chain_3",
v19 €22 v24 €23 v25 paths": [
€24 v26 €28 v5 ed [150.0,265.0,0.414213], [135.0,250.0,0.0], [65.0,250.0,0.414213],
v4 €34 v10 €T v9 €29 [50.0,265.0,-0.0], [50.0,150.0,-0.0], [50.0,50.0,-0.0],
[150.0,50.0,-0.0], [250.0,50.0,-0.0], [250.0,150.0,-0.0],
v1l5 e31 v8 €6 v7 eb
v6 [250.0,300.0,-0.0], [250.0,400.0,1.0], [50.0,400.0,0]
13,
{ "partid": ‘"chain_4",
chain 4: "paths": [
v0 e0 vl el v2 €2 v3 [300.0,0.0,0.0], [0.0,0.0,0.0], [0.0,400.0,-1.0],
e3 Vo [300.0,400.0,0.0], [300.0,0.0,0]
13,

of a complex of programs for an automated system for technological preparation of sheet material
cutting processes.
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