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¾Ìàøèíà Äóáèíñà¿ � î÷åíü ïîïóëÿðíàÿ ìîäåëü â ñîâðåìåííîé ìàòåìàòè÷åñêîé òåîðèè óïðàâëåíèÿ. Â
ñòóäåí÷åñêîé ëàáîðàòîðèè â Òåõíèîíå, îñíîâàòåëåì êîòîðîé ÿâëÿåòñÿ T. Shima, 60% íàó÷íûõ òåì, âûâå-
øåííûõ íà ïëàíøåòàõ, ñâÿçàíû ñ ýòîé ìîäåëüþ.

Íàøà öåëü � èññëåäîâàíèå òð¼õìåðíûõ ìíîæåñòâ äîñòèæèìîñòè äëÿ ìàøèíû Äóáèíñà. Ìû êðàòêî
ñêàæåì òàêæå îá èõ ïðèìåíåíèè â çàäà÷àõ íàáëþäåíèÿ ñ íåïîëíîé èíôîðìàöèåé.

Òåðìèí ¾reachable set¿ è ¾attainability set¿ � îäíî è òî æå.

Slide 1

The Dubins car is a very popular model in the nowadays control theory. For example, in the Technion
student laboratory (founded by T. Shima) about 60% of scientific topics on the posters are concerned with this
model.

Our aim is to investigate three-dimensional reachable sets for Dubins car. We will also discuss very shortly
the application of the reachable sets to observation problem with incomplete information.

The terms “reachable set” and “attainability set” are the same.



Markov, A. A. (1889). Some examples of the solution of

a special kind of problem on greatest and least quantities, 

Soobscenija Charkovskogo matematiceskogo obscestva, 

Vol. 2-1 (No. 5,6), 250–276 (in Russian).

Nonlinear control system of car motion (Dubins Car)

Initial position

Final position
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Íåìíîãî èñòîðèè. Â 1889 ã. À.À.Ìàðêîâ îïóáëèêîâàë ñòàòüþ ñ ôîðìóëèðîâêàìè è ðåøåíèÿìè ÷åòûð¼õ
ìîäåëüíûõ çàäà÷ îá îïòèìàëüíûõ êðèâûõ ñ îãðàíè÷åííûì ðàäèóñîì êðèâèçíû. Çàäà÷è áûëè ñâÿçàíû ñ
ïðîåêòèðîâàíèåì æåëåçíûõ äîðîã.

Ð.Àéçåêñ ïåðâûì ñòàë íàçûâàòü ¾àâòîìîáèëåì¿ ìàòåìàòè÷åñêèé îáúåêò, êîòîðûé äâèæåòñÿ ñ îãðàíè-
÷åíèåì íà ðàäèóñ ïîâîðîòà (1951).

Â 1957 ã. â ìàòåìàòè÷åñêîì æóðíàëå âûøëà ñòàòüÿ Ë.Äóáèíñà, â êîòîðîé îí äîêàçàë, ÷òî ñðåäè êðèâûõ
ñ îãðàíè÷åííûì ðàäèóñîì êðèâèçíû, çàäàííûìè íà÷àëüíûì è êîíå÷íûì ïîëîæåíèÿìè, à òàêæå çàäàí-
íûìè íàïðàâëåíèÿìè âûõîäà è âõîäà êðèâàÿ íàèìåíüøåé äëèíû ñîñòîèò èç íå áîëåå òð¼õ ñòàíäàðòíûõ
ó÷àñòêîâ. Èìè ÿâëÿþòñÿ: ïîâîðîò ñ ìèíèìàëüíûì ðàäèóñîì â îäíó ñòîðîíó, ïîâîðîò ñ ìèíèìàëüíûì ðà-
äèóñîì â äðóãóþ ñòîðîíó, ïðÿìîëèíåéíûé ó÷àñòîê. Äóáèíñ óêàçàë âñå âàðèàíòû (èõ 6), êîòîðûìè ìîæíî
îãðàíè÷èòüñÿ ïðè èññëåäîâàíèè êðàò÷àéøèõ êðèâûõ.

Slide 2

Several history hints. In 1889, A.A. Markov published a paper with formulations and solutions of four model
problems on optimal curves with bounded radius of curvature. These problems were connected with projecting
the railroads.

In 1951, R. Isaacs was the first one who called the “car” a mathematical object that moves with a constraint
on the radius of turn.

In 1957, a paper by L. Dubins was published in a mathematical journal. He proved that, in the bunch of
curves with the constrained radius of turn for given initial and terminal geometric states and also with given
directions of output and enter, a curve of the minimal length consists of not more than three standard parts.
These are: the turn with the minimal radius to one side, the turn with the minimal radius to the other side,
and the linear-direction part. Dubins had pointed out all six variants, which are sufficient to take into account
in investigations of the shortest curves.
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Äèíàìèêà ìàøèíû Äóáèíñà ñîäåðæèò ãåîìåòðè÷åñêèå êîîðäèíàòû x, y è óãîë ϕ íàïðàâëåíèÿ âåêòîðà
ëèíåéíîé ñêîðîñòè. Çíà÷åíèå u1 â çàïèñè îãðàíè÷åíèÿ íà óïðàâëåíèå u ñ÷èòàåì ïàðàìåòðîì çàäà÷è. Ìû
âûäåëÿåì ÷åòûðå ñëó÷àÿ. Åñëè u1 = −1, ýòî ñèììåòðè÷íûé ñëó÷àé. Åñëè u1 ∈ (−1, 0), òî ýòî íåñèììåò-
ðè÷íûé ñëó÷àé. Â òðåòüåì ñëó÷àå u1 = 0. Â ýòîì ñëó÷àå ìîæíî ïîâîðà÷èâàòü òîëüêî â îäíó ñòîðîíó.
×åòâåðòûé ñëó÷àé u1 ∈ (0, 1) � ýòî ñëó÷àé ñòðîãî îäíîñòîðîííåãî ïîâîðîòà. Çäåñü äâèæåíèå ïî ïðÿìîé
çàïðåùåíî.

Íàñ èíòåðåñóåò òðåõìåðíîå ìíîæåñòâî äîñòèæèìîñòè G(tf ) ¾â ìîìåíò¿ tf . Âî èçáåæàíèå ïóòàíèöû
ïîä÷åðêí¼ì, ÷òî ìû ðàçëè÷àåì ìíîæåñòâà äîñòèæèìîñòè ¾â ìîìåíò¿ è ¾ê ìîìåíòó¿. Â äàííîé ðàáîòå
ðå÷ü ïîéä¼ò òîëüêî î ìíîæåñòâå äîñòèæèìîñòè â ìîìåíò.

Îòìåòèì, ÷òî ìû ðàññìàòðèâàåì óãîë ϕ íà ïðîìåæóòêå (−∞,+∞), ò.å. íå îòîæäåñòâëÿåì óãëû ¾ïî
ìîäóëþ¿ 2π.

Slide 3

Dynamics of Dubins car comprises geometric coordinates x, y, and the angle ϕ of the linear velocity vector.
The value u1 in the description of the constraint on the control u is the problem parameter. We distinguish four
cases. If u1 = −1, then it is a symmetric case. If u1 ∈ (−1, 0), then it is an asymmetric case. In the third one,
we have u1 = 0. Here, the turn is permitted only to one side. The fourth case u1 ∈ (0, 1) has strictly one-sided
turn, when a motion along a straight line is prohibited.

We are interested in the three-dimensional reachable set G(tf ) “at instant” tf . To avoid misunderstanding,
we underline the distinctions between the reachable sets “at instant” and “up to instant”. In our work, we
speak only about the reachable sets “at instant”.

Note also that we consider the angle ϕ in the interval (−∞,+∞), i.e., we do not identify the angles by
“modulo” 2π.



Reachable sets in projection onto a geometric plane,

symmetric case

4

2ft

5.0ft
ft

5.1ft

Yu.I.Berdyshev
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×òî èçâåñòíî î ìíîæåñòâå äîñòèæèìîñòè â ìîìåíò èç ðàáîò äðóãèõ àâòîðîâ? Òîëüêî îïèñàíèå äâó-
ìåðíûõ ìíîæåñòâ äîñòèæèìîñòè â ïëîñêîñòè ãåîìåòðè÷åñêèõ êîîðäèíàò äëÿ ñèììåòðè÷íîãî ñëó÷àÿ. Ýòî
ðàáîòà E.J. Cockayne è G.W.C.Hall, 1975. Â íàøåì Èíñòèòóòå òàêîå îïèñàíèå èñïîëüçîâàë Þ.È.Áåðäûøåâ
ïðèìåíèòåëüíî ê ðàçëè÷íûì çàäà÷àì.

Slide 4

What is known about reachable sets “at instant” from works of other authors? It is only a description of
two-dimensional reachable sets in the plane of the geometric coordinates for the symmetric case that appeared
in the work by E.J. Cockayne and G.W.C. Hall in 1975. At our Institute, such a description was applied to
various problems by Yu.I. Berdyshev.
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Åñòåñòâåííî, ÷òî ïðè èññëåäîâàíèè ìíîæåñòâ äîñòèæèìîñòè ìû îïèðàåìñÿ íà Ïðèíöèï Ìàêñèìóìà
Ïîíòðÿãèíà (ÏÌÏ). Ìîæíî ñêàçàòü, ÷òî ÏÌÏ � ýòî ñâîéñòâî, êîòîðûì îáëàäàåò óïðàâëÿåìîå äâèæåíèå,
âåäóùåå íà ãðàíèöó ìíîæåñòâà äîñòèæèìîñòè. Ñîîòâåòñòâóþùåå óòâåðæäåíèå åñòü â êíèãå E.BLee è
L.Markus.

Ñîïðÿæåííàÿ ñèñòåìà â èññëåäóåìîé çàäà÷å íåñëîæíàÿ è èìååò âèä, ïîêàçàííûé íà ñëàéäå.

Slide 5

It is natural that in our investigation of reachable sets, we are based on the Pontryagin Maximum Principle
(PMP). It could be said that the PMP is the property that a controlled motion possesses if it leads onto the
boundary of the reachable set. The corresponding statement is in the book by E.B Lee and L. Markus.

In the problem under investigation, the conjugated system is simple and has the form shown in the slide.
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Çäåñü ïðåäñòàâëåíà ôîðìóëà äëÿ ÏÌÏ. Ïîêàçàí äëÿ ñèììåòðè÷íîãî ñëó÷àÿ âàðèàíò ýêñòðåìàëüíî-
ãî äâèæåíèÿ. Êàæäîìó äâèæåíèþ, óäîâëåòâîðÿþùåìó ÏÌÏ è èìåþùåìó äâà èëè áîëåå ïåðåêëþ÷åíèé,
ñîîòâåòñòâóåò ñâîÿ ïðÿìàÿ ïåðåêëþ÷åíèÿ.

Slide 6

Here, the PMP formula is presented. A variant of an extreme motion is shown for the symmetric case. Each
movement satisfying the PMP and having two or more switchings corresponds to its own switch line.
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Íà ýòîì ñëàéäå äëÿ êàæäîãî èç ÷åòûð¼õ ñëó÷àåâ ïîêàçàíû íåêîòîðûå âàðèàíòû äâèæåíèé, óäîâëåòâî-
ðÿþùèõ ÏÌÏ.

Íî ÏÌÏ � ýòî òîëüêî íà÷àëî èññëåäîâàíèÿ ìíîæåñòâ äîñòèæèìîñòè.

Slide 7

On this slide, some variants of motion are shown for each of the mentioned cases; these motions satisfy the
PMP.

But the PMP is only the first step of investigation of the reachable sets.



Reachable set G(tf) for the symmetric case

Patsko V.S., Pyatko S.G., Fedotov A.A. (2003) Three-dimensional reachability set for a nonlinear

control system. Journal of Computer and Systems Sciences International. Vol. 42, No. 3, pp. 320–328
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Äëÿ ñèììåòðè÷íîãî ñëó÷àÿ ìû óñòàíîâèëè, ÷òî â ëþáóþ òî÷êó íà ãðàíèöå ìíîæåñòâà äîñòèæèìîñòè
G(tf ) âåä¼ò äâèæåíèå, êîòîðîå èìååò íå áîëåå äâóõ ïåðåêëþ÷åíèé. Ïðè ýòîì âñþ ãðàíèöó ìîæíî ðàçáèòü
íà 6 ÷àñòåé (êëåòîê), êàæäàÿ ñî ñâîèì õàðàêòåðîì ýêñòðåìàëüíûõ äâèæåíèé. Íàïðèìåð, êëåòêå 2 ñîîò-
âåòñòâóåò ïîñëåäîâàòåëüíîñòü óïðàâëåíèé −1, 0, +1. Ò.å. èìååòñÿ ïåðâûé ïðîìåæóòîê ñ óïðàâëåíèåì −1,
çàòåì èä¼ò ïðÿìîëèíåéíîå äâèæåíèå ñ óïðàâëåíèåì u = 0, íà òðåòüåì ïðîìåæóòêå óïðàâëåíèå ðàâíî +1.
Â êëåòêå 5 ïîðÿäîê óïðàâëåíèé +1, −1, +1. Óêàçàííûå øåñòü âàðèàíòîâ òàêèå æå, êàê â çíàìåíèòîé
òåîðåìå Äóáèíñà.

Òîíêèìè ëèíèÿìè íà ñëàéäå ïîêàçàíû ñå÷åíèÿ ìíîæåñòâà äîñòèæèìîñòè ïî óãëîâîé êîîðäèíàòå (ϕ-ñå-
÷åíèÿ).

Slide 8

For the symmetric case, we had found that a motion that leads to any point on the boundary of the reachable
set G(tf ) has not more than two switches. Under this, the whole boundary can be divided into six parts (cells),
and each of them has its own character of extreme motions. For example, the sequence of controls −1, 0, +1
corresponds to cell 2. So, there exists the first time interval with the control −1; further, the linear-direction
motion goes with the control u = 0; in the third time interval, the control is equal to +1. But in cell 5, the
control sequence is +1, −1, +1. The shown six variants of controls are the same as in the famous Dubins
theorem.

On the slide, the thin lines mark the reachable set sections by the angular coordinate (ϕ-sections).



Evolution of reachable set in the symmetric case
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Òàêóþ êàðòèíêó ðàçâèòèÿ ìíîæåñòâà äîñòèæèìîñòè ñ ðîñòîì âðåìåíè ìû ïîêàçûâàëè íà ðàçëè÷íûõ
êîíôåðåíöèÿõ. Î÷åíü ïîõîæå íà ðàçâèòèå ïàíöèðÿ óëèòêè.

Slide 9

Such a picture of developing the reachable set in time has been shown at various Conferences. It is rather
similar to growth of shell on a snail.



Reachable sets with φ computed by modulo 2π

in the symmetric case
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Åñëè ñ÷èòàòü, ÷òî óãîë ϕ ïðîñ÷èòûâàåòñÿ ïî ìîäóëþ 2π, òî èçîáðàæåíèÿ ñòàíîâÿòñÿ ìàëîïîíÿòíûìè.
Çäåñü ìû âèäèì ìíîæåñòâà äîñòèæèìîñòè äëÿ òðåõ ìîìåíòîâ âðåìåíè. Â ñèëó ñëîæíîñòè êîíôèãóðàöèé,
ïî÷òè íèêòî, êðîìå íàñ, è íå çàíèìàåòñÿ òð¼õìåðíûìè ìíîæåñòâàìè äîñòèæèìîñòè äëÿ ìàøèíû Äóáèíñà.

Slide 10

If the angle ϕ is calculated by modulo 2π, the pictures become difficult for comprehension. Here, we see
reachable sets for three instants. Due to these complicated configurations, almost nobody (except us) deals with
the three-dimensional reachable sets for Dubins car.



Reachable sets in the asymmetric case



6ft

4ft]1,25.0[u

Fedotov A. A., Patsko V. S., Turova V. L. (2011) Reachable sets for simple models of car motion.

Ed.by A.V. Topalov. Rijeka: InTech Open Access Publisher, pp. 147–172 11
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Òàê âûãëÿäÿò òðåõìåðíûå ìíîæåñòâà äîñòèæèìîñòè â íåñèììåòðè÷íîì ñëó÷àå.
Äëÿ ñèììåòðè÷íîãî è íåñèììåòðè÷íîãî ñëó÷àåâ ó íàñ ïîêà íåò àíàëèòè÷åñêîãî îïèñàíèÿ ϕ-ñå÷åíèé.

Slide 11

Here, three-dimensional reachable sets are shown for the asymmetric case.
Till now, we have no analytical description of the ϕ-sections for the symmetric and asymmetric cases.



One-sided case u1=0

(it is allowed to move in a straight line)

Two variants of controls carrying

the motion onto the boundary
Convexity of φ-sections

 x

y

)1,0,1(

)0,1,0(

4ft

6ft

).2 (for    circle  entire  anor    )2 (for  segment  circular  a  either    represents
actually set  that   reachable    theof  sections-    theof  ndescriptioa    have  We





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Äëÿ ñëó÷àÿ u1 = 0 àíàëèòè÷åñêîå îïèñàíèå ϕ-ñå÷åíèé ïîëó÷åíî. Çäåñü êàæäîå ϕ-ñå÷åíèå ëèáî êðóã,
ëèáî êðóãîâîé ñåãìåíò. Òàêèì îáðàçîì, ïðè u1 = 0 ϕ-ñå÷åíèÿ ÿâëÿþòñÿ âûïóêëûìè. Óñòàíîâëåíî, ÷òî ïðè
èññëåäîâàíèè äâèæåíèé, âåäóùèõ íà ãðàíèöó, ìîæíî îãðàíè÷èòüñÿ äâóìÿ ïîñëåäîâàòåëüíîñòÿìè óïðàâ-
ëåíèé. À èìåííî, +1, 0, +1 è 0, +1, 0.

Slide 12

For the case u1 = 0, an analytical description of the ϕ-sections is obtained. Here, each ϕ-section is either a
circle or a circular segment. Thus, under u1 = 0, the ϕ-sections are convex. It was found that in investigation
of motions leading onto the boundary, it is sufficient to deal with only two sequences of the control; which are
+1, 0, +1 and 0, +1, 0.



Strictly one-sided case  u1>0.

Types of motions which lead onto the boundary

13

Example of SB-type motion

0  Motions with constant (in time) control :

u  ≡ u1 or    u  ≡ u2 

(two extreme points of reachable set)

----------------------------------------------------------------

1  Motions BS:           start with control u = u1

and  finish with control u = u2 ;

2  Motions BB:           start with control u = u1

and  finish with control u = u1 ;

3  Motions SB:           start with control u = u2

and  finish with control u = u1 ;

4  Motions SS:           start with control u = u2

and  finish with control u = u2 ;
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Íàø íîâûé ðåçóëüòàò ïîñëåäíåãî âðåìåíè ñîñòîèò â àíàëèòè÷åñêîì îïèñàíèè ϕ-ñå÷åíèé äëÿ ñëó÷àÿ
ñòðîãî îäíîñòîðîííåãî ïîâîðîòà. Äîêàçàíà ñòðîãàÿ âûïóêëîñòü ϕ-ñå÷åíèé. Ïðè ýòîì ãðàíèöà ëþáîãî ϕ-
ñå÷åíèÿ ñîñòîèò èç íå áîëåå ÷åì ÷åòûð¼õ ãëàäêèõ äóã.

Äâèæåíèÿ òèïà SB � ýòî äâèæåíèÿ, â êîòîðûõ íà ïåðâîì ïðîìåæóòêå äåéñòâóåò óïðàâëåíèå u = 1
(òðàåêòîðèÿ íà ïëîñêîñòè ãåîìåòðè÷åñêèõ êîîðäèíàò ïðåäñòàâëÿåò ñîáîé äóãó ìàëîãî ðàäèóñà), à â êîíöå
ïðîìåæóòêà âðåìåíè äåéñòâóåò óïðàâëåíèå u1 (ðåàëèçóåòñÿ äóãà áîëüøîãî ðàäèóñà). Ìåæäó íà÷àëüíûì
è êîíå÷íûì ó÷àñòêàìè èä¼ò ÷åðåäîâàíèå äóã áîëüøîãî è ìàëîãî ðàäèóñà (íåêîòîðîå êîëè÷åñòâî öèêëîâ).

Àíàëîãè÷íûé ñìûñë èìåþò äâèæåíèÿ òèïà BS, BB è SS.

Slide 13

Our new recent result is in obtaining an analytical description of the ϕ-sections for the case of strictly
one-sided turn. The strict convexity of the ϕ-sections is proved. Under this, the boundary of any ϕ-section
comprises not more than four smooth arcs.

Motions of type SB are those, in which the control u = 1 acts in the first time interval. The corresponding
trajectory in the plane of the geometric coordinates is an arc of the small radius. But at the final time interval,
the control u1 acts and the arc of the large (big) radius is implemented. Between the initial and final time
intervals, the sequence of arcs of the large and small radius appears (several cycles).

The motions of types BS, BB, and SS have some similar interpretations.



Strictly one-sided case  u1>0 .

Variants of φ-sections

14
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Íà ýòîì ñëàéäå ïåðå÷èñëåíû âñå âîçìîæíûå âàðèàíòû ϕ-ñå÷åíèé äëÿ ñëó÷àÿ ñòðîãî îäíîñòîðîííåãî
ïîâîðîòà. Âñåãî èìååì 11 âàðèàíòîâ. SB � ýòî äóãà íà ãðàíèöå ϕ-ñå÷åíèÿ, êóäà ïðèõîäÿò äâèæåíèÿ òèïà SB.
Àíàëèòè÷åñêîå îïèñàíèå ãðàíèöû ϕ-ñå÷åíèé óæå íå òàêîå ïðîñòîå, êàê ïðè u1 = 0, íî îíî ïîëó÷åíî.

Slide 14

On this slide, all possible variants of the ϕ-sections are presented for the case of the strictly one-sided turn.
There are 11 variants. Here, SB is an arc on the ϕ-section boundary, where SB-type motions come. The
analytical descriptions of the ϕ-sections are not so simple as for the case u1 = 0; but it has been obtained.



Reachable sets for the case u1>0

(it is not allowed to move in a straight line)

 20ft

15

Examples for   u1 = 0.5,  u2 = 1

10ft

BB

SS

BSSB

SS

BB

φ-section

coloring

6ft



x

y
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Çäåñü ïîêàçàíû òð¼õìåðíûå ìíîæåñòâà äîñòèæèìîñòè äëÿ ñëó÷àÿ ñòðîãî îäíîñòîðîííåãî ïîâîðîòà.
Îäíèì è òåì æå öâåòîì ðàçìå÷åíû ó÷àñòêè ãðàíèöû, ñîäåðæàùèå îäèí è òîò æå òèï äóãè íà ãðàíè-
öå ϕ-ñå÷åíèé. Âñåãî èìååì øåñòü âàðèàíòîâ. Äóãè BB è SS ìîãóò âõîäèòü â ϕ-ñå÷åíèå êàæäàÿ â äâóõ
ñòàíäàðòíûõ âàðèàíòàõ, êîòîðûå îòëè÷àþòñÿ ÷èñëîì ïðîìåæóòî÷íûõ öèêëîâ â çàïèñè ñîîòâåòñòâóþùèõ
ýêñòðåìàëüíûõ äâèæåíèé. Äóãè SB è BS ïðè êàæäîì ϕ çàäàþòñÿ åäèíñòâåííûì îáðàçîì.

Slide 15

Here, three-dimensional reachable sets are shown for the case of the strictly one-sided turn. Those parts
of the boundary that have the same type of the arcs on the boundary of the ϕ-sections are marked by the
same color. There are only six variants. The arcs BB and SS can be included in a ϕ-section, each in some two
standard variants, which differ by the number of intermediate cycles in description of the extreme motions. The
arcs SB and BS for each ϕ are given by the only way.



Uniqueness

in the class of

piecewise constant 

controls

Pontryagin maximum principle,  φ-sections of the reachable set, 

and controls leading onto the boundary
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Pontryagin

maximum principle

0) (-1, 1u

1 1 u

0 1 u

)1,0( 1u

case symmetric

case asymmetric

strictly

case sided-one

φ-sections

of the reachable set

Controls leading

onto the boundary

Non-convex

Convex

Strict convex

Only necessary

condition

Necessary and

sufficient condition

Non-uniqueness

in the class of

piecewise constant

controls

case sided-one
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Åñòü îïðåäåë¼ííàÿ çàâèñèìîñòü ìåæäó õàðàêòåðîì ϕ-ñå÷åíèé è ñâîéñòâàìè ÏÌÏ. Â ñèììåòðè÷íîì
è íåñèììåòðè÷íîì ñëó÷àÿõ ÏÌÏ � òîëüêî íåîáõîäèìîå óñëîâèå ïåðåâîäà íà ãðàíèöó ìíîæåñòâà äîñòè-
æèìîñòè. Â ýòèõ ñëó÷àÿõ ϕ-ñå÷åíèÿ, âîîáùå ãîâîðÿ, íå ÿâëÿþòñÿ âûïóêëûìè. Â ñëó÷àÿõ îäíîñòîðîííåãî
è ñòðîãî îäíîñòîðîííåãî ïîâîðîòîâ ÏÌÏ � íåîáõîäèìîå è äîñòàòî÷íîå óñëîâèå ïåðåâîäà íà ãðàíèöó.
Çäåñü ϕ-ñå÷åíèÿ ÿâëÿþòñÿ âûïóêëûìè. Áîëåå òîãî, â ñëó÷àå ñòðîãî îäíîñòîðîííåãî ïîâîðîòà ϕ-ñå÷åíèÿ
ïðåäñòàâëÿþò ñîáîé ñòðîãî âûïóêëûå ìíîæåñòâà. Ýòîìó ôàêòó ñîîòâåòñòâóåò åäèíñòâåííîñòü äâèæåíèé,
âåäóùèõ â êàæäóþ òî÷êó ãðàíèöû.

Slide 16

There exists certain dependence between the character of the ϕ-sections and the PMP properties. In the
symmetric and asymmetric cases, the PMP is only necessary condition for transfer onto the boundary of the
reachable set. Generally speaking, the ϕ-sections are not convex here. But in the cases of the one-sided and
strictly one-sided turns, the PMP is the necessary and sufficient condition for transfer onto the boundary. Here,
the ϕ-sections are convex. Moreover, in the case of the strictly one-sided turn, the ϕ-sections are strictly convex
sets. This fact corresponds to the uniqueness of motions leading to each point on the boundary.



Reachable sets in the projection onto a geometric plane

17
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Íà ýòîì ñëàéäå äëÿ êàæäîãî èç ÷åòûð¼õ ñëó÷àåâ ïîêàçàíû ïðîåêöèè ìíîæåñòâ äîñòèæèìîñòè íà ïëîñ-
êîñòü ãåîìåòðè÷åñêèõ êîîðäèíàò.

Slide 17

On this slide, the projections of reachable sets onto the plane of the geometric coordinates are shown for
each of the mentioned four cases.



Information set

at instant t
*

)( tG

)( tI

)( tH

)( tI

Information set

at instant t*

Uncertainty set

of a measurement

at instant t*

Forecast set

at instant t*
( by virtue

of the system 

dynamics )

Information set at a current instant is a totality of all phase states

consistent with description of the dynamics, constraints on measurement errors,

and history of the observation process.

Terms equivalent to the term “information set” are

“feasible  set”,    “membership  set”,    “likelihood  set”.

The approach is often called the “set  membership  estimation” or

“unknown  but  bounded  error  description (UBB  approach)”
18

Transformation of information sets
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Ïåðåéä¼ì ê âîçìîæíîìó ïðèìåíåíèþ òð¼õìåðíûõ ìíîæåñòâ äîñòèæèìîñòè â çàäà÷àõ íàáëþäåíèÿ ñ
íåïîëíîé èíôîðìàöèåé. Ïóñòü ìû íàáëþäàåì çà äâèæåíèåì îáúåêòà ñ äèíàìèêîé ìàøèíû Äóáèíñà. Çàìå-
ðû ãåîìåòðè÷åñêîãî ïîëîæåíèÿ ïîñòóïàþò â äèñêðåòíûå ìîìåíòû âðåìåíè. Çàìåðû íåòî÷íûå, íî èçâåñòíû
îãðàíè÷åíèÿ íà îøèáêó èçìåðåíèé. Êàæäûé çàìåð äîñòàâëÿåò íàì ¾ìíîæåñòâî íåîïðåäåëåííîñòè¿ H(t).
Îíî èìååò îïðåäåëåííóþ ôîðìó íà ïëîñêîñòè x, y è öèëèíäðè÷íî ïî êîîðäèíàòå ϕ, åñëè ýòà êîîðäèíàòà
íå çàìåðÿåòñÿ.

Èíôîðìàöèîííîå ìíîæåñòâî I(t) åñòü ñîâîêóïíîñòü âñåõ òð¼õìåðíûõ ôàçîâûõ ñîñòîÿíèé, ñîâìåñòíûõ ñ
èñòîðèåé ïðîöåññà íàáëþäåíèÿ. Èìåÿ èíôîðìàöèîííîå ìíîæåñòâî I(t∗) â íåêîòîðûé ìîìåíò t∗, ìû ñòðîèì
òð¼õìåðíîå ìíîæåñòâî ïðîãíîçà G(t∗) íà ìîìåíò t∗, êîãäà ïðèä¼ò ñëåäóþùèé çàìåð. Ìíîæåñòâî G(t∗) åñòü
ìíîæåñòâî äîñòèæèìîñòè, íî òîëüêî íå èç òî÷êè, à èç òð¼õìåðíîãî íà÷àëüíîãî ìíîæåñòâà I(t∗). Íîâîå
èíôîðìàöèîííîå ìíîæåñòâî I(t∗) åñòü ïåðåñå÷åíèå ìíîæåñòâ G(t∗) è H(t∗).

Çäåñü âûïèñàíû âàðèàíòû ñóùåñòâóþùåé òåðìèíîëîãèè.

Slide 18

Now, let us move to a possible application of three-dimensional reachable sets to problems of observation
with incomplete information. Let us observe an object motion with the dynamics of Dubins car. Measurements
of geometric positions are provided at some discrete instants. The measurements are inexact, but the bounds
of errors are known. Each measurement gives an “uncertainty set” H(t). The set has some concrete form in the
plane x, y and is cylindrical on the coordinate ϕ if this coordinate is not measured.

The information set I(t) is the totality of all three-dimensional phase states compatible with the observation
history. Having the information set I(t∗) at some instant t∗, we build the forecast three-dimensional set G(t∗)
for the instant t∗, when the next measurement comes. The set G(t∗) is the reachable set not from some initial
point, but from the initial three-dimensional set I(t∗). The new information set I(t∗) is the intersection of the
sets G(t∗) and H(t∗).

Here, some variants of now existing terminology are written out.



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Convexity of  -sections allows to construct fast procedures for 

intersection 

( )H t  

( )tG  

( )H t  
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x  

y  

  
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Intersection  of  an  approximating  forecast  set

with  a  measurement  uncertainty  set
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Ìíîæåñòâî H(t) íåîïðåäåë¼ííîñòè çàìåðà åñòåñòâåííî ïðåäïîëàãàòü âûïóêëûì. Åñëè áû -ñå÷åíèÿ ìíî-
æåñòâà ïðîãíîçà G(t) áûëè âûïóêëûìè, ýòî ñóùåñòâåííî îáëåã÷èëî áû ïðîöåäóðó ïåðåñå÷åíèÿ.

Slide 19

The uncertainty set H(t) of each measurement is naturally regarded to be convex. If the ϕ-sections of the
forecast set G(t) were convex, then it would essentially simplify the intersection procedure.



 

Approximation  from  above 
for  the  attainability  set 
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Exact reachable set 

Estimate from above 
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Approximation  from  above  for  the  reachable  set
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Íàìè ðàçðàáîòàíà ïðîöåäóðà îâûïóêëåíèÿ ϕ-ñå÷åíèé ìíîæåñòâà ïðîãíîçà G(t). Ïðè ýòîì ¾èñòèí-
íûå¿ íåâûïóêëûå ϕ-ñå÷åíèÿ íå èçâåñòíû. Òåì íå ìåíåå, ìû ñòðîèì àïïðîêñèìèðóþùåå ìíîæåñòâî G(t),
ϕ-ñå÷åíèÿ êîòîðîãî ÿâëÿþòñÿ îâûïóêëåíèåì èñòèííûõ ϕ-ñå÷åíèé. Â ðåçóëüòàòå ïîëó÷àåì ¾ýêîíîìíóþ
ñâåðõó¿ îöåíêó G(t) èñòèííîãî ìíîæåñòâà ïðîãíîçà.

Çäåñü îâûïóêëåíèå ϕ-ñå÷åíèé ïîêàçàíî äëÿ îäíîòî÷å÷íîãî íà÷àëüíîãî ìíîæåñòâà.

Slide 20

We have elaborated a special procedure for the convexification of the ϕ-sections of the forecast set G(t).
Under this, the “true” non-convex ϕ-sections are unknown. Nevertheless, we build an approximating set G(t),
which has ϕ-sections that are convex hulls of the true ϕ-sections. As a result, we obtain an “economic from
above” estimation G(t) of the true forecast set.

Here, such a convexification ϕ-sections of is shown for a one-point initial set.



 

Motion of the information set 
 

 

 

 

 

 

 

 
 

Measurement instants:  0, 20, 32 sec 
 

 

 

 

 

 

 

 

 
Structure of the information set at t = 20 sec: 
Before the measurement (at the left) and after (at the right) 

t  20 sec 
t  32 sec t  0 sec 

y  

x  

  

y  y  

x  x  

  

Motion  of  an  information set,   example 1

21
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Íà ýòîì ñëàéäå ïîêàçàíî äâèæåíèå èíôîðìàöèîííîãî ìíîæåñòâà. Èíôîðìàöèîííîå ìíîæåñòâî ïðåä-
ñòàâëåíî â âèäå ϕ-ñå÷åíèé. Ïóñòü â íà÷àëüíûé ìîìåíò ìû èìååì âñåãî îäíî ϕ-ñå÷åíèå. Ñëåäóþùèé çàìåð
ïðèõîäèò â ìîìåíò t = 20 ñ. Äî ýòîãî ìîìåíòà èíôîðìàöèîííîå ìíîæåñòâî ðàñò¼ò. Îíî ñîâïàäàåò ñ òåêó-
ùèì àïïðîêñèìèðóþùèì ìíîæåñòâîì ïðîãíîçà è ñîñòîèò èç âûïóêëûõ ϕ-ñå÷åíèé. Ìíîæåñòâî ïðîãíîçà,
ïîñòðîåííîå íà ìîìåíò 20 ñ, ïåðåñåêàåì ñ ìíîæåñòâîì íåîïðåäåë¼ííîñòè. Äåëàåì ýòî ïóò¼ì ïåðåñå÷åíèÿ
ñîîòâåòñòâóþùèõ ϕ-ñå÷åíèé. Äàëåå òåêóùåå èíôîðìàöèîííîå ìíîæåñòâî ñíîâà ðàñò¼ò. Ðåçêîå ñóæåíèå åãî
ïðîèñõîäèò â ìîìåíò t = 32 ñ, êîãäà ïðèõîäèò î÷åðåäíîé çàìåð.

Slide 21

On this slide, a motion of an information set is shown. The set is represented as a collection of its ϕ-sections.
Let us consider the case when we have only one ϕ-section at the initial instant. So, we assume that the initial
angle is known. The measurement comes at the instant t = 20 sec. Till this instant, the information set grows. It
coincides with the current approximating forecast set and consists of convex ϕ-sections. The forecast set, which
is built for the instant 20 sec, is intersected with the obtained uncertainty set. We perform this by intersection
of the corresponding ϕ-sections. Further, the current information set grows again. Its sharp narrowing takes
place at the instant t = 32 sec, when the next measurement comes.
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Case with the  -sections approximation by rectangles 

Motion  of  an  information set,   example 2

uncertainty sets:  t = 0, 20, 40, 60 sec

No initial 

angular 

coordinate 

information 

is available
 y  

x  
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Ãëàâíîå îòëè÷èå îò ïðåäûäóùåãî ñëàéäà â òîì, ÷òî çäåñü ïðè îâûïóêëåíèè ϕ-ñå÷åíèé ìû èñïîëüçîâàëè
òîëüêî ÷åòûðå íàïðàâëåíèÿ âäîëü è ïðîòèâ îñåé x, y. Íà÷àëüíûé óãîë ϕ íå èçâåñòåí. Íà èíòåðâàëå (0, 20) ñ
èçìåðåíèé íåò. Èíôîðìàöèîííîå ìíîæåñòâî ðàñò¼ò. Ñëåäóþùèå çàìåðû ïðîèñõîäÿò â ìîìåíòû 20, 40, 60 ñ.

Slide 22

The main difference from the previous slide is in the fact that here, for convexification of the ϕ-sections,
we used only four directions forth and back along the x, y axes. There are no measurements in the interval
(0, 20) sec. The information set grows. The next measurements come at the instants 20, 40, and 60 sec.
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Ñëàéä 23

Ëèòåðàòóðà, ñâÿçàííàÿ ñ èñïîëüçîâàíèåì ìîäåëè Äóáèíñà, îãðîìíà. Íà ñëàéäå óêàçàíû ëèøü íåêîòî-
ðûå àâòîðû. Òåîðèÿ èíôîðìàöèîííûõ ìíîæåñòâ â çíà÷èòåëüíîé ñòåïåíè ðàçâèâàëàñü â Ñîâåòñêîì Ñîþçå,
íî íå òîëüêî. Â íèæíåé ÷àñòè ñëàéäà óêàçàíû äâå ïîñëåäíèå ðàáîòû àâòîðîâ äîêëàäà, ñâÿçàííûå ñ èññëå-
äîâàíèåì ìíîæåñòâ äîñòèæèìîñòè äëÿ ìàøèíû Äóáèíñà.

Slide 23

The literature related to the Dubins model is huge. On the slide, we listed only some of the authors. The
information set theory was seriously developed in the USSR and not only there. At the bottom of the slide, two
our recent works are mentioned, which are concerned with the reachable sets for Dubins car.


