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* reachability and coverability
e equivalent models
e coverability tree

* characteristic equation



Reaechabi-problem in Petri nets

Coverability

Petri net:

<
0

places and
transitions

configuration : places = IN Nd

step relation between configurations

Decision problem:

given
- Petri net
- source conﬁguration

* target configuration

check if there is a sequence of steps
(run) from source totarget > target



Reaechabiiy-problem in Petri nets
Coverability

configuration graph: configurations and steps

Reachability: 1s there a path (run) from source to target ?

Coverability: i1s there a path (run) from source to target| ?



Why 1s 1t important?

core verification problem

equivalent to many other problems in concurrency, process

algebra, logic, language theory, linear algebra, etc



1969 — decidability of coverability [ Karp, Miller JCSS]
1970 @
1976 —+ EXPSPACE lower bound [Lipton TR Yale U]
1977 — (incomplete) decidability of reachability [Sacerdote, Tenney STOC]
1978 — EXPSPACE algorithm for coverability [Rackoff TCS]
1980 @
1981 ——
1982 ——
huge complexity gap!
1990 @
1992 4 decidability of reachability - refined data structure [Lambert TCS]
2000 @
201 ?10—.— decidability of reachability by Presburger invariants [LLeroux POPL]
2015 —— upper bound F 3 [Leroux, Schmitz LICS]
2019 — Ackermannian upper bound F¢ [Leroux, Schmitz LICS]
2012%20—.— TOWER lower bound F3 [Czerwinski, L., Lazic, Leroux, Mazowiecki STOC] gap
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2019 1~ Ackermannian upper bound Fo [Leroux, Schmitz LICS]

2012220—.— TOWER lower bound F3 [Czerwinski, L., Lazic, Leroux, Mazowiecki STOC]} 2ap
2

9

) n
2

2021 — super-TOWER lower bound [Czerwinski, L., Orlikowski ICALP]

o o 0 2
2
9 } .
gap closed!

2021 —— Ackermannian lower bound F¢ [Czerwinski, Orlikowski FOCS] [Leroux FOCS]

2021 —t~fimproved and simplified Ackermannian lower bound Fo [L. STACS] Part 111

2022 @




Fast growing functions and induced complexity classes

Aj(n) = 2n Ao(n) = 2"

Aiv(n) = Ai 0 4;© .0 Ai(l) = Af'(ry D= tower()

K ﬂ ’ 222... n

Agp(n) = A, (n) Ackermann function
Ag(n) = ...

F, = U DTIME(A;0A4;,0...04;) Fs=DTIME(2°®)
JownJm < F;=TOWER

F., = ACKERMANN



[. Intro

» reachability and coverability
* equivalent models
* coverability tree

* characteristic equation
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Many faces of Petr1 nets

®* counter programs without zero-tests:

1: loop

2: loop

3: x—=1 y4=1
4: loop

5: x+=1 y—=1
6: z—=1

e Petri nets:

e vector addition systems with states (VASS): e vector addition systems
(0 0, () * counter automata without zero-tests
(—1,1,0) 0 0, —1) Q (1,—1,0) e multiset rewriting
o Fe00,-1)
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VASS

e dimension d

e finite set of control states O

e finite set of transitions of the form: two different graphs!

172 SERCRERRRTES effect of transition

~ T qp € Q

a € 74

e configurations (g, v) = q(v) € Q x N4

* step relation:

q(v) — p(vta)

* reachability relation:

gv) —" p(w)




Petr1 nets = VASS

e Petri nets: split every transition

into input and output:

e vector addition systems with states (VASS):

(0,0,0)

(—1,1,0) (1,-1,0)

@Q

then add one more “global” place
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Counter programs without zero-tests

counters are nonnegative integer variables initially all equal zero

Counter program = a sequence of commands of the form:

X +=n (increment counter x by n)
X —= n (decrement counter x by n) abort if x < n
goto L or I (jump to either line L or line L") nondeterminism

except for the very last command which is of the form:

halt if x;,...,x, =0 (terminate provided all otherwise abort
the listed counters are zero)

\
Example: mitially: x' =x=y =0

1: X' += 100

2: goto 5 or 3

3: X += xX —=1
4: goto 2

5: halt if x' = 0.

\ finally: x'=0 x=100 y =200
/

14

X —=1 y+4+=2




Counter programs — VASS

®* counter programs without zero-tests:

1: loop
2 loop
3: X —=1 y+4=
e dimension := number of counters 4: loop
: 5: X += —=1
e control states := control locations T y
6: z —=1

* transitions .= commands

e vector addition systems with states (VASS):
(0,0,0)

(—1,1,0) (1,-1,0)

wg
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Counter programs with zero-tests

zero test command:

zero? X (continue if counter x equals 0) otherwise abort

Example:

x += 100
goto 3 or 5
x —=1
goto 2
zero? x
x+=1
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* reachability and coverability
* equivalent models
* coverability tree

* characteristic equation
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Petri nets or VASS

coverability tree: domination

L [. < oj ...... (2,1, 6, 3) <(2 3,7, 3)

.
-

Increased

source

if ® = @ then stop generating the tree

if ® < @ then replace increased coordinates by w (2, w, w, 3)
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Petri nets or VASS

domination

oD

Dickson’s Lemma: everv infinite sequence of conficurations
ry q g

® % % .

admits a domination:

1

), < ‘j for some 1 <.

20



o Petri nets or VASS
Coverability tree

e /
\4‘ T '\,
\'

Theorem: Coverability tree 1s finite.

Coverable configurations = (coverability tree) |

Question: What can be read out from coverability tree?
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[. Intro

* reachability and coverability
* equivalent models
* coverability tree

* characteristic equation
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Characteristic equation

(0 0.0) VASS
—1,1 (2, —1,
e dimension d Y w Q 0
e finite set of control states O
e finite set of transitions 7 of the form:
778 EEEEELEIELLE effect of transition
¢ *p ¢pE€EQ a€d

e source g(v), target p(w) € O x N4 g p distinct

one variable per transition in 7, to represent the number of its applications

* for each control state, an equation

nr of Incoming transitions = nr of outgoing transitions

except for p, g ...

Y
Example: X+z+1 =x+y N p/\un
yvtu =utz+1 ~Z

23



e source ¢(v), target p(w) € QO x N4 g p distinct (0 0,0 VASS

(-1,1,0) w Q (2,-1,0)

* one variable per transition in 7, to represent the number of its applications

e for each control state, an equation

nr of Incoming transitions = nr of outgolng transitions

except for p, g ...

e dequations:

total sum of effects = w-v

Y
Example: x+tz+1 =x+y _ Q
T p q U
yvtu =utz+1 Y~
o+ oy = -] source ¢(2, 0, 2),
N target p(1, 1, 0) € O x N3
-z = -2
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State equation vs reachability

Fact: Characteristic equation has a solution in IN
if
x
q(v) —2 pW)

N

run

Conﬁgurations Nd

Lemma: Characteristic equation has a strongly connected solution in N

it

pseudo-run

pseudo-configurations 74

Question: Does g(v) =" p(w) imply g(v) — p(w) ?
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I. Intro

* reachability and coverability
e equivalent models
e coverability tree

* characteristic equation

[I. Decidability

* decomposition algorithm
p g
* perfectness: suthcient condition for reachability

e refinement
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Reachability problem for VASS

(e dimension d

finite set of control states O

finite set of transitions 7T of the form:

L VASS —— a
reaChablllWE . SourceW q/_\p q, p e Q a € 74 )

Instance P target q, (V’)

¢ e o .q(V)
WIS
\'/? \'/
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Decomposition algorithm

if perfec

ANSWEL.POsI

reachability

mstance

reachablhty

if perfect answer

ositively.. A
reachability

Instance

28

perfect answer positively

_ . Instance
‘ . V if perfect answer p&sitjvely if
reachability : reachability reachability
Istance Istance Istance
if perfect answer positively

reachability

instance

...............................

reachablhty

1nstance




[I. Decidability

e decomposition algorithm
* perfectness: sufficient condition for reachability

e refinement
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Perfectness: sufficient condition for reachability

Question: Does g(v) =" p(w) imply g(v) —" p(w) ?
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Pertectness

(®1) = VASS is strongly connected

Example:
(0,0,0)
T T source ¢(2, 0, 2)
LLD{ 4 _(0,0,-1) ¢_ )1 ~-10) : V
~No T target q’(1, 1, 0)
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Pertectness

(@2) For some 4, 4" > 1,
’ g(v) —"* q(v+4)
g +a)—" g

(2,0)
(0,2)

(2,0)
(0, 2)
(2, 1)
(4,0)
G, 1)

(4,0)
S

32

forward pumpabilityé
backward pumpabilityi

source ¢(2, 0, 2) x

source ¢(2, 0) “



Perfectness: sutficient condition for reachability

E (@) For every /m, C](V) ..... ¥ C]’(V’) I

2 : using every transition =7 times ;
. A = ’ ’ . E

Lemma: (@) A (O9) qv) — q’(v’) E(@Q) For some 4, A’ > 1,

' gv) —* q(v+4)

Proof: 5 qg(v+A4) =" q((v)

Choose suthciently large n

q'(v'+nd
Cla}_) qg v+ (n-1)A+A)
O,
Claim
gV +A4A+(n-1)A4’)
q(v+ na) Ch}* qg'(v'+nd’)
O )
q(v) q'(v’)
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(@1) For every m, q(v) —* q’(v’)

using every transition = times |

Claim: ¢'(&) ~* ¢'(A). '
aim Q() Q( ) (@2) For some 4, 4" > 1,
IT: qv) —" q(v+4);

Proof- I qgv'+4) =" q'(v)

Folding of a pseudo-run a: F(a) € NI
Effect of a pseudo-run a:  E(a) € 74

-
—— §~

------
-
.N

Observation: Given pseudo-runs ¢( )=~ B *¢’(_) such that F(a) - F(B) > 1,

o™ =
RS

there 1s a pseudo-run ‘y 1 q’(_) such that F(y) = F() - F(B)

‘‘‘‘‘

(@) = qW) B q’(v’) such that F(a) - F(B) arbitrarily large
F(a) - F(B) - F(IT) - F(IT’) > 1
F(er) - FOIT B IT’) > 1

By Observation, ¢'( ) ,,y such that F(y) = F(&) - F(B) - F(II) - F(IT’)
E(y) = E(ov) - E(f) - EAI) - EAT’) =
0 A -(A) =A-A
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[I. Decidability

e decomposition algorithm
* perfectness: sufficient condition for reachability

e refinement
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Decomposition algorithm

if perfect.answer.positl

reachability

mstance

.
R
.
R
.
R
.
.
““
.
.
.
.
.
.
.
R
.

.
.
““
R

reachability

1nstance

mstance

}‘eachability

if perfect answer positively

.
0”
o*
o
o
*
*

o

-
-
L2
.
o* .,
d LY
. - -
'''''
. LY
‘e

G
W,
e
e
G

.
-
b

1 if perfect answer p&sifgvely if
reachability reachability
instance nstance

*
if perfect answer positively... &

reachability

Instance

Question: Is (@) A (@2) decidable?
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*
*
.
*
*
o
.

if perfect answer positively

perfect answer positively

¢
*
.
*
*
o
.

reachability

instance

...............................

reachablhty

1nstance




(1) Foreverym, q(v) —* q'(v))

DeCldablllt.}l Of (@1) A (@2> using every transition = times
i(@z) For some 4, 4" > 1,

’ q(v) =" q(v+4) '

Question: H(.)W to decide. '(@2) ? GO+ A) () .
Using coverability tree! ~ TTmmmmmmmmmmmmmmmmmmmmmmmmssmmmmmemnsnomeen

Question: How to decide (@) ?
Using characteristic equation!

Example:
(0,0 0)
2,0, 2)
(-1, 1,0 (0,0, -1) (1,-1,0) source ¢(2, 0,
C ~00 - Q target p(1, 1, 0)
homogeneous system:
Y
. p/>q3u z-y =1 z-y =0 “
Y~ x-u = 1 x-u = 0

z¥ = 2 z¥ =0
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+(@1) Foreverym, q(v) —* q'(v’)

using every transition = times |

Refinement

(@2) For some 4, 4’ > 1,
() fails: qv) —" q(v+4)

/ computable - how? L qg(v+4) _’*Q(V)

there exists m s.t. every configuration reachable from ¢(v)
has some coordinate < m

due to coverabﬂity tree

m
there exists m s.t. every run from q(v) t
has some coordinate < m
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Refinement

(@9) fails: there exists m s.t. every run from g(v)
has some coordinate < m

...............................................................................

reachablhty |

_1nstance /
e A R Ko, e N
./ with coordinate ./ with coordinate ! [ with coordinate
.1 bounded by m 2 bounded by m a .d bounded by m
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(@1) For every m, q(v) —* q’(v’)

using every transition = times

Refinement

(©) tails: a(v) —* q(v +4)

g’ +4) =" q'(v)

computable, using a bound on
minimal solutions
of state equation

i(@g) For some 4, 4’ > 1,

there exists m s.t. every pseudo-run g(v) " q’(v’)
uses some transition < /7 times

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

lnstance ] N el end

T'={tu, ../ éreachablhty

flnstance ]

................. & | ' R V— N
1(t, 0) I(t, 1) 1(t, m- ]) ](u 0) ](u ]) I(u, m-1)

are these instances smaller?
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+(@1) Foreverym, q(v) —* q'(v))

using every transition = 7m times |

Refinement

: (@2) For some 4, 4" > 1,
(©) tails: a(v) —* qfv+4)
A GO ) A

there exists m s.t. every pseudo-run g(v) " q’(v’)
uses some transition </, times

reachablhty

1nstance /

Iotm>lot=> .=t s this instance smaller?
(t appears £ times) 1s this an instance at all?
L1 b lh-1 '
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I. Intro

* reachability and coverability
e equivalent models
e coverability tree

e state equation

[I. Decidability

* decomposition algorithm
* perfectness: suthicient condition for reachability

e refinement

I11. F.-hardness
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Reachability problem for counter programs

Reachability problem: given a counter program without zero tests,

1: X += 100

2: goto 5 or 3

3 x+=1 X —=1 y+=2
4: goto 2

5: halt if X' = 0.

can 1t halt?  (successtully execute its halt command)

Coverability problem: given a counter program without zero tests
with trivial halt command,

X' += 100

goto 5 or 3

x+=1 xX —=1 y+4=2
goto 2
halt.

can 1t halt?
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LLoop programs

44



I1I. F,-hardness

e reduction
 multipliers and simulation of zero-tests
. ampliﬁers

e open questions

45



Fco ~-hardness of reachability

counter programming

[}
counter program with ' counter program
zero-tests of size n without zero-tests
1:il+:l x =11y = b = e = di =1 1:X+:1 y+:1
2: loop
x4=1 y4=1 c4=1 d+=1 2: loop
1: 1005)01) 3: X += 1 Yy —+= 1
6: S it ¢ ﬁ:blt, 4: for i := n down to 1do
B Ooop at most [1mes
8: x—=i d-=3i x +=i+1 B loop
9: loop 6: X — Z,—}'_ 1
10: b 1 b : o
11: lu()p/ e loop
e kel T 8 Xt=i+1 z-=i
i’l lc/aop '11 mi);t b time\‘ 9: lOOp
16 X—=1 x+4=1 d+=1 10: x—mn+1l y—=1
17: i4+=1
s zero? | = 11: halt if y = 0.
B Ag(n) =4,(n) ’
20: x—=1i y—=1 R
21: halt if y 0 Can 1t halt?

can it halt in 4,,(n) steps?
can 1t halt nA,,(n)/2 steps?
can it halt after A, (n)/2 zero-tests?

b 4
P can halt atter A4,,(n)/2 zero-tests  1ff P can halt
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I1I. F,-hardness

* reduction
* multipliers and simulation of zero-tests
e amplifiers

e open questions

47



The set computed by a counter program

initial valuation: all counters 0
Lx4=1 y4=1
2: loop
3 x4+=1 y4+=1 .
4: for 7 := n down to 1do COHSlder all runs
5 loop (nondeterminism)
6: X —= z+=1
7 loop
8 X+=14+1 z-—=1
9: loop
10: x—=n+1l y-—=1
11: halt if y = 0.

the set of all valuations at successful halt

48



B-multiplier

BE N - fixed positive integer

P initial valuation: all counters 0

1- v 11— 1 v L —

Lb+=B d+=B c+=1
2: loop
3: d+= B c+=1

Nt b0 Hilbert’s 10th problem!

e c>0

ed=b-.c RATIO®, ¢, d, B)

e all other counters 0

_____________________________________________________________________________
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Fa) ~-hardness of reachability

program of size 7 program without zero-tests:

with two zero-tested counters:

Lx4+=1 y+4+=1

Li4=1 x+4+=1 y4+4=1 b4=1 c+=1 d+=1 2: 100p
2: loop . _ _
: X 1 1
3: x+=1 y4+4=1 c+=1 d+=1 += y+
1: loop = n ‘O 1.
5: loop t
5 c——i ¢+ I@)D'Illll 1 1€er
7: loop at most x —= 1 Z +_
8: N —+ i+1
9: loop € 100p
10: b—=1 8: A=l w =y
il loop
12: b —=1 b+4=1 9: loop
13: loop 10: X ——= n-+ 1 Yy — 1
14: d—=1 c+=1 i
1152 loop at most b times 11: halt if Y = 0.
16: X—=1 x+=1 d+=1
17: i+=1
RATIO, ¢, d, A, (n
19: loop ) ) )
20: x—=i y—=1 l/l
21: halt if y =10 i+=1 x4+=1 y4+=1 b+4+=1 c+=1 d+=1
2: loop
x+=1 y4+=1 c+=1 d+=1
1: loop
can halt after A,,(n)/2 zero-tests? ;oo
6: c—=1i cd+=
0 loop at most |
8: X —= | d += |+ 1

9: loop

10: b—=1 b

il loop

12: —1 b+4+=1

. ‘instrumented
1152 loop atgmost b tinges

- using by ¢; d
ey

20: x—=1i y—=1
21: haltif y=0

can halt?

50



Instrumentation - simulation of zero tests

eb=A4,(n)
*c>0 ¢ instrument increments and decrements:
*d=b.c command | replaced by
*X =Yy = 0 zero-tested counters x += 1 X+=1 c—=1 put X, y on
x =1 |x-—=1 c4=1 budget ¢
Li+=1 x+4=1 y+=1 b4=1 c+=1 d+4+=1 g
2: loop
% : X += 1 y += 1 c+=1 d4=1 [ ) replace ZerO? X by C + X + y Const
4: loop
loop
< c=i 4= ZERO? x:
i loop at most
8: x —= i X 4= i+1 1: loop
13: lOOE = 2: y—=1 x+4=1 d-—=1
1.1: loop/ - - 3: lOOp
* Jjnstrumented £ c—=1 y4+=1 d-—=1
i4 ;oﬁslilig h s Cy d 5: loop
16: X =1 X+=1 d+=1 6: y_=1 c+=1 d—=1
17: i +=1
18: zero? i 7 lOOp
&8 x—=1 y+=1 d-=1
21: halt if y =10 9: b Jp—
e replace halt by
Aim:
simulate A,,(n)/2 zero-tests on x, y halt if .. I_’ d=0. \

halt of M
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- simulation of zero tests put x, y on

budgetc
d=b-(c+x+y)
const
ZERO? x:
C y/\ X
C/\y .
C y/\ X

d decreases by <=2 . (c + x +y)
b decreases by 2

* d decreasesby 2.(c+x+y) =3 x =0 initially and finally, y preserved
* d decreasesby <2 - (c+x+y) === haltif..}] d=0 [|willsurely fail
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Fa) ~-hardness of reachability

program of size n
with two zero-tested counters:

Li+=1 x4=1 y4=1 b+=1 c+=1 d+=1

2: loop

3 x+=1 y4+4=1 c+=1 d+=1

1: loop

5 loop

6: c—=i d+
loop at most
X —= i

+=i+1
9: loop
10: b—=1

1. loop nOne can compute

:A ,(n)-multiplier

12: bY—=1 b+=1

13: loop

14: d—=1 c+=1

1152 loop at most b times

16: x —= X 4= _ | .
T ‘of size O(n)

18: zero? i L L e D D L - __

19: loop
20: x—=i y—=1
21: halt if y =10

can halt after A,,(n)/2 zero-tests?

53

program without zero-tests:

Lx4+=1 y+4+=1
2100p
Xx4+=1 y+=1

Ap(n)-multiplier

x —=1 z+—
7 loop
8 X+=1+1 z-—=1
9: loop

11: halt if y = 0.

RATIO®, ¢, d, A, (n))

i+=1 x4+=1 y4+=1 b+4+=1 c+=1 d+=1
2: loop
x+=1 y+=1 c+=1 d+=1

1: loop
5 loop
6: c—=1i d+=
0 loop at most |
8: X —= | d +=i+1
9: loop

10: b—=1 b
il loop

12: =1 =1

. ‘instrumented
1153 loop atgmost b tinges
- using b, ¢, d

18: zero? i
19: loop

20: x—=1i y—=1
21: haltif y=0
can halt?



I1I. F,-hardness

e reduction
e multipliers and simulation of zero-tests
e amplifiers

e open questions
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Ap(n) -multiplier Ai(n) = 2n

n
A (n) = A; 0A;0 ...0A/(]) = A; (1)

IOne can compute :
'A ,(n)-multiplier i
of size O(n) :

C Ap-ampliher —>  A,;(n)-multiplier

Ag-amplifier

2%

A j-amplifier
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The set computed by a counter program from a set I

a set_ I of initial valuations
mnitial valuation: all counters 0

LLx+=1 y+4+=1

2: loop

3k x+=1 y+4=1

§ f"rli = i comie 1o consider all runs starting in I
- oop . .

6 x—=1 z24=1 (nondeterminism)

7 loop

8 X+=14+1 z-—=1

9: loop
10: x—=mn+1l y-—=1
11: halt if y = 0.

the set of all valuations at successful halt
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*b=25

e c>0

RATIO®, ¢, d, B) *d=b-.c

e all other counters 0

F-amphifier

F:N — N - fixed function

For every fixed B:
RATIO(b, ¢, d, B)

LLx+=1 y+4+=1
2: loop

3: X + = 1]

4: for i to 1do d b, d’)

]

Z: x ——= 1 ? C, C ,

Lo b il oz consider all runs starting in RATIO(, ¢, d, B)

9:

loop (nondeterminism)

~halt if d=0
RATIOW, ¢, d’, F(B))
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Ap-ampliier ——>  A,,(n)-multiplier

initial valuation: all counters 0

.b+=n d+4+=n c+=1
2: loop n-multiplier
3: d4+=n c+4+=1

A, (n)-multiplier

RATIO®, ¢, d, n)

Lx4=1 y4=1

2: loop

3% x+=1 y+4+=1

4: for 7 := n down to 1do

i loop o
A ,~amplifier P(b, ¢, d, b’, ¢’, d’)
T I/Foop

8: L= Gl A =

9: loop

10: x—=mn+1 y-—=1

11: halt if y = 0.

RATIO®W, ', d’, A,,(n))
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A ~amplifier / Ayn) = 2n »

Ap g (n) = Ap 0ALo ...0AL(H) = A (H)

n/4
'One can compute A, -amplifier P(b, ¢, d, b’, ¢’, d’) i
IWlth 5n+2 counters, of size O(n) :
o Aj-amplifier
1: loop
2 loop
3 c —= c += d—=1 d 4=
4: loop .
50 do=1 c4=1 d-=1 d +=2 A,~amplifier
6: b—=2 b 4+=14
7: loop
8 c—= c += d—=2 d +=
b —= b’ += 4 <
« amplifier lifting: C Ag-amplifier

Ap-ampliher ~——0o—— Ay, -amplifier A j-amplifier
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, n/4
Amphﬁer hftlng o Ay.,(n) =Ap 0ALO ...0AL({E) = AL (d)
n/4
A. . 1.
M multlpher Ak+1~ampli fier
RAT[O(bl, cy, dy, 4)
RATIO(b, ¢, d, B)
1: M . 1. M
2: loop lnzs:’.cll(;ggnented
RATIO(by, <1, dy, B) 3 P usingrb, ¢, d
4: zero? di e—_—y 4 zero? d;
P Ap-amplifier— > 5 £ 5 L
6 zero? d 6: zero? do
RAT[O(bQ, C9, dg, A/c(B)) . P oo &2 . P
8: zero? d; 8: zero? d;
RAT[O(bQ, co, do, Ak+](B))
RATIO(by, <9, dy, B)

L identity-amplifier
RATIO(by, ¢1, d1, B)
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I1I. F,-hardness

e reduction
e multipliers and simulation of zero-tests
e amplifiers

° open questions
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Open questions

dimension-parametric complexity: F4_-hardness for which dimension?

e small fixed dimension
* extensions:
e data Petri nets
« pushdown Petri nets

* branching Petri nets
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1. Intro “Stawek Lasota

Slides

The reachability problem for Petri nets

e reachability and coverability

Orbit-finite linear programming

Frontiers of automatic analysis of concurrent systems

e equivalent models

Solvability of orbit-finite systems of linear equations

Some recent advances in register automata

Improved Ackermannian lower bound for the Petri nets rec

e coverability tree

Lower bounds for reachability in VASS in fixed dimension

Computation theory with atoms |

e characteristic equation

Computation theory with atoms Il

The reachability problem for Petri nets is not elementary
Timed pushdown automata and branching vector addition

Homomorphism problems for FO definable structures

( ( o
D Decidability border for Petri nets with data: WQO dichotorr
HH Automata with timed atoms
I I cCl1Adanlll Positions

| offer a postdoc position (details) and a PhD Reachability analysis of first-order definable pushdown auf

position (details) in automata and concurrency Computation with atoms

Turing_ machines over infinite alphabets

e N Py g g SR WV N S TP

theory.

e decomposition algorithm
» perfectness: sufficient condition for reachability

e refinement

I1I. F,-hardness

e reduction

* multipliers and simulation of zero-tests
. ampliﬁers
e open questions
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