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Abstract. A common limitation of adventure and strategy games is that players
quickly learn the positions and behavior of the characters programmed or Non-
Players Characters (NPCs). In this work, is explored using the feedback
supervisory control for Discrete Event Systems (DES) to control the actions of
the NPCs based on predicting where the player is and decide what to do next.
That is, to locate and plan their actions for themselves. Thus, the NPC may
present a different behavior every time the player plays.

Keywords: Feedback supervisory control, Non-player characters, Petri Net,
Artificial Intelligence.

1 Introduction

In the sort of video games of adventures and strategies, most NPCs are limited by a
restricted range of reactions programmed by game designers. In particular, when a
player meets the same NPC again after a certain period time, the NPC takes same
responses or only reactions that have been manually programed a priori. This model
has attracted increasing interest in the use of computational intelligence techniques to
control the actions of the NPCs instead of relying on simple heuristics or rules-based
systems, as Artificial intelligence (AI) [1], finite state machines [2], [3], search
algorithms like A * [4], [5], [6], methods based on software engineering [7], [8],
dynamic tables of probability [9] among others.

Manual editing of intelligent behaviors for Non Player Characters (NPCs) of
games is a cumbersome task that needs experienced designers, our research aims to
assist designers in this task. In [10] Interpreted Petri Nets (IPNs) are used to model
and to specify all the possible behaviors of NPCs to avoid blocking situations. The
model allows capturing behaviors like: causal relationship, synchronizations,
asynchronies, exclusions, concurrence or parallelism, among others. In addition, they
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have a mathematical support that makes suitable for analysis of qualitative and
quantitative properties. While as in this paper, we focus on dynamic retrieval and
selection of behaviors taking into account the current state and the underlying goals
(reach the user player). The global behavior of the NPC is dynamically built at
runtime the feedback supervisory control for Discrete Event Systems (DES). This
paper is organized as follows. Section 2 reviews Petri nets (PN) and IPN notation and
concepts used in this article. Section 3 presents the contribution of this paper
methodology for the NPC design; i.e. the game strategy for NPC’s. Next section 4
presents a case of study to illustrate the use of the game of strategy in the design of a
video game. Finally, section 5 provides conclusions and future work.

2 Petri nets and Interpreted Petri nets concepts and properties

This section presents a review the main concepts of the PN and IPN formalism used
in this paper. An interested reader can consult [11], [12] and [13] for more details.

2.1 Petri nets

Definition 1. A PN system is a pair (N,Mo) where N = (P,T,1,0) is a bipartite
digraph that specifies the net structure and Mo : P — Z™ is the initial marking. Each
element of N is defined as follows P ={P1,P2,....Pn}is a finite set of places;

T={ti,t2,....tm} is a finite set of transitions; |:PxT —Z* andO:PxT —Z" are
functions representing the weighted arcs going from places to transitions and from

transitions to places, respectively. The initial marking of PN Mo is a function that

assigns to each place of N a non-negative number of tokens, depicted as black dots
inside the places.

A PN structure N can be represented by its incidence matrix © =[Ci,jJnm |
where Ci.i =O(Pi,tj)=1(Pi,tj) | The sets *ti = {Pi|l(Pi,tj)#0} ang ti® =
{ Pi |O(pi1t1)¢0} are the set of input and output places of a transition Ui
respectively, which are denominated predecessors and successors of Ui respectively.
Analogously, the sets of input and output transitions of a place Pi are *Pi =
(L) 1(Piti)# 0y and pie = {O(Pi,tj) # 0} regpectively. Ina PN system, a self-loop
is a relation where Ci.i =O(Pi,tj)=1(pi,tj) =0 anq O(pi,tj)#0 1(pi,tj)#0 [ this
work the self-loop structure is represented by the matrix F=[fi,ilxm where
fi,j =O(pi, tj) A1(Pi,ti) | and ' is the number of places with self-loops.

A vector often represents the marking at the k-th instant
Mi =[Mk(p1) Mk(p2) - Mk(pn)I" . Hereafter, a marking M can be represented

by a list M= [1MPD) M) M) . gM(P)] where i-th item is omitted if
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M(pi) =0 and exponents M(Pi)=1 are also omitted. For example, a marking
M=[2 0 1 1]' can be represented by the list M =[1%3,4].

A transition Ui is enabled at marking Mk if VPi € P Mk(pi) 2 1(Pi,tj); when an
enabled transition i is fired, then a new marking Mk+1 is reached. This new
marking is computed as Mk+1 =Mk +CVk | where Vk is an m-entry firing vector whit
Vk(1)=1 when ti is fired once and k() =0 if 1 # J and ti is not fired, Vk is called
Parikh vector; the equation Mk+1 = Mk +CVk is called the PN state equation.

A firing sequence of a PN system (N/M0) is a transition sequence O=lilj-- 1k
such as Mo——>M—Y>.—% Mk The firing language of (N.Mo) is the set
L(N,Mo) = {ofo =titj...tk A Mo—sM;—tis...—% s Mk while the Parikh vector

6:T—(Z")" of S maps every t€T to the number of occurrences of t in ©. The fact

of reaching Mk from Mo by firing an enabled sequence © is denoted by
M—2>Mk . The set of all reachable markings from Mo jis R(N,Mo) = M|
Mo——Mk and © € L(N'MO)} and it is called reachability set.

Definition 2: A p-invariant Y of a PN is a rational solution to equation Y'C=0.
Support p-invariant Yi isset | Yi [FiPj [Yi(pj) =0}

Example 1: Consider the PN of Fig. la. The net consists of 8 places
P={p1,p2,....P8} and 5 transitions T ={ti,t2,..,t5} The incidence matrix is
illustrated in Fig. 1b. The sets of input and output places of W are ®t1 = {Pl}and t*
= {P2,P3} respectively. The initial markingis Mo=[0 2 0 1 1 0 1 1] or
Mo = [22,4,5,7,8 ]. The set of enabled transitions at Mo is E(Mo) ={t3,t4}  When
transition 13 fires the net reaches the marking M1 = [5,6,72,8 ]. A p-invariant of the
system A is Yo= [2 1 0 0 0 2 0 0] and its support is |Yo [={P1s
P2, Pe}.m

1 0 0 0 1
2 0 -2 0 0
1 -1 0 0 0
c |0 11 0 0
0 1 0 -1 0
0 0 1 0 -1
0 0 1 -1 0
0 0o 0o 1 -1
@) (b)

Fig. 1. @) Petri Net System A, b) Incidence matrix of Petri Net System A
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2.2 Interpreted Petri nets

Definition 3. An IPN system is a 6-tuple @ =(N"Z,®,4,¥,0) where N'=(N,Mo)
is a PN system; = = {®1,02,...,0r} js the input alphabet, where ®i is an input symbol;
®={81,82,...,8s} {5 the output alphabet of the net, where ¥ is an output symbol;
A:T =X Ule} is a function that assigns an input symbol to each transition of the net,
with the following constraint: Yt/ €T j=k i vpi 1(pi,tj)=1(pi,t&)# 0} ang
both Mti)#e AW)#e then AMli)# M%), In this case, ¢ represents an internal
system event. If M) # € then transition ' is said to be controlled, otherwise
uncontrolled. Te and Tuare the sets of controlled and uncontrolled transitions,
respectively. ¥:P=>®Ulel i a labeling function of places that assigns an output
symbol or the null event € to each place of the net as follows: Y(Pi)=8k if Pi
represents an output signal, in otherwise Y(P)=¢ _1In this case Pn={pil¥(pi)=¢} jg
the measurable place set and 9Pl is the number of measured places. While Pm =
P\ Fn is the set of non-measured places.

Finally, ¢:R(N,Mo) — (Z")" is a function that associates an output vector to every
reachable marking of the net as follows: @®(Mk)=Mklpm = where MkIPm is the
projection of Mk over P ie. if Mk = [Mk(p1) Mk(p2) -+ Mk(pn)]" and Pn =
{Pi,Pj - Ph} then Mklpm = [Mk(pi) Mk(pj) -~ Mi(pn)I" . Notice that function
? is linear and can be represented as a matrix ? = [9ijJa<n | where each row ®(K/®) of

this matrix is an elementary vector where o(k,d)=1 jf place Pi is the k-th measured

place and otherwise o(k,i) =0 and it is called non- measured.

In this paper, a measured place is depicted as an unfilled circle, while a non-
measured place is depicted as a filled circle. Similarly, uncontrollable transitions are
depicted by filled bars and controllable transitions are depicted by unfilled bars. Also,

(Q/Mo) will be used instead of @ =(N"Z,®,%,¥,0) to emphasize the fact that there
is an initial marking in an IPN.
Example 2: Consider the IPN shown in Fig. 2. The input and output alphabets are

Z={a,b} and P ={51,82,83} respectively. Functions ¥ and * are given by:

i 1 2 3|4 5 6 |7 1)
Y(pi) | &1 € €| e |62 03| € | &
K 1 5
- @
L A(tk) a € e | & | b |
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O Measured place
81 O Men-measured plage

1 Controlled transition

[ Unecentrelled transition

Fig. 2. Interpreted Petri Net System A.

Thus, the controlled transitions are Tc ={t1,15} and the uncontrolled ones are
Tu ={t2,t3,t4} ' The measured places are Pn ={P1,P5,P6} and the non-measured are
Phm = {P2, P3, P4, P7, P8} . In this case, the output function is the matrix:

10000000 3
©=|0 0001000
0000O0T1O00

The initial output is Yo =9(Mo)=[0 1 0 . m

Similarly to a PN, in an IPN system, a transition Ui is enabled at making Mk if
Vpi €P: Mk(p) 2 I(pi, ) however ti has fire conditions. When ti is enabled and
tj is controllable for that ti fire, it is necessary that the input signal Mt) # & must
be given as input. Otherwise when enabled transition i is uncontrollable, then it can
be fired. In both cases, when a transition 'i is fired a new marking
Mk+1 = Mk +C(21j) is reached and the output symbol Yk+1 = ?®(Mk+1) s observed.

Also, the firing sequence and firing language is computed and denoted as in PN
system to enhance the fact that there exists an initial marking in an IPN

Q=(N"Z,®,1,%,9) in this paper it is denoted as (?-Mo) .

3 Game Strategy Description

In this paper, Step Sate-Feedback Supervisory Control [14] and Error Petri Net are
used for compute game strategy for each NPC. Based on these mechanisms and
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according to Supervisory Control Theory from [15], our Step Sate-Feedback
Supervisory Control consists of three elements (Fig. 3):
1) A Dynamic Discrete event system (DES), representing the system to be
controlled; in this work the system itself is composed by the opponents.
2) The required behavior for the system, called specification; in this case all
behavior possible of the player (the user game).
3) An external agent, called supervisor, which restricts the behavior of the
system to the behavior of the specification by the manipulation of
controllable events.

Input Transitions State and Qutput
IPN Specification = IPN User behavior

Supervisor

.
r IPN System =IPN NPC's j_P

State and Qutput

Fig. 3. Game Strategy Scheme.

In this work, the model system (NPC’s) and specification (user game) are IPN
models, where it’s output information indicates which output information the system
must reach. Then the enabling rule of events I' determines which subset of inputs
events are enabled to occur into the system model (to generate the behavior of these
adversaries), based in the input string generated by the user game, and the state and
outputs of both system and specification model.

A novel technique for model NPC’s based on IPN and controlled place is presented
in [10]. The procedure includes a method to capture restriction operation in term of
the linear equations. The IPN model obtained with that methodology is used in this
approach to establish the control law based Step Sate-Feedback Supervisory Control
to simulate intelligence in the NPC’s as follow.

3.1 Modeling the specification: user behavior

In this paper all behavior possible of the player (the user game) and opponents
(NPC's) are modeled using the propose methodology in [10]. That proposal based on
IPN and controlled place, and the model obtained is composed by all the IPN model
of the elements: player and opponents, also the function ? is the identity matrix, due
to the game is composed only by measured places. In the strategy games the player
and opponents do not always have a complete knowledge of the system state; in these
cases, the function # represents only the places that each player and opponent can
measure. In this paper all behavior possible of the player (the user game) is modeled
using the follow algorithm.

Research in Computing Science 119 (2016) 14



Game Strategy in the NPCs using Interpreted Petri Nets

Algorithm 1: Modeling the specification: user behavior.

Inputs: A model in IPN computed with the algorithm [10].

Outputs: Specification (IPN model of the player).

Procedure:

1. ldentify the player of the game and generate “system specification”. In this
step the player is defined as the system specification, this is done by selecting the
places and transitions of the net which correspond to the player, each NPC will
try to achieve the same token marking as the specification.

2. Defining the knowledge places for the player. Each one of these places is

selected according to the game specification. It’s defined a matrix %i. Consider
for example the state variable position for the player, in this case the relevant
values are: room;, roomy, ..., room; where there can be non-measurable rooms for
the player. Thus the IPN of player is defined as: (, m p=)

3.2 Modeling the system: NPC behavior

In a similar form, to generate the behavior of these adversaries, the IPN of the close
loop system with the supervisor proposed in [10] is analyzed.

Algorithm 2: Modeling the system.

Inputs: A model in IPN of the close loop system with the supervisor [10].

Outputs: The system to be controlled (IPN model of the opponent).

Procedure:

1. Composition of the system. In this step the system is defined, this is done by
selecting the places and transitions of the net that do not correspond to the player.

2. Defining the knowledge places for each NPC. Each one of these places is
selected according to the game specification. It’s defined a matrix % for each
NPC. Consider for example the state variable position for an opponent, in this
case the relevant values are: room;, room,, ..., room; where there can be non-
measurable rooms for this NPC only. In this case the IPN for each NPC is
defined as Q, M(:VPCi) .

The next algorithm uses the individual marking of each part of the system and
specification to define the strategy game.
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Algorithm 3: Measuring the system and specification.

Inputs: Specification (IPN model of the player) and a system to be controlled (IPN
model of the opponent)
Outputs: A vector containing the observable information and a transition-firing

vector.

Procedure:

1. Selecting the NPC. It’s used the #i of the NPC whose information is required
and the system marking that are necessary for next steps.

2. Obtaining the output function of the system. Define the output for % for the
system and the output for the specification. By applying the equation: ¢ (M ey,

3. Obtain the output function of the specification. Multiply the # and the player
marking M P for the system and the output for the specification. By applying
the equation: ¢ (M ")

4 _ Obtaining the vector of information. Subtract the system output from the
specification output. By applying the equation: » (M) — o (M ) = M, -

5. Calculating the firing vector. Select the route for the NPC to follow by

calculating the firing vector that allows the NPC to reach the desired destination.
Let My —>M.,, executing the transition t; be the marking of the system and

M| —M .1y executing the firing vector Wi be the specification marking where
w={t, t,,t, ...t} . Then M, —>M byt,, M, —>M byt ..., =M, byt .
Calculate the firing vector W; for the system solving the next equation system:
CV =Mg,> where C is the incidence matrix of the NPC; and V=[V, Vv, ...,V,]

where V; is the amount of firing times necessary of t; to reach the desired state if

the player remains static, in other case is necessary to apply this algorithm again
until the player is captured by an opponent or the player meets its goal objectives.

If Mg, is a vector 0, means that the player and the NPC; both are in the same

room or both are in not observable rooms, if Ja,eM, | @;>0 then the player is

sig

visible for the NPC; and in any other case the player is not visible for the NPC; .

The application from all algorithms shown in this section is illustrated in the next

case study.
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4 Case of study strategy game

Fig. 4 represents the strategy game considered in this case of study proposed in
[10]. It is a dungeon environment, which is composed by seven rooms (h1, hy, ..., h?).
Inside a dungeon there are the following elements: a player (j1), two opponents (0a
and 0g), and a reward. The behavior of each element inside dungeon is the following.
Player (j1) has the goal of finding the reward and exit from the dungeon. Also, player
should achieve its goal just by avoid being in the same room as any of opponents.
This strategy game is indicated by the user game. Two opponents (0a and 0g) have the
goal of finding the player. In this case its strategy game consists in moving and
watching between dungeon’s rooms, which is computed by an algorithm.

I I
® X @ Player
room 1 roam 2
T A Reward
X X Opponent
room 3 | FoOOm S
— —
A
room 4 |rgom §  [room 7

Fig. 4. Component of the game [10].
Fig. 5 show IPN model game computed using the algorithm proposed in [10].
Where the input and output alphabets are:

T={ay2,8 1,8y 5,83 4,83_5,84_3,85_2,85_3,85_6,85_7,86_5, 875} and
® ={8,6,,83,04,85,04,6,} respectively. Functions ¥ and A are given by:

i 1 2 3 4 5 6 7 4
W(pi) | 81 | & | & | 64 | 5 | G | Iy @
1, | 2,3, |4 |5 |6 |7 1|8 |9 |10,]|11,] 12,
k 13, | 14, | 15, | 16, | 17, | 18, | 19, | 20, | 21, | 22, | 23, | 24,
25 | 26 | 27 | 28|29 | 30 | 31 | 32|33 |34 |35 | 36 (5)

k(tk) a2 | dzi azs as- as.s | ds3 as-3 as4 | ds6 | des | A7s | ds-7

All transitions are controlled and all places are measured. Thus the output
function ¢ is an identity matrix. In the final step it is necessary to synchronize the

state variables, in this case it step is not necessary.
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t13

o=

P11 Opponent A|
p8

4 4
Fig. 5.a) Player IPN [10]

Fig. 5.b) IPN Control places among opponet A and opponent B [10].

Fig. 5. IPN model computed with [10].
While as, the Fig. 5a and Fig. 5b show IPN model of player and the two opponents,
which are obtained using the algorithms 1 y 2 respectively. In this case, the output
function for the player and opponents are the matrix:

1000000100000000000000000000
0100000010000000000000000000
0010000001000000000000000000
Papca =10 001000000100000000000000000 ©)
0000100000010000000000000000
0000010000001000000000000000
0000001000000100000000000000
100000000000001000000000000 0
0100000000000001000000000000
0010000000000000100000000000
Pupee =000 1000000000000010000000000 @)
0000100000000000001000000000
0000010000000000000100000000
0000001000000000000010000000

The marking are:

M ™ =[100000000000000000000000000C0
M NPCA _ .
TR =000000001000000000000000000 0 (8)

M =10000000000000000100000000000f

Now the algorithm 3 is wused, in this case for the opponent A

P MP™) =1 0 0 0 0 0 of  and w0 1 9 0 0 o oys  then
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e ME*) g (M3 =M. =[1 —1 0 0 o o of - Lhe firing vector computed is: o=t

In similar form is computed by the opponent B. Then the enabling rule of events I'
determines A(t,4) =a,_; , thus is defined the behavior for each NPC’s.

5 Conclusions

This paper presents a novel technique for dynamic retrieval and selection of
behaviors taking into account the current state and the underlying goals (reach the
user player). The global behavior of the NPC is dynamically built at runtime the
feedback supervisory control for Discrete Event Systems (DES). In proposal, the use
of Interpreted Petri Nets (IPN) which is an extension of Petri Nets (PN) for design the
Intelligence in the NPCs is explored. The proposal is based creating a relationship
between input signals and output signals for IPN models of each NPCs to define its
behavior.

As future work this methodology will analyze to establish the control law based in
Feedback Supervisory Control and Partial Observation to simulate intelligence in the
NPC inside a collaboration schema.
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