
Formal Analysis of Temporal Dynamics in Anxiety States and 
Traits for Virtual Patients 

Abstract. This paper presents a temporal dynamic model of anxiety states and traits for an indi-

vidual. Anxiety is a natural part of life, and most of us experience it from time to time. But for 

some people, anxiety can be extreme. Based on several personal characteristics, traits, and a rep-

resentation of events (i.e. psychological and physiological stressors), the formal model can repre-

sent whether a human that experience certain scenarios will fall into an anxiety states condition. A 

number of well-known relations between events and the course of chronic fatigue are summarized 

from the literature and it is shown that the model exhibits those patterns. In addition, the agent 

model has been mathematically analyzed to find out which stable situations exist. Finally, it is 

pointed out how this model can be used in therapy, supported by a software agent. 
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1 Theoretical Background of Anxiety State and Traits 

Anxiety can be defined as an unpleasant state of mental uneasiness or concern that causes physical and psychological 

discomfort. This unpleasant state may cause physical symptoms such as a racing heart and shakiness. There are various 

forms of anxiety disorders, including generalized anxiety disorder, phobic disorder, and panic disorder [1]. While each 

has its own characteristics and symptoms, they all include symptoms of anxiety. Modeling of cognitive behaviour is 

important for the development of agents that should exhibit human-like behaviour. For example, the development of 

virtual agents in games and virtual learning environments that should interact in a realistic manner has to incorporate 

the effect of its cognitive behaviours, especially on behaviour analysis and virtual training environment [2]. These kinds 

of agents can also be used to perform simulations of humans in particular situations to study their behaviour without 

having to perform real life experiments [3, 4, 5]. The application in a virtual patient used in this paper is an example of 

such type of applications. This paper is organized as follows. First, the basic functioning of the anxiety state model is 

explained at a high level in Section 2 and its mathematical formalization is introduced in Section 3. Next, the Section 4 

gives a description of mathematical analysis performed with the model. In Section 5, the model has been verified by 

automated verification. Finally, Section 6 concludes the paper and discusses future work.  

2 Theoretical Background of Anxiety State and Traits 

According to Well’s model (Meta-cognitive Model), problematic worry develops over time. It begins with a tendency 

to use worry as a coping strategy for real or imagined threats. When a person is initially faced an anxiety provoking 

event, positive beliefs about worry are compromised (known as Type 1 Worry).  Worry is a weak cognitive attempt to 

avoid the aversive somatic and emotional experiences which naturally occur when being confronted with an episode of 

fear [1, 4]. Normally, it is caused by non-cognitive events (external situations or physical symptoms) and triggers anx-

iety responses. However, the responses may increase (or decrease) the anxiety state according to the initial condition of 

the problems [6]. During the course of Type 1 worry, coping strategy and individual’s sensitivity will regulate the for-

mation of short-term worry. Higher sensitivity increases the formation of beliefs about worry and reduces the ability to 

cope accordingly [7]. Engagement in ineffective coping strategies provides a chance about the belief that is uncontrol-

lable. Effective coping results in adaptation, while ineffective coping results in maladaptation [8]. As a result, it esca-

lates short-term worry [6, 8, 9, 10].  

Individuals with anxiety traits and negative personality will later experience a negative reinforcement spiral experi-

ence of worry that further reinforces the worry [10]. It explains the condition where the individuals feel that the worry 

is uncontrollable or probably dangerous to them. This concept of “worry about worry” is known as Type 2 worry. An 

increased “worry about worry” is posited to lead to a spiralling of the worry emotion in a long run [8, 10, 11]. This lat-

er increases the long-term worry that will influence individual’s thought control over negative events (triggers). This 
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process explains that the high levels of anxiety.  The intolerance to uncertainty serves to set off a chain of worrying, 

negative problem orientation, and cognitive avoidance. An increased IU therefore is posited to lead to a spiralling of 

the worry emotion [13, 15]. 

In short, the following relations can be identified from the literature: (1) a series of psychological and physiological 

stressor events can lead to the formation of anxiety; (2) low coping skills will increase the risk anxiety strait; (3) nega-

tive personality and personality traits factors aggravate the effect anxiety; (4) prolonged sensitivity will increase belief 

about worry; (5) good coping strategies and appraisal will reduce worry; (6) prolonged short-term worry will increase 

the risk of long-term worry in the future.   

 

3 Formal Model 

This section explains the details of the model in a mathematical specification. The implemented relations between dif-

ferent concepts are based on earlier findings in literature on anxiety state and disorder. The general structure of the for-

mal model for anxiety state is shown in Fig. 1. In this figure, it can be seen that the model consists of several interrelat-

ed nodes.  
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Fig. 1.  Global Relationships of Variables Involved in the Formation of Worry 

Once the structural relationships in the model have been determined, the model can be formalized. In the formalization, 

all nodes are designed in a way to have values ranging from 0 (low) to 1 (high). This model involves a number of in-

stantaneous and temporal relations, which will be discussed in greater detailed below. 

 

3.1 Instantaneous Relationships   

 
Physical event (Pe) is influenced by the amount of threatening event (Te). Coping skills (Cs) is proportional to the sen-

sitivity (Sy), personality (Ps) and short-term response (Sr). Short-term response (Sr) is represented by a level of physical 

event, long-term worry (Lw) and personal traits (Tr). 

 

  ( )       ( ) (1)  

  ( )  [   (    ( ))  (    )   ( )] (    ( )) (2)  

  ( )  [     ( )  (    )   ( )] (    ( )) (3)  

 

The impact of belief about worry (Bw) are dependent on low and high values from short-term response, long-term re-

sponse (Lr) and sensitivity. Short-term worry (Sw) itself is increased by low level of coping skills (Cs), appraisal (Ap) 

and a high level of belief about worry. Appraisal decreases the thought control (Tc) while long-term worry (Lw) in-

creases the effect of thought control.  

 
  ( )     [     ( )  (    )   ( )]  (    )   ( ) (4)  
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  ( )  (    ( ))   ( )) (6)  

 
Sensitivity (Sy) can be described through the proportional contribution of personality, thought control, normal sensitivi-

ty level (Synorm) and physical event. 

 
  ( )          ( ) [    ( )]   (    ) [         ( )           ( )] (    ( ))  (7)  

 

3.2 Temporal Relationships   
Long term response (Lr) is primarily contributed the accumulation exposure towards short term response, while the 

accumulated short-term worry produces long-term worry (Lw). The formation of long-term appraisal is modelled using 

the presence coping skills, thought control and belief about worry.   

 
  (    )     ( )     [   (  ( )    ( )) (    ( ))                                                                   

                                    ( (  ( )    ( ))   ( )]     
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        where      ( )  [      ( )        ( )] (    ( )) 

(10)  

 
Note that the change process is measured in a time interval between t and t + t. In addition to all this, the rate of change 

for all temporal specifications are determined by flexibility rates βL, L, and a.  Using all defined formulas, a simulator 

was developed for experimentation purposes; specifically to explore interesting patterns and traces that explain the be-

haviour of the human agent model related to anxiety states. 

4 Mathematical Analysis 

For the mathematical verification, equillibria analysis is used to describe situations in models where the values (contin-

uous) approach a limit under certain conditions and stabilize (the trajectories do not change too much under small per-

turbations) [12, 14]. It means, if the dynamics of a model is described by a differential equation, then equilibria can be 

estimated by setting a derivative (or all derivatives) to zero. One important note that an equillibria condition(s) is con-

sidered stable if the model always returns to it after small disturbances. For example, using the autonomous equation,  
  

  
  ( ) 

the equillibria or constant solutions of this equation are the roots of the equation 
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Fig. 2.  Equillibria Conditions for Selected Variables in the Model 

 

If unstable, the system will move away from its point when slightly disturbed. These equillibria conditions are interest-

ing to be explored (as depicted in Fig. 2), as it is possible to explain them using the knowledge from the theory or prob-
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lem that is modelled. As such, the existence of reasonable equilibria is also an indication for the correctness of the mod-

el. To obtain possible equilibrium values for the other variables, first the temporal equations are described in a differen-

tial equation form, 

 
   

  
    [   (  ( )    ( )) (    ( ))     ( (  ( )    ( ))   ( )]   

(11)  

   

  
    [   (  ( )    ( )) (    ( ))     ( (  ( )    ( ))   ( )]  

(12)  

   

  
    [   (  ( )    ( )) (    ( ))     ( (  ( )    ( ))   ( )] 

(13)  

Next, the equations are identified that describe: 

 
   

  
 
   

  
 
   

  
   

 

Assuming all parameters are non-zero, this provides the following equilibrium equations; 
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    ( (  ( )    ( ))   ( )    

 

Notice that Pos(x) > 0, so this equilibrium equation is equivalence to; 

 

   (     ) (    )     ( (     )   )    (14)  

 

This later provides cases 

 

(              )  (           )    
(            )   (           ) 

 

The latter case cannot exist, and as 0   Lr  1 the other three cases are equivalent to Sr=Lr. Similar the cases for equa-

tions (13) and (14), the equillibria state occurs when Sw = Lw and Sg = Ap respectively. Note that for each of the dis-

tinguished cases, further information can be found about the equilibrium values of other variables using the other non-

dynamic-equations.  

 

Case #1: Sr = Lr 

   [   (    )  (    )   ] (    ) (15)  

      [      (    )   ]  (    )    (16)  

Case #2: Sw = Lw 
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Case #3: Sg = Ap 

   [  ((      (    ) [             ] (    ))) (    )] (19)  

   (  [             ] (    ))   ) (20)  

Case #4: Lr =1 ^ Sr =  Lr 

     (21)  

      [   (    )]  (    )    (22)  

    Assuming the proportional contribution of          , therefore,  

             (23)  

5 Temporal Trace Analysis 

In addition to this verification process, the results of the experiment and a number from properties from the literature 

have been analysed in more detail by converting them into formally specified traces and checking relevant properties. 

These properties were translated as temporal logical expression, against these traces. To this end, a number of properties 

were logically formalized in the Temporal Trace Language (TTL). This predicate logical language is built on atoms 

referring to states of the world, time points and traces. States are related to state properties via the satisfaction relation 



denoted by the prefix predicate holds (or by the infix predicate |=): holds(state(γ,t), p) (or state(γ,t) |= p), which denotes 

that state property p holds in trace γ at time point t. In general, TTL terms are constructed by induction in a standard 

way from variables, constants and function symbols typed with all before-mentioned TTL sorts. Transition relations 

between states are described by dynamic properties, which are expressed by TTL-formulae [16]. The set of well-formed 

TTL-formulae is defined inductively in a standard way using Boolean connectives (such as ,,,,,) , and quanti-

fiers over variables of TTL sorts. An example of the TTL formula, which describes observational belief creation of a 

virtual agent, is given below:  
“In any trace, if at any point in time t1 the virtual agent A observes that it is raining, then there exists a 

point  in time t2 after t1 such that at t2 in the trace the virtual agent A believes that it is raining.”  

∀γ ∀t1 [holds(state(γ,t1),observation result(itsraining)) ⇒ 

                 ∃t2 > t1 holds(state(γ,t2),belie f(itsraining))] 

As an input for this analysis technique either a simulation or a formalized empirical trace(s) is/are provided. A trace is 

represented by a finite number of state atoms, changing their values over time a finite number of times, i.e., complies 

with the finite mathematical specifications (formal properties) as defined in Section 3. For each of the properties, first 

an informal description is given, and next the formal description that has been used for the automated checking soft-

ware. 

 

VP1: Low Trait and Positive Personality will Reduce Anxiety State 
Individuals with less negative personality and low anxiety trait develop lesser chance of having long-term worry. 
VP1 :TRACE, t1, t2, t3 :TIME, v1,v2,w1,w1,h1, h2:REAL 

[state(, t1)|=personality(v1) &  

  state(, t1)|=personal_trait(w1) &  

  state(, t1)|=long_term_worry(h1) &  

  state(, t2)|=personality(v2) & 

  state(, t2)|=personal_trait(w2) &  

   v2 < v1 & w2 < w1]   t3:TIME > t2:TIME & 

   t2:TIME > t1:TIME [ state(, t3)|= long_term_worry(h2) & h1 > h2] 

VP2:  Higher Sensitivity Increases Worry 
Individual’s sensitivity is related to the risk of long term worry. 
VP2  : TRACE, t1, t2:TIME, F1,F2,H1,H2, d:REAL  

[state(,t1)|= sensitivity(F1) & 

 state(,t1)|= long_term_worry(H1) & 

 state(,t2)|= sensitivity(F2) & 

 state(,t2)|= long_term_worry(H2) & 

 t2 ≥t1 +d & F1< F2]  H2 > H1 

VP3: Monotonic Decrease of Long-term Worry for Any Individual When Sensitivity and Belief about Worry, 

are Reduced  
When a person manages to control his or her perception (sensitivity) and belief about the negative consequences of the experienced 

events throughout time, then the person will reduce the level of long-term worry in future. 

VP3  :TRACE,t1,t2:TIME,D1,D2,E1,E2, H1, H2:REAL 
 [state(, t1)|= sensitivity(D1) &  

  state(, t2)|= sensitivity(D2) &  

  state(, t1)|= belief_about_worry(X,E1) &   

  state(, t2)|= belief_about_worry(X,E2) &  

  state(, t1)|= long_term_worry(X,H1) &   

  state(, t2)|= long_term_worry(X,H2) &  

  t2 > t1  &   D2 ≥  D1 & E1 ≥ E2 ]   H2  H1 

VP4:  Good Coping Strategy Decreases Worry 
A good coping skill (e.g. problem-focused coping) is a better option to reduce worry.  
VP4  : TRACE, t1, t2:TIME, F1,F2,H1,H2, d:REAL  

[state(,t1)|= coping(F1) & 

 state(,t1)|= long_term_worry(H1) & 

 state(,t2)|= coping(F2) & 

 state(,t2)|= long_term_worry(H2) & 

 t2 ≥t1 +d & F1< F2]  H2 > H1 

VP5: Monotonic Increase of Variable, v for Worry Amplifies Future Response over Negative Events 
For all time points t1 and t2 between tb and te in trace  if at t1 the value of v is x1 and at t2 the value of v is x2 and t1 < t2,  

then x2 ≥ x1 
VP5  : TRACE, t1, t2:TIME, X1,X2:REAL  

[state(,t1)|= has_value(v, X1) & 

 state(,t2)|= has_value(v, X2) & 
 tb ≤ t1 ≤ te &  
 tb ≤ t2 ≤ te &  

  x2 ≥ x1 

 



6 Conclusion 

A computational model of anxiety dynamics (traits and states) has been presented that incorporates concepts from gen-

eral theories about anxiety traits and states. This model has been used to simulate different scenarios in which personal 

characteristics determine the effect of related traits and states on the anxiety level of a person. A mathematical analysis 

illustrated the different equilibriums of the model for persons with different characteristics. By formally checking prop-

erties of the simulation traces, the adherence of the model to the most important ideas in the theories was internally 

validated. This work provides the first step in the development of an intelligent software agent or robot to support indi-

viduals with anxiety traits and states in a personal manner. Future work of this agent and model integration will be spe-

cifically focus how interactions and sensing properties can be further developed and enriched, to promote a better way 

to fluidly embedded this into any monitoring and health informatics system 
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