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Abstract: Any autonomous agent behaviour generation mechanism should 
incorporate as a core module, a source of internal motivation that functions as a 
start point for agent behaviour to commence. Intelligent virtual agents are 
typically respondent to external stimuli, however, their behaviour becomes 
repetitive and trivial when these stimuli are missing. We argue that it is 
necessary for virtual agents to be equipped with intrinsic motivations that 
energise and direct their behaviour, in order to function in a coherent and 
believable way. Adopting the general principles of hierarchical motivation 
theories, in the current work, we attempt to model physiological needs as the 
lowest and basic level of motivations, in a layered motivational architecture. 
Based on readings from physiology, we present the mechanisms underlying the 
function of four basic needs and propose a model that allows the incorporation 
of plausible human-like needs in an intelligent virtual agent. 
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1 Introduction 

An essential element in intelligent virtual agents is the concept of believability, a notion 
that refers to creating the illusion of interaction with living characters, as mentioned in 
Riedl and Young (2005). This sense of believability is in turn of major importance in 
order to enhance the sense of immersion and presence, elements that according to Zeltzer 
(1992), are among the sine qua non for an engaging virtual reality experience. 

As argued in De Sevin and Thalmann (2005), the key to any attempt to produce 
plausible humanoid agent behaviour is the concept of motivation, a necessary prerequisite 
for autonomy. An agent programmed to react depending on the user’s input or on 
external events, will remain idle when no such input is present. Even if the virtual agent 
is programmed to follow a scripted sequence when no other input is available, its 
behaviour will soon start to appear repetitive. This does not only apply to reactive but 
also to deliberative agents. An intelligent agent equipped with deliberation capabilities 
and given a carefully designed set of goals, could be able to function automatically and 
demonstrate much more complex behaviour, however, when its goal agenda is fulfilled, 
the agent will still slump into idleness as there is nothing that will push it into action. As 
argued by De Sevin and Thalmann, providing the agent with a given set of goals to 
pursue, in order to demonstrate believable behaviour is not enough; a goal-directed agent 
is not necessarily an autonomous one, as its set of goals is a given one, an extrinsic 
source of motivation rather than an innate driving force (Luck and D’Inverno, 1995). 

In the context of an intelligent virtual environment, the ability of non-player 
characters (NPCs) to behave autonomously within the virtual world gains even more 
importance, as it is a necessary step towards achieving believability, as argued in Petri 
and Staffan (2007). NPCs in virtual worlds should be able to follow their own goal 
agenda and function as if they were living their own lives, altering their schedule when 
human users interact with them. This requires that the agent is equipped with a personal 
dynamic goal agenda that will be the result of the agents’ own intrinsic motivations. 
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A fundamental prerequisite for the generation of intrinsic motivation in intelligent 
agents is the simulation of low-level physiological processes. While the agent is active, 
its internal physiological state is changed, as a result of processes such as the depletion of 
its energy or water reserves. This results in a destabilisation of the agent’s homeostatic 
balance, which causes intrinsic motivations to gradually appear. When a basic 
physiological variable is out of balance, the agent is motivated towards a course of action 
intended to restore the variable within well-being levels. 

Motivation, in psychological terms, refers to the internal processes that energise and 
direct behaviour, as defined by Reeve (2010). An alternative approach by Toates (1986), 
defines motivations as abstractions representing tendencies to behave in particular ways, 
as a consequence of internal and external factors. Examining the issue from an  
agent-centric point of view, Avradinis and Aylett (2003) have defined motivations in the 
past as internal emotional, mental or physical (biological) processes that can produce new 
goals or affect an agent’s existing goals, and are themselves affected by the agent’s own 
actions, other agents’ actions, or environmental conditions. 

Theories of human motivation deal with how behaviour is produced, directed and 
energised. Motivation can be either due to external factors, or due to internal motives, 
namely an agent’s needs, cognitions or emotions. These all fall under the broad concept 
of affective science, a field that has lately caught the attention of the computer scientists 
and particularly the artificial intelligence research community, due to the importance of 
concepts such as affect, feeling or emotion for the production of human-like behaviour in 
synthetic agents (Picard, 1997; Stathopoulou and Tsihrintzis, 2010). 

According to Ryan and Deci (2000), motivation can be intrinsic, sourced from within 
the person itself, or extrinsic, coming from external sources. Motivation can be positive, 
coming in the form of a reward when a goal is succeeded, which makes one approach 
particular behaviours, or negative, leading one to avoidance of behaviours that incur 
some sort of penalty, as in Elliot and Church (1997). 

One of the best known theories of human motivation is Maslow’s (1943, 1970) 
hierarchy of needs. According to it, human needs can be distinguished into five levels of 
decreasing priority. At the lowest level lie one’s physiological (biological) needs – these 
correspond to basic needs such as hunger, thirst, need for air, sleep, sex, etc. When these 
needs are not satisfied, they may result in emotional and physical discomfort and even 
threaten one’s survival. 

Physiological needs manifest themselves via the emergence of a strong motivation to 
restore basic physiological variables within ranges of values that define regions in a 
multi-dimensional space representing a viability zone, as stated in Meyer (1996). We 
extend this concept beyond survival, to define even narrower spaces that define states of 
well-being, where the value of each physiological variable does not just satisfy the 
requirements of viability, but rather tends to settle near levels that minimise the 
motivational pressure induced. 

In the present work, we suggest that intelligent virtual agents, IVAs, should be able to 
function without given goals and be able to demonstrate emergent behaviour, based on 
their own needs and wants, as they surface due to changes in the initially aimless agents’ 
internal states. We focus on the representation and provide functionality for simulated 
physiological needs of IVAs, applying formulae inspired from the area of physiology and 
biology. We focus on modelling basic needs and the mechanisms linking vital 
physiological variables to the experience of a particular need and the emergence of 
appropriate coping behaviour. 
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In this research work, we will use frequently the concepts of homeostasis and 
circadian regulation. Homeostasis refers to a set of mechanisms whose function is to 
maintain a steady physiological state in the organism, a concept popularised by Cannon 
(1932). Although it usually refers to mostly automatic and insensible internal, 
physiological processes, the concept of homeostasis is often being used in a wider sense, 
to include all sorts of self-regulating mechanisms towards a state of dynamic balance in a 
systems context. Circadian regulation refers to the oscillating behaviour demonstrated by 
internal biological processes that follow a periodic one-day cycle, mainly controlled by 
daylight (Halberg et al., 1977). Circadian rhythms govern or affect several physiological 
processes, such as body temperature control, hormonal balance or sleep, as proposed by 
works such as Dijk and Lockley (2002). 

2 Overview of the physiological needs component of the MAGE model 

2.1 Agent needs and motivations 

The process of motivation is a dynamic one; behaviour is controlled by the continuously 
changing intensity of several concurrent motives. As external conditions and internal state 
changes, the intensity of discrete motives changes accordingly, allowing the strongest 
ones to surface while others remain subdued in the background (Birch et al., 1974). 

Figure 1 Behaviour over time as a result of motivation intensity changes 

 

Source: Adapted from Birch et al. (1974) 

The dynamic generation of a goal, which when fulfilled would satisfy a given 
need/motivation, depends on the relative intensity of each motivation, which defines an 
implicit priority over other motivations that are concurrently active. Each goal is 
associated with the selection of a particular course of action, called a behaviour. 
Behaviours associated with the motivation that is currently the most intense one take over 
behaviours associated with motivations of a lesser priority. 

The MAGE motivational synthesis model, first presented in Avradinis et al. (2012), 
adopts a layered architecture, with low-level, high priority, basic needs lying at the base 
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layer and higher level, lower priority needs at higher levels. The model at present 
assumes three layers of needs-basic (physiological), emotional and mental. 

Needs are not directly represented in the MAGE model, being mental constructs 
rather than actual feelings. Needs in MAGE correspond to experiences of deprivation, 
resulting from a fall of an internal level (IL) beneath a set threshold or outside a comfort 
zone that causes the physical need, which in turn creates a motivation to act towards the 
reinstatement of equilibrium. 

Low level needs are highly urgent and concrete; they are linked primarily to a single 
internal factor affecting their intensity and are satisfied by primarily a single specific 
action. The nature of lower level needs is such that it leads to almost reactive  
behaviour-hunger is satisfied by eating; thirst is satisfied by drinking, etc. 

ILs are variables that are the sources of needs and activate motivations to restore the 
variables to set ranges. The concept of ILs is particularly useful in order to model the 
homeostatic aspect of lower level, physiological needs, that are instinctoid1 in nature, are 
primarily satisfied via consummatory actions and are pure deficiency-type needs, 
requiring timely and urgent satisfaction. 

Motivations represent tendencies towards a particular course of action, as result of a 
deficiency that has emerged. 

Figure 2 Need satisfaction as a result of motivation emerging from deprivation (see online 
version for colours) 

 

Source: Adapted from Reeve (2010) 

Each motivation is associated with a SetPoint Vector, which is a tuple in the form of  
SP = {Min, SetPoint1, …, SetPointN, Max}. Set points are key points in the value range 
of each IL variable, that represent different viability zones. ILs do not follow a uniform 
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structure in respect to their set points; as each IL may have different set points, or may 
have none at all. 

The intensity of a particular need/motivation depends on whether the value of a 
corresponding IL has fallen within the range of an appropriate viability zone. Intensity is 
a motivation-specific, dynamically adjusted value, that depends on the agent’s ILs. The 
way the intensity is produced, is distinct for each motivation. Intensity, in accordance to 
readings from physiology (Borbely and Achermann, 1999; Mifflin et al., 1990), depends 
on physiological factors that may be homeostatic (based on the value of the 
corresponding IL), circadian (based on the time of day), or both. 

Moreover, each physiological need is also associated to an intra-level priority.  
Intra-level priority depends on the relative importance of each motivation within the same 
level in a possible needs hierarchy. The intra-level priority is used to represent the higher 
priority of water excretion, for example, relative to hunger. 

The overall priority of each motivation is defined with the following strategy: 
1 For all physiological needs the one with greater intensity takes priority into getting 

satisfied. 
2 If there are more than one needs happen to have equal intensity values, greater than 

the rest, the one which is lower in the layer, that is, the one that has greater intra-
level priority, is selected into getting satisfied. 

Goals are linked to motivations via a support/undermining mechanism, similar to the 
ideas presented by Coddington and Luck (2004). A goal may affect, by means of the plan 
that implements it, one or more motivations, potentially supporting one, while 
undermining another. 

2.2 Essential components 

Agents incorporating the MAGE model maintain vital information in an internal 
structure, as a 4-tuple: <PA, IL, RF, AS>, correspondingly physical attributes (PAs), ILs, 
regulation functions (RFs) and activity state (AS). 

PAs are values representing basic characteristics of the agent. At present, we assume 
four PAs: weight, height, age and sex, which, based on readings from physiology (Daan 
et al., 1984; Sawka et al., 2005; Mifflin et al., 1990) are among primary factors affecting 
water, energy and sleep regulation. PAs are assumed to be stable over the timeframe of 
the experiment. 

ILs are variables corresponding to basic parameters that constitute the agent’s current 
physiological state and can be extended to include affective factors as well. At present 
four ILs are assumed: energy level, water level, sleep reserves, and bladder content. ILs 
can either be independent or related to one another, as for example is the case with water 
level and bladder content. The value of ILs depends on time and may also be affected by 
the effects of an agent’s actions, as well as the current state of activity. The moderation of 
ILs, as well as the maxima, minima and comfort thresholds may also be dependent on the 
agent’s physical characteristics. 

Energy level corresponds to the agent’s calorific reserves that decrease as a result of 
the regular consumption due to the agent’s maintenance needs as well as the additional 
expense caused by the agent’s physical activity. Energy can be replenished by consuming 
food in solid or liquid form. Water level corresponds to the agent’s total body water 
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(TBW), which is again decreased through agent’s activity and replenished by consuming 
fluids or food. Sleep reserves are a representation of the homeostatic aspect of sleep, 
consistently with what is described in Achermann and Borbely (1994) and Achermann 
(2004). Bladder content corresponds to the amount of water contained in the agent’s 
bladder. It is reduced through excretionary behaviour and is increased because of urine 
production in the kidney, as a result of water RFs. 

RFs describe the way that the value of ILs is regulated, taking into account PAs, time 
and AS. Each IL has its own set of RFs, depending on its nature and semantics. The 
MAGE model includes appropriate RFs for each IL have been designed, in an attempt to 
emulate the corresponding human functions. 

AS is an enumeration of values, corresponding to the physical effort the agent is 
exerting at a particular moment in time. The AS affects directly the consumption of 
energy and water, which has also indirect effects over the excretion of liquid waste from 
the body. 

2.3 Assumptions about the environment 

Agents adopting the MAGE model are assumed to inhabit worlds where particular 
resources are to be found, in the form of food, drink, etc. The agents’ survival and  
well-being depends on the consumption of these resources in order to replete their 
reserves and reinstate the values of ILs within acceptable levels. At present, basic 
substances are water and energy. A consumable resource may contain both basic 
substances, but is classed as food or drink based on its primary use. A good 
approximation of the nutrient values of common foods is shown in Table 1.2 

2.3.1 Consumable resources 

Environmental temperature and humidity is at present assumed not to affect the agent’s 
functions. 
Table 1 Nutrient values of common foods, based on 100 g reference portions 

Resource name Resource type Reference portion Water content Energy content 
(kcal) 

Apple Food 100 g 84.5 g 50 

Grapes Food 100 g 81.8 g 65 

Milk Drink 100 g 93 g 67 

Broccoli Food 100 g 89 g 25 

Tomato Food 100 g 94 g 13 

Cucumber Food 100 g 95 g 11 

Chicken Food 100 g 60 g 120 

Beef Food 100 g 65 g 190 

Juice (orange) Drink 100 g 88.3 g 45 

Beer Drink 100 g 92 g 43 

Wine Drink 100 g 86.8 g 82 

Water Drink 100 g 100 g 0 
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3 Basic needs in MAGE 

MAGE agents are equipped with four basic needs: hunger, thirst, urination and sleep. 
These four needs belong to the lowest level of a motivational hierarchy and are primary 
drives that produce almost reactive behaviour towards the satisfaction of physiological 
deficits. Each of these physiological drives is represented by a particular motivation that 
is primarily associated with one of four basic physiological variables (represented in 
MAGE by ILs). 

In the present section, we will present the physiological roots of each of these four 
individual needs and will describe how these are modelled in the MAGE model. 

3.1 Thirst and water 

Thirst is a physiological need that arises from the continuous loss of body water 
throughout the day and is experienced as a motivational state that drives towards 
behaviours intending to replenish the resulting water deficit. Water contained in the 
human body is one of the primary physiological variables and is monitored closely by the 
organism, and even slight deviations from normal levels activate internal processes that 
direct towards water-replenishment behaviours. The body of an average adult male 
consists of about 60% water, while the respective percentage for females is about 50% 
(Sawka et al., 2005). This, for an average weight of 70 kg, corresponds to a TBW mass of 
about 42 kilograms for males and 35 kilograms for females. Deviations from these 
normal values at rates of 0.2% are adequate to activate regulatory mechanisms 
(Bossingham et al., 2005). 

The internal processes that produce the feeling of thirst and the regulation of water 
balance are rather intricate and involve low level factors such as blood volume, 
concentration of electrolytes or hormonal balance, as described in Weinheimer et al. 
(2008). For the needs of our research work, where the focus primarily lies on intelligent 
agent decision making, such a level of detail and complexity is not necessary. However, 
it is necessary to model the regulation mechanism at a coarse level, in order to produce an 
adequately realistic simulation of daily water balancing. 

Regardless of the complexity of inner processes, the basic principle governing body 
water regulation is quite straightforward: Body water balance depends on the net 
difference between water intake and water loss (Food and Nutrition Board, 2005). Water 
is lost from the human body in either liquid or gas state, mainly through sweat,  
non-sweating perspiration (loss of water by diffusion through the skin), respiration, and 
body waste excretion, mostly in liquid form as urine (Sawka and Kenefick, 2007; Sawka 
et al., 2005; Bossingham et al., 2005). Perspiration and respiration are characterised as 
insensible losses and happen continuously throughout the day. Sweat (in liquid form) is 
produced mainly due to excess temperature and physical activity. Urinary excretion has 
both a constant component, corresponding to obligatory loss necessary to clear out body 
waste, as well as a variable component, that allows excess free water disposal in order to 
maintain water balance, as stated in Karanfil and Barlas (2008). 

The replenishment of water levels is achieved via the consumption of beverages or 
food with high water content, as well as the direct consumption of drinking water 
(commonly termed as ad libitum intake) (Bossingham et al., 2005). The absorption and 
distribution of consumed water is not immediate; a delay of 0.5 to 1 h may be necessary 
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for the water to be distributed in the body (Reeve, 2010). An amount of water is also 
produced by the human organism itself, through metabolic processes. Factors affecting 
water consumption include age, weight, sex, general health conditions, physical activity, 
temperature, humidity, and environment pressure. 

Figure 3 Water intake and output balance (see online version for colours) 

 

Practical guidelines established through several studies show minimum values in the 
following ranges for obligatory water output (Food and Nutrition Board, 2005; Chaplin, 
2012), assuming a resting adult in a temperate environment: Insensible losses roughly 
amount to 900 ml of water per day, including respiratory, perspiratory and minimal sweat 
loss because of thermal. Waste excretion losses amount to about 700 ml, of which about 
100 ml is contained in solid waste and the remaining 600 ml is in the form of urine, 
calculated as a product of the constant hourly urine production rate (UPR) by 24 h. These 
values will be used following in formula (4) to calculate the agent’s base water 
consumption. The above losses are compensated via the intake of water, as well as the 
metabolic production of water from the organism itself. 
Table 2 Excess sweat rate according to activity 

Activity Example activity Excess sweat water rate 

Idle (asleep) Asleep 0 ml/h 
Resting Resting, office work 0 ml/h 
Light Walking 300 ml/h 
Medium Walking fast, cleaning 500 ml/h 
High Sports (running) 1,100 ml/h 

Additional water loss may occur through excess sweat that is produced due to exercise. 
Sweat water production depends on the hydration of the body, the intensity of the 
exercise, external temperature, general physical fitness and humidity, which makes 
precise prediction almost impossible. However, for the current work, we have created the 
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following table for excess sweat in water form, with approximate estimates, based on 
sweating rates reported in Sawka et al. (2005), Bates and Miller (2008), and Sawka and 
Kenefick (2007). 

Urine production may also increase greatly, depending on the level of body hydration. 
According to Figure 7, average hourly urine production ranges from 25 cc/hr, when the 
body is dehydrated, up to about 50 cc/hr, when TBW is balanced. If the body is  
over-hydrated, urination rate increases rapidly and may reach 300 ml/h or more. 

Figure 4 Relation of urine output to body hydration status 

 

Source: From Lee (1964) 

Total UPR is the sum of the constant (obligatory) urine production rate (UPRc) and the 
excess UPR due to ad libitum water consumption (UPRa), which occurs when the body is 
overhydrated. This can be modelled via the following function: 

,
, in ml/h

1,250

<⎧
⎪= + = −⎨

+ ≥⎪⎩

UPRc TBWc TBWn
UPR UPRc UPRa TBWc TBWnUPRc TBWc TBWn

TBWc
 (1) 

We use an average rate of 25 ml/hr for the constant urine production that is assumed to be 
stable throughout the day, regardless of activity or level of hydration. 
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TBWc is the current body water mass and TBWn is the normal level of TBW. We 
assume TBWN as 60% of body weight for men and 50% for women. 

Based on the above, we formulate water consumption in MAGE as follows: 

( ) ( ) ( ) ( ), in ml+ Δ = − Δ + ΔW t t W t WC t WI t  (2) 

( ) ( ) ( ) ( )Δ = Δ + Δ + ΔWC t BaseWaterConsumption t ExcessSweat t ExcessUrine t  (3) 

( ) ( )*
ml ml(900 700) * 1,600 *
day day

Δ = + Δ

= + Δ = Δ

BaseWaterConsumption t Insensible Waste t

t t
 (4) 

( ) ( )*Δ = ΔExcessSweat t SweatRate ActivityLevel t  (5) 

( ) *Δ = ΔExcessUrine t UPRa t  (6) 

Daily BaseWaterConsumption is measured in ml per day, therefore when we want to 
calculate the BaseWaterConsumption over a time period Δt, time values must be 
expressed as a fraction of a day. Similarly, appropriate calculation for ExcessSweat and 
ExcessUrine must be performed, since SweatRate and UPRa are measured in ml per 
hour. The total UPR will be used in following, for the regulation of bladder content. 

3.2 Hunger and energy 

Hunger is a much more complex need to model than thirst; unlike thirst, if one examines 
all of its aspects, hunger goes beyond a simple input/output balance. Although hunger 
does follow a model of intake/expenditure balance, it is also heavily dependent on habits, 
while also unlike with water, the body has a capability for long-term energy storage in the 
form of fat cells. In addition, hunger also has strong cognitive and affective influences, 
associated both with emotional features (Hawks et al., 2004) as well as preferences. 

In the MAGE model, at present we assume that hunger is the expression of an energy 
deficit in the agents’ bodies, caused by continuous consumption through agent activity, 
and leading to food-consumption behaviours. Energy in MAGE corresponds to the 
calorific reserves of the agent and is the basis for regulating hunger. A basic assumption 
made in MAGE is that the agent possesses no long-term energy storage reservoir-all of 
the energy used by the agent is acquired via the consumption of food, rather than from fat 
cells. 

The total energy expenditure of the agent is a result of both the agent’s physical 
activity, as well as the base energy expenditure that is necessary for survival. The agent’s 
energy levels are depleted over time, even when the agent is idle, as it consumes energy 
for self-preservation even when asleep. The base energy expenditure or basal metabolic 
rate represents energy use during an inactive, stress free, fasting state. The BMR can be 
estimated, using tools such as the predictive equations of Harris and Benedict (1919) or 
Mifflin et al. (1990). 

In the MAGE model, we use the Mifflin-StJeor equation, that uses weight, height, age 
and sex as input and produces a daily resting energy expenditure expressed in kcal. The 
agent’s resting energy expenditure REE is measured in kilocalories and can be calculated 
using the formula presented in: 
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kCal10 6.25 5 , in
day

= + + +REE w h a s  (7) 

where s equals to 5 for male subjects and –161 for females, w (weight) is measured in 
kgr, h (height) is measured in cm, and a (age) is measured in years. Since the above 
formula refers to the daily maintenance energy needs, consumption needs to be converted 
on an appropriate time scale. 

( ) *Δ = ΔBaseConsumption t REE t  (8) 

This measure corresponds to the agent’s consumption in idle state over a single time 
quantum. In order to produce the actual energy consumption over a time period, it is 
necessary to take into account the level of activity over that particular period, as well as 
time itself. 

In order to compensate for activity, an activity factor is used, as a multiplier on the 
BaseConsumption, according to the physical activity level of the agent. The activity 
factor ranges from 1.0 when the person is asleep up to 10 or more, when very intense 
exercise is taking place. The exact value of the factor may vary from one person to 
another, however, this is of minor significance for our purpose. The activity-based 
consumption is based on a matrix, defining five activity levels (ranging from idle to 
highly active) and the corresponding activity factor for each level. Based on the values 
given in UN Food and Agriculture Organization/World Health Organization/United 
Nations University (2001), we use five levels of activity, as shown in Table 3. 
Table 3 ActivityFactor according to activity 

Activity Example activity Activity factor 

Idle (asleep) Asleep 1.0 
Resting Resting, office work 1.3 
Light Walking 2.8 
Medium Walking fast, cleaning 3.8 
High Sports 6 

Therefore, the energy consumption over two time points t0, t1 is given by the formula: 

( ) * ( )
2

Δ = ΔEC t ActivityFactor BaseConsumption t
ActivityFactor as in Table

 (9) 

The agent’s energy levels are replenished when the agent consumes food-the amount of 
calories restored to the energy levels is calculated according to the amount of food 
consumed and the corresponding calorie content per food/fluid unit, as defined by the 
resource in a separate matrix. The consumption of a food quantity is assumed to take 
place over a period of time rather than occurring instantaneously-the duration of the 
feeding behaviour depends on the size of the portion, expressed in grams. 

( ) ( ) ( ) ( )+ Δ = − Δ + ΔE t t E t EC t EI t  (10) 

( ) ( )* * , in kCalΔ = ΔEI t EnergyContent food ConsumptionRate t  (11) 



   

 

   

   
 

   

   

 

   

   64 N. Avradinis et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

EI(Δt) is the energy intake over a time period Δt. This is calculated as a product of the 
agent’s food ConsumptionRate (measured in grams per minute) by the EnergyContent of 
the particular food measured in kCal/100 grams as in Table 1, and the time spent eating 
(Δt) in minutes. At present, an average consumption rate, regardless of the type of food is 
assumed, at 50 grams per minute. However, this can be an additional factor of 
differentiation among different agents and types of food, depending on personality, 
likings as well as appetite. 

We have to note that the above functions only simulate the homeostatic aspect of 
hunger. However, there is significant research work indicating that hunger, at least in 
modern Western societies, is largely an issue of emotional factors. This aspect of hunger 
has not been yet addressed in the MAGE model and is rather complex, as it involves both 
emotion and personality and is different for each agent. 

3.3 Urination and bladder content 

Urination, or micturition, is the excretion of body waste stored in liquid form in the 
bladder to the environment. Urine is produced in the kidneys and accumulates in the 
bladder, with a varying rate that principally depends on the level of hydration of the 
organism (Food and Nutrition Board, 2005; Claridge, 1965). 

Figure 5 Basic physiological regulatory systems in MAGE agents (see online version  
for colours) 

 

A significant observation on urination that differentiates it from other needs, is that 
although it is usually voluntary, if the content of the bladder exceeds a particular limit, it 
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can become involuntary. This threshold is in the range of 350 to 450 cc for normal adults 
(Food and Nutrition Board, 2005). It has been shown that the brain can only temporarily 
control and inhibit the autonomous reflex action of micturition-if the reflex cannot be 
controlled, micturition occurs automatically. 

In the previous section, urine production was described and modelled as part of the 
regulation of body water. The function of urination in the MAGE model is closely 
coupled with water output, imitating the actual corresponding regulatory process in the 
human body. Urine production, as described in Section 4.2, is different from the act of 
urination itself; urine is not directly expelled from the body, but passes through the 
bladder, that acts as an intermediate buffer, and is emptied out in batches. 

The feeling of urination is directly linked with the level of filling of the bladder, 
which is sensed through pressure exerted onto several internal and external muscles that 
are also responsible for controlling urine excretion. The urge to urinate usually occurs 
when the bladder is at about 30-40% full, or the content volume is about 200 ml 
(DeWachter and Wyndaele, 2003; Athwal et al., 2001). 

Bladder content balance in MAGE is produced as a result of the difference between 
the amount of fluid expelled through urination and the amount of fluid entering the 
bladder as a result of water regulatory actions. 

( ) ( ) ( ) ( )+ Δ = − Δ + ΔBC t t BC t BO t BI t  (12) 

( ) *Δ = ΔBI t UPR t  (13) 

( ) *Δ = ΔBO t VR t  (14) 

Bladder input (BI) is calculated via the urine production equation mentioned previously 
(formula 1). Bladder output (BO) refers to the amount of fluid lost via the excretive 
action. Urine is not expelled at once, but according to a voiding rate (VR, set fixed at  
20 ml/sec). Voiding behaviour is assumed to stop when bladder content is less than 1 ml. 

3.4 Sleep 

Sleep is a physiological process whose effects on the human organism are not yet fully 
explored. Sleep, as observed through the effects of its deprivation, is believed to have a 
restorative function on both physical and mental capabilities. Sleep deprivation results in 
the degradation of one’s physical and mental performance, as well as emotional and 
behavioural disorders (Siegel, 2013). In the original attempt to model sleep in the MAGE 
model, we used the concept of sleep reserves as a basis for the calculation of the intensity 
of the urge to sleep. 

Several studies addressing sleep regulation (Borbely and Achermann, 1999; Dijk and 
Lockley, 2002; Chellappa and Cajochen, 2010) have shown that the intensity of the urge 
to sleep in human beings depends on two interacting constituent processes. The first 
process (called S-process) is homeostatic in nature and regulates the intensity of the need 
for sleep in regards to deviations from a reference sleep level. Sleep deprivation amplifies 
the tendency to sleep, while sleeping attenuates this tendency. The intensity of the need to 
sleep, or sleep pressure, increases while the subject spends time in a state of waking, and 
rapidly decreases when sleep occurs. 
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The second process (called C-process) refers to the circadian aspect of sleep 
regulation-it controls the intensity of the need to sleep throughout a 24 hour period. The 
circadian process is linked to the time of day and the habitual waking and sleeping hours. 
The C-process can be tweaked (entrained) by modifying environmental parameters, of 
which daylight is of the most importance. 

The interaction of these two processes controls the occurrence of sleep and 
awakening, and is also accountable for the level of alertness while in a waking state. 

According to Achermann and Borbely (1994), and Achermann (2004), the S-process 
can be represented with the following recursive equation: 

( )
/

/

( )* ( ); ( ) ( )
( )

1 ( )* ; ( ) ( )1 ( )

−Δ

−Δ

Δ Δ =⎧⎪+ Δ = ⎨ − Δ Δ =−⎪⎩

t τδ

t τr

d t S t d t e sleep
S t t

r t r t e wakeS t
 (15) 

τδ and τr are time constants defined by Achermann and Borbely (1994), and Borbely and 
Achermann (1996), that affect the increase and decrease of sleep propensity. 

The C-process can be calculated using the model originally proposed by Daan et al. 
(1984) and subsequently referenced in Achermann and Borbely (1994): 

( )0.97sin( ) 0.22sin(2 ) 0.07sin(3 ) 0.03sin(4 ) 0.01sin(5 )= + + + +C A ωt ωt ωt ωt ωt  (16) 

where ω = 2π/τ, τ = 24 h and A is the amplitude of the sine wave. 
The unification of the two processes according to Achermann and Borbely (1994) 

comes from the additive interaction of the two processes (S-C). This difference can be 
used as a measure of sleep propensity and is used in the MAGE model to represent sleep 
motivation intensity. Sleep initiation occurs if S – C > Hm and sleep termination occurs if  
S – C < Lm, where Hm and Lm are, correspondingly, the lower and upper thresholds for the 
unified process. Values stated in Achermann (2004) for Hm and Lm are 0.67 and 0.17, 
respectively. 

4 Motivations 

In the previous section, we discussed how the values of ILs can be calculated, according 
to the RFs governing each of the four individual low level needs in the MAGE model. 
The present section deals with how the values of ILs can be used to regulate the intensity 
of the corresponding motivations. 

Moving from basic physiological variables to motivations, one easy comes across the 
problem of translating the concrete values of ILs into motivation intensities that are 
intended to describe vague feelings rather than well-defined phenomena. This problem 
was encountered with all of the basic needs, and ad hoc assumptions had to be made in 
order to produce a working model. There is definitely much room for refinement in this 
regard, especially as far as it concerns the concept of hunger, where the mechanism 
assumed in MAGE is purely short-term and homeostatic and disregards long-term energy 
storage, emotional eating or taste, hence, the approach followed for grading motivation 
intensity is arbitrary. 

In the current implementation of the MAGE model, four basic motivations are used, 
corresponding to each of the basic needs: satisfy_thirst, restore_energy, restore_sleep 
and void_bladder. Motivational intensities 
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4.1 Motivation to drink (satisfy_thirst) 

Whenever an agent’s body water level falls beneath the normal level, the agent is 
assumed to be in a state of dehydration. The motivation emerging from a change in (ILw) 
the water IL is satisfy_thirst. As shown by Engell et al. (1987), the feeling of thirst is 
linked to the level of dehydration, which is expressed as a percentage of body water loss. 
It has to be noted that the feeling of thirst is latent and follows dehydration-thirst is 
experienced when the body is already dehydrated at about 1% of TBW (Grandjean, 
2005). Based on readings from Engell et al. (1987), Latzka and Montain (1999), Murray 
(2007), Grandjean and Grandjean (2007), Sawka and Kenefick (2007), and Chaplin 
(2012), the following two tables (Table 4 and Table 5) were created. Table 4 correlates 
body water loss levels with dehydration and the symptoms produced. Symptoms are not 
used at present, but may potentially be incorporated in a future revision, to represent the 
modification of the agent’s physical and mental performance. 
Table 4 Dehydration intensity and symptoms depending on TBW loss 

Dehydration level Symptoms Total body water loss (pct) 

Light None < 1% 

Mild Thirst 1%–2% 

Moderate Slight physical performance impair 2%–5% 

Severe Physical and cognitive impair 5%–7% 

Dangerous Severe mental and physiological 
symptoms 

7%–10% 

Potentially fatal Tremor > 10% 

Table 5 associates the current TBW level with the corresponding thirst feeling and the 
intensity of the satisfy_thirst motivation for given TBW values. 
Table 5 Thirst intensity and feeling depending on TBW IL 

Internal level value Feeling Motivation intensity 

Water level value Thirst feeling satisfy_thirst 

TBW–0.99*TBW None 0 

0.99*TBW–0.98*TBW Very low 1 

0.98*TBW–0.95*TBW Thirsty 2 

0.95*TBW–0.93*TBW Very thirsty 3 

0.93*TBW–0.9*TBW Extremely thirsty 4 

< 0.9*TBW Incredibly thirsty 5 

4.2 Motivation to eat (satisfy_hunger) 

In order to assess the intensity of the intensity of the motivation to eat, a starting point is 
the use of visual analogue scales, such as the hunger/fullness scale used in Holt et al. 
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(1995). As reported in Wooley et al. (1972), the human body has no perception of the 
number of calories consumed, and use it as an estimate of its hunger; excluding other 
factors (such as food volume, tastes, etc.) it is rather the belief one has of the calorific 
value of consumed food that generates a sense of hunger, while the perception of satiety 
is usually defined based on the amount and type of food one believes can eat. 

Regarding the intensity of hunger, a practically usable graded scale was found in the 
satiety labelled intensity magnitude (SLIM) scale (Cardello et al., 2005), which is a bi-
directional scale to assess satiety, based on verbal descriptions of the feeling of fullness, 
graded from –100 (greatest imaginable hunger) to 100 (greatest imaginable fullness). 
Table 6 The SLIM 

Degree of fullness Grade 

Greatest imaginable fullness 100 
Extremely full 80 
Very full 75 
Moderately full 45 
Slightly full 30 
Normal (neither hungry nor full) 0 
Slightly hungry –20 
Moderately hungry –40 
Very hungry –55 
Extremely hungry –65 
Greatest imaginable hunger –100 

Source: Adapted from Cardello et al. (2005) 

We can observe that the above approach portrays hunger as a bipolar concept, with 
negative values indicating states of hunger and positive values indicating fullness. At 
present, we only examine energy (food) balance only from a deprivation point of view 
and use the negative part of the scale. However, this could be further extended in the 
future to include the concept of fullness, which can produce behaviours avoiding 
(penalising) food consumption. 

For the needs of the MAGE model, based on the SLIM scale, we define the following 
grading on a 0-5 basis, according to the following table, loosely based on the SLIM scale. 
Table 7 Intensity of satisfy_hunger motivation, corresponding energy IL values and related 

feeling, modified for use in MAGE 

Internal level value Feeling Motivation intensity 

Energy level Degree of fullness satisfy_hunger 

> 1*REE Full 0 

0.9*REE–1*REE Normal (neither hungry nor full) 1 

0.7*REE–0.9*REE Slightly hungry 2 

0.5 REE–0.7*REE Moderately hungry 3 

0.3*REE–0.5*REE Very hungry 4 

0–0.3*REE Extremely hungry 5 
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4.3 Motivation to urinate (void_bladder) 

Based on data presented in DeWachter and Wyndaele (2003), the following table was 
created, that provides a measure of the intensity of the feeling of urination according to 
the fullness of the bladder, which corresponds to the BladderContent IL. Values have 
been adapted accordingly in order to serve the needs of MAGE agents. We assume a 
maximum bladder size of 450 ml when this is reached, urination becomes involuntary. 
Table 8 Intensity of micturition urge, corresponding bladder volumes and related feeling 

Internal level value Feeling Motivation intensity 

Bladder_Content Need to urinate void_bladder 
No desire to void 0 0–200 

(No bladder sensation at all)  
Low desire to void 1 200–250 

(First sensation of bladder filling; voiding 
can be delayed for at least an hour) 

 

Desire to void 2 250–330 
(Voiding cannot be delayed for more than 

30 minutes) 
 

Strong Desire to void 3 330–400 
(Voiding cannot be delayed for more than 

12 minutes) 
 

Urgent desire to void 4 400–450 
(Voiding cannot be delayed for more than 

5 minutes) 
 

> 450 Non-voluntary micturition 5 

Source: Adapted from DeWachter and Wyndaele (2003) 

4.4 Motivation to sleep (satisfy_sleepiness) 

The model described in Achermann and Borbely (1994) does cater for action activation 
and termination. The corresponding thresholds, Hm and Lm, however, refer to experiment 
conditions, where the participants were subjected into controlled sleep/wake cycles. In 
the MAGE model, it is assumed that the agent should be able to voluntarily control sleep 
initiation, and perform a ‘sleep’ action when its sleep tendency (the intensity of the 
satisfy_sleep motivation) is adequately high, yet not maxed out. The two thresholds Hm 
and Lm are useful as extremes, upon which sleep initiation and termination becomes 
involuntary. 

Similarly to thirst and hunger, a means to quantify the intensity of the urge to sleep is 
the Stanford Sleepiness Scale (Hoddes et al., 1973), that defines seven levels of 
diminishing alertness, before the subject finally falls asleep. 

In order to create a scale suitable for MAGE, that will allow comparison between the 
other motivations, we have modified the sleepiness scale accordingly and narrowed the 
levels down to 6, ranging from 0 to 5, as shown in Table 10. Intensity values are mapped 
to SleepReserve values, in order to calculate intensity based on the corresponding IL. At 
the present stage, we only simulate the homeostatic aspect of sleep regulation (S-process) 
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in the MAGE model, as there is currently no implementation of the concept of time of 
day, which is necessary in order for the circadian aspect to be of any significance. 
Table 9 Intensity of sleep propensity and related feeling 

Degree of sleepiness Scale rating 

Feeling active, vital, alert, or wide awake 1 
Functioning at high levels, but not at peak; able to concentrate 2 
Awake, but relaxed; responsive but not fully alert 3 
Somewhat foggy, let down 4 
Foggy; losing interest in remaining awake; slowed down 5 
Sleepy, woozy, fighting sleep; prefer to lie down 6 
No longer fighting sleep, sleep onset soon; having dream-like 7 
thoughts  

Source: Using descriptions from Hoddes et al. (1973) 

Table 10 Intensity of sleep propensity, related feeling and corresponding IL values in MAGE 

Internal level value Feeling Motivation intensity 

Sleep_Reserves Degree of sleepiness (feeling) satisfy_sleepiness 
0.12 Fully alert (no sleepiness) 0 
0.2 Slightly sleepy 1 
0.3 Moderately sleepy 2 
0.44 Sleepy 3 
0.55 Very sleepy 4 
0.62 Unable to stay awake 5 

Figure 6 Simulation of S-process, with Lm = 0.12, Hm = 0.67, τδ = 18.2, τr = 4 and Initial 
SleepReserve value of 0.17 (see online version for colours) 
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Sleep reserve IL values are calculated assuming a value of 0.12 for Lm (that signals 
waking up) and a value of 0,62 for Hm (that signals sleep). These values produce an 
approximate 7 hour sleep – 17 hour wake cycle, as shown in Figure 6. Time constants τδ 
and τr are kept at 18.2 and 4, respectively, as in Achermann and Borbely (1994). 

4.5 Prioritising discrete motivations 

Motivation intensity is a measure of the strength of a particular need. In order to be able 
to compare the intensities of multiple motivations so that one behaviour can be selected 
over another, intensity values have been mapped on a 0–10 scale. Motivations are 
assumed to be active from early on, when the first feeling of deprivation is sensed, which 
according to the grading mentioned in the previous section corresponds to motivational 
intensities greater than zero. The motivation that takes priority at a particular moment is 
the one with the greater intensity. 

Along with the intensity, motivations are assumed to have a preassigned discrete 
priority value, called InternalPriority. For physiological needs, InternalPriority values are 
prioritised in the following array: 

[
]

IP(motivation, value) [void _ bladder,  4],  [satisfy _ thirst,  3],

[satisfy _ sleepiness,  2], [satisfy _ hunger, 1]

=
 

This is used to select between two or more motivations that have equal intensity values. 
This way, if both the satisfy_hunger and void_bladder motivations have equal intensity 
values, behaviours associated with the void_bladder motivation will be selected, as its 
internal priority is greater than the priority of the satisfy_hunger motivation. 

5 Conclusions and future work 

In order to test the formulas on a practical level and validate their suitability for use in an 
intelligent virtual agent environment, a simulation application was created using the 
REVE virtual environment framework (Anastassakis and Panayiotopoulos, 2012). A 
motivated REVE agent was created and was executed over several test runs ranging from 
2 to 24 hours. Basic agent attribute values were altered between test runs in order to 
determine whether the generated IL values and corresponding motivations selected were 
plausible. 

Initial test runs were long-term (12 and 24 hours) and unsupervised, with no 
motivations being generated. InternalLevels were logged and monitored in order to 
evaluate whether the produced values were plausible-initial results led to a tweaking of 
hourly urination rate from 50 ml/h to 25 ml/h. 

Regarding long-term, durative behaviours such as sleep, test runs showed that a 
persistence mechanism has to be built in, so that sleep is not frequently disrupted due to 
another motivation reaching intensities high enough so as to take priority over the 
satisfy_sleep motivation. However, this persistence mechanism should still allow 
interruption when the values of the ILs governing the other three basic needs go to 
extremes; if at the beginning of a sleep episode the value of the bladder_content IL is 
near the upper limits, it could easily reach the maximum level, when involuntary 
micturition is activated. In order for the produced behaviour to be believable, interruption 
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should be allowed at an earlier stage (when the intensity of the void_bladder motivation 
reaches level 4). 

Figure 7 Screenshot of the IVA’s user interface (see online version for colours) 

 

Figure 8 Early test run showing the IVA wandering about the virtual world (see online version 
for colours) 

 

At present, the AS is not affecting the agent’s physical performance, as a corresponding 
IL modelling the concept of physical exhaustion has intentionally been omitted, due to 
the complexity introduced by the interplay of sleep and exhaustion. This remains to be 
further explored as a potential extension to the model. 
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