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Sensation, Attention and Perception 
 
Definition of Sensation: 
 
Sensation is the function of the low-level biochemical and neurological events that begin 
with the impinging of a stimulus upon the receptor cells of a sensory organ. 
 
Perception is the mental process or state that is reflected in statements like "I see a 
uniformly blue wall", representing awareness or understanding of the real-world cause of 
the sensory input. 
 
In other words, sensations are the first stages in the functioning of senses to represent 
stimuli from the environment, and perception is a higher brain function about interpreting 
events and objects in the world. 
 
Senses and receptors: 
 
While there is debate among neurologists as to the specific number of senses due to 
differing definitions of what constitutes a sense, Aristotle classified five ‘traditional’ human 
senses which have become universally accepted: touch, taste, smell, sight, and hearing. 
Other senses that have been well-accepted in most mammals, including humans, include 
nociception, equilibrioception, kinaesthesia, and thermoception. Furthermore, some non-
human animals have been shown to possess alternate senses, including magnetoception 
and electroreception. 
 

Receptors 
 
The initialization of sensation stems from the response of a specific receptor to a physical 
stimulus. The receptors which react to the stimulus and initiate the process of sensation 
are commonly characterized in four distinct categories: chemoreceptors, photoreceptors, 
mechanoreceptors, and thermoreceptors. All receptors receive distinct physical stimuli and 
transduce the signal into an electrical action potential. This action potential then travels 
along afferent neurons to specific brain regions where it is processed and interpreted. 
 

Chemoreceptors 
 
Chemoreceptors, or chemosensors, detect certain chemical stimuli and transduce that 
signal into an electrical action potential. There are two primary types of chemoreceptors: 
 
    Distance chemoreceptors are integral to receiving stimuli in the olfactory system through 
both olfactory receptor neurons and neurons in the vomeronasal organ. 
 
    Direct chemoreceptors include the taste buds in the gustatory system as well as 
receptors in the aortic bodies which detect changes in oxygen concentration. 
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Photoreceptors 
 
Photoreceptors are capable of phototransduction, a process which converts light 
(electromagnetic radiation) into, among other types of energy, a membrane potential. 
There are three primary types of photoreceptors: Cones are photoreceptors which respond 
significantly to color. In humans the three different types of cones correspond with a 
primary response to short wavelength (blue), medium wavelength (green), and long 
wavelength (yellow/red). Rods are photoreceptors which are very sensitive to the intensity 
of light, allowing for vision in dim lighting. The concentrations and ratio of rods to cones is 
strongly correlated with whether an animal is diurnal or nocturnal. In humans rods 
outnumber cones by approximately 20:1, while in nocturnal animals, such as the tawny 
owl, the ratio is closer to 1000:1. Ganglion Cells reside in the adrenal medulla and retina 
where they are involved in the sympathetic response. Of the ~1.3 million ganglion cells 
present in the retina, 1-2% are believed to be photosensitive. 
 

Mechanoreceptors 
 
Mechanoreceptors are sensory receptors which respond to mechanical forces, such as 
pressure or distortion. While mechanoreceptors are present in hair cells and play an 
integral role in the vestibular and auditory system, the majority of mechanoreceptors are 
cutaneous and are grouped into four categories: Slowly Adapting type 1 Receptors have 
small receptive fields and respond to static stimulation. These receptors are primarily used 
in the sensations of form and roughness. Slowly Adapting type 2 Receptors have large 
receptive fields and respond to stretch. Similarly to type 1, they produce sustained 
responses to a continued stimulus. Rapidly Adapting Receptors have small receptive fields 
and underlie the perception of slip Pacinian Receptors have large receptive fields and are 
the predominant receptors for high frequency vibration. 
 

Thermoreceptors 
 
Thermoreceptors are sensory receptors which respond to varying temperatures. While the 
mechanisms through which these receptors operate is unclear, recent discoveries have 
shown that mammals have at least two distinct types of themoreceptors: The End-Bulb of 
Krause, or bulboid corpuscle, detects temperatures above body temperature Ruffini’s end 
organ detects temperatures below body temperature 
 

Sensory cortex 
 
All stimuli received by the receptors listed above are transduced to an action potential, 
which is carried along one or more afferent neurons towards a specific area of the brain. 
While the term sensory cortex is often used informally to refer to the somatosensory 
cortex, the term more accurately refers to the multiple areas of the brain at which senses 
are received to be processed. For the five traditional senses in humans, this includes the 
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primary and secondary cortexes of the different senses: the somatosensory cortex, the 
visual cortex, the auditory cortex, the primary olfactory cortex, and the gustatory cortex.  
 

Somatosensory cortex 
 
Located in the parietal lobe, the somatosensory cortex is the primary receptive area for the 
sense of touch. This cortex is further divided into Brodmann areas 1, 2, and 3. Brodmann 
area 3 is considered the primary processing center of the somatosensory cortex as it 
receives significantly more input from the thalamus, has neurons highly responsive to 
somatosensory stimuli, and can evoke somatic sensations through electrical stimulation. 
Areas 1 and 2 receive most of their input from area 3. 
 

Visual cortex 
 
The visual cortex refers to the primary visual cortex, labeled V1 or Brodmann area 17, as 
well as the extrastriate visual cortical areas V2-V5. Located in the occipital lobe, V1 acts as 
the primary relay station for visual input, transmitting information to two primary 
pathways labeled the dorsal and ventral streams. The dorsal stream includes areas V2 and 
V5, and is used in interpreting visual ‘where’ and ‘how.’ The ventral stream includes areas 
V2 and V4, and is used in interpreting ‘what.’ 
 

Auditory cortex 
 
Located in the temporal lobe, the auditory cortex is the primary receptive area for sound 
information. The auditory cortex is composed of Brodmann areas 41 and 42, also known as 
the anterior transverse temporal area 41 and the posterior transverse temporal area 42, 
respectively. Both areas act similarly and are integral in receiving and processing the 
signals transmitted from auditory receptors. 
 

Primary olfactory cortex 
 
Located in the temporal lobe, the primary olfactory cortex is the primary receptive area for 
olfaction. Unique to the olfactory and gustatory systems, at least in mammals, is the 
implementation of both peripheral and central mechanisms of action. The peripheral 
mechanisms involve olfactory receptor neurons which transduce a chemical signal along 
the olfactory nerve, which terminates in the olfactory bulb. The central mechanisms 
include the convergance of olfactory nerve axons into glomeruli in the olfactory bulb, 
where the signal is then transmitted to the anterior olfactory nucleus, the piriform cortex, 
the medial amygdala, and the entorhinal cortex, all of which make up the primary olfactory 
cortex. 
 

Gustatory cortex 
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The gustatory cortex is the primary receptive area for taste, or gustation. The gustatory 
cortex consists of two primary structures: the anterior insula, located on the insular lobe, 
and the frontal operculum, located on the frontal lobe. Similarly to the olfactory cortex, the 
gustatory pathway operates through both peripheral and central mechanisms. Peripheral 
taste receptors, located on the tongue, soft palate, pharynx, and esophagus, transmit the 
received signal to primary sensory axons, where the signal is projected to the nucleus of 
the solitary tract in the medulla, or the gustatory nucleus of the solitary tract complex. The 
signal is then transmitted to the thalamus, which in turn projects the signal to several 
regions of the neocortex, including the gustatory cortex. 
 

Concepts of Threshold 
 
Sensory threshold is a theoretical concept used in psychophysics. A stimulus that is less 
intense than the sensory threshold will not elicit any sensation. Methods have been 
developed to measure thresholds in any of the senses. 
 
Several different sensory thresholds have been defined; 
 
 Absolute threshold: the lowest level at which a stimulus can be detected. 

 
 Recognition threshold: the level at which a stimulus can not only be detected but also 

recognised. 
 
 Differential threshold: the level at which an increase in a detected stimulus can be 

perceived. 
 
 Terminal threshold: the level beyond which a stimulus is no longer detected. 

 
 

Absolute threshold 
 
In neuroscience and psychophysics, an absolute threshold is the smallest detectable level of 
a stimulus However, at this low level, subjects will sometimes detect the stimulus and at 
other times not. Therefore, an alternative definition of absolute threshold is the lowest 
intensity at which a stimulus can be detected 50% of the time. The absolute threshold can 
be influenced by several different factors, such as the subject's motivations and 
expectations, cognitive processes, and whether the subject is adapted to the stimulus. 
 
The absolute threshold can be compared to the difference threshold, which is the measure 
of how different two stimuli have to be in order for the subject to notice that they are not 
the same. 
 

Vision 
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The absolute threshold for vision was assessed in a landmark experiment by Hecht, Shlaer 
and Pirenne in 1942. The experiment was designed to measure the minimum number of 
photons detectable by the human eye, therefore various controls were implemented to 
ensure that this is was the case. 
 
    Dark Adaptation – the participants were completely dark adapted (a process lasting forty 
minutes) in order to optimise their visual sensitivity. 
 
    Location – the stimulus was presented 20 degrees to the left of the point of focus, in 
order for it to fall 20 degrees to the right of the fovea (the most sensitive point of the eye), 
where there is a high density of cone cells. 
 
    Stimulus size – the stimulus, a circle of red light, had a diameter of 10 minutes (1 
minute=1/60th of a degree). This ensured that the light stimulus fell only on rod cells 
connected to the same nerve fibre (this is called the area of spatial summation). 
 
    Wavelength – the stimulus wavelength matched the maximum sensitivity of rod cells 
(510 nm). 
 
It was found that the emission of only 90 photons was required in order to elicit visual 
experience. However, only 45 of these actually entered the retina, due to absorption by the 
optic media. Furthermore, 80% of these did not reach the fovea. Therefore, it only takes 
nine photons to be detected by the human eye. Moreover, as the chance of any one rod 
receiving more than one photon is very small, we can assume that it only takes one photon 
to excite a rod receptor. Threshold cannot be determined on perfect sensation or lack 
thereof, due to fluctuations in the threshold. Thus, there is no set brightness seen by the 
viewer, and no intensity just lower than this that no flash is seen. To activate a bipolar, 
multiple rods must be stimulated, e.g., as 1940’s experiments have determined, that eleven 
quanta, one for each single rod, is necessary to trigger light perception. Another 
experiment shows that a 60 percent frequency may represent 2,500 quanta, one per rod, 
among a patch of 2 million rods. Therefore only one rod out of many is perceived at the 
threshold, and in a short stimulus, rods cannot absorb more than a single photon of light. (A 
quantum or photon is stated as Planck's constant and the frequency of light. 
 
Fluctuations in retinal response are driven by fluctuations of the amount of energy of the 
stimulus and not the change of retinal sensitivity. For example, if an average number of 
photons is given, the actual quantum content received and frequency of vision are similar. 
 

Hearing 
 
The absolute threshold of hearing is the minimum sound level of a pure tone that an 
average ear with normal hearing can hear with no other sound present. The absolute 
threshold relates to the sound that can just be heard by the organism. 
The threshold of hearing is generally reported as the RMS sound pressure of 20 µPa 
(micropascals) = 2×10−5 pascal (Pa). It is approximately the quietest sound a young human 
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with undamaged hearing can detect at 1,000 Hz. The threshold of hearing is frequency 
dependent and it has been shown that the ear's sensitivity is best at frequencies between 1 
kHz and 5 kHz. 
 

Odor 
 
The odor detection threshold is the lowest concentration of a certain odor compound that 
is perceivable by the human sense of smell. The thresholds of a chemical compound is 
determined in part by its shape, polarity, partial charges and molecular mass. The olfactory 
mechanisms responsible for a compound's different detection threshold is not well 
understood, as such, these thresholds cannot yet be accurately predicted. Rather, they must 
be measured through extensive tests using human subjects in laboratory settings. 
 
On the topic of absolute threshold and the absolute minimum threshold: Absolute 
threshold in neuroscience, psychology, and psychophysics, is considered the lowest 
possible level of a detected stimulus. According to the seventh edition of Psychology, 
Themes and Variations, absolute threshold is “for a specific type of sensory input and is the 
minimum stimulus intensity an organism can detect,” (120). An example of this would be 
an odor test. The least amount of the odorous object necessary to still make people smell 
the odor would be the absolute threshold. So, absolute threshold is the least amount of 
what we can detect and respond to. Thus, from this it can be concluded that the absolute 
minimum threshold is the measure of that lowest frequency that organisms still detect for a 
specific sensor. 
 

Differential threshold 
 
Just-noticeable difference 
 
In psychophysics, a just noticeable difference, customarily abbreviated with lowercase 
letters as jnd, is the smallest detectable difference between a starting and secondary level 
of a particular sensory stimulus. It is also known as the difference limen or the differential 
threshold. 
 
Explanation 
 
For many sensory modalities, over a wide range of stimulus magnitudes sufficiently far 
from the upper and lower limits of perception, the 'jnd' is a fixed proportion of the 
reference sensory level, and so the ratio of the jnd/reference is roughly constant (that is 
the jnd is a constant proportion/percentage of the reference level). Measured in physical 
units, we have 
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where  is the original intensity of stimulation,  is the addition to it required for the 
difference to be perceived (the jnd), and k is a constant. This rule was first discovered by 
Ernst Heinrich Weber, in experiments on the thresholds of perception of lifted weights. A 
theoretical rationale (not universally accepted) was subsequently provided by Gustav 
Fechner, so the rule is therefore known either as the Weber Law or as the Weber–Fechner 
law; the constant k is called the Weber constant. It is true, at least to a good 
approximation, of many but not all sensory dimensions, for example the brightness of 
lights, and the intensity and the pitch of sounds. It is not true, however, of the wavelength 
of light. Stanley Smith Stevens argued that it would hold only for what he called prothetic 
sensory continua, where change of input takes the form of increase in intensity or 
something obviously analogous; it would not hold for metathetic continua, where change of 
input produces a qualitative rather than a quantitative change of the percept. 
 
The jnd is a statistical, rather than an exact quantity: from trial to trial, the difference that a 
given person notices will vary somewhat, and it is therefore necessary to conduct many 
trials in order to determine the threshold. The jnd usually reported is the difference that a 
person notices on 50% of trials. If a different proportion is used, this should be included in 
the description—for example one might report the value of the "75% jnd". 
 
Modern approaches to psychophysics, for example signal detection theory, imply that the 
observed jnd, even in this statistical sense, is not an absolute quantity, but will depend on 
situational and motivational as well as perceptual factors. 
 
The jnd formula has an objective interpretation (implied at the start of this entry) as the 
disparity between levels of the presented stimulus that is detected on 50% of occasions by 
a particular observed response (Torgerson, 1958), rather than what is subjectively 
"noticed" or as a difference in magnitudes of consciously experienced 'sensations.' This 
50%-discriminated disparity can be used as a universal unit of measurement of the 
psychological distance of the level of a feature in an object or situation and an internal 
standard of comparison in memory, such as the 'template' for a category or the 'norm' of 
recognition (Booth & Freeman, 1993). The jnd-scaled distances from norm can be 
combined among observed and inferred psychophysical functions to generate diagnostics 
among hypothesised information-transforming (mental) processes mediating observed 
quantitative judgments (Richardson & Booth, 1993). 
 

Marketing applications of the j.n.d 
 
Weber’s law has important applications in marketing. Manufacturers and marketers 
endeavor to determine the relevant j.n.d for their products for two very different reasons: 
(1) so that negative changes(e.g.,reductions in product size or quality or increase in 
product price) are not discernible to the public(i.e., remain below j.n.d) and (2) so that 
product improvements(e.g., improved or updated packaging, larger size or lower price) are 
very apparent to consumers without being wastefully extravagant (i.e., they are at or just 
above the j.n.d). When it comes to product improvements, marketers very much want to 
meet or exceed the consumer’s differential threshold; that is, they want consumers to 
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readily perceive any improvements made in the original product. Marketers use the j.n.d to 
determine the amount of improvement they should make in their products. Less than the 
j.n.d is wasted effort because the improvement will not be perceived; more than the j.n.d is 
again wasteful because it reduces the level of repeat sales. On the other hand, when it 
comes to price increases, less than the j.n.d is desirable because consumers are unlikely to 
notice it. 
 

Signal Detection Theory 
 
The starting point for signal detection theory is that nearly all reasoning and decision 
making takes place in the presence of some uncertainty. Signal detection theory provides a 
precise language and graphic notation for analyzing decision making in the presence of 
uncertainty. The general approach of signal detection theory has direct application for us in 
terms of sensory experiments. But it also offers a way to analyze many different kinds of 
decision problems. 
 

Information and Criterion 
I begin here with medical scenario. Imagine that a radiologist is examining a CT scan, 
looking for evidence of a tumor. Interpreting CT images is hard and it takes a lot of training. 
Because the task is so hard, there is always some uncertainty as to what is there or not. 
Either there is a tumor (signal present) or there is not (signal absent). Either the doctor 
sees a tumor (they respond "yes'') or does not (they respond "no''). There are four possible 
outcomes: hit (tumor present and doctor says "yes''), miss (tumor present and doctor says 
"no''), false alarm (tumor absent and doctor says "yes"), and correct rejection (tumor 
absent and doctor says "no"). Hits and correct rejections are good. False alarms and misses 
are bad.  
 
There are two main components to the decision-making process: information acquisition 
and criterion.  
 
Information acquisition: First, there is information in the CT scan. For example, healthy 
lungs have a characteristic shape. The presence of a tumor might distort that shape. 
Tumors may have different image characteristics: brighter or darker, different texture, etc. 
With proper training a doctor learns what kinds of things to look for, so with more 
practice/training they will be able to acquire more (and more reliable) information. 
Running another test (e.g., MRI) can also be used to acquire more information. Regardless, 
acquiring more information is good. The effect of information is to increase the likelihood 
of getting either a hit or a correct rejection, while reducing the likelihood of an outcome in 
the two error boxes.  
 
Criterion: The second component of the decision process is quite different. For, in addition 
to relying on technology/testing to provide information, the medical profession allows 
doctors to use their own judgement. Different doctors may feel that the different types of 
errors are not equal. For example, some doctors may feel that missing an opportunity for 
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early diagnosis may mean the difference between life and death. A false alarm, on the other 
hand, may result only in a routine biopsy operation. They may choose to err toward "yes" 
(tumor present) decisions. Other doctors, however, may feel that unnecessary surgeries 
(even routine ones) are very bad (expensive, stress, etc.). They may chose to be more 
conservative and say "no" (no turmor) more often. They will miss more tumors, but they 
will be doing their part to reduce unnecessary surgeries. And they may feel that a tumor, if 
there really is one, will be picked up at the next check-up. These arguments are not about 
information. Two doctors, with equally good training, looking at the same CT scan, will have 
the same information. But they may have a different bias/criterion.  

 

Internal Response and Internal Noise 
Detecting a tumor is hard and there will always be some amount of uncertainty. There are 
two kinds of noise factors that contribute to the uncertainty: internal noise and external 
noise.  
 
External noise: There are many possible sources of external noise. There can be noise 
factors that are part of the photographic process, a smudge, or a bad spot on the film. Or 
something in the person's lung that is fine but just looks a bit like a tumor. All of these are 
to be examples of external noise. While the doctor makes every effort possible to reduce the 
external noise, there is little or nothing that they can do to reduce internal noise.  
 
Internal noise: Internal noise refers to the fact that neural responses are noisy. To make 
this example really concrete, let's suppose that our doctor has a set of tumor detector 
neurons and that they monitor the response of one of these neurons to determine the 
likelihood that there is a tumor in the image (if we could find these neurons then perhaps 
we could publish and article entitled ``What the radiologist's eye tells the radiologist's 
brain''). These hypothetical tumor detectors will give noisy and variable responses. After 
one glance at a scan of a healthy lung, our hypothetical tumor detectors might fire 10 spikes 
per second. After a different glance at the same scan and under the same conditions, these 
neurons might fire 40 spikes per second.  
 
Internal response: Now I do not really believe that there are tumor detector neurons in a 
radiologist's brain. But there is some internal state, reflected by neural activity somewhere 
in the brain, that determines the doctor's impression about whether or not a tumor is 
present. This is a fundamental issue; the state of your mind is reflected by neural activity 
somewhere in your brain. This neural activity might be concentrated in just a few neurons 
or it might be distributed across a large number of neurons. Since we do not know much 
about where/when this neural activity is, let's simply refer to it as the doctor's internal 
response.  
 
This internal response is inherently noisy. Even when there is no tumor present (no-signal 
trials) there will be some internal response (sometimes more, sometimes less) in the 
doctor's sensory system.  
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Probability of Occurrence Curves 
Figure 1 shows a graph of two hypothetical internal response curves. The curve on the left 
is for the noise-alone (healthy lung) trials, and the curve on the right is for the signal-plus-
noise (tumor present) trials. The horizontal axis is labeled internal response and the vertical 
axis is labeled probability. The height of each curve represents how often that level of 
internal response will occur. For example, on noise-alone trials, there will generally be 
about 10 units of internal response: very little. However, there will be some trials with 
more (or less) internal response because of the internal noise.  
 
Notice that we never lose the noise. The internal response for the signal-plus-noise case is 
generally greater but there is still a distribution (a spread) of possible responses. Notice 
also that the curves overlap, that is, the internal response for a noise-alone trial may exceed 
the internal response for a signal-plus-noise trial.  
 

 
 
Figure 1: Internal response probability of occurrence curves for noise-alone and for signal-
plus-noise trials. 
 
Just to be really concrete, we could mark the horizontal axis in units of firing rate (10, 20, 
30,..., etc. spikes per second). This would mean that on a noise-alone (no tumor) trial, it is 
most likely that the internal response would be 10 spikes per second. It is also rather likely 
that the internal response would be 5 or 15 spikes per second. But it is very unlikely that 
the internal response would be 25 spikes per second when no tumor is present. Because I 
want to remain noncommittal about what and where in the brain the internal response is, I 
did not label the horizontal axis in terms of firing rates. The internal response is in some 
unknown, but quantifiable, units.  
 
The role of the criterion: Perhaps the simplest strategy that the doctor can adopt is to 
pick a criterion location along the internal response axis. Whenever the internal response is 
greater than this criterion they respond "yes". Whenever the internal response is less than 
this criterion they respond "no".  
 
An example criterion is indicated by the vertical lines in Figure 2. The criterion line divides 
the graph into four sections that correspond to: hits, misses, false alarms, and correct 
rejections. On both hits and false alarms, the internal response is greater than the criterion, 
because the doctor is responding "yes''. Hits correspond to signal-plus-noise trials when 
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the internal response is greater than criterion, as indicated in the figure. False alarms 
correspond to noise-alone trials when the internal response is greater than criterion, as 
indicated in the figure.  
 

 
 
Figure 2: Internal response probability of occurrence curves for noise-alone and signal-
plus-noise trials. Since the curves overlap, the internal response for a noise-alone trial may 
exceed the internal response for a signal-plus-noise trial. Vertical lines correspond to the 
criterion response. 
 
Suppose that the doctor chooses a low criterion (Figure 3, top), so that they respond "yes'' 
to almost everything. Then they will never miss a tumor when it is present and they will 
therefore have a very high hit rate. On the other hand, saying "yes'' to almost everything 
will greatly increase the number of false alarms (potentially leading to unnecessary 
surgeries). Thus, there is a clear cost to increasing the number of hits, and that cost is paid 
in terms of false alarms. If the doctor chooses a high criterion (Figure 3, bottom) then they 
respond "no'' to almost everything. They will rarely make a false alarm, but they will also 
miss many real tumors.  
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Figure 3: Effect of shifting the criterion 
Notice that there is no way that the doctor can set their criterion to achieve only hits and no 
false alarms. The message that you should be taking home from this is that it is inevitable 
that some mistakes will be made. Because of the noise it is simply a true, undeniable, fact 
that the internal responses on noise-alone trials may exceed the internal responses on 
signal-plus-noise trials, in some instances. Thus a doctor cannot always be right. They can 
adjust the kind of errors that they make by manipulating their criterion, the one part of this 
diagram that is under their control.  

 

The Receiver Operating Characteristic 
We can describe the full range of the doctor's options in a single curve, called an ROC curve, 
which stands for receiver-operating characteristic. The ROC curve captures, in a single 
graph, the various alternatives that are available to the doctor as they move their criterion 
to higher and lower levels.  
 
ROC curves (Figure 4) are plotted with the false alarm rate on the horizontal axis and the 
hit rate on the vertical axis. The figure shows several different ROC curves, each 
corresponding to a different signal strengths. Just pay attention to one of them (the curve 
labeled d'=1) for the time being. We already know that if the criterion is very high, then 
both the false alarm rate and the hit rate will be very low, putting you somewhere near the 
lower left corner of the ROC graph. If   the criterion is very low, then both the hit rate and 
the false alarm rate will be very high, putting you somewhere near the upper right corner 
of the graph.  For an intermediate choice of criterion, the hit rate and false alarm rate will 
take on intermediate values. The ROC curve characterizes the choices available to the 
doctor. They may set the criterion anywhere, but any choice that they make will land them 
with a hit and false alarm rate somewhere on the ROC curve. Notice also that for any 
reasonable choice of criterion, the hit rate is always larger than the false alarm rate, so the 
ROC curve is bowed upward.  
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Figure 4: Internal response probability of occurrence curves and ROC curves for different 
signal strengths. When the signal is stronger there is less overlap in the probability of 
occurrence curves, and the ROC curve becomes more bowed. 
 
The role of information: Acquiring more information makes the decision easier. Running 
another test (e.g., MRI) can be used to acquire more information about the presence or 
absence of a tumor. Unfortunately, the radiologist does not have much control over how 
much information is available.  
 
In a controlled perception experiment the experimenter has complete control over how 
much information is provided. Having this control allows for quite a different sort of 
outcome. If the experimenter chooses to present a stronger stimulus, then the subject's 
internal response strength will, on the average, be stronger. Pictorially, this will have the 
effect of shifting the probability of occurrence curve for signal-plus-noise trials to the right, 
a bit further away from the noise-alone probability of occurrence curve.  
 
Figure 4 shows two sets of probability of occurrence curves. When the signal is stronger 
there is more separation between the two probability of occurrence curves. When this 
happens the subject's choices are not so difficult as before. They can pick a criterion to get 
nearly a perfect hit rate with almost no false alarms. ROC curves for stronger signals bow 
out further than ROC curves for weaker signals. Ultimately, if the signal is really strong (lots 
of information), then the ROC curve goes all the way up to the upper left corner (all hits and 
no false alarms).  
 
Varying the noise: There is another aspect of the probability of occurrence curves that 
also determines detectability: the amount of noise. Less noise reduces the spread of the 
curves. For example, consider the two probability of occurrence curves in Figure 5. The 
separation between the peaks is the same but the second set of curves are much skinnier. 
Clearly, the signal is much more discriminable when there is less spread (less noise) in the 
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probability of occurrence curves. So the subject would have an easier time setting their 
criterion in order to be right nearly all the time.  
 

 
 
Figure 5: Internal response probability of occurrence curves for two different noise levels. 
When the noise is greater, the curves are wider (more spread) and there is more overlap. 
 
In reality, we have no control over the amount of internal noise. But it is important to 
realize that decreasing the noise has the same effect as increasing the signal strength. Both 
reduce the overlap between the probability of occurrence curves.  
 
Discriminability index (d'): Thus, the discriminability of a signal depends both on the 
separation and the spread of the noise-alone and signal-plus-noise curves. Discriminability 
is made easier either by increasing the separation (stronger signal) or by decreasing the 
spread (less noise). In either case, there is less overlap between the probability of 
occurrence curves. To write down a complete description of how discriminable the signal is 
from no-signal, we want a formula that captures both the separation and the spread. The 
most widely used measure is called d-prime (d' ), and its formula is simply:  
 
d' = separation / spread 
 
This number, d', is an estimate of the strength of the signal. Its primary virtue, and the 
reason that it is so widely used, is that its value does not depend upon the criterion the 
subject is adopting, but instead it is a true measure of the internal response.  
 
Estimating d': To recap... Increasing the stimulus strength separates the two (noise-alone 
versus signal-plus-noise) probability of occurrence curves. This has the effect of increasing 
the hit and correct rejection rates. Shifting to a high criterion leads to fewer false alarms, 
fewer hits, and fewer surgical procedures. Shifting to a low criterion leads to more hits (lots 
of worthwhile surgeries), but many false alarms (unnecessary surgeries) as well. The 
discriminability index, d', is a measure of the strength of the internal response that is 
independent of the criterion.  
 
But how do we measure d'? The trick is that we have to measure both the hit rate and the 
false alarm rate, then we can read-off d' from an ROC curve. Figure 4 shows a family of ROC 
curves. Each of these curves corresponds to a different d-prime value; d'=0, d'=1, etc. As the 
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signal strength increases, the internal response increases, the ROC curve bows out more, 
and d' increases.  
 
So let's say that we do a detection experiment; we ask our doctor to detect tumors in 1000 
CT scans. Some of these patients truly had tumors and some of them didn't. We only use 
patients who have already had surgery (biopsies) so we know which of them truly had 
tumors. We count up the number of hits and false alarms. And that drops us somewhere on 
this plot, on one of the ROC curves. Then we simply read off the d' value corresponding to 
that ROC curve. Notice that we need to know both the hit rate and the false alarm rate to 
get the discriminability index, d'.  
 

Vigilance 
 
In modern psychology, vigilance, also termed sustained attention, is defined as the ability 
to maintain attention and alertness over prolonged periods of time. The study of vigilance 
has expanded since the 1940s mainly due to the increased interaction of people with 
machines for applications involving monitoring and detection of rare events and weak 
signals. Such applications include air traffic control, inspection and quality control, 
automated navigation, and military and border surveillance and lifeguards. 
 
Origins of vigilance research 
 
The systematic study of vigilance was initiated by Norman Mackworth during World War 
II. Mackworth authored "The breakdown of vigilance during prolonged visual search" in 
1948 and this paper is the seminal publication on vigilance. Mackworth's 1948 study 
investigated the tendency of radar and sonar operators to miss rare irregular event 
detections near the end of their watch. Mackworth simulated rare irregular events on a 
radar display by having the test participants watch an unmarked clock face over a 2 hour 
period. A single clock hand moved in small equal increments around the clock face, with the 
exception of occasional larger jumps. This device became known as the Mackworth Clock. 
Participants were tasked to report when they detected the larger jumps. Mackworth's 
results indicated a decline in signal detection over time, known as a vigilance decrement. 
The participants' event detection declined between 10 and 15 percent in the first 30 
minutes and then continued to decline more gradually for the remaining 90 minutes. 
Mackworth's method became known as the "Clock Test" and this method has been 
employed in subsequent investigations. 
 
Vigilance decrement 
 
Vigilance decrement is defined as "deterioration in the ability to remain vigilant for critical 
signals with time, as indicated by a decline in the rate of the correct detection of signals". 
Vigilance decrement is most commonly associated with monitoring to detect a weak target 
signal. Detection performance loss is less likely to occur in cases where the target signal 
exhibits a high saliency. For example, a radar operator would be unlikely to miss a rare 



Psychology for IAS: Sensation, Attention and Perception 

Compiled by Amit Shekhar         Email: numerons@gmail.com          Contact: +91-9560344245 

www.numerons.com 
 
 
 
 
 
 

www.numerons.com 
 
 
 
 
 
 

www.numerons.com 
 
 

target at the end of a watch if it were a large bright flashing signal, but might miss a small 
dim signal. 
 
Under most conditions, vigilance decrement becomes significant within the first 15 
minutes of attention, but a decline in detection performance can occur more quickly if the 
task demand conditions are high. This occurs in both experienced and novice task 
performers. Vigilance had traditionally been associated with low cognitive demand and 
vigilance decrement with a decline in arousal pursuant to the low cognitive demand, but 
these views are no longer widely held. More recent studies indicate that vigilance is hard 
work, requiring the allocation of significant cognitive resources, and inducing significant 
levels of stress. 
 
Vigilance decrement and Signal Detection Theory 
 
Green and Swets formulated the Signal Detection Theory, or SDT, in 1966 to characterize 
detection task performance sensitivity while accounting for both the observer's perceptual 
ability and willingness to respond. SDT assumes an active observer making perceptual 
judgments as conditions of uncertainty vary. A decision maker can vary their sensitivity, 
characterized by d', to allow more or less correct detections, but at the respective cost of 
more or less false alarms. This is termed a criterion shift. The degree to which the observer 
tolerates false alarms to achieve a higher rate of detection is termed the bias. Bias 
represents a strategy to minimize the consequences of missed targets and false alarms. As 
an example, the lookout during a bank robbery must set a threshold for how "cop-like" an 
approaching individual or vehicle may be. Failing to detect the "cop" in a timely fashion 
may result in jail time, but a false alarm will result in a lost opportunity to steal money. In 
order to produce a bias-free measure, d' is calculated by measuring the distance between 
the means of the signal and non-signals (noise) and scaling by the standard deviation of the 
noise. Mathematically, this can be accomplished by subtracting the z-score of the hit rate 
from the z-score of the false alarm rate. Application of SDT to the study of vigilance 
indicates that in most, but not all cases, vigilance decrement is not the result of a reduction 
in sensitivity over time. In most cases a reduction of detections is accompanied by a 
commensurate reduction in false alarms, such that d' is relatively unchanged. 
 
Vigilance Taxonomy: discrimination type and event rate 
 
Mental workload, or cognitive load, based on task differences can significantly affect the 
degree of vigilance decrement. In 1977, Parasuraman and Davies investigated the effect of 
two task difference variables on d', and proposed the existence of a vigilance taxonomy 
based on discrimination type and event rate. Parasuraman and Davies employed 
discrimination tasks which were either successive or simultaneous, and presented both at 
high and low event rates. Successive discrimination tasks where critical information must 
be retained in working memory generate a greater mental workload than simultaneous 
comparison tasks. Their results indicate the type of discrimination and the rate at which 
discriminable events occur interact to affect sustained attention. Successive discrimination 
tasks indicate a greater degree of vigilance decrement than simultaneous discriminations, 
such as comparisons, but only when event rates are relatively high. For detection tasks, 
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empirical evidence suggests that an event rate at or above 24 events per minute 
significantly reduces sensitivity. Further investigation has indicated that when the 
discrimination task is difficult, a decrement can occur when the mental workload is low, as 
with simultaneous comparisons, at both high and low event rates. 
 
The effect of event rate on monitoring task performance can be affected by the addition of 
non-target salient objects at varying frequencies. Clock test research conducted in the late 
1950s and 1960s indicates that an increase in event rate for rare irregular low salience 
signals reduced the vigilance decrement. When non-target "artificial" signals similar to 
target signals were introduced, the vigilance decrement was also reduced. When the 
"artificial" signal differed significantly from the target signal, no performance improvement 
was measured. 
 
Other dimensions beyond event rate and discrimination task difficulty affect the 
performance of vigilance tasks and are factors in the Vigilance Taxonomy. These include 
but are not limited to: sensory modality, or combinations of sensory modalities; source 
complexity; signal duration; signal intensity; multiple signal sources; discrete versus 
continuous events; intermittent versus continuous attention requirement; observer skill 
level; and stimulation value. 
 
Measuring mental workload during vigilance tasks 
 
Initial Vigilance Taxonomy studies relied on assumptions regarding the mental workload 
associated with discrimination tasks, rather than a direct quantification of that workload. 
Successive discriminations, for example, were assumed to impose a greater workload than 
simultaneous discriminations. Beginning in the late 1990s, neuroimaging techniques such 
as positron emission tomography (PET), functional magnetic resonance imaging (fMRI) 
and Transcranial Doppler sonography (TCD) have been employed to independently assess 
brain activation and mental workload during vigilance experiments. These neuroimaging 
techniques estimate brain activation by measuring the blood flow (fMRI and TCD) or 
glucose metabolism (PET) associated with specific brain regions. Research employing these 
techniques has linked increases in mental workload and allocation of attentional resources 
with increased activity in the prefrontal cortex. Studies employing PET, fMRI and TCD 
indicate a decline in activity in the prefrontal cortex correlates with vigilance decrement. 
Neouroimaging studies also indicate that the control of vigilance may reside in the right 
cerebral hemisphere in a variety of brain regions. 
 Brain regions associated with vigilance 
 
Reductions in arousal generally correspond to reductions in vigilance. Arousal is a 
component of vigilance, though not, as once believed, the sole source of the main effect of 
the vigilance decrement. As such, subcortical brain regions associated with arousal play a 
critical role in the performance of vigilance tasks. 
 
Subcortical brain regions associated with arousal include the basal forebrain cholinergic 
system, and the locus coreulus (LC) noradrenergic system. Both regions are components of 
the reticular activating system (RAS). The basal forebrain cholinergic system is associated 
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with cortical acetylcholine release, which is associated with cortical arousal. Blocking the 
release of acetylcholine in the forebrain with GABAergic compounds impairs vigilance 
performance. 
 
Several cortical brain regions are associated with attention and vigilance. These include the 
right frontal, inferior parietal, prefrontal, superior temporal cortices and cingulate gyrus. In 
the frontal lobe, fMRI and TCD data indicate that brain activation increases during vigilance 
tasks with greater activation in the right hemisphere. Lesion and split brain studies 
indicate better right-brain performance on vigilance tasks, indicating an important role for 
the right frontal cortex in vigilance tasks. Activity in the LC noradrenergic system is 
associated with the alert waking state in animals through the release of noradrenaline. 
Chemically blocking the release of noradrenaline induces drowsiness and lapses in 
attention associated with a vigilance decrement. The dorsolateral prefrontal cortex exhibits 
a higher level of activation than other significantly active areas, indicating a key role in 
vigilance. 
 
The cingulate gyrus differs from other brain regions associated with vigilance in that it 
exhibits less activation during vigilance tasks. The role of the cingulate gyrus in vigilance is 
unclear, but its proximity and connections to the corpus callosum, which regulates 
interhemispheric activity, may be significant. Reduced activation in the cingulate gyrus may 
be a by-product of asymmetrical frontal lobe activation initiated in the corpus callosum. 
 
Vigilance and stress 
 
Stressful activities involve continuous application of extensive cognitive resources. If the 
vigilance decrement were the result of less brain activity rather than more, vigilance tasks 
could not be expected to be stressful. High levels of epinephrine and norepinephrine are 
correlated with continuous extensive mental workloads, making these compounds good 
chemical indicators of stress levels. Subjects performing vigilance tasks exhibit elevated 
levels of epinephrine and norepinephrine, consistent with high stress levels and indicative 
of a significant mental workload. Vigilance tasks may therefore be assumed to be stressful, 
hard mental work. 
 Individual differences in vigilance performance 
 
Large individual differences in monitoring task performance have been reported in a 
number of vigilance studies. For a given task, however, the vigilance decrement between 
subjects is generally consistent over time, such that individuals exhibiting relatively higher 
levels of performance for a given task maintain that level of performance over time. For 
different tasks, however, individual performance differences are not consistent for any one 
individual may not correlate well from one task to another. An individual exhibiting no 
significant decrement while performing a counting monitoring task may exhibit a 
significant decrement during a clock test. Relative performance between subjects may also 
vary based on the nature of the task. For example, subjects whose task performance is well 
correlated for a successive task may exhibit a poor performance correlation for a 
simultaneous task. Conversely, subjects performing similar monitoring tasks, such as radar 
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versus sonar target detection, can be expected to exhibit similar patterns of task 
performance. 
 
Levine et al. propose that individual differences in task performance may be influenced by 
task demands. For example, some tasks may require rapid comparisons or "perceptual 
speed", while others may require "flexibility of closure", such as detection of some 
predefined object within a cluttered scene. Linking task performance differences to task 
demands is consistent with the Vigilance Taxonomy proposed by Parasuraman and Davies 
described above, and also supports the hypothesis that vigilance requires mental work, 
rather than being a passive activity. 
 Reducing the vigilance decrement with amphetamines 
 
Considerable research has been devoted to the reduction of the vigilance decrement. As 
noted above, the addition of non-target signals can improve task performance over time if 
the signals are similar to the target signals. Additionally, practice, performance feedback, 
amphetamines and rest are believed to moderate temporal performance decline without 
reducing sensitivity. 
 
Beginning in the mid-1940s research was conducted to determine whether amphetamines 
could reduce or counteract the vigilance decrement. In 1965, Jane Mackworth conducted 
clock test experiments in which half of 56 participants were given a strong amphetamine 
and half were given a placebo. Mackworth also provided false feedback and feedback in 
separate trials. Mackworth analyzed detection and false alarm rates to determine d', the 
measure of sensitivity. Participants dosed with amphetamine exhibited no increased 
sensitivity but did exhibit a highly significant reduction in vigilance decrement. In feedback 
trials, sensitivity increased while the performance decline was significantly reduced. In 
trials where both amphetamine and feedback were given, sensitivity was increased and 
there was no significant vigilance decrement. 
 Practice and sustained attention 
 
Training and practice significantly reduce the vigilance decrement, reduce the false alarm 
rate, and may improve sensitivity for many sustained attention tasks. Changes in strategy 
or bias may improve task performance. Improvements based on such a criterion shift 
would be expected to occur early in the training process. Experiments involving both audio 
and visual stimuli indicate the expected training performance improvement within the first 
five to ten hours of practice or less. 
 
Training improvements may also occur due to the reduced mental workload associated 
with task automaticity. In pilotage and airport security screening experiments, trained or 
expert subjects exhibit better detection of low salience targets, a reduction in false alarms, 
improved sensitivity, and a significantly reduced vigilance decrement. In some cases the 
vigilance decrement was eliminated or not apparent. 
 
Vigilance and aging 
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Vigilance research conducted with subjects across a range of ages conflict regarding the 
ability to maintain alertness and sustained attention with age. In 1991, Parasuraman and 
Giambra reported a trend towards lower detection rates and higher false alarm rates with 
age when comparing groups between 19 and 27, 40 and 55, and 70 and 80 years old. 
Deaton and Parasuraman reported in 1993 that beyond the age of 40 years, a trend 
towards lower detection rates and higher false alarm rates occurs in both cognitive tasks 
and sensory tasks, with higher and lower mental workloads respectively. Berardi, 
Parasuraman and Haxby reported no differences in 2001 in the overall levels of vigilance 
and the ability to sustain attention over time for when comparing middle aged (over 40) 
and younger subjects. Age dependent differences in cognitive tasks may differ with task 
type and workload, and some differences in detection and false alarms may be due to the 
reduction in the sensitivity of sensory organs. 
 
Vigilance and the lack of habituation 
 
Early theories of vigilance explained the reduction of electrophysiological activity over time 
associated with the vigilance decrement as a result of neural habituation. Habituation is the 
decrease in neural responsivity due to repeated stimulation. Under passive conditions, 
when no task is performed, participants exhibit attenuated N100 Event Related Potentials 
(ERP) that indicate neural habituation, and it was assumed that habituation was also 
responsible for the vigilance decrement. More recent ERP studies indicate that when 
performance declines during a vigilance task, N100 amplitude was not diminished. These 
results indicate that vigilance is not the result of boredom or a reduction in neurological 
sensitivity. 
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