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Technical Restrictions of Computer-Manipulated Visual Stimuli
and Display Units for Studying Animal Behaviour
Sebastian A. Baldauf, Harald Kullmann & Theo C. M. Bakker

Institute for Evolutionary Biology and Ecology, University of Bonn, Bonn, Germany

Introduction

Visual cues are very important as a signalling path-

way in many species of the animal kingdom (Darwin

1871; Andersson 1994; Ladich et al. 2006). Behavio-

ural research uses a variety of techniques to examine

the role of visual signals, e.g. in social communica-

tion. Experimental methods include the presentation

of live animals, mirrors, dummies, video recordings

and computer animations (Rowland 1999).

Computer-manipulated visual stimuli feature

many advantages and are increasingly used in recent

research (Table 1). Computer-editing of visual sig-

nals provides the opportunity to manipulate single

or combined visual stimuli selectively, while other

potentially confounding variables remain constant

(e.g. Shashar et al. 2005). In addition, the use of live

animals may be greatly reduced by presenting artifi-

cial stimuli with a high degree of authenticity. Fur-

thermore, computer systems are easily available at

relatively low costs.

Several alternative ways exist to produce and dis-

play artificial stimuli. In recent studies, various com-

puter-aided methods were used to construct and

present artificial stimuli, e.g. two-dimensional (2D)

printouts, frame-by-frame manipulation of video

signals and rendering of three-dimensional (3D)

models (Table 1). Furthermore, the interface to the
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Abstract

Computer-manipulated visual stimuli are a well-established tool to

experimentally study animal behaviour. They provide the opportunity

to manipulate single or combined visual stimuli selectively, while other

potentially confounding variables remain constant. A wide array of dif-

ferent presentation methods of artificial stimuli has been used in recent

research. Furthermore, a wide range of basic hardware and software has

been used to conduct experiments. The outcomes of experimental trials

using computer-manipulated visual stimuli differed among studies. Fail-

ing or contradictory results were mostly discussed in a behavioural and

ecological context. However, the results sometimes may be basically

flawed due to methodological traps in the experimental design. Based

on characteristics and restrictions of technical standards, we discuss

which kinds of computer stimuli and visual display units are available

today and their suitability for experimental trials when studying animal

behaviour. A computer-manipulated stimulus displayed by a certain

visual display unit may be accurate to investigate behaviour in a specific

species, if various preconditions are met. However, simply due to techni-

cal characteristics of the visual display unit, the set-up may be unsuit-

able for other test species. Thus, future research should critically apply

the included technique, with respect to both the intended kind of stimu-

lus and the species under investigation. If these preconditions are met,

computer-manipulated stimuli provide a high degree of standardization

and the potential to display visual signals without losing a crucial

amount of information from the native data.
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test subjects differed due to the experimental set-up

and technical improvements, including paper, flat-

screen [liquid crystal display ⁄ thin film transistor

(LCD ⁄ TFT)] and cathode-ray-tube (CRT) televisions

and monitors (Table 1).

In some cases, the use of computer-manipulated

stimuli in investigating behaviour based on visual

signals is limited. The technical design of computer

systems is tailored to human vision and does not

allow testing certain variables such as UV signals

that are not emitted by visual display units (McFar-

land & Loew 1994; D’Eath 1998; Cuthill et al. 2000;

Losey et al. 2000; Shashar et al. 2005; Rick et al.

2006). Other signal pathways such as olfactory or

acoustic cues are initially not available, which may

not be critical for animals relying entirely on visual

cues. However, other species may rely on multi-

modal cues. In this case, other stimuli can be

embedded into an experimental set-up in addition to

the visual stimulus presentation (Künzler & Bakker

1998; Mehlis 2008).

In general, computer systems can provide a high

degree of standardization and have the potential to

display visual signals without losing information

from the native data if the preconditions of accurate

hardware and signal processing are met. However,

many studies have not taken into account the tech-

nical limitations of their computer set-up, e.g. due

to low awareness of technical problems, thus raising

the probability of methodological flaws in the

experimental design. Schlupp (2000) noted that the

knowledge of technical details of a set-up is very

important, but on the one hand basic information

is lacking, and on the other hand studies rarely

report the technical details of their equipment.

While literature – particularly on visual psycho-

physics – has been dealing with equipment-specific

limitations concerning experiments with humans

for a long time, still little is known about problems

that may occur, if non-human animals are under

investigation.

We aim to show in the present paper how mate-

rial for visual signal investigations must be handled

due to the characteristics of data processing in com-

puter systems. However, the vast quantity of differ-

ent hardware and signal processing does not allow a

discussion of every technical aspect. Below, we start

by briefly describing the major types of computer-

manipulated visual stimuli. The pros and cons of

each stimulus type are pointed out, and notable

sources of error are annotated. After giving hints

how source data should be recorded, we discuss the

suitability of different visual display units for experi-

ments based on technical restrictions of the hard-

ware.

Types of Computer-Manipulated Stimuli

Still Photographs

Still photographs or their clippings can be edited

using software packages and presented with a suit-

able visual display unit. They may show an original

or manipulated version of the source image, depend-

ing on the intended investigation (Watanabe & Troje

2006). Furthermore, photographs can be a very

important source of layer material for 2D or 3D ani-

mations, as well as a source for backgrounds in video

presentations.

The question arises whether a non-moving still

photograph is a suitable stimulus for behavioural

experiments due to the lack of direct interaction

between the test subject and the stimulus. However,

a still-photograph presentation within a computer

environment is a digital alternative to an analogous

slide show, which was used for example in mimicry

investigations with blue jays, Cyanocitta cristata (Pie-

trewicz & Kamil 1977; Bond & Kamil 2002). Fur-

thermore, depending on the test species, interaction

may be accomplished by installing additionally tools

into the set-up, e.g. press buttons for tests with

humans or measure specific behaviour, for example

pecking in birds.

2D-Animation Sequences

2D animations are moving objects without offering

depth cues. Stimuli may be build from clippings of

digital photographs or constructed textures, with or

without a background, and set in motion by soft-

ware packages such as ‘Adobe Photoshop’, ‘The

GIMP’, ‘PowerPoint’ or ‘Paint Shop Pro’ (Table 2).

2D animations are built in a relatively short amount

of time at moderate costs, while reaching a compara-

tively high grade of authenticity of the visual signals

or standardized manipulations.

Due to the nature of the stimulus, 2D animations

are applicable for specific tasks, especially if depth

cues are not needed. They can be used as a tool to

study fixed body factors, such as preferences for col-

our signals and their extension, body size or forms.

One could question whether a 2D artificial stimulus

can be an appropriate experimental method, if the

species under investigation is known to perceive ste-

reoscopic visual cues. However, recent studies in

humans successfully applied 2D artificial stimuli
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(Sherratt et al. 2004), although humans are able to

perceive the third dimension – even from a 2D dis-

play – and there is no reason to assume that 2D

stimuli cannot be applied in experiments with other

animals. Furthermore, in many non-human species

it is unknown, whether they have or use any stereo-

scopic visual cues at all (Zeil 2000).

Depending on the task and the test species, a dis-

advantage of 2D animations could be a missing

interaction between the stimulus and the test sub-

ject. For example, while birds may be able to inter-

act with a 2D display by pecking or monkeys by

pressing buttons, an interaction between fish and a

2D stimulus may be harder to accomplish. However,

for some species this problem may be overcome by

training, e.g. three-spined sticklebacks (Gasterosteus

aculeatus) can learn to bite a stick or swim through a

hoop (Sevenster 1968).

Generally, when using 2D- or 3D-animation

sequences, it may be necessary to install reference

obstacles into the animation’s background. For

example, stimuli differing in body size may not be

perceived as a small and a big stimulus as a conse-

quence of body size – but instead as a result of

greater distance (Zbinden et al. 2004). Furthermore,

it is very important to consider the frame rate when

using animated computer stimuli. Each second of an

animation or video consists of a certain number of

single frames. For human eyes approx. 15 frames ⁄ s
are the threshold to perceive a motion picture with-

out gaps in the sequence (judder). For example,

many web video codecs use 15 frames ⁄ s to compro-

mise about achieving a moving image and saving

limited bandwidth, whereas cinematic motion pic-

tures use 24 frames ⁄ s to ensure a judder-free

sequence. However, the animal’s perception may

require much higher frame rates (Rowland 1999).

The desired frame rate affects the distance in pixels

a 2D object shifts between two frames and must be

recalculated, if the frame rate is altered due to miss-

ing response of the test subjects. If the chosen frame

rate is higher than 24 frames ⁄ s, there may be play-

back-time problems due to the video-player soft-

ware. Most player’s software is programmed to play

back 24 frames ⁄ s. If an animation of 1 h with 30 fra-

mes ⁄ s is build, but the software plays back 24

frames, there is a frame overrun of 6 fra-

mes · 60 s · 60 min = 21 600 frames (15 min at 24

frames). Thus, it is necessary to control the video-

codec algorithm for frame adjustment, or use play-

back software that allows setting up the playback

frame rate, for example ‘VLC media player’. Instead

of the frame rate, the refresh rate of a visual display

unit may be more important for certain test species

(D’Eath 1998), which will be discussed below.

Digital Video Sequences

Digital video provides all advantages of analogous

video stimuli, which have been reviewed in detail

by Rowland (1999) and Rosenthal (1999, 2000).

An advantage of digital video compared to analogue

video is a potentially lossless transfer of source data

information into the computer system. The most

common manipulation technique is a frame-by-

frame alteration of the video by software packages

that process digital graphics, e.g. ‘Adobe Photoshop’

or ‘The GIMP’ (Table 2). For example, a displaying

behaviour can be recorded and the visual signal of

interest can be manipulated over the playback time.

Furthermore, video material can be used as a source

for motion capture to transfer movements to a 3D

animation.

Problems with digital video recordings may occur,

if the illumination conditions of the source record

strongly differ from the final experimental set-up,

Table 2: Web links to referenced software packages (alphabetical order)

Software Web link Short information

3D Studio Max http://www.autodesk.com Constructs and renders 3D objects and animations, commercial

Adobe Photoshop http://www.adobe.com Editor for images ⁄ textures, RGB and CMYK colour space, commercial

Blender http://www.blender.org Constructs and renders 3D objects and animations, free

Final Cut Studio http://www.apple.com Video-editing suite, commercial

Maya http://www.autodesk.com Constructs and renders 3D objects and animations, commercial

Paint Shop Pro http://www.corel.com Editor for images ⁄ textures, RGB colour space, commercial

Powerpoint http://office.microsoft.com Presentation program, commercial

Premiere http://www.adobe.com Video-editing suite, commercial

TheGIMP http://www.gimp.org Editor for images ⁄ textures, RGB colour space, free

Virtual Dub http://www.virtualdub.org Video-editing suite, free

VLC http://www.videolan.org Movie player with adjustable frame rate, free
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thus creating an interfering milieu at the stimulus

sides. However, milieu experiments may be the

focus of an investigation. It is possible to record a

video, cut the background in each frame and overlay

the remaining stimulus on an artificial background.

In this case, it must be considered that the contrast

of the authentic stimulus compared to the back-

grounds may be calibrated differently.

3D-Animation Sequences

3D animations are the most complex kind of artifi-

cial stimuli, providing the greatest experimental

opportunities but at the same time the highest

degree of possible errors. There are several software

packages, such as ‘Autodesk 3D Studio Max’, ‘Maya’

or ‘Blender’ (Table 2), offering various options to

construct 3D objects (Künzler & Bakker 1998; Hok-

kanen 1999; Shashar et al. 2005). Simulations of

behavioural patterns can be created, thereby permit-

ting the control of all parameters within an anima-

tion sequence. In addition to 2D animations, depth

cues are added to the stimulus. However, the visual

display unit (TFT, CRT) still is a 2D device. Thus, the

perception of 3D depth cues may be accurate for

experiments using humans. However, when study-

ing animals, the use of 3D stimuli depends on how

they perceive depth.

3D and 2D animations can be presented in two

ways. First, they can be rendered (generate images

from a model) and saved like a video sequence. Sec-

ond, they can be rendered in real-time during the

trial. Real-time rendering is the most striking advan-

tage of animations, because it adds the opportunity

of direct interaction between the test subject and the

stimulus. The observer is able to control subsequent

sequences presented to the test subject, depending

on its reaction, but with a high risk of observer-

biased results. Nonetheless, if 3D animations are ren-

dered in real-time, expensive hardware is needed.

Especially the type, amount and characteristics of

processors, memory and the graphic board must be

aligned to the task.

Recording Source Data

Before the manipulation of a stimulus can be

achieved, source data have to be recorded and trans-

ferred into the computer system. This can be per-

formed in two ways. First, source data can be

achieved using analogue devices, i.e. an analogue

photo- or video-camera. When transferred into the

computer system, the analogue data are converted

into a digital data format, limitated by the hardware.

For example, a photograph has to be scanned into

the computer. Even if the photograph was taken

under standardized conditions, the scan result in the

computer depends on the quality of the scanner’s

chip, which converts the reflection data into the

RGB colour space, as well as on the quality of the

light source, the optical resolution and the degree of

artificial interpolation of pixels to achieve higher

resolutions. This implies a loss of vital criteria of

the original image, especially concerning colour

information.

The capture of analogue video data is subject to

similar problems. After recording, video images can

be transferred to the computer system by TV-in

adaptors and specialized software packages such as

‘Adobe Premiere’, ‘Final Cut Studio’ or ‘Virtual Dub’

(Table 2). The results of the hardware ⁄ software

frame grabber, which works as an analogue-digital

transducer, depends on the kind of playing device,

the connection cable, the chip on the grabbing

device and the compression format of the software.

In summary, there exists no standardized method to

transfer analogue data into a computer, which

results in an unpredictable loss of the source-data

authenticity. If there exist no alternative to source

data from analogue devices, the stimuli must be (if

possible) calibrated and intensely pre-tested with the

species under investigation.

Second, original data can be taken by digital

devices, i.e. digital photo- and video-cameras. The

common standards are Charged-Coupled Device

(CCD) Sensors to convert photons into an electric

charge, which have quantum efficiency (sensitivity)

up to 90% of the photons hitting the photoreactive

surface. If the prerequisite of standardized conditions

is met, the data can be transferred to the computer

without the loss of information of the source image.

However, there are premises the hardware needs to

comply with.

The characteristics of a camera chip should be

known. Currently, two major sensor types of CCD

chips exist, differing in their absorption modes. In

one-way CCD chips, every light-sensitive cell cap-

tures wavelengths for only one channel of red (R),

green (G) or blue (B). The definite colour is interpo-

lated with informations of the neighbour cells,

thereby saving an approximated image instead of

real colours. In three-way CCD chips, incoming light

is broken by filters and sent to three separate chips,

each responding to a particular colour of the RGB

spectrum. Thus, the truest recording of RGB data

from a location can be accomplished. However, both
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sensor types reduce a continuous spectrum to three

data points, R, G and B. The image quality, e.g. con-

cerning coloration information, depends upon each

individual sensor chip, varying from one production

line to the next. If appropriate calibration data are

collected, these RGB data can be used to reconstruct

the true colour (Stevens et al. 2007), as perceived by

humans or – under some assumptions – by some

animals.

A digital camera should meet further prerequi-

sites, for example concerning the data-saving for-

mat. Stevens et al. (2007) gave detailed information

on essential features of digital cameras, for example,

the necessity for manual white balancing, and how

digital images should be taken and stored without

compression losses. Concerning white balancing, it

is necessary to understand from a technical point of

view, why manual white balance is essential for

digital photography in science as described in Ste-

vens et al. (2007). The human brain is able to ref-

erence a white point in many illumination

conditions due to chromatic adaption. However, a

digital camera’s sensor chip needs to be balanced to

a white point, thus adjusting the relative amount

of every RGB channel within the spectrum of the

current illumination condition. First, a digital cam-

era may be white balanced manually by referring

to a white area within the scene before taking pic-

tures. Second, white reference standards, for exam-

ple, a white piece of paper or a colour palette may

be installed into a scene, and the white point can

be referenced to it by the editing software. Third, if

RAW images are taken, the white balancing can be

accomplished during the import of the data to the

computer system.

When editing or saving video data, it is necessary

to avoid video-compression algorithms in which data

are lost, so-called lossy compression. Most compres-

sion algorithms are designed to reduce the quantity

of data of video images, which results in a loss of

vital information from the source data. Some video-

compression algorithms exist, such as ‘H.264 ⁄ MPEG-

4 AVC’ or ‘Huffyuv’, which perfectly match with the

source data when the video is decompressed during

playback.

The loss of source data authenticity while record-

ing with RGB devices may be greatly reduced when

taking into account the technical issues discussed

above. However, the RGB colour space, which is

optimized for the perception of the human cone

classes, may not be accurate in all species (Cuthill

et al. 2000; Fleishman & Endler 2000). The physio-

logical attributes of an animal’s eye may differ from

the human retina, i.e. due to a different number of

cone receptors, or if the absorption maxima of the

cones are shifted (Oliveira et al. 2000). Thus, in

non-human species, the perception of coloration

recorded with RGB devices may be different from

the perception of the real object. In this case, the

recording of source data needs to become more com-

plex by embedding calibration techniques. Depend-

ing on the species characteristics and the task, a

calibration of a recording RGB device could be car-

ried out by utilizing optical filters and constant light

sources, where each filter may represent the opti-

mum perception range of a single cone class of a

species (Parraga et al. 2002). The final picture is

composed by a combination of the single photo-

graphs.

In general, when recording source data, it is nec-

essary to standardize the parameters of the recording

conditions. The illumination must be well considered

to avoid the recording of wrong colour information.

If in an experimental set-up the illumination

strongly differs from the condition of the recording

situation, a sufficient identification of the artificial

stimulus may not be given due to wrong colours and

contrasts. Furthermore, the background of a stimu-

lus needs to satisfy various criteria depending on the

task. It may be necessary to calibrate the background

lighting to ensure an adequate figure–ground separa-

tion, for example, by calibrating the relative contrast

between a stimulus and its background (e.g. Osorio

et al. 1999; Rosenthal 2000; Cuthill et al. 2005; Ste-

vens et al. 2006). Further distractions that are unre-

lated to the stimulus, for example, unintentionally

recorded movements on video sequences, must be

avoided.

Suitability of Visual Displays

Printouts

Digital photographs or single video frames may be

printed out after manipulation and used as a stimu-

lus during trials, i.e. as a still photograph or as skin

patterns for dummies. Furthermore, Berggren &

Merilä (2004) suggested that estimation of animal

coloration can be accomplished with printouts from

HTML colour charts. In contrast, Stevens & Cuthill

(2005) measured different choice behaviour of indi-

viduals for the same RGB colours, and argued that

RGB-based colour charts are not suitable for colour

estimation due to differences in printer models and

their quality ⁄ toner levels, as well as illumination

dependencies.
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Moreover, printouts are basically flawed due to

different colour management of computer displays

and printers. A computer display (CRT or flat screen)

emits photons using the RGB colour space. The col-

our is an additive result of every single channel

(red + green + blue). Thus, white will be perceived

if all channels have the maximum value of 255,

while black is a zero value of all channels. In con-

trast, printers do not use RGB cartridges to produce

a specific colour. Instead, they use the CMYK colour

space (cyan ⁄ magenta ⁄ yellow ⁄ key=black). Printers

need to merge colours subtractive from white to pro-

duce a certain value. When pictures or charts are

printed out, the software driver of the specific prin-

ter interprets the RGB values from the computer

and translates them into CMYK space. Every printer

manufacturer, even a different driver version of the

same printer model, has its own translation of the

RGB-to-CMYK colour space, resulting in great differ-

ences between printouts of the same picture.

Only few software packages exist, which allow

previewing and editing in CMYK space, such as

‘Adobe Photoshop’. However, the software must cal-

culate the CMYK values from the original RGB

space, which distorts the original colour informations

of the recorded data. Besides the RGB–CMYK prob-

lem, another error source of original colour informa-

tion is based on the print media. The reflectance of

the same picture printed on photo paper or normal

print paper is rather different. Thus, the kind of print

media must be well considered depending on the

experimental environment, for example, photo

paper may be more conspicuous to predators due to

its high reflectance, even at night.

In spite of all problems that printouts imply, they

may be the best option to present artificial computer

stimuli for certain research questions. Printouts are

physical objects that provide the opportunity of

shaping, e.g. into 3D objects, and of physical interac-

tion between the stimulus and the test subject. Even

in non-human species, this may offer advantages,

for example in more rapid learning (Osorio et al.

1999, 2001). Furthermore, printouts reflect colora-

tions under (natural) illumination conditions of the

overall set-up, whereas self-illuminated visual dis-

play units may be a disturbing source of luminance

within the set-up. In the field, it is often impossible

to use visual display units that require electricity,

thus making printouts the only alternative if com-

puter-manipulated stimuli should be applied (Cuthill

et al. 2005).

A mandatory precondition prior to the use of

printouts is a proper calibration (1) of the input

device depending on the species under investigation,

e.g. the digital camera (Stevens et al. 2007), and (2)

between the RGB and CMYK colour spaces. One

possibility to minimize the differences between the

source data taken by an RGB device and the print-

out in CMYK colour space is the use of ICC profiles,

which are standardized by the International Color

Consortium (ICC 2004). To create an ICC profile,

the reflectance values of source data must be mea-

sured by a spectrometer, and compared to the RGB

or CMYK values generated or displayed by a hard-

ware component (e.g. printer and flat-screen moni-

tor, respectively). Thus, the differences between the

RGB and CMYK devices can be linked and approxi-

mately regulated. Some manufacturers provide an

ICC profile for their hardware component, but it

may be necessary to control the manufacturer’s

measurements. Sharma (2006) gives an example,

how the quality of an ICC profile can be measured.

Additionally, stimuli should be checked via spectro-

photometry by comparing the readings from nature

and the stimulus, or comparing relative contrasts

between stimuli (Cuthill et al. 2005; Stevens et al.

2006).

However, it is necessary to keep in mind that

printouts, even when properly calibrated, do not

precisely reproduce the natural coloration. Further-

more, the ICC profile just bridges differences

between devices and colour spaces (RGB, CMYK),

which are primarily designed for human perception.

The visual perception of non-human animals may

require other species-specific calibration methods,

which have been discussed in recent research.

(D’Eath 1998; Fleishman et al. 1998; Cuthill et al.

2000; Fleishman & Endler 2000).

Televisions

Televisions were intensely used as a visual display in

association with video stimuli. One would suggest

that colour television, for which the RGB colour

space was initially invented, should smoothly guar-

antee the playback of RGB data. However, there is a

strong difference between a computer and a televi-

sion concerning the RGB-transmission signal.

While the computer RGB colour space is an addi-

tion of each channel, the television RGB signal

transmits colour information as a subtraction from a

black ⁄ white source image, due to compatibility

issues to colourless TV and the saving of limited fre-

quency bandwidth. While transferring manipulated

data from a computer to a television playback

device, the recorder modulates the additive RGB
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colour to the subtractive signal, resulting in an error

source of colour information and contrast. The loss

of signal quality differs among the recording stan-

dards and the connection cable. Antennae cables

transmit brightness and colour signals on a single

high-frequency carrier, provoking the highest loss of

signal quality. A Scart-connection is the best way to

transmit television RGB signals, because it is

designed with three wires destined for each colour

channel. In general, it is unnecessary to re-record a

computer-manipulated video to another device,

because video can be played at a computer without

losing signal information.

A general problem of television is the display of

half-images, so-called interlacing. Single frames, e.g.

each frame of 25 frames ⁄ s in a Phase Alternating

Line (PAL) standard, are not written fully on the

screen. Instead, 25 half-frames are displayed show-

ing odd line numbers of an image alternating with

25 half-frames that consist of even lines (Fig. 1). The

half-images delay for a certain time, thus creating

the impression of a full-frame for the human eye,

but the picture may be disturbing for non-human

species. Flat-screen television supports the output of

full-frames, so-called progressive pictures (Fig. 1).

However, flat-screen televisions imply the same dis-

advantages as we will discuss for computer flat-

screen monitors below.

Rowland (1999) discussed further disadvantages of

the television in detail, and D’Eath (1998) referred

to television standards, e.g. concerning National

Television System Committee (American standard)

and PAL (European standard), their frame rates and

the CFF (critical flicker-fusion frequency).

Flat-Screen Monitors

Flat-screen monitors, i.e. LCD ⁄ TFT, organic light-

emitting diodes (LED) or plasma displays are com-

mon today. In some studies, they were already used

as visual display units during trials (Clotfelter et al.

2006; Swaddle et al. 2006). Like CRT monitors, they

display colours in RGB mode. A striking advantage

of flat-screen displays compared to CRTs is a flicker-

free screen due to independency from refresh rates.

However, the assumed improvement comes along

with a lot of technical disadvantages, especially if

animated stimuli are presented. The most critical

source of malfunction in experiments is the transi-

tion time of the light-emitting matrix. Each liquid

crystal of the matrix needs a specific time frame to

reach its initial point after being activated (transition

time), thereby blurring moving objects on displays

with high transition times. Until 2005, there was no

official standard that bound manufacturers to mea-

sure the transition time of their displays. Thus, the

technical features of flat-screen displays before 2005,

i.e. transition time in milliseconds, are (1) not stan-

dardized, (2) not comparable among each other and

(3) not comparable to recent standards.

Since May 2005 the Video Electronics Standards

Association (VESA), an international non-profit cor-

poration that sets industry-wide interface standards

for the PC, standardized the measurements of a flat-

screen display’s transition time. It is quantified as

time in milliseconds the display needs to change its

brightness from 10% to 90% grey-to-grey

(0% = black, 100% = white), excluding transition

times concerning colours (VESA 2005). Modern dis-

plays take >1 ms within this grey-to-grey interval,

while older display models take much longer time,

including many displays with (not standardized)

intervals >30 ms, which is the motion blur threshold

for the human eye. However, until now the transi-

tion time from 0% (black) to 100% (white) has not

been standardized, because it is not critical for the

human eye. However, it may be critical in other spe-

cies. This results in a still unknown time frame

between full white and black. Usually, modern high-

quality flat-screen displays are suitable for moving

and non-moving computer-manipulated stimuli, if

Fig. 1: A television display of a single frame of a fish (Pelvicachromis

taeniatus), so-called interlaced picture, and the output of a full-frame

of the same image, so-called progressive picture, e.g. by a flat screen.
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humans are under investigation. However, the flat-

screen display may become a severe problem for

other test species if moving stimuli should be pre-

sented due to motion blur, or if the response of a

test subject to luminance components of a stimulus

should be investigated.

Another major problem is a test subject’s percep-

tion of a colour when using a flat-screen display.

The colour value varies depending on the viewing

angle of the observer. No standard exists so far,

which quantifies colour changes due to the viewing

angle. A test subject may therefore view an artificial

stimulus in a multitude of accidental colours, instead

of the intended colorations. Some manufactures use

foils to compensate problems with viewing angle

and missing contrasts. However, these foils strongly

alter the reflection of a display, thereby creating a

mirror for the test subject. If humans are under

investigation and a non-moving stimulus should be

presented, the optimal viewing angle of a certain dis-

play model can be measured to standardize the dis-

tance and angle between the display and eyes in

respect to body size. For non-human species, the

standardization of the viewing angle of the same

type of stimulus may be harder to accomplish. Some

species could be trained to visit certain spots inside

an arena that keep an optimal angle between the

test subject and the display, such as it was performed

with European starlings, Sturnus vulgaris (Smith et al.

2005). However, for other species such as fish, it

may be impossible to standardize their distance and

angle to the flat screen display within the set-up.

Cathode-Ray Tubes

CRT monitors have been used in many studies as

visual interface for the test subjects (Künzler & Bak-

ker 1998, 2001; Mazzi et al. 2003; Turnell et al.

2003; Zbinden et al. 2003; Wong & Rosenthal 2006).

Like a flat-screen display, they are connected to a

computer by a VGA (Video Graphics Array) cable,

and colours are displayed in RGB mode. Addition-

ally, the CRT monitor has the ability to compensate

many disadvantages of flat-screen monitors. For each

colour channel of the RGB spectrum, a fluorescence

molecule (phosphor) is activated by an electron

beam. In high-quality models, the inactive phos-

phors remain black, thereby offering full contrast

between black and white. Furthermore, colours are

not depending on the view angle of a test subject.

CRTs are criticized for their refresh rates, possibly

resulting in a flickering image to the test subject

(D’Eath 1998). The refresh rate is defined as the

time a CRT display needs to control its electron

beam along a horizontal line (in Hertz). Flicker is

perceived by the human eye, if the electron beam

requires a too long time to pass the distance.

Although human eyes already perceive non-flicker-

ing images at 72–80 Hz, recent CRT displays feature

refresh rates of 140 Hz. For example, during a 3D

computer animation with a frame rate of 20 single

frames per second, each frame is refreshed approxi-

mately seven times by the CRT, before the next

frame is displayed. Between each refresh interval of

the frame, the phosphors do not emit photons.

Following the above example, a CRT needs

approx. 3 ms to switch between a 100% black and

photon radiation of the whole RGB colour spectrum,

which is a predictable, much faster rate than the

transition time of flat screens within their 10–90%

grey-to-grey interval. Thus, even if flicker may be

perceived by a species in spite of high refresh rates

at 140 Hz, the pros may outweigh the cons.

However, there are some technical restrictions that

must be considered when using CRT displays.

The refresh rate of a CRT display decreases with a

higher monitor resolution, because the horizontal

space extends. For example, a CRT capable of

100 Hz maximum at 1024 horizontal pixels needs

more time to refresh 1280 pixels. This implicates that

the final resolution combined to the refresh rate in

experiments must be considered. In addition, a

higher resolution means more pixels at the same

expanse of the monitor’s projection area. Thus, a

picture-clipping with a width of 100 pixels appears

much shorter, if it is displayed in higher resolution.

Especially, if the size of artificial stimuli is critical,

for example, when testing size-assortative mating,

the resolution of a display may be more important.

CRT displays use a magnetic field to control the

electron beam. In species that perceive magnetic

fields its use may be critical. Alternatively, depend-

ing on the stimulus and the test species, flat-screen

monitors or video projectors complying with certain

technical prerequisites can be used to avoid this

problem. The limitation of the display size may also

be compensated by projectors, if large species are the

object of study.

Even if two monitors of the same model are con-

nected to a graphic board with the same refresh

rates and resolution, there may be a different display

of colours, brightness and contrast. Each CRT display

allows different settings in its set-up menu. It is nec-

essary to match the settings of both displays equally.

Images that look excellent on visual display units

to humans could be unrecognizable to non-human
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animals due to different perception of colour, lumi-

nance or motion. Concerning the problem of colour

reproduction for non-human animals on CRTs, it is

possible to calibrate the phosphor intensities in a

ratio as they would be perceived by the test species

under natural conditions (Fleishman et al. 1998).

This requires intense knowledge of the characteris-

tics of both the test species and the display model

(Fleishman & Endler 2000).

Video Projectors

Video projectors are capable of displaying visual data

at large areas. Particularly with regard to larger spe-

cies, or if a CRT’s magnetic field could influence an

experiment, they may be a suitable alternative to

CRT monitors. Projectors strongly differ between

models due to a variety of criteria. The most impor-

tant difference is the projection method

(CRT ⁄ LCD ⁄ LED ⁄ DLP). LCD- and LED-based models

contain the same problems as flat-screen monitors,

regarding motion blur and coloration errors. The

most capable projectors are based on CRT and Digital

Light Processing (DLP) technology, but there are

some restrictions. The CRT projector is stationary

because of its dimensions, thus making it difficult to

be integrated in an experimental set-up. DLP tech-

nology appears in three versions, with one to three

light valves, which strongly differ in the output

quality of the projector. The most common problem

of DLP projectors with one or two valves is a visible

‘rainbow effect’ of the colours, because the single

chip must handle all channels of the RGB spectrum.

Thus, visual signals are tampered. Projector models

with three valves do not have this problem, because

every valve is responsible for a single channel of the

RGB spectrum. Furthermore, the background of the

projection area must be premeditated, if video pro-

jectors are used. The quality and authenticity of the

visual information differs depending on the colour,

smoothness, reflectance and basic illumination of the

background.

Conclusions

The number of different types of computer-manipu-

lated stimuli, the vast quantity of hard- and

software, and the number of species and their

different physiologies do not allow to give clear

recommendations, which technique should be

used for which kind of task – and in which

combination. However, there are basic steps, which

future researchers should critically apply when using

computer-manipulated stimuli (Table 3). First, in

many cases, the task limits the scope of available

types of stimuli and their display method, e.g. work-

ing in the field with physical 3D objects would sug-

gest (calibrated) printouts as display device. In a

second step, the knowledge of a species’ visual sys-

tem and its physiology should be taken into account.

This may offer valuable information which kind of

equipment may be suitable for the experimental

set-up. For example, bird species with a high visual

time resolution may be critical when using a signal

displayed by a CRT due to flicker, whereas fish may

be disturbed by a flat screen due to unpredictable

change of colours caused by non-standardized view-

ing angle. Third, if the physiology of vision in a spe-

cies is known, the recording of source data,

manipulation and presentation must be optimally

calibrated. Methods of calibration may strongly differ

depending on how species perceive visual cues.

However, the physiology of a species’ visual system

may be unknown. In each case, it is necessary to

pre-test the species with the intended set-up and its

hard ⁄ software.

Generally, many questions arise when artificial

stimuli are designed. How can original data be

gained under standardized conditions? What are the

technical restrictions of the record devices? How is

the signal transferred to the computer and handled

by the software? Which kind of visual interface is

suitable in experiments? However, the most impor-

tant concern in all processing steps should be what

the test subject will finally perceive. The signal pro-

cessing in the computer system must therefore be

understood in order to avoid the loss of authentic

data due to losses in the handling and technical

set-up.

Regardless of the final method of presentation,

computer-manipulated visual stimuli have one thing

in common: as soon as their source data are trans-

ferred to the computer, they are displayed by an

RGB device. Thus, the handling of visual signals in

computer environments restricts the options, how a

computer-manipulated stimulus must be recorded

truly to the original, calibrated, manipulated and

finally presented. In all steps, the hardware must be

accurate, depending on the perception of the species

under investigation, the task and the intended kind

of artificial stimulus. Future technology may be able

to solve some issues discussed in this paper, e.g.

optimizing the viewing angle problems within flat-

screen displays. However, future research must criti-

cally apply pros and cons of new technologies in

experimental set-ups from a technical point of view
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and their consequences for the perception in test

species, especially non-human animals.
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