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Abstract. Whether through natural ability or educational training, designers 
possess advanced knowledge of visual form. Designers acquire most of this 
special knowledge through experience creating visual objects such as drawings, 
color symbols, and layouts. Although designers immerse themselves creating 
effects for visual perception they mostly do so without awareness of the causes 
of these effects. Designer’s form knowledge is more tacit than explicit. 
Perceptual scientists on the other hand have explicit knowledge of perception of 
visual form. They have identified physiological processes that directly relate to 
designers, such as: pop-out, visual illusions, and mental images. The question is 
less whether designers should be aware of these findings than how the growing 
understanding of visual perception and cognition can stimulate visual 
innovation and design practice. This paper reports on initial attempts to 
integrate this knowledge into design education at the University of Cincinnati.  

Keywords: visual perception, visual studies, visual form, tacit knowledge, pop-
out, mental imaging. 

1   Introduction 

There’s a saying: you don’t know what you don’t know. This seems self evidently 
true. But designer’s prove every day that you can know what you don’t know! For 
example, many beginning design students are taught by experience that 2 colors can 
be made to look like 3 (Albers, 1963, p. 78), and many experienced designers are 
aware that the horizontal and vertical sides of geometric squares don’t appear to be 
the same length (Ruder, 1967, p. 94), yet very few of these designers or students 
know why these phenomena occur. Designer’s can know that form behaves in certain 
ways in specific circumstances, without knowing how. This may be because design, 
still emerging from a crafts background has a knowledge base that is more 
experienced or ‘tacit’ than propositional or ‘explicit.’ Tacit knowledge, things we 
know that we have never put into words and propositions, is valid knowledge. Polanyi 
illustrates this, saying, “We know a person’s face, and can recognize it among a 
thousand… yet we cannot tell how we recognize a face we know.” (Polanyi, 1983,  
p. 4) Though tacit knowledge may be true knowledge, it is an inadequate base for a 
discipline (Poggenpohl, 2009, p. 7), because tacit knowledge shrouds concepts in 
activity and prevents their overt identification, examination, discussion, and 
verification. For design to advance from craft to discipline some of its tacit 
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knowledge must be converted to explicit knowledge. The epistemological basis for 
this paper is that knowledge in a field grows by converting tacit knowledge into 
explicit knowledge and that this can happen in design.  

2   Visual Perception 

We understand much of our world by sight, so much so that when we grasp a thought 
we often simply say, “I see.” Every designer seeing these words relies visual sight and 
nearly always embodies design solutions in visual form, so much so that a great deal 
of design education is in fact visual form education. This education commonly 
happens in studios, with paint and paper, in an experiential learning context where 
exercises build primarily tacit knowledge. Perceptual scientists on the other hand have 
recently made explicit many functions of visual perception and cognition that relate 
directly to designers’ manipulation of visual form. Physiological processes of visual 
perception, all now well-understood by perceptual scientists, are largely unknown by 
designers. As Nobel Prize winner David Hubel wrote, “it seems unfortunate that 
people in general and artists in particular should be so insulated from them (findings 
in visual perception).” (Livingstone, 2002, p. 9) In 2000 perceptual psychologist 
Colin Ware wrote “Information Visualization: Perception for Design”  (Ware, 2000) 
intending to help bridge the disciplines of perception and design. There he outlined a 
number of recent findings in visual perception. These advances, empowered by the 
development of non-invasive brain imaging techniques, define perceptual processes 
applicable to designers’ use of visual form. Three are particularly relevant to the work 
reported here: pop-out; visual illusions; and mental imaging. 

2.1   Pop-Out 

Pop-out is a phenomena where some visual forms stand out from surrounding objects 
very quickly and effortlessly. A pioneer in the study of pop-out, Ann Treisman, 
described the perceptual mechanism underlying pop-out as ‘preattentive processing’. 
[9] (Treisman, 1985) She suggested that at a very early stage of visual processing, 
stimulus from our retina are processed rapidly, simultaneously, and ‘pre-attentively’ 
so as to identify elemental visual form features, such as: line orientation, curve versus 
straight line, size, value, color (hue), and blurriness. These primitive visual features 
are found without the person trying to identify them (hence ‘pre-attentive’), and are 
then processed further in other parts of the brain where they are formed into objects, 
identified, and acted upon physically or cognitively. The early stage of pre-attentive 
processing happens very rapidly, in less than 10 msec. (Treisman & Gormican, 1988), 
and regardless of the number of distracting visual forms, hence ‘pop-out.’ While the 
process name ‘pre-attentive’ has subsequently questioned by Ware, (Ware, 2008) it 
remains clear that some visual features clearly cause visual forms to immediately 
stand out from their surroundings, while forms with other visual features take 
significantly more time and effort to identify. For a designer concerned with hierarchy 
and communication, the implications of this knowledge are profound. 
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However, the experience of pop-out is not as simple as identifying pre-attentive 
features. Many of Treisman’s studies isolated just two visual forms and involved a 
search for one of them. In many of these studies the object with the fewest instances is 
the one that pops-out. In our own experiments the ‘odd-one out’ principle suggests 
that the less frequent object always tends to pop-out from a larger field of related 
objects. It seems that ‘pop-out’ is a result of at least two processes: pre-attentively 
processed early feature detection, and odd or small quantity dominance. These two 
processes and their interaction are essential to the formation and control visual 
hierarchy, and hierarchy is a staple of design practice. In his book “Information 
Architects” Richard Saul Wurman describes hierarchy as one of five ways to organize 
information. (Wurman, 1997) But hierarchy is even more fundamental than that. It is 
how designers capture and direct attention. Knowing that hard-wired perceptual 
processes determine what pops-out first in a visual field equips designers to use forms 
that will attract the attention of people regardless of age, gender, education, language, 
or culture. 

2.2   Visual Illusions 

Optical illusions, art, and their connection to mental processes have been explored 
widely since the publication of Richard L. Gregory’s “Eye and Brain.”(Gregory, 
1966) More recent work by neurobiologist Margaret Livingstone connects artists’ use 
of value and hue to perceptual process, in particular to the physiological feature center 
surround.(Livingstone, 2002, p. 122) Citing Stephen Kuffler’s discovery in 1953 that 
retinal ganglion cells are stimulated more by small spots of light than large ones, 
Livingstone describes how these cells emphasize edges and as a result how a 
background can change visual objects placed on it. For example, placing a flat gray 
disk on a rectangular gradient field makes the flat gray disk appear to also be a gray 
gradient going the opposite direction.  

The perceptual experience that results from center surround has been studied for 
centuries. Michel Chevreul (1786-1889) described how a flat band of color looks 
different along the edge of a different band of color, particularly if the values are 
different, one dark and the other light for example (see Figure 5). At about the same 
time as Kuffler’s discovery, Josef Albers’ students at Yale University were producing 
numerous classroom color studies in what was, in effect, an early design research 
laboratory. Albers reported on these student studies in his groundbreaking treatise 
“Interaction of Color.” (Albers, 1963) There he described the change of the 
appearance of a color by manipulating the color of its context. Thought Albers 
probably did not know it, color effects such as “Reverse Grounds Chapter VI – 1 
color looks like 2” where a single yellow line is made to look like two very different 
yellows by modifying the background, or “3 colors appear as 2” where a two single 
color center squares on two different backgrounds are made to look like their opposite 
backgrounds, were in fact explorations of center surround perceptual processes. 
Albers observed, “The true color of the 2 central squares therefore becomes 
unrecognizable, as it looses its identity.” (Albers, 1963, p. 86) Albers was probably 
unaware of Kuffler’s discovery and certainly did not anticipate the body of 
knowledge that has grown from it. Alber’s work affirms that designers can know 
what, without understanding how, and the lack of further development of Albers’ 
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work the past 60 years demonstrates how little progress is made using primarily tacit 
knowledge. Not knowing how color interactions behave perceptually, designers have 
failed to build a body of further exploration.  

Color illusions are important to designers who use color for any purpose, but 
particularly for designers who rely on color to encode data for information 
visualization. When a particular hue on a map is supposed to represent a particular 
temperature it is a dangerous communication mistake to disregard the background 
color on which the temperature color will be placed. Edward Tufte has noted the cost 
of poor information communication in his description of the space shuttle Challenger 
disaster.(Tufte, 1997, pp. 38-53) This suggests that color illusions, and the perceptual 
phenomena that cause them, should be well understood by information designers. 

2.3   Brain Icons  

The existence of mental images, things we see with our minds rather than with our 
eyes, has been debated. Stephen Kosslyn claims to have settled the debate in his book 
“Mental Imaging.”(Kosslyn, Thompson, & Ganis, 2006) Kosslyn, professor of 
psychology and researcher in cognitive psychology and cognitive neuroscience at 
Harvard University, describes visual perception as a series of subsystems. The earlier 
of these, the ‘object-properties-processing’ subsystem, is involved with pop-out 
described above. Objects properties are then passed to the object forming subsystem, 
then to the associative-memory subsystem where their properties (shape, color, etc.) 
are compared to the properties of previously known objects. Thus previously seen 
objects are ‘identified’ and new objects remembered. Key to Kosslyn’s theory is that 
we can take these remembered images and temporarily push them into the lower 
subsystems where we can ‘see’ them mentally and perform work on or with them. 
Key to designers is that Kosslyn believes these memories are stored in an abstracted 
visual form made up of characteristic visual components. These iconic images have 
simple distinctive form and typical point of view: a knife has an iconic form: handle 
and blade, as well as an iconic viewpoint: from the side not from the tip of the blade. 
These simple forms can have detail added to them. Kosslyn cites a bicycle (p. 144) 
and notes that this ‘skeletal image’ can have more detail added as needed and if 
available. 

What Kosslyn describes, I believe we could call ‘brain icons:’ simple mental 
representations of prototypical objects with prototypical viewpoints. Each person, to 
function in the world, carries a full palette of brain icons corresponding to their 
experience. When a new object is encountered, or a familiar object with a previously 
unfamiliar point of view, the person either makes a correct identification or matches 
the most similar one in memory. This explains popular fascination with photographs 
of familiar objects from unfamiliar points of view. Shared mental images and points 
of view are a fundamental process of visual communication. As designed Paul Rand 
noted, designers “communicate common things in uncommon ways.”  

3   Application of Perception in Design Education 

These findings are clearly relevant to design. Books by noted perceptual researchers 
Ware and Livingstone have attempted to make this knowledge available to designers. 
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(Livingstone, 2002; Ware, 2004, 2008) Perceptual scientist David Hubel notes that 
this knowledge is not only available, but accessible as well, saying, “I have never had 
the least doubt that given two hours I could make anyone with a good high-school 
education fully aware of the main accomplishments of the last half-century of visual 
science.” (Livingstone, 2002, p. 8) Yet, so far, designer and design educators have 
managed to go on ignorant of how we see what we do. This suggests the question, is 
knowledge from perceptual science useful for design? For example, can such 
knowledge make designers better? The premise of this paper is that it can. The 
question addressed in what follows is how. How can explicit knowledge from the 
sciences of visual perception and cognition be used to stimulate visual innovation in 
design education and ultimately in design practice? 

3.1   Process  

Tacit knowledge, being experienced and assumed and not consciously discussed, is by 
its nature is hard to identity. Designers aren’t aware of what they don’t know. But as 
designers learn about findings in visual perception these can trigger associations with 
their experience of visual form and thereby raise to conscious thought a formerly 
implicit understanding. Once the implicit is exposed, it can be transformed to explicit 
knowledge through rational study. Since 2004 a rational process of exploration has 
been used at UC with laboratory experiments, some of which have been reported 
previously (Zender, 2007), and project applications. Several are described below.  

3.2   Lab Experiments of Pop-Out 

From 2003-2007 approximately 90 experimental studies were designed and conducted 
by undergraduate students, and from 2008 – 2010 approximately 45 studies were 
performed by graduate students, all at the University of Cincinnati, and all founded on 
findings on pop-out from perception science. As reported previously, the method was 
scientific. (Zender, 2007) Findings in perceptual science were studied. Based on this, 
questions relevant to design were defined and hypotheses were stated. To test the 
hypotheses laboratory experiments were designed, conducted, and the results 
analyzed. The aim was to define basic parameters of preattentively processed / pop-
out visual features leading to principles of visual form that could provide a foundation 
for form-making decisions in design practice.  

Ware lists a number of preattentively processed or pop-out features and our 
experiments have explored nearly all of them, including the hard-to-define feature: 
blurriness. But over time the most studied features have been color, value, and shape. 
These have become the focus in part because of the application assigned concurrent to 
the experiment design (described below under Applications of Visual Illusion). 

One recent study by MDes students Gabriel Botkins and Doug Hovecamp 
addressed the question: does size of object play a role in the ability to perceive gray 
value, and if so, at what point does it affect perceived gray value and in what way. 
They hypothesized based on their own tacit knowledge that “as the size of the circles 
decrease the user will take longer determining the three darkest circles.” (unpublished 
research report) Botkins and Hovecamp designed, and participants took, an interactive  
 



 Visual Innovation through Findings in Perception 347 

test that was taken on a computer and timed in software (Flash). Participants were 
shown a series of circles arranged in a 5x5 grid of varying values and were asked to 
identify the 3 darkest circles.  

 

Fig. 1. Representative images from Botekins & Hovekamp. Actual size approx 5 X 5 inches. 
Circles shown from large to small for illustration purposes, actual test sizes were random. 

Each circle’s value was determined by software at random within a given range for 
each set. All circles were uniform in size for each set. Once ten sets were completed 
to determine the mean time to identify the three darkest values, the circles were 
reduce in size and the participant asked to complete another set of ten. This continued 
for 5 sets. The test was conducted on the same computer and monitor to provide a 
consistent experience at approximately the same distance to maintain the same 
approximate degree that each circle took up in the participant’s field of vision. 
Thirteen subjects took the test (n=13), nine with corrected vision all of whom were 
wearing their glasses for the test.  

As expected, both the number of incorrect choices and the time to make them 
increased as size decreased.  

 

Fig. 2. Between the two sizes represented at left, gray value became difficult to judge. Actual 
size 5 X 5 inches 

While the test was definitive, it left unanswered many questions. The large jump in 
incorrect answers and time to give them between the 45 pixel diameter and the 15 
pixel diameter circles invites further study to more precisely define the size at which 
gray value becomes hard to determine. Though more precision would be helpful, 
there are more profound questions raised by this study: is the governing factor the 
absolute size of the circle or the size of the circle as a ratio of the circle and field size; 
all circles were the same size for each display, would the same result occur if the 
circles were various sizes; the circles were arranged in a grid, would a random 
arrangement affect results; and many others.  
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Questions aside for a moment, if what was found is valid then the uses are 
significant. Moreover, the finding affirms and enlightens tacit knowledge designers 
hold that small shapes such as thin rules tend to lose their individual color identity, 
and that fields of small dots that overlap lose their individual identity altogether and 
blend with colors of adjacent dots as in printed four-color (CMYK) halftone images 
and phosphor computer displays (RGB).  

Other experiments have revealed that we can see many more variations in light 
value that dark (see Figure 3).   

 

Fig. 3. Mathematically equal gray steps (top row). Ten equally different gray steps inserted 
between the two lightest steps all are discernable (middle row). Ten equally different gray steps 
inserted between the two darkest steps none are discernable (bottom row).  

We also verified that mathematically equal gray steps do not appear as an even 
gradation – a finding confirmed by Dona M. Wong in her recent book on information 
graphics (Wong, 2010, p. 131), that recognizable value differences are smaller when 
placed on a gray ground, and many others. Such experimental studies are one way of 
integrating findings in perceptual science into teaching design. But laboratory 
experiments are just one source for generating explicit design knowledge. 

3.3   Project Applications of Color Illusion  

At the same time experiments such as that detailed above were being conducted, 
students in the same class were also given the task of redesigning a color weather map 
using findings in perceptual science to improve the map’s performance. Here the 
focus was on discovery through applied project design rather than through abstract 
laboratory experiment. Students were given findings on color perception and the 
visual illusions: that value is perceptually ordered, anyone can correctly arrange a 
number of objects of different values; but hue often isn’t perceptually ordered: there is 
no logical sequence to red, green, and blue for example.  

                 

Fig. 4. All those asked to arrange gray circles A – B – C in visual sequence (left circles A – C) 
can easily do so. None of those asked to arrange blue – red – green in visual sequence (right 
circles A – B – C) can do so. 
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Students applied this knowledge to design an improved color sequence for their 
data. Improvement was measured by user test given a simple task such as: where is it 
the warmest. This different form of study has produced a different kind of results. For 
example, one observation from this study is that a variety of hues and a strong value 
sequence support different kinds of user tasks. Tasks surrounding trends and 
generalizations are best represented by value sequences, whereas tasks finding 
discrete, specific values are best supported by different hues. The principle could be 
generalized that hue is good for identifying specific kind: the city at 75 degrees for 
example; while value is good at showing trend: the coolest region for example.  

Various visual illusions were explored as part of these studies. Weather maps 
typically represent data in bands, with a yellow band perhaps represent 60 degree 
temperatures and a blue band representing regions at 30 degrees. When sequential 
data like temperature is more appropriate represented by sequential bands of gray 
values a new problem occurs: the edge of a gray band looks lighter adjacent to a 
darker band, and darker adjacent to a lighter band. The bands do not appear flat.  

      

Fig. 5. Flat color bands in map on left exhibit chevruel illusion (example in center). Map on 
right corrects for this illusion.  

The “chevreul illusion,” described by Ware in relation to center surround, distorts 
the impression of the data, emphasizing edges where in fact there is a gradual 
progression. This stimulated the development of a continual gradient to represent the 
trend of sequential data like temperature, with interruptions by thin lines to define 
discrete bands. The value gradient supported ‘trend tasks’; the lines supported 
‘specific-kind’ tasks. This is an example where the application of perceptual 
principles stimulated and guided design innovation. 

3.4   Project Application of Brain Icons  

In classes related to the design of symbols such as icons, students were given findings 
on mental imaging and brain icons at the beginning stages of the icon design process. 
The specific projects in this case have varied. In one instance the project was to create 
100+ symbols to help medical students memorize pharmacological interactions – side 
effects of different drugs; in another case the project was to create a language of 
symbols to instruct students in resource-poor, low English literacy countries, how to 
trouble-shoot and repair medical equipment; in another 150+ symbols representing 
concepts in medicine to facilitate literature review and analysis.  
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Students were assigned individual objects that were to be part of their visual 
language of icons. Because some concepts were unfamiliar, the designers researched 
the object, often including a Google image search. After the research, a game-like 
activity was undertaken where the object would be named, and participants, 
sometimes fellow-students and sometimes representatives of the user group, would 
shout out a necessary feature of their mental image of the object. For example, the 
object ‘chair’ might elicit ‘seat,’ ‘back,’ ‘legs.’ A probing question ‘how many legs,’ 
might produce a discourse which resolved into ‘chair = four legs, stool = three legs, 
office chair = center post + five or more legs.’ Along with the object‘s feature 
identification, participants were asked for the iconic point-of-view. Again, chair might 
elicit, ‘side view = yes,’ ‘back view = no,’ ‘top-view = no,’ ‘¾ view from above = 
yes.’ By this simple means the essential object features and the common points-of-
view were identified. Through this process we have seen that some objects have only 
one iconic point of view, a knife for example. Other objects such as the chair, may 
have several possible iconic viewpoints. But most all objects have non-canonical 
viewpoints that make the symbol very difficult if not impossible to recognize: a knife 
from the tip, a briefcase from the end or bottom, etc..  Lest one think all designers 
know this well-enough tacitly to avoid serious errors, consider the standard tire 
inflation pressure symbol required by all USA car manufacturers since 2007. Only 
46% of users can identify the symbol as a tire, because it is symbolized in cross-
section! Informal surveys suggest that this is not a canonical point-of-view for a tire. 

Simply recognizing the tacit knowledge of a brain icon and making it explicit is of 
great benefit to the student designer. It focuses them on the essentials, freeing them to 
innovate within the knowledge of the image of object that their users carry in their 
minds, exploiting that knowledge to their benefit, either to make the object 
immediately obvious, or if the project calls for it, to make the identity of the object 
intentionally obscure until the proper moment, like the unfolding of a mystery novel. 

4   Conclusion 

The lab experiments and applications just described have resulted in some innovative 
projects. The innovative results were the outcome of this process: investigate findings 
in visual perception; use these findings to expose personal tacit design knowledge; 
design experiments and/or exploratory projects to explore the dimensions of the tacit 
design knowledge; build design principles from experimental findings; deploy the 
newly developed design principles to design projects; evaluate the projects’ results 
with users.  

Using this process to inspire visual innovation offers several features that make it 
useful. It is perceptually-based and derived from how people perceive form, not tool-
based based on how designers make form. It is process-based and founded on brain 
function, therefore having the same predictable effect on all people. It is principles-
based, not problem or project specific and therefore applicable to a wide variety of 
situations. It is situation-based and responsive to specific formal tasks at hand, not 
arbitrarily or randomly creative.  

The purpose of this process was to explore means to use findings in perception to 
stimulate the creation of innovative form solutions. Since the studies were exploratory 
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and not evaluative, we do not know if a ‘normal’ design process would have produced 
the same results, or perhaps results that were more innovative. We do not know if 
knowledge of perception may have impeded the creativity of some students while 
helping a few others. To answer such questions a control group in an evaluative study 
is needed.  

Clearly, many questions remain, but one thing is clear: the findings of perceptual 
science are stimulating students at the University of Cincinnati to form innovative 
solutions to common design problems. This paper proposes that design educators in 
visual form study findings in perceptual science and then explore how to use these 
findings to take visual innovation to the next level. It’s reasonable to assume that 
design, part art and part science, can use explicit findings in scientific fields to 
carefully expose its own tacit knowledge and inform design’s investigation of its own 
designerly phenomena.  
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