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Symbol (i.e.,"pictorial") highway signs yield legibility distances 
which are - on average - twice as great as those achieved for their 
text sign counterparts. Howevcr. the relative superiority of 
symbl  signs is neither uniform nor universal. Some symbol 
signs are legible from 3-times as far away while other - p r l y  
designed symbol signs - can be recognized at only half the 
distance of their textual equivalents (Jacobs. Johnston md Cole. 
1975). 

Unlike text signs which are composed of a finite set of alphanu- 
meric elements (e-g., 26 letters ruld LO digits), symbol signs can 
assume countless shapes and pennuiations. Asa resull, rules and 
guidelines for optimizing their legibility havc proved to be 
eiusivc. Schieber (1987) proposed that much ol  the variabiIity in 
the Legibility of s y m b l  highway signs could bc accounted for by 
thc degree to which these signs depend uwn h~gh spatial fre- 
quency contours to convey critical information (i.e., the grcater 
this dependence on high frequencies, the worse the leg~bilily 
distance). Recently, two corollaries of this hypthesis have k c n  
confirmed: (1) Schieber, Kline and Dewar (1994) demonstrated 
that a symbol sign's legibility distance was directly elated to its 
blur  rerugnilion rhreshold: and (2) Dewar, Wine. Schiekr and 
Swanson (1994) demonstrated that a s y r n b l  sign's legibility 
dislance could be improved by inceas ing its resistance to blur 
degradation through a recursive, computer-assisted design pr* 
cess (i.e., the recurstve blur fechniq~rc) .  

Both the logic underlying the recursive blur jechnique for opri- 
mizing the Iegibility of symbol signs and the computer algo- 
nlhms for implementing the technique are based upon ?-dimen- 
sional I2D) Fourier analysis. The use of 2D-Fou1ier analysis for 
the description of complex spatial structures (such as highway 
signs) will k introduced in the pages which follow. This 
framework wilI then be extended lo prexnt how 2D-Fourier 
techniques can be used to "filter-our" specific structural compc- 
Rents from a sign stimulus wd how this filtering approach has 
beencmplclyedtoengineer highway signs with improved Iegibil- 
ity . 

2D-Fourier Description of Images 
The Fourier theorem holds that any complex univariak funct~on 
cm ut mathematically analyzed intcl a l ines combination of 
simplc sinusoidal functians (i.e.,Fourier components) varying in 
frequency. amplitude and phase. Conversely, any conlplex 
funclion can be reprduced. or synthesized, through an amlo- 
gous (inverse) @ansfom of ils Fourier components. Fourier 
analysis has proven to k invaluabic as an engineering tw1 for 
describing and modeling the time varying respnses of complex 
systems. Spatially complex displays, such as symbol highway 
signs, can also be precisely and quantimtively described by 
generalizing the more familiar one-dimensional Fourier trans- , 

form to its two-dimensional variant (i.e., length vs. width in the 
case of images). Using 2D-Fourier computer analysis lwh- 

niques, an exact mathematical description of any image can be 
generated. This mathernnlicd description consists of a series of 
weighled functions representing sinusoidal "luminance" distri- 
butions which vary in their peritxtic~ty or spatial frequency 
(cycles per image). orientation (from veflical to horizontal) and 
phase. The weight applied to each of these sinusoidal dishbu- 
tbns represenls the relative luminance energy (or"p0wer") from 
the original stimulusima~e which is contained within n p h c u l a r  
spatial frequency-by-orientatjoncomponent in thc curnplexquan- 
t i ta~~ve description, or Fouricr space. This complex description 
w h ~ h  provides a unique mathematical signature of a stimulus 
image is tcrmed the ZD-Fourier power spectrum. 
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The 2D-Fourier power spectsurn of an image is typically repre- 
sented using a polar coordinales systcm (see right coIumn of 
Figure 1 for examples). Such a plol can he uxd as the basis for 
displaying the relative image energy (i.e.. power) contained 
within the various sinusoidal luminance distribution components 
which occupy specific spatial frequency and orientation coordi- 
nates in Fourierspace. As one moves away from the center (i-e., 
origin) of the polar plol of the Fourier spectrum, the depicted 
spatial frequency of a component increaxs fmm zero (mean 
luminance of the image) to the m p l i n g  limit of the Fourier 
analysis (64 cycles per image in our examples). Hence, the 
spatial frequency of apoint in Fourier space is given by thelength 
of the vector connecting it to the origin. 'Ihe orienmtion of the 
component in Fourier space (0-degrees [horizontal] through 90- 
degrees [vertical]) is given by theangle formed between the same 
vector and the principal axis of the polar coordinates system. 
Thus, any given point wilhin a quadrant of this Fourier space 
uniquely defines both a component's spatial frequency and 
orientation. A third axis (2 )  representing each component's 
relative power is then added to yield a three-dimensional repre- 
sentation of the 2D-Fourier power spectrum. Figure 1 depicts a 
srries of images which progress from being spatially simple (at 
least in the Fourier domain) to the more spatially complex. 
Accompanying each image is a plot of its respective 2D-Fourier 
power spectrum. Image "A" is a simple sinumidal luminance 
dish-ihution having a relatively low spalial frequency (4 cycles 
per image) anda distincdy diagonal orientation. Image " A  was 
submitted to a Fourier analysis and its power spectrum was 
plotted in the adjacent (right) cdumn in Figure 1. Note the very 
simple nature of the Fourier p w e r  spectrum for this stimulus. 
All of its "form"cncrgy is contined within 3componcnt sinusoi- 
dal functions in h e  d d e v e n  syrnctric Fourier space. One of the 
components is a1 coordinates (0,O) representing the mean lumi- 
nance of the original image. me other two components are 
Imated in corresponding quadrants which denote a spatial fre- 
quency of 4 cyclespcrimageat an orientationof 45-degrees. The 
next exampIe, image "B", consists of he simple sum of two 
sinusoidal luminance distributions: one at a low vertical spalial 
frequency and thc other aL a low horizontal spatial Irequency. 
Again, note the Fourier power spectrum needed lo malhemati- 
cally describe this slightly more complex image. Finally. image 
" C  providesan exampleoZacomplexspatialstimulus- a symbol 
highway sign. Its corresponding Fourier power speclnrrn is 
exceedingly complex, yet represents an exact mathematics1 
desription of the original stimulus image. 

Lowpass Filter Modeling of Legibility 
Schiekr (1994) has demonstrated that symbol signs with very 
high legibility dis~ances also remain recognizable following the 
removal of high spa~ial frequency information. This is to be 
expect4 since i l  n the high spatial frequency components in a 
sign which are h e  first lo become "undetectable" as its viewing 
distance is increased. Fourjer domain filtering techniquescan be 
employed to precisely aller the spccmrn - or spatial frequency 
profile - of any sign stimulus. One interested in mdeling the 
relative legibility of a candidate highway sign would submit it to 
a series of symmetric lowpass spatial frequency filtering opera- 
tions and observe its. change in appearance as more and more 

high spatial frequency information was removed (discussed 
below). Figure 2 depicts what happens to both a sample highway 
sign and its accompanying Fourier spectrum when submitted to 
a lowpass spatial frequency fil~ering operalion (2nd-order 
Butlerworth filter with 3 dB altenuation a1 10cycle per image). 
The top half of Figure 2 shows an unfiltered Bicycle Crossing 
sign along with its Fourier power speckurn. The power spectrum 
is complex and is characterized by significant energy at the 
highest spatial frequencies (i.e.. hose components farthest from 
the polar plot origin). In conmst, the lower portion of Figure 2 
shows the lowpass filtered versions of the sign and its power 
spectrum. The Fourier spectrum clearly reveals the result of 
lowpass filtering - its lowest frequencies have been spared while 
its highcst spatial bequencies have been markcdly at.ttenuated. 
T h e  resul~ag "blur" in the image domain is also readily apparent 
upon inspecting the degraded nature of the sign stimuIus itself. 

Some representative highway signs-both before andafter lowpms 
spatial frcquency filtering, are depicted in Figure 3. The leC1 
column shows the unfiltered version of each sign while the righ~ 
column shows thc residual image remaining after attenuation oC 
the spatial frequency components above 10 cycles per image. 
Note that some of the filtered symbl  signs were more "de- 
graded than others. For example, the Horsedrawn VehicIes sigrl 
has become prxticall y unrecognizable whereas the legibility of 
the Crossroad sign has been barely affected. The typical supe- 
riority of the symtml sign is clearly visible in the case of the 
Crossroad sign whose text counlerpm has become completely 
unrecognizable following h e  Fourier domain lowpass filtering 
manipulation. 
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Symbol Sign Optimization: 
The Recursive-Blur Technique 
In 1994, a Federal Highway Administration sponsored project 
entitled "Symbol Signing for Older Drivers" was completed. 
Oneof themajor outcomes of thiss~udy was thedevelopment and 
demonstration of the recursive-blur lechnique for optimizing Ihe 
legibility distance of symbl  highway signs ism Dewar, Kline, 
Schieber and Swanson, 1994). The recursive-blur technique 
uses lowpws spatiaI frequent y filtering to exploit the finding that 

signs with the greatest legibility distances are less dependent 
upon high spatial frequency information. In other words: A sign 
which is recognizable under high levels of blur also wjU be 
characterized by high legibitity distances. The recursive-blur 
technique provides a framework for systematically improving a 
sign's recognition under blur conditions (i-e,, lowpass filtering) 
with a resulting increase (and optimization) of irs legibility 
distllnce. 

The recursive-blur technique is implemented as follows: First, 
the prototype symbol sign is enlered intoa computer-basedCAD 
or drawing program (either manually: or, electronically xanned 
if a picture of the symhl  already exists). Next, a copy ol h e  
prototype sign issubjec~d toa modes~degreeof"blumng" using 
the lowpass Fourier filtering techniques dcscrikd above. This 
initial level of blur is gradually increased until one or more of the 
sign's critical features become "unrecognizable". [Figure 4 
demonstrates this incremental blur procedure for a represcnlrltive 
symbol highway sign (Truck Entroncc At~cad). Referring to 
Figlrre 4. one sees the original, unfil~ered, sign foliowed b y  a 
series of renditions in which less and less high spatial frequency 
information is permitted topass through the filteringprmess (i.e., 
the 3 dB cutoff for the Butterworlh lowpass filter is decremented 
from 18 to 2 cycles per image at 2 cpi intervals) I 111 the nexl step 
of h e  recursive-blur pmedure,  the designer then uses hisher 
drawing skills to modify the fuatures of the symbol sign -which 
have become obscurd by the blurring process - until they 
become recognizable through the current lever of lowpass Llter- 
ing. This is accanplished by separaling contours, broadening 
and/or lengthen~ng line segments, ctc. The designer then in- 
creases the amount of blur un ti1 the rwognizability of the symbol 
iscornpromisedandagain modiics the sign in an attempt to make 
it recognizablethrough this second. incrensed level of blur. This 
prwess of "blur-evaluate-redesign-increae bIur" is continued 
until the designer delemines that hdshe can achieve no funher 
improvements. Signs which are successfully submitted ta such 
arecursive-blur procedure are now "blur tolerant" and have been 
demonsinled to yield improved lrgibility dislances (due to the 
fact that Lhey have become less depdent  upon high spatial 
frequencies - i.e.. fine spatial detail - in  d e r  to convey critical 
form information). Published examples of symbol signs "before 
and after" the appfication oC recursive-blur optimization (using 
an optical rather than computer-based technique) canbe found in 
Kline and Fuchs (1993). 

Work in Progress 
Initial effoits to develop and validate Fourier-based recursive- 
bIw techniques for optimizing the legibility of syrnbl highway 
signs have been most promising. However, the current system 
for implemenling the recursive-blw procedure u~ilizes p q n -  
e t a q  hardware, i s  very awkward to use, and requires long turn- 
mund times between blur-redesign iterations. In order for lhe 
recursive-blur technique 10 k xtively employed and testcd by 
transpornlion engineers, user-friendly software which runs on 
readily available computer bardware will need to be developed. 
Plans are currenlly being made at the Federal Highway Admin- 
isnation to underwrite the development of such a system. 
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