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Abstract. Legible text and graphics presented on computer displays and  
projection screens are essential for benefit of human-computer interaction. Le-
gibility of characters depends on the display brightness, luminance contrast of 
characters, character size, font types, color, viewing distance and angle, and ob-
server’s acuity level. In sign and display industry, a legibility index, defined as 
the viewing distance divided by the character height, has been widely used for 
legibility evaluation. However, this index fails to examine all major factors oth-
er than geometry. To enhance human-computer interaction, a quantitative legi-
bility evaluation method, which takes into account all major affecting  
factors, is needed for quick and reliable guidance, goal of this study. This study 
thus developed a legibility assessment protocol based on a redefined legibility 
index as the inverse square root of the solid angle subtended by the target, a le-
gibility equation, and innovative camera-aided high dynamic range  
photogrammetric techniques the author recently developed. 

Keywords: human-computer interaction, camera, high dynamic range  
photogrammetric techniques, legibility, equation, index. 

Signs 
LI Legibility index for perpendicular viewing 
LI' Redefined legibility index for both perpendicular and non-perpendicular viewing 
ω Solid angle subtended by any text and graphics to the retina of the observer’s eyes 
Ξ 

Incident angle between the display normal and the sightline of an observer
D Viewing distance from the observer to the display viewed at angles
H Normal text height 
V Visual angle subtended by the height of the character

H/Sw Height-to-strokewidth-ratio of text
Sd Denominator in the Snellen ratio of the observer’s acuity level
Lb Background luminance (i.e., the luminance of displays)

XYZ World coordinates 
X'Y'Z' Local coordinates of target plane 

xz Pixel coordinate on HDR image 
κ Camera yaw angle along Z axis 
η 

Camera pitch angle along X axis 
φ 

Camera roll angle along the shooting line (Y axis) 
θ Target yaw angle along Z axis 
τ Target vertical pitch angle along X axis 
ρ Light source roll angle along Y axis 
Φ 

Horizontal off-axis viewing from target to camera 
α Vertical off-axis viewing angle from target to camera 
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1   Introduction 

Legible text and graphics presented on computer displays and projection screens are 
essential for benefit of human-computer interaction. Legibility of characters depends 
on many factors, including the display brightness (i.e., the background luminance of 
the characters), luminance contrast of characters, character size, font types, color, 
viewing distance and angle, and observer’s acuity level. Some empirical guidelines 
for legible displays are available in the literature. Table 1 summarizes these guidelines 
for defining an optimal cone area for locating seats with legible view of images pre-
sented on projection screens and video monitors. The horizontal fan-shaped areas 

were defined using a viewing angle ϕ, which is the angle between the display normal 
and the edge of the optimal view cone, and an optimum viewing distance d, which is 
in proportion to the display size (usually width is used) [1, 2, 3, 4, 5, 6, 7]. In Table 1, 
note that the size of characters is not used by the guidelines for prediction, neither 
lighting, nor viewers’ acuity, which are all essential for legibility.  

Table 1. Fan-shaped ideal viewing area defined using the existing guidelines 

Display 
types 

Sources Fan-shaped ideal viewing area (d is 

viewing distance, ϕ is horizontal 
viewing angle, w is display width) 

Recommendation 
basis 

Projection 
screens 

Aschoff [2] 2w ≤ d ≤ 6w, ϕ = ±30°, with  
maximum elevation angle of 35°,  
and depression angle of 12°. 

DIN108 

Hauf et al. [1, 7] 2w ≤ d ≤ 6-10w, ϕ = ±30°-60°, with 
maximum elevation angle of 15°. 

No experimental 
evidence 

Conway [8]  1.5-2w ≤ d ≤ 6w None given 
 McGowan & Kruse [9] 1.5w ≤ d ≤ 4-5w, ϕ = ±45° None given 

 Online projection cal-
culator [10] 

1.3w ≤ d ≤ 4.5-6w Manufacturer 
supplied data 

Video 
monitors 

Hauf et al. [1] 4w ≤ d ≤ 12w (14w for less optimum 

condition), ϕ = ±35°-40° (±45° for 
less optimum condition), with the 
maximum elevation angle of 15° to 
the bottom of image (30° for less 
optimum condition). 

No experimental 
evidence 

Allen et al. [4] 1.5w (optimum 2w) ≤ d ≤ 6w (or 4w 
for electronic projection), dmax ≤ 1 
ft/in of TV diagonal size; a maximum 
elevation angle of 35°. 

None given 

 McGowan & Kruse [9] 2-2.5w ≤ d ≤ 6-7w, ϕ = ±45° None given 

 
The effect of display resolutions on the legibility of characters was also considered 

in the literature. The minimum acceptable displays resolution guided in 2001 was 
about 58 dpi [8], which is not a concern any more with today’s display technologies. 
Sizes of characters were also considered in the literature. Human eyes can recognize 
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the smallest characters subtended 1 minute of arc, yet minimum of 16, better 20 to 22 
minutes of arc (or arcminute) were recommended [8]. For example, Table 2 listed the 
minimum character height recommended by ANSI standard for legibility [8].  

Table 2. Minimum character height for legibility and the distance-to-height ratios [8] 

Viewing distance D 
(feet) 

Minimum character 
height H (inches) 

D/H ratio (ft/in) 

16  
arcminute 

21  
arcminute 

16 arcmi-
nute 

21  
arcminute 

5 0.28 0.37 17.9 13.5 
10 0.56 0.73 17.9 13.7 
15 0.84 1.10 17.9 13.6 
20 1.12 1.47 17.9 13.6 
25 1.40 1.83 17.9 13.7 
30 1.68 2.20 17.9 13.6 
35 1.96 2.57 17.9 13.6 
40 2.24 2.93 17.9 13.7 

 
To quantify all the efforts, a legibility index has been widely used in sign and dis-

play industry for evaluation of legibility levels of text and graphics. This legibility 
index, defined as the distance at which material can be read with perfect accuracy (the 
legibility distance) divided by the character height, as (1). This ratio equals the in-
verse tangent of the visual angle subtended by the character. Table 2 also shows D/H 
ratios in a practical unit of ft/in, which are commonly used in sign industry. Manufac-
turers of computer projectors often recommended in their product manuals optimized 
settings for legible screens based on such D/H ratios. However, this definition as-
sumes that the viewing material is perpendicular to the observer, which is not always 
true. In practice, people often view computer displays and projection screens at dif-
ferent angles. Also, the conventional legibility index does not take into account other 
critical factors except for viewing distance and character height.  

                                                      (1) 

To examine the legibility of characters viewed not perpendicular to the display, Cai 
and Green [9] redefined the legibility index as the inverse square root of the solid an-
gle subtended by the target, as (2). This new definition was proven in laboratory expe-
riments in that the three-dimensional solid angle, rather than the two-dimensional 
visual angle, both subtended by the character, captures how people recognize text and 
graphics that usually have two significant dimensions (width and height) [9]. In addi-
tion, Cai [10] proposed a new legibility equation, as (3) based on existing Howett’s 
equation [11], which was later proven in two laboratory experiments using human 
subjects [10]. Equation (3) predicts legibility of text presented on assumed matte dis-
plays surfaces without glare sources visible at the peripheral of the field of view, and 
recognized by young observers at threshold (just readable) 100% accuracy for inci-
dent angles from 0˚ to 82.8˚, which include nearly all possible viewing angles in hu-
man-computer interactions. Equation (3) has taken into account nearly all the major 

LI = D H =1 tan V( )
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factors of legibility, including incident angle, height, distance, height-to-strokewidth 
ratio, Snellen visual acuity, background luminance, and luminance contrast.  
 

                                                              (2) 

 

        (3)

 

2   Research Problems 

To enhance human-computer interaction, a quantitative legibility evaluation method 
is needed for quick and reliable guidance, goal of this study. Such evaluation method 
will use equations (2) and (3) that the author has developed. However, for calculating 
legibility of displays, inputs to those two equations would be hindered by the conven-
tional light and geometry measurement techniques using light meters, rules, etc.  

The conventional way of light measurement by using meters, such as Minolta illu-
minance meter T-10 and luminance meter LS-100, has not dramatically changed in 
the past 70 years, since the first light meter, probably the AVO Smethurst High-Light 
exposure meter for photography, was made in 1937 [12], although meters have been 
continuously improved for enhanced precision and reduced size. Conventionally, light 
meters are either held on hands or mounted on tripod to measure often non-uniform 
light distributed on light-emitting and non-luminous surfaces. This is a point-by-point 
process, very tedious, basically incapable to measure large areas or the entire scene. 
In addition, those meters read an average value of illuminance or luminance at every 
measuring point, by simply treating non-uniform light fallen on photosensors of me-
ters as uniform. These limitations have negative effect on lighting profession and 
hamper its development. Measuring common non-uniform light is thus beyond the 
capability of conventional meters. Basically, meters are incapable for common  
dynamic human-computer interaction where viewing angles and interior lighting  
conditions keep changing.  

This situation was changed recently (2000s). Emerging high dynamic range (HDR) 
photography techniques could acquire luminance distribution of an entire static scene 
within 1-2 minutes, which is the camera shooting time, in extremely high measuring 
resolution [13]. Such innovative techniques use inexpensive consumer grade digital 
cameras, often fitted with wide-angle lens (e.g., fisheye and zoom lens), as the test 
rig. First, a series of low dynamic range (LDR) photographs are taken with sequential 
exposures, which are then fused into an HDR image by using some data-fusion soft-
ware, such as Photosphere, hdrgen, Radiance, and Photolux [13]. The HDR image 
encloses all luminance data of the entire test scenario at pixel level. Depending on the 
pixel resolution of the camera sensor (e.g., 7,962,624 pixels for Canon EOS Rebel 
XT, 17,915,904 pixels for Canon EOS Rebel T2i), each HDR image may have ac-
quired millions or billions of luminance values of the test scenario. Therefore, the 
HDR photography techniques have great potentials to overcome those limitations of 
conventional light measurement using meters. The HDR photography techniques have 
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been proven reliable with acceptable accuracy in a recent study carried out by Cai and 
Chung [13] and Inanici [14]. 

Unfortunately, two inherent problems of the HDR photography techniques have 
hindered their applications for light measurement [15]. First, most wide-angle lenses, 
in particular fisheye lenses, have radical lens distortion, as shown in Fig. 1, including 
barrel and pin-cushion distortions. Distorted geometries of luminous elements, which 
cannot be corrected by using the HDR photography techniques solely, thus encumber 
the application of HDR images for legibility assessment. Second, except for lumin-
ance, HDR photography techniques cannot measure geometries of luminous elements 
required for lighting quality and legibility assessment. The coordinates in real world 
of any pixel on the HDR images cannot be identified by HDR photography tech-
niques. 

 

Fig. 1. Radical lens distortion [16] 

3   HDR Photogrammetric Techniques 

To solve this problem, this study employed an innovative camera-aided measurement 
method – high dynamic range (HDR) photogrammetric techniques recently developed 
by the author [15]. Such HDR photogrammetric techniques integrate long established 
photogrammetric techniques for geometric measurement into the emerging HDR pho-
tography techniques to measure both luminance and geometries of the entire scene at 
pixel level in a quick, reliable, and holistic way. Applied in human-computer interac-
tion, the HDR photogrammetric techniques can measure both light and geometries 
simultaneously across the entire human-computer interfaces in 1-2 minutes. An HDR 
image fused using HDR photogrammetric techniques encloses all luminance and 
geometric value across the entire scene at pixel level. Such innovative HDR photo-
grammetric techniques will surely stimulate applications in human-computer interac-
tions. The HDR photogrammetric coordinates and equations are introduced below.  

3.1   HDR Photogrammetric Coordinates 

The collinearity relationship between image and object coordinates used to develop 
the HDR photogrammetric techniques are illustrated in Fig. 2 [15]. As shown in Fig. 
2, a consumer grade digital camera is mounted at the focal point O (0, 0, 0) (assumed 
at zero point (0, 0, 0), could be at any point O (Xo,Yo, Zo)), with yaw angle , pitch 
angle , and roll angle  related to the world coordinates XYZ, following the right 

κ
η ϕ
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hand rule. The HDR image plane, located on the image sensor of the camera, has two 
dimensional pixel coordinates xz. The principal point is located at c(xc, zc). The target 
plane is the one in blue color, with local coordinates X'Y'Z', which also has yaw angle 

, pitch angle , and roll angle in light of the world coordinates XYZ, also fol-

lowing the right hand rule. The target P (X, Y, Z) and reference point Pi (Xi, Yi, Zi) 
are both located on the target plane. The position of reference point Pi (Xi, Yi, Zi) in 
world coordinates is measured in the field. Minimum three, ideally four reference 
points are needed for each target plane. Based on the photogrammetric coordinates, 
the location of target P (X, Y, Z) in world coordinates can be calculated from its pixel 
location p (x, z) on the HDR image, aided by the reference point Pi (Xi, Yi, Zi), by 
using some photogrammetric equations (4) – (12), to be introduced next.  

 

Fig. 2. HDR photogrammetric coordinates [15] 

3.2   HDR Photogrammetric Equations 

Step 1: find target point P (X', Y', Z') in local coordinates X'Y'Z' on the target plane 
 
Convert target point P (X, Y, Z) in world coordinates to P (X', Y', Z') in local coordi-
nates on the target plane [17]. 

                                  (4) 

θ τ ρ
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        (5) 

Since for orthogonal matrix Q, its transpose is equal to its inverse, Q-1 = QT, which 
applies in these situations [17]. 

              (6) 

For reference point Pi (Xi, Yi, Zi), located on the target plane with yaw angle θ, 
pitch angle τ, and roll angle ρ, its coordinates transformation from current XYZ coor-
dinates to X'Y'Z' coordinates is below 

                                        (7) 

Likewise, the camera position O (X0, Y0, Z0) in real world coordinates XYZ can be 
transformed to X'Y'Z' coordinates as below. If O (X0, Y0, Z0) = (0, 0, 0), new coordi-
nates will remain at O (X0', Y0', Z0') = (0, 0, 0) 

                                  (8) 

Therefore, target point P (X', Y', Z') in local X'Y'Z' coordinates on the target plane 
is calculated as below 

 

 

 

 
                                                       (9)  

obtained from reference point Pi (Xi', Yi', Zi'), expressed in X'Y'Z' coordinates, where 
reference point is located on the target plane 
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        (10) 

Step 2: Convert P (X', Y', Z') in local coordinates X'Y'Z' on the target plane to P (X, 
Y, Z) in world coordinates 

Finally, convert the calculated target P (X', Y', Z') in X'Y'Z' coordinates back to P (X, 
Y, Z) in XYZ coordinates 

                                (11) 

  (12) 
 

Using above photogrammetric equations, also aided by the reference points Pi (Xi, 
Yi, Zi) measured in the field, the real world position of target P (X, Y, Z) in the test 
scene can be calculated from its pixel location p (x, z) on the HDR image. At the 
same time, the luminance value L of pixel p (x, z) can also be obtained from the HDR 
image. Therefore, with known luminance and geometry, legibility of characters pre-
sented on the displays can be evaluated at pixel level.  

4   Conclusions 

A quick and precise legibility assessment protocol of displays aided by the two legi-
bility equations and the HDR photogrammetric techniques is thus proposed in this 
study for enhanced human-computer interaction, by using a consumer grade digital 
camera to take some photographs of the displays. HDR images fused with the HDR 
photogrammetric techniques can provide both luminance and world coordinates of 
any pixel on the screens, for legibility assessment of displays. As expected, such in-
novative HDR photogrammetric techniques will have a great chance to supplement or 
even replace the conventional legibility assessment method using meters and rules, 
etc. Aided by this protocol, it is also possible to develop a quick method for post-
occupancy evaluation of legible human-computer interfaces. Yet it is worthy of men-
tioning that further studies are necessary to improve the legibility equation (3) for 
specular surfaces that most displays actually have.  
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