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Abstract: To drive safely, it is important for drivers to quickly be able to read their speedometer, warning displays, navigation screen, and other displays on the instrument panel.  Most of the information presented on displays is text, and its legibility largely depends upon character height. 

This paper provides data for the range of drivers’ viewing situations, equations that designers might use to calculate character height, and example applications.  Characters are viewed under a wide range of lighting conditions.   Based on prior studies of text legibility (not product surveys), the lighting conditions examined in this study are letter luminance modulation contrasts of 0.5 – 0.9, contrast ratios of 1.2 – 25, target and background luminances of 0.000003 – 400 cd/m2, and adapting luminances of 0.000003 – 34260 cd/m2.   In addition, typical viewing distances are 0.5 – 1.1 m, with displays often 15 degrees off axis.  Characters typically have height-to-width ratios of 1.0–2.5, height-to-strokewidth ratios of 3.08–40, and height-to-spacing ratios of 1.25–12.5. 

To calculate target heights, 22 existing equations to predict on-axis viewing legibility were identified and reviewed in detail.  Very few equations that deal with the off-axis viewing problem (the typical situation in motor vehicles) were identified.  The off-axis viewing situation deserves further investigation, for which some equations that consider the projected height are proposed in this paper. 
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1 Introduction

To drive safely, it is important for drivers to quickly read and identify letters, numbers, and graphics (icons) presented on the speedometer, tachometer, engine gauges, warning displays, navigation screen, and other vehicle displays.  The more time drivers spend looking inside the vehicle, the less time they spend looking at the road ahead, which reduces the time to see and avoid crash-provocative situations.  Over the last decade or so, the amount of information presented on motor vehicle instrument panels, sometimes called the driver interface, has increased significantly with the introduction of navigation systems, more sophisticated entertainment systems, warning systems, and so forth.  In the future, it’s likely that the amount of information will continue to increase, so being able to read information quickly becomes even more important.

To design legible instrument panel displays, at least 4 questions need to be addressed:

(1) What are the viewing conditions?

(2) What equations can be used to determine text legibility?

(3) How do these equations need to be adjusted, if at all, for the automotive situation?

(4) What dimensions are suggested for legible instrument panel text?

2 Method

A literature review of the legibility of letters, numerals, and graphics was part of the first author’s dissertation on lighting and character legibility in classroom settings.  Parts of that review concerned automotive applications, which are summarized here. 

Table 1 lists the resources consulted. Of them, the University of Michigan Transportation Research Institute (UMTRI) Library, the United States Sign Council, the International Sign Association, and the University of Michigan libraries were the most useful resources.  Attention was paid to 6 types of display media: (1) road signs, traffic signals, and reflective signs, (2) vehicle instrument panels, (3) outdoor and architectural signs, (4) dot matrix displays, (5) electronic displays (LCD, LED, CRT, etc.), and (6) Landolt rings. 

Table 1. Resources examined to collect legibility information
	Resources
	URL and keywords

	University of Michigan Libraries
	http://mirlyn.lib.umich.edu; keywords: legibility, visibility, visual perception, lighting, sign, way finding.  Online electronic journals (“networked electronic resources”) were particularly helpful.

	University of Michigan Transportation Research Institute (UMTRI) Library
	http://www.umtri.umich.edu/library/simple.html; keywords: legibility, vehicle display, character, signs, visual perception

	Big Ten/CIC University and other transportation research institute libraries
	Some original references were obtained by interlibrary loan through University of Michigan Libraries.

	United States Sign Council (USSC)
	http://www.ussc.org/publications.html

	International Sign Association (ISA)
	http://www.signs.org/home.cfm; publications available in the store, technical resource, and education sections

	Internet (Google) 
	http://www.google.com/; keywords: legibility, legibility index, and legibility equation

	Authors’ personal collections
	


3 Question 1: What are the viewing conditions? 

In contrast to the generic text legibility problem, there are a number of characteristics and constraints for motor vehicle displays.  
First, text and graphics presented on the instrument panel must be legible under a wide range of lighting conditions.  Luminance contrast, target, background, and adapting luminance levels vary widely from sunlight to darkness.  
Second, the viewing distance from the driver’s eye to the vehicle displays is constrained for most passenger vehicles as both driver seat and instrument panel displays have a limited range of adjustment.  
Third, the display technologies used for instrument panel displays in production vehicles (VFDs, LEDs, PMLCDs, active LCDs, transflective LCDs, OLEDs, etc.) have limited contrast and luminance levels (Allen, 2002; Shigeno et al., 1996).  Therefore, text and graphics can be difficult to read when located far off the viewing axis or under high adapting luminance.  
Fourth, normally the driver is looking ahead at the road most of the time to safely guide the vehicle and avoid crashes, not at the instrument panel displays.  When drivers need to read vehicle displays, they quickly move their direction of gaze from the road ahead to the displays, focus their eyes on the displays, and then look back at the road.  Therefore, to maximize eyes-on-the-road time (and for safe driving), instrument panel displays should be located as close as possible to the line of sight ahead to reduce the road-display transition time.  However, as navigation and warning systems become more popular, they will also become larger and present more information. Thus, off-axis looking towards those displays (typically located within 15 degrees from the forward line of sight) will become more common (Corsi and Sattler, 1989).  There just is not enough interior space to locate all of the displays very close to the line of sight. 
From the variety of situations explored in previous studies, a range of viewing conditions was identified to provide a basis for exercising the calculation methods.  They may or may not reflect the conditions present in previous or current motor vehicles.  Others, however, are invited to catalog vehicle lighting levels and text sizes for future analyses.  The primary task of this article is to introduce a quantitative method to predict the appropriate target heights on vehicle displays for off-axis viewing, rather than to recommend specific character sizes.  Therefore, that extensive range of viewing conditions is just used to give examples of how to calculate character heights.  

Table 2 presents data for letter geometry.  From the minimum to maximum value explored, height-to-width ratios are 1.0–2.5, height-to-strokewidth ratios are 3.08–40, and height-to-spacing ratios are 1.25–12.5. Given the upper case E must have a height-to-strokewidth ratio of well above 3.0, the 3.08 value in the literature does not make sense.

Table 2. Letter geometric ratios in previous studies

	Study
	H/W
	H/Sw
	H/Sp

	Kuntz et al., 1950
	　
	3.50–6.49
	　

	Zwahlen et al., 1995
	1.0–2.5
	　
	5.26(normal), 3.57(optimum)

	
	　
	　
	2.33–12.5

	
	　
	　
	1.25–12.5

	
	　
	5.0–40
	　

	
	　
	3.08–40
	　


H/W: height-to-width ratio; H/Sw: height-to-strokewidth ratio; H/Sp: height-to-spacing ratio

Table 3 shows the range of luminance contrast ratios explored, from the minimum to maximum values of 1.2:1 to 25:1.  Contrast ratios greater than 25:1 tend to degrade legibility because the character becomes a glare source.

Table 3. Luminance contrast in previous studies

	Study
	Luminance contrast

	Kuntz et al., 1950
	B/W, W/B

	Mourant and Langolf, 1976
	1.25, 2, 25 (Cr)

	Rogers, Spiker, and Cicinelli, 1986
	2, 4, 8(Cr, exp.1), 1.2–7.5(Cr, exp.2,3)

	Boreczky, Green, Bos, and Kerst, 1988
	1.5, 2.4, 20 (Cr)

	Zwahlen et al., 1995
	positive

	
	negative


Cr: luminance contrast ratio

Table 4 shows the ambient luminance levels explored, spanning a range of 4 orders of magnitude.  Interestingly, most of the findings concerning effects over the full range are based on a single study (Rogers, et al., 1986).

Table 4. Ambient luminance levels in previous studies

	Study
	La in cd/m2

	Kuntz et al., 1950
	10.28, 34.26, 106.2

	Rogers, Spiker, and Cicinelli, 1986
	3.426–34260


Table 5 summarizes the conditions under which characters (described in Tables 2 through 4) are viewed, as identified in the literature.  Based on that table, the worst case viewing condition is 20/40 vision, 1.1 meter viewing distance, height-to-width ratio of 2.5, height-to-strokewidth ratio of 40, height-to-spacing ratio of 12.5, luminance contrast ratio (Cr) of 1.2, luminance modulation (Cm) of 0.9, target luminance of 0.000003cd/m2 (threshold luminance of human eye), and vertical and horizontal off-axis angle of 15 degrees.  In actual vehicle practice, depression angles of 30 degrees in the center stack sometimes occur.  Other relative factors such as driver age, color contrast in the display, etc. are not listed because they are not needed to calculate the target height in this article. 
Table 5. Reasonable range of viewing conditions for vehicle displays according to the literature
	Category
	Factors
	Approximate range
	Details

	Geometry
	Viewing distance (D)
	0.5 – 1.1 m
	Range of 0.5–1.1m is based on the headspace dimension of a Buick Riviera (electronic vehicle measurement data, retrieved online, 2005).  Given the wide variation in vehicle package geometries, the actual range may be much larger.

	
	Height-to-width ratio (H/W)
	1.0 – 2.5
	These geometric ratios are derived from the data in Table 2.

	
	Height-to-strokewidth ratio (H/Sw)
	3.08 – 40
	

	
	Height-to-spacing ratio (H/Sp)
	1.25 –12.5
	

	Subject
	Visual acuity (Ac)
	20/40 or better
	The Federal Highway Administration requires a minimum visual acuity of 20/40 for obtaining a driver’s license throughout the U.S (FHWA, retrieved online, 2005).  Between screenings, driver vision could become much worse.


Table 5 continued
	Category
	Factors
	Approximate range
	Details

	Lighting
	Luminance contrast (Cm, Cr)
	0.5 – 0.9 (Cm); 

1.2 – 25 (Cr)
	Contrast modulation (Cm) of 0.5–0.9 applies to the computer screen (evaluation of laptop computer screens, Figure 2, retrieved online, 2005).  Contrast ratio (Cr) of 1.2 – 25 is estimated from previous studies listed in Table 4.

	
	Target luminance (Lt)
	0.000003 – 400 cd/m2
	The minimum visible luminance is 0.000003cd/m2 (Boff and Lincoln, 1988), while the maximum luminance for displays is 400cd/m2 (evaluation of laptop computer screens, Figure 2, retrieved online, 2005).  This range is for computer screens, which is probably narrower than for instrument panels. 

	
	Background luminance (Lb)
	0.000003 – 400 cd/m2
	

	
	Adapting luminance (La)
	0.000003 – 34260 cd/m2
	The maximum adapting luminance level for displays examined in previous researches is 34260cd/m2 (Green et al., 1988), as listed in Table 5. 

	Viewing angles
	Horizontal off-axis viewing angle (()
	-15 to 15 deg
	Driver’s visual perception is within 15 degree off-axis, both horizontal and vertical (Kim et al., 1989, described by Corsi and Sattler, 1989).

	
	Vertical off-axis viewing angle (()
	-15 to 15 deg
	


4 Question 2: What equations can be used to predict legibility?

From the many equations in the literature that predict the legibility of text literature, 22 equations were identified as being specifically applicable to predicting the legibility of instrument panel displays.  The terms used in them appear in the glossary in Appendix A.  The equations appear in Appendix B, along with their source publication, the range over which they might be applied, and other application notes.  The 22 equations only concern on-axis viewing, not the off-axis situation that occurs in many instrument panel viewing situations.  However, as is shown later, adjustments can be made for the off-axis situation. 
As shown in Appendix B, the 22 equations have been divided into two groups.  The first group of equations can directly calculate the target height.  The second group can calculate the visual angle subtended by targets on vehicle displays, which can be converted to target height using equation 1 below. 
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Where: 

H = target height
D = viewing distance, 0.5–1.1m

V = viewing angle
The forms of the 22 equations adopted include 11 linear (equations 2–12), 8 quadratic (equations 13–20), and 3 power equations with exponent other than 1 or 2 (equations 1, 21, 22).  Equations 1 and 13–15 examined height-to-width ratio.  Equations 5–8, 12, 18, and 19 examined height-to-strokewidth ratio.  Equations 16 and 17 examined height-to-spacing ratio.  Equation 12 examined Snellen acuity.  Equation 20 examined background and ambient luminance.  Equations 21 and 22 examined luminance contrast percent.  

The equations were developed over many years: 9 in the 1970s, 1 in the 1980s, and 7 in the 1990s.  In addition, 3 equations (1, 21, 22) were reanalyzed by the authors of this paper in cases where the original source reported the data but not predictive equations.  Those three equations involved terms with powers greater than 1, in contrast to the literature where most of the equations are first order linear.  The rationale of power form of the 3 legibility equations will be described and the equations validated in future work. 

All 22 equations were developed in different settings with different viewing conditions, so their predicted target heights vary considerably.  However, this disagreement does not necessarily invalidate any one of them, but rather it highlights the complexity of predicting legibility in a wide variety of situations. 

5 Question 3: How do the 22 equations need to be adjusted, if at all, for the automotive situation?

Although these often-cited equations all assume that text is read on axis, the automotive situation often involves reading text up to 15 degrees or more off axis.  Driver off-axis viewing is probably more common today than in the past due to the expanding use of complex navigation and warning systems that sometimes cannot be located close to the line of sight.  For safe driving, the off-axis targets on vehicle displays must have at least the same legibility level as that of on-axis targets.  However, there are three consequences of characters being off-axis that decrease their legibility: (1) the actual projected target height on vehicle displays will be decreased when viewed off-axis, (2) the off-axis target on a vehicle display is viewed at increased viewing distance D, as illustrated in Figure 1, and (3) if luminance emitted or reflected is less than that for on-axis viewing, contrast may be reduced.  Therefore, the legibility level of the off-axis target will be largely decreased if the target height is not increased. 
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Figure 1. Geometrical relations of off-axis viewing

(D0 = on-axis viewing distance (0.5–1.1m); D = off-axis viewing distance;  ( = horizontal off-axis viewing angle; ( = vertical off-axis viewing angle)

How much should the target height be increased to maintain the same legibility for off-axis viewing?  Equation 2, derived from trigonometry, shows the projected size of an off-axis target.
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Where:

S = projected target size for off-axis viewing, S = H when viewed on-axis
A = target area
( = horizontal viewing angle

( = vertical viewing angle
Substituting A = W x H for the target area and r =W/H for the width-to-height ratio into equation 2 leads to equation 3. 
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Where:
S = general projected target size for off-axis viewing, S = H when viewed on-axis
H = normal target height when viewed on-axis

r = width-to-height ratio
In addition, referring to Figure 1, the off-axis viewing distance D can be expressed as:
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Where:


D = off-axis viewing distance 

D0 = on-axis viewing distance, range 0.5–1.1m

All other things remaining constant, the legibility of a target depends on the visual angle a target subtends; that is, the ratio of the viewing distance to the target height.  This ratio is known as the legibility index and is shown in equation 5. 
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Where:


LI = legibility index

D0 = on-axis viewing distance, range 0.5–1.1m

 H0 = target height when viewed on-axis at viewing 
    distance D0
 D = off-axis viewing distance

S = projected target height when viewed off-axis

Substituting equations 3 and 4 into 5 results in equation 6.
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Where:

 H = normal target height required for off-axis     viewing to keep the same legibility level

 H0 = on-axis viewing target height at viewing    distance D0, refer to Figure 2. 

 r = width-to-height ratio of target, range 0.4–1.0
Equation 6 is used to predict the actual target height (the normal meaning of height, not projected height) at any three-dimensional viewing angles.  Using equation 6, the minimum target height can be obtained at zero incident angle, while the maximum normal height H is required when the target position is 15 degrees from both the horizontal and vertical axes. 
6 Question 4: What dimensions are suggested for legible instrument panel text? 

The primary task of this article is to introduce a quantitative method to predict the appropriate target heights on vehicle displays for off-axis viewing, rather than trying to provide a standard range of target heights for vehicle designers to follow as a rule of thumb.  Therefore, the dimensions suggested in this article are simply intended to provide examples how to calculate character height and indicate the potential sizes that might be considered.  

Calculating the desired height of a character on an instrument panel so that the character will be legible involves 4 steps: 

(1) Identify the reasonable values of each independent variable (character geometry, lighting conditions, etc.) in the 22 equations based on the data in Table 5 or other evidence.  In this paper, the lower and higher end values of the range of each independent factor listed in Table 5 are used as the worst and best situation, to give an example of how to calculate the corresponding range of character heights.   However, since that range is extensive, those seeking to predict the character height in a specific situation need the actual lowest and highest values of reasonable viewing distances, ambient illumination levels, etc. from real production vehicles. 

(2) Calculate the character height, or visual angles subtended, using those values identified in step 1 for each of the 22 on-axis equations as listed in the far right column of Appendix B. 

(3) Convert the estimated visual angles into estimated character heights using equation 1 given previously. 
(4) Adjust the predicted on-axis character heights for off-axis viewing using equation 6 given previously.  If the viewing angle is unknown, consider using a reasonable worst case of 15 degrees off axis.    According to equation 6, the adjustment coefficient in the example calculation provided in this paper for the worst off-axis viewing situation is calculated as follows:

Adjustment coefficient


= 
[image: image8.wmf]
Following the first 3 steps, the predicted range of target heights, or visual angles subtended, by the 22 equations for on-axis viewing, are shown in Tables 6 & 7, and in Figure 2.   Table 6 lists the predicted range using the first group of equations (equation 1–12 to predict character height), while Table 7 lists ranges of visual angles and the converted heights using the second group of equations (equation 13–22 to predict visual angle).   Figure 2 sorts all the ranges of the 22 equations in order of their medium value (from lowest to highest).  The predicted range of each equation also appears in the “predicted range” column in Appendix B.   

Table 6. Predicted range of character heights for on-axis viewing by the first group of equations (equations 1–12 in Appendix B)
	Equation number
	Predicted character height for on-axis viewing (mm)

	1
	0.4–1.6 (numeral “0"); 0.6–1.9("5")

	2
	1.5–3.2

	3
	0–0.39

	4
	3.41–5.81

	5
	0–10.58

	6
	1.95–15.36

	7
	0–18.8

	8
	2.2–18.5

	9
	2.54–10.92

	10
	0.76–1.78

	11
	3.5–7.7

	12
	0.45–25.52


Table 7. Predicted range of visual sizes and the converted heights for on-axis viewing by the second group of equations (equations 13–22 in Appendix B)

	Equation number
	Predicted visual size (min of arc)
	Recalculated character height (mm)

	13
	3.53–10.28
	0.5–3.3

	14
	9.06–10.67
	1.3–3.4

	15
	3.12–5.95
	0.5–1.9

	16
	3.53–32.64
	0.5–10.4

	17
	6.43–10.64
	0.9–3.4

	18
	3.54–11.4
	0.5–3.6

	19
	4.06–6.16
	0.6–2

	20
	≥0.01
	≥0.001

	21
	≥0.6(L=100ml); ≥0.84(L=20ml);
≥1.3(L=1ml)
	≥0.09(L=100ml); ≥0.12(L=20ml);
≥0.18(L=1ml)

	22
	≥0.56(L=100fl);
≥0.83(L=10fl); ≥1.2(L=1fl)
	≥0.08(L=100fl);
≥0.12(L=10fl); ≥0.17(L=1fl)


As shown in Table 6 & 7 and Figure 2, the resulted range for on-axis viewing varies from 0 to 25.52mm and the predicted ranges from the 22 equations overlap considerably.   Among them, 12 of the 22 equations have relatively narrower ranges of predicted character heights (Equations 1, 3, 10, 15, and 19 have ranges of 0–2mm; equations 2, 13, 14, 17, and 18 have ranges of 0.5–3.6mm; equation 4 has range of 3.41–5.81mm; and equation 11 has range of 3.5–7.7mm).  However, the ranges predicted by the other 7 equations (5, 6, 7, 8, 9, 12, 16) are much wider, while the ranges predicted by equations 20, 21, and 22 have no upper limits.  However, although the spans of predicted character heights vary using different equations, they are calculated by entering the same lower and higher end values of the range of independent factors listed in Table 5.  The varied spans indicate the different predictions of each equation at similar situations (instrument panel displays) where the equation was developed.   In addition, the uncertainties of the appropriate values also lead to a considerable degree of variability in character heights for different settings.  However, following the same method, the appropriate range of viewing conditions can be reduced by using actual viewing distances, ambient illumination levels, etc. from real production vehicles. 

The next step (step 4) is to adjust the ranges of character heights for off-axis viewing.  Recall the adjustment coefficient for the worst cases in the example is calculated as 1.75.  Therefore, all the upper end values of the ranges of predicted character heights for on-axis viewing listed in Table 6 and 7 are multiplied by 1.75.  The adjusted ranges of target heights for off-axis viewing within 15(mm are shown in Table 8 and Figure 3 below.   The predicted ranges of target heights for on-axis viewing are also listed for comparison.  According to Table 8 and Figure 3, the ranges of target heights for off-axis viewing predicted by the 22 equations not only overlap with, but also largely differ from, each other, due to the different settings for which the equations were developed.   Such variety does not invalidate the underlying principle.   Putting aside the calculated target heights, the method of predicting text height on instrument panels (the primary outcome of this article) may be valuable for readers to follow. 
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Figure 2. Predicted range of character heights on vehicle displays for on-axis viewing
Table 8. Adjusted ranges of target heights for off-axis viewing within 15 degree using equation 6, 
along with the ranges for on-axis viewing for comparison

	Equation number
	Predicted range of target heights for on-axis viewing(mm)
	Adjusted range of target heights for off-axis viewing within 15((mm)

	1
	0.4–1.6("0");0.6–1.9("5")
	0.4–2.8("0"); 0.6–3.3

	2
	1.5–3.2
	1.5–5.6

	3
	0–0.39
	0–0.68

	4
	3.41–5.81
	3.41–10.17

	5
	0–10.58
	0–18.52

	6
	1.95–15.36
	1.95–26.88

	7
	0–18.8
	0–32.9

	8
	2.2–18.5
	2.2–32.4

	9
	2.54–10.92
	2.54–19.11

	10
	0.76–1.78
	0.76–3.12

	11
	3.5–7.7
	3.5–13.5

	12
	0.45–25.52
	0.45–44.66

	13
	0.5–3.3
	0.5–5.8

	14
	1.3–3.4
	1.3–6.0

	15
	0.5–1.9
	0.5–3.3

	16
	0.5–10.4
	0.5–18.2

	17
	0.9–3.4
	0.9–6.0

	18
	0.5–3.6
	0.5–6.3

	19
	0.6–2
	0.6–3.5

	20
	≥0.001
	≥0.001

	21
	≥0.09(L=100ml); ≥0.12(L=20ml);
≥0.18(L=1ml)
	≥0.09(L=100ml); ≥0.12(L=20ml);
≥0.18(L=1ml)

	22
	≥0.08(L=100fl); ≥0.12(L=10fl);
≥0.17(L=1fl)
	≥0.08(L=100fl); ≥0.12(L=10fl);
≥0.17(L=1fl)



[image: image10.wmf]
Figure 3. Predicted range of target heights for on-axis viewing and adjusted range of target heights 

for off-axis viewing within 15( off-axis under typical viewing conditions
7 Conclusions

Based on prior studies, this paper provides the data for the range of drivers’ viewing situations and 22 equations that designers might use to calculate character height of vehicle displays for on-axis viewing, along with example applications.    Drivers read text and identify icons on vehicle displays within the limited range of viewing distances of 0.5–1.1m, and with displays often 15 degrees off axis.   Characters are viewed under a wide range of lighting conditions.  The lighting conditions are text luminance modulation contrasts of 0.5–0.9, contrast ratios of 1.2–25, target and background luminances of 0.000003–400cd/m2, and adapting luminances of 0.000003–34260 cd/m2.   Characters typically have height-to-width ratios of 1.0–2.5, height-to-strokewidth ratios of 3.08–40, and height-to-spacing ratios of 1.25–12.5.  Readers shall note that these various viewing conditions have summarized all values explored in previous research, from minimum to maximum. Therefore, they probably vary more widely than actual displays, in particular in a specific setting.  In the example calculation provided in this article, the predicted target heights on the vehicle display for on-axis viewing with enough legibility level have a wide span of 0–25.52 mm. 

Off-axis viewing of vehicle displays has become more and more important.  The character height for off-axis viewing needs adjustment to keep at least the same legibility level as that for on-axis viewing.  Five equations have been presented by the authors of this paper to provide a method of adjusting the range of character height for off-axis viewing (by multiplying the on-axis computed value to estimate the value for off-axis viewing).  Accordingly, the target heights for off-axis viewing have an adjusted span of 0–44.66mm. 

The dimensions suggested in this article are intended to provide examples of how to calculate character height and to indicate the potential sizes that might be considered. 
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Appendix A.  The glossary of all signs used in the 22 legibility equations

	( = horizontal viewing angle

( = vertical viewing angle
( = incident angle of viewing line

A = target area
Ac = visual acuity
Ag = age

AS = Snellen visual acuity

C = luminance contrast

Cr = luminance ratio
	Cm = luminance modulation
Cth = threshold contrast of luminance
C% = luminance contrast percent

D = viewing distance
DL = legible distance
D0 = viewing distance at normal angle (0 degree) 
De = no-error viewing distance
Dop = optimum viewing distance
Dp = preferred viewing distance
	H = character height

H/Sw = Height to strokewidth ratio

It = target illuminance, 

Ia = ambient illuminance level

k = constants, k1, k2, …
L = luminance level 
La = adapting luminance

Lb = background luminance 

Lt = target luminance
	LI = legibility index

r = width to height ratio of character

S = general off-axis viewing target size

Sp = spacing between characters within word

Sw = strokewidth of the character


[image: image11.wmf]= visual angle of strokewidth or details


[image: image12.wmf]= visual angle

Vmin = minimum perceptible visual angle

W = character width


Appendix B.  Existing 22 legibility equations to predict target size for vehicle displays

Category 1, Equations to predict target height on vehicle displays                                                * = regression equations by Cai (2005)

	#
	Equations
	Identification
	Applicable conditions
	Notes
	Predicted range

	1*
	
[image: image13.wmf]
	Berger, 1950, regressed by Cai, 2005
	Numerals “0” and “5”, on-axis viewing
	The unit for H and W is mm, while D is meter
	0.4-1.6mm(H,0); 0.6-1.9mm(H,5)

	2
	
[image: image14.wmf]
	Fletcher 1972, described by Duncan and Konz, 1974
	Optimum viewing distance, with 20/20 acuity, no-error readability, on LCD/LED
	With 10 min arc character subtends; D, H in inches
	1.5-3.2 mm(H)

	3
	
[image: image15.wmf]
	Duncan and Konz, 1974, LCD/LED viewing
	No-error viewing distance,  without strokewidth
	Ambient illumination varies from 1.5 fc to 45 fc; D in ft, H in mm
	0-0.39mm(H)

	4
	
[image: image16.wmf]
	
	Preferred viewing distance, without strokewidth
	
	3.41-5.81mm(H)

	5
	
[image: image17.wmf]
	
	No-error viewing distance, consider with strokewidth to height ratio
	Ambient illumination from 1.5 fc to 45 fc; D in ft, H in mm
	0-10.58mm(H)


Appendix B continued

Category 1, Equations to predict target height on vehicle displays

	#
	Equations
	Identification
	Applicable conditions
	Notes
	Predicted range

	6
	
[image: image18.wmf]
	Duncan and Konz, 1974, LCD/LED viewing
	Preferred viewing distance, with strokewidth to height ratio
	Ambient illumination from 1.5 fc to 45 fc; D in ft, H in mm
	1.95-15.36mm(H)

	7
	
[image: image19.wmf]
	Duncan and Konz, 1976, instrumental panels, described by Green et al (1988)
	No-error viewing distance on instrumental panels
	D and H in cm
	0-18.8mm(H)

	8
	
[image: image20.wmf]
	
	Preferred viewing distance on instrumental panels
	D and H in cm
	2.2-18.5mm(H)

	9
	
[image: image21.wmf]             (1)
	Peters and Adams, 1959, from Green et al’ review (1988)
	On-axis viewing at normal angle; unit is inch for H and D
	k1 on illumination and viewing conditions, k2 on importance level
	2.54-10.92mm(H)

	10
	
[image: image22.wmf]
	Adler, Straub, 1971, sign height versus distance
	Commonly accepted for daylight operations
	Luminance ≥ 5 fl required; D in ft, H in inch
	0.76-1.78mm(H)

	11
	
[image: image23.wmf]
	Smith, 1979,  height of characters
	Ignore lighting effect, on-axis viewing with 0 incident angle
	Visual size ≤ 7 deg; same unit for D and H
	3.5-7.7mm(H)

	12
	
[image: image24.wmf]
	Howett, 1983, NBS method to predict  character height
	Mathematically deducted equation
	D, H and Strokewidth in the same unit
	0.45-25.52mm(H)

	Footnote  (1)                                                                                                                                                                                                                                                                                                            

     k1 = Correction factor for illumination and reading situation

          = 0.06 for illumination > 1.0 fc, favorable reading conditions

          = 0.16 for illumination > 1.0 fc, unfavorable conditions or 

                  Illumination < 1.0 fc, favorable conditions

          = 0.26 for illumination < 1.0 fc, unfavorable conditions
	k2 = Correction for importance

   = 0.075 for emergency labels, counters, scales, legend lights

   = 0.0 for other (unimportant) panel markings
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Category 2, Equations to predict target visual size on vehicle displays

	#
	Equations
	Identification
	Applicable conditions
	Notes
	Predicted range

	13
	
[image: image25.wmf]       (2)
	Zwahlen et al, 1995, within the context of textual information presentation, including traffic signs, license plate, etc. An extended review of past legibility research to calculate the visual angle as function of either character height, width, strokewidth, ratios, or spacing dimension. Second-order polynomial least-squares function were established. Unit for V is min of arc.
	Average W/H ratio for positive contrast
	k is constant for different experiments
	3.53-10.28 
min of arc

	14
	
[image: image26.wmf]         (3)
	
	Average W/H ratio for negative contrast
	k1 is constant for different experiments
	9.06-10.67 
min of arc

	15
	
[image: image27.wmf]       (4)
	
	
	k2 is constant for different experiments
	3.12-5.95 
min of arc

	16
	
[image: image28.wmf]      (5)
	
	Average spacing between characters to height ratio for positive contrast
	k is constant for different experiments
	3.53-32.64 
min of arc

	17
	
[image: image29.wmf]         (6)
	
	Average spacing between characters to height ratio or negative contrast
	k is constant for different experiments
	6.43-10.64 
min of arc

	18
	
[image: image30.wmf]
	
	Strokewidth to height ratio for positive contrast
	
	3.54-11.4 
min of arc

	19
	
[image: image31.wmf]
	
	Strokewidth to height ratio for negative contrast
	
	4.06-6.16 
min of arc


Footnote (2) – (6), see next page for details

	(2) 
[image: image32.wmf]
	(3) 
[image: image33.wmf]
	(4) 
[image: image34.wmf]

	(5) 
[image: image35.wmf]
	(6) 
[image: image36.wmf]
	


Appendix B continued

Category 2, Equations to predict target visual size on vehicle displays                                           * = regression equations by Cai (2005)

	#
	Equations
	Identification
	Applicable conditions
	Notes
	Predicted range

	20
	
[image: image37.wmf]
	Moon and Spencer, 1944, minimum visual angle
	Single-bar test targets; modified version from equation 70
	V in radians, Lb + La in millilambert
	≥0.01 min of arc

	21*
	
[image: image38.wmf]
	Cobb and Moss(1928); Luckiesh and Moss(1937); Cobb and Moss curves, regressed by Cai, 2005
	Ambient luminance 1ml to 100ml, details as paired vertical bars or strokewidth height
	Details of paired vertical bars; regression equation with Appendix L; V in min, L in millilambert
	≥0.6 min(L=100ml); ≥0.84 min(L=20ml); ≥1.3 min(L=1ml)

	22*
	
[image: image39.wmf]
	Van Cott and Kinkade(1972); Cobb and Moss curves, regressed by Cai, 2005
	
	Details of strokewidth of characters; regression equation with Appendix M; V in min, L in fl
	≥0.56 min(L=100fl); ≥0.83 min(L=10fl); ≥1.2 min(L=1fl)
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