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Abstract
Text presented in lecture halls often simultaneously

appears on multiple visual displays (e.g., blackboards,

projection screens, video monitors), which should be

legible to the entire audience seated in an ideal viewing

area. Existing guidelines identify this area as fan-

shaped, but the origin of those guidelines and the data

on which they are based are not specified. To supple-

ment the guidelines, this paper describes the develop-

ment of a computer program (available online) to

compute locations in which all displays are legible to

the audience, which considers the height, width, loca-

tion and orientation of each display, text geometries

(height, height-to-stroke width ratio) and its lighting

conditions (background luminance, luminance contrast

percent), as well as the observer’s visual acuity. This

program was validated in a small experiment involving

21 subjects looking at text in a lecture hall, and further

examined for two other test cases.

Introduction

Instructional spaces to date include, in the order of the

capacity of seats, seminar rooms (�19), small standard

classrooms (20–49), large classrooms (50–100), small

lecture halls (75–149), large lecture halls (150–299) and

lecture theatres (�300) [1–6]. Small and large lecture halls

and theatres (here collectively referred to as lecture halls)

became relatively more common in the 1960s as teaching

venues due to the large increase in enrolments and the

shortage of faculty and facilities [1]. Lecture halls have five

characteristics that distinguish them from smaller instruc-

tional spaces [1–6]:

1. large capacity (�75 seats);

2. teaching activities, which are not tied to a specific

subject or discipline;
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3. large scale use of visual displays, including black-

boards, whiteboards, marker boards, projection

screens, video monitors, etc., in the front of the room;

4. fixed and compact (minimum 1.1m2 (12 ft2) per seat

required by the code) seating arrangement in the

audience area;

5. Fan-shaped, with sloped or tiered floor. Small lecture

halls may be rectangular and use a flat floor when

their capacity is less than 100 seats.

A carefully designed lecture hall will provide good

viewing and acoustic conditions for visual and auditory

materials, encourage presenter–audience interaction and

retain interior environmental quality, all at minimum cost

[4,6]. Among these requirements, good viewing conditions

are primary, since most of the information audience

receives is visual. Then, how can favourable viewing

conditions in lecture halls be achieved? Theoretically, good

viewing conditions occur when: (1) view of the materials to

be read is unobstructed, (2) glare does not interfere with

viewing and (3) the contrast ratio, scene luminance and

character size combinations lead to text that is easy to read

for the entire audience. In lecture hall design, the audience

is always assumed to have average good vision (with or

without correction). The size and contrast of the viewing

materials presented in lecture halls are also assumed to be

within a reasonable range, and out of control of architects,

though the size is often not adequate. What architects can

do is to provide sufficient lighting to assure visual displays

can be read and limit seating placement to where that will

occur. Lighting could be easily improved after a lecture

hall has been built up, but an ideal viewing area for seating

arrangement is subject to the size and shape of the lecture

hall, which is determined at the very beginning of lecture

hall design.

To estimate where text displayed in lecture halls can be

seen, guidelines have been available in the literature since

the 1960s. Hauf et al. [1,7] conducted a research project on

new spaces for learning and illustrated the ideal viewing

areas in lecture halls for seat arrangement. Aschoff (1966)

carried out a research in the Association for Research of

North Rhine-Westphalia, Germany, on planning large

lecture halls and summarised the ideal plans and section

profiles in a paper, which was translated and collected in

literature [2]. Allen et al. [4,5] developed a manual for

reducing the impact of technology on classroom and

lecture hall design, and addressed the optimal view of

projection screens and video displays. Conway [8] sug-

gested the ideal viewing distances of projection screens

when she outlined the emerging technologies in master

classrooms. McGowan and Kruse [9] illustrated the

optimal cone view of projection screens and video

monitors used in lecture halls in their interior graphic

standards. There is also an online calculator [10] well

prepared for computing the throw distance of projection

projectors and the recommended seating distances from

the screen, data available for most existing projector

models. Unfortunately, no experimental evidence was

cited as a basis for these recommendations.

Table 1 summarises these guidelines for defining an

optimal cone area in lecture halls for locating seats with

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

Display types Sources Fan-shaped ideal viewing area
(d is the viewing distance, � horizontal
viewing angle and w display width)

Recommendation basis

Projection screens Aschoff [2] 2w� d� 6w, �¼�30�, with maximum eleva-
tion angle of 35�, and depression angle of 12�

DIN108

Hauf et al. [1,7] 2w� d� 6� 10w, �¼�30� � 60�, with maxi-
mum elevation angle of 15�

No experimental evidence

Conway [8] 1.5� 2w� d� 6w None given
McGowan and Kruse [9] 1.5w� d� 4� 5w, �¼�45� None given
Online projection calculator [10] 1.3w� d� 4.5� 6w Manufacturer supplied data

Video monitors Hauf et al. [1] 4w� d� 12w (14w for less optimum con-
dition), �¼�35� � 40� (�45� for less opti-
mum 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 elec-
tronic projection), dmax� 0.12mcm�1

(1 ft in.�1) of TV diagonal size; a maximum
elevation angle of 35�

None given

McGowan and Kruse [9] 2� 2.5w� d� 6� 7w, �¼�45� None given
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legible view of images presented on projection screens and

video monitors. The horizontal fan-shaped areas were

defined using a viewing angle �, 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 the width is used) [1,2,4,7–10].

In Table 1, note that the size of characters is not used by

the guidelines for prediction, neither lighting, nor viewers’

acuity, which are essential for legibility. In addition, the

guidelines cannot predict an oblique two-dimensional (2D)

viewing area, such as one parallel to the sloped floor,

which is of great interest to architects, and do not include

conventional displays such as blackboards or whiteboards.

Careful review of Table 1 shows that often the recom-

mendation is that viewers should be no more than six

screen widths away from it and no closer than two, but the

source of that recommendation is not given.

Combining the recommendations listed in Table 1, an

ideal view area of projection screens or video monitors can

be illustrated in figures with regard to the following five

cases:

1. A single matte projection screen. The ideal viewing

area is overlapped at three critical points: middle

point, left edge and right edge, as illustrated in the

shaded area in Figure 1.

2. Three coplanar equally spaced matte screens mounted

in the front of the hall. The shape and size of their

overlapped ideal viewing area vary with the viewing

angle � and the spacing D, as illustrated in Figure 2.

3. Three non-coplanar equally spaced matte screens

mounted in the front of the hall. Likewise, the

overlapped ideal viewing area depends on the viewing

angle �, the spacing D and the rotating angle � of side

screens, as illustrated in Figure 3.

4. A single video monitor. Due to greater brightness of

the specular surface, the ideal viewing area has larger

dimensions (optimum 4w� 12w or less optimum

4w� 14w), but smaller horizontal viewing angles

(optimum �35�–40� or less optimum �45�), as

illustrated in Figure 4: (a) Optimum horizontal

viewing area of video monitor with viewing distance

4w� 12w, horizontal viewing angle �35�–40� and

maximum elevation angle 15� to the bottom of

image; (b) less optimum horizontal viewing area of

wD

φq

w

φ
q

w
φ

q

Criteria:

wwwD 5.0
)cos(

cos
)tan(2 −

+
−+>

θφ
φθφ ;

30°  < φ ≤ 60° ; q =10°  or other value

Criteria: 

wwwD 5.0
)cos(

cos
)tan(2 −

+
−+=

θφ
φθφ ;

30° ≤ φ ≤ 60° ; q =10°  or other value

Criteria: 

wwwD 5.0
)cos(

cos
)tan(2 −

+
−+<

θφ
φθφ ;

30° < φ ≤ 60°  ; q =10°  or other value

Fig. 3. Overlapped horizontal ideal viewing area (shaded) of three
non-coplanar equally spaced matte screens (Hauf et al. [1], the fold-
out diagram, after pp. 11–14).
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Fig. 2. Overlapped horizontal ideal viewing area (shaded) of three
coplanar equally spaced matte screens (Hauf et al. [1], the fold-out
diagram, after pp. 11–14).
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Fig. 1. Overlapped horizontal ideal viewing area (shaded) of a
single projection screen (Hauf et al. [1], the fold-out diagram, after
pp. 11–14).
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video monitor with maximum distance increased to

14w, horizontal angle to �45� and maximum eleva-

tion angle to 30�.

5. Multiple displays (projection screens and video

monitors), randomly mounted in the front of the

room. Their overlapped ideal viewing area is illu-

strated in Figure 5.

In addition to the horizontal plane, lecture halls have an

ideal longitudinal section profile for best viewing as well.

As illustrated in Figure 6(a), the recommended viewing

distance is two to six times the height of displays, with a

maximum vertical viewing angle 30� to the centre line of

screen [2]. For a clear viewing of the projection screen

without obstruction by previous seats, the floor of lecture

halls with a capacity greater than 100 should be stepped or

sloped to some degree [1,11]. Aschoff [2] also quantified

the ascending profile of lecture halls, as shown in

Figure 6(b).

On the other hand, the upgraded information tech-

nologies have been largely applied in recent decades [6].

In modern lecture halls, multiple types of visual displays

(e.g., blackboards, whiteboards, projection screens, video

monitors) with different sizes are commonly used in the

front space at different locations with different mounting

heights and orientations. Materials are simultaneously

presented on these displays and observed by the entire
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H
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2m

2.
5m
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(a)
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α
α x
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(b)

Fig. 6. Ideal longitudinal section profiles of lecture halls defined
using: (a) viewing distance and viewing angle and (b) x–y curve for
ascending profile (Aschoff [2], Figures 4 and 9, pp. 18, 20).
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(b)  

Fig. 4. Ideal viewing area of video monitors with different
mounting heights: (a) optimum and (b) less optimum (Hauf et al.
[1], no Figure number, pp. 11–19, 11–20).

TV

Projection screen 1

Screen 2

Fig. 5. Overlapped ideal viewing area (shaded) of multiple
projection screens and video monitors randomly installed in the
front space of a lecture hall (for demonstration purpose, not to scale,
no unit).
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audience. Lighting is also frequently dimmed to multiple

levels for different presentation modes. To handle these

complicated viewing situations, the existing guidelines

need a review in light of legibility of text viewed across

lecture halls. To evaluate the efficiency of the floor plan of

lecture halls for ideal viewing, an index � could be used,

which is the ratio of usable area (the area within the ideal

viewing limitations) to total area (�¼ usable area/total

area); the larger, the better [2].

In contrast to what these guidelines suggest, the

legibility of text has been studied extensively. In fact,

since 1898, human factors researchers have published

almost 100 equations that predict the legibility of Roman

characters based on experimental evidence [12]. Some

legibility equations could be used for calculating optimum

viewing distances at which materials presented in lecture

halls are legible to a viewer. In prior research [12], authors

of this paper developed an equation that determines if text

will be legible as a function of its size, contrast, back-

ground luminance, viewing angle visual acuity of obser-

vers, etc. Therefore, this paper describes the development

of a computer program, which uses that equation, to

determine the ideal viewing areas for single letters of text

presented on all types of displays inside lecture halls,

including projection screens, video monitors and black-

boards/whiteboards. The legibility of entire words and

sentences, and graphics are not covered, but are antici-

pated to be examined in the near future. The program was

validated in a field experiment and then further examined

for two test cases in which the legibility estimated by the

computer program was compared with existing architec-

tural guidelines.

Research Problems

Thus, existing guidelines do not consider the size of

characters, their contrast and luminance, visual acuity of

observers and conventional displays such as chalkboards

in their predictions. In addition, in lecture hall design,

seating arrangement is often compromised by practical

considerations, such as acoustics, space efficiency and

cost, which may also cause the farthest or most off-axis

seats located outside the fan-shaped ideal viewing areas [9],

something the existing guidelines do not consider.

What shape, if not exactly a fan, must the ideal viewing

area of a display or multiple displays take? The answer lies

in the spatial legibility of text viewed across lecture halls.

The spatial legibility means the 3D distribution of the

legibility levels of characters viewed in a space, or their 2D

distribution along an interested viewing plane. In lecture

halls, materials are viewed at incident angles possibly from

0� to 90�. Such off-axis characters are not as legible as

those viewed perpendicularly. The larger the incident

angle, the more difficult it is to recognise the seemingly

distorted characters. To maintain the legibility level, either

the size or contrast, or both, of the characters needs to be

increased. Alternatively, the observer could approach the

materials to decrease the viewing distance. The larger

the viewing angle, the shorter the viewing distance. At 90�,

the viewing distance would have to be zero. In lecture

halls, text is commonly viewed by observers randomly

sitting in a 3D space. Correspondingly, there is a 3D ideal

viewing sphere of text. Although the 3D sphere gives

architects a good feeling about its size and shape,

architects tend to prefer a 2D area along an interested

viewing plane where audience is located, such as the

horizontal plane (for an ideal plan shape of lecture halls),

the vertical plane (for an ideal section profile), or, most of

the time, a plane parallel to the sloped floor at eye height

level (for an ideal seating area). Geometrically, a 2D ideal

viewing area can be obtained by slicing the 3D ideal

viewing sphere with the interested 2D viewing plane. The

task for defining an ideal viewing area of text presented on

multiple types of displays viewed by observers with

different acuity levels sitting along an oblique 2D plane

under uneven lighting conditions, apparently, goes beyond

the existing guidelines.

Solutions

This study adopts Equation (1), a legibility equation

developed in Cai [12], to predict the ideal viewing areas in

lecture halls of multiple displays under uniform fluor-

escent lighting conditions without glare. Though uniform,

glare-free lighting may be a very optimistic situation, it is a

useful starting point for design. Geometrically, Equation

(1) defines 3D legibility threshold contours whose surface

is sphere-like. Note that Equation (1) does not examine

incident angles 82.8�5�� 90�, as letters are extremely

distorted at those angles and the recognition mechanisms

at those extremes are likely to be different than for normal

viewing. To make this research useful to architects,

Equation (1) is rewritten as Equation (2), to compute

a complete 3D ideal viewing sphere of text. Keep in mind

that in Cai’s work, Equation (1) was mathematically

derived from Howett’s equation [12] based on a constant-

solid-angle hypothesis, which was validated in experiments

using rotated Snellen Es as prototype viewing targets.
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Although Howett’s equation, thus Equation (1), can

predict legibility of letters A–Z, it is presumed that the

ideal viewing area of real letters could be a little larger or

smaller than those estimated by Equation (2), due to the

difference in legibility between Snellen Es and letters A–Z.

Thus, the authors believe the shape predicts the legiblity of

real text, but the exact area is not specified.

where

D¼ legibility distance when text is viewed at any incident

angle 0� � �� 90�

H¼ normal text height

Sw¼ stroke width of text

Sd¼ denominator in the Snellen ratio of observer’s acuity

level

Lb¼ background luminance

C%¼ luminance contrast percent

�¼ incident angle between the display normal and the

sightline of the observer, 0� � �� 90�.

Using Equation (2), many consecutive viewing spots,

from which text is viewed at a threshold legibility level –

just readable with 100% accuracy – can be located on

x–y–z coordinates to confine the 3D ideal viewing sphere.

To compute the 3D ideal viewing sphere of text in

MatLab, Equation (2) is re-expressed on x–y–z coordi-

nates as Equation (3), where text is presented at an original

point O0 (x0, y0, z0) with initial orientation (��, ��), and

recognised by an observer at viewing spot P (x, y, z) with

orientation (�, �) to O0.

where

x, y, z¼ legibility distance of text projected on x, y or z

coordinate

x0, y0, z0¼ x, y or z coordinate of original point O0

D00¼modified legibility distance of text viewed at zero

incident angle �¼ 0�

H¼ normal text height

Sw¼ stroke width of text

Sd¼ denominator in the Snellen ratio of observer’s acuity

level

Lb¼ background luminance

C%¼ luminance contrast percent

�¼ incident angle between the display normal and the

sightline of the observer, 0� � �� 90�, cos � ¼ cos� cos�

�¼horizontal viewing angle, �90� ��� 90�

�¼ vertical viewing angle, �90� ��� 90�

��¼ initial horizontally rotated angle of the visual

displays, positive for clockwise

��¼ initial vertically tilted angle of the visual displays,

positive for clockwise.

What does the 3D ideal viewing sphere look like? As an

example, Figure 7(a) shows the 3D ideal viewing sphere

from MatLab for a single letter (A–Z) illustrated on a

video monitor (width¼ 1m, height¼ 0.8m) centred at O

(0, 0, 0) with normal orientation (��¼ 0, ��¼ 0) and

recognised by a young observer with 20/20 acuity. Of

interest to architects, its plan (x–y coordinates) and section

views (y–z coordinates) are also plotted as the solid

contours in Figure 7(b) and (c), by assuming � ¼ 0 and

� ¼ 0, respectively, in Equation (3). For comparison, the

fan-shaped ideal plan (d¼ 2–7m, �¼ 45�) and ideal

sectional profile (d¼ 2–6m) for viewing the video monitor,

by following the guidelines of McGowan and Kruse [9],

are also shown in Figure 7(b) and (c) in dash line.

D ¼
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As shown in Figure 7(b) and (c), the letter may be illegible

to observers sit at the off-axis back seats, while the front

space good for close-up view of the monitor is not used by

the guidelines.

Figure 7 illustrates only a simple case. In lecture halls,

however, text is actually presented anywhere with random

orientations. The interested viewing plane is often oblique.

Observers may also have different acuity levels. For such

complicated cases, a computer program developed based

on (3) is needed for defining a 2D ideal viewing area by

slicing the 3D ideal viewing space of text with the

interested plane.

A Computer-Program-Aided Design Method

The computer program was developed in MatLab [12],

which is also available online http://www.umich.edu/

	driving/publications/publications.html. This program

calculates an overlapped 2D ideal viewing area of text

presented on multiple types of visual displays with

different sizes, locations, mounting heights and orienta-

tions, under different lighting conditions, and viewed by

observers located along any viewing plane. This program

assumes: (1) text is viewed by an identical observer each

time to compute a 2D ideal viewing area; (2) text presented

on the minimum calculating unit area of each display is

identical in geometries, typefaces and under uniform

lighting conditions; and (3) visual displays are rectangular

without depth. Though this program can handle different

acuity levels of observers, typically 20/20 far acuity (with

or without correction) is assumed for a young population,

but good design should assume reasonable worst cases,

such as 20/30 or 20/40. If necessary, please refer to Weale

[13] for the age-related variation of visual acuity for

calculation purposes. Further, keep in mind the predic-

tions specify what the viewer can just see with 100%

accuracy, their legibility threshold, not what they can see

easily. In practice, even on the same visual display, text

may be of different sizes and the lighting may be uneven.
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Fig. 7. The 3D ideal viewing sphere of a single letter illustrated on a video monitor: (a) 3D view, (b) plan view (�¼ 0) and (c) section view
(�¼ 0). For comparison, areas in dash line are the optimal cone view of the video monitor defined using the existing guidelines.
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In such cases, the visual display is divided into smaller

quasi-uniform sections and then individually calculated in

the program.

The flow of this computer program is listed below:

1. Enter the number of visual displays.

2. Enter the observer’s visual acuity.

3. Enter the text geometries (height, height-to-stroke

width ratio), and its lighting conditions (background

luminance, luminance contrast percent).

4. Calculate the on-axis legibility distance of text

presented on each visual display.

5. Enter the geometries (heights, widths, locations on x–

y–z coordinates) and initial orientations (��, ��) of

each visual display.

6. Find the x–y–z coordinates of the nine calculating

points on each display.

7. Define the viewing plane where the observer’s eyes

are located.

8. Draw the 3D ideal viewing spaces of text presented on

each calculating point on each visual display, and

then slice them all with the specified viewing plane.

9. Plot the overlapped 2D ideal viewing area of text

presented on all visual displays.

10. Show the parameters of the 2D ideal viewing area.

This computer program predictions were verified in a

field experiment carried out in a lecture hall in the Art and

Architecture building at the University of Michigan, Ann

Arbor. The lecture hall (Room 2104) has seating for 135

and is 10.70� 15.85m2 with a sloped floor. There is a

blackboard and a projection screen in the front of the

room. Typical T8 fluorescent lighting is used. A total of 21

subjects participated, aged 20–29 years old, with binocular

eyesight 20/12.5 (with or without glasses) and normal

colour vision. Viewing materials include three E-charts

(four lines of letter Es with the same height but random

orientations) printed on matte paper, and mounted at

different locations with different orientations, as illu-

strated in Figure 8. Different E-charts have different letter

sizes and different contrasts. Each E-chart, including letter

Es and margins, is 170mm wide by 170mm high, and

subtends about 1.5� to the observer’s eyes within the centre

fovea when viewed at about 6.7m [14]. Subjects were

asked to find the seat(s) where they could clearly read all

three E-charts with threshold 100% accuracy.

The experiment took about 20min per subject. Each

subject tried at least one, at most four and on the average
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Fig. 8. Settings of the field experiment: (a) picture of the lecture hall and (b) experimental arrangement and dimensions.
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three intermediate seats before they find the final seat

location.

Using the computer program, the predicted seat is

pointed by an arrow in Figure 9(a), centred at Ppred (2.2,

5.94 and 2m) with an overlapped small area 0.2� 0.2m2.

The predicted area is so small that it can be occupied

within only one seat – the fourth seat counting from the

east side wall in the second row. Figure 9(b) shows the

distribution of selected seats by all subjects. Of the 21

subjects, 17 (81%) chose the predicted seat, while three

other subjects (14%) chose the immediately adjacent seat.

Only one subject (5%) insisted that he could see all three

E-charts the best in the sixth seat counting from the east

wall in the second row. The outcome that 17 of 21 subjects

chose the predicted seat indicates a majority of the

audience will confidently pick the predicted seat

( p¼ 0.0023). Given error allowance of one seat, which

might still be acceptable in lecture hall design for seating

arrangement, 20 of 21 subjects chose the predicted seat or

its immediately adjacent one.

Two Additional Test Cases

Specifications for two hypothetical lecture halls were

developed to represent those commonly found in uni-

versities. Those specifications were based on a field survey

carried out at the University of Michigan of 16 small

lecture halls, 15 large lecture halls and 7 lecture theatres

[12]. The surveyed 38 lecture halls are carefully chosen

from the list on the University of Michigan Postsecondary

Education Facilities Inventory and Classification Manual,

based on the five characteristics of lecture halls.

To provide some perspective, of the public universities in

the US, the University of Michigan is 14th in terms of

enrolment [15]. Because of its relatively large size, there are

probably more lecture halls than at most universities.

Among the 38 lecture halls, 24 have two visual displays

installed (often a projection screen plus a blackboard/

whiteboard), whereas 9 lecture halls use three displays and

5 lecture halls use four displays. Ten lecture halls have flat

floors; the other 28 have sloped floors. In addition, the

maximum viewing distance from off-axis seats to the

centre of front displays in each of the 38 lecture halls varies

from 10.0 to 25.7m, with a mean 15.5m. The maximum

horizontal viewing angle from off-axis seats to the edge of

front displays is 43.5� ��max� 80.4�. To span the range of

typical lecture halls, a small flat-floor lecture hall

(9� 14� 3.6m3, 99 seats) and a large sloped-floor lecture

hall (16� 20� 8m3, 280 seats) were selected as test cases.

To reflect the typical use of visual displays, the small

lecture hall has a blackboard and a projection screen,

while the large one has a whiteboard, a projection screen

and a video monitor. In terms of lighting levels, the

surveyed surface luminance of displays in all 38 lecture

halls is in a range of 2.81�4.73�Lb� 86.00�

102.28 cdm�2. Therefore, the range 55.00–85.00 cdm�2

was selected in the two test cases as the background

luminance of text.

Test Case 1: Small Hall, Flat Floor, Seating for 99

The first lecture hall is shown in Figure 10, with the

original point O (0m, 0m, 0m) preset to the bottom centre

of the front wall. The blackboard and projection screen are

mounted in the front space. They are viewed by observers

with normal 20/20 acuity and a seated eye height of 1.2m.

The table enclosed in Figure 10 also lists the geometries

and lighting parameters of text, which could be any Roman

letters (A–Z), presented on these two visual displays.

Based upon the values shown in Figure 10, Figure 11(a)

depicts the overlapped 2D horizontal ideal viewing area of

the blackboard and projection screen. This predicted ideal

(a) 

Y
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North

front
x 1731

E–chart 2
x = –5.21 m
y = 8.20 m
z = 3.47 m
Δφ  = 90°
Δα = 0°

              E–chart 1
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Δφ  = 0°, Δα = 0°
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x = 5.21 m
y = 7.0 m
z = 3.47 m
Δφ  = –90°
Δα = 0°

(b)

Ppred (2.2m, 5.94m, 2m) 

m

m

Fig. 9. Predicted and observed seat locations: (a) predicted ideal
seat location as the overlapped small area and (b) final seat locations
chosen by the 21 subjects (unit in metres).
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viewing area completely encloses the seating area, as

shown in Figure 11(a). For comparison, Figure 11(b)

illustrates the horizontal fan-shaped area (hatched) of the

projection screen, defined using the guidelines that Hauf

et al. [1] proposed by assuming viewing angle �¼ 60�,

viewing distance two to six times display width. This

empirical method predicts most seats in the audience area

with legible view of text, except for the first row, as shown

in Figure 11(b). To evaluate the efficiency of each method,

the ratio � of usable area to total audience area was

calculated. For the computer program �¼ 1, while �¼ 0.9

for the existing guidelines of Hauf et al. [1].

Test Case 2: Large Hall, Sloped Floor, Seating for 280

The second lecture hall is shown in Figure 12(a) and (b).

The original point O (0m, 0m, 0m) is also preset to the

bottom centre of the front wall. The whiteboard, projec-

tion screen and video monitor (on a table) are mounted in

the front of the hall, which has a sloped floor. They are

viewed by observers with 20/20 acuity and a seated eye

height is 1.2m. The geometries and lighting parameters of

text (any letters A–Z) presented on the three visual

displays are listed in Figure 12(c).

The computer program plots the oblique 2D ideal

viewing area (shaded) along the sloped viewing plane, as

shown in Figure 13(a), of the whiteboard, projection

screen and video monitor. For comparison, the overlapped

horizontal ideal viewing area (shaded) of the projection

screen and video monitor (whiteboard is not included)

defined using the existing guidelines is also shown in

Blackboard

x

Y

1

2

Seat area

O (0, 0, 0)

1= blackboard, 2= projection screen

Viewing plane
1

2

9 m

14 m

14 m

3.6 m

1.2 m
0.5 m

(a)                                                                 (b) 

Parameters Projection screen
Size 4 m × 1.5 m 2.13 m × 2.13 m 

Origin (in m) (0, 0, 1.2) (0, 0.5, 2) 

Orientation Dφ = 0°,

Dα = 0°

Dφ = 0°,

Dα = 0°

Text height H 50 mm 40 mm 

Text H/Sw 7 6.8 

Text Lb 85.00 cd/m2 55.00 cd/m2

Text C% 93% 86% 

Fig. 10. Small flat-floor lecture hall inside of which text is presented on a blackboard and a projection screen: (a) plan view and (b) section
profile.

(a)

Fan 2

2

x

2 = projection screen

Y

Hatched ideal viewing area(b)  

Fig. 11. Overlapped horizontal ideal viewing area in test case 1 of:
(a) blackboard and projection screen determined using the computer
program and (b) projection screen solely defined by the guidelines of
Hauf et al. [1] (unit in metres).
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Figure 13(b), by assuming viewing angle �¼ 60�,

d¼ 2� 6w for the projection screen and �¼ 45�,

d¼ 4� 14w for the video monitor, based on Hauf et al.

[1]. The calculated efficiency ratio �¼ 0.81 for the com-

puter program predictions, while �¼ 0.46 for the existing

guidelines of Hauf et al.

Conclusions

This paper described a computer-program-aided design

method to estimate at which locations in lecture halls text

presented to the audience will be legible. The program

code is available [12], and online http://www.umich.edu/

	driving/publications/publications.html. Input to the pro-

gram includes viewer visual acuity, location and dimen-

sions of each display, text characteristics (height, height-

to-stroke width ratio), lighting conditions (background

luminance and luminance contrast) and the viewing plane

of the audience. Architects are encouraged to explore its

use.

This computer program was validated for its accurate

prediction in an experiment conducted in a real lecture hall.

Further validation from audience in real lecture halls is also

needed and will be carried out in the near future. Two

supplementary test cases demonstrated the effective appli-

cations of this program in modern flat- or sloped-floor

lecture halls, where text could simultaneously appear on

projection screens, video monitors and blackboards, in

different locations, with different sizes, orientations and

light levels. It was also found from these two test cases that

predictions using the computer program agree with those

with existing guidelines and seem to be more efficient

(efficacy �¼ 1 vs. 0.9 at case 1, �¼ 0.81 vs. 0.46 at case 2), yet

further tests in lecture hall design practice are demanded.

This computer program solves some apparent deficien-

cies of the existing design guidelines, which do not

consider the size of characters, their contrast and

luminance, visual acuity of observers and conventional

displays such as chalkboards in their predictions. Thus,

this program could serve as a useful tool to supplement the

existing guidelines for defining ideal viewing areas in

lecture halls. In a quantitative manner, the underlying

legibility equations enable this program to fulfill some

complicated tasks, such as defining an oblique 2D ideal

viewing area of text presented on multiple types of displays

viewed by observers with different acuity levels under

uneven lighting conditions, or assessing the legibility level

from the farthest or most off-axis seats. Apparently, these

tasks go beyond the existing guidelines. However, note
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3 2
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16m

20m
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O (0, 0, 0)
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(b)

Fig. 13. Ideal viewing area in test case 2: (a) overlapped oblique
ideal viewing area (shaded) of whiteboard, projection screen, and
video monitor, found by the computer program and (b) overlapped
horizontal area (shaded) of projection screen and video monitor
defined by the guidelines of Hauf et al. [1].
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O
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18°
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 (a)                                                               (b)  

Parameters Whiteboard Projection screen TV monitor 
Size 6 m × 2.2 m 4 m × 3 m 1 m × 0.8 m 

Origin (in m) (0, 0, 1.5) (4, 0.5, 3.2) (-5, 2, 1.5) 
Orientation Dφ = 0° ,

Dα = 0°
Dφ = 0° ,
Dα = 0°

Dφ = 30° ,
Dα = 15°

Text height H 60 mm 60 mm 50 mm 
Text H/Sw 10 8 7 

Text Lb 75.00 cd/m2 55.00 cd/m2 70.00 cd/m2

Text C% 93% 85% 90% 

(c) 
Fig. 12. Large sloped-floor lecture hall inside of which text is
presented on three visual displays and viewed by observers located
along the viewing plane parallel to the sloped floor: (a) plan view,
(b) section profile and (c) parameters used.
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that in the current version of the computer program, as the

first effort of the authors, the text viewed is assumed

achromatic illuminated by uniform, glare-free, fluorescent

lighting. Further research is needed to include chromatic

text, graphics and word legibility, as well as non-uniform

lighting.

Acknowledgements

The authors thank The University of Michigan Transportation
Research Institute (UMTRI) for providing the facilities, equip-
ment and supplies for this research, and in particular, Dr.

Michael Flannagan and Mr. Brandon Schoettle in the UMTRI
Human Factors Division for their assistance.

References

1 Hauf HD, Koppes WF, Green AC, Gassman
MC: New space for learning-designing college
facilities to utilize instructional aids and media.
Report of a Research Project Conducted By the
School of Architecture. Troy, NY, Rensselaer
Polytechnic Institute, 1961.

2 Aschoff V: Planning the large lecture theatre: in
Duncan CJ (ed.): Modern Lecture Theatres,
London, Oriel Academic, 1966, pp. 17–25.

3 Kemper AM: Architectural Handbook,
Environmental Analysis, Architectural
Programming, Design and Technology, and
Construction. New York, NY, Wiley-
Interscience, 1979.

4 Allen RL, Ault DK, Bowen JT, Clabaugh S,
Cuttill WJ, Dewitt BB, Grant L, Sodergren R:
Design of General-Purpose Classrooms and
Lecture Halls. University Park, PA,
Pennsylvania State University, 1991.

5 Allen RL, Bowen JT, Clabaugh S, DeWitt BB,
Francis J, Kerstetter JP, Rieck DA: Classroom
Design Manual, 3rd edn. College Park, MD,
University of Maryland, 1996.

6 Niemeyer D: Hard Factors on Smart
Classroom Design, Ideas, Guidelines, and
Layouts. Lanham, MD, The Scarecrow Press,
2003.

7 Hauf HD, Koppes WF, Green AC, Gassman
MC, Haviland DS: Revised New Spaces for
Learning: the Design of College Facilities to
Utilize Instructional Aids and Media. Troy,
NY, Rensselaer Polytechnic Institute, 1966.

8 Conway K: Master Classrooms: Classroom
Design with Technology in Mind. University
of North Carolina at Chapel Hill, Academic
Computing Publications, Inc., 1990.

9 McGowan M, Kruse K: Interior Graphic
Standards. Hoboken, HJ, John Wiley &
Sons, 2003.

10 Projector central (n.d.): Projection Calculator
Pro. Available at: http://www.projectorcentral.
com/projection-calculator-pro.cfm (accessed
October 30, 2009).

11 National Standards Authority of Ireland
(NSAI): Standard I.S. En 13200-1:2004,
Spectator Facilities – Part 1: Layout Criteria

for Spectator Viewing Area – Specification.
Ireland, European Committee for
Standardization, 2004.

12 Cai H: A legibility equation for determining
ideal viewing areas in lecture halls:
Dissertation, University of Michigan, Ann
Arbor, MI, 2008. Available from ProQuest
Information and Learning, Ann Arbor, MI;
AAT 3304934.

13 Weale RA: The Senescence of Human Vision.
New York, Oxford University Press, 1992.
Figure 5.1, p. 228.

14 Moon P, Spencer DE: Specification of foveal
adaptation: J Opt Soc Am 1943;33(8):444–456.

15 Wikipedia: List of largest United States uni-
versity campuses by enrollment. Available at:
http://en.wikipedia.org/wiki/
List_of_largest_United_States_university_
campuses_by_enrollment (accessed September
28, 2009).

332 Indoor Built Environ 2011;20:321–332 Cai et al.

 at UNIVERSITY OF MICHIGAN on January 6, 2012ibe.sagepub.comDownloaded from 

http://ibe.sagepub.com/

