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Signage systems are widely used in buildings to provide information for wayfinding, the-
reby assisting in navigation during normal circulation of pedestrians and, more impor-
tantly, exiting information during emergencies. An important consideration in determi-
ning the effectiveness of signs is establishing the region from which the sign is visible to
occupants, the so-called Visibility Catchment Area (VCA). This paper attempts to factor
into the determination of the VCA of signs, the observation angle of the observer using
both experimental and theoretical analysis.

1.  Introduction

Signage within complex building spaces is intended to provide occupants with informa-
tion relating to wayfinding. A successful signage system can reduce the apparent com-
plexity of an enclosure thereby improving wayfinding under both general circulation
and emergency conditions. While inefficient signage may contribute to loss of commer-
cial earnings in general circulation situations, it can have more serious consequences in
emergency situations. It has been known for many years'? that in emergency situations
occupant unfamiliarity with exit routes can significantly contribute to the resulting casu-
alties®’. To ensure reliable recognition and comprehension of signage information, safe-
ty signs are required to conform to certain design criteria specified in various national
and international standards and guideline documents.

These documents usually contain basic requirements relating to the size of the sign, the
size of the premises and the intended use of the premises®®. As an example consider the
NFPA Life Safety Code Handbook®. This suggests that reflective signs that have a let-
tering height of 15.2 cm are legible for up to a distance of 30m. To extend the visibility
of a sign the letter height can be increased, with a linear relationship existing between
lettering height and visibility distance. These design criteria are generally based on data
collected from standard eyesight tests, which involve participants viewing a sign of
given size viewed with an observation angle of zero degrees (i.e. the sign is viewed
straight on). This enables the determination of maximum viewing distances as a func-
tion of the letter height. However, in reality occupants may approach a sign from a
multitude of angles (i.e. non zero observation angles), which in turn will influence the
ability of the individual to resolve the sign. This influence on sign legibility has been
virtually ignored to date.
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Evacuation and pedestrian circulation models'® have also generally ignored the inter-
action of occupants with the wayfinding system; the implicit assumption in most of
these techniques is that the occupants “know” the route. While this may be appropriate
in many situations, it is clearly a simplification of reality. In order to produce realistic
representation of evacuation and circulation in arbitrarily complex structures, it is ne-
cessary to represent the interaction between occupants and signage systems.

Recently the representation of the interaction between modelled agents and signage
systems has been introduced into the buildingEXODUS evacuation model through the
concept of the Visibility Catchment Area (VCA)''12, The VCA of a sign is defined as the
region from where it is physically possible to visually receive and discern information
from the sign. Within this model, the maximum viewing distance or the VCA terminati-
on distance, is currently arbitrarily set as the distance specified in regulations®.

In this paper we examine, through theoretical analysis and experimental study, the re-
lationship between sign lettering size, observation angle and maximum viewing dis-
tance. Through this work we establish new maximum viewing distances as a function
of observation angle. These results are then incorporated within the VCA concept and
several demonstration applications of the new model are presented. It is important to
note that this work does not include recognition of signage pictograms. Recognition of
pictograms is expected to occur at greater distances than the legibility distance of text.
Thus, the legibility distance represents a conservative or lower limit of the maximum
recognition distance.

2. The Evacuation model

2.1. buildingeXODUS

The core software used in this paper is the buildingEXODUS V4.0 evacuation model.
The basis of the model has frequently been described in other publications'>'* and so
will only be briefly described here. EXODUS is a suite of software tools designed to
simulate the evacuation of large numbers of people from complex enclosures. The ver-
sion of the software used to simulate evacuation from the built environment is known
as buildingEXODUS. The software takes into consideration people-people, people-fire
and people-structure interactions. The model tracks the trajectory of each individual as
they make their way out of the enclosure, or are overcome by fire hazards such as heat,
smoke and toxic gases. The software has been written in C++ using Object Orientated
techniques utilising rule base technology to control the simulation. Thus, the behaviour
and movement of each individual is determined by a set of heuristics or rules. For ad-
ditional flexibility these rules have been categorised into five interacting submodels,
the OCCUPANT, MOVEMENT, BEHAVIOUR, TOXICITY and HAZARD submodels.
These submodels operate on a region of space defined by the GEOMETRY of the en-
closure.
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2.2. VCA Concept

buildingEXODUS V4.0 currently includes a method of representing the visibility of
particular objects through the application of the VCA concept. The VCA of an object is
defined as the region of space from where it is possible to visually receive information
from that object; i.e. from where the information of the object is legible. The VCA of
a sign attempts to address only the physical aspect of visibility, leaving the psycholo-
gical and physiological aspects of sign recognition to the behaviour component of the
model.

The algorithm uses a line of sight search method to determine the locations within the
geometry that have visual access to the sign. Geometrically the VCA of a sign is as-
sumed to correspond to the visibility polygonl5 spanning outwards from a point. The
calculation of the VCA considers the location of the sign, the size of the lettering on the
sign, its height above the floor, the position and size of any obstructions and the observer
height.

For simplicity the current algorithm used to determine the VCA makes use of the central
point of the lower edge of the sign and a point in space at a height equal to that of the
average occupant, which is a user defined parameter. In this work the default average
occupant height is arbitrarily taken as 1.75m. Another feature which will influence the
size and shape of the VCA is the observation angle. The observation angle is defined as
the angle subtended by the observers line of sight to a normal line bisecting the surface
of the sign. An observation angle of 0° means that the observer is viewing the sign
straight on. There will be a maximum observation angle beyond which it will no longer
be possible to resolve the sign and hence it will not be possible to detect the sign. Due to
lack of data, in the current implementation'?, the extent to which the observation angle
of the observer impacts the shape of the VCA is arbitrarily set to 85°.

3. Atheoretical representation for the angular extent of the VCA

In the previous section, the method of representing the VCA of a sign implemented
within the software was described. However, this method only approximates the VCA
due to the assumption that the level of visibility afforded to the individual viewing a sign
(i.e. the maximum distance from which a sign can be seen) was independent of the ob-
servation angle. This was primarily imposed on the approach due to the lack of reliable
data linking observation angle with maximum viewing distance. Using this approach,
the VCA for a sign would include a region of space defined by a near semi-circle, with
a centre point located at the centre of the sign and a radius determined by the maximum
viewing distance as defined by regulation. This region is represented in Figure 1 by the
dashed semi-circular line.
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It was suggested'? that the size and shape of the VCA will be further influenced by the
ability of an observer to resolve the angular separation of the sign. This is defined as the
apparent angular separation of the ends of the sign as measured by a distant observer
(i.e. angle ¢ in Figure 1). The angular separation of the sign will be dependent on the
size of the sign (or more correctly the size of the letters on the sign), the distance of the
observer from the centre of the sign and the observation angle. The observation angle is
defined as the angle subtended by the observers line of sight to a normal line bisecting
the surface of the sign (i.e. 6 in Figure 1). An observation angle of 90° (i.e. viewing the
sign side on) results in an angular separation (¢) of 0°, effectively making the sign invi-
sible to the observer, while an observation angle of 0° (i.e. viewing the sign straight on)
provides the maximum angular separation at fixed observation distance.

Clearly, there will be a minimum angular separation (¢_, ) beyond which it will no lon-
ger be possible to resolve the sign and hence there will be a maximum observation angle
beyond which it will be impossible to detect the sign. In this work, the minimum angular
separation (¢, ) which can be resolved by the human eye is taken as a constant. For a
sign of fixed size with an observer at a fixed distance from the centre of the sign, as the
observation angle (8) increases, the angular separation (@) of the sign decreases until a
maximum observation angle is reached beyond which it is no longer possible to resolve
the angular separation of the sign (i.e. ¢ < ¢_ ). Thus for a sign of given sign size, in
order to resolve the angular separation of the sign, as the observation angle increases,
the maximum viewing distance must decrease. Similarly, for a given viewing distance
there will be a maximum observation angle beyond which the sign cannot be resolved.
As the size of the sign increases, both the maximum viewing distance and the maximum
observation angle increases.

Figure 3: The geometric relationship between the observer and the sign.
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Thus for an observer to be able to resolve a sign (i.e. make out the individual elements
in the sign) at the maximum observation distance, the observation angle should be such
that the angular separation of the individual elements making up the sign are greater
than or equal to ¢_ .
To estimate ¢_,_we use the maximum viewing distance for viewing signs with an obser-
vation angle of 0° (i.e. straight on) as specified in the NFPA Life Safety Code Handbook.
For signs with lettering of 15.2 cm height, the maximum viewing distance is 30m . This
produces a _, of 0.29°.

Thus, in order to resolve the information on a sign at the maximum viewing distance,
the observation angle should be such that the angular separation of the elements in the
sign is greater than or equal to ¢_,_ or 0.29°. This problem can be described geometri-
cally by considering the relative positions of the observer, the sign and the observation
angle. Depicted in Figure 1 are the positions of a sign (S) and an observer (P,). Angle ¢
represents the angular separation of an element of sign S from observer P,. In order for
the observer to be able to read the lettering on the sign the distance from the sign must
be such that the angle ¢ is greater than or equal to ¢_,_or 0.29°. Therefore as the obser-
vation angle increases, the maximum distance AB must decrease in order to maintain the
angular separation of the sign to ¢, . . By determining the length of the line AB within
the constraints of the angular resolution of the eye the visibility catchment area of the
sign can then be defined.

Known values | Description

[0) Angular separation of the sign; ¢ =¢, + o,

0 Observation angle in relation to the normal line bisecting
the surface of the sign

CX Size of an element that an individual uses to resolve the sign
(i.e. sign lettering)

b b is set to half of the size of the recognisable element (CX)

Table 1: Variables used in formulation

The most efficient method of determining whether the sign is visible from a particular
location within the geometry, given the considerations described above, would be to
determine the geometrical shape that is formed by the maximum viewable distance from
the sign. Considering the configuration of Figure 1, the known variables are listed in
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Table 1. It can be shown that the geometrical shape of the visible region of the sign is
given by the following formulation:

2 2

sin@) | |7 tan(e)

(M

This has the equivalent form of a circle with centre at point (0,b/tan(¢)) and radius
b/sin(¢p) . This circle defines the VCA of sign S that is formed of text elements of di-
mension CX (see Figure 1) assuming a constant angular separation of ¢_degrees (i.e.
0.29° derived from the NFPA regulation). In this instance, we assume in this calculation
that the human ability to resolve vertical components of the sign (i.e. the height of the
text) is equivalent to their ability to resolve horizontal components.

Figure 1 depicts the catchment area of sign S generated using the original algorithm
(area M,) — which effectively ignores the dependence of VCA on observation angle.
This image is overlapped by the catchment area of the formulation derived above, la-
belled as M, in the same figure. The restrictions imposed upon the VCA produced by the
formulation are clearly evident, as is its circular appearance.

It has been shown theoretically that if the ability of a observer to resolve a sign is based
on the assumption that the eye can resolve angular separations down to a constant mini-
mum value (irrespective of observation angle), then the maximum viewing distance will
decrease as the observation angle increases. This is an important result as the regulations
implicitly assume that viewing distance is independent of observation angle. Furthermo-
re, instead of the VCA being defined by a semi-circular region, as is implicitly assumed
in regulation, from the above analysis we note that the VCA has a circular appearance
with diameter approximately equivalent to the radius of the previously assumed semi-
circular VCA.

In the next section, this theoretical finding is examined through a series of experimental
trials designed specifically to examine this aspect of signage visibility.

4. Experimental method

The purpose of the trials was to test the theory presented in the previous section that the
distance from which a sign can be perceived is dependent upon the angle at which it is
approached. The experimental trials have been designed specifically to examine the dis-
tances from which individual participants are able to recognise the text (or some portion
of it) within the sign for given observation angles.

The trials were completed by 48 volunteers, consisting of 29 males and 19 females,
each of whom experienced the same number (15) of experimental conditions. The or-
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der in which these conditions were experienced was varied in a systematic manner in
order to minimise the influence of uncontrolled variables, e.g. learning. The vision of
approximately 55% of the sample required constant correction in the form of spectacles
or contact lenses, which were used during the trials. A detailed analysis of the results
according to a number of variables (e.g. prior eye workload, text size, and use of visual
correction) was produced; however the presentation of this material is beyond the scope
of this paper.

The experiment was performed in a corridor 39 metres in length with consistent artifi-
cial illumination along its length. Three standard signs were used during these trials: two
plastic signs and one photo luminescent sign. These signs varied in the letter size of the
text, the case of the text and the background colour of the signs. The text within these
signs differed in the height and the width of text, and the thickness of script that formed
the text. Although the three signs used were of standard designs, it was felt that a variety
of text types and signage designs were required in order to strengthen the credibility of
the results produced.

Given the restricted nature of the corridor, the sign used in each trial was placed on a
pivoting platform. Thus the observation angle was changed by varying the orientation
of the sign to the observer rather than the observer to the sign. In this way each partici-
pant commenced the trial in the same location and approached the sign along the same
path, irrespective of the observation angle. Five different observation angles were ex-
perienced by each participant: 0°, 30°, 60°, 70° and 80°. For each observation angle the
observer would approach the sign until the lettering on the sign was legible. Therefore,
each participant was equally exposed to 15 trial conditions (3 signs x 5 angles) in total.

5. The experimental results

The average viewing distance for each of the three signs at the five observation angles
are shown in Table 2 for each of the categories. The results presented in Table 2 clearly
demonstrate a relationship between the observation angle and the distance from which
the text in the sign could be resolved: for all of the signs as the angle of observation is
increased, the maximum viewing distance at which the text in the sign could be resolved
decreased. From the experimental results it is apparent that the relationship between
maximum viewing distance and observation angle is nonlinear and consistent for each
of the three types of sign.

Mean viewing distance at each observation angle (m)
0° 30° 60° 70° 80°
Sign 1 23.38 21.09 14.82 10.12 5.10
Sign 2 33.11 30.79 21.23 13.64 6.34
Sign 3 19.84 18.98 12.65 9.04 4.60

Table 2: Mean viewing distances of three signs at 5 different observation angles.
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To further examine the relationship between observation angle and viewing distance the
data is plotted using polar co-ordinates, with 8 (the rotational ordinate) representing the
observational angle and r (the radial measurement) representing the distance at which
the text in the sign could be resolved. In Figure 2(a) the results are presented in this form
for each of the signs examined and are reflected on the vertical axis. The validity of this
action is based on the assumption that the observational angle is independent of the di-
rection of the approach to the sign (i.e. whether they approach from the left or the right
side). A solid curve passes through the average of the data-sets collected. It is apparent
that although the size of the curve produced in each of these graphs is different, their
general shape is similar: a circle is approximated by the curve connecting the averages
of the five experimental conditions examined for each of the signs.

yim)
¥ {m}

x{m)

Figure 2: (a) The reflection of the original experimental data of Sign 1 (¢), Sign 2 (m) and Sign
3 (), across the vertical axis, and (b) the comparison of the experimental VCA of
Sign 1 (solid curve) and two VCAs of the same sign based on the theoretical model
discussed in Section 4 using the maximum viewing distances suggested by BS 5499’
(dotted curve) and the NFPA Life Safety Code Handbook?® (dashed curve) respec-
tively. In both cases, the safety factor of 2 is excluded.

The curves generated from the experimental data represent a slightly flattened circle;
moreover, from Figure 2(b) this closely approximates the theoretical findings discussed
in Section 3 and clearly contradicts the implicit assumption used within building regu-
lations that the maximum distance from which a sign can be resolved is independent of
the observation angle.

In the first edition of BS 5499° the following formulation is provided relating the view-
ing distance (D) to the height of text (h)

D=250h 2

As mentioned previously, this formulation is based on the result of eye sight tests that
people with normal (or corrected to normal) vision can reliably resolve a detail that
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subtends an angle of 1 minute. This formulation also includes a small additional margin
of extra difficulty in resolving some complex letters and a safety factor of 2.0 in order to
guarantee a conservative estimate of the distance from which the sign can be resolved.
Finally the coefficient is rounded off to two significant figures'®. For instance, given the
height of the text on Sign 2, the results produced by the formulation is

D=250x0.066=16.5m,

which is approximately half of the measured average viewing distance (33.11m) for
Sign 2 with observation angle of 0°. Given the incorporated safety factor of 2.0 and the
other correctional factors mentioned, this approximates the findings of our experimental
trials. The value describing the angular resolution of the eye demonstrated in this expe-
riment is therefore consistent with the advice provided in the regulatory documentation.
Alternatively, it should be noted that the NFPA Life Safety Code Handbook® suggests
a viewing distance of 30m for the exit lettering with a height of 15.2 cm. Again if the
safety factor is taken into consideration, it approximates the relationship between sign
size and average maximum viewing distance produced during the experimental trials,
but it is a little more conservative compared to BS 5499° standard (see Figure 2(b)).

It can be shown that the maximum viewing distances recorded during the trials approxi-
mate the values assumed in the NFPA and BS 5499 formulation, adding some credibility
to the experimental conditions.

The results of the experiment indicate that the VCA of a sign approximates a circle. This
confirms the initial hypothesis that a sign can be seen by an observer from a circular
area located at a tangent to the surface of the sign. This is due to the constant nature
of the angular resolution of the human eye and the non-linear relationship between the
observational angle and maximum distance from which the sign can be resolved. Within
buildingEXODUS the theoretical model describing the non-linear relationship between
observation angle and maximum viewing distance has been implemented. This produ-
ces conservative results as it generates a circular VCA with the same maximum radius as
the flattened circle generated from the experiment (VCA circle from theory lies within
the flattened VCA circle produced by experiment).

6. Implementation of proposed algorithm into the evacuation software

The algorithm described in Section 3 has been implemented in prototype form within
buildingEXODUS. Here we demonstrate the performance of the algorithm using an
example, which assumes a complex compartment with many internal obstacles. The
geometry used in this example is the supermarket layout used in previous analysis of the
VCA™. The geometry will only be briefly described in this section as a fuller account
can be found in previous publications'?. The supermarket contains an array of internal
shelving components, tills and a café in the southern part of the geometry. Four main
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exit points (exits 3, 4, 5, 6) are located at the south side of the building. Four emergency
exits (exits 1, 2, 7, 8) are available: two on the east side and two on the west side. The
total free area of the supermarket has been calculated within the model to be approxi-
mately 2927 m? after the shelving and other furnishings have been taken into account.
Signage is provided by exit signs located above each of the exits (main and emergency)
and by two sets of four connected signs at the cross aisles.

The majority of the shelving extends to a height of 2.5m. However, there are some
shelves with a height of 1.8m and the tills and tables in the café area have a height of
1.2m. The emergency exit signage is positioned at a height of 2.2m above the floor. All
the remaining features are at ceiling height, thus preventing any visibility access past
them. The height of the shelving and furnishings is taken into account when calculating
the VCA of each exit. The width of each door is assumed to be 2.5m. The signs are as-
sumed to have lettering of 15.2cm corresponding to a visibility cut off distance of 30m
as suggested by the NFPA Code?® and the observer is assumed to have the default height
of 1.75m.

Existing VCA method Prototype VCA method

I T a—
T
s

VCA of sign S6

g [ammzerense]

TLEE || s
ﬁ <& |

Area covered 142.75m?

Percent coverage 4.88%

Table 3: VCA comparison of sign S6 between the existing and prototype methods

The VCA of the signage system is determined using both methods. Using the existing
method, the combined VCA of all the signs is 2006.25m?, while using the prototype
algorithm produces a combined VCA of 1896.0m?; thus, the existing method over esti-
mates the VCA by some 6% (or 110m?). Presented in Table 3 is an example of the diffe-
rence between the VCA produced by both methods for an interior sign S6.

In a simple example, the differences between the VCA produced by the two techniques
was shown to be significant (see a comparison between area M, and area M, in Figure
1). However, these differences are somewhat diminished as the complexity of the com-
partment is increased through the introduction of internal obstacles. This is due to the
presence of the obstacles intercepting and preventing the propagation of the VCA. In
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this way, the presence of the obstacles masks some of the over estimation produced by
earlier method.

We note that the average Total Evacuation Time was 1 min 23 secs using the existing
technique and 1 min 21 secs using the new algorithm. The average individual evacua-
tion time was 34.2 seconds and 33.8 second for the old and new approach respectively.
The average congestion experienced by an individual was 10.9 and 9.9 seconds while
the average distance travelled was 28.7 m and 29.5 m for the old and new approach
respectively.

As is to be expected, the reduction in VCA generated by the new algorithm has resulted
in a greater number of occupants utilising the normally used (or main) exits — i.e. exits
3-6. On average there are some 17 additional people utilising the main exits when the
new algorithm is used to determine the VCA. As a result there is a slight increase in the
average distance travelled, generated by a larger section of the population not utilising
the nearer emergency exits. In this case, the slight decrease in the number of occupants
using the emergency exits has resulted in a slight decrease in the levels of congestion ex-
perienced (at the emergency exits) which in turn has resulted in a slight decrease in both
the average overall evacuation time and the average personal evacuation time. Thus the
differences in the key results produced by the incorporation of the new technique of
calculating the VCA in this example are small and self consistent.

7. Conclusion

In this paper we have demonstrated both theoretically and through experimental trials
that the maximum viewing distance is dependent on the viewing angle and that as the
viewing angle increases, the maximum viewing distance decreases in a non-linear man-
ner. This is the result of the angular separation of the sign (or more precisely the angular
separation of the lettering on the sign) decreasing as the angle of observation increases
at fixed observation distance and the human eye possessing a lower limit to its angular
resolving abilities. Furthermore, when the viewing angle is taken into consideration,
the VCA associated with the sign describes an area defined by a flattened circle which
is tangent to the surface of the sign with minor radius equal to the previously defined
semi-circle or half of that if the safety factor is considered.

These results are valuable in their own right as they more accurately define the visibility
limits of signs. In addition, the method of determining the VCA of signs has been imp-
lemented with the buildingEXODUS evacuation model providing a more accurate way
of determining the visibility of signs in complex geometries. The impact that the new
developments may exert when combined with the other factors evident during a simu-
lated evacuation have been shown to be sensitive to the complexity of the geometry and
the scenario modelled. While the overall differences in the key evacuation indicators
(e.g. average total evacuation time and average personal evacuation time) resulting from
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the introduction of the new developments may on occasion be small, it is essential to
correctly represent these subtleties if the model is to correctly represent reality.
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