
PULSE RATE, PULSE PATTERN. AND ONSET DISTANCE EFFECTS 

ON SUBJECT BRAKING RESPONSES WHILE USING AN 

AUDITORY COLLISION WARNING SIGNAL 

by 

David Victor Pizarro 

Thesis submitted to the Faculty of the Virginia 

Polytechnic Institute and State University in partial 

fulfillment of the requirements for the degree of 

MASTERS OF SCIENCE 

in 

Industrial Systems Engineering 

APPROVED: SNS    

September, 1994 

Blacksburg, Virginia



LD 
555 
85S 
yet 
[33] 
Ck



PULSE RATE, PULSE PATTERN, AND ONSET DISTANCE EFFECTS 

ON SUBJECT BRAKING RESPONSES WHILE USING AN 

AUDITORY COLLISION WARNING SIGNAL 

by 

David Victor Pizarro 

Committee Chairman: Dennis L. Price 

Industrial Engineering 

(ABSTRACT) 

This study examined the effect that pulse rate, pulse pattern, and 

onset distance had on the performance of an auditory warning signal. The 

warning signal's purpose was to alert mobile crane operators of their 

proximity to overhead power lines. The study consisted of two 

experimental phases. The first phase consisted of three sections; A) 

development and construction of the PWD's auditory warning signal. B) 

development of the experimental tasks and a pilot study, and C) an 

examination of the workload level of the secondary tracking task. Phase 

two consisted of a full factorial experiment which examined the 

performance effects caused by pulse rate range, pulse pattern, and onset 

distance manipulations. The experimental task required subjects to monitor 

an auditory warning system while simultaneously operating a single-axis 

driving simulation task. Subjects were required to initiate braking 

responses based on the information conveyed through the auditory collision 

warming system. In addition, subjective ratings were obtained to compare 

subjects’ actual performance using the warning system to their subjective



preferences. Results indicate that subjects performed optimally under 

warning signals with moderate onset distances and low pulse rates. The 

pulse pattern did not have a large impact on subjects' performance across 

the various warning signals. Overall, it was concluded that a pulsing 

auditory warning signal comprised of a moderate onset distance and low 

pulse rate was subjectively preferred and would work effectively as a 

proximity warning device for mobile cranes.
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INTRODUCTION 

Goals of the Study 

Electrocution is the fifth leading cause of work-related deaths 

following motor vehicles, homicide, industrial equipment, and falls 

(Suruda, 1988). Based on death certificate data, the National Institute for 

Occupational Safety and Health (NIOSH) estimates that there are 629 work 

related electrocutions annually. It is estimated that 15% of the 

electrocutions are the result of inadvertent contact with power lines by 

cranes or other types of hoisting equipment (Suruda, 1988). 

Several safety devices intended to decrease the number of fatalities 

due to crane-related electrocutions have been introduced to the crane 

industry over the past 15 years. Currently, only three types of safety 

devices are commonly used to protect mobile cranes against inadvertent 

contact with overhead power lines. These safety devices include the boom 

cage, the insulating link, and the proximity warning device (Allin, Wilson, 

and Zibolski, 1977). Although these safety devices have been in use for a 

considerable amount of time, there has not been a significant reduction in 

the number of fatalities. It is evident that a new method is needed to warn 

crane operators of their proximity to overhead power lines. 

Recently in the workplace, there has been a renewed interest in 

replacing visual displays with auditory warning systems. Wickens (1984) 

argues that in conditions of high visual workload, an auditory display is 

Just as effective as an additional visual display. In some cases, the addition 

of an auditory display increases job performance and reduces accidents in



the workplace (Edworthy, 1991). 

The current study develops a new proximity warning device (PWD) 

for mobile cranes. This device indicates, to crane operators, their 

proximity to overhead power line hazards. This study is the first 

experiment of a sequential research project that will develop a new 

auditory warning for mobile cranes. Successive studies will test the 

warning across various ambient noise levels, and conduct full-scale field 

tests examining the warning system's performance. 

The proximity warning device (PWD) consists of a pulsing auditory 

signal that sounds similar to that used in a Geiger counter. The warning 

system utilizes hardware from a new laser positioning system currently 

under development at Virginia Tech. The goal of this study is to examine 

the effects that three acoustical parameters have on the performance of the 

PWD auditory warning system . Factors under investigation include, 

critical onset distance of the warning signal (COD), pattern of the pulsing 

signal, and the pulse rate range across which the warning will operate. 

In addition to the goals mentioned above, ergonomic design 

principles will be applied to the new PWD to enhance its operation once 

implemented. These factors include volume settings, frequency range. self- 

testing abilities, and a load dampening system. 

The final goal of this study was to introduce a methodology for 

designing and testing a specific auditory warning system for a specific 

work environment. The methodology used in this study includes 

traditional experimental methods and incorporates recommendations from 

modern research on auditory warning signals. This study utilizes statistical



analyses to empirically investigate the acoustical factors of interest. The 

experimental values yielded in this study provide laboratory design 

recommendations for use by future warning signal designers. This study 

introduces a methodology for examining a warning signal which can be 

performed in a short amount of time and with a small sample size. In 

addition, this study demonstrates methods for investigating warning signals 

which can be performed effectively while minimizing necessary equipment 

costs. 

This study was conducted in the Environmental and Safety 

Laboratory at Virginia Tech. Subjects were required to monitor a PC 

simulated PWD auditory warning system while operating a complex 

secondary visual tracking task. Data obtained from this study provides 

empirical guidelines from which the PWD auditory warning system can be 

developed.



LITERATURE REVIEW 

Crane Accident Statistics 

As stated earlier, NIOSH estimates that there are 629 work-related 

electrocutions per year based on death certificate data (Suruda, 1988). 

Approximately 150 of these deaths are caused by inadvertent contact of 

hoisting equipment with overhead power lines. This category of 

electrocutions is one of the largest and most challenging to prevent 

(Suruda, 1988). NIOSH reports that deaths by inadvertent contact with 

overhead power lines represent 1.5% of all work-related deaths in the 

United States (NIOSH Alert, 1985). 

From 1984 to 1986 OSHA reports that there were 944 deaths in the 

work place due to electrocutions (Suruda, 1988). Approximately 50% of 

these deaths were in the construction industry, with over half of these 

deaths occurring due to inadvertent contact with overhead power lines. 

Cranes were the most common source of contact, and, in most cases, 

victims were not performing electrical work. In a study of 92 fatal 

electrocutions involving cranes, 15 died while touching the load, 65 died 

while in the vicinity of the crane or load, and the remaining victims' 

locations were not documented (Suruda, 1988). 

A recent study reported that from 1982 to 1990 there were 201 

reported electrocution incidents resulting in 217 deaths. Of these incidents, 

boomed vehicle contact with energized power lines represented 37 of the 

40 fatal incidents. This category of incidents was second only to direct 

worker contact with energized power lines, and accounted for 60 deaths



(Casini, 1993). 

It is important to note that the various statistics just mentioned do not 

have consistent rates for deaths caused by inadvertent contact with 

overhead power lines. The discrepancies in the data are due to the incident 

report rates and collection procedures by groups such as NIOSH and 

OSHA. From the literature reviewed above it appears that the number of 

deaths in the workplace due to electrocution per year range from 200-700 

per year. 

Inadvertent contact with overhead power lines is the second leading 

cause of injuries involving crane accidents . However, contact with power 

lines is the leading factor in overall crane accident costs, contributing to 

37% of the total accident costs (Jarasunas, 1990). 

The Occupational Safety and Health Administration (OSHA) has 

specific regulations for operating cranes near high-power lines (OSHA, 

1974; NIOSH Alert, 1985). The first precaution dictated by OSHA is to 

de-energize and visibly ground any power lines that may be contacted on 

the construction site. This regulation is seldom implemented. Conflicts 

with local utilities and authorized personnel that are needed to perform the 

shut-down seem to outweigh benefits of de-energizing the power lines 

(Jarasunas, 1990). 

OSHA also regulates situations when the crane must be operated near 

energized power lines. OSHA specifies distance limits that must be 

observed around the power line hazard area. Minimum clearance for 

power lines of less than 50 kilovolts (kv) is 10 ft (3 meters). For each kv 

above 50 kv's, 0.4 inches (1.1 centimeters) is added to the 10 foot



minimum. While the crane is in transit without a load, the distances 

requirements change. The absolute limit of approach for an unladen crane 

is four ft (1.2 meters) for power lines less than 50 kv's (OSHA, 1974; 

Middendorf, 1978; NIOSH Alert, 1985). 

OSHA adds further guidelines which recommend the use of a spotter 

in low visibility conditions. In the event that the operator cannot easily 

observe the clearance between power lines and the crane, a designated 

person must observe the clearances for the operator. This person is to 

remain in constant communication with the operator during all operations. 

OSHA also recommends that additional safety devices should be used to 

prevent inadvertent contact with overhead power lines (OSHA, 1974; 

NIOSH Alert, 1985). 

Some experts conclude that full compliance with the OSHA standards 

will prevent most electrocution fatalities (NIOSH Alert, 1985). As 

statistics reveal, the current standards are not achieving their desired 

effectiveness. A review of accident reports revealed sparse use of spotters 

as OSHA requires, and none of the reports indicated an attempt to de- 

energize the power lines at the work-site (Suruda, 1988) . 

It is difficult to determine who is responsible for an accident if 

OSHA regulations are not followed. The Power Crane and Shovel 

Association bylaws indicate that since crane manufacturers have no direct 

control on how the crane will be used or on what safety practices the 

operators will use, the responsibility of safe operation lies with the 

operator and his/her supervisors. With the current state of government 

safety regulations, crane manufacturers are not obligated to provide safety



devices on new cranes (Jarasunas, 1990). However, meeting government 

standards does not remove the manufacturer from legal liability. The 1973 

case, Burke vs. Illinois Power, set a precedent that may make crane 

manufacturers strictly liable for failing to equip their cranes with existing 

safety devices. This ruling was upheld in a 1978 case and courts are 

increasingly holding crane manufacturers responsible for not properly 

equipping their cranes (MacCollum, 1980). 

Crane operator's normal job requirements are likely to put the crane 

in a position where inadvertent contact with overhead power lines could 

occur. In almost every construction site, there is no alternative to 

operating near overhead power lines. This problem is augmented by the 

fact that cranes are constructed with materials that are good conductors of 

electricity (Leigh, 1979). Situations where any part of the crane, boom, or 

cable may contact a power line create a potential for a fatal accident. 

A need for improvement in crane safety is obvious as little of today's 

safety technology is incorporated into crane designs (MacCollum, 1980). 

Consequently, most accident analyses conclude that the accidents were 

caused by operator error and not by deficient crane designs. The 

construction industry's safety emphasis is on safe work practices and safety 

meetings, to inform crane operators of hazards they may encounter. 

Statistics indicate that the volumes of regulations and hours spent in safety 

meetings are not sufficient to reduce fatalities caused by electrocutions 

involving hoisting equipment (MacCollum, 1980).



Current Safety Systems 

Crane manufacturers have a legal and moral responsibility to equip 

their cranes with available safety devices. An optimal safety device should 

be inexpensive, reliable, and require little adjustment once installed 

(Suruda, 1988). Currently, the crane industry offers three types of safety 

devices to prevent contact with overhead power lines; boom cages or 

guards, insulating links, and proximity warning devices (Allin, Wilson, and 

Zibolski, 1977). However, the only true method of avoiding inadvertent 

contact with overhead power lines is maintaining sufficient distance (Leigh, 

1979). From a practical viewpoint, there is often no alternative to working 

in close proximity to overhead power lines. As the following safety 

devices are examined, the need for new safety devices becomes evident. 

Cage/boom guard. The cage or boom guard is a simple and cost 
  

effective means for protection against contact with overhead power lines. 

The cage or boom guard consists of a metal basket located on the end of the 

crane boom. The cage is connected to the crane by insulating material that 

protects the crane against electrical current that may be encountered by the 

cage. The cage covers only a limited area (tip of the boom), leaving the 

remaining surfaces of the crane vulnerable to contact with live power lines. 

In addition, if contact with a power line occurs on an area not protected by 

the cage or boom guard, the electrical current may be transmitted to the 

remainder of the crane. load, and surrounding ground. The cage or boom 

guard is only effective when the power line contact occurs at the tip of the 

boom, but additional protection is necessary for incidents that occur on



other areas of the crane. While the cage or boom guard is inexpensive, its 

ability to protect the entire crane from contact with overhead power lines 

is limited by the minimal coverage area (Allin, Wilson, and Zibolski, 1977; 

Leigh, 1979). 

Insulating links. A second form of protection against inadvertent 

contact with overhead power lines is the insulating link. Links consisting 

of insulating material are inserted into the hoist ropes just before the hook. 

This system protects the "hook-man" or any other personnel in contact with 

the load from electrical shock. In the event of inadvertent contact with an 

energized power line, the electrical current will be inhibited from 

conducting down the hoist rope to the load and surrounding area. While 

the load area is protected by the insulating link, the remainder of the crane 

and the surrounding ground may be exposed to electrical energy. 

Insulating links do not provide maximum protection because only a portion 

of the crane is protected and the remainder of the crane remains vulnerable 

to electrical current (Allin, Wilson, and Zibolski, 1977; Leigh, 1979). 

A problem that boom guards and insulating links share is their 

vulnerability to contaminants on the insulating surfaces. An insulating 

material's performance degrades when exposed to electrically conductive 

contaminants. These contaminants consist of common construction site 

elements such as simple dirt and moisture. As the insulators become 

contaminated, they lose their insulating properties and may produce a 

flashover effect in which a strong charge can be conducted across the 

insulator (Middendorf, 1978; Suruda, 1988; Leigh, 1979). It is



unreasonable to expect operators to keep insulating equipment clean at a 

construction site. The contamination problem plagues both the boom guard 

and insulating links and render both systems impractical for use in 

contaminated environments. 

Suruda, Braddee, and Rabkin (1992) propose an alternate use of 

insulating materials in their study which investigated inadvertent contact 

with overhead power lines by truck-mounted telescoping cranes. Data 

obtained from 1984 to 1986 revealed that there were 37 electrocution- 

related fatalities involving truck-mounted telescoping cranes. This type of 

hoisting device is operated by a hand-held control which is connected to the 

crane by acord. In over 70% of the electrocution-related fatalities 

involving telescopic cranes, operators were killed by electrical current 

conducted by the hand-held controllers. Suruda, Braddee, and Rabkin 

(1992) recommend the use of a fiber-optic nonconducting linkage that 

would insulate the hand-held controller. At the time of this study, it was 

estimated that only 2.5% of truck-mounted telescopic cranes were equipped 

with nonconducting linkages. Suruda, Braddee, and Rabkin (1992) indicate 

that over 10 lives per year could be saved if nonconducting linkages were 

standard on telescopic cranes. 

Further research needs to be performed to develop future 

applications for insulation materials. Although insulating materials may 

assist in reducing injuries and fatalities, adding insulating materials to 

cranes and other hoisting devices will not prevent inadvertent contacts with 

overhead power lines. 
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Proximity warning devices. Proximity warning devices (PWD's) 
  

are located on the end of the boom of a mobile crane, and operate as low 

frequency radio receivers combined with a signal pulsing output. Because 

of the wide range in voltages across different power lines, these devices 

must operate over frequencies ranging from 50-480 Hz. The PWD works 

by sensing electrostatic radiation fields around electrical conductors such as 

power lines. PWD's are equipped with visual warning lights that blink in 

proportion to the strength of the electrostatic radiation field. An auditory 

alert is coupled with the visual warning to give the operator redundant 

warning signals indicating electrostatic radiation field strength. A large 

field strength measure indicates that the boom of the crane is in close 

proximity to a power line hazard (Allin, Wilson, and Zibolski, 1977). 

However, there are problems with the operating mechanisms in the 

PWD's described above. The first problem is that the distance from the 

PWD to an overhead power line is not directly correlated to the measured 

electrostatic radiation field strength. The electrostatic fields around a high- 

power line may be affected by many outside factors. Allin, Wilson. and 

Zibolski (1977) discovered that the PWD would provide erroneous 

readings when a moving vehicle or other metallic objects were nearby, or 

when the boom of the crane was between the power line and the antenna of 

the PWD. Both of these situations are common occurrences at construction 

sites. 

Another weakness of electrostatic radiation field measures is that 

electrostatic radiation fields do not spread out in a uniform fashion. A 

phenomenon called field cancellation may occur in which the resultant 
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electrostatic field measures around multiple power lines are reduced. In 

this case, the boom of the crane could be dangerously close to a high-power 

line, but the PWD would measure low levels of electrostatic field strength 

(Allin, Wilson, and Zibolski, 1977). 

The PWD must work over a wide range of frequencies and. thus, ts 

equipped with a high gain sensitivity adjustment. The sensitivity control 

must be adjusted any time the crane changes position or boom angle (Allin. 

Wilson, and Zibolski, 1977). For a stationary crane this may be 

acceptable, but for a mobile crane the constant need to readjust the PWD 

would be impractical. 

Electrostatic fields around an electrical conductor can be affected by 

a large number of extraneous variables. The variations in electrostatic 

fields limit the usefulness of the PWD in situations that are not carefully 

controlled. In addition to the constant need to readjust the sensitivity 

control, PWD's are costly, unreliable, and their application would provide 

a minimal safety improvement for mobile cranes (Leigh, 1979). 

Poor performance of the reviewed crane safety devices return the 

responsibility for safety to the crane manufacturers. Manufacturers 

continue to stress safety regulations and procedures, but these tactics are 

often ineffective for preventing serious accidents. With no remaining 

options, crane manufacturers stress on-site inspections and cooperation 

with the power companies. Their current ideology states that the best 

safety solution is better regulation and education of crane operators (Allin, 

Wilson, and Zibolski, 1977). This type of administrative control has 

existed for over 15 years, but a recent study reported 944 work-place 
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deaths due to electrocution between 1984-1986 (Suruda, 1988). Over half 

of these electrocutions occurred in the construction industry, and 280 of 

these fatalities occurred when a crane or other hoisting equipment 

contacted overhead power lines. A significant proportion of the deaths 

(32%) occurred in small companies (less than 11 employees) with young 

operators (20-24 years old) who were more likely to be unaware of 

industry regulations (Suruda, 1988). 

Causes for Inadvertent Power Line Contact 

There are two schools of thought on the causes of inadvertent contact 

with overhead power lines. The first theory is that crane operators are not 

able to adequately perceive power lines because of the lack of salient visual 

cues. The second theory is that power lines are perceptible to the attentive 

viewer, but the crane operator is overloaded with mental tasks and does not 

have sufficient resources to allocate to power line detection. 

Mechanisms by which depth is visually perceived must be understood 

before a discussion can be conducted on the theories mentioned above. 

Accurate visual perception of an object's depth involves the basic image 

that appears on the retina and a set of perceptual cues that indicate depth. 

The first set of these cues are object-centered cues which include linear 

perspective, interposition, height in the plane, light and shadow, relative 

size, textural gradients, and motion parallax. The second group of cues 

consists of observer-centered cues which convey depth by interpreting 

information from the human visual system. These include binocular 

disparity, convergence, and accommodation (Wickens 1984). [See Wickens 
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(1984) for detailed analysis of depth cues]. 

The first explanation for the cause of contact with overhead power 

lines is that operators cannot perceive the location or distance to the nearest 

power lines. Cunitz and Middendorf (1985) report that there are three 

steps the crane operator must go through to correctly identify a potentially 

hazardous situation. The operator must detect the presence of the overhead 

power line(s), accurately assess the risk, and understand that any incidental 

contact with overhead power lines is potentially dangerous. The problem 

is not that operators do not have the mental skills to proceed through these 

perceptual steps, but rather that they often do not get past the first step. In 

general, it appears that operators often have a hard time detecting the 

existence of overhead power lines. 

The perception of any object may vary with the contextual situation 

and form of the object. Overhead power lines are often masked by objects 

in the environment such as trees and bushes. Weather can also affect the 

perception of overhead lines. Conditions ranging from bright sunlight to 

overcast skies present factors which complicate the identification of power 

line hazards (Cunitz and Middendorf, 1985; Jarasunas, 1980). 

Once overhead power lines have been located, it is often difficult to 

Judge the distance from the crane to the power lines. Generally, humans 

can perceive absolute distances to objects fairly well, but this does not 

appear to hold true for the perception of power lines. In a study by 

Middendorf (1978), subjects’ ability to estimate relative distances between a 

crane boom and a power line were tested. Estimates from two positions 

were measured. One position was similar to a crane operator's line of 
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sight, and the other measure was taken at a position typically occupied by a 

spotter. The results revealed that subjects were generally inaccurate at 

estimating the clearance distances between the crane and the overhead 

power line. Data from the spotter's position revealed that just over 80% of 

subjects' distance estimates were incorrect. From the operator's position, 

over 85% of the estimates were in error, ranging from 6 inches to 60 

inches. 

Evidence indicates that the human operator has difficulty estimating 

distances to overhead power lines. Middendorf (1978) writes that the 

absence of normal depth cues prevents perception of overhead power lines. 

Cues such as familiar size, texture gradients, and binocular disparity are 

not useful in the perception of overhead power lines. Thus, the human 

operator is presented with a perceptually challenging task. 

The second school of thought on the cause of inadvertent contact 

with overhead power lines is that crane operators can accurately perceive 

the power lines, but not under high levels of workload. A study by Price 

(1989) indicated that there are sufficient cues to adequately perceive 

overhead power lines under bright sunny conditions. Subjects were 

required to estimate a perpendicular point directly under an overhead 

power line. In addition, subjects were tested for their ability to judge 

distance to an overhead line by directing a lift truck to a point within a 

specified distance. The results of Price's study (1989) indicate that the 

attentive human observer can adequately predict a position perpendicular to 

an overhead power line. This ability to predict a position under an 

overhead power line indicates that subjects have the perceptual abilities to 
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detect power lines and judge their relative distance. 

Price's study (1989) also indicated that subjects had an ability to 

accurately estimate relative distance when asked to direct a lift truck to 

within a specified distance of an overhead power line. Subjects' errors in 

both experimental conditions were conservative. Every subject whose 

estimate was in error had measures greater than the required distance to 

the power line. This conservative nature of the subjects’ performance 

indicates that an attentive observer can adequately perceive overhead power 

lines through the use of their perceptual and proprioceptive cues. In 

addition, if subjects' estimates were incorrect they tended to be 

conservative and remained farther away from the power line than 

necessary. It appears that additional motivational and perceptual factors 

contribute to inadvertent contacts with overhead power lines. These 

factors may include excessive operator workload, distractions, or simple 

inattentiveness of the operator (Price, 1989). 

Analog to Automobile Collisions 

A large body of research exists examining the components of 

automobile accidents, particularly emphasizing front-rear end collisions 

between two vehicles. Many of the principals and ideas found in this 

literature can be generalized to hoisting and lifting equipment collisions 

with overhead power lines. 

Mortimer (1990) reports that preceding an automobile crash, the 

driver observes the lead vehicle with a noticeable visual angle. As the 

distance between the vehicles decreases, the perceived visual angle increases 
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non-linearly. Little information is gained from the perception of the 

relative velocity of the two vehicles as the threshold for this type of 

perception requires large changes in relative position (Mortimer, 1990; 

Hoffman, 1966; Hoffman, 1974). The only information the operator 

receives regarding an impending collision is the change in visual angle or 

the recognition of the familiar size of the object ahead. An additional 

problem exists because the closure rate of an object is not proportional to 

its change in visual angle. At long distances, there are very few cues to the 

characteristics of the motion of the object ahead. The salient motion cues 

do not occur until moments before a collision. These cues often do not 

appear early enough to warn the driver of an impending collision 

(Mortimer, 1990). 

The above problems in the perception of closure rates in automobiles 

are similar to the situations encountered by crane operators. Crane 

operators do not receive adequate visual cues of the closure rate of the 

crane boom to nearby overhead power lines. The need for this type of 

closure information is one of the motivating factors for the design of a new 

auditory warning. By manipulating the warning system's auditory 

characteristics, it may be possible to supply the operator with consistent 

closure information in a timely manner. 

Some experts believe that the human visual system utilizes the ratio 

of an object's instantaneous visual angle (theta) and its rate of increase in 

size (theta dot) to accurately perceive impending collisions (Hoyle, 1957). 

The knowledge of an object's absolute distance is not necessary in judging 

the time to a collision (TTC). Hoyle (1957) believes that humans could 
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predict the TTC by the ratio of the object's instantaneous visual angle and 

the rate of change of the visual angle (theta:theta dot). It is unclear 

whether humans generalize this technique to operating an automobile. It 

appears that humans are unable to incorporate extra variables brought on 

by braking time and control lag adjustments. The direct evidence of this 

inability is the large number of collisions involving automobiles and other 

vehicles. 

According to Goldstein (1989), the human visual system contains 

neurons sensitive to an object's angular size (theta). In addition, there is 

evidence of a neuron sensitive to the rate of expansion of an object's 

angular size (theta dot) (Regan and Beverley, 1978). The only question 

that remains is whether the visual system is equipped with neurons to detect 

the theta:theta dot relationship. If the human visual system is equipped to 

detect the theta:theta dot ratio then Hoyle's equation would predict that the 

human operator can adequately estimate the time to collision. If this ability 

could be isolated and tested, it would add further evidence to the theory 

that humans can perceive an impending collision if not under excessive 

workload. 

Auditory Warning Characteristics 

The literature concerning the proper design of auditory warnings is 

full of standards and suggested values, but contrary to the norm, these 

values are supported by very little empirical research. Even standards 

organizations such as ANSI have vague standards for each component of an 

auditory warning. However, the literature indicates the reason for such 
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vagueness is the fact that the requirements for an auditory warning are 

dependent on the situation and ambient noise in the environment. With 

this in mind, a review of the accepted auditory warning standards follows. 

Frequency range. The standards for frequency range of an auditory 

warning are designed to minimize the effects of ambient noise and hearing 

loss. Most disrupting industrial noise occurs at frequencies under 500 Hz 

(Patterson, 1982). In addition, the average person with hearing loss has 

difficulty hearing tones of 3000-4000 Hz (Suter, 1986). Patterson (1982) 

writes that hearing loss and ambient noise must be taken into account when 

specifying a warning signal's frequency range. He recommends an 

auditory warning frequency range of 500-4000 Hz. In addition, MIL- 

STD-1472C (1989) states the frequency range for an auditory warning 

should be 500-3000 Hz. 

It is clear that there is not complete agreement between researchers 

and the standards organizations. From a review of the literature, it is also 

clear that there is little empirical data from which these standards were 

derived. It becomes the responsibility of the designer to choose a 

frequency range based on the above standards which minimizes the effects 

of hearing loss and ambient environmental noise. 

Decibel level. The sound level of a warning signal should be 

significantly above that of the ambient noise. Previous studies indicate that 

once a signal is 15 dB above the masked threshold the effects of masking 

are negligible (Potter, Fidell, Myles, and Keast, 1977; Wilkins, 1981). The 
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masked threshold is the threshold of audibility for a specified sound 

(warning signal) in the presence of another masking sound (ANSI, 1973). 

Patterson (1982) recommends that the warning signal be at least 15 dB, but 

no more than 30 dB, above the masked threshold. If the masked threshold 

is unknown, a warning signal should be at least 15 dB higher than the level 

of ambient noise (Patterson, 1982). In all cases, if the standards indicate 

that a warning signal must be greater than 85 dB, an alternate warning 

mode should be considered (Patterson, 1982). 

Multi-tone versus single-tone. The number of auditory components 

a warning system incorporates has a distinct impact on the audibility of the 

sound. A multi-tone warning is superior to a single-tone warning because 

it can utilize distinct tonal characteristics to reduce confusion with other 

signals and also reduce the effects of masking by noise (Patterson, 1982). 

The combination of a number of auditory components can create a unique 

signal that can be easier to detect in a noisy environment. While Patterson 

may be correct, the use of a multi-toned warning for a single display 

reduces the tones available for additional warning signals. The designer 

must make careful decisions concerning the number of auditory tones 

utilized for a single warning. 

Pulse Rate. In the context of this study pulse rate refers to the 

number of auditory signal pulses (50% on, 50% off) that occur per second 

in an auditory warning. For example a pulse rate of 5 pps (pulses per 

second), would consist of five auditory pulses 200 milliseconds in duration. 
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Each pulse would consist of a signal of a particular tonal frequency 

presented for 100 milliseconds followed by 100 milliseconds of silence. 

Patterson (1982) and Edworthy (1991) both recommend creating an 

auditory warning comprised of signal pulses. Previous studies suggest 

choosing a specific tonal signal from which many signal pulses can be 

created. A number of pulses can be grouped together to create the warning 

signal. Patterson (1982) recommends using a pulse rate of 10 pps, for 

"moderate" levels of danger. For "extreme" levels of danger, Patterson 

recommends using a pulse rate of 0 pps (constant tone). Previous literature 

on the effect of the pulse rate indicates that as the pulse rate is increased, 

subjects perceive the warning to be more urgent (Patterson, 1982; 

Edworthy, 1991; Haas, 1992). However, these studies do not indicate over 

what temporal range a pulse should be manipulated. Most auditory 

warning systems are designed to indicate several levels of severity, 

therefore, varying the pulse rate is an excellent method for indicating 

different levels of danger. However, the only true method for developing 

an optimal pulse rate for an auditory warning signal appears to be an 

empirical investigation for each specific warning application (Patterson, 

1982). 

Perceived urgency. Recent research has indicated that as the time 

between pulses (pulse rate) is decreased, the signal is perceived as more 

urgent (Edworthy, 1991; Hellier and Edworthy, 1990; Haas, 1992). No 

recommendations were made in the above research concerning optimal 

pulse rates or the effect that perceived urgency had on subjects' 
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psychomotor responses. Patterson (1982) recommended increasing pulse 

rates to indicate levels of severity within an auditory warning signal. 

However, Patterson does not support his design recommendations with 

empirical data. It appears that the effect of perceived urgency on 

psychomotor responses must be determined for each individual warning 

system. 

Onset distance and pulse pattern. The literature and warning 

standards reviewed for this study do not mention two critical components 

of an auditory warning. The first component is the warning signal's onset 

distance. The onset distance is the distance that is allowed between the time 

the warning is activated until the time the system reaches its critical 

warning level. This is an important feature for the optimal design of an 

auditory warning. The warning must activate early enough to give the 

operator time to interpret the warning and initiate a control action. On the 

contrary, the warning must not be activated for long periods of time when 

there is no imminent danger. This variable must be evaluated for each 

specific situation considering the specific system dynamics and constraints. 

Pulse pattern is the second significant auditory variable not 

mentioned in the auditory warning literature reviewed for this study. The 

pulse pattern refers to how a group of pulses are assembled together to 

form a warning signal. Pulses could increase at a constant rate as the 

hazard becomes more imminent, or the pulses could increase at a variable 

rate which would jump in magnitude as the hazard becomes more 

threatening. 
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The reviewed literature revealed only a single study which examined 

the effect of pulse patterns in an auditory warning signal. Haas (1992) 

examined the effect of manipulating the pattern within a given pulse of a 

warning signal. However, the current study is concerned with the effect 

that manipulating a pattern of pulses has on the effectiveness of the 

auditory warning signal. For the proposed PWD auditory warning, the 

effects of grouping pulses together is a major concern. The effect of pulse 

pattern across a given warming signal is unknown based on previous 

literature, and must be empirically determined for each individual warning 

system. 

Specific PWD Warning Characteristics 

Volume control. As per MIL-STD 1472C (1981), a volume control 

should be utilized to allow warning system flexibility in the presence of 

outside noise influences. The high probability of hearing loss in the 

primary user population (crane operators) of the PWD necessitates variable 

volume levels. A volume control is also needed in situations where the 

crane must work near overhead power lines for long periods of time. A 

volume control is often desired in environments where a loud auditory 

warning impedes the operator's ability to resolve the condition which 

caused the warning. Pattersan's (1982) study of auditory warnings found 

that the most common complaint was that auditory warnings were too loud. 

It is important to allow the crane operator the ability to adjust the auditory 

warning to a comfortable level. If the operators are annoyed by the 

warning signal they will find a way to deactivate the warning and nullify its 
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safety capabilities. 

Providing the crane operator with an auditory warning volume 

control of unlimited range can present problems. Often operators will 

completely turn down the volume of an annoying warning system. An 

auditory warning with its volume set below audible threshold is a waste of 

space and equipment. On the contrary, a volume control with no upper 

limit can expose the crane operator to dangerous levels of noise (above 85 

dBA). The recommended solution is to create the volume control so that 

its minimum level is at least 15 dBA above the masked threshold of the 

ambient environmental noise, but no more than 30 dBA above the 

minimum level (Patterson, 1982). This design allows for flexibility across 

the user's hearing abilities and specific task requirements. 

System failure warning. An auditory warning feature often 

overlooked is a system failure warning. A system failure warning Is a 

warning system which informs the operator of a system or component 

malfunction. MIL-STD 1472C (1981), recommends that an auditory 

warning be designed to preclude signal failure in the event of a component 

or system malfunction. In the context of the proposed auditory warning 

system, the PWD's auditory signal remains inactive when the crane is not 

near an overhead power line.. Without a failure mode warning, the 

operator would not be aware of a system malfunction that occurred while 

the PWD signal was inactive. One solution is to introduce a failure mode 

warning tone that will sound at specified time intervals while the primary 

warning system is operational. The problem with this solution is that to 
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ensure the safety of the crane, the time interval for the failure warning 

tone would have to be very small. A repetitive warning signal such as this, 

constantly presented into the cab of the crane would be an annoyance to the 

operator. In the worst case, the operator will not be annoyed by the 

continuous signal, but will habituate to the signal and will not be able to 

detect its absence. 

The recommended failure mode warning would utilize a signal 

which activates only when a system or component failure occurs. The 

PWD will have self-diagnostic abilities which will allow it to warn the 

operator when the system is not fully operational. It is recommended that 

the system failure warning be a significantly loud signal which ts unlike 

any other auditory warning in the cab of the crane. The system failure 

warning will continuously sound until the operator acknowledges the 

warning (a button near the volume control). The failure mode warning 

should be equipped with a small independent energy source in order to 

warn the operator of a system malfunction even in the event of a total 

power loss. For liability reasons, the system failure warning should also 

have a backup redundant warning system. The backup warning will warn 

the operator of a failure of the system failure warning system. The backup 

warning will allow the operator to self-test the failure mode warning 

system by simply pressing a test button (As per MIL-STD 1472C, 1981). 

The test button will sound a tone to indicate that the failure warning 

systems are operational. The absence of feedback from pressing the test 

button will indicate a malfunction in the failure warning systems. In the 

unlikely event that the primary PWD auditory warning is not operational, 
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the operator has the ability to assess system status through the backup 

warning systems. 

Damping system. A swing damping system is the final feature that 
  

could be added to the proximity warning system to increase its 

effectiveness. A damping system was recently developed at Sandia National 

Labs for applications to overhead cranes (Jones and Petterson, 1988). A 

crane was designed to avoid inadvertent contact with obstacles while 

carrying a load. Simple sensors gave the crane the ability to stop when an 

obstacle was encountered, but once the crane stopped, the load was free to 

swing. This swinging motion could potentially cause the load to 

inadvertently contact an obstacle within its swing arc. Prior to the 

development of the damping system, a human operator would have to 

manually dampen the load, or wait until the amplitude of the swing was 

small enough to continue transportation. 

Jones and Petterson (1988) reported that the damping system 

designed at Sandia National Labs controlled the load's excess swing by 

careful acceleration and deceleration calculations. Mathematical formulas 

calculated the required acceleration profiles necessary to accelerate and 

decelerate the load exactly 180 degrees out of phase of its oscillation 

pattern. The result of these calculations allowed for sudden starts and stops 

of the crane without unwanted oscillations. One weakness of the this 

damping system is the fact that it is only capable of damping the swing 

along one axis (Jones and Petterson 1988). For an overhead crane with a 

rectilinear path this is adequate, but a mobile crane would require damping 
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across the X and Y axes. Damping two axes would require a more 

complicated mathematical model, but should be possible with future 

research. Because of delays caused by computer processing time and 

mechanical interactions of the system, the real-world system often deviates 

from the optimal mathematical formulas used to dampen the load. Even 

with the most precise equations, the system retains some error which 

results in residual oscillations (Jones and Petterson, 1988). 

A recent study by Dixit, Dal, and Beliveau (1992) illustrates another 

type of load damping system. They propose a novel strategy for 

dampening payload motion. Instead of controlling the velocity and 

acceleration of the load, their system will utilize mechanical balancing 

forces and moments to dampen unwanted load oscillations. Through the 

use of a feedback control system connected to the crane hoist cable, a 

dampening device senses unwanted oscillations and introduces mechanical 

balancing forces to eliminate unwanted load movement. 

Whether or not either of the above damping systems could be 

adapted to a mobile crane is not clear. The capability to dampen a load 

would significantly reduce the potential of the load or hoist ropes 

inadvertently contacting an obstacle. More research needs to be done to 

test the abilities of these damping systems to reduce unwanted load 

oscillations. The introduction of a load dampening system in conjunction 

with the proposed PWD would further reduce the probability of contact 

with overhead power lines or other hazards. 
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Auditory Displays in Compensatory Tracking Tasks 

A compensatory tracking task requires the operator to control the 

system while only receiving information on control error. The operator is 

not concerned with the cause of the system deviation, but rather on 

corrective measures which will return the system to specified limits. On 

the other hand, a pursuit tracking task requires the operator to view the 

command input and the overall system output as two separate entities. 

Deviations to the system occur through purposeful control inputs or 

through disturbance inputs introduced by the environment (Wickens, 

1984). [For a complete review of pursuit and compensatory behavior, see 

Wickens, 1984] 

A crane operator's task of navigating a crane through a known 

environment can be classified as a compensatory tracking task. The 

operator manipulates control functions within the crane to control direction 

of travel and hoisting functions. The only information given back to the 

crane operator is the system error which takes the form of visual and seat- 

of-the-pants perceptions of relative distance, velocity, and direction. A 

majority of the error information the crane operator receives is from 

his/her visual system. Cues such as path deviation, boom height, and boom 

angle are all acquired from the operator's visual senses. 

Regulations dictate that while working near overhead power lines, 

crane operators must remain at least 10 ft away at all times (OSHA, 1974). 

Crane operators often operate under high levels of workload and do not 

correctly assess the error information their visual system provides. In this 

situation, the compensatory tracking task of navigating a crane near 
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overhead power lines becomes very difficult. Under high levels of 

workload, the primary source of error information (visual detection) is not 

functioning at its maximum capacity. 

An adequate simulation of the compensatory behavior previously 

described is essential for the study of the auditory design features of the 

new PWD. In the case of overhead power lines, the crane operator must 

avoid a fixed hazard area while simultaneously conducting other tasks . 

Previous use of auditory warnings. A review of past literature 

reveals that auditory displays have been examined and tested in 

compensatory tracking experiments with mixed results. Katz, Emery, 

Gabriel, and Burrows (1966) were among the early experimenters who 

unsuccessfully attempted to use an auditory display as a means of tracking 

specific flight parameters of an airplane. Other experiments assigned a 

specific control parameter to a single auditory display. These studies found 

inconclusive results since the auditory, visual, and combined 

auditory/visual displays had no significant performance differences across 

their primary tracking tasks (Vinge and Pitkin, 1971; Mirchandani, 1972). 

However, additional studies have revealed significant performance 

improvements when auditory displays are coupled with redundant visual 

displays (Wickens, 1984; Mane and Wickens, unpublished; Vinge and 

Pitkin, 1972). A study by Oshima and Wickens (1992) found that subjects’ 

performance on a compensatory tracking task decreased when an auditory 

display was used without a redundant visual display. In contrast, Isreal 

(1980) found that, with sufficient practice, subjects could perform a single 
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axis tracking task equally as well with an auditory display as with a visual 

display. 

It is clear that there is no consensus as to the proper application of 

auditory displays into compensatory tracking tasks. However, the current 

study utilizes an auditory display in a different manner. Previous research 

utilized auditory displays as a direct means of assessing tracking error. 

This study uses an auditory signal to augment the crane operator's tracking 

ability, but it is not intended to be used as a direct tracking tool. This 

research uses an auditory warning to indicate to crane operators that they 

are nearing a fixed hazard area. As described earlier, in compensatory 

tracking tasks, the source of system error is not displayed. The auditory 

warming gives crane operators information regarding proximity to hazards, 

not on the conditions that caused the crane to reach that position. The 

warning system affords crane operators early detection of nearby overhead 

power lines, and allows operators to initiate corrective control actions. As 

the crane approaches a power line hazard, the warning system's auditory 

characteristics indicate to the operator that a collision with a power line is 

imminent. Crane operators must then determine whether to initiate an 

evasive maneuver or a control reversal. 

When the warning system reaches its critical level (potential 

collision), the desired response to the auditory warning is a complete 

system stoppage. Because of the dangerous nature of hazards such as 

overhead power lines, the only operator response that always ensures safety 

is a complete stoppage of the crane. This removes the responsibility of 

interpreting the warning from the crane operators. If the operators react 
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to the warning with a system stoppage, they gain valuable time to assess the 

reason for the alarm and execute the proper response to find relief from 

the danger. This single operator response (system stoppage) required by 

the warning system, allows the PWD to warn against a variety of hazards 

in a variety of locations. 

The auditory warning is not a constant signal to which operators 

must attend to at all times. This system employs the auditory signal only 

when the crane is within a specified distance of a hazard area. This 

deviates greatly from the past research which attempted to use a constant 

auditory display as a direct means of tracking. The PWD utilizes an 

auditory display which augments the tracking error information that crane 

operators currently receive through their visual channels. 

Research Needs 

As the literature review and accident statistics reveal, there is a need 

for a properly designed auditory warning to assist the crane operator in 

detecting the presence of overhead power lines. Cranes and hoisting 

equipment are involved in hundreds of work-related electrocutions in the 

United States each year (Suruda, 1988; NIOSH Alert, 1985). 

Electrocutions represent the second leading cause of injuries involving 

crane accidents, but account for almost half of the accident costs (Jarasunas, 

1990). 

A review of literature concerning the design of auditory warnings 

indicates a lack of empirical data in which to guide new designs. 

Concerning basic features such as frequency range, pulse rate, and decibel 
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level, the major standards organizations and prominent researchers cannot 

agree on standard values (Patterson, 1982; MIL-STD 1472C, 1989). 

Auditory warning features such as pulse pattern (grouping of pulses) and 

onset distance were not addressed in previous studies of auditory warnings 

reviewed for this study. 

Previous research indicated that the perceived urgency of an 

auditory warning may be a function of its pulse rate (Patterson, 1982: 

Edworthy, 1991; Haas, 1992). Additional research supports the fact that 

manipulating the pulse rate of a warning can indicate different levels of 

urgency to the listener (Hellier and Edworthy, 1990; Patterson, 1982). 

However, previous research concentrated on the operator's perception of 

the warning. The intent of this study is to investigate the operator's ability 

to detect and interpret the auditory warning. 

The void that exists in previous research is the design of an auditory 

warning signal for a specific purpose in a known environment. The 

previous research concentrates on general guidelines, while at the same 

time indicating that specific auditory values have to be established for each 

individual system (Patterson, 1982). 

The present study attempts to identify the optimal levels of specific 

auditory characteristics which will be applied to a specific warning system 

in the mobile crane's environment. The warning system under 

investigation will be applied to mobile cranes for the specific purpose of 

alerting operators of their proximity to overhead power lines. This study 

concentrates on designing a practical warning system which can be applied 

directly to the working environment. In addition to providing information 
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on specific auditory parameters, this study provides important data relevant 

to the design of future auditory warning systems. Finally, this study 

demonstrates a methodology based on ergonomic design principals. This 

study also shows how a given auditory warning can be researched and 

developed in a short amount of time while minimizing necessary equipment 

costs. 

The specific goals of this study are to, 1) identify the optimal 

distance (COD) from the power line hazard that the auditory warning must 

activate in order to allow subjects sufficient time to initiate the correct 

control action; 2) determine if the range of pulses-rates in which a signal 

operates affects subjects' ability to accurately predict their distance from a 

power line hazard; 3) determine if the pattern of pulses has an effect on 

subjects' ability to predict their distance from the power line hazard; 4) 

determine if a particular combination of the variables mentioned above has 

an effect on subjective ratings of the warning signals; (5) identify auditory 

treatment combinations that support or inhibit the detection of non- 

collision situations; and 6) based on the information derived from the goals 

listed above, make recommendations for the design of a new PWD. 

Hypotheses 

The general hypothesis, was that subjects' braking responses while 

using the auditory collision warning would be influenced by the signal's 

pulse rate range, pulse pattern, and critical onset distance. 

It was hypothesized that an auditory warning with a low pulse rate 

would be subjectively preferred across subjects. Warnings with high pulse 
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rate ranges were expected to be annoying to listen to for long periods of 

time. In addition, the pulse rate range was not expected to effect the actual 

performance afforded by the warning signal. 

It was expected that an auditory warning that provided more 

information as a critical event approached would be superior to a signal 

with a constant information flow. In addition, the pulse pattern which 

updated its information content in regular intervals would not be rated as 

useful for a collision warning system. The pattern of pulses of an auditory 

signal were not expected to have an effect on the performance of the 

collision warning system. 

It was hypothesized that subjects' braking responses would be 

affected by the onset distance from which the warning signal originates. 

Shorter onset distances would not allow enough time to interpret the 

warning signal and initiate proper control responses. In addition, longer 

onset distances would not necessarily increase subjects' performance while 

using the auditory warning even though the user would be provided with 

more collision information prior to reaching a critical distance. In fact, 

longer onset distances were expected to increase the annoyance of the signal 

and reduce the user's willingness to use the signal for extended periods of 

time. 

Finally, it was anticipated that this study would demonstrate a 

complete methodology that develops a warning signal, from conception to 

final design incorporating engineering and ergonomic principles. It was 

hypothesized that the methods used in this study would assess the significant 

design questions associated with the warning signal. In addition, the 
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combination of auditory warning standards, previous research, and 

empirical analyses were expected to provide information from which an 

auditory collision warning could be developed. 

Experimental Phases 

The current study proceeded through two developmental phases. 

Phase one consisted of three sections; A) development and construction of 

the PWD's auditory warning signal, B) development of the experimental 

tasks and a pilot study, and C) an examination of the workload level of the 

secondary tracking task. Phase two consisted of a full factorial experiment 

which examined the performance effects caused by pulse rate range, pulse 

pattern, and onset distance manipulations. 
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Section A: Development and Construction of the Auditory Warning Signal 

Introduction and Background 

The purpose of this study was to investigate the acoustical features 

that were vital to the design of the PWD auditory warning system. The 

PWD utilize a novel design, deviating from PWD's used in the past. This 

system does not use electrostatic fields as the means to alert the operator of 

distance to nearby overhead power lines. The system utilizes a three 

dimensional laser positioning system that tracks the position of the crane in 

real time. The crane's relative proximity to the overhead power lines is 

presented to the operator in an auditory display. 

The system is comprised of a microprocessor which is located in the 

cab of the crane. In addition, three lasers are positioned around the crane's 

operating area so that at least two of the lasers can always detect reflectors 

which will be mounted on the crane (positioned at the tip of the boom and 

at load level). 

Through mathematical formulas, the microprocessor is able to 

calculate the exact location of the reflectors in real time. From a specific 

reference point, danger envelopes can be calculated around hazard areas 

and programmed into the microprocessor. When a reflector mounted on 

the crane approaches a danger envelope, the warning signal activates at a 

specified distance. The position information is gathered by the 
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microprocessor and the output provides the operator with a warning signal 

that activates when the crane is in close proximity to overhead power lines. 

The auditory warning for the PWD operates similar to a Geiger 

counter. The warning activates at a specified distance from overhead 

power lines and at a given initial pulse rate. The auditory warning 

increases its pulse rate following one of two pulse patterns across a 

specified pulse rate range (details later in the discussion). The auditory 

warning signal has a duty cycle of 50% on and 50% off. The auditory 

warning is comprised of a frequency modulated signal, with a constant 

amplitude, that increases across a tonal frequency range of 500-2000 Hz. 

The signal always originates at 500 Hz, and terminates at 2000 Hz. Once 

the crane reaches the edge of the power line hazard area (10 ft, for 50 kv), 

the warning signal shifts from a pulsing signal to a constant tone of 2000 

Hz. The constant tone indicates that the crane is inside the OSHA mandated 

minimum distance from an overhead power line. The signal remains a 

constant tone until the crane moves outside the hazard area or until a 

collision with power lines occurs. 

In the auditory warning's conceptual stage, it was envisioned that the 

signal would be comprised of a specific tonal frequency and would have an 

increasing pulse rate. The pulse rate was expected to increase to a 

particular level and eventually fuse into a constant tone. It was expected 

that a pulsing auditory stimuli would act similar to a pulsing visual stimuli. 

A pulsing visual stimuli reaches a point of fusion at approximately 30 

pulses/sec. This phenomenon is called visual flicker fusion (Sanders and 

McCormick, 1993). An analog for an auditory stimulus was expected (i.e. 
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"auditory pulse fusion "). 

The study of auditory pulse fusion was not prevalent in the literature 

reviewed for this study. A study by Miller and Taylor (1948) addressed 

the concept of how a pulsing auditory signal is perceived. This study 

indicated that the perception of "auditory flutter" (pulse) depended on the 

intensity of the signal, the pulse rate, and the sound-time fraction. The 

experiment required subjects to adjust a pulsing auditory signal until it 

matched a given constant tone. In separate conditions, subjects adjusted 

each of the three criterion stated above to match the pulsing signal to a 

constant tone. Miller and Taylor concluded that a pulsing auditory signal is 

indistinguishable from a constant tone at pulse rates above 2000 Hz (pulses 

per second). 

A study by Gebhard, Mowbray, and Byham (1955) compared the 

ability of the eyes and ears to perceive pulsing stimuli. The experiment 

compared the critical flicker frequency (visual) versus the critical flutter 

frequency (auditory). However. this study provided no further 

information, as Gebhard, Mowbray, and Byham compared their visual 

pulse data against the auditory "flutter" data collected in the study cited 

above (Miller and Taylor, 1948). 

Aside from the two studies mentioned above, there was no further 

mention of auditory pulse fusion in the literature reviewed for this study. 

It is rather surprising that this research area was not continued as auditory 

warnings and displays have been increasingly utilized in modern warning 

systems and machinery. 
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Method 

The auditory warning signal proceeded through a developmental 

evolution. The evolution involved a trial and error process which 

determined how to meet the a priori specifications of the warning system. 

The developmental process was conducted in this manner because of the 

lack of guidelines in the literature for construction of a pulsing warning 

signal. 

Apparatus. The auditory warning signal was designed and developed 

on a Macintosh Performa 400 personal computer. The auditory signals 

were created through Sound Edit, a sound construction and editing 

application for the Macintosh. 

Results 

Upon the initial construction of the auditory warning, it was 

discovered that as the pulse rate of the auditory signal was increased, 

auditory characteristics of the signal were altered. For example, a 

sinusoidal test signal was created at 500 Hz and was broken down into 

pulses. As the pulse rate was increased to about 50 Hz (50 pulses/sec), the 

signal no longer sounded like a pulsing stimulus. The stimulus became 

distorted with the pulses replaced with a low frequency auditory 

component. Above pulse rates of 75 Hz, the signal appeared to undergo a 

transformation which altered the fundamental frequency of the signal. A 

stimulus that originated at 500 Hz tonal frequency had an apparent shift in 

its fundamental frequency at pulse rates greater than 75 Hz. This 
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observation was made through the use of a spectrogram utility in the Sound 

Edit software used to create the signals. It appears that the apparent shift 

in fundamental frequency occurred in the signals in a random manner. An 

attempt was made to manually adjust the original tonal frequency of the 

signal before introducing the pulse rate. The attempt to manually 

compensate the original tonal frequency was aborted as it became evident 

that adjusting the original tone did not correct the signal transformation 

after pulses were introduced. It is conjectured that at pulse rates above 75 

Hz, pulses became too closely grouped and some sort of wave addition or 

cancellation occurred. Alternatively, the phenomenon described above 

may be attributed to unique computer/software characteristics used to 

create the signals, rather than a true perceivable change in the signal. 

Discussion 

As the above discussion revealed, the auditory warning signal could 

not be constructed as previously planned. Regardless of the causes, the 

problems encountered during signal construction were not addressed in any 

literature reviewed for this study. A problem existed in generalizing 

Miller and Taylor's (1948) earlier data to the present study's definition of 

auditory pulse fusion (APF). Miller and Taylor defined auditory fusion as 

the ability to detect a difference between a pulsing signal and a constant 

tone. The current study defined auditory pulse fusion (APF) as the point at 

which a subject perceived a single pulsing signal to fuse into a constant 

tone. The difference between the two studies is that Miller and Taylor 

gave their subjects a comparison signal to match by adjusting specific



auditory characteristics. The current study was interested in finding the 

APF under conditions where the subject was presented with a signal and 

had neither a comparison signal nor any manipulative control over the 

signal. 

In order to create a signal that conformed to the specifications set 

forth for this system, a new approach was utilized to construct the warning 

signal. The new approach was developed through careful consideration of 

available methods to achieve the desired warning signal. 

Final warning signal construction. The final design of the auditory 

warning utilizes an "artificial fusion" principal. As described above, the 

natural pulse fusion point could not be isolated. The auditory warning for 

the PWD consists of an increasing range of pulse rates which transforms 

into a constant tone at its most extreme level. This auditory signal was 

created by assembling bursts (groups of pulses) of a given pulse rate into a 

specific pattern. In the place of a smooth transition to a fusion point 

(constant tone), the auditory signal transforms from a pulsing signal to a 

constant tone in a single step at the critical distance from the power line 

hazard area. Utilizing this design retains the informational content of the 

signal that was originally desired. 

Justification of warning design. This study examines the 

performance effects of an auditory warning which utilizes two different 

acoustical warning features (frequency and pulse). It can be argued that a 

single auditory display should only use one acoustical characteristic. 

4)



However, in the mobile crane environment, certain conditions exist which 

require a multi-featured acoustical warning. Mobile cranes must work in a 

variety of locations and in cooperation with many different types of 

construction and transportation machinery. The versatility of mobile 

cranes necessitates an auditory warning signal resistant to masking from a 

variety of noise sources. Utilizing two different acoustical features for the 

proposed warning system indicates foresight into the actual work 

environment of the mobile crane. An auditory warning which varies both 

frequency and pulse characteristics is much more resistant to masking 

sources than a warning with only one auditory characteristic. 

The PWD signal utilizes a sequential multi-tone signal. The auditory 

warning has a tonal frequency range from 500-2000 Hz as per MIL-STD 

1472C,. 1989. Upon activation of the auditory warning system, the signal 

starts at 500 Hz and increases proportionally with the pulse rate (discussed 

next). When the warning reaches its critical level, the pulsing signal shifts 

to a constant tone at 2000 Hz. Utilizing a multi-tone auditory warning 

reduces the effect of ambient noise masking, and assists in warning signal 

recognition (Patterson, 1982; MIL-STD 1472C, 1981). 

A multi-toned signal across a frequency range of 500-2000 Hz is 

also very resistant to the effects of noise induced hearing loss which usually 

effects sounds centering around 4000 Hz (Suter. 1986). Crane operators 

tend to have had previous occupations which exposed them to high noise 

levels during a work-day. The effects of noise induced hearing loss 

(NIHL) provide a user population with significantly reduced hearing 

abilities. An auditory warning across the proposed frequency range 
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provided some accommodation for the potential hearing loss of the PWD's 

primary users. 

The PWD warning signal also takes advantage of the information 

expressed by a pulsing warning signal. As described earlier, the auditory 

warning operates similar to a Geiger counter. The auditory warning 

begins to pulse as the crane approaches a hazard area. The pulse rate 

increases in one of two specific patterns as the crane nears the power line 

hazard area. The warning transforms into a constant tone when the crane 

intersects the edge of the hazard area (10 ft). The increase in pulse rate is 

used to conform to MIL-STD 1472C (1981), which requires that an 

auditory warning have an alerting message and an instructional message. 

Once the crane passes within a specified distance of a hazard area, the 

auditory warning activates. The activation of the signal "alerts" crane 

operators that they are nearing a hazard area. As the pulse rate of the 

auditory warning increases and eventually turns into a constant tone, the 

warning provides crane operators with an "instructional" message to stop 

the crane immediately. 

From the evidence presented above, the use of the two separate 

acoustical characteristics for a single auditory warning is justified. It may 

be the case that a single acoustical characteristic in a different environment 

may be superior. However, it is concluded, from the above review, that 

the proposed design is appropriate for the mobile crane environment. 
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Conclusion 

Section A demonstrated the methodology and procedures required to 

construct the auditory warning signal. Based on the information provided 

by the warning standards organizations and the information concerning the 

primary user population (crane operators), the premise for an auditory 

warning was chosen. Section A was one of the most important parts of this 

study, as the remainder of this research concentrates on refining the basic 

warning signal specified in this section.



Phase | 

Section B: Development of Experimental Task and Pilot Study 

Introduction 

Research indicates that a single axis auditory display will never be 

better than a single-axis visual display, but an auditory display may prove 

to be superior in environments of heavy visual workload (Wickens, 1984). 

The visual workload of a crane operator represents a situation in which an 

auditory display may prove to be superior. However, very little is known 

regarding the proper acoustical characteristics for a specific auditory 

warning in a known environment. The lack of information regarding 

specific standards for auditory warnings is illustrated by many authors 

(Wilkins and Martin, 1984; Katz, Emery, Gabriel, and Burrows, 1966; 

Mowbray and Gebhard, 1961). 

This study required the design of a laboratory experiment which 

would simultaneously mimic the control environment of a mobile crane, 

and provide a platform from which to test several different auditory 

warning designs. This section of the study provided the context from 

which the remainder of this research will base its discussion. The 

following sections detail the design of the experimental task, the 

designation of the independent and dependent variables, and the results of a 

preliminary pilot study. 
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Experimental task. The goal of section B was to design a laboratory 

simulation which would best simulate the demands of a mobile crane 

operator and provide an experimental platform from which several 

different auditory warning configurations could be examined. To isolate 

the effects of the auditory warning system, no visual information or 

simulation concerning the mobile crane could be presented to the subjects. 

However, to accurately simulate the demands on a mobile crane operator, a 

visual task had to be included into the experimental paradigm. The 

solution to this problem was to require subjects to operate an independent 

visual tracking task while monitoring the auditory warning system. 

Subjects were required to initiate control responses based on the 

information provided by the auditory warning system. This created 

attentional demands analogous to operating a real mobile crane. 

Ultimately, subjects were required to constantly attend to a visual tracking 

task while monitoring the auditory warning signals to decide when control 

activations were necessary. 

The experiment was performed on two separate personal computers. 

Subjects were required to monitor the distance between their crane and a 

simulated power line hazard area through the use of the simulated auditory 

warning system. Subjects were required to base the initiation of a braking 

response on the information provided by the auditory collision warning 

system. The performance effects of the auditory warning were isolated by 

providing subjects with no visual information regarding the crane and its 

proximity to overhead power lines. 

Subjects were informed that the auditory warning would activate



when they were in close proximity to unseen overhead power lines. The 

crane started at a distance of 70 ft from the simulated power lines and 60 ft 

away from the edge of the power line hazard area. The power line hazard 

area was defined as a 10 foot envelope created around an overhead power 

line hazard. Subjects were instructed to keep the crane outside of the 

power line hazard area at all times. Once again it must be emphasized that 

subjects had no visual display representing the crane or their proximity to 

nearby overhead power lines. The subjects' crane was allowed to move 

near the hazard area but it was never supposed to come inside of the 

specified regulation distance (10 ft). The subjects’ crane had a constant 

rate of closure to the power line hazard area of six feet per second 

(approximately four mph), scaled to the simulation. The power line hazard 

area was located perpendicular to the path of the crane. Subjects were 

instructed to initiate a braking response when they believed their crane was 

going to enter the 10 foot hazard area surrounding the power lines. They 

were instructed several times that the goal of the experimental task was to 

stop the crane as close to the edge of the power line hazard area (10 ft) as 

possible without going inside. The optimal auditory warning for the 

experimental warning system was the design which allowed the crane to 

stop almost exactly 10 ft away from a hazard area without going inside. 

Subjects were instructed that the crane's approach would not 

intersect the 10 foot danger envelope on every trial. This factor was 

introduced to create variability in the subjects' expectancy estimations. In 

30% (45) of the trials , the crane did not reach the danger envelope (load 

randomly closed to within 22-34 ft). Under these conditions, subjects 
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were not supposed to initiate a braking action. This factor (non-collision 

trials) was introduced because research has shown that subjects’ expectancy 

for a warning signal had a significant effect on the time it takes to initiate 

control actions (Wilkins and Martin, 1984; Alexander and Lunenfeld, 

1986; Mowbray and Gebhard, 1961). Without uncertainty in the 

probability of collision, subjects may have based their responses on the 

anticipation of a collision and not on the auditory warning signal. The 

introduction of non-collision trials also revealed whether subjects were 

using the auditory warning or if they were just guessing about the 

probability of collisions. Performance on the non-collision trials was 

recorded to reveal whether a particular warning characteristic promoted or 

inhibited errant braking responses. 

In the remaining 70% (150) of the trials, the simulated auditory 

warning activated from its specified onset distance, and finished at its 

critical level at the edge of the power line hazard area (10 ft). Whena 

subject believed that the crane was going intersect the 10 foot criterion 

distance he/she stopped the crane by activating the brake control ("B" 

button on keyboard). The distance at which subjects initiated a braking 

action was recorded for each trial. The subjects' goal was to get as close to 

the 10 foot border without going inside. For the purposes of this 

experiment, a single control activation (pressing the "B" key) initiated a 

braking response. The simulated braking response caused the crane to 

instantaneously stop. After subjects initiated a braking response and the 

auditory signal was complete, the crane reset itself for another trial.



Load weight effect. If the PWD is to operate optimally, the crane 

and load must act in a similar fashion regardless of the load shape or 

weight. The foundation of the PWD requires the warning to alert the 

crane operator, at a proper distance, to initiate a control action that will 

prevent the crane from contacting overhead power lines. If the crane and 

load behave variably under different weight conditions, it would be very 

difficult to design a system which would be optimal for every load weight 

condition. This author proposes that the load weight will not cause a 

significant difference in system behavior. Assuming that the load is within 

the crane's weight specifications, the crane should be able to apply a 

proportionally equal braking force for any load weight. 

The most dangerous situation may exist when the crane transports a 

load well within the cranes weight capabilities. Crane operators typically 

move the crane at a slower speeds when traveling with heavy loads. With 

lighter loads the operators tend to travel at higher speeds which increases 

the residual swing arc upon the application of braking forces. This braking 

force creates a residual swing of the load directly opposite from the 

direction of the initial braking force. The maximum amplitude of this 

swing must eventually be calculated into the design of the proper onset 

distance of the warning device. 

Visual tracking task. As described above, subjects were required to 

perform an independent visual tracking task while monitoring the auditory 

warning system. The tracking task was utilized to introduce mental 

workload to the subjects while they monitored their crane. In a real-world 
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setting, the typical crane operator allocates his/her mental resources to 

many activities within the crane. Most operators do not have sufficient 

mental resources to direct full attention to a single display or warning. 

This study attempted to simulate the crane operator's environment by 

forcing subjects to allocate mental resources to maintain performance on a 

visual tracking task. This created an experimental environment analogous 

to a real crane, as subjects were required to perform a visual tracking task 

while simultaneously monitoring a specific warning system. 

The tracking task was presented on a separate personal computer and 

functioned independently of the auditory warning signal. Subjects were 

required to perform a single-axis compensatory tracking task on a PC 

driving simulator. The task required subjects to keep their vehicle within 

the confines of the roadway while maintaining a specified speed. Subjects 

were instructed to navigate through the road course with the goal of 

minimizing travel time and maximizing driving accuracy. Data were not 

recorded on this task as the task difficulty remained approximately constant 

across repeated trials (discussed later). However, subjects were unaware 

that their performance on the tracking task was not being recorded. Mock 

video equipment was used to give subjects the impression that their 

performance was being recorded on video tape. Subjects were instructed 

to maintain their performance on the visual tracking task while 

simultaneously monitoring the auditory warning. 

It was vital that the secondary workload task provided consistent 

workload levels throughout the experiment. A preliminary analysis was 

performed to determine if the secondary task afforded consistent workload 

50



levels. This analysis will be discussed in detail later in section C. 

Method 

Procedure. A preliminary pilot study was performed to verify the 

independent and dependent variable manipulations. Subjects were required 

to monitor the auditory warning system while simultaneously operating the 

visual tracking task. Based on the information provided by the auditory 

warning, subjects were required to initiate a braking response when they 

believed their crane would approach the 10 foot danger envelope 

surrounding the simulated overhead power lines. Subjects were instructed 

to initiate braking responses when their crane was as close as possible to the 

10 foot criterion distance without going inside of 10 ft. While subjects 

performed the auditory warning monitoring task, they were also required 

to operate the visual tracking task (driving simulation) described earlier. 

Subjects. Two subjects participated in the preliminary study. The 

subjects were both graduate students who volunteered to participate in the 

pilot study. 

Experimental design. Each subject performed a single block of 50 

auditory warning trials. For the purposes of the pilot study, the treatment 

combinations were put into a random generator. A set of 50 treatment 

combinations was constructed from the random generator for each subject. 

Based on the basic design of the auditory warning developed in 

section A, three independent variables were chosen. The independent 
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variables were chosen to reflect gaps in the reviewed literature and to 

reflect the importance of these features in the final design of the PWD 

auditory warning system. 

Pulse rate range. The pulse rate range is the range of pulse rates 

over which the auditory signal was constrained. The pulse rate range 

variable was manipulated across three treatment levels. For a given 

auditory warning trial, the pulse rates ranged from 1-5, 2-10, and 4-20 

pulses per second. The minimum pulse rate range value always occurred at 

the onset of the signal, and the maximum value always occurred when 

reaching the power line hazard area (10 ft). For example, under range 

(R= 1-5), the auditory warning started at | pulse/sec and proceeded to 5 

pulses/sec just prior to reaching the border of the power line hazard area 

(10 ft). 

Pulse pattern. The pulse pattern is the specific grouping of pulses 

(signal + silence) in the warning signal. Pulse pattern was manipulated 

across two treatment levels. The Equal step pattern (P1) increased the 

pulse rate and tonal frequency at equal intervals of two seconds across the 

auditory warning trial (See Figure 1). The Update step pattern increased 

the pulse rate and frequency at unequal intervals across a given pulse 

range. The update rate of the closure information was manipulated as 

shown in Figure 2. Upon warning signal activation, the Update step 

pattern first increased the pulse rate and tonal frequency in single steps of 

two seconds. Upon reaching the step just prior to the edge of the power 
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line hazard area (10 ft), the Update step pattern updates its pulse rate and 

frequency in steps of 0.5 seconds. 

Critical onset distance (COD). The COD is defined as the distance at 

which the auditory warning activates, measured by the distance between the 

crane and the simulated overhead power lines. Five levels of critical onset 

distances (COD) were used in this study. The COD conditions were COD 

1= 70, COD 2=58, COD 3= 46, COD 4=34, and COD 5= 22 ft, measured 

from the simulated power lines. This variable was manipulated in the 

experiment by changing the distance that existed between the subject's 

crane and the simulated power lines at the time of signal origination. 

In order to evaluate the auditory warning's performance across the 

independent variable manipulations, three dependent measures were 

selected; 1) distance from the simulated overhead power lines upon 

braking ("stop" distance), 2) frequency of braking responses during non- 

collision trials, and 3) subjective rating scores which examined subjects’ 

preferences of the various treatment combinations on a seven point Likert- 

type rating scale. For the pilot study, only the "stop" distance dependent 

measure was utilized. The other two dependent measures are discussed 

later in phase 2. 

Distance from the simulated overhead power lines upon braking 

("stop" distance). This dependent measure examined the distance subjects 

stopped the crane with respect to the OSHA-mandated danger envelope of 

10 ft (OSHA, 1974). This measure was chosen based on a predetermined 
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experimental criterion of the warning system. This criterion stated that the 

experimentally-defined optimal auditory warning would be the design 

which allowed subjects to stop their crane as close as possible to the 10 foot 

danger envelope. This dependent measure recorded the crane's position 

upon braking with respect to the overhead power lines. This measure was 

useful because it recorded braking errors based on the 10 foot criterion 

distance. In addition, this measure revealed the direction of braking errors 

by recording all braking distances, even once the crane was inside of the 10 

foot danger envelope. This dependent measure proved to be sensitive to 

the independent variable manipulation and revealed performance 

differences across the various treatment combinations. 

Apparatus and facilities. The experiment was performed in the 

Environmental and Safety laboratory located on the fifth floor of 

Whitemore Hall at Virginia Tech. 

The auditory signals used in the study were created by Sound Edit , a 

sound construction and editing application for the Macintosh. The auditory 

signals utilized in the experiment were played through a Macintosh 

Performa 400, and controlled through a HyperCard 2.1 script program. 

The auditory signal output was calibrated using a RION SA-77 FFT 

Analyzer. Subjects activated the braking mechanism of the crane by a 

keypress within the HyperCard 2.1 program. 

The secondary visual tracking task described earlier was presented 

on a Zenith 386 SX-20 personal computer. The tracking task operated 

independently of the auditory warning signals. The visual tracking task 
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was a single axis compensatory task which required subjects to drive a PC 

driving simulator, Test Drive III by Accolade Software. Subjects 

controlled the driving simulation task through a standard game joystick. 

The experimental room was configured with the Macintosh 

Performa 400 located to the left of the seated subject. The visual tracking 

task was located to the right of the seated subject. Each subject configured 

the controls for the experimental tasks (keyboard-auditory, joystick- 

visual). The joystick was always operated with the subject's dominant 

hand. An example of the experimental set-up for a right handed subject is 

depicted in Figure 3. 

Experimental procedure. Subjects were first given a complete set of 

instructions which described each experimental task. After reading the 

instructions, subjects were asked to verbally explain the experimental task. 

This provided an opportunity to remedy any misunderstandings obtained in 

the instructions. After subjects were given the opportunity to ask 

questions, the auditory warning signal was introduced. Subjects received a 

verbal explanation of the auditory warning and were instructed on how to 

activate the braking function of the crane. Following any questions 

concerning the experimental task, subjects obtained instruction and practice 

on the visual tracking task. Subjects received sufficient practice trials to 

familiarize themselves with the control characteristics of the driving 

simulation. Subjects next received practice simultaneously operating the 

visual tracking task (driving simulation) and the auditory warning system. 

Subjects then received a final opportunity to ask questions and then the 
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experiment began. 

Subjects began the experiment by initiating the visual tracking task 

(driving simulation). Following a 30 second delay, the auditory warning 

trials began. Following the completion of 50 trials, the pilot session was 

complete. 

Results and Discussion 

For the purposes of the pilot study only the "stop" distance dependent 

measure was utilized. For the pilot study, the results were collapsed into 

statistical means for general comparisons within each variable. The results 

are shown in Table 1. 

The pilot study was conducted to ensure the validity of the selected 

independent variables and to determine the sensitivity of the "stop" distance 

dependent measure. The results from the preliminary analysis indicated 

that the independent variable manipulations were robust enough to yield 

performance differences as measured by the "stop" distance dependent 

measure. 

Critical onset distance (COD). The results of the COD variable 

preliminary investigation revealed that subjects yielded better "stop" 

distances (closest to 10 ft without going inside) while under COD 3 (46 ft). 

The pilot study also revealed that subjects performed poorer at COD 

manipulations longer than COD 3 (i.e. COD 1 = 70 ft, COD 2 = 58 ft). As 

an example, subjects yielded mean "stop" distances of 31.2 ft while under 

COD 1 (70 ft). At onset distances shorter than COD 3, subjects "stop" 
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TABLE 1 

Pilot Study Results: "stop" distance measures (in ft) 

COD 1 (70 ft) COD2(58ft) COD3(46ft) COD4(34) COD 5 (22 ft) 

    

31.2 ft 15.25 ft 10.0 ft 12.4 ft 12.0 ft 

Range 1-5 Range 2-10 Range 4-20 

10.0 ft 17.2 ft 19.69 ft 

Pattern 1 (Equal Step) Pattern 2 (Update Step) 

17.86 ft 13.81 ft 
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distances were farther away from the 10 ft criterion distance. However, 

the differences at shorter onset distances could not be concluded based on 

the small sample size. Based on the pilot study, it was determined that the 

COD variable manipulations were acceptable for further investigation. 

Pulse rate range. The pilot study revealed that subjects provided 

"stop" distances closest to 10 ft while under range (R=1-5 pulses per second 

[pps]). The "stop" distance mean for range (R=1-5) was 10.00 ft. The 

"stop" distances became larger as the pulse rate range was increased. 

Ranges (R=2-10) yielded a mean "stop" distance of 17.20 ft, while range 

(R=4-20) yielded a "stop" distance mean of 19.69 ft. Based on the results, 

it could be seen that range (R=1-5) afforded better "stop" distances than 

ranges (R=2-10 and R=4-20). 

Pulse pattern. The Update step pattern yielded slightly better (closer 

to 10 ft) "stop" distances than the Equal step pattern throughout the pilot 

study. The Update step pattern yielded a "stop" distance mean of 13.81 ft, 

while the Equal step pattern yielded a "stop" distance mean of 17.86 ft. 

Based on the pilot study, it was unclear whether the pulse pattern had a true 

effect on the mean "stop" distances. 

Conclusion 

The pilot study revealed that the independent variable manipulations 

were robust enough to yield performance differences across treatment 

combinations. Across all three independent variables, noticeable mean 
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"stop" distance differences could be observed. On the basis of the 

preliminary study, it appeared that the independent variable manipulations 

were adequate for use in this research. 

62



Phase | 

Section C: Workload Uniformity of the Visual Tracking Task 

Introduction 

As described earlier, it was important that the visual tracking task 

provide consistent workload level across repeated trials. Subjects were 

required to simultaneously monitor the auditory warning system while 

operating a single-axis visual tracking task. The tracking task was 

presented on a separate personal computer and operated independently of 

the auditory warning signal presentations. The tracking task required 

subjects to operate a PC driving simulator through a variety of roads and 

landscapes. Subjects were required to maintain the vehicle on the road at 

all times and observe a 40 mile per hour speed limit at all times. 

This section of the study was performed to independently test the 

workload level afforded by the visual tracking task over repeated trials. 

The overall workload level of the driving simulation was not addressed 

because the overall workload of the driving task was dependent on subjects’ 

skill level in operating the simulation. The issue under consideration was 

whether the driving simulation provided approximately equal workload 

levels across repeated trials. . 

Method 

A second workload task was utilized to determine if the driving 

simulation provided consistent workload levels within a subject, across 
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repeated trials. A secondary task was created which displayed numbers 

(from 1-9) in one second intervals. Subjects were required to read aloud 

the numerals when they felt they had sufficient mental resources left over 

from the driving simulation task. This procedure was used to get a 

workload reference measure which could be used over repeated trials to 

determine if the workload remained constant. 

Apparatus. The driving simulation task was presented on a Zenith 

386 SX-20 personal computer. The driving simulation that subjects were 

required to operate was “Test Drive III" by Accolade Software. Subjects 

controlled the driving simulation task through a standard game joystick, 

operated with their dominant hand. 

The numeral read-out task was presented on a Macintosh Performa 

400, using Hyper Card 2.1 authoring software. The numbers were 

randomly selected from a range of one to nine, and were displayed once 

per second. The subjects' responses and the numeric display were recorded 

by two video cameras and an audio cassette recorder. 

Subjects. Four subjects were utilized. The subjects were graduate 

student volunteers from the Industrial Engineering Department at Virginia 

Tech. 

Experimental design. Subjects were required to operate the visual 

tracking task (driving simulation) for four, five minute blocks. Each block 

was separated by a two-minute break. For each subject, a percentage of



stimuli missed was calculated for the numeric read-out task across each 

experimental block. 

Procedure. During each of four experimental blocks, subjects were 

instructed to read aloud numbers generated on visual display while they 

operated the driving simulation. Subjects were instructed to maintain 

performance on the driving task at all times. They were required to 

maintain the simulated car within the constraints of the roadway at all times 

while complying with a 50 mile an hour speed limit. When subjects felt 

they had mental resources left over from the driving task, they were 

instructed to read aloud the numbers displayed on a separate computer. 

The numbers were displayed at a rate of one per second and were 

generated from a random number generator producing stimuli from one to 

nine. Subjects were instructed to only read the numbers aloud when they 

felt they were performing satisfactory on the driving simulator. This 

format allowed for an estimation of subjects' spare mental capacity as they 

operated the visual tracking task. 

The subjects' responses were recorded on video tape. The analysis 

involved identifying the number of stimuli missed by the subjects and 

dividing by the total number of stimuli presented. 

Results 

For each subject, the percentage of stimuli missed was calculated 

over the four experimental blocks. The percentage of misses for each 

subject is shown in Table 2. The largest difference in the percentage of 
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TABLE 2 

Workload Pilot Data: percentage of missed stimuli 

Subject | Subject 2 Subject 3 Subject 4 

Block 1] 2% 8% 1% 4% 

Block 2 3% 10% 3% 5% 

Block 3 4% 11% 0.5% 3% 

Block 4 4% 6% 2% 4% 
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misses across the four experimental blocks was five percent for subject two 

(block 3= 11%, block 4 = 6%) . The three other subjects yielded miss 

percentages over the four blocks that differed by no more than three 

percent. 

Discussion 

From the results of this analysis it appeared that the driving 

simulation task afforded approximately constant levels of workload over 

repeated trials. It may also have been the case that the workload provided 

by the visual tracking task was dependent on the individual skill of the 

subject. Subject two yielded miss percentages of approximately 9%, while 

subject three achieved miss percentages of approximately 1.5 %. Overall, 

it appears that the driving simulation provided approximately constant 

workload levels for a subject across repeated trials. Based on these results, 

the driving simulation was determined to be an acceptable secondary task 

for use in the full factorial experiment. 

Conclusion 

This section of the study was conducted to determine if the driving 

simulation could be used as a secondary workload task in the main 

experiment. This section confirmed that consistent workload levels were 

afforded by the tracking task. To determine more precise workload levels 

would have required slightly different procedures. Price (1975) utilized a 

number read-out task similar to the one used in this study, however, he 

utilized a stimulus presentation rate of three per second. Utilizing a faster 
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presentation rate may provide more sensitive estimates of workload, 

however, the measurements utilized were sufficient to allow confidence in 

the consistency of the workload level. 
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Phase 2: Full Factorial Experiment 

Introduction 

The second phase of this study incorporated the information gained 

from the previous phase. The auditory warning signals constructed in 

section A were coupled with the experimental tasks designed in sections B 

& C. The procedures followed in the full factorial experiment were almost 

identical to the procedures used for the pilot study. The experimental tasks 

and procedures for this phase are reviewed in the following discussion, 

making note of any procedural changes from phase one. In addition, the 

independent and dependent variables will be restated to note several 

procedural differences from phase one. 

Method 

Experimental task. Subjects were informed that the auditory 

warning would activate when they were in close proximity to unseen 

overhead power lines. The crane started at a distance of 70 ft from the 

simulated power lines and 60 ft away from the edge of the power line 

hazard area. The power line hazard area was defined as a 10 foot envelope 

created around an overhead power line hazard. Subjects were instructed 

to keep the crane outside of the power line hazard area at all times. Once 

again it must be emphasized that subjects had no visual display representing 

the crane or their proximity to nearby overhead power lines. The subjects’ 
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crane was allowed to move near the hazard area but it was never supposed 

to come inside of the OSHA (1974) regulation distance (10 ft). The 

subjects' crane had a constant rate of closure to the power line hazard area 

of six feet per second (approximately four mph), scaled to the simulation. 

The power line hazard area was located perpendicular to the path of the 

crane. Subjects were instructed to initiate a braking response when they 

believed their crane was going to enter the 10 ft hazard area surrounding 

the power lines. They were instructed several times that the goal of the 

experimental task was to stop the crane as close to the edge of the power 

line hazard area (10 ft) as possible without going inside. The optimal 

auditory warning for the experimental warning system was the design 

which allowed the crane to stop almost exactly 10 ft away from a hazard 

area without going inside. 

Subjects were instructed that the crane's approach would not 

intersect the 10 foot danger envelope on every trial. This represented a 

situation in which the subjects’ crane closed inside of the COD of the 

auditory warning system, but never approached the 10 foot criterion 

distance. In the above situation, the auditory warning is activated, but a 

braking response is not necessary because the crane is not in danger of 

approaching the 10 foot danger envelope. This factor was introduced to 

create variability in the subjects' expectancy estimations. In 30% (45) of 

the trials, the crane did not reach the danger envelope (load randomly 

closed to within 22-34 ft). Under these conditions (non-collision trials), 

subjects were not supposed to initiate a braking action. Non-collision trials 

were introduced because research has shown that subjects' expectancy for a 
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warning signal had a significant effect on the time it took to initiate control 

actions (Wilkins and Martin, 1984; Alexander and Lunenfeld, 1986; 

Mowbray and Gebhard, 1961). Without uncertainty in the probability of 

collision, subjects may have based their responses on the anticipation of a 

collision and not on the auditory warning signal. The introduction of non- 

collision trials also revealed whether subjects were using the auditory 

warning or if they were just guessing the probability of collisions. 

Performance on the non-collision trials was recorded to reveal if a 

particular warning characteristic promoted or inhibited errant braking 

responses. 

In the remaining 70% (150) of the trials, the simulated auditory 

warning activated from its specified onset distance and finished at its 

critical level at the edge of the power line hazard area (10 ft). When a 

subject believed the crane was going to intersect the 10 foot criterion 

distance, he/she stopped the crane by activating the brake control ("B" 

button on keyboard). The distance at which subjects initiated a braking 

action was recorded for each trial. The subjects’ goal was to get as close to 

the 10 foot border without going inside. For the purposes of this 

experiment, a single control activation (pressing the "B" key) initiated a 

braking response. The simulated braking response caused the crane to 

instantaneously stop. After subjects initiated a braking response and the 

auditory signal was complete, the crane reset itself for another trial. 

Visual tracking task. As described above, subjects were required to 

perform an independent visual tracking task while monitoring the auditory 
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warning system. The tracking task was utilized to introduce mental 

workload to the subjects while they monitored their crane. In a real-world 

setting, the typical crane operator allocates his/her mental resources to 

many activities within the crane. Most operators do not have sufficient 

mental resources to direct full attention to a single display or warning. 

This study attempted to simulate the crane operator's environment by 

forcing subjects to allocate mental resources to maintain performance on a 

visual tracking task. This created an experimental environment analogous 

to a real crane, as subjects were required to perform a visual tracking task 

while simultaneously monitoring a specific warning system. 

The tracking task was presented on a separate personal computer and 

functioned independently of the auditory warning signal. Subjects were 

required to perform a single-axis compensatory tracking task on a PC 

driving simulator. The task required subjects to keep their vehicle within 

the confines of the roadway while maintaining a specified speed. Subjects 

were instructed to navigate through the road course with the goal of 

minimizing travel time and maximizing driving accuracy. Data were not 

recorded on this task as the task difficulty remained approximately constant 

across all auditory warning treatment conditions. However, subjects were 

unaware that their performance on the tracking task was not being 

recorded. Mock video equipment was used to give subjects the impression 

that their performance was being recorded on video tape. Subjects were 

instructed to maintain their performance on the visual tracking task while 

simultaneously monitoring the auditory warning. 
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Subjects. This phase utilized 20 subjects (15 male, 5 female) drawn 

from sign-up sheets posted around Virginia Tech. Subjects ranged in ages 

from 18-27 years old. All subjects were given a pure-tone air conduction 

hearing test to verify their auditory abilities across the frequencies used in 

this study (500-2000 Hz). The experiment required subjects to monitor a 

signal presented at approximately 65 dB. Since the signal was sufficiently 

above threshold, only subjects yielding pure tone thresholds greater than 40 

dB HL across a single frequency in either ear, were not allowed to 

participate in the study. This hearing threshold criterion was chosen to 

allow for small errors in audiometric procedures, and to ensure subjects 

with significant hearing deficiencies were eliminated from the study. No 

subjects were disqualified based on the above hearing criterion. Subjects 

were paid five dollars an hour for their participation in the study. 

Apparatus and facilities. The experiment was performed in the 

Environmental and Safety laboratory located on the fifth floor of 

Whitemore Hall at Virginia Tech. 

Hearing tests were conducted using a manual pure tone audiometer, 

Beltone model 109. The test was conducted using the Modified Hughson- 

Westlake Procedure (Berger, Ward. Morrill, Royster, 1988). The hearing 

test examined subjects at 500, 1000, 2000, 3000, 4000, and 6000 Hz, as 

per 29 CFR 1910.95, Department of Labor Occupational Noise Exposure 

Standard (1983). 

The auditory signals used in the study were created by Sound Edit , a 

sound construction and editing application for the Macintosh. The auditory 

73



signals utilized in the experiment were played through a Macintosh 

Performa 400, and controlled through a HyperCard 2.1 script program. 

The auditory signal output was calibrated using a RION SA-77 FFT Signal 

Analyzer. Subjects activated the braking mechanism of the crane by a 

keypress within the HyperCard 2.1 program. 

The secondary visual tracking task described earlier was presented 

on a Zenith 386 SX-20 personal computer. The tracking task operated 

independent of the auditory warning signals. The visual tracking task was 

a single axis compensatory task which required subjects to drive a PC 

driving simulator, Test Drive II] by Accolade Software. Subjects 

controlled the driving simulation task through a standard game joystick. 

The experimental room was configured with the Macintosh 

Performa 400 located to the left of the seated subject. The visual tracking 

task was located to the nght of the seated subject. Each subject configured 

the controls for each task (keyboard-auditory. joystick-visual). The 

Joystick was always operated with the subject's dominant hand. 

Experimental design. The experimental design (see Figure 4) used 

for this study is a5 X 3 X 2, full factorial, within-subjects design. 

Treatment conditions were randomly ordered to control for first order 

carry-over effects. The three.independent variables were considered fixed- 

effect variables and subjects were treated as random-effects variables. 

The experiment consisted of 195 auditory warning trials. Thirty 

percent (45) of the trials were non-collision trials in which the crane 

approached to within 22-34 ft of the overhead power lines and then 
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reversed direction. The remaining 150 trials provided data which were 

used to compare subject performance across treatment manipulations. 

Each subject was exposed to the 30 treatment combinations five times. For 

each subject, a mean was calculated for each treatment combination which 

was collapsed across all subjects for statistical analysis. The experimental 

trials were presented in groups of 50 with a 3 minute inter-group interval 

(final group had 45 trials). Each individual trial was separated by a time 

delay of 5 to 15 seconds (randomly chosen). 

Independent Variables 

The independent and dependent variables are restated below. The 

information below was discussed in section B. The only notable difference 

in experimental procedure involves the utilization of the "non-collision" 

and "subjective rating" dependent measures. The remainder of the 

procedures and analyses are similar to those discussed in the pilot study in 

section B. 

Pulse rate range. As described earlier, the pulse rate was the 

number of signal pulses per second for a given auditory warning signal 

with a duty cycle of 50% on and 50% off. The pulse rate range is the 

range of pulse rates over which the auditory signal was constrained. The 

pulse rate range variable is manipulated across three treatment levels. For 

a given auditory warning trial, the pulse rates ranged from 1-5, 2-10, and 

4-20 pulses per second. The minimum pulse rate range value always 

occurs at the onset of the signal, and the maximum value always occurs just 
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before the crane reaches the edge of the power line hazard area (10 ft). For 

example, under range (R= 1-5), the auditory warning starts at 1 pulse/sec 

and proceeds to 5 pulses/sec just prior to reaching the border of the power 

line hazard area (10 ft). 

Pulse pattern. The pulse pattern is the specific grouping of pulses 

(signal + silence) within a warning signal. Pulse pattern was manipulated 

across two treatment levels. The Equal step pattern increased the pulse rate 

and tonal frequency at equal step intervals of two seconds across the 

auditory warning trial (see Figure | for a review). For example, at COD 1 

(70 ft) and Range (R=1-5), the signal originated at a 500 Hz tonal 

frequency with a pulse rate of | pps (pulses per second). The warning 

sustained these signal parameters for two seconds and then updated the 

warning to a 800 Hz tonal signal with a pulse rate of 2 pps. 

The Update step pattern increased the pulse rate and frequency at 

unequal intervals across a given pulse range. Upon warning signal 

activation, the Update step pattern first increased the pulse rate and tonal 

frequency in single steps of two seconds. Depending on the COD, the 

Update step pattern updated the warning in two seconds, one second, and 

one half second intervals. In all cases upon reaching the step just prior to 

the edge of the power line hazard area (10 ft), the Update step pattern 

updated its pulse rate and frequency in steps of 0.5 seconds (see Figure 2 

for a review). 

77



Critical onset distance (COD). The COD is defined as the distance at 

which the auditory warning activates, measured by the distance between the 

crane and the simulated overhead power lines. Five levels of critical onset 

distances (COD) were used in this study. The COD conditions were COD 

l= 70, COD 2=58, COD 3= 46, COD 4=34, and COD 5= 22 ft, measured 

from the simulated power lines. This variable was manipulated in the 

experiment by changing the start distance that existed between the subjects' 

crane and the simulated power lines at the time of signal origination. 

Dependent variables 

In order to evaluate subjects’ performance while using the auditory 

warning across all independent variable manipulations, three dependent 

measures were utilized; 1) distance from the simulated overhead power 

lines upon braking ("stop" distance), 2) non-collision trial braking 

responses, and 3) subjective rating scales which examined subjects' 

preferences of the various treatment combinations. 

Distance from the simulated overhead power lines upon braking 

("stop" distance). This dependent measure examined the distance subjects 

stopped the crane with respect to the OSHA mandated danger envelope of 

10 ft. This measure was chosen based on a predetermined experimental 

criterion of the warning system. This criterion stated that the 

experimentally-defined optimal auditory warning would be the design 

which allowed subjects to stop their crane as close as possible to the 10 foot 

danger envelope. This dependent measure recorded the crane's position 
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upon braking with respect to the overhead power lines. This measure was 

useful because it recorded braking errors based on the 10 foot criterion 

distance. In addition, this measure revealed the direction of braking errors 

as this measure recorded braking distances even once the crane was inside 

of the 10 foot danger envelope. This dependent measure proved to be 

sensitive to the independent variable manipulation and revealed 

performance differences across the various treatment combinations. 

In coordination with the above analysis, the statistical mode and 

frequency of intrusions into the 10-foot danger envelope were calculated 

for the five best treatment combinations (criterion discussed later). This 

measure was used to ensure that treatment combinations that provided near 

optimal "stop" distance performance did not contain "stop" distances much 

greater and/or much less than the criterion 10 foot distance. 

Non-collision trial braking responses. As mentioned earlier, non- 

collision trials were introduced to reduce subjects' tendency to anticipate 

when to brake based simply on overall signal duration. If a non-collision 

trial was detected, subjects were instructed to press a designated key. Any 

braking response during a non-collision trial was considered erroneous. 

This dependent measure recorded errant braking responses which were 

initiated during each non-collision trial. This measure also indicated 

whether subjects utilized the warning signal to determine their proximity to 

the simulated power lines, or if subjects simply guessed. There were nine 

different types of non-collision trials randomly selected from the possible 

18 treatment combinations (all treatment combinations within COD levels 
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1,2, and 3). Responses were recorded for each non-collision trial and 

collapsed across all 20 subjects to determine if a specific warning feature(s) 

promoted or inhibited the detection of non-collision trials. 

Subjective ratings. The third dependent measure was a set of four 

Likert-type 7-point subjective rating scales which were completed 

following the experiment. Subjects listened to six auditory warnings (all 

treatment combos of range x pattern at COD 3) and were asked to make 

subjective ratings pertaining to the signal's annoyance, usefulness, and 

willingness of subjects to use it for long period of time. A fourth rating 

obtained an overall rating of the warning signal. Each of the signals was 

ranked by performance following the study and compared across the four 

rating scales. The subjective ratings were used to determine if subjects’ 

performance had an effect on their subjective preferences. [See Appendix 

A for the subjective rating scales. ] 

Experimental procedure. Subjects began the study by reading a brief 

summary of the experiment and their rights as human subjects. After 

obtaining informed consent. subjects were given a pure tone audiometric 

hearing test to verify their hearing capabilities. Following the screening, 

subjects were given a complete set of instructions which described each 

experimental task. (See Appendix B for copy of the informed consent and 

instructions). After reading the instructions, subjects were asked to 

verbally explain the experimental task. This provided an opportunity to 

remedy any misunderstandings obtained in the instructions. Following any 
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questions concerning the experimental tasks, subjects obtained instruction 

and practice on the visual tracking task. Subjects received sufficient 

practice trials to familiarize themselves with the control characteristics of 

the driving simulation. Next, the auditory warning signal and its associated 

controls were introduced. Subjects received a verbal explanation of the 

auditory warning and were instructed on how to activate the braking 

function of the crane. Following a number of repeated exposures to the 

auditory warning signal, subjects received practice simultaneously 

operating the visual tracking task and the auditory warning system. 

Subjects received a final opportunity to ask questions and then the 

experiment began. As mentioned before, the experiment was divided into 

three blocks of 50 warning trial presentations and one block of 45 tnals. 

Subjects began the experiment by initiating control of the visual 

tracking task (driving simulation). Following a 30 second delay, the 

auditory warning trials began. Following each experimental block, 

subjects were alerted to stop the visual tracking task and take a three 

minute break. Following the completion of all 195 trials, subjects 

completed the subjective rating task. When the subjective rating was 

complete, subjects were debriefed and paid for their participation in the 

study. 

Results 

All analyses were conducted on a Macintosh Performa 400 computer 

using Super ANOVA v1.11 and Statview I] by Abacus Concepts software. 

The alpha level used for statistical tests was p< 0.05. 
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A data manipulation technique was used to control for extreme data 

points before data were analyzed. Predetermined criteria qualified any 

"stop" distances less than -140 ft or greater than 140 ft as an extreme data 

points. Overall, 67 trials out of 3900 (1.71%) provided extreme values. 

Extreme data points were replaced with the statistical mean of the 

given treatment combination. Replacing missing data with the statistical 

mean of the remaining values in the cell was the most conservative method 

which would allow calculating the ANOVA with equal sample sizes. 

Distance from power line hazard ("stop" distance) analysis. A 5 X 3 

X 2 within subjects, repeated measures ANOVA was conducted to 

determine the effect that COD, pulse rate range, and pattern manipulations 

had on the dependent "stop" distance measure across treatment 

combinations. The Greenhouse-Geisser correction was used prevent the 

violation of the homogeneity of co-variance assumption and the 

introduction of positive bias (Keppel, 1991). Table 3 contains the ANOVA 

summary table for all main effects and interactions. Two two-way 

interactions, COD x pattern (F(4,76) = 4.446; p < 0.0070) and COD x 

range (F(8. 152) = 17.509; p < 0.0001) were statistically significant. 

Significant main effects were found for COD (F(4,76) = 89.785; p < 

0.0001), pattern (F(1,19) = 6.807; p < 0.0172), and range (F(2,38) = 

78.763; p < 0.0001). It must be noted that, because the two-way 

interactions were significant, main effects cannot be examined without 

respect to the appropriate interaction. 
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TABLE 3 
"Stop" distance ANOVA Summary Table 

  

  

Source df Sum of Squares | Mean Square ___ F- Value P-Value G-G 

Subjects (S) 19 6357.234 334.591 

COD 4 12552.505 3138.126 89.785 0.0001 0.0001 

COD x § 76 2656.309 34.951 

Pattern (P) l 70.384 70.384 6.807 0.0172 0.0172 

Pattern x § 19 196.454 10.340 

Range (R) 2 7705.326 3852.663 78.763 0.0001 0.0001 

Range x S 38 1858.750 48.914 

COD x Pattern 4 174.440 43.610 4.446 0.0028 0.0070 
COD x Pattern x S 76 745.507 9.809 

COD x Range 8 1701.658 212.707 17.509 0.0001 0.0001 
COD x Range x S 152 1846.596 12.149 

Pattern x Range 2 31.938 15.969 2.326 0.1114 0.1115 
Pattern x RangexS 38 260.851 6.865 

CODxPxR 8 146.846 18.356 1.647 0.1160 0.1704 
CODxPxRxS 152 1694.335 11.147 
TOTALS 599 37999.1330 7820.58 1 

Note The G-G column represents the p-values after the Greenhous-Geisser correction was applied 

alpha < 0.05 
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Two-way interactions. A Newman-Keuls post-hoc test was used to 

isolate the effects in the two significant two-way interactions. The 

Newman-Keuls test was chosen because of its conservative nature and its 

control of the family wise error rate, which considers the probability of 

making one or more Type I error in the set of comparisons under 

examination (Keppel, 1991). 

As described earlier, the COD variable consisted of five different 

treatment levels. COD | (level 1) represented an onset distance of 70 ft 

from the simulated power lines. The COD onset distances were decreased 

as the COD variable went from level | to level 5 (COD 5 = 22 ft). For the 

purpose of the following analysis, the COD manipulation will be referred 

to as described above. 

The COD x pattern interaction was significant with p < 0.0070. A 

Newman-Keuls post-hoc test was performed on the COD x pattern 

interaction to evaluate the significant mean differences. The results of the 

Newman-Keuls test are shown in Table 4. A graphical representation of 

the interaction is displayed in Figure 5 which depicts "stop" distance means 

of both pattern manipulations across all five COD levels. It appears that 

within a given pattern, "stop" distances decrease as the COD variable is 

shortened. For example, within the Equal step pattern, statistical 

differences exist between COD levels 1 and 2, and COD levels 3 and 4. 

There were no significant effects found between the two pattern 

manipulations. 

In order to uncover the significant effects in the COD x pattern



TABLE 4 

Newman-Keuls Test: COD x Pattern 

  

COD PATTERN MEAN "STOP" S.D. SIGNIFICANCE 
DISTANCE 

Level 1 (70 ft) Equal 21.662 10.646 AB 

Level | Update 22.330 9.612 B 

Level 2 (58 ft) Equal 16.995 6.701 CD 

Level 2 Update 17.882 6.683 

Level 3 (46 ft) Equal 14.75 6.327 

Level 3 Update 14.120 5.911 

Level 4 (34 ft) Equal 11.060 4.129 E 

Level 4 Update 11.005 4.997 E 

Level 5 (22 ft) Equal 7.907 2.859 E 

Level 5 Update 10.462 2.587 E 

Note. Means with the same letter are not significantly different, p< 0.05. 
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interaction a simple effects F-test was performed examining the two pulse 

patterns within each COD level. At COD | (F(1,19) = 0.657; p<0.428), at 

COD 2 (F(1,19) =2.027; p<0.171), at COD 3(F(1,19) = 1.374; p<0.256, at 

COD 4 (F(1,19) = 0.015; p<.9049), and at COD 5(F(1,19) = 72.481; 

p<0.0001). As the results indicate the pattern variable was only significant 

at COD 5 (22 ft). 

The COD x range interaction was significant with a p< 0.0001. A 

Newman-Keuls test was performed on the COD x range interaction to 

characterize the interaction (See Table 5). 

Figure 6 depicts a more intuitive graphical representation of the 

COD x range interaction which shows the range variable manipulations 

within a single COD level. From the graph, it is evident that as the range 

variable increases, subjects’ "stop" distances increase accordingly. In most 

cases, the largest statistical difference occurred between the (R= 1-5, R= 2- 

10) and (R= 4-20) range manipulations. Statistical differences between 

pulse rate range means were found across each COD level. except across 

level 5 (22 ft). 

Across all three range manipulations, subjects' "stop" distances 

decrease as the COD is shortened. There is a statistically significant effect 

in each range level across the five COD manipulations. Within range (1- 

5), there is a statistical mean differences between COD 2 and 3. Within 

range (2-10), a statistical mean difference exists between COD levels | and 

2, and also between COD levels 3 and 4. Within range (R=4-20), there are 

statistically significant differences between COD | and COD 2, COD 2 and 
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TABLE 5 

Newman-Keuls Test: COD x Range interaction 

  

  
COD RANGE MEAN "STOP" S.D. (ft) SIGNIFICANCE 

(PPS) DISTANCE (ft) 

Level 1(70ft) 1-5 15.150 7.281 E 

Level 1 2-10 20.145 7.609 HI 

Level 1 4-20 30.693 8.457 J 

Level 2(58ft) 1-5 13.772 3.891 CDEF 

Level 2 2-10 15.995 6.072 FG 

Level 2 4-20 22.548 6.434 I 

Level 3(46 ft) 1-5 10.652 3.383 ABC 

Level 3 2-10 13.105 3.758 BCDEF 

Level 3 420 19.548 6.698 GH 

Level 4(34ft) 1-5 8.200 2.596 A 

Level 4 2-10 10.608 3.048 ABC 

Level 4 4-20 14.290 5.314 DEF 

Level 5(22ft) 1-5 7.555 2.167 A 

Level 5 2-10 8.855 2.679 A 

Level 5 4-20 11.142 2.979 ABCD 

Note. Means with the same letter are not significantly different, p< 0.05. 
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COD 3, and finally COD 3 and COD 4. 

The pattern x range interaction did not yield significant results (p < 

0.1115). 

The three-way interaction (COD x pattern x range) did not yield 

significant results (p < 0.1704). 

Non-collision trial analysis. The non-collision trials were analyzed 
  

to determine the percentage of times subjects incorrectly initiated braking 

responses during non-collision trials. The results were computed by 

counting the number of times subjects correctly responded ("correct 

rejection" (CR)) to the non-collision trials (no braking response) and 

dividing by the total number of non-collision trial presentations. Each 

subject was exposed to nine non-collision trials a total of five times each. 

The results were collapsed across all 20 subjects and are shown in Figure 7. 

It is evident that subjects correctly rejected NC 31 and 32 of the non- 

collision trials more often than the others. The other seven non-collision 

trials were only correctly rejected 10-30% of the time, while NC 31 and 

NC 32 were correctly rejected approximately 75% of the time. An 

explanation of why two of the NC conditions afforded higher CR rates than 

the rest will be addressed in the discussion section. 

Rating scale results. The rating scale analyses assessed subjects’ 

opinions of the auditory warning's degree of annoyance, usefulness, 
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willingness to use, and an overall rating of the auditory signal. Each 

subject was presented with six auditory signals in a random order. Subjects 

were allowed to listen to a given signal as many times as necessary to 

complete the four ratings. The results of the subjective ratings were 

collapsed across all 20 subjects. 

For the purpose of this analysis the six auditory signals used for the 

subjective ratings were ranked by their "stop" distance means following the 

experiment. The signals were comprised of all possible treatment 

combinations of the range and pattern variables (six combinations) at COD 

3. "Stop" distance means were collected from the range x pattern 

interaction calculated in the ANOVA mentioned above. Mean "stop" 

distances near 10 ft were ranked as optimal performance, while signals 

with mean "stop" distances larger than 10 ft were ranked lower. The 

rankings and means are shown in Table 6. 

A Friedman two-way (performance rank x subjects) analysis of 

variance by ranks was performed for each rating scale to determine 

significant mean rank differences across the six signals with respect to their 

actual performance during the experiment. Each calculation was corrected 

for ties as per the Friedman method. Under conditions of large sample 

sizes (n>10) and a large number of comparisons (k>5), the Friedman 

statistic (Fr) is distributed approximately the same as the chi-squared (X2) 

distribution. Therefore, the x2 distribution was used to determine 

significance (Siegel and Castellan, 1988) All four ratings scales yielded 

significant mean rating differences under the Friedman analysis. To 

identify specific differences between signals, the Friedman "multiple 
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Table 6 

Means Table : Performance Ranking of Pattern x Range treatment combinations 

  

  

  

RANK RANGE*  PATTERN#** MEAN (fty*** S.D. 

! 1-5 Equal 10.409 5.419 

2 2-10 Equal 11.723 4.868 

3 1-5 Update 13.481 6.348 

4 2-10 Update 14.002 6.394 

5 4-20 Equal 19.543 9.378 
6 4-20 Update 19.754 9.073 

* Range ts in units of clicks per second. 
** See method section for explanation of Pattern manipulations. 
*** Ten feet is the optimal mean performance level. 
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comparisons between conditions" technique was utilized. Ratings with 

significant mean differences will be mentioned as each rating scale is 

discussed. 

Annoyance. The annoyance level of the auditory warning signal was 

the first rating subjects completed. The results of the "annoyance" rating 

scale are shown in Figure 8. A rating of one represented an "annoying" 

signal, while a rating of seven indicated the signal was "not annoying." 

The "annoyance" rating showed significance under the Friedman analysis 

(X2 = 12.31: p < 0.0308). However, the post-hoc Friedman "multiple 

comparisons" test did not reveal any statistically significant mean rating 

differences (discussed later). An examination of the post-hoc analysis 

revealed that the signal two to signal six rank difference (> rank) was 

30.50, while the critical difference (CDY¥ rank) for significance was 34.72. 

Usefulness. The second rating scale measured subjects' opinion of 

the usefulness of the auditory signal. The results of the "usefulness" rating 

scale are shown in Figure 9. For this rating, a score of one represented a 

"very useful" warning, while a score of seven represented a signal that was 

"not useful". The Friedman two-way analysis revealed a significant effect 

across "usefulness" ratings, (X2 = 19.917: p < 0.0013). The post-hoc 

analysis revealed significant mean rating differences between signals one 

and six, and signals two and six (SI- S6 5 rank difference = 43, $2-S6 > 

rank difference= 37; CDY rank = 34.72). 
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Willingness to use the signal. The third rating required subjects to 

rate whether they would be willing to use the particular auditory warning 

for an extended period of time. The results of this rating scale are shown 

in Figure 10. A rating of one corresponded to "agreement" to willingness 

to use the warning for an extended period of time. A score of seven 

indicated a strong disagreement to the above statement. The Friedman 

analysis revealed a significant effect across the "willingness" ratings, (x2 = 

15.857; p < 0.0073). Post-hoc analysis revealed a significant rating 

difference between signals two and six (S2-S6 > rank difference = 40; 

CDy rank = 34.72). 

Overall rating. The fourth and final rating scale asked subjects to 

provide an overall rating of the auditory warning signal. For this rating, 

the only metric provided was "very good" and "very poor." This allowed 

subjects to integrate their own personal beliefs and ideas of what factors 

cause a signal to be very good or very poor. The results of this final rating 

are shown in Figure 11. The Friedman analysis revealed a significant 

effect across the "overall" rating means (X2 = 17.075; p < 0.0044). The 

post-hoc analysis revealed significant rating differences between signals one 

and six, and also between signals two and six (S1-S6 > rank difference= 

37, S2-S6 > rank difference= 37; CDY rank = 34.72). Once again, 

subjects rated all six signals near the center of the rating scale. However, 

across all signals, data were skewed to the "very good" end of the scale. 
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Top five auditory warning treatment combinations. One goal of this 

study was to find the combination of auditory parameters that afforded 

optimal performance based on experimental criterion. The performance 

criterion for this experiment was to initiate a braking response as close to a 

10 foot "stop" distance as possible without going inside of 10 ft. This 

analysis was conducted to identify the top five auditory warning signals that 

approached the optimal criterion performance level. Using "stop" distance 

means collapsed across all 20 subjects, the top five treatment combinations 

were selected. Table 7 shows the results of the top five rankings. 

The above mentioned five treatment combinations are experimentally 

defined as optimal based on "stop" distance performance during the 

experiment. The following analysis will examine the individual 

components of each of the five best signals. The implications of this 

analysis towards the final design of the PWD will be addressed in the 

discussion section. In addition, the implications of the human and statistical 

variance of these top five warning signals will be addressed later in the 

discussion section. 

From the analysis of the top five treatment combinations, two 

apparent trends can be identified. It appears that COD levels 4 and 5 

afford the best "stop" distance performance when at range level (R=2-10) 

and in the Update step pattern.. It also appears that ranges of (R=2-10) and 

(R=1-5) both yield near optimal "stop" distance performance (near 10 ft) 

when coupled with COD levels 3 ,4 ,and 5 in either pattern configuration. 

In addition, the Update step pattern appears to perform slightly better than 

the Equal step pattern at COD levels 3 and 4, and range (R=1-5) or (R=2- 
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TABLE 7 

Means Table: Rankings of top five treatment combinations (based on 10 foot 
criterion level) 

RANK COD 

] Level 4 (34 ft) 

2 Level 5 (22 ft) 

3 Level 3 (46 ft) 

4 Level 3 (46 ft) 

5 Level 4 (34 ft) 

** Level 5 (22) 

* Range 1s defined in clicks per second 

RANGE* 

2-10 

2-10 

1-5 

1-5 

2-10 

420 

PATTERN 

Update 

Update 

Equal 

Update 

Equal 

Equal 

2.715 

2.415 

3.194 

3.589 

3.316 

2.976 

MEAN (ft) 

10.030 

10.120 

10.210 

11.095 

11.185 

9.730 

** This treatment combo was fourth closest to 10.0, but it violated the 10 ft criterion. 
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10). The implications and rational explaining the appearance of COD 

level 5 in the top five rated signals will be examined in the discussion 

section. Overall, it appears that COD levels | and 2, and range (4-20) 

provide consistently poor results. The implications of these results will be 

reviewed later in the discussion section. 

Further analysis was performed on the top five treatment 

combinations in an attempt to isolate the components that allow the signals 

to provide near optimal performance. For each of the five signals, the 

statistical mode and frequency of intrusions inside of the 10 foot criterion 

were calculated. The mode was utilized to determine the "stop" distance 

that subjects yielded most often. This measure was useful to determine if 

the subjects' means were a good depiction of their ability to obtain "stop" 

distances of 10 ft. The frequency of intrusions measure was used to 

determine how often subjects violated the 10 ft criterion distance. Table 8 

depicts the results of this analysis. 

Across all five treatment combinations, the statistical mode was 10 ft. 

In an examination of the frequency of violations of the 10 foot criterion 

distance, the number of violations averaged 21% across the top five 

treatment combinations. In addition, there was a range of intrusions of 

only four percent across all five treatment combinations. It appears that 

the top five treatment combinations afford similar performance across 

statistical mode and 10 foot intrusion measures. 
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TABLE 8 

Mode and Frequency Analysis of 10 foot criterion violations: Top five treatment 

combinations 

  
  

TREATMENT COMBINATION* MODE (ft) 10 ft VIOLATIONS 

COD level 4, Range 2-10, Update pattern 10 20% (20 out of 100) 

COD level 5, Range 2-10, Update pattem 10 17% (17 out of 100) 

COD level 3, Range 1-5, Equal pattern 10 27% (27 out of 100) 

COD level 3, Range 1-5, Update pattern 10 20% (20 out of 100) 

COD level 4, Range 2-10, Equal pattern 10 21% (21 out of 100) 

* Treatment conditions are ranked by "stop" distance performance 

103



Discussion 

The goal of this study was to investigate three acoustical features 

which will be used to design the new proximity warning device (PWD) for 

mobile cranes. The three factors examined in this study were critical onset 

distance (COD), pulse rate range, and pulse pattern. The following 

discussion addresses the implications of the reported results which will be 

addressed with respect to the original hypotheses of the study. 

Critical onset distance. To the best of this author's knowledge, the 

effect of onset distance had not been examined with regard to warning 

signals prior to this study. Patterson (1982) suggested that warnings that 

activate too early may be annoying and often mentally tuned out by the 

operator. This assumption was not supported by any empirical data. In 

fact, no literature reviewed for this study indicated a concern for the 

designation of onset distances for auditory warning systems. The results of 

this study suggest that the critical onset distance (COD) has an effect on 

subjects' estimations of impending collisions when paired with certain pulse 

rate ranges and pulse patterns. 

It must be emphasized that conclusions based on COD manipulations 

are based on a situation consisting of a constant velocity (approximately 

four mph simulated), perpendicular collision approach, and no visual 

collision information. Conclusions should be considered with respect to 

this particular warning system, under these particular conditions. As 

Patterson (1982) emphasizes, exact acoustical parameters must be 

individually analyzed for each particular warning system. 
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The statistical analyses of the COD variable revealed significant COD 

interactions across both pulse rate range and pulse pattern. While two 

separate interactions exist, similar COD effects are present in each 

interaction. 

COD x range interaction. As mentioned earlier, the COD x range 

interaction showed statistical significance. "Stop" distances significantly 

decreased within a range level as the COD was shortened. Within a single 

range level, COD level 1 (70 ft) always yielded the longest "stop" distances, 

and COD 5 (22 ft) always yielded the shortest "stop" distances. Across 

different range manipulations, the "stop" distances increased within a COD 

level as the pulse range was increased across the range manipulations (R=1- 

5, R=2-10, R=4-20). In four out of the five of the COD levels, the range 

(R=4-20) provided significantly different mean "stop" distances in contrast 

to ranges (R=1-5 and R=2-10). This phenomenon will be discussed further 

when the range variable is addressed. 

COD x pattern interaction. The COD x pattern interaction also 

showed statistical significance. "Stop" distances within a pattern condition 

decreased significantly as the COD was shortened. A post-hoc test revealed 

that across both patterns, COD | (70 ft)- COD 2 (58 ft) and COD 3 (46 ft) 

- COD 4 (34 ft) had statistically different distance means. The "stop" 

distances decreased consistently across COD levels within a pattern type 

and were consistent across both experimental patterns. In both patterns, 

the "stop" distance always decreased as the COD was shortened. However, 
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when the data were collapsed within each COD level, significant 

differences were only found at COD 5. At COD 5 the Update pattern 

yielded mean "stop" distances of 10.462 ft, while the Equal pattern yielded 

7.907 ft. Across COD's 1-4 no significant "stop" distance mean differences 

were found across the Equal and Update patterns. 

It appears that the pattern variable only had an effect on the "stop" 

distance when there was only a short amount of time between warming 

signal activation and the approach of the 10 ft criterion distance. Assuming 

that the Update pattern sounded more urgent because it's pattern (increased 

update rate near the critical point), the Update pattern may have led to the 

near optimal "stop" distances based solely on its urgency and not on its 

informational content which was limited by the short onset distance. 

Overall, it appears that "stop" distances decreased as the COD was 

shortened within a given range and pattern level. However, across range 

levels, the "stop" distances were significantly larger for the range (R =4- 

20) within a COD level, and smaller for the ranges (R =1-5 and R=2-10. 

respectively). Finally, the two patterns only effected the "stop" distances at 

COD 5. For a short onset distance the Update pattern yielded "stop" 

distances near the 10 ft criterion, while the Equal pattern yielded "stop" 

distances well within the 10 ft criterion stop distance. 

Original hypothesis. It was expected that, as the COD became 

shorter, a "threshold" distance would appear from which subjects could no 

longer achieve "stop" distances greater than or equal to 10 ft. It was 

hypothesized that distances greater than the "threshold" distance would 
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afford equal "stop" distance performance. 

Actual results. As described above, the optimal critical onset 

distances (COD) were highly dependent on the pattern and the pulse range 

levels. The original hypothesis was partially confirmed and partially 

rejected. As expected, subjects' mean "stop" distances were less than 10 ft 

for four out of the six COD 5 (22 ft) conditions. At this short onset 

distance, subjects were not given enough time to interpret the warning and 

initiate a control action. Therefore, the mean "stop" distances for COD 5 

were generally less than 10 ft as expected. 

However, one COD level 5 (22 ft) treatment combination 

contradicted this trend. COD level 5, combined with range (R=2-10) and 

the Update step pattern, produced a "stop" distance mean of 10.12 ft. 

From the poor performance of the other five COD 5 manipulations, it 

appears that some features of the above mentioned treatment combination 

led to its superior performance. Research on perceived urgency of pulsing 

warning signals concludes that, as the time between signal pulses decreases 

the signal is perceived as more urgent (Edworthy, 1991: Haas, 1992). 

Based on the performance of the remaining COD 5 treatment 

combinations, it is conjectured that COD 5 (2 seconds from onset to the 10 

foot border) was too short ta actually be interpreted and understood. It 

may be the case that some feature of the signal (COD 5, range R=2-10, 

Update step pattern) made it more urgent than other treatment 

combinations within COD level 5. If the above assumptions were true, 

subjects may have initiated a braking response immediately after the onset 
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of the warning signal simply based on its perceived urgency. This 

explanation may account for the extraordinary performance of a warning 

signal hypothesized to be too short to be useful. 

Aside from the aforementioned exception, subjects appeared to yield 

optimal "stop" distances at COD 3 (46 ft) and 4 (34 ft) when also paired 

with certain range and pattern levels. At longer onset distances (COD | 

[70 ft], COD 2 [58 ft]), subjects' "stop" distances became unusually large. 

For example, at COD | and range (R=4-20) the mean "stop" distance was 

30.69 ft. Across all treatment combinations, COD | always yielded the 

largest "stop" distances of all COD manipulations. It appears that, as the 

COD was lengthened, subjects became too conservative in their braking 

responses. Across the longer onset distances (COD 1 and 2), subjects 

initiated braking responses significantly farther away from the 10 foot 

criterion than the other COD treatment levels. 

The original hypothesis assumed that "stop" distances would reach a 

baseline level after the "threshold" onset distance was achieved. The 

original hypothesis was only partially supported. In all cases but the 

aforementioned exception, subjects needed more time than COD 5 allowed 

to initiate a proper braking response. As the COD was increased to levels 

3 (46 ft) and 4 (34 ft), "stop" distances neared optimal performance (10 ft) 

when they were paired with certain pulse rate ranges and pulse patterns. 

However, as the COD was increased to levels 1 (70 ft) and 2 (58 ft) 

subjects "stop" distances became very large. At the longer COD's subjects 

were not able to optimally initiate braking responses based on the 

information in the auditory warning. These results deviate from the 
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original hypothesis, which did not anticipate a reduction in "stop" distances 

accuracy at longer onset distances. For a given warning signal, it appears 

that simply extending the onset distance did not support subjects’ ability to 

initiate braking responses near the 10 foot criterion distance. 

Pulse pattern. The effect of organizing a group of pulses into a 

particular pattern could not be found in the literature reviewed for this 

study. Previous research had focused on manipulating the pattern within 

an individual pulse. Patterson (1982) suggested the use of different 

temporal pulse patterns (groupings of pulses) to assist in the discrimination 

of several auditory warning signals. Patterson also recommended 

empirically establishing the optimal pulse pattern for each individual 

warning system. In addition, Chaillet (1965) suggested combining a 

constant pure tone carrier signal with another signal interrupted from one 

to 10 times a second. However, neither Patterson nor Chaillet supported 

these recommendations with empirical data. This study examined the effect 

of sequentially grouping pulses together in two different patterns. It was 

hypothesized that one of the two experimental patterns would augment 

subjects' ability to anticipate the correct moment for a braking response. 

As discussed earlier, the pattern variable was involved in a 

significant interaction effect with COD levels. The results indicated that 

within a given pattern, the "stop" distance decreased as the COD was 

shortened (from level 1 to 5). However, within an individual COD level, 

there was not a significant difference across "stop" distance means except at 

COD 5. These results indicate that the pattern of pulses in the auditory 
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warning became more important when the time to react to the signal was 

short. 

Original hypothesis. It was expected that manipulating the pattern 

(grouping) of pulses within a warning signal would have an effect on the 

information transfer of the warning signal and, thus, effect the mean "stop" 

distance across subjects. It was originally thought that the Update step 

pattern would yield more optimal "stop" distances over the Equal step 

pattern because of the increase of closure information as the warning 

approached the 10 foot criterion distance. 

Actual results. As mentioned above, mean "stop" distance 

differences between the two pattern manipulations were detected only 

within COD level 5. However, both patterns yielded different degrees of 

"stop" distance performance when coupled with different COD levels. 

Alone, the pattern manipulations did not yield the expected "stop" distance 

performance differences. However, the pattern variable was dependent on 

the onset distance (COD) of the signal. 

The Update step pattern yielded mean "stop" distances near 10 ft 

when coupled with COD 4 (34 ft) and 5 (22 ft). It appears that the increase 

of closure information yielded by the Update step pattern near the 10 foot 

distance was necessary for optimal performance ("stop" distance = 10 ft) 

when coupled with COD 4. At this shorter onset distance, the Update step 

pattern had sufficient closure cues to alert subjects of their proximity to the 

10 foot criterion distance. On the contrary, for onset distance (COD 3 = 

110



46 ft), the Equal step pattern afforded the best "stop" distances. It appears 

that as the onset distance (COD) was lengthened, the consistent update rate 

of the Equal step pattern allowed subjects to better predict when to activate 

the braking response. At COD 3, it appears the Update step pattern was 

not as useful in predicting proper braking response times. 

Pulse rate range. Pulse rate range was defined as the range of pulse 

rates that would occur for a given warning signal presentation. For 

example, a pulse rate of (R=1-5) would consist of a signal which originated 

at one pulse per second, and terminated with a signal consisting of five 

pulses per second. Patterson (1982) indicated that as pulse spacing 

decreased below 300 ms (3.3 pulses per second) the signal became more 

urgent. Patterson did not indicate how far it was optimal to decrease the 

pulse rate to achieve the desired urgency level. Additional research was 

conducted to determine the effect on perceived urgency of a warning signal 

as time between pulses was shortened (Edworthy, 1991; Hellier and 

Edworthy, 1989; Haas, 1992). The consensus of the research indicated 

that, as the time between pulses (pulse rate) was shortened, the signal was 

perceived as more urgent. However, these studies did not address how an 

increased perception of urgency affects control action decisions. This 

study examined the effect that increasing the pulse rate range of a warning 

had on subjects' ability to predict an impending collision and initiate a 

control response. No previous studies were found that examined the effect 

that pulse rate range had on a subject's ability to interpret and act on an 

auditory warning. 
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As discussed earlier, the pulse rate range variable was involved ina 

significant interaction with COD levels. Data indicated that, within a given 

range level, "stop" distances decreased as the COD was shortened (from 

level 1 to 5). In addition, within a given COD level, range (R= 4-20) 

yielded significantly larger "stop" distances than ranges (R=1-5 and R=2- 

10). 

It appears that, within a range level, as the COD was shortened the 

"stop" distances decreased accordingly. This effect, within a range level, 

was apparently due to manipulating the COD level. On the contrary, the 

effect that occurred within a COD level indicated that subjects could not 

perform as well with range (R=4-20). Across all five COD levels, range 

(R=4-20) was significantly different than ranges (R= 1-5 and R=2-10). 

Original hypothesis. It was expected that the pulse rate range would 

not have a significant effect on mean "stop" distances. It was hypothesized 

that manipulating the pulse rate range would affect only subjects’ subjective 

preferences of the warning signal. 

Actual results. As expected, the pulse rate range did have an effect 

on subjects' subjective ratings of the warning signal (discussed later). 

However, contrary to the original hypothesis, manipulating the pulse rate 

range did have an effect on "stop" distances means when paired with 

different COD levels. 

As stated earlier, past research has indicated that faster pulse rates 

are perceived as more urgent (Patterson, 1982; Edworthy 1991; Haas, 
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1992). However, no information was given concerning how fast the pulse 

rate could become before the perceived urgency effects were negated. 

From data collected in this study, it appears that auditory signals comprised 

of ranges (R=1-5 and R=2-10) are more useful as collision warnings. 

Depending on COD level, it appears that the warning signal was able to 

properly convey a collision warning across the first two range levels. 

However, when the range was increased to (R=4-20), subjects’ "stop" 

distances became significantly larger. Across four of the five COD levels, 

subjects' "stop" distances were significantly greater for range (R=4-20) 

than ranges (R=1-5 and R=2-10). This effect may be due to the high pulse 

rates that occurred as the warning closed to within 10 ft of the simulated 

power lines. It is believed that the perceived urgency of the warning is 

clouded at pulse rates between 10 and 20 pulses per second. The basis for 

this belief is the fact that across all five COD levels, subjects' "stop" 

distances were closer to optimal across ranges (R=1-5 and R=2-10). If it 

was simply the case that increased pulse rates caused longer "stop" 

distances, a significant effect would also have appeared between ranges 

(R=1-5 and R=2-10). It is conjectured that above 10-20 pulses per second, 

a warning signal loses its pulsing characteristics and the perceived urgency 

across the signal becomes approximately constant. This is based on the 

results of this study which indicated that subjects performed significantly 

worse using warnings with range (R=4-20). It is difficult to speculate on 

the effect that higher pulse rates would have on the performance of a 

collision warning system. Prior research has focused on the perception of 

pulse rates not on the performance effects higher urgency signals may have 
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on control decisions. 

Non-collision trials. The non-collision trials were introduced 
  

primarily to create uncertainty in subjects’ collision probability estimates. 

However, it was hoped that the non-collision trial data would reveal 

particular warning characteristics that encouraged unnecessary braking 

responses. As mentioned earlier, subjects were instructed to press a 

specific key if they correctly identified the trial as a non-collision trial. If 

subjects initiated a braking response, they did not correctly reject the trial 

as a non-collision trial. A brief examination of the non-collision (NC) 

results revealed that NC 31 and NC 32, were correctly rejected more often 

than the other NC conditions. NC 31 and NC 32 were both comprised of 

the Equal step pattern and a range of (R= 1-5). However, other NC 

conditions were comprised of similar variable levels, but yielded higher 

incidences of false alarms. The NC 36 (R=1-5) and NC 37 (Equal step 

pattern) signals contained similar variable levels but yielded "hit" rates less 

than 20% (See Figure 7 for review of NC data). It appears that 

combinations of slow pulse rates and a consistent pulse patterns (Equal) 

allowed for better detection of NC trials. The small NC sample size 

precludes broad conclusions, but it may be the case that as the pulse rates 

were increased and the pulse patterns were varied, the complexity of the 

warning signal increased subjects' perceived urgency of the warning. An 

increased sense of urgency may have caused subjects to initiate braking 

responses too early to detect non-collision trials. Assuming the above 

assumptions are correct, subjects may have perceived less urgency for NC 
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31 and NC 32 which were comprised of range level (R=1-5) and the Equal 

step pattern. The lowered perception of urgency may have caused subjects 

to delay initiation of braking responses. Consequently, subjects were able 

to identify the trial as "no collision" once it was apparent that no collision 

was probable. 

Overall, the results of the non-collision trial analysis revealed that 

subjects may be more likely to identify a non-collision situation when the 

warning consisted of range (R=1-5) and the Equal step pattern. To make 

any further conclusions regarding advantages or disadvantages of specific 

non-collision variable levels would require a larger sample size. 

Subjective rating scales. The subjective rating task was performed to 
  

analyze what signal features affected subjects’ subjective preferences of the 

six waming signals. As mentioned earlier, of the six auditory signals to be 

rate, the two best signals were comprised of the Equal step pattern and 

ranges (R=1-5 and R=2-10), respectively. The two signals ranked last 

were both constructed from range level (R=4-20) and represented both 

Equal and Update step patterns, respectively. 

The "annoyance" rating scale yielded significance under the 

Friedman two-way analysis. However, the Friedman post-hoc comparisons 

test did not find any significant mean differences. As noted in the results 

section, signals two and six had rank differences which were 4.22 less than 

needed for significance at p < 0.05 significance level. It appears that the 

Friedman analysis lost statistical power when the specified multiple 

comparisons analysis was performed. It appears that the significance found 
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in the primary Friedman analysis was due to the rank differences between 

signals two and six. However, any conclusions should be made with 

caution as the danger of a Type I error is possible. 

Based on the above assumptions, the "annoyance" rating revealed that 

signals two and six were rated differently. It appears that subjects may 

have felt that signal two, which consisted of range (R=1-5) and Equal step 

pattern, was significantly less annoying than signal six which was 

comprised of range (R=4-20) and the Update step pattern. It is conjectured 

that the higher pulse rate and more complex pattern of signal six were the 

cause of the difference in the ratings. This assumption is based on the fact 

that, as pulse rates were increased near 20 pps (pulses per second), the 

signal began to loose the pulsing nature that subjects are used to hearing in 

current warning systems. 

The "usefulness" rating revealed that significant differences were 

found in the ratings between signals one and six, and signals two and six. 

These results indicate that subjects felt that signal six (range 4-20, Update 

step pattern) was significantly less useful than signals one and two (ranges 

1-5, 2-10; Equal step pattern). This relationship follows the previous 

rating scale which found signal six to be rated significantly higher on the 

"annoyance" rating. Once again, it appears that some auditory 

characteristic of signal six aversively affected subjects’ subjective ratings. 

Negligible effects in the ratings were observed across the performance 

rankings of the six signals for this scale. 

Subjects were undecided concerning their willingness to use the 

given warning signals for an extended period of time. The results from 
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this rating were concentrated around the center of the rating scale. 

However, significant rating differences were noted between signals two and 

six. Once again, signal six, with its range (R=4-20) and Update step 

pattern combination, was rated significantly different from signal two 

(R=2-10, Equal step pattern). Subjects were significantly less willing to 

listen to signal six for long periods of time. As previous ratings indicated, 

subjects found signal six to be significantly "less useful" and significantly 

"more annoying" than signal two. These previous ratings add insight into 

why subjects may have been less willing to listen to signal six than signal 

two. Overall, it appears that subjects were unsure whether they would be 

comfortable listening to all of the signals throughout a workday. Evidence 

of this is the fact that subjects' ratings were concentrated in the center of 

the rating scale which indicated uncertainty. The fact that subjects were 

required to listen to one and a half hours of warning signal presentations 

(195 trials) may have contributed to their indecisiveness on this rating. In 

a real-world setting, the auditory warning would only be on for short 

durations when the crane was in danger of a collision with an overhead 

power line. In addition, this rating showed negligible effects when 

compared across the performance rankings. 

nw Subjects' "overall" rating of the warning signals were skewed 

towards the "very good" end of the rating scale. A significant rating 

difference was found between signals one and six, and signals two and six. 

Once again the features of signal six (R=4-20, Update step pattern) 

prompted subjects to give this signal a significantly different rating than 

signals one and two. Subjective ratings in the previous scales seemed to 
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manifest themselves in the "overall" rating, as signal six was rated as 

significantly less "good." However, it appears that subjects felt the overall 

premise of the warning was fairly good, as all signals aside from signal six 

received mean ratings of 1 to 3.6 (one = very good, seven = very poor). 

This rating scale also showed no significant effect in the ratings when 

compared across the performance rankings. 

All four rating scales indicated that subjects felt the composition of 

the warning signal was relatively good when it utilized ranges (R=1-5 

and/or R=2-10) and the Equal step pattern compared to signals which 

utilized range (R=4-20) and the Update step pattern. In general, subjects 

found these warnings not to be annoying, and found the warnings to be 

useful in detecting proximity to overhead power lines. However, it 

appeared that subjects were unsure whether they were willing to listen to 

the warning signals for long periods of time. In addition, across all four 

ratings, it appeared that the actual performance differences between 

warning signals had little effect on how subjects rated the particular signal. 

In addition, it is clear that subjects did not care for signal six (R=4-20, 

Update step pattern) since the ratings were significantly lower on the 

"usefulness", "willingness to listen", and "overall" rating scales, and 

significantly higher on the "annoyance" rating. 

Top five warning signal treatment combinations. As discussed 

earlier, the top five warning signal combinations were selected based only 

on mean "stop" distances. It was also mentioned earlier that while the 

statistical means were useful in ranking the signals, the statistical variance 
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of each signal must be considered. Since the warning system under design 

will be used to safeguard mobile crane operators, error tolerances must be 

very small. A system which is 95% reliable would be exceptional for a 

manufacturing system, but a safety warning with the same performance 

level would not be acceptable. A safety system that failed 5% of the time 

would not be utilized because of the fear of fatalities and litigation. 

In the context of this study, five warning signals were ranked based 

on their "stop" distance means. It was important to consider the design 

implications of the statistical variance for each of these means. If the 

variance was large enough, a signal with a "stop" distance mean near 10 ft 

may have "stop" distances which would put the crane in danger of a direct 

collision with an overhead power line. A decision rule was needed to 

bridge the gap between the experimental results and the allowable 

tolerances and variance in the real-world crane environment. 

The standard deviations of the top five warning signal combinations 

were used to determine the extreme "stop" distance values associated with 

the "stop" distance means. One standard deviation from a statistical mean 

encompasses 95% of the area under the curve in the normal distribution. 

Two standard deviations away from the mean encompasses 99% of the 

normal distribution, while three standard deviations covers 99.99 % of the 

distribution. In other words,.three standard deviations from a statistical 

mean contains only 0.01% of the possible distribution. For a safety 

warning system such as the PWD auditory warning in this study, an 

acceptable variance tolerance is three standard deviations. This creates a 

system that allows stringent safety tolerances, but also avoids a warning 
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system that is constantly activated when there is really no danger. 

To meet the strict safety standards detailed above, the top five 

warning signals were examined to determine if their variances (standard 

deviations) were too large to be acceptable. Each warning signals' "stop" 

distance mean was expanded out to three standard deviations to determine 

the extreme "stop" distances that would be valid 99.99% of the time. For a 

given warning, if the tripled standard deviation yielded a negative number, 

it indicated that at the statistical extremes, that warning may allow the 

crane to go beyond distance zero (collision with a power line). Table 9 

depicts the results of the variance analysis. It appears that the design of this 

warning system affords small enough variances to meets the stated safety 

criterion. All of the top five warning signal combinations passed the 

variance analysis. In other words, when the "stop" distance means were 

taken out to three standard deviations, all five signals yielded "stop" 

distances that would not result in a collision with the overhead power lines 

(distance > 0). The top two ranked warning signals provide at least one 

and half ft clearance even at three standard deviations from the mean. 

Based on the above safety criterion, it appears that 99.99% of the time, the 

top five warning signal combinations would afford clearance from a 

collision under the most extreme conditions. 

Frequency of intrusions of the 10 foot criterion distance. As 

mentioned above, an analysis was conducted on the top five treatment 

combinations to examine how often the 10 foot criterion distance was 

violated. This analysis was conducted to determine if the "stop" distance 
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TABLE 9 

Variance Analysis: Top Five Treatment Combinations (SD's x three) 

Signal Combination* Dist. Mean SD  (X3) Resultant Distance (feet) 

1. COD4, R2-10, P-Update 10.030 2.715 (8.145) +1.885 

2. CODS, R2-10, P-Update 10.120 2.415 (7.425) +2.875 

3. COD3, R1-5, P-Equal 10.210 3.194 (9.582) +0.628 

4. COD3, R1-5, P-Update 11.095 3.589 (10.767) +0.328 

5. COD4, R2-10, P-Equal 11.185 3.316 (9.948) +1.237 

* Signal ranked by "stop" distance performance 
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means were an accurate estimate of the performance of the various 

warning signals. As discussed before, the top five treatment combinations 

on average, yielded intrusions into the 10 foot criterion distance of 21%. 

It remained unclear whether the top five signals allowed too high of 

an intrusion frequency beyond the 10 foot regulation distance. Two issues 

must be considered concerning the number of intrusions into the 10 foot 

criterion distance. First, is this metric a reliable estimate of what would 

occur in the real-world? Second, if 21% is too high of a number of 

intrusions, what percentage of intrusions would be acceptable? 

An argument can be made that subjects reacted differently in this 

laboratory study than a crane operator would act in the field. The premise 

of this experiment required subjects to initiate braking responses as close as 

possible to 10 ft without going inside of this distance. It is hypothesized 

that a majority of subjects adopted more risky control decisions because of 

the nature of the task. In order to achieve "stop" distances near the 10 foot 

regulation distance, subjects often would have to gamble and delay their 

braking responses. In a real-world setting, most crane operators would 

probably assume a more conservative braking decision rule which would 

ensure they never closed to within 10 ft of any overhead power lines. 

The second question concerning the usefulness of the intrusion data is 

a question of ethics. As mentioned in the literature review, OSHA sets the 

approach limit to overhead power lines at 10 ft. When designing a 

collision warning such as this, should the designers allow violations of 

known regulations? If the answer is no, then a PWD warning system that 

allowed even one intrusion beyond the 10 foot distance would be 
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unacceptable. 

Overall, it is clear that the design of the PWD auditory warning 

system should consider the ramifications for violating the 10 foot 

regulation distance. Care should be exercised when designing a real-world 

warning system, as real hazards and their associated stressors cannot be 

replicated in the laboratory. It is also the belief of this author that all 

published regulations should be followed, however, it is up to each safety 

professional to dictate what compliance level would be appropriate for a 

collision warning such as the one discussed in this study. 

Conclusion 

Phase two of this study showed that the acoustical variables examined 

in this study had an impact on the performance of the auditory warning 

signal. The results of this study indicate that arbitrarily assigning values 

for the acoustical variables discussed herein could produce a warning signal 

that does not work effectively. In the design of a safety warning, it is 

dangerous and unethical to introduce a warning signal without an 

examination of its effectiveness. This phase of the study illustrated a 

method for which an auditory warning could be effectively designed and 

tested. 

The subjective ratings collected in this phase revealed that subjects 

favored signals with lower pulse rates (R=1-5, R=2-10) and simpler 

patterns (Equal step). As pulse rates were increased to (R=4-20) and the 

pulse pattern was made more complex (Update step), subjects rated the 

signal as more annoying and less useful. Even though signals with the 
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Update step pattern and pulse rates as high as 20 pps afforded subjects 

more closure information, the subjective ratings indicated that subjects 

favored the simpler warning signals. In addition, it appeared that subjects' 

actual performance while using a warning signal had little impact on their 

subjective ratings of the signal. 
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OVERALL CONCLUSIONS 

The two phases of this research have provided valuable information 

from which the new PWD auditory warning system may be designed. In 

addition, new information has been gained which could potentially be 

generalized to future auditory warning systems. 

The following discussion will incorporate the results of this study 

into two auditory warning design recommendations and review the design 

implications of the non-collision trials, the subjective ratings, the top-five 

standard deviation analysis, and the intrusion frequency data. 

Auditory Signal Design Recommendations 

COD level. One of the goals of this study was to provide 

experimentally derived design recommendations which could be used as 

minimum or maximum values for future designs. The results of this study 

indicate that the COD level cannot be described in terms of a maximum or 

minimum values. This research indicates that critical onset distances 

(COD) too large or too small yield poor performance with the proposed 

warning system. In fact, COD must also be considered with regard to 

pulse rate range and pattern since they are significantly related. Based on 

this study, it appears that COD 3 (46 ft) would be optimal when coupled 

with range (R=1-5) and the Equal step pattern. A signal comprised of 

range (R= 2-10), the Update step pattern, and COD level 4 (34 ft) provided 

slightly better "stop" distance performance, but afforded a shorter onset 

distance before an impending collision. The range and pattern 
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recommendations will be discussed later. The choice between COD 3 (46 

ft) and COD 4 (34 ft) depends on the distance tolerances deemed safe for 

each individual situation. However, it is recommended that the safest onset 

distance for the warning to activate is 46 ft (COD 3), when coupled with 

range (R=1-5), and the Equal step pattern. If more conservative or risky 

onset distance tolerances are required, it is vital to consider both the range 

and pulse pattern when choosing an onset distance (COD). 

Pulse rate range. Recommendation of an optimal pulse rate range 

requires the consideration of the "stop" distance means, the non-collision 

trial data, and the subjective ratings of the warning signals. As mentioned 

above, pulse rate range and COD level are highly interrelated and must be 

simultaneously considered. Earlier, it was recommended that COD level 3 

(46 ft) or 4 (34 ft) be utilized. It was also recommended that these COD 

levels utilize ranges (R=1-5 and R= 2-10), respectively. Making a design 

recommendation for pulse rate range required incorporating the results of 

two previous analyses. As mentioned above, subjects correctly identified 

non-collision trials significantly more often with the range (R=1-5) than 

with range (R=2-10) or (R=4-20). Additionally, subjects rated signals with 

pulse ranges (R=1-5 and R=2-10) as more useful than pulse range (R=4- 

20). In addition, the "overall" ratings for ranges (R=1-5 and R=2-10) 

were rated significantly more "good" than range (R=4-20). With these 

factors in mind, it is recommended that the range (R=1-5) be considered 

before range (R=2-10). In addition, the use of pulse ranges above 10 per 

second is strongly discouraged based on the results of range (R=4-20) in 
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this study. 

Pulse pattern. The recommendation of a pattern type also required 

the careful consideration of many factors. Pulse pattern was found to be 

highly related to COD level and must be considered with respect to each 

other. As mentioned above, the recommended COD level was level 3 (46 

ft) followed by level 4 (34 ft). This study indicates that if COD 3 (46 ft) is 

utilized, the Equal step pattern is recommended. However, if COD 4 (34 

ft) is utilized, it is recommended that the Update step pattern be used. 

When making the pulse pattern decision, the fact that subjects rated the 

Equal step pattern in signals one and two as slightly more useful than the 

Update step pattern in signal six must be considered. In addition, this study 

indicates that subjects had significantly more difficulty detecting non- 

collision trials while using the Update step pattern. 

Overall recommendation. Incorporating all of the information 

discussed above yielded two design options that are hypothesized to provide 

an optimal collision avoidance warning signal. From these laboratory 

values, real-world equivalents can be derived which will allow tolerances 

for human and mechanical variance. 

RECOMMENDATION I: COD 3 (46 ft), Range 1-5, Equal step Pattern 

RECOMMENDATION 2: COD 4 (34 ft), Range 2-10, Update step Pattern 
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It is recommended that COD 3 (46) be utilized even though COD 4 

provided slightly better "stop" distance performance. At the velocity used 

in the simulation (4-5 mph), COD 3 provided the operator with a collision 

warning six seconds before entering the 10 foot danger area and 

approximately seven and half seconds before contact with overhead power 

lines. Pulse range (R=1-5) provided near equal "stop" distances as range 

(R=2-10) and yielded similar "usefulness" and "overall" subjective ratings. 

However range (R=1-5) promoted better non-collision trial detection than 

both (R=2-10 and R=4-20) ranges. Finally, it is recommended that the 

Equal step pattern be utilized with COD 3 and range (1-5). The Equal step 

pattern provided significantly better results detecting non-collision trials 

and was also rated significantly "more useful" than the Update step pattern. 

Non-Collision Trials 

The results of the non-collision trial analyses indicated that a 

warning signal consisting of a constant update rate (Equal step) combined 

with a slow pulse rate (R=1-5) may afford better detection in non-collision 

situations. A signal such as the one described above affords correct 

identification because of its relatively simple acoustic nature. A signal with 

an irregular update rate and a high pulse rate appears to evoke more 

conservative responses, which translated into braking responses being made 

when they were unnecessary. 

Further investigation is necessary to determine if the auditory 

signal's characteristics could be used to mold a user's danger expectations 

and risk taking attitudes. 
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Subjective Ratings 

The subjective rating analysis revealed that a warning signal with a 

complex pulse pattern (Update step) and a high pulse rate (R=4-20) was 

rated more annoying by subjects. Subjects also found the warning signal 

described above to be less useful and were also less willing to use this 

signal for long periods of time. This information may be useful when 

deciding on future warning signal parameters, as subjects did not care for 

complex pulse patterns (Update step) paired with high pulse rates (R-4-20). 

Top 5 Standard Deviation Analysis 

From the basis of the standard deviation analysis, it is evident that a 

safe and effective warning signal can be selected based on an empirical 

measure such as "stop" distance. All of the experimentally defined top 5 

signals provide sufficient safety allowances 99.99% of the time. This 

conclusion is a significant claim because it states that experimentally 

defined top five signals should retain acceptable safety tolerances when 

human variances are introduced. 

10 foot Intrusion Frequency Analysis 

Based on a laboratory study, it is difficult to estimate if users in the 

field will demonstrate the same risk taking behaviors as subjects 

demonstrated in the experiment. As stated earlier, it is impossible to 

replicate true hazards or the stressors that accompany them in a laboratory 

setting. This study indicated that while using the simulated PWD auditory 

warning system, subjects violated the 10 foot danger envelope on average 
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20% of the time. Further study is necessary to determine more accurate 

measures of intrusions in a real-world setting. 

Wrap-Up 

The design recommendations proposed above were the result of 

careful consideration of the "stop" distance results, the variance decision 

rules, non-collision trial identification, and the subjective rating scales. As 

mentioned above, the design recommendations are not absolute values. The 

experimentally derived recommendations should be utilized as baseline 

information from which future designs can be created which incorporate 

mechanical and human variance. This study has laid the groundwork for 

future research which should be done to confirm the results yielded in this 

research. 
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CONTRIBUTIONS TO SCIENCE / FUTURE DIRECTIONS 

The previous discussion of the two experimental phases detailed the 

successful completion of the goals set forth in both experimental phases. 

The successful completion of both phases demonstrated a methodology 

which could be used to design various auditory warnings for specific work 

environments. The methodology detailed in this study is unique because of 

its concern for engineering demands, ergonomic principals, and user 

preferences. In addition, this research was conducted utilizing a basic 

array of inexpensive equipment available to nearly every auditory warning 

designer. This research also demonstrated how to achieve useful empirical 

results while minimizing the number of subjects and overall experimental 

hours. The result was the development of an unique auditory warming, and 

a set of design parameters from which a real-world auditory warning could 

be developed. 

Contribution to Warning Signal Research 

Several important gaps in modern research were highlighted by the 

results of this study. In addition, this study serves as an example of how 

acoustical components should be empirically tested and evaluated prior to 

the design of the warning signal. 

Of the literature reviewed, this study appears to be the first to 

examine the effect of manipulating onset distances within an auditory 

waming. Prior research has not addressed this factor while specifying 
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warning signal design standards or recommendations. Based on the results 

of this study, it appears that the onset distance of an auditory warning 

should not be arbitrarily chosen. Onset distance specifications are a vital 

engineering and Human Factors decision, as warnings which activate for 

durations too long or too short may provide poorer performance. This 

research provides an empirical study from which future studies can 

compare results or replicate methods to further understand the implications 

of various onset distances within an auditory warning. 

This study has also filled a gap in the literature concerning the 

effects of manipulating the pulse rates within an auditory warning. As 

mentioned earlier, pulse rates have been addressed in the literature with 

respect to perceived urgency. This study examined the effect that different 

pulse rates had on subjects' ability to initiate a control action. This 

research bridges the gap between the urgency perception of a waming 

signal and the actual effect that perceptions have on subjects’ control 

decisions. The extension of previous literature is vital to developing 

methods from which the performance effects of a given auditory warning 

may be predicted. Designers would have a useful tool if they were able to 

determine the performance effects of a warning based on a simple 

laboratory test or developed prediction method. This study provides the 

first step toward understanding how a subject's perception of a warning 

signal affects their ability to interpret and respond to a signal. 

The effects of manipulating the pattern of pulses within a warning 

signal was also an significant contribution to warning signal research. 

This study deviates from prior research which concentrated on 
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manipulating patterns of acoustical features within a given signal pulse. 

This study concentrated on the effect of manipulating the grouping 

(pattern) of pulses across an entire warning signal presentation. In 

practical terms, the effect of pulse patterns across a warning signal needs to 

be understood to properly design future auditory warnings. Prior to this 

study, no literature was located which detailed methods or techniques for 

grouping pulses together for a particular warning system. This study has 

shown that the pulse pattern should not be arbitrarily constructed, since 

pulse patterns may have an effect on subjects' decisions of when to make 

necessary control actions. In addition, the pulse pattern was found to be 

interrelated with the onset distance. This research has opened up a host of 

new concerns and questions relating to the best way to group pulses 

together in a given warning signal. 

A further contribution to the literature on auditory warning signals 

was gained through the subjective rating analysis. Prior to this study, the 

literature did not reveal research which examined factor by factor 

subjective opinions of various auditory warning systems. This study has 

shown that specific acoustical levels for each warning component have an 

effect on subjects' opinions of the warning signals. This method of 

obtaining subjective opinions of the warning signals is recommended for 

the design of any new warning system. The subjective ratings proved to 

be vital when making design decisions between two acoustical factors levels 

that appeared equal based on the empirical results. Since the human 

operator is the ultimate benefactor of the warning system, it should be 

designed with the operator's subjective preferences in mind. 
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Finally, this study provided an analysis of the effects that different 

auditory warning features had on the detection of non-collision situations 

(no imminent danger). An analysis of this sort was not found in 

conjunction with any research reviewed for this experiment. This analysis 

revealed that certain auditory warning characteristics may affect the 

detection of non-collision trials across a warning signal. This information 

was also useful when making design recommendations between two 

apparently equal design options. A methodology for predicting the effect 

that specific acoustical parameters have on non-collision trial detection 

would be a valuable addition to the literature. This study attempted to 

provide a data base and methodology from which future comparisons can 

be made. 

Analytical techniques were incorporated from previous research and 

new analyses were introduced to provide a complete analysis of each 

warning signal feature. In the past, research has concentrated an entire 

analysis of a warning signal in only a small portion of this study's whole 

experimental method. This study's methodology was created based on the 

recommendations of previous analyses and an analytical sense of the 

important factors in the design of the warning system. This research 

examined the actual performance of a given warning signal across each 

treatment combination. In addition, a complete analysis was performed 

examining the warning signal's subjective ratings and effectiveness in 

detecting non-collision trials. Only after these extensive analyses were 

complete, were any design recommended suggested. It can be argued that a 

warning system can be created without such an exhaustive analysis. 
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However, only following a complete analysis such as the one detailed in this 

research, should any design recommendations be made for a particular 

warning system. 

Future Research Questions and Needs 

This study was the first in a proposed set of sequential studies to 

identify the optimal acoustical features which will be used to design the 

proposed proximity warning device. Based on the results of this study, two 

warning designs have been recommended. To continue the development of 

the proposed proximity warning system, the recommended warning signal 

design needs additional testing . One important issue not tested in this 

study is the effect of noise on the warning signal's performance. A logical 

follow-up to this study would be to replicate the experiment while 

introducing noise representative of a mobile crane's working environment. 

In addition, incorporating a crane simulation with a representative visual 

scene and manual controls would be useful in determining the proposed 

warning signals effectiveness outside of the laboratory. Ultimately, a full- 

scale field test should be performed to test the warning system in a real- 

world setting. 

With regard to the specific PWD auditory warning system, this study 

has brought forward additional factors that must be considered for the 

specific warning system. In addition, this research has raised questions 

concerning gaps in the basic research and design recommendations for 

modern auditory warning systems. 
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One issue not addressed in this study is the effect of variable velocity 

and acceleration rates on the proposed warning system design. Additional 

testing of the proposed PWD design needs to be performed to assess the 

performance effects caused by varying the velocity and acceleration rates 

of the crane. It should be determined whether the warning signals retain 

their experimental performance levels as velocities and accelerations are 

manipulated. Emphasis should be placed on determining the effectiveness 

of the proposed critical onset distances (COD) across various velocity and 

acceleration conditions. 

In coordination with the above analysis, the pulse pattern design 

recommendations need to be tested across different velocities and 

accelerations. Pulse patterns may take on different acoustical 

characteristics as velocities and accelerations are changed. It should be 

determined whether the pulse patterns retain their experimental 

performance levels as velocities and accelerations are manipulated. 

Another issue that needs to be examined is the effect that operating 

inside of the onset distance for long periods of time has on warning signal 

performance and operator subjective ratings. If the mobile crane was 

required to work inside of the onset distance for an extended period of 

time, the auditory warming would be activated for an extended period of 

time. More research needs to be performed to examine whether this 

situation would affect the performance of the recommended warning signal 

design. To ensure that the recommended warning signal design is 

absolutely effective it would have to be tested in several work situations 

commonly encountered by the mobile crane. 
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The effects of variable load weights and sizes also needs to be 

examined with respect to the PWD. The magnitude of residual swing arcs 

needs to be determined for variable weight loads. The PWD needs to take 

into account that once the crane has stopped the inertia of the load will 

cause a residual arc which could enter a hazard area. A maximum residual 

arc needs to be determined and factored into the PWD's onset distance. 

Another issue that needs to be examined further is the true 

relationship between perceived urgency of a warning signal and subjects’ 

control responses. Several hypotheses were presented throughout the 

discussion which attempted to explain the results in terms of the effects of 

the perceived urgency of the signals. Previous studies have not addressed 

this relationship which appears to be very important in the design of 

modern auditory warnings. A direct comparison of urgency ratings and 

actual performance while using a warning signal may reveal trends which 

could be used to improve warnings. 

The addition of state-of-the-art technology such as virtual reality 

displays must also be considered as the PWD is designed and developed. 

The auditory warning could be coupled with a virtual reality display which 

presents the operators with an enhanced view of the outside world. Visual 

cues could be added to the display to highlight overhead power lines which 

would normally go undetected. 

Finally, future applications of pulsing warning signals, such as the 

system proposed herein, should be investigated. Currently, primitive 

auditory warning signals consisting of groups of tonal pulses are used as 

"back-up" warnings on large vehicles and machinery. Following additional 
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development, a pulsing warning signal has many potential applications. 

The upcoming introductions of advanced vehicle and aviation collision 

warning systems provide a rich opportunity for the application of properly 

designed auditory warning signals. The nature of operating both 

automobiles and airplanes necessitates using auditory signals to convey 

information. The Intelligent Vehicle Highway Systems (IVHS) also 

provide ample opportunity for the introduction of a properly designed 

pulsing auditory warning system. Once again, the control demands of 

operating a vehicle suggest that a portion of the information transfer in the 

IVHS systems should be through auditory displays. 
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SUMMARY 

Overall, it appears that the proposed design of the PWD auditory 

warning system may be effective in conveying collision information to 

mobile crane operators. The choice of an auditory signal seems justified 

when examining the multitude of visual displays and information the crane 

operator must integrate. The results of the experiment indicate that the 

proposed warning system adequately conveys closure information of 

nearby overhead power lines. In addition, the proposed warning signal 

design provides a system that optimizes performance and subjective 

preferences across the various signal design options. It is obvious that 

further analysis is needed to prepare the proposed PWD auditory warning 

system for implementation. This study was the first step in a sequential 

study to develop the best design of the PWD warning system for mobile 

cranes. In addition, this research filled gaps of knowledge in the basic 

research of auditory warnings. The definitive acoustical values for a 

pulsating auditory warning signal can not yet be defined based on this 

single study, but it is clear that there are many applications for such 

warning systems. 
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Subjective Rating Task 

Instructions: Please complete the following rating scales after each signal presentation. Pay 

careful attention to each individual scale measure when marking your answer. Mark one 

rating above the appropriate number on each scale. Be careful to place your mark directly 

above the numerical rating. Any marks placed in-between the numbers will not be 

accepted. 

Signal 1. 

This signal sounds...... 

  Very Annoying ----- 9 ----- | ----- were rrr Not Annoying 
] 

How useful is this signal is indicating distance to overhead power lines? 

Very Useful = -----_----- rwne- werner were ree wee Not Useful 

I would be willing to use this warning signal for long periods of time (agree/disagree) 

  Completely Agree -----  ----- Completely 
Disagree 

Overall rating of the warning signal (include usefulness, annoyance, signal appeal) 

Very Good wrrr= verre nee nee ree nee Very Poor 

* The above scale is repeated for all six warning signal presentations. 
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Informed Consent Form 

ISE Department 
Mobile Crane PWD 

(Pizarro / Price Spring 1993) 

Subject # 

You have been asked to participate in a study examining your ability to monitor a simulated 
mobile crane warming system while performing a secondary tracking task. The experiment will be 
conducted on personal computers located in the Environmental and Safety Laboratory at Virginia Tech. 
You will be required to participate in one experimental session of approximately 90 minutes. You will be 

paid $5 per hour for your participation in the study. 
The investigator may determine that you should not participate as a subject in this study if you 

suffer any visual and/or auditory deficiencies. Please inform the experimenter if you believe a known 
auditory and/or visual deficiency will hinder your performance in the study. You will be asked to take a 
hearing test. Based on the hearing test predetermined cntenon may make you ineligible to perform in this 
study 

The results of this study will be strictly confidential. At no time will the data be given to anyone 
other than the principal investigator without your wnitten consent. The information you provide dunng the 
experiment will have your name removed and only a subject number will identify your data. There are no 
apparent risks to you associated with participation in this study. You reserve the nght to terminate your 
participation in this study at any time. In the event you choose to terminate your participation, you will be 
paid for the trme you have provided to the study. 

The information from this research may be used for scientific and educational purposes. It may be 
presented at scientific meetings and/or published and republished in professional journals or books, or used 
for any other purposes which Virginia Tech and the Industnal Systems Engineenng department considers 
proper in the interest of education, knowledge, or research. This research has been approved by the ISE 
Department Internal Review Board and by the Instituuonal Review Board of Virginia Tech. 

Please confirm your understanding of the following statements before signing the informed consent form. 

e| have read and understand the above descnption of the study. 
e] have had the opportunity to ask questions and have all of them answered. 
e] hereby acknowledge the above and give my voluntary consent for participation in this 
study. 

el understand that if I choose to participate in the study, | may withdraw at any time without 
penalty. 

el understand that should | have any questions about this research and its conduct, I should 
contact any of the following. 

Pnmary Researcher: Dr. Dennis PNice.........0.......eeeeeeeeeeeeeeees 231-5635 
ISE, IRB: Dr. Bob Beaton....................ccceccc ccc cecececaececeeeeees 231-5936 

VT, IRB Chairperson................:::0.066 eeeeeeeececaeaeeeeeeeeeneaees 231-6077 

Subject's Signature: Date: 
  

Subject's ID Number.___- 
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INSTRUCTIONS 

PWD Experiment 
ISE Dept. 1993 (Pizarro/Price) 

You have been asked to participate in a study which will 

examine your ability to monitor a simulated mobile crane 

auditory warning while simultaneously performing a visual 

tracking task. This study will consist of one session 

lasting about an hour and a half. Please feel free to ask 

questions during the study. It is important that you 

completely understand your required tasks. 

The experiment will be performed in four blocks of 

approximately 20 minutes each. You will receive a small break 

between groups. However, only stop the experiment within a 

block if it absolutely necessary. 

Experimental Situation 

You are monitoring an auditory warning of a simulated 

mobile crane. Within your operating area, several unseen 

overhead power lines exist. Your auditory warning system 

will alert you when your crane is in danger of coming too 

close to the power lines. Your responsibility is to stop 

your crane (by pressing "B" on the keyboard) before you get 

too close to the overhead power lines. 
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Auditory Warning 

The auditory warning which you will be asked to monitor 

will act similar to a Geiger counter (presented through the 

Macintosh on the left side of the desk). As your crane gets 

closer to an overhead power line your auditory warning will 

beep faster and faster. When your crane approaches too close 

to a power line and danger exists, your auditory warning will 

transform from a beeping signal to a constant tone. 

Tracking Task 

In addition to monitoring your auditory warning system 

you must also simultaneously perform a visual tracking task. 

You will be given more details concerning the tracking task 

later. 

Current Situation (Mental Model). 

You are operating your crane on a work-site surrounded 

by many overhead power lines. Your boss informs you that new 

regulations dictate that you must not get any closer than 10 

ft to any overhead power lines. Your crane is equipped with 

the latest warning system. The warning system will activate 

when your crane is a certain distance from an overhead power 

line. The warning will beep faster and faster as you 

approach the power lines. Your warning system will transform 

from a beeping signal to a constant tone the instant you come 
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within 10 ft of any power lines (regulation distance). 

However you will be given no visual information concerning 

your crane. You must base all of your control decisions on 

the information provided in the auditory warning system. 

Your job is to stop your crane (by pressing the "B" on 

the keyboard) the instant before your crane closes to within 

10 ft. You should not stop your crane until it is as 

close to the 10 foot border as possible without going 

inside. 

It is important to note that every time the auditory 

warning goes off is it not necessary to stop the crane. You 

will find that your crane will often approach an overhead 

power line without getting too close to the 10 foot approach 

limit. In this case your should not try to stop your 

crane as you are in no danger of closing inside 10 ft 

of the power line. When you believe the warning system 

indicates that is no danger of a collision press the "T" 

button to continue. There is no rush to hit the "T" button, 

so carefully listen to your warning system. However, once 

you have made a choice only make one control action. 

Once you hit either "B" or "T" your response is recorded, so 

don't hit both keys. 

You will be able to determine when to stop your crane by 

carefully listening to your auditory warning system. Your 

warning will begin to beep as you get close to a power line. 

As you get near the 10 foot border your warning will beep 
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faster and faster, and the instant you cross the 10 foot 

border your warning will transform into a constant tone. 

REMEMBER: 

1) Stop your crane as close to the 10 foot 

border without going inside. (Press "B") 

2) You will not need to stop your crane on every 

trial as your crane will often approach a 

power line without getting close to the 10 

foot border. (Press "T") 

*** IMPORTANT MEMO FROM "THE BOSS": 

I would like to alert all mobile crane operators that 

the new auditory warning systems are acting up. In the past 

week the warnings have sounded a little different each time 

they activate. However, the warning systems have all been 

checked out and can be safely used. Be very careful working 

around those power lines and remember not to stop every time 

the warning goes off. Stop only when your crane is as close 

to the 10 foot border as possible without going inside. 

You will now be given practice monitoring the auditory 

warning system. Please inform the experimenter you are ready 

to begin and please ask any questions you may have. 
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VISUAL TRACKING TASK INSTRUCTIONS 

Now that you are familiar with the auditory warning 

system we will introduce your second experimental task. You 

will be driving a simulated sports car through a variety of 

landscapes. The driving simulation will be presented on the 

Zenith computer located on the right side of the desk. You 

will control your simulated vehicle with the joystick located 

near the Zenith computer. Moving the joystick left and right 

will control your steering, and moving the joystick forward 

and backward will control your speed. 

The goal of this task is to navigate the in the 

shortest amount of time while maintaining your vehicle on the 

roadway. You will loose time by driving off the road or by 

crashing your vehicle. However, you must not go faster 

than 40 miles per hour. Your driving simulation is 

equipped with a speedometer which you can use to maintain the 

correct speed. 

Your performance on this task will be recorded on video 

tape. You will be recorded on your ability to maintain your 

vehicle on the roadway, and your ability to regulate your 

speed (No faster than 40 mph). In addition, your time to 

travel to certain landmarks will be recorded. It is 

important that you utilize a driving strategy which will 

optimize your travel time while remaining under the speed 

limit. 
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Following these instructions you will be given an 

opportunity to practice driving the simulation. Please ask 

any questions you may have. It is important you fully 

understand each experimental task. 

155



APPENDIX C 
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The enclosed disk contains samples of several of the auditory 

warning signals used in this study. The disk contains the two signal 

combinations recommended in this study, a sample non-collision trial 

signal, and all six treatment combinations at COD 2 (samples of all pulse 

rate and pattern combinations). The list below identifies each signal 

presented on the disk. 

Signal 1: 

Signal 2: 

Signal 3: 

Signal 4: 

Signal 5: 

Signal 6: 

Signal 7: 

Signal 8: 

Signal 9: 

COD 3, Pulse Rate 1-5, Equal Pattern (recommendation 1) 

COD 4, Pulse Rate 2-10, Update Pattern (recommendation 2) 

Sample Non-collision Trial Signal 

COD 2, Pulse Rate 1-5, Equal Pattern 

COD 2, Pulse Rate 1-5, Update Pattern 

COD 2. Pulse Rate 2-10, Equal Pattern 

COD 2, Pulse Rate 2-10, Update Pattern 

COD 2, Pulse Rate 4-20, Equal Pattern 

COD 2, Pulse Rate 4-20, Update Pattern 

Minimum technical requirements to access the signals: 

- Macintosh LCIT, 4MB RAM 

DiskDoubler 3.7 (expand the files) 

- SoundEdit 2.0.1, Farallon Computing Inc., Berkeley California. 
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Personal Information 

Born: 

Current Address: 

Education 

M.S. 

B.S. 

Positions Held and 

Relevant Work Experience: 

May 1993-present 

Jan. 1993-May 1993 

May 1991-Aug. 1991] 

Professional Affiliations: 

May 1991-present 

August 1991-present 

  

VITA 

David Victor Pizarro 

October 1, 1969, LaGrange, Illinois 

3448 D North Druid Hills Rd. 
Norcross, GA 30033 

Masters of Science in Industrial Systems Engineering, 1994 
Virginia Polytechnic Institute and State University 
Thesis Title: Pulse Rate, Pulse Pattern, and Onset Distance 
Effects on Subject Braking Responses while using an 
Auditory Collision Waming Signal 

Bachelor of Science in Psychology, 1991 
University of Illinois, Champaign/Urbana 
Senior Thesis Title: Preview displays and the role of 
overconfidence in a strategic flight planning task. 

Staff Consultant, Andersen Consulting, Atlanta GA. HCI 
analysis and training design & development. 

Graduate Research Assistant, Virginia Tech, Blacksburg. 
VA. Funding provided by the Civil Engineering Research 
Foundation to examine alternative applications for a three- 
dimensional positioning system. 

Research Assistant, University of Illinois, 
Champaign/Urbana. Conducted research at the Aviation 
Research Lab concerning the design of an in-flight 
information library. 

Human Factors and Ergonomics Society 

American Society of Safety Engineers 
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