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Alarms are typically used to provide information or warnings to operators. 

For example, modern aircraft are equipped with various alarms and alerts intended 

to reduce operator workload, increase safety, and improve efficiency. A poorly 

designed alarm may impair its ability to attract the operator’s attention 

(International Organization for Standardization [ISO], 2003), and an unreliable 

alarm that produces false alarms or misses events may negatively influence operator 

trust (Breznitz, 1982; Dixon et al,, 2007; Rice, 2009; Wickens & Dixon, 2007). 

Thus, it is critical to design alarms so operators can interact optimally with them. 

Including users in the alarm design process may improve overall system 

performance (Nielsen & Levy, 1994); however, when an alarm fails to live up to 

expectations, users traditionally describe the alarm in qualitative terms (e.g., it does 

not work, it is terrible, it is worthless, etc.). If the user wants the alarm redesigned, 

they have to express their concerns about the alarm in a similar qualitative manner. 

This can create confusion between the user and vendor, resulting in cost overruns 

and time delays. This paper will present a use case of a new taxonomy, 

methodology, scoring system, and data storage process that any researcher can use 

to design effective alarms in any domain.  

Literature Review 

Alarms are a form of automation that fall under Stage 2 or Stage 3 

automation, as defined by Parasuraman et al. (2000). Tonal alarms typically fall 

under Stage 2 automation, which alerts a user to the state of the world (e.g., low 

fuel warning), while speech alarms may cross over into Stage 3 automation, which 

provides verbal guidance to the user (e.g., ground proximity warning telling the 

pilot to pull up).  

Alarms in aviation are so common that many operators fail to appreciate 

what it takes to design an effective alarm. In fact, government agencies often spend 

hundreds of thousands of dollars creating design templates and handbooks 

explicitly meant to design new alarms or redesign old ones. Multiple handbooks 

available provide information on how to design alarms; however, these handbooks 

typically provide qualitative feedback in the form of Do’s and Don’ts. The problem 

with this approach is that it doesn’t allow the user, as a subject matter expert (SME), 

to provide quantitative feedback on what specifically is wrong with an alarm. In 

many cases, the first time a user is informed about a new alarm is when it has 

already been installed. Including users in the design process is critical and providing 

them with a quantitative method of expressing their concerns and critique of the 

alarm. Otherwise, users will continue to be stuck with suboptimal alarms that often 

cause more problems than they solve. 

In aviation, alarm-related incidents have been widely reported in air traffic 

control (Wickens et al., 2009), with many of these incidents involving the Minimum 

Safe Altitude Warning (MSAW). There have also been incidents associated with 

the Ground Proximity Warning System (GPWS) and the Traffic Collision 
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Avoidance System (TCAS) (Bliss et al., 1999). Some of these issues are due to 

alarm fatigue (Edworthy, 2013), trust (Keller & Rice, 2010; Meyer, 2001; 2004; 

Rice, 2009), perceived urgency (Arrabito et al., 2004; Burt et al., 1995) and loss of 

situational awareness (Endsley, 2018). Accurately measuring an alarm’s efficacy 

in the early stages of development can be a crucial factor in preventing these types 

of incidents. 

Outside of aviation, alarms are widely used in technology-driven domains. 

For example, healthcare professionals must observe and maintain awareness of a 

rapid data flow reflecting their patients’ conditions. Modern medical equipment is 

often designed with various alarms that notify doctors, nurses, and other staff of 

relevant information about patient status. These users are frequently exposed to 

hundreds of alarms daily, which can cause alarm fatigue and negatively impact 

patient safety. A 2016 survey of healthcare professionals reported that at least 30% 

of respondents experienced adverse patient outcomes related to clinical alarms 

(Clark, 2016). With an average of 150-400 alarms generated per patient per shift, it 

is unsurprising that nurses can spend up to 35% of their working time recognizing, 

identifying, and interpreting the meaning of an alarm (Lewandowska et al., 2020; 

Li et al., 2018). Poorly designed alarms can further increase the workload of these 

professionals. 

Some prior research has been conducted to evaluate the application of 

alarms within various systems. Jian et al. (2000) developed a scale measuring the 

level of user trust in automated systems. Trust is a critical component of human-

automation interaction (Bliss, 2003; Hughes et al., 2009; Rice & Keller, 2009) and 

is included in the taxonomy presented here. Singh et al. (1993) produced a scale 

indicating the potential for automation complacency, while Arrabito et al. (2004) 

and Burt et al. (1995) have discussed ways of measuring perceived alarm urgency. 

Urgency is a sub-factor of Priority, which is also included in the current taxonomy. 

Other studies have focused on alarm’s acceptability, using a single-item rating 

(Taylor & Wogalter, 2012), and this characteristic is also included in the current 

taxonomy. Other measures focus on alarm system performance (Dorgo et al., 2021) 

but not necessarily on the measurement of alarm efficacy.  

While these scales are incredibly useful for their intended purposes, they do 

not provide a methodology to rate the overall efficacy of an alarm or break down 

where the problems are occurring. Lange et al. (2022) produced an overall alarm 

efficacy scale, which measures efficacy on a single-factor scale using seven items 

that users respond to on a Likert-scale. This single score can be used to 

quantitatively assess the overall efficacy of both tonal and speech alarms; however, 

it does not provide detailed information about the different characteristics of the 

alarm nor a way for users to indicate what is wrong with the alarm precisely. The 

current ATACS process fills this gap. 
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Most relevant to the current study, a previous taxonomy describes a process 

by which one can design/redesign alarms in anesthesia (Rice et al., under review); 

however, that model has four major limitations. First, it is solely limited to use by 

clinicians in anesthesia and does not encompass any other field. Second, the 

taxonomy lacks the characteristics necessary for use with alarms in other fields. 

Third, the process does not necessarily apply to users and SMEs in other arenas. 

Lastly, the authors did not describe a use case, or provide a dataset, to show how 

the process works on an actual alarm. The current ATACS process fills these gaps 

by upgrading the taxonomy, process, and scoring system to fit any field. In addition, 

we provide a use case to show how the process works on a real-world alarm in 

aviation. 

Current Study 

Previous research has produced a plethora of guidance on how to design 

alarms and how to rate them on various single-factor scales. However, to date, no 

taxonomy or classification system exists that allows users to communicate their 

opinions about alarms in specific and quantitative terms in a language 

understandable to all parties involved (users, engineers, designers, and human 

factors professionals) across all domains. In the coming section, we explain how 

this taxonomy can be used to help design new alarms or redesign troublesome ones.  

The Taxonomy 

The purpose of the proposed alarm taxonomy (see Figure 1) is to 

comprehensively analyze a particular alarm in a quantitative language shared 

among users, human factors experts, engineers, and designers. While previous 

scales focused on the alarm as a whole (Lange et al., 2022) or focused solely on 

one occupation (authors blinded, under review), the current taxonomy takes a 

different approach. Here, the whole of the alarm is broken down into 17 different 

categorical characteristics generated from the literature. This allows the user to be 

very specific about their feedback and does not punish the characteristics that have 

been well-designed. For example, an alarm might be perfect if only the location 

differed. This taxonomy and scoring system allows for focused feedback and 

individual correction. 

The taxonomy is divided into two main categories: Physical and 

Psychological Properties. Physical properties comprise the physical makeup of the 

alarm (Modality, Location, Recipient, Accuracy, Reliability, Exclusivity, 

Adjustability, and Temporality). The Psychological Properties (Salience, 

Familiarity, Acceptability, Trustworthiness, Distinguishability, Informativeness, 

Disruptiveness, Priority, and Intuitiveness) address how humans perceive what 

comes from the alarm. While other characteristics may be proposed, we believe 

they would fall under one (or more) of the categorical characteristics in Figure 1. 

For example, the color of an alarm may be considered a characteristic, but we argue 

it falls under Salience, Distinguishability, and perhaps Informativeness.  
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Figure 1 

Alarm Taxonomy and Classification System 
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Definitions 

 Table 1 provides a summary of the property terms and definitions. 

 

Table 1 

Alarm Taxonomy and Classification System Terms and Definitions 
Physical Properties Psychological Properties 

Term Definition Term Definition 

Modality Refers to the sensory input of 

the alarm (e.g., visual, auditory, 

tactile, olfactory or gustatory) 

(Soto-Faraco, 2019). 

Saliency Refers to the conspicuousness of 

an alarm, and indicates how easy 

it is for a user to notice or detect 

the alarm (Baldwin & May, 

2011). 

Location Describes where the alarm is 

physically placed (Lee & Kong, 

2006). 

Familiarity Refers to how familiar the user 

is with the alarm (McKeown, et 

al., 2010).   

Recipient Refers to which operator(s) 

need to respond to the alarm 

(Rice, 2009). 

Acceptability Refers to how acceptable the 

alarm is to the user (Taylor & 

Wogalter, 2012). 

Sensitivity Refers to the avoidance of false 

alarms and misses (Dixon, 

Wickens & McCarley, 2007). 

Trustworthiness Describes how trustworthy the 

alarm is to the user (Jian, et al., 

2000). 

Reliability Refers to how consistently the 

alarm performs over time 

(Breznitz, 1982). 

Distinguishability Refers to the uniqueness of each 

alarm when multiple alarms are 

presenting simultaneously 

(Edworthy & Hellier, 2006).  

Exclusivity Refers to how many different 

hazards the alarm is paired to 

(Edworthy, 1994). 

Informativeness Refers to how informative the 

alarm is (Rayo & Moffatt-Bruce, 

2015). 

Adjustability Describes the ability to adjust, 

or even suppress, an alarm to 

suit the user's needs (Graham & 

Cvach, 2010). 

Disruptiveness Refers to the ability of the alarm 

to appropriately disrupt the 

user’s attention (Ljungberg, et 

al., 2012). 

Temporality Describes when the alarm will 

be activated, for how long, any 

repeated activations, and when 

the alarm stops (Edworthy, et 

al., 1991). 

Priority Refers to which alarm takes 

precedence, and is a function of 

urgency and impact (Mathenge, 

2020). 

  Intuitiveness Describes how intuitive the 

alarm is to the user, and whether 

it easily makes sense. 

 

The Process 

Figure 2 presents a flowchart of the process one would use to rate and design 

an alarm. 
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Figure 2 

Flowchart of the Process for Designing or Redesigning Alarms 

 
First, one must decide if they are redesigning a current alarm or designing a new 

one from scratch. If redesigning a new alarm, one would follow the green part of 

the flowchart. This would involve having SMEs (we consider seasoned users to fall 

into this category as well) use the Efficacy Scoring Sheet to rate the current alarm. 

Next, the HF expert would conduct interviews with the SMEs to elicit more detailed 

information about each of the ratings and answer any questions raised by the 

scoring process. Next, the HF expert would provide this information to the vendor. 

When the vendor has produced the alarm product, the HF expert can take the alarm 

back to the original SMEs and have them provide a post-score to ensure their 

expectations were met. If not, an iterative process would ensue until all parties have 

reached satisfaction. All information from each stage in this process should be 
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retained by all parties so that one can keep a timeline of each action and refer back 

to it when necessary.  

Scoring Sheets 

To quantify the taxonomy, we designed a scoring sheet with the opportunity 

for SMEs to rate each of the 17 categorical characteristics individually (see 

Appendix A). Users should score 1 to 5 for each characteristic, with a maximum 

possible score of 85 for the entire alarm. Readers should notice there are two 

scoring sheets. The first one is designed to replace current alarms, and the second 

one is meant for new alarms where none previously existed.  

The Efficacy Scoring Sheet focuses on rating a current alarm. This scoring 

system is intuitive; SMEs simply provide a score for how well each characteristic 

was designed. The Importance Pre-Scoring sheet (note there is no post-scoring) 

allows SMEs to determine how important each characteristic is in a new alarm 

design. For example, a crucial life-saving alarm must be extremely salient and 

appropriately disruptive. In contrast, another alarm may require placing it on the 

skin (location and modality). This scoring sheet allows the SMEs to tell the vendors 

what they consider the highest priority in the design of the new alarm. 

To Redesign Current Alarms 

 The following steps detail the process to redesign a current alarm system: 

1. Rate the design quality of each characteristic for the current alarm using 

the quantitative scoring sheet. Each characteristic is rated on a scale of 

1-5 (1 = poorly designed; 5 = perfectly designed).  

2. Users (SMEs) then participate in a structured interview to clarify and 

flesh out any characteristics of the alarm they rated.  

3. The HF expert provides the scoring sheet and interview notes to the 

vendor. 

4. The vendor designs a prototype alarm.  

5. SMEs rate the alarm’s efficacy again and compare it to the original 

scores.  

6. If the prototype is not approved, repeat Steps 2-5 until a satisfactory 

alarm design is achieved. 

 

To Design a New Alarm 

The same process is used, except SMEs will initially rate the importance of 

each characteristic for a new alarm rather than the design quality of a pre-existing 

alarm. Note that the scoring sheet changes to an efficacy post-scoring once the 

vendor delivers the first prototype. 

Hypothetical Example 

 The stall warning is an alarm that notifies the pilot of a pending stall, where 

the aircraft’s wing exceeds the critical angle of attack. A stall results in a loss of lift 

and requires prompt corrective action from the pilot to reestablish smooth airflow 
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over the wing. The stall warning was a constant horn in many general aviation 

aircraft for decades. However, in newer general aviation aircraft, the stall warning 

is still an audio alarm, but now is a vocal, interrupting verbal announcement of 

‘stall, stall, stall, stall.’ Using this example, we will highlight the changes from the 

old constant warning alarm to the new verbal warning alarm and assess it using 

ATACS to demonstrate how this system could be beneficial in an alarm redesign. 

Table 2 highlights the characteristics that changed due to the alarm redesign. 

 

Table 2 

A Comparison of Stall Warning Alarms Using Relevant Characteristics from 

ATACS 
Characteristic Constant Stall Warning Horn Verbal Stall Callout 

Temporality A constant sound A repeating start/stop sound 

Salience Sometimes is not noticed by pilots 

during high workload situations 

Captures attention more effectively 

Familiarity No unique identification Unique identification could result in 

new pilot becoming more quickly 

familiar with it 

Acceptability Ambiguity may lead to lower 

acceptance by users 

Distinct message may result in 

stronger acceptance by users 

Distinguishability Is not distinguishable from other 

similar sounds 

Clearly distinguishable from other 

sounds 

Informativeness No vibrant information on what 

triggered the alarm 

Vibrant information on why alarm 

occurred 

Disruptiveness Disruptive but could be deferred Highly disruptive and demands 

attention 

 

 As summarized in Table 2, there were several noticeable differences across 

the ATACS characteristics. In this use case, ATACS could have been used to 

conduct an initial assessment and rating of the traditional stall warning horn. Based 

on this initial assessment, designers could identify the specific characteristics where 

the constant stall horn was rated poorly. As part of the alarm redesign, the ATACS 

could be used through an iterative process to compare the features of the old and 

new alarms. The value provided by using ATACS is through a quantifiable scoring 

system that can differentiate between the various alarm prototypes until the highest-

rated alarm is produced. 

Use Case 

 To test this taxonomy in the real world, we redesigned the landing gear 

warning of an in-development fictional aircraft. We hypothesized that the ATACS 

process would result in a significantly improved alarm version. 
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Methods 

Participants 

Four experienced pilots (1 female) were recruited to provide the SME 

ratings. The pilot's mean age was 52.75 (SD = 7.81). Their average flight hours 

were 7,750 (SD = 2,986.08). The pilots are experienced on several aircraft, 

including the Boeing 737, 757/767, 777, 787, the Airbus 320, 329, 330, and several 

military aircraft.  

Procedure 

Each of the SMEs were presented with the current version of a landing gear 

warning on the fictional in-development aircraft. The pilots were given a short 

training lesson on what they were being asked to do and how to use the scoring 

sheet. They viewed the alarm in use and provided their scores to the experimenter. 

One of the experimenters, who has prior experience working with NASA alarms, 

redesigned the alarm according to the scores provided by the SMEs. This revised 

alarm was then presented back to the same four SMEs, who again provided scores 

for the alarm. We wish to note that while only two rounds of scoring were needed 

for this particular study, one can repeat this process as often as needed. 

Alarm Design Changes 

The alarm audio was created in Audacity version 3.2.1, a free and open-

source software for recording and editing sounds. The aircraft cockpit simulation 

video was created with Microsoft Flight Simulator X using the Cessna 172 cockpit 

model to represent an in-development fictional aircraft. Visual mockups and 

animation of the landing gear lever and warning lights were completed in Microsoft 

PowerPoint version 2211. The aircraft simulation video and the animated landing 

gear warning light display were edited in Blender version 3.3.1, a free and open 

source 3D creation software. The final versions of the alarms were uploaded to 

YouTube.com for easy distribution to the participants. 

Alarm Version 1 

An auditory alarm was sounded with the following repeating pattern: 456 

Hz tone sounding for 0.5 seconds, followed by 0.5 seconds of silence. A visual 

signal was present in the aircraft cockpit. Three lights adjacent to the landing gear 

lever were used to indicate the status of the landing gear. The lights were labeled 

“GEAR DN & LOCKED” (Table 4). In the neutral state, the lights remained a dim 

gray color to indicate that they were not illuminated. When the aircraft entered the 

alarm activation criteria configuration, the auditory alarm was activated, the 

warning lights illuminated bright red, and a red lighted downward arrow labeled 

“GEAR WARN” was illuminated below the gear lever. 

Alarm Version 2 

An auditory alarm was sounded with the following repeating pattern: three 

0.2 second repetitions of the 456 Hz tone, followed by 0.2 seconds of silence each, 

followed by the verbalization “GEAR!.” The same visual signal was present in the 
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aircraft cockpit as with Alarm Version 1. Visual depictions of the alarms are shown 

in Table 3. 

 

Table 3 

A Depiction of the Auditory Alarm Signals 
Alarm Version 1 Alarm Version 2 

Visualization Sound Visualization Sound 

 

Repeated:  

[Beep – Beep – 

Beep]  

Repeated:  

[Beep, Beep, Beep – 

“GEAR!”] 

 

Table 4 

States of the Visual Landing Gear Status Indicator 
Neutral Gear Up, Alarm Active 

 

 
 

All lights dark  

 

 
 

Three illuminated red 

lights and a red arrow 

labeled “gear warn” 

 

Results 

Since four SMEs were each providing 17 scores (one for each characteristic) 

twice over, we were able to conduct a binomial analysis on the dataset of 68 total 

scores. In short, we compared the initial score to the revised score and determined 

if it were equal, worse, or better. One would expect that if the redesign of the alarm 

had no effect, then the number of worse or better scores should be roughly 

equivalent. In fact, there were only two revised scores that were worse than the first 

initial score. Thirty-four (34) of the 68 scores improved, 32 remained the same, and 

two decreased. A binomial analysis of that data reveal this effect to be highly 
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significant, z(68) = 7.64, p < .001. Clearly, the revised version of the alarm was 

superior to the initial version, indicating that the ATACS process worked to 

improve the design. Table 5 provides an overview of the average rating of each 

characteristic. 

 

Table 5 

Characteristic Scores 

Characteristic Version 1 Average Version 2 Average 

Physical Traits   

     Modality 3.50 5.00 

     Location 3.00 3.50 

     Recipient 3.00 4.25 

     Sensitivity 4.75 5.00 

     Reliability 4.75 5.00 

     Exclusivity 4.00 5.00 

     Adjustability 3.50 4.25 

     Temporality 3.50 4.00 

Psychological Traits   

     Saliency 4.50 5.00 

     Familiarity 4.50 4.75 

     Acceptability 4.25 5.00 

     Trustworthiness 4.50 4.75 

     

Distinguishability 

3.00 

5.00 

     Informativeness 4.25 5.00 

     Disruptiveness 4.50 4.75 

     Priority 3.75 4.50 

     Intuitive  4.00 5.00 

Total Score 67.25 79.75 

 

 The authors also conducted a paired samples t-test to explore differences 

between the paired observations. Using the same scoring apparatus, participants 

were tested at two time points under two different conditions. The average increase 

for each characteristic was 0.74, with a total score change of 12.50. This was highly 

significant, (95% CI, 0.496 to 0.974), t(67) = 6.145, p < 0.001.  

Discussion 

 The purpose of the Alarm Taxonomy and Classification System is to create 

a usable system that several stakeholders can jointly use in developing or 

redeveloping an alarm in any field. The system allows users, designers, vendors, 

engineers, and human factors experts to assess an alarm using standard quantitative 

scoring. This standardization helps provide specific feedback about the alarm based 

on two main properties and seventeen characteristics. In addition to the 

standardized operationalization of these characteristics, the system offers a step-by-
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step iterative methodology to create a new alarm or assess and, if necessary, 

improve an existing alarm.  

 ATACS offers several useful, practical applications. First, it helps to 

quantify the scoring of existing or new alarms. While other scales have a single 

overall score, ATACS has 17 characteristics. This value can allow for a targeted 

response during the development of an alarm to correct poorly scoring areas. 

Second, several stakeholders, such as engineers, human factors experts, users, and 

vendors, can easily deploy the system. This universal aspect is essential as the 

system offers a common language across these stakeholder groups. Third, the 

administration of the system is efficient. Rating the 17 characteristics can be 

completed quickly by users or SMEs. This efficiency reduces the chance of 

participant fatigue and can be easily administered multiple times when assessing 

multiple alarm options at once. Fourth, this process generates a permanent database 

of information along the timeline of the iterative process. Anyone involved in the 

project can access this database anytime during or after the project is completed. 

This system provides a clear record for all parties to refer to when necessary. Lastly, 

the system is versatile because it can be applied to any field where alarms are used. 

Future Research 

Up to this point, we have only discussed this classification system in the 

context of alarms. However, this methodology can be used for any product. The 

only changes necessary would be for the researcher to identify the categorical 

characteristics of the product they wish to design or redesign. The process and the 

scoring system would remain intact. In addition, future research should attempt to 

identify any new characteristics relevant to alarms or other products. ATACS is 

meant to be a flexible, evolving document, and future researchers should be allowed 

to decide what characteristics they think best describe their products. 

Conclusions 

 The purpose of this study was to present an Alarm Taxonomy and 

Classification System (ATACS) that can be used to design or redesign any alarm 

in any field. This system creates a method for stakeholders in alarm development 

and designs a standardized format that assesses the alarm. Users, designers, 

vendors, engineers, and human factors experts, who often work together in alarm 

development, can jointly use this system to create a standardized measurable 

observation. The iterative process provides a format to seek continuous 

improvement of the alarm until it reaches a satisfactory level. In addition, the 

system offers 17 unique alarm characteristics so the exact area of possible 

deficiency in alarm development can be detected. While the use case example in 

this paper highlights an aviation example, ATACS can be used in any field in which 

alarms are used. 
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Appendix A – System Scoring Sheets 

 
Instructions. For each of the characteristics below, please provide a score of 1 (poorly 

designed) to 5 (perfectly designed), indicating how appropriately the alarm was designed 

based on that particular characteristic. The final row should be the total of all the scores. 

 

Physical Properties 

The modality of the alarm is a good choice.    _____________ 

The location of the alarm is a good choice.    _____________ 

The alarm effectively reaches all necessary recipients.   _____________ 

The alarm is sensitive (accurate).     _____________ 

The alarm is reliable (consistent).     _____________ 

The alarm is exclusive, in that it is limited to a single purpose.  _____________ 

The alarm is suppressible by the proper authority.   _____________ 

The alarm activates at appropriate times.     _____________ 

 

Psychological Properties 

The alarm is salient (easily perceived).     _____________ 

This type of alarm is familiar to users.     _____________ 

The alarm is acceptable to users.      _____________ 

The alarm is trustworthy.       _____________ 

The alarm is distinguishable from other alarms.    _____________ 

The alarm is appropriately informative.     _____________ 

The alarm is appropriately disruptive.     _____________ 

The alarm reflects the appropriate priority level.    _____________ 

The alarm is intuitive.        _____________ 
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Importance Pre-Scoring Sheet 

 
Instructions. For each of the characteristics below, please provide a score of 1 (not 

important) to 5 (extremely important), indicating how important that characteristic is to 

the success of the alarm. 

 

Physical Properties 

The modality of the alarm.      _____________ 

The location of the alarm.      _____________ 

The alarm’s recipients.       _____________ 

The alarm’s sensitivity (accuracy).     _____________ 

The alarm’s reliability (consistency).     _____________ 

The alarm’s exclusivity.       _____________ 

The alarm’s suppressibility.      _____________ 

The alarm’s temporality.      _____________ 

 

Psychological Properties 

The alarm’s salience.       _____________ 

The alarm’s familiarity to users.      _____________ 

The alarm’s acceptability to users.     _____________ 

The alarm’s trustworthiness.       _____________ 

The alarm’s distinguishability.      _____________ 

The alarm’s informativeness.      _____________ 

The alarm’s disruptiveness.      _____________ 

The alarm’s priority level.      _____________ 

The alarm’s intuitiveness.       _____________ 
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