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Abstract.  Ski lifts transport 51.8 million ski resort visitors on average annually. Due to climate 

change shortening the winter season, 80% of ski resorts are now open during the summer. 

Despite nearly doubling their lift operating days nationally from 117 to 204 days on average, 

the number of inspections has remained constant due to the danger of climbing lift towers and 

limited maintenance budgets. A safer inspection system is needed to increase frequency 

without increasing cost. Based on a detailed requirements analysis, three design alternatives 

were identified: (1) the current manual inspection method in which inspectors climb the towers, 

(2) a stationary platform mounted on the lift towers with HD and thermal cameras, and (3) a 

mobile aerial platform with HD and thermal cameras. The images from the HD and thermal 

cameras are processed to automatically identify component defects. A stochastic simulation 

was developed to compare the performance of the alternatives. Inputs include the tower 

characteristics, the number of people required to perform an inspection, and inspection weather 

conditions. Parameters include setup time, angle from components, horizontal speed, vertical 

speed, and inspection speed. Random variables were collected for human walking speed and 

mobile aerial platform velocity in stochastic wind conditions. The outputs to compare the 

design alternatives include personnel safety, accuracy, availability, and the time to complete an 

inspection. Simulation results from 1,453 replications indicate the mobile aerial platform had 

an average time savings of 23 minutes per tower per inspection and a 20% reduction of 

workplace incidents per year. The tower platform had an average time savings of 31 minutes 

per tower per inspection and a 5% reduction of workplace incidents per year.  Based on weights 

elicited from subject matter experts through a Pairwise Analytical Hierarchy Process 

comparison, the utility for each design alternative was ranked: mobile aerial platform (0.691), 

tower platform (0.670), and Manual inspection (0.466). Based on cost-benefit analysis, it is 

recommended that ski resorts implement the mobile aerial platform for safer, more frequent, 

more accurate, and less costly ski lift tower inspections.  
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Context Analysis 

Ski lift tower inspections identify component failures and protect passengers from accidents 

caused by mechanical failure. Fifty six percent (56%) of accidents due to mechanical failure 

have occurred due to tower components. The most likely accidents to occur are deropement 

(39% of accidents) which occurs when the haul rope comes off the tower and detachment (17% 

of accidents) which occurs when a lift chair detaches from the haul rope. Both deropement and 

detachment can cause passengers to fall over 40 feet to the ground. Currently, the only method 

to mitigate passenger risk is to perform inspections that place inspection personnel at risk of 

falling when they climb towers for inspections. From 2006 to 2015, the Bureau of Labor 

Statistics reported an average of 51 workplace incidents per year for Ski Resort Maintenance 

and Repair Personnel (Bureau of Labor Statistics), which can cost ski resorts over $412,280 in 

insurance and worker’s compensation per year (National Ski Areas Association). The current 

method of inspection is not only dangerous for personnel and expensive, but the current method 

is inaccurate with primarily visual and subjective measures. A summary of the tower 

components inspected and the method of inspection can be found in Table 1 below. 

Table 1. Inspected Components, Inspection Type, Frequency, and Requirements 

 

Ski Lifts are regulated by American National Standards Institute (ANSI) B77 Standards. State 

laws across the country reference the B77 standards as the baseline for ski lift design, 

installation, inspections, and maintenance. Inspections are performed five times per year 

including two resort-controlled inspections, two insurance inspections and one state inspection. 

B77 standards leave maintenance and inspection procedures to lift manufacturers who must 

provide the information to all ski lift operators. ANSI publications began in 1960 with revisions 

published every three years from 1970 to 1976 and every six years on average from 1976 to 

2017 (American National Standards Institute). Despite the implementation of formal 

regulations, ski lift passenger safety has not improved. A t-test on the mean number of accidents 

that occur during 5-year periods between 1971-2000 and 2001-2016 showed the mean number 

of accidents that occur every 5-year period has not changed (National Ski Areas Association). 

However, the variation of accidents improved. 

 

Figure 1. Accident Distribution per 5-Year Period 1971-2000, 2001-2016 (NSAA). 
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Problem Statement 

Climate change has shortened the ski season for ski resorts across the United States, leading 

them to expand their operations into the summer for sports such as mountain biking. Despite 

nearly doubling their lift operating days nationally from 117 to 204 days on average and 

subjecting lifts to a wider range of temperatures, the number of inspections has remained 

constant due to the danger of climbing lift towers and limited maintenance budgets (National 

Ski Areas Association). The inspection schedule at Bryce Resort in Virginia, the case study for 

this analysis, leaves gaps of two to three months between its five annual inspections in which 

failures can go unnoticed and cause an accident. However, more frequent inspections would 

increase the risk for inspectors. The current inspection method is also primarily visual and 

vulnerable to inaccurate subjective human judgement, as there are no numerical thresholds for 

component failures nor tools for consistent data collection or archiving.  

Need Statement 

The growing demand on ski lifts has created a need for more frequent inspections to decrease 

the probability that component failures will remain undetected. However, an increase in 

inspection frequency would increase the risk for inspectors. Therefore, there is a need for a 

safer, more cost-effective alternative method to inspect ski lift towers. An alternative method 

of inspection can also provide consistency of measurements, manage inspection data for easier 

access, and develop numerical thresholds for preventative maintenance.  

Stakeholder Analysis 

The primary stakeholders for the system are directly affected by the success or failure of ski 

lift inspections which can result in increased costs and fatalities. There is no tension between 

stakeholders that would prevent a new method of inspection from being implemented because 

they would all benefit from improved safety and lower costs. 

Maintenance and Inspection Personnel. Personnel are directly responsible for passenger 

safety and accept risk when they climb towers to perform inspections. They are also responsible 

for the risk that comes with new technology and procedures during implementation. They 

benefit from improved safety and decreased costs because increased costs would further limit 

their maintenance budget provided by management. Because they have the most experience in 

lift mechanics, personnel would be the inspection system user.  

Ski Resorts and Management. Ski resorts are profit-driven, but they are accountable for both 

passenger and personnel safety. Although a new system would incur cost, they would benefit 

from cost reduction over time from insurance savings and a reduction of labor hours associated 

with inspections. For the implementation of the mobile aerial platform design alternative, ski 

resorts must comply with local regulations as well as the Federal Aviation Administration 

(FAA) and the US Forest Service (USFS) if the resort is located on USFS land.  

Ski Resort Visitors and Lift Passengers. Visitors and passengers rely on inspection personnel 

and ski resort management for safety on ski resort property and while riding the lift. The 

inspection system must be safe for passengers and personnel to implement. Because resort costs 

determine ticket prices, passengers also benefit from keeping inspection costs low.  
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Ski Lift Inspection System 

Concept of Operations 

A ski lift inspection system would apply visual and thermal technology integrated with an 

automated image processing software to identify defects and indications for failure. The 

inspection system can be equipped with lights to improve visibility. 

Inspected Components. A list of inspected components was developed from Bryce Resort’s 

Inspection Schedule and ANSI B77 Standards. Indications for failure that can be identified 

through image processing include wheels out of alignment, wheels wobbling, structural cracks, 

debris or ice that can cause component failure, and corrosion in the tower structure or brittle 

bars. Optical flow algorithms can track motion between video frames for dynamic analysis 

such as weight transfer between the haul rope and the wheel as shown in Figure 2 below. Other 

image processing algorithms include corner and circle detection or color analysis.  Heat 

signatures from the thermal cameras can indicate hot bearings or areas with excessive friction. 

A list of inspected tower components can be found in Table 1 with their Mean Time Between 

Failure (MTBF) which was analyzed from data from the Colorado Passenger Tramway Safety 

Board. Based on the lowest MTBF, the frequency of inspections should be increased to weekly. 

  

Figure 2. Image Processing Application for Motion Tracking (Side view and top view) 

Development of an Aerial Inspection Procedure. The aerial inspection platform would be 

operated by an inspector with lift maintenance experience rather than aerial operation 

experience. An aerial inspection procedure was developed and tested at Bryce Resort to inspect 

components based on current manual inspection procedures in compliance with ANSI B77 

Standards. The inspector would have control of both the system’s position and camera gimbal. 

Due to collision avoidance sensor limitations, an additional inspector is required to be a visual 

observer to ensure safe separation between the aerial device and the lift. For ease of operation 

and efficiency, the camera would be kept in the same position to inspect the side of the sheave 

trains on opposite sides of the tower before angling the camera downward to inspect the top of 

the sheave trains and lift structure. 

 

Figure 3. Aerial Inspection Procedure. 



 

5 

 

Design Alternatives 

The three design alternatives for ski lift tower inspections are manual inspections (current 

method), tower platform, and mobile aerial platform. For manual inspections, personnel climb 

up each tower and inspect without the assistance of visual or thermal technology. The data 

collected is primarily visual and recorded on the ground using paper logs following the 

conclusion of the inspection. The information recorded is not numeric nor detailed enough to 

perform analysis. For the tower platform, personnel individually review visual and thermal data 

that can be collected continuously by stationary tower-mounted high definition and thermal 

cameras safely from the ground. For the mobile aerial platform, a team of two maintenance and 

inspection personnel collect visual and thermal data from high definition and thermal cameras 

mounted on a mobile Unmanned Aerial Vehicle (UAV) to obtain a multitude of camera angles. 

The tower and mobile aerial platform both provide images that can be used for degradation 

analysis over time. Data can be managed, reviewed, and shared from a cloud-based web 

application.  

Table 2. Design Alternative Comparison 

 

Simulation 

A stochastic simulation was developed to compare the inspection time, safety, accuracy, and 

availability of the three design alternatives, which are output by the simulation. Simulation 

inputs include the number of towers, the number of sheave wheels per tower, the height and 

location of each tower, as well as weather data including a random distribution for wind 

(Peterson). A summary of the inputs, parameters, and outputs of each design alternative can be 

found in the Design of Experiment (Table 4). 

Inspection Time. Inspection time is a cost-critical system characteristic, as it is related to labor 

costs. For the current method, the time required for a human to inspect the tower includes the 

time to setup, climb the tower, inspect all components, climb down, and travel to the next tower. 

The tower platform is considered continuous with a system delay of 1 minute. For the aerial 

platform, the simulation assumes that the procedure in Figure 3 is executed for inspections, 

including a maximum battery usage of 70% before replacement. Battery life was modeled 

based on stochastic wind conditions which can cause longer inspection times. Empirical data 

for random variables was collected for horizontal speed, climbing and descending speed, 

inspection speed, setup time, and battery change time.  

Safety. System safety is measured by the number of workplace incidents for maintenance and 

inspection personnel. For comparison, the number of workplace incidents is assumed to have 

a linear relationship with the number of inspections and the same standard deviation. Manual 

inspections cause an average of 51 workplace incidents per year with a standard deviation of 

16 workplace incidents per year (Department of Labor). Aerial-based inspections would reduce 

Design 

Alternative

Configuration/ 

Procedure

Failure 

Indications

Required No. 

of People

Angle of 

View
Storage

Current 

Method

Maintenance Personnel 

Climb Up Towers
Visual & Tactile 4 90°

Paper Logs            

(Pencil Notes)

Tower 

Platform

Continuous Monitoring 

from the Ground

Visual: HD & 

Thermal Cameras
1

60° - 90° 

(fixed)

Cloud Storage 

(Thermal/HD images)

Aerial 

Platform
Fly Over Lift Line

Visual: HD & 

Thermal Cameras
2 90°

Cloud Storage 

(Thermal/HD images)
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the current rate of workplace incidents by 20%, which is the equivalent of reducing 5 manual 

inspections to 4. The tower platform would reduce 5 manual inspections to 4, but the system 

would require personnel to climb the tower to perform system maintenance. The tower platform 

would reduce the current rate of workplace incidents by 5%. 

Accuracy. Accuracy was simulated using the Camera Calibration Tool developed by Bouguet 

in MATLAB to measure the pixel error for a camera between the expected corner position for 

a checkerboard and the location where the grid corner was detected across 10 images. Pixel 

error measures the camera’s camera distortion which determines each design alternative’s 

ability to detect defects (i.e. misalignment) using automated image processing. Distortion can 

prevent the shape of defects from being recognizable to both the human eye when evaluating 

an image or an image processing algorithm. The Pixel Error analysis provides each design 

alternative’s accuracy based on camera distortion respective to the camera’s distance and angle 

from components (Figure 4). The mobile aerial platform is restricted to 10 feet at a 90-degree 

angle from components due to the collision avoidance system. The accuracy of the tower 

platform was averaged between the camera angles from the 47-inch height above the tower 

center (90 degrees) and the 60-degree angle from the farthest component. Accuracy is scaled 

by the diagonal pixel error in comparison to the diagonal length of each box in pixels. For 

example, if a corner is detected one corner (one box) over from the actual location in the grid, 

it is considered to have 100% error or 0% accuracy. 

% Accuracy = 100 - % Error                                     (1) 

% Error = 100*Pixel Error/# of pixels per box         (2) 

 

Figure 4. Camera Angle and Distance for the Aerial Platform (left), Tower Platform (right) 

For comparison to manual inspections that do not use cameras, accuracy was calculated based 

on Ebbinghaus’ Forgetting Curve, which calculates the percentage of human memory retention 

over time. Accuracy for manual inspections is based on the time between a manual inspection 

and when the information is recorded on paper at the bottom of the tower. In the equation 

below, ‘b’ is the percent retention over time ‘t.’ The equation was determined by Ebbinghaus’ 

experiments and repeated many times (Murre). 

b = (184)/(1.25log(t)+1.84)                          (3) 

Availability. The availability requirement for inspections was defined based on the lowest 

Mean Time Between Failure (MTBF) for tower components. The lowest Mean Time Between 

Failure (MTBF) for a tower component is 25 days between Sheave Wheel failures (Colorado 

Passenger Tramway Safety Board). The recommended inspection frequency is one third of the 

MTBF, which is every 8 days or weekly inspections. Due to the on-demand nature of 

maintenance concerns, personnel may perform an inspection on any day. Availability is defined 

as the percentage of days per year in which a design alternative can inspect lift towers based 
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on weather conditions. Historical weather data was analyzed for Bayse Virginia, where Bryce 

Resort is located (Peterson). Availability restrictions were defined by Bryce Resort’s inspection 

procedure and manufacturer specifications for a UAV as well as HD and thermal cameras.  

Table 3. Availability Weather Restrictions 

 

Cost. Operating cost for each design alternative was based on the sum of labor hours 

determined by the inspection time for each design alternative in addition to insurance costs and 

worker’s compensation. For the aerial platform, operating cost also includes FAA Part 107 

Exams, UAV insurance, and training costs. Both the tower and aerial platforms include cloud 

service costs for storage and image processing. Acquisition cost was based on the cost of each 

platform including HD cameras, thermal cameras and either an aerial device for the aerial 

platform or installation costs for the tower platform. The current manual method of inspection 

has no acquisition cost because it is currently implemented at ski resorts.  

Design of Experiment 

To compare the different design alternatives, time, safety, accuracy, and availability were 

analyzed across the same number of towers and lift characteristics including the number of 

sheave wheels per tower as well as the height, slope, and distance between each tower from the 

Bryce Resort Lift Specifications. The cost of each alternative was compared based on the 

number of people required to perform an inspection: 4 people for manual inspections, 1 person 

for the tower platform, and 2 people for the mobile aerial platform. It was hypothesized that 

either the mobile aerial platform or tower platform would decrease cost by 20%, which would 

be the equivalent to reducing manual inspections from 5 to 4 inspections per year. 

Table 4. Design of Experiment: Simulation inputs, parameters, and outputs 
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Results and Analysis 

Simulation Results 

Results were obtained from 1,453 replications of the simulation. 

Table 5. Results for Inspection Time per Tower, Safety, Accuracy, and Availability 

 

The mobile aerial platform reduces inspection time by an average of 23 minutes per tower per 

inspection compared to manual inspections. The tower platform reduces inspection time by 31 

minutes per tower per inspection. Due to stochastic wind conditions and operating speeds, the 

mobile aerial platform has a standard deviation of 0.78 minutes per tower compared to 2.89 

minutes per tower for manual inspections. 

 

Figure 5. Mobile Aerial Platform Distributions for Time and Availability 

Although the mobile aerial platform has the lowest daily availability to perform inspections of 

the three design alternatives, the mobile aerial platform fulfills the requirement that weekly 

inspections can be performed. On average, six days per week are available. Historically, there 

have been three weeks out of four years (between 2014 and 2017) in which the mobile aerial 

platform was not available for seven consecutive days. The tower platform is 1% less available 

daily than manual inspections. However, the availability constraints for the mobile aerial 

platform and tower platform were defined to have lower risk to the inspection system than 

manual inspections that place inspection personnel at risk of falling. The mobile aerial platform 

improves safety by 20% and the tower platform improves safety by 5% due to occasional 

camera maintenance. 

Due to poor data recording procedures and the extended period of time between manual 

inspections and recording the information on a paper log, the mobile aerial platform improves 

accuracy by 50% and the tower platform improves accuracy by 45% compared to current 

manual inspections. The tower platform has greater pixel error compared to the mobile aerial 

platform due to the angle of view from the farthest component, which would limit the tower 
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platform’s ability to identify defects. The average pixel error from the 60-degree angle was 

4.074 pixels X and 11.957 pixels Y. The average pixel error at a 90-degree angle from 47 

inches away was 0.077 pixels X and 0.093 pixels Y.  The average pixel error from both camera 

positions was 6.376 pixels diagonally. The mobile aerial platform at a 90-degree angle from 10 

feet away had an average pixel error of 1.262 pixels X and 1.605 pixels Y, or 2.042 pixels 

diagonally. The error distributions for the tower platform and mobile aerial platform can be 

found in Figure 6 below. For comparison, the thermal camera pixel accuracy for the mobile 

aerial platform at a 90-degree angle from 10 feet away was 0.182 pixels X and 0.171 pixels Y, 

or 0.239 pixels diagonally. From 10 feet away, the thermal camera has 97.8% spot accuracy. 

  

Figure 6. Tower Angled View Pixel Error X and Y (left), Mobile Aerial View Pixel Error X 

and Y (right) 

Utility Analysis 

The weights for safety, accuracy, availability, and time were determined by pairwise 

comparison using the Analytic Hierarchy Process (AHP) method. Two groups of stakeholders 

with two subjects per group were asked to provide a pairwise comparison: ski resort 

management and ski lift maintenance personnel. Based on the simulation results and utility 

analysis, the mobile aerial platform improves safety, accuracy, and time compared to the 

current manual method of inspection. 

 

Figure 7. Determined weights for each system characteristic 

 

Figure 8. Determined utilities for each design alternative 

Compared to current manual inspections that cost $423,500 per year on average in the United 

States, both the mobile aerial platform and tower platform would improve utility (by 48.3%, 

43.8% respectively) at a lower cost. The mobile aerial platform would cost $31,862 over the 

first year of implementation, which includes both acquisition and operating costs. The annual 
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operating cost for the mobile aerial platform is $22,864. The tower platform acquisition cost is 

$105,316 and has a lower annual operating cost of $16,716. 

 

Figure 9. Utility and cost comparison. 

Sensitivity Analysis 

The mobile aerial platform is preferred if the weight of safety is greater than 0.48, the weight 

of availability is less than 0.21, and the weight of time is less than 0.15. Otherwise, the tower 

platform is preferred. The weight of accuracy does not change the outcome. The current method 

is preferred only if availability is greater than 0.97. 

Business Plan 

There are 521 ski resorts in the United States that are classified into four different size 

categories depending on their Vertical Transport Feet per Hour (VTFH). The target market for 

a new inspection system would be smaller ski resorts between 0 and 10,000 VTFH. According 

to the National Ski Areas Association (NSAA) Economic Analysis Report for 2015 to 2016, 

there are approximately 260 small ski resorts in the US. Smaller resorts are more dependent on 

revenue from summer operations and have smaller operating profit margins to spend on 

increasing lift maintenance costs (National Ski Areas Association). Small ski resorts would 

also require fewer waivers from the US Forest Service (USFS) to operate a UAV on USFS 

land. 

Table 6. Market Analysis by Resort Size (NSAA) 

 

Ski resorts would purchase a UAV system integrated with HD and thermal cameras as well as 

an inspection subscription. The subscription would provide a cloud-based data management 

service to host all image processing and store inspection reports. Based on market analysis, an 

additional market penetration of 5% (13 small ski resorts) per year with an exponential growth 
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rate of 6%. Business costs were determined based on the number of units sold and the expected 

cloud usage per subscription. 

 Table 7. Business Costs for Initial Investment 

 

The expected Return on Investment (ROI) in ten years is 3990%. Optimistic returns were based 

on an additional market penetration of 2 ski resorts per year (+0.75%). Pessimistic returns were 

based on a decreased market penetration of 2 ski resorts per year (-0.75%). Based on the initial 

investment for Year 1 and the Net Present Value (NPV) of the annual return, breakeven is 

expected in Year 3. 

Table 8. Expected Return on Investment (ROI) 
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