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1. Abstract 
Fairfax County of Virginia enforces the Virginia Uniform Statewide Building Code which contains 

the building regulations that must be complied with when constructing commercial buildings. Current 
inspection methods consist of inspectors physically searching for building defects with human vision 
while many defects ranging from structural cracks and loose nuts and bolts to inadequate sealant 
application and water damage go unnoticed due to varying factors such as limited line of sight and 
unavailability of safe access equipment. Human vision inspection procedures are also subject to additional 
deficiencies and complications during inspections 
of exterior defects as inspectors are often limited 
to inspect defects from the interior perimeter of the 
building, consequently compromising their safety 
and inspection quality. With an annual forecasted 
growth of 500,000 square feet of new construction 
each year, an enhanced commercial building 
inspection system for identifying exterior defects 
is in need. A stochastic simulation model was 
developed using distributions derived from time 
and motion studies to compare the time, safety, 
and accuracy of three design alternatives to 
collect, process, and analyze inspection data: (a) 
human vision inspection system, (b) manual use of 
automated defect identification system, and (c) 
aerial-based automated defect identification 
system. The design alternatives were ranked using 
a Multi-Attribute Utility Analysis as follows: (1) 
aerial-based automated defect identification 
system – 0.680, (2) manual use of automated 
defect identification system – 0.569, and (2) 
human vision inspection system – 0.451; the 
aerial-based automated defect identification 
system achieved a high utility score based on its 
improvements in inspection time, safety, and 
accuracy. 
 

  

Figure 1 Submarket Map of Fairfax County, VA 
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2. Context 
2.1. Introduction 
Building inspections identify safety hazards, major and minor defects in design specification and 

construction, and violations to local regulations and building codes. While inspections are regularly 
conducted in the construction industry, Fairfax County of Virginia puts high priority in commercial 
building inspections.  
 

Fairfax County is the second-
largest suburban real estate market 
in the United States and the largest 
in metropolitan Washington, D.C. 
The County possesses 116 million 
square feet of office space, 
commercial condominiums, 
industrial space, and flex space, 
ranging from single-story to high-
rise buildings.  
 

With its convenient proximity 
to the nation’s capital and major 
highways such as I-95, I-66, and I-
395, Fairfax County is 
experiencing a steady economic 

growth, as justified by the 735,000 square feet of new construction recorded in 2010 in comparison to the 
4.6 million square feet of new construction in 2015. 
 

 
2.2. Regulations in Fairfax County, Virginia 
Fairfax County enforces regulations and restrictions in construction of 

commercial buildings to ensure that buildings are built up to the Virginia 
Uniform Statewide Building Code (USBC). USBC is administered by the 
Virginia Department of Housing and Community Development and reference 
the 2012 International Codes as published by the International Code Council. 

 
The Special Inspections Program, established in 1973 after a collapse of a 

26-story building in Bailey’s Crossroads, serves as an added layer of 
accountability for Architecture and Engineering firms to meet building quality 
and safety standards as early detection of defects is crucial as building flaws or 
regulation violations that are found in the later stages of construction can be 
costly and even life-threatening.  
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Figure 4 Countywide Office Space Inventory and Vacancy Rates 

The current building inspection system utilizes human vision carried out manually by general 
contractor superintendents and county inspectors to locate and identify visually observed defects such as 
structural cracks, misaligned roof shingles or weather-proofing plates, loose nuts and bolts, water damage, 
and inadequate sealant application. Unfortunately, the method of physically inspecting defects on building 
exteriors poses significant limitations and safety risks to the inspector. In the year 2015, the Occupational 
Safety and Health Administration reported that one in five worker deaths were in the construction industry, 
with 38.8% of those fatalities due to falls. However, as the current inspection process requires inspectors 
to position themselves within visual line of sight to the defects, inspectors do not have other means than 
to observe building exteriors by leaning out between exterior framings or by fully entrusting the general 
contractor’s workmanship. 
 

 
Figure 5 Fairfax County Building Permit and Inspection Processes 



Design of an Enhanced Defect Identification System for Commercial Building Construction 
Department of Systems Engineering & Operations Research, George Mason University, Fairfax, VA 
 

 Page 7 

Construction inspections ensure safety and quality of buildings 
and that buildings are with minimal construction defects. Inspections 
are conducted throughout the entire day of construction by the 
general contractor superintendent and various times a week by the 
County inspectors. These inspections can last anywhere from five 
minutes to several hours depending on the defects being inspected 
against the construction specifications and plans that has been drafted 
by a Registered Design Professional of the Architecture-Engineering 
firm in charge of the building design. These specifications and plans 
must be reviewed and approved by the Fairfax County Department 
of Land Development Services to meet the Virginia Uniform 
Statewide Building Code. Each construction inspection can vary 
dramatically in time, technicality, and scope and therefore no official 
process is enforced among inspectors. Instead, inspectors are 

required to refer to the same standards and codes but defects remain to go missing on a daily basis, 
resulting in inconsistent inspection results and quality. Inspectors are subject to physical risks such as 
stumbling and falling down as the current process requires them to physically observe defects by placing 
themselves in line-of-sight to points of interests. Furthermore, the lack of an archive system of inspection 
results and reports limit growth in improving inspection quality for future inspections. 

 
Inspections are becoming to have increasing 

importance in the construction industry as construction 
industries are experiencing a rapid growth of bigger and 
more complex buildings, leading to increased potential 
to cause more damage to property and people. On March 
2 of 1973, the Skyline Plaza apartment building in 
Bailey’s Crossroads, Virginia collapsed while under 
construction due to rushed inspection of concrete 
stability. 
 
 The premature removal of shoring on the 22nd 
floor had caused the vertically-extended collapse from 
the 24th floor to the ground of the 26-story apartment 
building killing fourteen and injuring thirty-four 
workers. The evaluation of the overall condition of the 
formwork after the collapse revealed that additional 
problems; much of the remaining lumber was found to 
be in poor condition or out of plumb and some of the 
lateral bracing was not properly connected to the 
formwork, and thus in violation of Occupational Safety 
and Health Administration (OSHA). This prompted 
Fairfax County government to establish the Special 
Inspections Program to require all new commercial 
buildings to have daily inspections for all phases of 
construction. 
 

Figure 8 Aerial Photograph of the Skyline Plaza Before 
Collapse 

Figure 7 Collapsed Structure of Skyline Plaza 

Figure 6 Building Under Construction 
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2.3. Visually Identifiable Defects 
There are five main categories of inspections enforced in Fairfax County: structural, mechanical, 

electrical, plumbing, and fire marshal inspections, however this project focuses on structural inspections 
as inspections for structural defects experience the the highest risk to inspectors from the current 
inspection process. Such inspections focus on the structural components of the building such as 
loadbearing and non-loadbearing elements and architectural features of the buildings being inspected.  

 
Generally, inspectors rate each visually identifiable defects found during the inspection process by 

qualitatively categorizing them with descriptions such as decrepit, poor, fair, good, or excellent depending 
on the severity of the defect. As the severity of defects are up to the interpretation of the inspection, there 
is a high level of interrater reliability when there are more than one inspectors inspecting the same defect.  

    

 
 
 
 
 
 
 
 
 
 
 

 
Common visually identifiable defects include structural concrete cracks, misaligned roof shingles and 

weather-proofing plates, loose nuts/bolts, water damage, and inadequate sealant application. Identified 
defects get recorded on a construction punch list for either the general contractor or the engineering firm 
to repair. However, many defects go undetected due to limitations on manual inspections such as limited 
line of sight, limited inspection time in scheduling, no finite list of defects, interrater reliability, and 
unavailability of safety equipment. The lack of a uniform reporting and archiving method further 
complicates the ability for inspectors to refer to previous inspection results or similar construction projects.  
  

Figure 9 Visually Identifiable Exterior Defects 
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3. Problem Statement 
While continuous building inspections have been a County requirement since the 1970s, inspection 

methods have not seen changes since its establishment. Observation of defects on exterior walls of 
commercial buildings have particularly resulted in limitations from inspecting certain defects to avoid 
hazardous situations to inspectors such as risks of falling or injury as their access to defects are limited to 
the interior perimeter of buildings in the framing stages of construction. 

 
  
 
  
 
 
 
 
 
 
 
 
 
3.1. Gap Analysis 
As the suburban office market of Fairfax County continues to grow as justified by the 20% increase 

in new office space inventory within the past five years, there is a growing demand for building inspection 
in the commercial building construction market. However, the County has not met growth in its inspector 
labor force or advancements in the inspection processes to reflect this market increase. The lack of uniform 
building defect reporting methods also limits the improvements that can be made in the inspection industry 
as there is no standard archive of inspection data readily available to county inspectors or general 
contractor superintendents. Therefore, there exists a gap between the increasing demand for new 
commercial building inspection and the ability of inspectors and superintendents to meet that demand 
without compromising inspection time, accuracy, and their safety. 

 

4. Stakeholder Analysis 
Primary stakeholders in the system serve as direct participants in the enterprise where the efficiency 

and outcome of building inspections result in benefit or harm.  
 
4.1. Inspectors and Superintendents 
Inspectors may be supplied from the County or be superintendents of the general contractors acting as 

inspectors procured to conduct the construction of the building. In both cases, inspectors must be certified 
and approved by the County either through direct employment or through prior approval and assignment. 
Their main objective in the system is to ensure that all buildings are constructed in accordance to the 
applicable building code by meeting all regulations and requirements. Tensions they face consist of time 
limitations in their schedules or based on the construction schedule as well as being held accountable for 
defects that may go unnoticed during the inspection.  

 

Figure 10 Use of Lifts and Harnesses in Current Human Vision Inspections 
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4.2. A/E Firms and General Contractors 
Architecture/engineering firms and its associates draft the appropriate building plans and 

specifications which is then approved by the County prior to construction of the building. General 
contractors are procured to carry out the construction tasks according to the approved specifications. 
Throughout construction, revisions of the plans are made and implemented. The objectives of the A/E 
firms and general contractors in the system is to construct the building within budget and on schedule. 
They may face tensions with each other as well as with inspectors as they will be held accountable for 
repairing defects and discrepancies in designs as they are identified. 

 

5. Need Statement 
In the current commercial building market of Fairfax County, there is a need for an enhanced defect 

identification system that will aid the process of commercial building inspections by reducing inspection 
time and improving safety, accuracy, and cost. The commercial building construction industry has been 
seeing a continuous growth in the recent years of its activity, therefore the inspection labor force must be 
met with improvements in inspection methods and procedures.  

 
With an improved system that reduces inspection time and improves safety, accuracy, and cost of 

inspections inspectors and superintendents will be able to identify more defects in a set time without 
compromising their safety or the quality of the inspections. Particularly with a system that is able to 
potentially eliminate the requirement for the inspector to manually observe defects up close, inspectors 
will be able to reduce risks of falling or injury. A/E firms and general contractors will also be able to 
determine and archive construction defects for future reference and be able to hold each other accountable 
for design or construction flaws.  
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6. Concept of Operations 
The enhanced defect identification system will consist of five operational procedures, utilizing an 

automated defect identification system through manual data collection methods and the use of unmanned 
aerial vehicles. 

 

 
Figure 11 Enhanced Defect Identification System Concept of Operations 

 

6.1. Creation of Lists of Items to Inspect 
Inspectors will create a list of items to be observed and inspected for defects in the inspection by 

referencing the approved construction plans and specifications and the construction schedule. These 
defects may be structural cracks, misaligned roof shingles or weather-proofing plates, loose nuts and bolts, 
inadequate sealant applications, or water damage.  

 
6.2. Development of Data Collection Plan 
With the list of observable items, inspectors will develop a data 

collection plan consisting of the inspection path around the perimeter of 
the building framing from ground floor to the top floor. To allow an 
efficient inspection path, the inspector will plan on inspecting the floors 
one by one, in increasing floor numbers. For inspection using aerial-
based vehicles, a flight path will be developed for the aircraft to spiral 
around the exterior perimeter of the building from ground floor to the top 
floor. The following figure is an example of an unmanned aerial vehicle 
flight plan for surveying the exterior of the building. This flight plan will 
be developed by the inspector to capture defects that are unreachable by 
the inspector from the interior framing of the building. 

 
 

6.3. Data Collection 
The inspector will conduct the inspection and inspect areas where defects may be present, based on 

the list creation of observable items.  With manual inspections, the inspector will manually walk around 
the perimeter of the interior framing. With automated inspections, the inspector will utilize the defect 
identification system by collecting photographs of the defect in various angles. In the aerial-based 
scenario, the photographs will be taken while the aerial vehicle hovers over the inspection points of 
interest.  

 

Figure 12 Sample Data Collection Plan 
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6.4. Defect Identification 
As inspectors identify defects through human vision, notes will be made on traditional pen and paper 

to allow flagging of areas that require repair. If images of defects have been collected with digital 
photographs, the images will be processed and analyzed by the defect identification software that utilizes 
pixel recognition to note whether the images contain defects requiring repair.  

 
6.5.  Reporting and Archive 
The standardization of defect categorization system enables reports to be created with minimal 

interrater reliability and quantitative results rather than qualitative descriptions that the manual inspection 
process uses. These reports and associated inspection data can be stored for long-term for future reference 
for similar building projects as well as maintenance inspections through the life of the building. Archive 
platforms include Fairfax County servers or cloud storage options such as Amazon Web Services Simple 
Storage Services (S3) and Amazon Glacier. 

7. Requirements 
Several requirements have been developed to ensure that the system mission, functions, and design reflects 
the concept of operations.  
 

7.1. System Requirements 
 

SR 1. The system shall be able to detect the following exterior defects: 
• Structural cracks 
• Misaligned roof shingles/weatherproofing plates 
• Loose nuts/bolts 
• Water damage 
• Inadequate sealant application 

SR 2. The system shall be used by an inspector with appropriate certifications and tools 
SR 3. The system shall comply to all state and local regulations and restrictions 
SR 4. The system shall reduce overall time of field inspection by 20% 
SR 5. The system shall improve inspector safety by a 20% (based on safety risk rating scale) 
SR 6. The system shall identify defects with accuracy equivalent to current inspection methods 

or better 
SR 7. The system shall provide a uniform method of reporting and archiving inspection data 
SR 8. The system shall be operable in active-construction zones 
SR 9. The system shall be operable in daylight during regular construction hours 
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7.2. Functional Requirements 
 

FR 1. Remote accessibility component shall be operable within a 1000 meters vertical and 
horizontal distance with a remote control 

FR 2. Remote accessibility component shall be operated without the possibility of direct human 
intervention from within or on the aircraft (FAA Public Law 112-95, Section 331(8)) 

FR 3. Remote accessibility component shall be operated under the Small UAS Rule (FAA Part 
107) concerning public aircraft operations 

FR 4. Remote accessibility component shall improve accessibility to visual line of sight than 
that of current inspection process 

FR 5. The data collection component shall be able to capture images during daylight 
FR 6. Defect identification component shall categorize defects according to applicable building 

codes and municipal regulations 
 

7.3. Design Requirements 
 

DR 1. Remote accessibility component shall not exceed 55 pounds (25 kg) with all payload 
attachments in accordance to FAA Part 107 

DR 2. Remote accessibility component shall not exceed the maximum speed of 4.7 meters per 
second during its operation 
• Fatality impact of 250 Joules 

DR 3. The data collection component shall be able to temporarily store data in a removable 
memory (e.g., SD Card) compatible with a standard computer 

DR 4. The data collection component shall capture images and videos of building defects with 
an accuracy level equivalent of human vision or better 

DR 5. Defect identification component shall identify defects with image recognition (e.g., pixel 
identification) algorithms 

 

8. Design Alternatives 
 

With consideration of the current inspection, two additional design alternatives were considered. The 
current inspection method utilizes human vision inspection requiring inspectors to manually walk through 
the interior of the building for inspection of exterior walls. The second design alternative considers the 
use of automated defect identification system through collection of digital photographs while inspectors 
are still required to walk through the interior perimeter of the building with a camera. The third design 
alternative utilizes an aerial inspection method with an automated defect identification system using the 
aircraft camera and paired live-view modes to eliminate the inspector’s need for manual walk-throughs 
while providing accessibility to exterior defects from the outside perimeter of the building. 
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8.1. Human Vision Inspection (manual) 
The first design alternative, Human Vision Inspection, is 

how the building inspections are carried out today. The human 
vision inspection requires inspectors to manually walk around 
the interior perimeter of the building to inspect defects on the 
exterior walls under limited visual line-of-sight or subjecting 
themselves to risks of falling or injury. Due to physical 
limitations on the inspectors restricted access to exterior 
framing of buildings, many defects go unnoticed. In addition, 
the accuracy of the inspection relies heavily on the visual 
conditions of the defect as well as the inspector’s claim on 
whether if an observed item is deemed defective. This raises 
concerns for interrater reliability as one inspector may consider 
an item to be defective while another inspector may pass the it 
to be sufficient. Defects are also recorded in a qualitative and descriptive manner as there are no uniform 
measurement or archive methods used in defect categorizations to measure key characteristics such as 
size, depth, and severity of defects.  

 
8.2. Manual Inspection with Automated Defect Identification System (manual) 
The second design alternative, Manual Inspection paired 

with an Automated Defect Identification System, combines the 
current inspection method and the introduction of pixel 
recognition. Inspectors will be required to walk around the 
interior perimeter of the building to inspect the exterior framing 
defects, however will use a camera to collect digital photographs 
of areas being observed for post-processing for pixel 
recognition. Cameras may be mounted on extenders to allow 
additional visual accessibility. Once images are taken, they will 
be post-processed on a computer and analyzed through a defect 
identification software to identify and record the defect type and 
characteristics. 
 

Figure 13 Limited Accessibility to Exterior Defects in 
Human Vision Inspection 

Figure 14 Camera with Extender 
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8.3.  Aerial-based Identification with Automated Defect Identification System (manual) 
The third design alternative, Aerial-based 

Inspection with Automated Defect Identification 
System eliminates the need for inspectors to manually 
walk through the buildings being inspected. Inspectors 
can create a set flight path with utilizing waypoints to 
sweep around the building for inspection. Through the 
use of unmanned aerial vehicles and the equipped 
camera and live-view modes, inspectors will be able 
to observe buildings remotely. This allows the 
inspectors to remove themselves from risks of falling 
while having the gained accessibility to exterior 
defects as the aerial vehicles can fly around the 
exterior framing of the building for a direct visual line-
of-sight to exterior defects. Unmanned aerial vehicles 
can also spiral between floors, reducing travel time in 
inspections as well as hover over areas that require 
additional observations to allow capturing multiple 
images from varied angles. Captured images will then be available to be analyzed at real-time with the 
live-view mode or be stored for post-processing with the defect identification software. With continued 
use and advanced proficiency, inspectors can expect faster data collection with flexibility in accessibility 
to exterior defects. However, this design alternative requires additional batteries as feasible aircraft 
designs allow for approximately 25 minutes of flight time, as well as vehicle insurance and registration 
with the Federal Aviation Administration. The inspector will also be required to obtain a pilot certification 
to operate the unmanned aerial vehicle. 

 

9. Simulation 
A stochastic simulation was used to estimate the overall inspection time, safety, and accuracy of the 

three design alternatives and compare the two proposed designs to the traditional system of manual 
inspection using human vision.  

 
9.1. Simulation Input 
Various input values for the simulation consisted of data collected from time and motion studies in the 

field to mirror the current inspection system and the proposed design alternatives. 
 
9.1.1. Properties of Defects 
Properties of defects to be identified were also observed to reflect descriptions of required visual line 

of sight and the likelihood of occurrence of each defect.  
 

 

  

Figure 15 Use of Unmanned Aerial Aircraft with Live-View 
Capabilities 
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Table 1 Properties of Building Defects 

Defect 
Type 

Description of 
Required Visual 

Required 
Angle 

Likelihood of 
Occurrence 

Structural cracks 
 

Approximately linear, darker in 
color than surrounding area, 
greater than 3 cm in length 

90° front facing 40% of defects 

Misaligned roof shingles 
or weather-proofing 

plates 

Casts geometrically inconsistent 
shadow and profile, greater than 

5 cm 
 

45° side angle 5% of defects 

Loose nuts/bolts Inconsistent geometry, less than 
3 cm 45° side angle 20% of defects 

Inadequate sealant 
application 

 

Approximately linear, greater 
than 3 cm, darker in color than 

surrounding area 
90° front facing 25% of defects 

Water damage 
Darker in color than surrounding 

area, creates round profile, 
greater than 5 cm 

45-90° facing 10% of defects 

 

 
9.1.2. Unmanned Aerial Vehicle 
Utilizing the DJI Phantom 3 Standard quadcopter, 

various time and speed values were collected to 
appropriate the input data for use of such aircrafts in a 
building inspection environment, with the maximum 
velocity threshold set to 4.7 meters per second to avoid 
potential fatalities caused by falling aerial vehicles. With 
consideration of the 250 Joules of energy for fatality 
when impact with a human head, the maximum allowable 
weight of the UAV was set to 22.68 kilograms.  

 
 

𝐾𝐸 = $
%
	𝑚𝑣%, 𝑤ℎ𝑒𝑟𝑒	𝐾𝐸 = 250𝐽.   (1) 

 

𝑣 = %∗%456
7

, 𝑤ℎ𝑒𝑟𝑒	𝑚 = 22.68𝑘𝑔   (2) 
 

 
 
  

Figure 16 DJI Phantom 3 Standard 



Design of an Enhanced Defect Identification System for Commercial Building Construction 
Department of Systems Engineering & Operations Research, George Mason University, Fairfax, VA 
 

 Page 17 

Table 2 Observed Input Values for UAVs 

Description Mean, µ St. Dev, σ 

Time required for aerial vehicle pilot to set up, 
calibrate, and test aircraft 300 sec 100 sec 

Time required for battery switch for aerial vehicle 300 sec 100 sec 

Vehicle’s flight speed inspecting for defects 1.0 m/s 0.3 m/s 

Vehicle’s flight speed ascending between floors 2.0 m/s 0.3 m/s 

Vehicle’s flight speed descending between floors 2.0 m/s 
 

0.3 m/s 
 

 

 
 

 
Figure 17 Drone Staging and Pre-Flight Calibration 
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Figure 18 DJI Phantom 3 Standard Field Data Collection (1) 

 

 
Figure 19 DJI Phantom 3 Standard Field Data Collection (2) 

 
9.1.3. Manual Inspection 
Time and speed values were collected from observation of the current human vision inspection 

process through manual testing and measurement recordings.  
 

Table 3 Observed Input Values for Manual Inspection 

Description Mean, µ St. Dev, σ 
Time required for inspector to arrive at floor 1 from 

field office 600 sec 300 sec 

Inspector’s walking speed manually inspecting for 
defects 0.48 m/s 0.04 m/s 

Inspector’s walking speed up a staircase of average 
27° gradient 0.57 m/s 0.05 m/s 

Inspector’s walking speed down a staircase of 
average 27° gradient 0.77 m/s 0.05 m/s 
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9.1.4. Camera/Sensor 
The camera capability was also tested to observe the relationship between the distance of the camera 

from an image being photographed and the quality of the photograph taken, using the same quality camera 
as that of the DJI Phantom 3 Standard. A photograph of a figure of various sizes were taken at varied 
distances then reviewed on a computer for visibility ratings from 0% to 100% clarity. Through this 
experiment it was determined that defects of size 2.5 centimeters or greater could be moderately identified 
at a distance of 2 meters away. The following table includes the allowable visual distance per each defect 
size with  highlighted cells indicating furthest distances between the defect and the camera that allows for 
maximum clarity. 

 

Table 4 Allowable Visibility on 12 MP UAV Camera 

 0.5 cm 1.0 cm 1.5 cm 2.0 cm 2.5 cm 3.0 cm 4.0 cm 5.0 cm 

0.5 m 90% 100% 100% 100% 100% 100% 100% 100% 

1.0 m 85% 100% 100% 100% 100% 100% 100% 100% 

1.5 m 55% 90% 100% 100% 100% 100% 100% 100% 

2.0 m 40% 80% 90% 100% 100% 100% 100% 100% 

2.5 m 25% 50% 60% 90% 100% 100% 100% 100% 

3.0 m 5% 20% 45% 70% 80% 90% 100% 100% 

4.0 m 0% 5% 20% 40% 70% 75% 98% 100% 

5.0 m 0% 0% 10% 25% 45% 50% 90% 100% 
 
 

9.1.5. Image Recognition 
Current technology available for the image 

recognition utilizes pixel identification algorithms to set 
points of interest within a given digital image to observe 
geometric consistency and variances in color to detect 
edges and blobs that can potentially identify building 
defects such as structural cracks and water damage, 
respectively. Certain features such as brightness and 
contrast of the image can be altered and adjusted through 
processes such as histogram equalization. Other methods 
to enhance a digital image to inspect its characteristics 
include mean/median filtering and discrete convolution 
to remove noises to observe shadows created by 
misaligned roof shingles and weather-proofing plates or 
loose nuts and bolts. 

 

Figure 20 Sample Pixelated Image of a Structural Crack 
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The feasibility of the image recognition software for automated defect identification would require the 
pre-population of sample images of defects. 
 

9.2. Simulation Parameters 
Defects were characterized by the time required to identify the defect, the safety risk the inspector 

would be subject to by inspecting the defect, and the accuracy in which the defect could be inspected in 
consideration of accessibility and visibility constraints in each alternative. Safety risk values were 
determined from a scale of 1 (low risk – favorable) to 7 (high risk – unfavorable) and accuracy values 
were determined from a scale of 1 (low accuracy – unfavorable) to 7 (high accuracy – favorable). 
 

9.2.1. Observation Time for Defect Inspection 
Observation times per defect occurrence indicates the time it takes for the inspector to observe and 

note the exterior defect once identified. For design alternative 1 utilizing human vision inspection, 
inspectors physically observe points of interests for defects. Once a defect is identified, the inspector 
manually measures and notes the defect to be repaired on traditional pen and paper. For design alternative 
2 utilizing a camera with an extender paired with automated defect identification, the inspector takes a 
photograph of the area of interest for the image to be post-processed through image recognition software. 
For design alternative 3 with the use of aerial vehicles and automated defect identification, the inspector 
sets a location in the flight path of the drone in which it will hover at various points to gather photographs 
of the building in multiple angles to be processed through the image recognition software. The observation 
times for alternatives 2 and 3 are specifically the time to capture digital images of the area of interest. 
 

 
Table 5 Observation Times per Defect Occurrence 

Defect Type Design Alt. 1 Design Alt. 2 Design Alt. 3 

Structural cracks µ = 180s 
σ = 30s 

µ = 100s 
σ = 10s 

µ = 60s 
σ = 30s 

Misaligned roof 
shingles or weather-

proofing plates 

µ = 180s 
σ = 30s 

µ = 90s 
σ = 30s 

µ = 60s 
σ = 15s 

Loose nuts and bolts µ = 300s 
σ = 100s 

µ = 350 
σ = 100s 

µ = 200s 
σ = 30s 

Inadequate sealant 
application 

µ = 300s 
σ = 100s 

µ = 250s 
σ = 50s 

µ = 200s 
σ = 30s 

Water damage µ = 120s 
σ = 10 s 

µ = 60s 
σ = 10s 

µ = 60s 
σ = 15s 
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9.2.2. Risk Factors for Defect Inspection 
The current human vision inspection raises many safety concerns due to risks to inspectors when 

observing exterior defects due to limited accessibility to the exterior walls from the interior perimeter of 
buildings. A safety risk rating scale from 1.0 to 7.0 was developed by the project team and a collection of 
County and commercial market inspectors with rating of 1.0 representing a favorable, low risk situation 
and a rating of 7.0 representing an unfavorable, high risk situtation. Thus, this negative function indicates 
that higher the risk value, the more danger the inspector would be under to inspect each exterior defect.  

 

 
Figure 21 Risk Factor Rating Scale 

This scale was used to rank the potential safety risks to inspectors for observing each defect in each 
design alternative scenario. A team of inspectors reviewed and scored from the rating scale the potential 
safety risks associated with the tasks in inspecting and identifying the five categories of defects. 

 
 

Table 6 Risk Factors per Defect Occurrence 

Defect Type Design Alt. 1 Design Alt. 2 Design Alt. 3 

Structural cracks µ = 6.8 
σ = 1.1 

µ = 5.2 
σ = 2.1 

µ = 2.1 
σ = 1.2 

Misaligned roof 
shingles or weather-

proofing plates 

µ = 5.3 
σ = 2.2 

µ = 4.1 
σ = 1.2 

µ = 1.3 
σ = 0.5 

Loose nuts and bolts µ = 6.6 
σ = 1.9 

µ = 5.2 
σ = 1.7 

µ = 2.1 
σ = 1.2 

Inadequate sealant 
application 

µ = 6.2 
σ = 3.1 

µ = 3.2 
σ = 1.6 

µ = 2.1 
σ = 1.1 

Water damage µ = 3.1 
σ = 0.4 

µ = 1.1 
σ = 0.3 

µ = 4.2 
σ = 0.4 
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9.2.3. Accuracy Factors for Defect Inspection 
Similarly, a rating scale from 1.0 to 7.0 was developed by the project team and inspectors to evaluate 

the accessibility to exterior defects for each design alternative scenario to represent the accuracy of the 
data collection method. A rating of 1.0 represented an unfavorable low accuracy situation due to limited 
accessibilty to exterior walls whereas a rating of 7.0 represented a favorable high accuracy situation. This 
positive function indicates that the higher accuracy values symbolize better accessibility to defects.  
 

 
Figure 22 Accuracy Factor Rating Scale 

 The accuracy rating scale was then used by County and commercial inspectors to measure 
accessibility to each defect for each design alternative. 
 

Table 7 Accuracy Factors per Defect Occurrence 

Defect Type Design Alt. 1 Design Alt. 2 Design Alt. 3 

Structural cracks µ = 3.7 
σ = 1.3 

µ = 5.2 
σ = 1.9 

µ = 6.1 
σ = 2.1 

Misaligned roof 
shingles or weather-

proofing plates 

µ = 4.1 
σ = 1.4 

µ = 5.2 
σ = 1.4 

µ = 6.6 
σ = 1.1 

Loose nuts and bolts µ = 3.2 
σ = 1.1 

µ = 4.7 
σ = 1.2 

µ = 6.1 
σ = 2.1 

Inadequate sealant 
application 

µ = 4.2 
σ = 1.6 

µ = 5.8 
σ = 1.2 

µ = 5.5 
σ =  1.1 

Water damage µ = 6.1 
σ = 2.1 

µ = 6.2 
σ = 1.5 

µ = 5.3 
σ = 1.4 

 

 
9.3. Simulation Design  
With JavaScript programming, building dimensions were formulated using various building widths, 

lengths, and floor numbers which then determined the interior and exterior perimeters of the building 
inspectors or the unmanned aircraft would inspect defects from. The interior perimeter and exterior 
perimeter were given a difference of 3 meters to allow for the thickness of exterior framing and walls as 
well as the average distance between the building and the aerial vehicle flight path. The inspector’s 
walking speeds, aircraft’s flight speeds, and time required for the aircraft’s battery switch were included 
in the simulation with the use of random number generators to reflect distributions for varied values. 
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Figure 23 Simplified Representation of Simulation Input and Output 

Three functions were created to simulate each of the design alternatives. The first two design 
alternatives considered the interior perimeter as the inspector would manually walk through the inside of 
the building and observing defects on the exterior walls. The third design alternative considered the 
exterior perimeter of the building as the aircraft would fly around the exterior of the building and hovering 
at various locations where defects are to be observed. Elapsed inspection times, safety risk values, and 
accuracy values for each of the design alternatives were observed for 1000 iterations per building 
dimension.  
 

 
Figure 24 Program Snippet - Simulation Inputs 
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Figure 25 Program Snippet - Inspection Walk-Through Simulation (Design Alternative 1) 

 

 
Figure 26 Program Snippet – Definition of Defects by Likelihood 
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Figure 27 Program Snippet - Defect Occurrence 

 

 
Figure 28 Program Snippet - Simulation Parameters (1) 

 

 
Figure 29 Program Snippet - Simulation Parameters (2) 
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Figure 30 Program Snippet - Simulation Parameters (3) 
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10. Design of Experiment 
 
It was hypothesized that either manual inspection with automated defect identification system (design 

alternative 2) or aerial inspection with automated defect identification system (design alternative 3) would 
see a minimum of 20% improvement in time, safety, and accuracy than that of the traditional system, 
human vision inspection (design alternative 1). The 20% goal was determined to be an adequate 
improvement as a reflection of the average growth in new commercial building construction seen in the 
last five years in Fairfax County. 
 

 
Figure 31 Simulation Input and Output 
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11. Results 
 
Varied building dimensions of 1 to 6 floors were observed to output elapsed time, safety risk, and 

accuracy values to be compared among the three design alternatives. The resulting time, safety, and 
accuracy values were then averaged for the 1000 iterations for each building dimension. The final values 
for the 30 variable dimensions were also averaged to compare the results of the three design alternatives. 
 

Table 8 Simulation Output 
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11.1. Time 
A notable difference can be observed between the elapsed time of the human vision inspection 

compared to that of the two design alternatives utilizing automated defect identification system; 17.9% 
for its manual use and 44.4% for the aerial-based system, allowing for post-processing of digital 
photographs.  

 

 
Figure 32 Resulting Elapsed Time of Inspection Simulation 

 
11.2. Safety Risk 
Human vision inspection resulted in the highest total safety risk value, indicating that the process 

posed more dangerous threats to the inspector’s safety than that of the manual and aerial-based use of the 
automated defect identification system which resulted in 31.4% and 63.2% of improvement, respectively. 

 
 

 
Figure 33 Resulting Safety Risk Value of Inspection Simulation 

K

20K

40K

60K

80K

100K

120K

140K

160K

180K

200	 2,000	 30,000	 360,000	 810,000	 1,404,000	

Ti
m
e	
El
ap
se
d	
(s
ec
)

Building	 Size	(square	meters)

Elapsed	Time	of	Inspection	

DA1	Time DA2	time DA3	Time

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

200 2,000 30,000 360,000 810,000 1,404,000

To
ta
l	R
isk

	V
al
ue

Building	 Size	(square	meters)

Risk	Value	of	Inspection

DA1	Safety	Risk DA2	Safety	Risk DA3	Safety	Risk



Design of an Enhanced Defect Identification System for Commercial Building Construction 
Department of Systems Engineering & Operations Research, George Mason University, Fairfax, VA 
 

 Page 30 

11.3. Accuracy 
The aerial-based automated defect identification system resulted in the highest accuracy level due to 

flexibility in visual line-of-sight with the aid of unmanned aerial vehicles and hover technology. The 
average accuracy improvement seen in this design was 32.4% while the manual use of automated defect 
identification system resulted in a 25.5% accuracy improvement.  
 
 

 
Figure 34 Resulting Accuracy Value of Inspection Simulation 

 

12. Analysis 
From the obtained simulation results, additional analysis was conducted to compare each design 

alternative on three attributes by Analytic Hierarchy Process using Logical Decisions® Multi-Attribute 
Utility Analysis. 

 

 
Figure 35 LDW Attributes 
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12.1. Utility Analysis 
Safety risk was valued at the highest weight as risks to inspectors was the most concerning deficiency 

in the current inspection market. Accuracy was valued higher than time as inspection data must be accurate 
to prevent re-inspections. 
 

 
Figure 36 Utility Hierarchy 

 
Corresponding percentage weights and effective weights for each of the utility attributes were 

calculated. 
 

 
Figure 37 Attribute Percentage and Effective Weights 

 
With the determined weights, a pair-wise comparison matrix was created in Logical Decisions for 

Windows ™ to reflect how each attribute compared to each other.  
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Table 9 Pair-Wise Comparison (LDW) Matrix 

 
 
 

12.2. Analytic Hierarchy Process 
The Analytic Hierarchy Process matrix was developed to reflect the simulation output values against 

the weights of each of the three attributes for utility analysis. 
 

Table 10 AHP Attribute Weight Matrix 

 
 

 
Figure 38 AHP Result on Utility Function 
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From this analysis, ranking of the design alternatives were further observed for each of the utility 
attributes. 

 

 

 

 
Figure 39 Design Alternative Rankings per Time, Safety Risk, and Accuracy Attributes 
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12.3. Sensitivity Analysis 
Sensitivity analysis was conducted by incorporating the average values of the obtained simulation 

outputs in consideration of the pre-determined weights from. Rankings based on the combination of utility 
attributes resulted in the following result: (1) aerial-based automated defect identification – 0.680, (2) 
manual use of automated defect identification system – 0.569, and (3) human vision inspection system – 
0.451. This resulted in the third design alternative of aerial-based automated defect identification system 
to be 33.7% higher in the utility score, most sensitive to safety risk factors.  

 

 
Figure 40 Ranking of Alternatives from Sensitivity Analysis of Utility 
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12.4. Cost Versus Utility Analysis 
In consideration of the new requirement for inspectors to obtain new skills and/or certifications with 

the implementation of the new technologies in the inspection market, the cost of inspectors was compared 
to the utility values for cost versus utility analysis. On average, current County inspectors earn an annual 
salary of $58,480. With the implementation of the automated defect identification system, inspectors 
would be required to be proficient in the use of the software. In respect to the use of a camera from design 
alternative 2, an addition of $5,000 to the annual salary was considered. For the use of a UAV from design 
alternative 3, an addition of $15,000 to the annual salary was considered to account for the UAV pilot 
proficiency in addition to the software skills.  

 
The result of the salary values for the three design alternatives for design alternatives 1, 2, and 3 are 

$58,480; $63,480; and $73,480 respectively. By graphing the salary values against the obtained utility 
scores of the design alternatives, an average utility increase of 0.0194 can be observed per increase of 
$1,000. While a small numerical value, this margin reflects large improvements in time efficiency, safety, 
and accuracy in the inspection market that can potentially prevent time consuming re-inspections or even 
fatal accidents of inspectors. 

 

 
Figure 41 Cost v. Utility Analysis Result 

13. Recommendation 
Based on the simulation and analysis of its results, the use of aerial-based defect identification system 

can provide many improvements in the current building inspection market and increase capacity for more 
inspections. Aerial inspection systems paired with automated defect identification results in increased time 
efficiency, safety, and accuracy and improves accessibility to exterior defects than that of the current 
human vision inspection process. Furthermore, the automation of defect identification increases interrater 
reliability and makes possible uniform data archiving for maintenance inspections or construction of 
similar buildings. While the use of automated defect identification with the current manual inspection 
process as simulated for the second design alternative reflects improvements from the current human 
vision inspection as well, the use of camera and the extender yet faces limited accessibility to exterior 
defects. 
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14. Business Case 
The result of the simulation and its analysis reflects a promising opportunity for the use of aerial-based 

defect identification systems. To further explore the potential of the business, market and profit analysis 
were conducted.   

 
14.1. Market Analysis 
The current inspection market is valued at 7.36 billion USD, with North America dominating over 

25% of the world-wide inspection industry. While increasing quality demands are being attempted to be 
met by technological advancements such as incorporation of machine vision and 3D vision using laser 
triangulation, automated defect identification using image recognition algorithms are not implemented in 
the current market. The United States consists of 200,000 companies in the construction industry, 
employing over 95,000 inspectors nationwide. With the steady growth of the construction market with 
bigger and more complex buildings, the inspection industry is forecasted to experience increase in demand 
as well. 

 

 
Figure 42 US Surface Vision and Inspection Market Revenue by Component in USD Million (2012-2022) 
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14.2. Business Costs 
Considering the business opportunity to deploy unmanned aerial vehicles and automated defect 

identification software, the following business costs have been estimated.  
 
For the first year of business operation, five units of UAVs are expected to be utilized for technical 

research and development purposes and testing with the development of the automated defect 
identification software. Image recognition software is to be contracted out for customization specific to 
construction defect identification with pre-population of sample images of defects and pixel identification 
algorithms of the current image recognition industry.  

 
Table 11 Estimated Business Costs (Year 1) 

 
 

By the second year of business, fifteen units of hardware will be acquired each year to kickoff sales to 
clients. Business development and marketing costs have been added to reflect the potential supply costs 
associated to client outreach. Server and warehouse costs are also expected to increase to reflect the 
growing capacity of the business and technical research and development will continue to keep up with 
increase in quality demands. 

 
Table 12 Estimated Business Costs (Year 2 to Year 6) 
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As of Year 7, twenty-five units will be acquired annually, reflecting increase in sales as the business 
establishes its brand and capabilities. To represent a solid presence in the market, a physical office will be 
obtained while also increasing the server capacity and warehouse space. Research and development will 
continue and marketing costs will be increased as more clients are expected to be gained each year.  

 
Table 13 Estimated Business Costs (Year 7 to Year 15) 

 
 
 

14.3. Revenue Projection 
The first year of business will be research and development intensive to design the automated defect 

identification with the incorporation of image recognition (i.e., pixel identification) with the pre-
population of sample images of exterior defects. Therefore, it is expected that there will be no revenue as 
the marketable product is in development.  

 
With the completion of the automated defect identification software by the end of Year 1, the business 

will begin making revenue starting from Year 2 through leasing programs for its hardware and software 
as well as providing UAV pilot and software user training to its clients.  

 
 For the rental cost of $300/month per UAV, clients will obtain the aerial vehicle along with two 

additional power supplies and an inspection camera. Applicable registration with the FAA will be the 
responsibility of the company to fully ensure that local permitting and FAA Part 107 waiver requirements 
are met. Licensing of the image recognition software along with free updates and technical support will 
be at the cost of $3,000/month per license to clients, and user training for UAV pilot certification and 
software use will be $500 per person.  

 
A forecasted number of 16 new clients per year from Year 2 to Year 6 then 25 new clients per year 

thereafter results in a breakeven point by the end of Year 3 with a 90% return on investment and a 
cumulative profit of over $75 million dollars by the end of Year 15. 
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Table 14 Revenue Projection (Year 1 to 15) 

 
 
 
 

 
Figure 43 Business Profit Projection 
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15. Project Plan 
For the successful completion of the project, the following project plan was developed.  

 
15.1. Project Summary/Statement of Work 
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15.2. Work Breakdown Structure 

 
Figure 44 DEDIS Work Breakdown Structure 

 

15.3. Project Schedule 
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Figure 45 Project Development Schedule 
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15.4. Budget 
For the completion of the project, the project team of four project engineers at the Junior Systems 

Engineer level was considered for total prospective 3,040 work hours over the span of two semesters 
consisting of 380 management and planning hours, 570 research hours, 380 development of requirements 
hours, 760 design hours, and 950 hours for developing the simulation and testing. 

 
The Washington D.C. metropolitan area average for Junior Level Systems Engineers was $77,500 

which calculated to the approximate hourly rate of $38.00. This resulted in the expected labor cost of 
$116,000 approximately and with the consideration of the overhead multiplier factor of 2, the total 
required budget was determined to be $232,000. 
 

The resulting earned value, cost performance index, and schedule performance index were calculated. 
 

 
Figure 46 Earned Value Analysis 

 

 
Figure 47 CPI and SPI Analysis 
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18. Appendix 
18.1. Executable JavaScript Simulation Code 

//functions to output to csv 
var json2csv = require( "json2csv" ); 
var fs = require( 'fs' ); 
/* 
var json2csv = require('json2csv'); 
var fields = ['field1', 'field2', 'field3']; 
 
try { 
  var result = json2csv({ data: myData, fields: fields }); 
  console.log(result); 
} catch (err) { 
  // Errors are thrown for bad options, or if the data is empty and no fields are provided. 
  // Be sure to provide fields if it is possible that your data array will be empty. 
  console.error(err); 
} 
*/ 
 
var l, w, h; 
var perimeterInner, perimeterOuter; 
 
function preset(){ 
    l = 100; 
    w = 100; 
    h = 3; 
    perimeter('inner'); 
    perimeter('outer'); 
    sqm(l,w,h); 
    return l, w, h; 
} 
 
function make(){ 
    l = Math.floor(Math.random()*100); //length (meters) 
    w = Math.floor(Math.random()*100); //width (meters) 
    h = Math.floor(Math.random()*10); //height (floors) 
 
    while (l === 0 || l < 50){ 
        l = Math.floor(Math.random()*100); //set new 
        //console.log("re-assigned length"); 
    } 
    while (w === 0 || w < 50){ 
        w = Math.floor(Math.random()*100); //set new 
        //console.log("re-assigned width"); 
    } 
    while (h === 0){ 
        h = Math.floor(Math.random()*10); //set new 
        //console.log("re-assigned height"); 
    } 
    //console.log("\nrandom building made"); 
 
    buildArray(l,w,h); 
    perimeter('inner'); 
    perimeter('outer'); 
    return l, w, h; 
} 
 
function buildArray(l,w,h){ 
    for (var i=0; i<l; i++){ 
        buildingA[i] = []; //length 
        for (var j=0; j<w; j++){ 
            buildingA[i][j] = []; //width 
            for (var k=0; k<h; k++){ 
                buildingA[i][j][k] = []; //height 
            } 
        } 
    } 
    //console.log("building array made"); 
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    return buildingA; 
} 
 
function perimeter(type){ 
    if (type == 'inner'){perimeterInner = (2*l)+(2*w);} 
    else if (type == "outer"){perimeterOuter = (2*(l+2)+(2*(w+2)));} 
    return perimeterInner, perimeterOuter; 
} 
 
var squaredm; 
function sqm(l,w,h){ 
    squaredm = l*w*h; 
    return squaredm; 
} 
 
/*--------------------------------------SECTION BREAK------------------------------------------*/ 
 
function data(type){ 
    if (type == 'arrive'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 600 + (Math.random()*300);} 
        else{val = 600 - (Math.random()*300);}} 
    else if (type == 'stage'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 300 + (Math.random()*100);} 
        else{val = 300 - (Math.random()*100);}} 
    else if (type == 'walk'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 0.48 + (Math.random()*0.04);} 
        else{val = 0.48 - (Math.random()*0.04);}} 
    else if (type == 'walkup'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 0.57 + (Math.random()*0.05);} 
        else{val = 0.57 - (Math.random()*0.05);}} 
    else if (type == 'walkdown'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 0.77 + (Math.random()*0.05);} 
        else{val = 0.77 - (Math.random()*0.05);}} 
    else if (type == 'drone'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 1 + (Math.random()*0.3);} 
        else{val = 1 - (Math.random()*0.3);}} 
    else if (type == 'droneup'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 2 + (Math.random()*0.3);} 
        else{val = 2 - (Math.random()*0.3);}} 
    else if (type == 'dronedown'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 2 + (Math.random()*0.3);} 
        else{val = 2 - (Math.random()*0.3);}} 
    else if (type == 'droneswitch'){ 
        rand = Math.random(); 
        if (rand < 0.5){val = 300 + (Math.random()*100);} 
        else{val = 300 - (Math.random()*100);}} 
    else if (type == 'defect'){ 
        rand = Math.random(); 
        if (rand < 0.4){val = 1;}                          //40% are cracks 
        else if (rand >= 0.40 && rand < 0.65){val = 4;}    //25% are sealants 
        else if (rand >= 0.65 && rand < 0.85){val = 3;}    //20% are nuts 
        else if (rand >= 0.85 && rand < 0.95){val = 5;}    //10% are water 
        else {val = 2;}} 
    else if (type == 'floorheight'){val = 5;} 
    else{val = 0;console.log("error, missing data type");} 
    return val; 
} 
 
var defectid; 
function defecttype(){ 
    x = data('defect'); 
    if (x == 1){defectid = 'crack';} 
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    else if (x == 2){defectid = 'roof';} 
    else if (x == 3){defectid = 'nuts';} 
    else if (x == 4){defectid = 'sealant';} 
    else if (x == 5){defectid = 'water';} 
    else{defectid = 'error';} 
    return defectid; 
} 
 
/*--------------------------------------SECTION BREAK------------------------------------------*/ 
 
var numdefect; 
var dcount1, dcount2, dcount3, dcount4, dcount5; 
var d1crack, d2roof, d3nuts, d4sealant, d5water;    //counts occurrence of each defect 
var da1at, da2at, da3at;                            //added time to design alternatives 
var da1s, da2s, da3s;                               //safety risks to design alternatives 
var da1a, da2a, da3a;                               //accuracy values to design alternatives 
function plantdefect(){ 
    d1crack = 0; d2roof = 0; d3nuts =0; d4sealant = 0; d5water = 0; 
    da1at = 0; da2at = 0; da3at = 0; 
    da1s = 0; da2s = 0; da3s = 0; 
    da1a = 0; da2a = 0; da3a = 0; 
    numdefect = Math.floor(h*perimeterOuter/10); 
    for (var i=0; i<numdefect; i++){ 
        x = data('defect'); 
        if (x == 1){ //crack 
            rand = Math.random(); 
            if (rand < 0.5){da1at += 180 + (Math.random()*30);} 
            else{da1at += 180 - (Math.random()*30);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2at += 100 + (Math.random()*10);} 
            else{da2at += 100 - (Math.random()*10);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3at += 60 + (Math.random()*30);} 
            else{da3at += 60 - (Math.random()*30);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1s += 6.8 + (Math.random()*1.1);} 
            else{da1s += 6.8 - (Math.random()*1.1);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2s += 5.2 + (Math.random()*2.1);} 
            else{da2s += 5.2 - (Math.random()*2.1);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3s += 2.1 + (Math.random()*1.2);} 
            else{da3s += 2.1 - (Math.random()*1.2);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1a += 3.7 + (Math.random()*1.3);} 
            else{da1a += 3.7 - (Math.random()*1.3);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2a += 5.2 + (Math.random()*1.9);} 
            else{da2a += 5.2 - (Math.random()*1.9);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3a += 6.1 + (Math.random()*2.1);} 
            else{da3a += 6.1 - (Math.random()*2.1);} 
 
            d1crack += 1; 
        } 
        else if (x == 2){ //roof 
            rand = Math.random(); 
            if (rand < 0.5){da1at += 180 + (Math.random()*30);} 
            else{da1at += 180 - (Math.random()*30);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2at += 90 + (Math.random()*30);} 
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            else{da2at += 90 - (Math.random()*30);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3at += 60 + (Math.random()*15);} 
            else{da3at += 60 - (Math.random()*15);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1s += 5.3 + (Math.random()*2.2);} 
            else{da1s += 5.3 - (Math.random()*2.2);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2s += 4.1 + (Math.random()*1.2);} 
            else{da2s += 4.1 - (Math.random()*1.2);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3s += 1.3 + (Math.random()*0.5);} 
            else{da3s += 1.3 - (Math.random()*0.5);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1a += 4.1 + (Math.random()*1.4);} 
            else{da1a += 4.1 - (Math.random()*1.4);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2a += 5.2 + (Math.random()*1.4);} 
            else{da2a += 5.2 - (Math.random()*1.4);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3a += 6.6 + (Math.random()*1.1);} 
            else{da3a += 6.6 - (Math.random()*1.1);} 
 
            d2roof += 1; 
        } 
        else if (x == 3){ //nuts 
            rand = Math.random(); 
            if (rand < 0.5){da1at += 300 + (Math.random()*100);} 
            else{da1at += 300 - (Math.random()*100);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2at += 350 + (Math.random()*100);} 
            else{da2at += 350 - (Math.random()*100);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3at += 200 + (Math.random()*30);} 
            else{da3at += 200 - (Math.random()*30);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1s += 6.6 + (Math.random()*1.9);} 
            else{da1s += 6.6 - (Math.random()*1.9);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2s += 5.2 + (Math.random()*1.7);} 
            else{da2s += 5.2 - (Math.random()*1.7);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3s += 2.1 + (Math.random()*1.2);} 
            else{da3s += 2.1 - (Math.random()*1.2);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1a += 3.2 + (Math.random()*1.1);} 
            else{da1a += 3.2 - (Math.random()*1.1);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2a += 4.7 + (Math.random()*1.2);} 
            else{da2a += 4.7 - (Math.random()*1.2);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3a += 6.1 + (Math.random()*2.1);} 
            else{da3a += 6.1 - (Math.random()*2.1);} 
 
            d3nuts += 1; 
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        } 
        else if (x == 4){ //sealant 
            rand = Math.random(); 
            if (rand < 0.5){da1at += 300 + (Math.random()*100);} 
            else{da1at += 300 - (Math.random()*100);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2at += 250 + (Math.random()*50);} 
            else{da2at += 250 - (Math.random()*50);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3at += 200 + (Math.random()*30);} 
            else{da3at += 200 - (Math.random()*30);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1s+= 6.2 + (Math.random()*3.1);} 
            else{da1s += 6.2 - (Math.random()*3.1);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2s += 3.2 + (Math.random()*1.6);} 
            else{da2s += 3.2 - (Math.random()*1.6);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3s += 2.1 + (Math.random()*1.1);} 
            else{da3s += 2.1 - (Math.random()*1.1);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1a += 4.2 + (Math.random()*1.6);} 
            else{da1a += 4.2 - (Math.random()*1.6);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2a += 5.8 + (Math.random()*1.2);} 
            else{da2a += 5.8 - (Math.random()*1.2);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3a += 5.5 + (Math.random()*1.1);} 
            else{da3a += 5.5 - (Math.random()*1.1);} 
 
            d4sealant += 1; 
        } 
        else{ //water 
            rand = Math.random(); 
            if (rand < 0.5){da1at += 120 + (Math.random()*10);} 
            else{da1at += 120 - (Math.random()*10);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2at += 60 + (Math.random()*10);} 
            else{da2at += 60 - (Math.random()*10);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3at += 60 + (Math.random()*15);} 
            else{da3at += 60 - (Math.random()*15);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1s += 3.1 + (Math.random()*0.4);} 
            else{da1s += 3.1 - (Math.random()*0.4);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da2s += 1.1 + (Math.random()*0.3);} 
            else{da2s += 1.1 - (Math.random()*0.3);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3s += 4.2 + (Math.random()*0.4);} 
            else{da3s += 4.2 - (Math.random()*0.4);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da1a += 6.1 + (Math.random()*2.1);} 
            else{da1a += 6.1 - (Math.random()*2.1);} 
 
            rand = Math.random(); 
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            if (rand < 0.5){da2a += 6.2 + (Math.random()*1.5);} 
            else{da2a += 6.2 - (Math.random()*1.5);} 
 
            rand = Math.random(); 
            if (rand < 0.5){da3a += 5.3 + (Math.random()*1.4);} 
            else{da3a += 5.3 - (Math.random()*1.4);} 
 
            d5water += 1; 
        } 
    } 
 
    return da1at, da2at, da3at, da1s, da2s, da3s, da1a, da2a, da3a, d1crack, d2roof, d3nuts, d4sealant, d5water; 
} 
 
/*--------------------------------------SECTION BREAK------------------------------------------*/ 
 
var clock1, clock2, clock3; 
var switchnum; 
function alt1run(){ 
    clock1 = 0; 
    clock1 += data('arrive'); 
    for (var i=0; i<h-1; i++){ 
        clock1 += (perimeterInner/data('walk')+data('floorheight')/data('walkup')); 
    } 
    clock1 += perimeterInner/data('walk'); 
    clock1 += (h*data('floorheight'))/data('walkdown'); 
    clock1 += da1at; 
    clock1 = Math.floor(clock1); 
    return clock1; 
} 
 
function alt2run(){ 
    clock2 = 0; 
    clock2 += data('arrive'); 
    for (var i=0; i<h-1; i++){ 
        clock2 += (perimeterInner/data('walk')+data('floorheight')/data('walkup')); 
    } 
    clock2 += perimeterInner/data('walk'); 
    clock2 += (h*data('floorheight'))/data('walkdown'); 
    clock2 += da2at; 
    clock2 = Math.floor(clock2); 
    return clock2; 
} 
 
function alt3run(){ 
    clock3 = 0; 
    clock3 += data('arrive')+data('stage'); 
    for (var i=0; i<h-1; i++){ 
        clock3 += (perimeterOuter/data('drone')+data('floorheight')/data('droneup')); 
    } 
    clock3 += perimeterOuter/data('drone'); 
    clock3 += (h*data('floorheight'))/data('dronedown'); 
    switchnum = clock3/1500; 
    clock3 += switchnum*data('droneswitch'); 
    clock3 += da3at; 
    clock3 = Math.floor(clock3); 
    return clock3; 
} 
 
/*--------------------------------------SECTION BREAK------------------------------------------*/ 
 
var outputs = []; 
function buildOutput(){ 
    for (var i=0; i<3;i++){ 
        outputs[i] = []; //length 
        for (var j=0; j<3; j++){ 
            outputs[i][j] = []; //width 
        } 
    } 
    return outputs; 
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} 
 
var tclock1=0, tclock2=0, tclock3=0, ts1=0, ts2=0, ts3=0, ta1=0, ta2=0, ta3=0; 
function makeOutput(){ 
    tclock1 += clock1; 
    tclock2 += clock2; 
    tclock3 += clock3; 
    ts1 += da1s; 
    ts2 += da2s; 
    ts3 += da3s; 
    ta1 += da1a; 
    ta2 += da2a; 
    ta3 += da3a; 
} 
 
/*--------------------------------------SECTION BREAK------------------------------------------*/ 
 
function runme(){ 
    preset(); 
    plantdefect(); 
    alt1run(); 
    alt2run(); 
    alt3run(); 
    makeOutput(); 
} 
 
function iterate(){ 
    for (var i=0; i<1000; i++){ 
        runme(); 
    } 
    buildOutput(); 
    outputs[0][0] = Math.floor(tclock1/1000); 
    outputs[0][1] = Math.floor(ts1/1000); 
    outputs[0][2] = Math.floor(ta1/1000); 
    outputs[1][0] = Math.floor(tclock2/1000); 
    outputs[1][1] = Math.floor(ts2/1000); 
    outputs[1][2] = Math.floor(ta2/1000); 
    outputs[2][0] = Math.floor(tclock3/1000); 
    outputs[2][1] = Math.floor(ts3/1000); 
    outputs[2][2] = Math.floor(ta3/1000); 
    console.log(outputs); 
} 
 
/*--------------------------------------SECTION BREAK------------------------------------------*/ 
 
iterate(); 
 


