
The Drone System II: Availability Performance 
Analysis and Modeling 

John MacCarthy 
University of Maryland 

2175 A.V. Williams Building 
College Park, MD 20742 

301.405.4419 
jmaccart@umd.edu 

Copyright © 2019 by John MacCarthy. Permission granted to INCOSE to publish and use. 

Abstract. This paper is the second of two papers that together provide an example of how to use 
the systems engineering processes outlined in the INCOSE Systems Engineering Handbook and 
ISO/IEC/IEEE 15288:2015 to develop a SysML system architecture from a user’s statement of 
need and then to develop a mathematical system model for system reliability, availability, and 
maintainability that may be used to perform system design and cost-effectiveness trade-off anal-
yses. This paper focuses on the development of an analytic Markov model that may be used to 
determine the operational availability that results from alternative designs for the drone system 
described in the first paper and the use of this model to perform a design performance analysis and 
a design trade-off analysis. It also compares the results of this analytic stochastic model to a simple 
deterministic model. 

Introduction and Approach 
(Steady State) operational availability (Aoss) is one of the most important sustainment metrics for 
a system. In general, it is a function of the operational concept, maintenance concept, and systems 
design. In this paper, we will develop two simple analytical models (a simple determinist model 
and a simple analytic Markov model) that may be used to predict the operational availability of 
the drone system described in the previous paper in this series (MacCarthy 2019). These two mod-
els will be used to predict Ao for the reference design. We will then use the Markov model to 
perform a simple design trade-off analysis.  

As indicated MacCarthy (2019), we selected an airborne drone (aka unmanned air vehicle (UAV)) 
system as the system of interest because of the recent explosion in the use of such systems and 
because it is a research area of significant interest at the University of Maryland. This paper (and 
MacCarthy 2019) draws heavily from exemplars that were developed as part of the University of 
Maryland’s core curriculum for its master’s program in systems engineering. It also draws from 
material found in Section 13 of the recently published (and INCOSE-sponsored) text on trade-off 
analytics (Trade-off analytics: creating and exploring the system tradespace 2017). 

Also as indicated in MacCarthy (2019), our overall purpose is to provide an example of how to 
use the systems engineering processes outlined in the INCOSE Systems Engineering Handbook 
and ISO/IEC/IEEE 15288:2015 to develop a SysML system architecture from a user’s statement 
of need and then to develop a mathematical system model for system reliability, availability, and 
maintainability that may be used to perform system design and cost-effectiveness trade-off anal-
yses. This paper focuses on system analysis, trade-off analysis, and modeling and simulation with 



  

 

a particular focus on system reliability, availability, and maintainability (Walden et al. 2015, Chap-
ters 4.6, 5.3, 9, and 10.8, respectively).  

Assumptions 
Models and simulations should not be developed for their own sake. Rather they should be devel-
oped to support analysis. The most important system analyses are performed to support program 
decisions. As such, prior to developing an availability model, we should ask, “Who will use it?” 
and “What will they use it to do?”  

The user of the model is expected to be a systems analyst who will be performing design analyses 
to determine whether the reference design meets it requirements and to perform performance and 
cost-effectiveness trade-off analyses to support decisions on what design should be selected for 
the drone system. The systems analyst’s statement of need might be expressed as “A mathematical 
model (and/or simulation) is needed that accurately predicts the steady state operational availabil-
ity of the Drone System given its architecture, operational and maintenance concepts, and design.” 

Since a model is a simplified representation of some aspect of reality, it is important to identify its 
key simplifying assumptions and definitions. These are provided here. 

• The principal system performance requirement is “Nrfd drones shall be flying at all times” 
(in our case, 5 drones). (Nrfd is the required number of flying drones.) 

• A “System Failure” is defined as not having fewer than Nrfd drones flying. 
• The “Mean System Down Time” (MDTs) is defined as the mean time that it takes the 

system to return to Nrfd flying drones. 
• The system (and its users) will operate 24/7. 
• The (steady state) operational availability of the system (Aoss) is defined as the probability 

that Nrfd drones are flying (at any given moment). 
• The mean time between failure (MTBF) for the drone, charging station, and control station 

elements are significantly greater than the mission duration and as such may be ignored. 
• For availability modeling purposes, completion of mission will be considered an “effective 

critical failure” that requires an immediate maintenance action (post-flight preventative 
maintenance and charging). As such, the principal “reliability” metric of interest is the 
mean time between maintenance for the drone (MTBMd). 

• The mean down time for a drone (MDTd) is the sum of the times associated with MacCar-
thy (2019)’s UC1 steps 1 & 5 (moving the drone to and from the launch area and perform-
ing pre-flight checkout) and UC2 (drone maintenance). 

Response Model and Reference System Concept Schematic and 
Reliability Block Diagram 

In this section, we develop three types of schematic models that are useful in guiding the develop-
ment of systems models and simulations in general, and sustainment models in particular. 

A “response model diagram” is used to indicate the input factors and output metrics for a “response 
model.” A response model is generally a mathematical model or simulation that translates input 



  

 

values into output values. Figure 1 provides a response model diagram for a simple drone system 
“sustainment” (response) model. 

 

Figure 1. Drone System Response Model Diagram 

It indicates that the principal output metric for the model is the drone’s (steady state) System 
Availability (Aoss). It also indicates two secondary (internal) metrics—the Mean Time Between 
System Failure (MTBFs) and the Mean System Down Time (MDTs). Finally, it indicates that the 
design input factors required to calculate the output metric(s) are the Required Number of Flying 
Drones (Nrfd), Number of Drones (Nd), Mean Drone Mission Duration (aka MTBMd), and Mean 
Drone Down Time (MDTd). 

It is also useful to have some sort of reference case system concept schematic (in addition to an 
Internal Block Diagram) that shows how the system interacts with its environment. Figure 2 pro-
vides such a schematic for the “reference system” described in MacCarthy (2019) (where Nrfd = 
5, Nd = 10 drones, Nch = 6 charging stations, MTBMd = 90 min, and MDTd = 90 min). 
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Figure 2. Reference Drone System Concept Schematic 

It shows the Operating Base Areas, the Operating Area, the 10 drones and where they are at a 
given moment in time (five in the operating area with one about to return to the operating area, 
one ready to launch, two undergoing maintenance, and two in the storage area), and the six charg-
ing stations. 

Finally, Reliability Block Diagrams (RBDs) are widely used to guide the development of models 
for systems reliability and availability. See O’Connor & Kleyner (2012) and Ebeling (2010) for an 
introduction to the topic and Birolini (2010) and Kuo & Zuo (2003) for treatments of much more 
complex systems. Figure 3 provides the RBD for the drone system’s reference case. 



  

 

 

Figure 3. Reliability Block Diagram for the Drone System (Reference Design) 

This is an example of a“k-out-of-N cold standby system.” It shows a system of 10 drones, in which 
5 are operating in parallel, and 5 drones operating as “cold standby” replacements should one of 
the operating drones fail (or complete its mission). It should be noted that there is an extensive 
body of work on k-out-of-N systems and associated analytical models for the reliability and avail-
ability of such systems. Almost all of these assume exponential distributions of times between 
failure and down time (since closed form analytical solutions generally do not exist for non-expo-
nential distributions). 

System Operational Availability 
In general, a system’s Aoss is defined as (O’Connor & Kleyner 2012; Ebeling 2010; Birolini 2010; 
and Kuo & Zuo 2003): 

 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈
𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈+𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈

=  𝑂𝑂𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑈𝑈𝐷𝐷𝐷𝐷𝑂𝑂𝑂𝑂 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈
𝑂𝑂𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑈𝑈𝐷𝐷𝐷𝐷𝑂𝑂𝑂𝑂 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈+𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈

 (1) 

If one is able to determine a system’s mean time between maintenance (MTBM) and the associated 
MDTs, this expression becomes:  

 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑀𝑀𝑈𝑈𝑀𝑀𝑀𝑀𝑀𝑀
𝑀𝑀𝑈𝑈𝑀𝑀𝑀𝑀𝑀𝑀 +𝑀𝑀𝐷𝐷𝑈𝑈𝑀𝑀

 (2) 



  

 

As such, the problem reduces to determining a system’s MTBFs and MDTs. 

Simple Deterministic Availability Model & Results 
In this section, we develop a simplistic deterministic model for the drone system’s operational 
availability. In this case, we will assume that all drone times between maintenance (TBMd) are 
fixed at the MTBMd value (i.e., there is no stochastic variation) and all drone down times (DTd) 
are fixed at the MDTd value. 

This model may be approached analytically or through the use of a timeline analysis. Using the 
analytic approach,  

• We may calculate a “single drone availability” to be Ad = 90/(90+90) = 0.5. 
• From this, we may estimate the average number of flying drones <Ndf> = Nd * Ad = 5 

drones.  
• Since for the deterministic case, we assume all values are fixed at their means; in theory, 5 

drones are always available to fly. As such, Aoss = 1.0. 
• If <Ndf> were less than 5, we could establish an upper limit on availability of Aoss < 

<Ndf>/5. We would then have to perform a timeline analysis to determine a sortie strategy 
that would optimize Aoss. 

Using a timeline approach, one “plays around” with different “sortie strategies” to find the one 
that yields the best Aoss. Figure 4 provides a simple timeline analysis for the reference design and 
shows that it can achieve an Aoss = 1.0.  

Drone # 
Time Slot 

30 60 90 120 150 180 210 240 270 300 330 360 
1 1 1 1 0 0 0 1 1 1 0 0 0 
2 1 1 1 0 0 0 1 1 1 0 0 0 
3 1 1 1 0 0 0 1 1 1 0 0 0 
4 1 1 1 0 0 0 1 1 1 0 0 0 
5 1 1 1 0 0 0 1 1 1 0 0 0 
6 0 0 0 1 1 1 0 0 0 1 1 1 
7 0 0 0 1 1 1 0 0 0 1 1 1 
8 0 0 0 1 1 1 0 0 0 1 1 1 
9 0 0 0 1 1 1 0 0 0 1 1 1 
10 0 0 0 1 1 1 0 0 0 1 1 1 

Drone Total 5 5 5 5 5 5 5 5 5 5 5 5 

Figure 4. Timeline Analysis of Drone System Availability 

One should be highly skeptical of this analysis, since it fails to account for stochastic variation in 
TBMd or DTd. The next section looks at how stochastic effects affect a system’s Aoss. 



  

 

Analytical Stochastic Model & Results  
In this section, we develop an analytical stochastic model for system availability that is based on 
an analysis of the Markov chain associated with the operation of the system. As indicated in the 
Response Model section, the drone system is a “k-out-of-N cold standby (CS) system,” where k = 
Nrfd and N = Nd. Such systems are further characterized by the number of “repair crews” (RCs) 
that are available to perform maintenance. In our case, for the most part, the charging stations 
effectively play the role of “repair crews.” As such, our reference design is a “5-out-of-10 cold 
standby system with 6 repair crews.” 

To develop our analytical stochastic model, we have to make the following simplifying assump-
tions (in addition to those indicated in the Assumptions section): 

• The times between maintenance and down times have exponential distributions. This is 
generally required in sustainment analysis in order to develop closed form solutions. 

• There are Nchg = Nd-Nrfd+1 charging stations (i.e., one for each standby drone plus one 
for the most recently returning drone). This permits us to use an already derived expression 
for MTBFs (rather than having to do Markov chain analysis from scratch). 

Fortunately for us, Kuo and Zuo (2003) have performed the Markov chain analysis to develop a 
general set of expressions for the steady-state probability that a k-out-of-N cold standby (CS) sys-
tem with Nrc repair crews (RCs) will be in a state in which exactly “i” elements have failed, and 
have used these to derive the following expression of the MTBFss (and MTDs) of a k-out-of-N 
CS system with Nrc = N-k+1 RCs: 

 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴(𝑘𝑘 𝐴𝐴𝑜𝑜 𝑁𝑁;𝐶𝐶𝐶𝐶;𝑁𝑁𝑁𝑁𝑁𝑁 𝑅𝑅𝐶𝐶𝐴𝐴) = 1
k λ

 ∑  𝑘𝑘! (𝑁𝑁−𝑘𝑘)!
i! (𝑁𝑁−𝑈𝑈)!

 (𝑁𝑁)𝑁𝑁−𝑘𝑘−𝑈𝑈𝑁𝑁−𝑘𝑘
𝑈𝑈=0  (3) 

 𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴(𝑘𝑘 𝐴𝐴𝑜𝑜 𝑁𝑁;𝐶𝐶𝐶𝐶;𝑁𝑁𝑁𝑁𝑁𝑁 𝑅𝑅𝐶𝐶𝐴𝐴) = MDTd
N−k+1

 (4) 

where λ = 1/MTBMd and r = MTBMd/MDTd. 

For our reference case (N = 10, k = 5, Nrc = 6, MTBMd = 90 min, and MDTd = 90 min), r = 90/90 
= 1 and Equations 3 and 4 become: 

 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴(10 𝐴𝐴𝑜𝑜 15;𝐶𝐶𝐶𝐶; 6 𝑅𝑅𝐶𝐶𝐴𝐴) = MTBMd
10

 ∑  5!∗5!
i! (15−𝑈𝑈)!

 (1.0)5−𝑈𝑈5
𝑈𝑈=0  (5) 

 𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴(𝑘𝑘 𝐴𝐴𝑜𝑜 𝑁𝑁;𝐶𝐶𝐶𝐶;𝑁𝑁𝑁𝑁𝑁𝑁 𝑅𝑅𝐶𝐶𝐴𝐴) = MTDd
6

 (6) 

Equation (5) may be implemented in a spreadsheet and solved to obtain MTBMs = 45.6 min, and 
MDTs = 15 min, and Aoss = 0.752. Figure 5 provides the spreadsheet implementation used. Values 
highlighted in green indicate inputs, values highlighted in yellow represent internal calculations, 
and values highlighted in blue indicate model output (metrics). 



  

 

Inputs (Factors)   Calculations  
k = 5  i i! (N-i)! Σ Term 
N = 10  0 1 3628800 3.968E-03 
MTBMd = 90  1 1 362880 3.968E-02 
MDTd = 90  2 2 40320 1.786E-01 
MTBMd/k = 18  3 6 5040 4.762E-01 
r = MTBMd/MDTd 
= 1  4 24 720 8.333E-01 
k! = 120  5 120 120 1.000E+00 
(N-k)! = 120    Sum = 2.53 
       
Outputs (Metrics)      
MTBFs = 45.6      
MDTs = 15.0      
Aoss = 0.752      

Figure 5. Spreadsheet Implementation of the Ao Markov Model (Reference Design) 

It should be noted that this value is significantly smaller that the value obtained from the deter-
ministic analysis (Aoss = 0.752 vs. Aoss =1.0). This is due to the fact that the analytic stochastic 
model addresses the disruptive influence of stochastic effects. 

The principal down side of this simple analytical stochastic model is that it is unlikely that the 
exponential distribution is a good model for the distribution of TBMd or DTd (a simple triangular 
distribution would be more realistic). In order to explore the impact of more realistic non-expo-
nential distributions on predictions of system availability, we would need to turn to the develop-
ment of a stochastic (Monte Carlo) simulation (a future topic). 

Performance Trade-off Analysis 
In this section, we use the analytical stochastic availability model developed in the previous section 
to perform a simple design trade-off study in which we examine the availability performance of a 
number of different potential design options. Of the four input factors (Nrfd, Nd, MTBMd, and 
MDTd), the values for Nrfd and MTBMd are fixed by the system requirement and mission profile. 
As such, Nd and MDTd are the only two design variables that may be varied. We will consider 
cases where Nd is varied from 10 to 15 and where different chargers or maintenance timelines can 
reduce the MDTd from 90 min to 60 min. 

Table 1 identifies the specific design options in terms of these design factor values and also indi-
cates the system performance with respect to MTBMs, MDTs, and Aoss. 



  

 

Table 1. Drone System Trade-off Analysis Results 

Design 
Option Nd 

MDTd 
(min) MTBFs MDTs Aoss 

1 10 90  45.6  15  0.752 
2 12 90  75  11.3  0.87 
3 15 90  184.8  8.2  0.958 
4 10 60  74.8  10  0.882 
5 12 60  168.2  7.5  0.957 
6 15 60  728.3  5.5  0.993 

We see that the Reference Design (Option 1) is only able to achieve an Aoss ~ 0.75, and that 
increasing Nd and decreasing MDTd will increase Aoss. We see that if we want an Aoss ~ 0.95, 
we have two design options from which to choose (Options 3 and 5), while if we require an Aoss 
~ 0.99, we would need to adopt Option 6. 

These kinds of design trade-off analyses may be used to determine achievable values for system 
performance requirements or to identify design options that are able to achieve required perfor-
mance levels. When coupled with a cost model, one may use the models to perform cost-effective-
ness trade-off analyses to determine the design that best meets the overall needs of the customer. 

Conclusions and Future Work 
This paper provided an example of how to develop simple analytical system models capable of 
predicting the operational availability of the drone system described in MacCarthy (2019) from 
the context-level system architecture developed in that paper.  

We motivated the development of these system models by identifying who was going to use them 
and for what (decision-related) purposes. We compared the performance of the two models (a 
simple determinist model and a simple analytic stochastic (Markov) model) and then provided an 
example of the type of trade-off analysis that could be performed using the analytic stochastic 
model. 

We find that the two models provided significantly different predictions of system availability due 
to a failure on the part of the deterministic model to account for disruptions due to stochastic var-
iations in the drone’s TBMd and DTd. 

This paper focused on providing an example of system analysis, trade-off analysis, and modeling 
and simulation with a particular focus on system reliability, availability, and maintainability (as 
addressed Chapters 4.6, 5.3, and 9, respectively, of the INCOSE Systems Engineering Handbook). 
We hope that the methodology and examples provided in this and the preceding paper will serve 
as a useful guide for those who are learning to implement model-based system engineering within 
the framework provided by the INCOSE Systems Engineering Handbook. 

In follow-on papers, we plan to extend the exemplar started here by: 



  

 

• Developing a stochastic (Monte Carlo) availability simulation that is able to accommodate 
arbitrary distributions for the TBMd and DTd, and comparing its results to those of the 
analytical stochastic model developed here. 

• Demonstrating how to develop a cost model and couple it with the availability model to 
perform a cost-effectiveness analysis for the drone system. 

• Demonstrating how to develop an executable SysML drone system model that internally 
includes both the performance and cost models. 
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