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AnyLogic Modeling & Simulation

b Develop a modeling and simulation (M&S) tool to provide greater insight and analysis into fleet
operations and economic behavior

b Initial development of the M&S tool should roughly match the current capabilities of the existing
ROSETTA Model

b Validate model behavior by comparing against results generated from the ROSETTA Model during this
effort

RSpaceWOPKS" NASA SBIR/STTR Contract #80NSSC22C0008 : 3




AnyLogic Modeling & Simulation

b SpaceWorks elected to leverage the modeling and simulation
capabilities of AnyLogic, which is a multi-method simulation anyloglc
modeling tool

o _ _ | _ ity /=) o e
b AnyLogic utilizes discrete event simulation (DES) modeling, RN ' o -
agent-based modeling, and system dynamics modeling
e For a given project, any combination of these modeling types can be @TQ
used : :
0.g-0
b End product will provide greater resolution and insight into .‘ -y -
the economic behavior of the high-speed flight industry - 3 st
e Risk-free environment to test “what-if’ scenarios through 2D/3D e : :_ = =5
visualizaton i e B —
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AnyLogic Modeling & Simulation

b The AnyLogic Model will focus on the economic side of the ROSETTA Model only

e The aircraft sizing and performance models will still utilize Excel

o These models can be rapidly executed, and are expected to generate a database of aircraft designs and parameters to feed into the
AnyLogic Model for economic analysis

b To recreate the capabilities of the existing ROSETTA Model in AnyLogic, formulas and calculations had
to be transferred and integrated within AnyLogic

e Given the improved resolution and differences in how the model is set up, results will not be one-to-one in some cases

e Improvements in modeling economic behavior were implemented when applicable

o For example, maintenance and retirement are now based on an individual aircraft’s flight hours rather than fixed intervals observed for a
given year

b Validation cases were run to calibrate the model with the understanding that results would not be exact
matches

N
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AnyLogic Modeling & Simulation

AnyLogic Model development is complete
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AnyLogic Modeling & Simulation

b The term Agent represents any object with data in the AnyLogic simulation

b The high-speed flight study uses a mix of Agents leveraging discrete event (DES) and agent-based
modeling techniques

b Modeling technique determined by if an agent needs to track: 1) other agents or 2) its own internal state

b Aircraft Type differentiates between short-range and long-range aircraft

Discrete Event Modeling
Agent needs to track other Agents

Agent

Object with
data

}SpaceWOPks : NASA SBIR/STTR Contract #80NSSC22C0008 ;




AnyLogic Modeling & Simulation

Discrete Event Modeling Agent-Based Modeling None
_ Airport
AIFCFaftType Tracks airplanes arriving/departing for a single
Tracks airplane deliveries airport

@® Emissions

AirframeManufacturer Determines CO2e components for an aircraft

Tracks aircraft orders type
Plane
Tracks flight stats and location for a Flight
single plane Holds pax/cargo information

EngineManufacturer
Tracks engine orders

—@ InvoiceToAirframe

Hold invoice information received by airframe
manufacturer

Operator
Tracks fleet stats

—@ InvoiceToOperator
Holds invoice information received by operator

Route @- ® RouteCalcs
Manages fleet operations for a given route Calculates market size and aircraft required
for a given route
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AnyLogic Modeling & Simulation

P Simulation inputs are specified via an external Excel file for accessibility

b Users have the flexibility to specify multiple aircraft types for assessment

Category Key Information

Aircraft Mach, Design Range, Passenger Capacity, Ticket Price
Fuel Type, Fuel Consumption Rate
Airframe/Engine DDT&E and TFU

Cost Captain, First Officer, Flight Attendant Salaries
Hangar Rental, Training, Depreciation, Insurance
Airport Longitude, Latitude, Landing Tax
Routes Distance, Initial Market Size, Taxes, Growth Rate (%/Year)
Fuel Prices Prices for Jet-A, SAF, SAF 50/50, LNG, LH2
Emissions Conversion factors for CO2e component calculations

N
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AnyLogic Modeling & Simulation

SIM
START

SIM
END

Development

Initialize
Model

Initialize

Operator

Aircraft
Development
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For each Route, determine applicable
AircraftType

Calculate Flights/Day and Aircraft/Route
for viable routes

Initialize Operator with initial fleet size
For each AircraftType supported,
initialize AirframeManufacturer and
EngineManufacturer

DDT&E applied for manufacturers
Operator pays AirframeManufacturer
down payment

AirframeManufacturer pays
EngineManufacturer down payment

Operations

Aircraft
Production

Fleet
Operations

Business

Metrics

Production rates vary throughout model
Military aircraft are delivered first

Routes become active as Planes are
delivered

Each Plane has a 6-month pre-service delay

Planes retired based on flight hours
New Planes purchased per market
growth or Plane retirement

At simulation end, business metrics (NPV,
IRR, Max Exposure) are calculated for
Operator and Manufacturers
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AnylLogic Model Validation

b Notable Model Changes
b Assumptions

b Results
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AnyLogic Modeling & Simulation

b The following table indicates major changes between the ROSETTA Model and AnyLogic Model:

ROSETTA MODEL ANYLOGIC MODEL

Airplane Retirement Retire after 15 years Retire after 45,000 Flight Hours with Mach scaling
2 Max Fleet Utilization Specific correlation per route Single correlation for all routes
: Fixed set of active routes determined at model initialization  Initially inactive routes can become active over time based
3 Active Routes o .
based on initial market size on market growth

4 Maintenance Schedule EESED @ @{pEEise ma';;itaa“;e IR I U Based on flight hours (Concorde) with Mach scaling

. . Uses weighted average and distance to generalize total Tracked at individual level and aggregated for annual
5 Airplane Tracking . e

fleet metrics statistics

b AnyLogic Model has greater resolution into fleet operations

b The following notes other core assumptions made in the AnyLogic Model

Aircraft types are assumed to be non-competing, therefore each route only services one aircraft type

A route consists of two airports only

There is only a single operator, with the expectation that additional operators will be enabled in future development efforts

Each aircraft type has an associated engine and airframe manufacturer

SN
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AnyLogic Modeling & Simulation

b Execute sweep of validation cases for short-range aircraft Pax  Ticket Price
1 2 4000 20 $4,179
o _ 2 3 4000 20 $5,543
b Objective was to have AnyLogic results roughly match
3 4 4000 20 $7,622
ROSETTA Model results
4 5 4000 20 $13,228
5 2 4000 50 $3,406
b The following slide shows the metrics of interest used to 6 3 4000 50 $5,568
validate results 7 4 4000 50 $9.366
e Results were mostly consistent with each other 8 5 4000 50 $15,100

e Small discrepancies exist as a result of some modeling behavior
changes

b Overall, SpaceWorks is satisfied with the AnyLogic Model
results to move forward with it

e However, the model will continue to be tested against the
ROSETTA Model to ensure consistency and to refine behaviors as
necessary

N
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AnyLogic Modeling & Simulation

AnyLogic results are consistent with ROSETTA Model

IRR COMPARISON MARKET CAPTURE
35.0% _ 6.0% 5.5%; 39
28% 29% o
30.0% 259,26%  26%27% 26% 26%26% 24%26% 25%25% 25% 25% 2\.— 5.0% 04.5%
25.0% 23% o 4.0% 3.8%
S 4.0% 3.3% 3.393°%

e 20.0% "é 3.0% 2.6%
= 15.0% o 1.8% 1.8%1.8%

10.0% Tt 12°/1 e

' < 1.0% 0. 7%) 8%
5.0% T
0.0% S 0.0%
6
Case Case
AIRCRAFT SOLD EMISSIONS CO2E
500 457 458 — 1.2 1.061.06
x
0.920.92

S 400 342 358 g !
8 E 0.8 0.760.76 06306 0.710.71

300
dr_E. 238 237 244 736 i 0.6 0.470.47 0.530.53
S 200 131130 123 130 D os 0.330.33
< 100 L E 0.2 I I

0 I I [ N 8 0
8
Case Case
W AnylogicSim ® ROSETTA
}SpaceWor‘ks* NASA SBIR/STTR Contract #80NSSC22C0008 1 4




AnyLogic Modeling & Simulation

b With the Excel-based ROSETTA Model having essentially reached its limit in terms of modeling
capability, SpaceWorks recommends moving to the AnyLogic Model for future analysis work

b The validation cases proved the AnyLogic Model can generate similar results to the ROSETTA Model
which ensures results will remain mostly consistent as SpaceWorks shifts analysis work to the
AnyLogic Model

b The AnyLogic Model has also proved it can provide greater resolution and insight into the operations
and behavior of the business case for high-speed aircraft with metric tracking at the aircraft level

e By extension, improved modeling behavior can be and has been implemented throughout the model

b Overall, SpaceWorks is excited by the possibilities and potential of using a modeling and simulation
tool like AnyLogic and expects analysis for this project as well as others to be greatly improved going
forward

N
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AnylLogic Model Demo

b Live Demo




AnyLogic Modeling & Simulation

b Rework model structure to allow for multiple operators

e Enables competitive market analysis

b Improve resolution into manufacturing process with
time and variability impacts

Feature
C

o

b Expand route modeling to allow for more than two
airports

Feature
B

O

e Enables tech stops

MODELING CAPABILITY

Feature

b Account for time zone changes to improve flight A

scheduling o
e Addresses same-day flight scenarios FUTURE DEVELOPMENT

v

b Incorporate airport infrastructure

e Fuel deliveries, price variance per region, weight/size restrictions

N
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AnyLogic Modeling & Simulation

Navigation Pane

Users able to
select airport or
airplane to view

stats
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Primary Animation Dashboard

Animation

Individual Airplane Stats

Greenland

Available
Planes

- 1AD - LHR

Milky Airways Arriving
Curr Fit Hrs 38 Planes
Cumr Pax: 17
Total Fif Hrs: 37253
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Active Airports
15 | 40
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Model Clock
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AnyLogic Modeling & Simulation

Airport and Route Dashboard

Years Elapsed Current Year

Model Clock —=

5 Navigate to Agent »

Viow Detais Dashboards

Route FitsiDay AC/Route Market Size
69 35 4,615,492

Provides high- = w2

21 11 1,465,873

level information I W tastie

20 10 1,344,392

for airports and o

17

routes 5

12

w0

1,202,438
1,090,081
954,170
833,633
12
10
10
9

810,758
698,951
698,366

573,214
548,596
528,792
506,564
380,311
360,855
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Slide to Scroll
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AnyLogic Modeling & Simulation
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Milky Airways

Total Fleet Size

. Cumulative Cash Flow

Num. Retired Planes

Routes Captured

Operator Dashboard

Operator

Year | Ann. Cost
$0.00M
$0.00M
$0.00M
30.00M
$0.00M

$1041.18M

=

Navigate to Agent

Dashboards

Break Even Year

Cum. Cost
$0.00M
$0.00M
$0.00M
$0.00M
$0.00M

$1041.18M

Plane ID

Years Elapsed Current Year

View Details

Route
JFK -LHR
JFK -LHR
JFK -LHR
JFK -LHR
JFK - LHR
JFK -LHR

Aircraft Type

$780.89M
$780.89M

$1822.07/M
$2602.96M

JFK -LHR
JFK -LHR

$780.89M
§$780.89M

1
2
3
4
5
6
T
8
9

$3383.85M
$4164.74M

JFK -LHR
JFK -LHR

-
=

$2587.60M
$4010.75M

=y

§6752.33M
$10763.08M

JFK -LHR
JFK -LHR

-
N

$5458 04M
$6769.06M
$8099.94M

[P e e
-~ S e

$9273.24M

$16221.12M
$22990.19M
$31090.13M

$10586.13M $41676.26M
$10164.58M $51840.84M

$61114.07M
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JFK -LHR
JFK -LHR
JFK -LHR
JFK -LHR
JFK -LHR
JFK -LHR

IN SERVICE
IN SERVICE
IN SERVICE
IN SERVICE
IN SERVICE
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AnyLogic Modeling & Simulation

Aircraft Type

Production Started?

AircraftType Dashboard

- 1 - Years Elapsed Current Year
i

Fuel Type

Initial Fleet

Military Deliveries Complete?

Generating Surplus?

Airframe Price

Engine Price

Aircraft Price (Com)

Commercial Private/Charter

¢ ¢

Military

158 25

Aircraft Price (Mil)

Back

Airframe Manuf.
| ——

Backlog
Surplus -
Total Delivered B

Navigate to Agent
Dashboards

Includes initial
deliveries and
surplus deliveries

Year First Commercial Delivery

source checkMilDelivery sinkMil

Initial Deliveries

20

M an ag eS I n Itl al checkComPrivDelivery

SelectComOrPriv checkCom

Ticket Price

Planes Per Year

70 70
|

checkPriv

deliveries e ‘ s

sinkCom

) 8
DL/

sinkSurplus
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£ sinkPrivChart

Reroute delivery to other group if
demand already fulfilled

Current production rate

processOrder

Routes Captured

Surplus Deliveries

| | Manages surplus
5 deliveries

surplusActive quede

16

N
6% 0 0 0 0 0 0
16 0
(P waitingTime
wait
18
N
sinkFailedOrders
0

=0
Hold orders until surplus is active

22
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AnyLogic Modeling & Simulation

Manufacturer Dashboard

Airframe Manufacturer

Years Elapsed Current Year

Operator Back
Perseus [ Catouions |

Break Even Year

Aircraft Type Years of Development

Sales

SG&A DDT&E Op Prod Total Cost Ann CF Cum.CF | Num Sold
$125M  §50.0M 5625M | S0.0M $62.5M $.62.5M $.62.5M
$125M _~ §50.0M 5625M | 50.0M $62.5M $.62.5M $.125.0M
$637M  S2747M  5343.4M | S0.0M $343.4M $.343.4M $.468.4M
$858M  $3434M  $4292M | S00M | S54202M $.4202M $.897.6M
@ Cumulative Cash Flow S103.0M  $4121M  58452M | S0.0M $845.2M $845.2M $17428M |
| “s1202m  s4so7rm  s7900m | soom | s7e0.0m $571.7M $A171.1M
$137.4M  $549.4M  $884.8M | 50.0M $884.8M $123.2M $-1028.0M
$103.0M  $4121M  S7132M | S00M | s7132M $314.8M $.713.1M
$687M  $2747M  $5415M | $0.0M $541.5M $436.5M $.226.6M
$354.9M S0.0M  $553.0M | $14197M| §19727M $1032.3M $805.7M
$697.0M S0.0M  S$697.0M | $52787.8M| $3484.3M $548.2M $1353.9M
| s650.0m S00M  $650.0M | 52600.0M| $3250.1M | $651.1M $2005.0M
$633.4M SOOM  $633.4M | 525334M| $3166.8M $734.4M $2739.3M
$622.4M SOOM  $622.4M | 524897M| $3112.1Mm $789.1M $3528.4M
$614.3M S0OM  $6143M | 52457 4M| $30717M $829.4M $4357.8M
5280.1M S0.0M  $280.1M | $1120.2M| $1400.3M $761.2M $5119.0M
5262.5M SOOM  $2625M | $10499M| $1312.4Mm $796.4M $5915.4M

\\-‘_\Hr $245.2M $0.0M $2452M  $980.7M $1225.8M __5751 Al $6666.5M

2026 2032 2038

Year

Military Commercial Private/Charter Total

10,000

= 6,000
&

4,000
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AnyLogic Modeling & Simulation

Airplane Dashboard

Airplane 201 Years Elapsed Current Year

IN SERVICE

Total Flight

Range Hours

Hours to
REEE S

Fuel Type Pax Cap
Route Distance -

Flight Hours Ticket Price

Operator New York City

Agent-Based

Total Pax Revenue Total Cargo Revenue L On d O n M 0 d e I I n g

Total Revenue Rev. per Avail. Seat Mile

Total Cost

Hours to Check Num Checks

77.749 3
287.749
280.341
10,600.341
Eng Rest 23,600.341

~
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AnylLogic Modeli

ng & Simulation

Viable Route? Active?

Ticket Price
Flights Per Day

Max Fleet Utilization

Manages daily fleet
operations

source

a

Route Dashboard

1 Years Elapsed Current Year

JFK - LHR

Aircraft Deliveries Retired Planes

Distance

Flight Hours Per Year

Aircraft Per Route

Market Size Captured Market Projected Market Projected Market
10C Ops End

Fleet Operations

checkNumPlanes takePlane operations release sink
4,335 20

B64 428
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2 T 8
664 425 WP 423209 424,209 : i«g 874 410 BT A 419,854 419,854 . 419,854 419,854

planesPool

24021958 noPlanesYet
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AnyLogic Modeling & Simulation

Emissions Dashboard

Environmental Metrics

Emissions . 1 . Years Elapsed Current Year
1

AircraftType

Annual Fuel

@ Annual Fuel (gal)
Pax Count Fuel Type
900,000,000

300,000,000
700,000,000
600,000,000
500,000,000
400,000,000

Aircraft CO2e (kg/km/pax)
Based on Design Range

300,000,000
200,000,000

100,000,000

g
=
-
-]
E
=
[7]
=
o
Q
®
=
('8
©
=
[
=
<

[]
2021

Aircraft Emissions

100,000

Emissions Stack-up

Component Mass (kg)
CO2e Mass (kg)

~
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AnyLogic Modeling & Simulation

Business Metrics Dashboard

Business Metrics

>§SpaceWorks=-

1D Init Fleet  Final Fleet Aircraft Sold Pax/Year CO2e (kg/km/pax)
158 345 457 2,156,433 0.466

Routes Captured - -
$873.94M

NPV
$738.89M

>Q\ Space\WWorks

Displays business
metrics for
Operator and
Manufacturers

Max Exposure

$-772.15M
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