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ABSTRACT 
 

 Every system engineering trade study has to address the challenge of eliminating 
unintentional bias towards one of the available system options. This challenge becomes 
especially difficult when trading conceptual options, where the amount and fidelity of data 
available to characterize the options is highly variable. This paper introduces the 
methodology of Physical Idealization as a tool to remove unintentional bias from conceptual 
trade studies. The premise is that (1) given the options available based on our understanding 
of physics, and (2) within the set of constraints necessary to define the problem, it is possible 
to identify the optimal physically idealized solution. This solution can then be used as a 
benchmark for technology development and real world system implementation. The 
methodology of Physical Idealization was developed to support a study of interplanetary 
transportation systems titled “Identification of a Physically-idealized Human Capable 
Rocket-based Interplanetary Transportation System (PHRITS)”. This paper summarizes the 
implementation of physical idealization in PHRITS, and discusses the results. The presented 
data illustrates both the strengths and weaknesses associated with using Physical Idealization 
in a trade study, showing the methodology to be a useful addition to the system engineer’s 
selection of tools. 
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1 INTRODUCTION 

Every system engineering trade study has to address the 
challenge of eliminating unintentional bias towards one 
of the available system options. A number of specific 
techniques have been developed over time to reduce 
unintentional solution bias for a wide variety of trade 
study types. Methodologies such as the Analytical 

Hierarchy Process
1 and the Fuzzy Decision Model

2 
have proven generally effective in ensuring objectivity 
when trading highly complex engineering systems as 
long as sufficient data are available to anchor the 
decision process, and data fidelity does not significantly 
vary between the individual options.  

However, the challenge becomes especially difficult 
when trading conceptual options based on projected far-
term technology capabilities. In these cases, the amount 
and fidelity of data available to characterize the 
different system options is generally highly variable. 
Depending on the present state of technology 
development for a given system option, that option may 
appear more attractive simply because it is better 
understood than the alternatives. 

Especially in those cases where the study is motivated 
by a desire to identify a technology development path 
with the highest long term benefits, there is a risk that 
the difficulty in envisioning a technological 
implementation of an otherwise very attractive option 
may remove that option from the trade-space. As a 
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result, a technology development path is selected that 
can be shown to be superior in the short-term, but may 
prove inferior (or even unsustainable) in the long-term.  

This paper introduces the methodology of Physical 
Idealization as a tool to remove unintentional 
technology bias from conceptual trade studies. The 
underlying premise is that (1) given the options 
available based on our understanding of the laws of 
physics, and (2) within the minimal set of constraints 
necessary to define the problem, it is possible to 
identify the optimal, physically idealized solution, 
which can then be used as a benchmark for technology 
development and real world system implementation. 

As an example, consider the history of the steam 
engine.3,4 Sadi Carnot was the eldest son of Lazare 
Carnot and graduated from the École Polytechnique in 
Paris in 1814. He worked on the mathematical theory of 
heat and helped start the modern theory of 
thermodynamics. Carnot's major work was a paper, 
which he wrote in 1822-23. This paper attempted to 
find a mathematical expression for the work produced 
by one kilogram of steam. The paper is similar in its 
aims and also in its methods to several other papers, 
which appeared around this time by Hachette, Navier 
and Petit. However, it was unique in its methodology of 
identifying the physical ideal of a steam engine, thus 
providing the indisputable direction for technological 
efforts to improve steam engine performance. In 1824 
he published his work describing what was later named 
the Carnot cycle titled “Reflections on the motive 
power of heat”.5 It was his accomplishment to give the 
efforts of improving the steam engine technology a 
clear direction, replacing the black magic of adding 
“bells and whistles” with a concrete metric to assess 
and improve design performance. 

In a similar manner, the process of physical idealization 
presented here aims to establish a methodology to 
identify the physically idealized optimal solution for 
any given conceptual engineering design problem. The 
optimal, idealized system concept that emerges from 
the selection process described in this paper can then be 
used as a technology development guide, enabling 
sustained system improvements up to the limitations 
imposed by the underlying physics. In addition, 
applying the process of physical idealization to all 
conceptual options removes any bias that otherwise 
may have resulted from variances in technology 
development status. 

2 METHODOLOGY 

Each concept under consideration in the physically 
idealized trade study process (Figure 1) must pass 
through three distinct decision gates to emerge as the 
superior solution to the stated problem:  

(1) Physical feasibility,  

(2) Application compatibility, and  

(3) Optimality.  

In addition, the implementation of the described process 
requires data from three sources:  

(1) Option Space,  

(2) System Requirements, and  

(3) System Fitness Function. 
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Figure 1: Physical Idealization Process Overview. 

 
2.1 Option Space / Physical Feasibility 
It is the aim of the physically idealized trade study 
process to assess all possible options allowable within 
the laws of physics, regardless of present day or 
projected technology limitations. In order to accomplish 
this, the conceptual option space needs to be derived 
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exclusively from physical possibility. For example 
assume the system to be traded is a propulsion system. 
The conceptual choices would be derived from all 
known physical mechanisms to move an object; i.e. the 
four fundamental forces of the Strong Force, the Weak 
Force, the Electric Force, and Gravity.  

In addition, a valid option space definition within this 
process must exhibit two necessary properties: (1) the 
set must be complete; (2) the set must be mutually 
exclusive, or “orthogonal”. In the given example, 
completeness is assured by the knowledge that no other 
forces exist in nature. If an object is to be moved, the 
method of moving it must be based on the four 
fundamental forces. The property of orthogonality is 
achieved if none of the identified options is (fully or 
partially) contained within another. For example, 
instead of the electric force, one may introduce both an 
electrostatic force, and an electrodynamic force. 
However, an electrodynamic force is a special case of 
the electrostatic force, and the resulting set of 
conceptual options would therefore not be considered 
orthogonal. 

Once an orthogonal and complete set of conceptual 
choices has been identified, the complete option space 
to be considered in the trade study is given by any 
physically admissible combination of the identified set. 
Again using the same example, the object to be 
“propelled” may be set into motion using any 
combination of the four fundamental forces. Both 
“pure” conceptual choices (one option is selected 
exclusively) and fractional combinations (e.g., 10% 
electric force together with 90% gravity) are within the 
option space. 

2.2 System Requirements / Compliance 
The second component needed to implement the 
described method of physical idealization, is the 
minimal possible set of system requirements needed to 
define the problem. Care must be taken to derive 
requirements only from the intended application of the 
system, without any consideration of what may be 
considered “realistic”.  

As was the case in the definition of the trade option 
space, the system requirements set should also be 
orthogonal in nature: no imposed requirement should be 
partially or fully implied by another. 

 

2.3 Fitness Function / Optimality 
The last component needed for execution of the trade 
study is an appropriate fitness function. This fitness 
function is generally a combination of individual 
Figures of Merit (FOM). As before, each FOM cannot 
be partially or fully implied by the other, so that the 
complete set remains orthogonal. In addition to 

orthogonality of the integrated set from which the 
ultimate fitness function is derived, each individual 
FOM must have the following properties: 

FOMs must be quantitative in nature, and it must be 
possible to determine the numeric value of each FOM 
without making any assumptions regarding the 
technology used to implement the conceptual option 
under consideration. 

Each FOM should be normalized by its constrained 
physically idealized value. For example, if one selected 
FOM was to be the amount of energy stored in a battery  
per unit mass, the physical limit would given by  
Einstein’s energy/mass relation E=mc2. The maximum 
achievable value (and thus the FOM normalization 
factor) would thus be c2. 

Additionally, before deciding on the use of a given 
FOM, it should be evaluated for its ability to 
differentiate between the options to be traded. A FOM 
that has near identical values across all options will not 
be effective in identifying an optimum solution. 

Finally, the Fitness Function is assembled by 
combining all selected FOMs. In order to prevent 
unintended bias, no additional weighting of each 
individual FOM should be imposed, since each was 
normalized by its associated physical ideal. 

3 IMPLEMENTATION 

The physical idealization methodology described in this 
paper was developed to support the doctoral research of 
the author, titled “Identification of a Physically-
idealized Human-capable Rocket-based Interplanetary 
Transportation System (PHRITS)”. Within this research 
the methodology of physical idealization is used to 
perform a conceptual trade study of interplanetary 
transportation concepts, suited for carrying human 
crew, passengers, and cargo.  

The transportation system is modeled as consisting of a 
payload subsystem (including the command functions), 
a propulsion subsystem, and a power generation 
subsystem. The option space is defined using all 
physically feasible choices for the storage / conversion 
of energy (power subsystem), and the generation of 
momentum by expelling propellant (propulsion 
subsystem). The mass and power requirements for the 
payload, together with the definition of mission 
scenarios serve as the source of all system requirements 
needed to define the problem. A combination of overall 
payload mass fraction and payload energy fraction of 
the system are selected to form the fitness function for 
the study. 

The study uses a genetic algorithm to generate 
successive generations of improving fitness function 
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values. Based on the problem (no. of options, etc.), the 
fitness function evaluation includes the determination 
and optimization of 660 interplanetary trajectories for 
each concept to be evaluated, resulting in a total of 
roughly 5 million trajectories to be analyzed over 50+ 
generations of concepts, with 160 concepts in each 
generation. The computational demands are met by use 
of a distributed computing architecture.6 

3.1 Option Space 
In parallel to the fuel and propellant of a rocket, the 
option space for PHRITS is derived from two choices 
to define any given system configuration: a source or 
storage mechanism of energy (fuel), and a mechanism 
of converting this energy into a propulsive force 
(propellant). The only limitations imposed are that the 
mechanism must be well defined in the knowledge base 
of the physical sciences, and the propulsive mechanism 
must utilize some form of momentum exchange with a 
medium external to the vehicle. In the present 
understanding of the physics, all energy is released or 
absorbed as the result of a changing potential that was 
previously established by a type of force. A total of four 
fundamental forces are known (Figure 2). 
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Figure 2: The four fundamental forces. 

3.1.1 Power Options (Energy Conversion) 

There are three reactions enabled by interaction with 
the strong force: (1) fission (splitting heavy nuclei), (2) 
fusion (joining light nuclei), and (3) matter / anti-matter 
reactions (joining particles with their anti-particles). In 
the first two cases a mass defect in the process of 
forming the reaction products is released as energy. In 
the third reaction type (matter/anti-matter annihilation), 
the complete mass of all the reactants is released into 
energy. 

There are five options based on the electromagnetic 
force: (1) chemical reactions, (2) photonic energy 
conversion, (3) electrostatic energy conversion,  

(4) electrodynamic (magnetic) energy conversion, and 
(5) mechanical energy conversion. Chemical reactions 
are governed by the interaction of the electron shells of 
the reactants, and are thus based on the electromagnetic 
force. Photons are the messenger particles associated 
with the electromagnetic force; when a magnet exerts a 
force on an object, it does so by the exchange of 
“virtual” photons. Photonic energy conversion can yield 
electric energy, or heat (and thus drive a gas-dynamic 
cycle). Electrostatic energy conversion is utilized in 
capacitors, which can have exceptional efficiencies. 
Electrodynamic energy conversion is used in devices 
with moving (rather than static) charges. Using the 
Lorentz force law, mechanical motion can easily be 
converted into electrical energy and vice versa. Energy 
can also be stored in magnetic fields: the energy 
expended to induce a current in a superconductor is 
stored in the resulting magnetic field and can be 
reclaimed. Lastly, mechanical systems fall into this 
category: when a solid object exerts a force on another, 
it is the electrons of the materials’ surfaces pushing on 
each other via the electromagnetic force. As an 
example, flywheel systems have been utilized to store 
and convert energy from mechanical to electrical forms. 

The weak force is responsible for the radioactive decay 
of heavy nuclei. Radioisotope Thermal Generators  
(RTG) have been successfully deployed, utilizing this 
mechanism to generate heat and electricity. 

Gravity can also be exploited for energy conversion 
systems, as when an interplanetary spacecraft performs 
a planetary fly-by maneuver. However, since gravity is 
a very weak force (unless very large masses are 
involved) it is not considered for spacecraft energy 
conversion systems in this study. 

3.1.2 Propulsion Options (Momentum Exchange) 

As before, each momentum exchange option must be 
based on one of the four fundamental forces of physics. 
However, because of the “macroscopic” nature of the 
object to be accelerated (a spacecraft suitable for 
transporting human beings), only two of the 
fundamental forces come into play: the electromagnetic 
force and gravity. As mentioned in the previous section, 
gravitational forces are frequently utilized in so called 
“swing-by” or “fly-by” trajectories, where a spacecraft 
is accelerated by direct interaction with the 
gravitational field of a celestial object. However, since 
these objects are not available at arbitrary (and thus 
always convenient) locations, this option is not 
sufficient to cover the complete mission range. This 
leaves the choice of the electromagnetic force. 
Considering that the electromagnetic force is the 
underlying mechanism for “pushing” macroscopic 
objects (it is the force responsible for the fact that your 
fingers can hold this document), it is not altogether 
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surprising that all conceivable momentum conversion 
processes to be used in the acceleration of a spacecraft 
are based on this force.  

Thermodynamic nozzles, electrostatic thrusters, MHD 
thrusters, photon thrusters, all use the electromagnetic 
force to convert a source of energy into movement of 
the spacecraft. That being the case, a finer division 
needs to be employed to differentiate between the 
available options. All spacecraft considered in this 
study achieve acceleration by accelerating and ejecting 
some form of propellant. The following discussion of 
acceleration mechanisms will categorize the various 
options based on the force used to achieve the 
acceleration of the propellant. The following forces are 
at the designer’s disposal when choosing how to 
accelerate an object: (1) Coulomb force, (2) Lorentz 
force, and (3) Gravity force (not discussed, see above). 

The Coulomb force is used in thermodynamic nozzles 
(gas particles bouncing off a nozzle), and electrostatic 
acceleration of charged matter. The Lorentz force is 
utilized in the electrodynamic acceleration of charged 
matter. Lastly, there is the special case of a photon 
rocket, where light is created in an emitter and directed 
to accelerate the spacecraft in the desired heading. The 
final list of all available options is thus:  
(1) Thermodynamic cycles & nozzles, (2) Electrostatic 
acceleration, (3) Electrodynamic acceleration, and (4) 
Photon emissions. 

Thermodynamic cycles have been studied and utilized 
extensively in human history, and to this date they 
remain the most common selection for moving large 
vessels that transport human beings. Automobiles, 
trains, jet-aircraft, and rockets have all employed 
methods of expanding fluids against mechanical 
boundaries to propel themselves with the force resulting 
from that expansion. Electrostatic acceleration uses the 
Coulomb force to accelerate a propellant of charged 
particles. One currently known application is the ion 
thruster. Many different applications have been 
proposed and implemented that utilize electrodynamic 
acceleration of matter. Rail guns fall in this category, as 
they induce a current in a moving slug, which is 
accelerated by the resulting magnetic field. A 
magnetohydrodynamic (MHD) thruster works on the 
same principle, replacing a discrete object (the “slug”) 
with the particles of a current carrying plasma. 

3.1.3 Locale Options (Internal vs. External) 

The last conceptual option is whether the propellant and 
energy sources are internal or external to the vehicle. 
Table 1 lists all possible combinations, together with 
application examples. The first case listed 
(Internal/Internal) is the classical rocket: both the fuel 
and propellant are stored internally to the vehicle. The 

second case (Internal/External) is more exotic, but has 
been discussed in the literature: it has been suggested 
that a spacecraft may utilize large magnetic collectors 
to capture interplanetary dust (solar wind), accelerate 
these particles using an internal energy source, and 
them expel them again at a higher velocity, resulting in 
a propulsive effect. 

Table 1: Storage combination options. 
Energy Propellant Example 
Internal Internal Chemical Rocket 

Internal External Bussard “Ram-Spacecraft” 

External Internal Solar Electric 

External External Solar “Ram-Spacecraft” 

 
Option three (External/Internal) has been discussed 
extensively in the literature, and implemented in current 
spacecraft. The NASA “Deep Space 1” mission falls 
into this category, since it utilized solar arrays (and thus 
the suns energy) to accelerate an onboard propellant by 
use of an ion thruster. Lastly, option four 
(External/External) describes a scenario where a 
spacecraft absorbs interplanetary matter, and 
accelerates it with the energy collected from solar 
insolation.  

3.2 System Requirements 
Within PHRITS, all interplanetary transport concepts 
are required to be capable of performing at least one 
transport mission of interest between at least one 
departure and destination point of interest within the 
solar system. In addition, the concept cannot exceed 
acceleration, radiation or Time of Flight (TOF) 
limitations that would make it unsuitable to carry a 
human crew and/or passengers. 

3.2.1 Mission Scenarios 

The mission scenarios are defined based on a list of 
motivations for humans to venture out into new 
frontiers throughout history, compiled by Williams and 
Borowski7. From that list, four categories of mission 
scenarios are derived: (1) commercialization, (2) 
colonization, (3) exploration, and (4) military missions. 
Figure 3 shows the mission scenarios for the 
Interplanetary Transportation System (ITS) within each 
category in the form of an objective tree. A total of 
eleven mission scenarios are initially considered, and 
then reduced to six unique scenarios to eliminate 
requirements overlap (discussed below).  
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Figure 3: Mission scenarios as objective tree. 

3.2.2 Departure / Destination Points 

As stated above, the departure and destination point of 
the transport may lie anywhere within the solar system. 
The specific locations for departure and destination 
points are listed in Table 2. 

Table 2: Standard Orbit Altitude (SOA), velocity 

(SOV) and period (SOP), for solar system locations. 

Location SOA 
[km] 

SOV 
[km/s] 

SOP 
[min] 

Sun 6,264,000 138.09 5,278 

Asteroid Belt 418,178,120 25.17 1,742,541 

Mercury 146 2.92 93 

Venus 363 7.12 94 

Earth 383 7.68 92 

Mars 204 3.45 109 

Jupiter 643,428 13.31 5,624 

Saturn 542,412 7.93 7,955 

Uranus 230,031 4.76 5,622 

Neptune 222,876 5.25 4,936 

Pluto 10,755 0.27 4,626 

 
In order to standardize the requirements associated with 
any location, two sub-classes are identified and defined 
as follows: (1) for all terrestrial planets and moons 
suitable for human surface activities the standard orbit 
is located at 1.06 times the radius of the center body 
being orbited. (2) for gas giants, and outer planets the 
standard orbit is set at 10 times the radius of the center 
body being orbited. In both classes the orbital plane is 
set parallel with the ecliptic plane of the Solar System. 
Locations for the Asteroid Belt and Sun are listed as 
heliocentric orbits. Note that the resulting altitude of 
383 km for standard Earth orbit is approximately that of 
the International Space Station orbit. In those cases 
where the planet or moon has an atmosphere, an 
analysis was performed to ensure the selected orbit does 
not cause significant orbital decay within less than 10 
orbits or 250 hours 

3.2.3 Payload Requirements 

For each mission scenario, a payload mass and power 
requirement are derived. Requirements are stated 

independent of the departure and destination points for 
the mission as a function of TOF. Ideally, each concept 
would be optimized and evaluated for all mission 
scenarios defined and any combination of departure / 
destination point. However, bowing to the reality of 
limited computational capacities, it is necessary to 
compact the requirements set by identifying a single 
threshold scenario. Figure 4 shows the mass 
requirements of all scenarios as a function of TOF as 
derived from the mission scenario definitions. As one 
would expect, “early adoption” scenarios such as space 
exploration have a lower initial threshold than the more 
ambitious scenarios – such as resource mining or 
planetary colonies. However, the “Product Transport” 
scenario is the least demanding, since it becomes useful 
at fairly low payload sizes, and the payload density is 
considerably higher compared to human dominated 
missions (e.g., passenger transport).  
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Figure 4: Payload mass requirement vs. TOF. 

 

It can be argued that any concept with superior 
performance (higher payload mass fraction) for the 
least demanding mission, will also have the better 
performance for any of the more demanding missions. 
This statement is only violated, if performance (vehicle 
efficiency) were to scale favorably as the vehicle grows 
– improving the payload mass fraction as the payload 
requirement increases. However, since the system 
model utilized in this study does not incorporate any 
mechanism that would enable such behavior (e.g., 
minimum mass for the engine, regardless of thrust 
demand), the original claim can be sustained. For the 
following optimization process, each concept is then 
evaluated for only the lowest threshold scenario. Figure 
5 shows the payload power requirements for the various 
scenarios. Unlike the payload mass requirements, 
power scales only weakly with TOF. As before, the 
product transport scenario exhibits the lowest threshold 
value, and by the same reasoning as used in the payload 
mass case, it is again adopted as the lowest threshold 
value for concept evaluation. 
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Figure 5: Payload power requirements vs. TOF. 

 
The following relations define the numeric threshold 
values for payload power (P$) and payload mass (m$): 
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3.2.4 General Requirements 

Another limiting factor is the level of acceleration 
which can be tolerated by the human body for a 
prolonged period of time. For high impulse trajectories, 
where the vehicle thrusts continuously up to the 
midpoint and then again continuously thrusts to 
decelerate, it is important to limit acceleration loads to 
values which can be sustained by humans over 
extended time periods. Several technological aids (e.g., 
‘G-suits’, fluid immersion) have been developed to 
improve the resistance of humans when exposed to high 
accelerations, yet these aids severely limit the 
performance capability of a human crew in the long 
run, and are impractical for accelerations lasting several 
hours, days or weeks. The value for the limiting load 
also depends on the direction in which the acceleration 
is applied to the body. Since the crew will have to 
maintain some degree of mobility if the acceleration is 
to last for long durations, the data used in this study is 
for the limiting case (lowest tolerance) of the 
acceleration acting through the body, where the force 
on the person is in the direction of the top of the head. 

It has been determined, that the human body is capable 
of functioning at high accelerations for an extended 
time period, after which fatigue occurs, causing the 

tolerable level to drop to a lower plateau. This value 
can then be sustained for a longer time period, until 
fatigue again accumulates to a threshold value.8,9 The 
gathered data are adjusted to asymptote to a value of 
1g. It should also be noted that the limiting function is 
different for a professional crew, compared to a generic 
passenger.10 
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Figure 6: Acceleration limits for professional crew 

and generic passenger commercial flights. 

 

The curve fit equations for passenger and non-
commercial flights are as follows: 

( ) 11t12.04g 35.0
alprofessionmax, ++⋅⋅= −

 
( ) 11t24.01g 7.0

commercialmax, ++⋅⋅= −

 
 
Where gmax is the limiting load in multiples of Earth 
standard acceleration (9.81 m/s2), and t is the time of 
exposure in seconds.  

Another requirement derived from physiological 
constraints associated with transporting humans is the 
maximum allowable radiation exposure. In the PHRITS 
study, a threshold requirement is defined for the total 
radiation exposure acceptable over any single mission, 
which is then translated into a mass requirement for 
radiation shielding material on the human occupied 
components of the spacecraft, as a function of TOF. Up 
to three types of radiation are generally encountered 
during a mission: (1) Solar Cosmic Radiation (SCR), 
(2) Galactic Cosmic Radiation (GCR), and (3) Van 
Allen Belt radiation (VAB). However, SCR includes 
essentially random solar events (i.e., solar flares), and 
just like VAB radiation, is only experienced for brief 
time periods in a given mission. Specialized devices 
such as radiation shelters or active magnetic shielding 
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can be utilized to protect the crew for these brief events. 
Therefore, only GCR was used as the basis for the 
radiation shielding mass requirement added to the 
payload requirement for a given mission.  

The threshold radiation exposure due to GCR is defined 
in Sievert at 0.2 Sv or less for any given mission. 
Figure 7 shows the resulting shielding mass per unit 
area requirement as a function of TOF. Density 
estimates of the items to be shielded (e.g. food stores, 
passenger compartments, etc.) are then used to 
determine the final mass value which was added in the 
determination of the required payload mass. 
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Figure 7: Radiation shielding mass vs. TOF. 

 
The last two general requirements imposed on the 
system are duration of exposure to microgravity, and 
duration of confinement to a small space, both of which 
result in a not-to-exceed value in total TOF of 450  
days. 11,12 

3.3 Fitness Function 

3.3.1 Figures of Merit 

FOM are derived from system requirements. Having 
stated what a system is required to accomplish, it is 
possible to identify a numerical expression to quantify 
the degree of success of the design under consideration 
in fulfilling the given requirement. In conceptual 
design, the most commonly used FOM sets attempt to 
capture the three characteristics of safety, cost, and 
performance. 

The degree to which a system is considered safe in 
general depends on: (1) the number of hazards, (2) the 
likelihood of a hazard to cause a non-nominal situation, 
(3) the ability of the system to mitigate the 
consequences of that situation, and (4) the severity of 
the consequences should the system be unsuccessful in 
doing so. Of these four qualities, all but number two are 
highly technology dependent. The only safety quality 
that lends itself to physical idealization is the 
probability of a failure as represented by operation 
time, or Time of Flight (TOF).  

The economics of aerospace systems is very complex, 
and also highly technology dependent. The scale of 

production, competition, etc. are all factors in 
determining the cost impact of a given conceptual 
design choice. However, while monetary values are 
unsuitable for physical idealization, the energy cost 
associated with a given mission (trajectory) is readily 
quantified. The system is required to provide power to 
the payload and the propulsion system. Given identical 
payload power requirements and TOF, the concept that 
requires less energy to complete the mission will be the 
more economical. At the limit, no power is needed for 
propulsion, and all generated power can be utilized by 
the payload. The selected FOM of payload energy 
fraction (σ) is thus defined as the ratio of energy 
expended to power the payload, to the energy expended 
to power the propulsion system. 

Lastly, if two competing concepts both meet the 
mission payload requirements, the smaller system will 
require less effort to built and launch into orbit, and 
thus be more desirable. The payload mass fraction (λ) is 
thus selected as the performance FOM. The payload 
mass fraction is defined as the mass of the payload at 
ignition divided by the total ignition mass 

The three identified FOMs (TOF, payload power 
fraction, payload mass fraction) are combined to arrive 
at the normalized fitness function. Each individual 
mission scenario is optimized to drive the payload 
fraction product towards unity. The resulting value is 
integrated over the complete range of all TOF / mission 
scenarios (Figure 8), and normalized with the maximum 
possible value. 

 

Figure 8: Fitness function definition. 

 

3.3.2 Option Characteristics 

In order to evaluate the selected fitness function for any 
of the previously discussed system options, these 
conceptual options must be characterized with 
numerical quantities. In addition, if selected 
judiciously, the fitness function will have a strong 
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dependence on these characteristics to achieve the 
desired differentiation between the various options. 

Three characteristics are used to quantify the selection 
of the power/energy subsystem of a given concept: (1) 
mass specific energy, (2) energy distribution vector, 
and (3) ash to fuel ratio. 

The specific energy is defined as the amount of energy 
released by the proposed mechanism per unit mass of 
all the participating reactants in the energy conversion 
process.  

∑
=ε

)speciesall(i
i,tstanreac

released

m

E
 

The characteristic of the Energy Distribution Vector 
(EDV) determines the form in which energy is released 
from the power subsystem. This plays an important role 
in the options available to transform that energy into 
momentum of a space vehicle. Three basic forms of 
energy release can be observed: (1) electromagnetic 
radiation (EMR), (2) motion of charged particles, and 
(3) motion of neutral particles. For each of these, the 
energy may be released in “directed” or ”random” 
form. Table 3 summarizes the resulting categories with 
an example for each.  

Table 3: Forms of energy release. 

Energy Form Example 
Random Neutral Particle 
Motion (RNPM) 

Heat contained in a neutral 
gas, fluid or solid. 

Directed Neutral Particle 
Motion (DNPM) 

Kinetic energy of a neutral 
gas, fluid, or solid.  

Random Charged Particle 
Motion (RCPM) 

Heat contained in a plasma. 

Directed Charged Particle 
Motion (DCPM) 

Electric current in vacuum or 
a medium. 

Random Electromagnetic 
Radiation (REMR) 

Thermal radiation, 
brehmstrahlung 

Directed Electromagnetic 
Radiation (DEMR) 

Laser light, Sunlight 

 
The Energy Distribution Vector (EDV) notation is 
defined to record the energy distribution for a given 
energy subsystem option over these categories in a 
compact manner: each element of the vector is the 
fraction of the total energy released in that category, 
with categories listed in the order defined in Table 3, 
and all of the vector components adding to unity. For 
example: 

( )00.011.000.081.000.008.0EDVFission =  

The third and last characteristic is the “Ash to Fuel” 
ratio (A/F Ratio) of the reaction under consideration. 
When considering the mass of the products created by 
the reaction (“ash”) the reaction that produces a larger 

amount of “ash” (lower burn-up fraction) is more 
desirable. The reason for this is that the reaction 
products can be expelled as either propellant, or to 
reject heat from the system (or both).  

∑

∑
=

)speciesall(i
i,consumed

)speciesall(j
j,produced

m

m

F
A  

This characteristic accounts for the desirability of the 
reaction products and discriminates between two 
concepts of otherwise equal energy densities. 

Three additional characteristics are used to quantify the 
selection of the propulsion subsystem of a given 
concept: (1) specific impulse range, (2) energy option 
vector, and (3) propulsive efficiency. 

For each possible option of converting energy into 
spacecraft momentum, a minimum and maximum 
(physically idealized) propellant exhaust velocity can 
be identified, from which the specific impulse range is 
derived. The Energy Option Vector (EOV) is a compact 
representation of what form of energy can be utilized as 
input by the selected propulsion mechanism. Lastly, the 
propulsive efficiency indicates how much of the energy 
put into the system is transformed into kinetic energy of 
the spacecraft. Table 4 summarizes the values for each 
characteristic and identified option in the selection of 
the momentum conversion (propulsion) subsystem. 

Table 4: Propulsion characteristic values. 
Energy Option Vector 

Option 
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ηProp 
ISP 
[sec] 

TD 
Nozzle 

1 0 0 0 0 0 0.999 
0 – 

1,000 

Magn. 
Nozzle 

0 0 1 0 0 0 1.00 
0 – 
c/g 

Elec. 
Method 

0 0 0 1 0 0 1.00 
0 – 
c/g 

Photon 
Emitter 

0 0 0 0 1 1 0.50 c/g 

c = vacuum speed of light, g = standard earth acceleration 

3.4 Optimization 
The PHRITS study discussed in this paper uses two 
nested optimization loops: (1) Functional optimization, 
the inner loop that ensures any given candidate system 
is used to its maximum potential before evaluating the 
FOMs, and (2) Conceptual optimization, the outer loop 
of selecting the overall superior option from all 
available concepts. 

3.4.1 Problem Integration 

Figure 9 (page 10) illustrates how the preceding 
material is integrated into the optimization process. 
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Using the option characteristics, a candidate concept is 
selected by choosing internal vs. external fuel and 
propellant sources, which are then utilized by one 
possible propulsion and power subsystem 
configuration. The selected combination of power and 
propulsion systems results in an applicable conversion 
efficiency between the two systems. This process 
allows for complete characterization of the candidate 
concept under investigation via the parameters of 
conversion efficiency, A/F ratio, fuel specific energy, 
propulsive efficiency, and specific impulse range.  
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Figure 9: Problem integration summary. 

 
The information collected in the system requirements 
derivation is utilized to select and define each pairing of 
mission type and mission destination. The resulting 
mission scenario is defined by the mission specific 
requirements in regards to payload mass and power 
requirements, together with the general requirements in 
the areas of radiation exposure, acceleration, and 
limitations on total trip time.  

A dynamic model is defined, including the elements of 
spacecraft motion, available flux of external sources 
(energy, solar wind particles), and locations of the 
planets. 

The FOMs are utilized to formulate the objective 
function to be maximized within the given constraints. 
Finally, the process is repeated with varying candidate 
concepts until a sufficiently large number of concepts 
has been investigated to converge, and the optimum 
concept has been identified. 

3.4.2 Conceptual Optimization 

PHRITS makes use of a Genetic Algorithm (GA) to 
identify the overall superior concept within the defined 
design space. A GA was chosen because the option 
space is too large to try every possible combination, and 
the problem is not of a smooth continuous nature to 
allow for the use of gradient based methods. The 
problem is encoded as a set of artificial chromosomes 
with the chromosome of a given concept made up by 
individual genotypes. The initial population is defined 
based on a random selection of chromosomes. The GA 
is built with the GA Toolbox for Matlab13. Table 5 
summarizes the chromosome definition for the GA.  

Table 5: GA chromosome definition. 

Category Number Definition 

Fuel Source 1 
0 = internal 
1 = external 

Propellant 
Source 

2 
0 = internal 
1 = external 

3 Fission 

4 Fusion (DT) 

5 Fusion (DHe3) 

6 Matter / Anti-matter 

7 Chemical 

8 Photonic 

9 Electrostatic 

10 Electrodynamic 

11 Mechanical 

Power 
Subsystem 

12 Radioisotope Decay 

13 Thermodynamic Nozzle 

14 Magnetic Nozzle 

15 Electric Methods 

Propulsion 
Subsystem 

16 Photon Emitters 

 
GA parameters were chosen on typical guidelines for 
reliable convergence. Each generation contains 160 
concepts in 4 sub-populations. In each generation 80% 
of the concepts are replaced by their offspring. The 
likelihood of a mutation event is set 1/16, and lastly 
20% of a given sub-population will migrate to other 
subpopulations every 10th completed generation.  
Table 6 illustrates an example loop through the 
algorithm. 
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Table 6: Example loop of the Genetic Algorithm. 

Step Name Description 

1 
Fitness 
Ranking 

The fitness function value of all 
concepts in the present generation 
are renormalized to give the most 
fit individual a fitness of 1, and the 
least fit individual a fitness of zero. 

2 Migration 

If sufficient generations have 
passed, some individuals in each 
subpopulation migrate to other 
subpopulations. 

3 Selection 
The most fit individuals are 
selected to produce off-spring. 

4 Recombination 
The selected parents are 
recombined to produce the next 
generation. 

5 Mutation 
A small fraction of Genotypes in 
the new generation are mutated 

6 Normalization 

Since the values of all the 
genotypes are not completely 
independent, they need to be 
renormalized following a mutation 
event. For example, the genotype 
values 3-12 (power subsystem) 
must always add up to unity. 

5 Reinsertion 

The individuals of the off-spring 
(children generation) are used to 
replace the least fit individuals in 
the parent generation. 

6 Evaluation 
Concepts of the new generation 
are evaluated for their fitness 
function values. 

- Repeat Repeat from Step 1. 

3.4.3 Functional Optimization 

The functional optimization process identifies the 
optimal control history of ash-to-fuel ratio and specific 
impulse allowable within a given concept’s limitations. 
In order to reduce the computational demands of the 
problem, the dynamics are modeled with a number of 
simplifying assumptions: (1) Trajectory movement is in 
the plane of the ecliptic and thus two-dimensional only. 
(2) All planetary orbits are modeled as circular and 
within the ecliptic plane. (3) Trajectories are based on 
Newtonian mechanics, neglecting relativistic effects. 
The complete derivation of the dynamics model used in 
the PHRITS study has been submitted for publication in 
a separate paper.15 

For planetary destinations, the planet is assumed at the 
desired location when the spacecraft approaches the 
planet’s orbit. In most scenarios, the center body will 
differ during initial escape, transfer, and capture. 
PHRITS uses a patched conic approach: the spacecraft 
is initially in orbit around the departure planet, with the 
problem formulated in canonical units of the planet. 
When the spacecraft has left the planet;s Sphere of 
Influence (SOI), the problem is transitioned to the Sun 
as the center body, and heliocentric canonical units. The 
same approach is used for capture at the destination (if 
required). All trajectories are positive counter-
clockwise in the angular (theta) coordinate. 

 

Phase 3: Planetary Capture

Phase 2: Transfer Orbit

Phase 1: Planetary Escape

SOI

SOIPhase 3: Planetary Capture

Phase 2: Transfer Orbit

Phase 1: Planetary Escape

SOI
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Figure 10: Illustration of trajectory phases. 

 

Two constraints are imposed on the spacecraft 
trajectory: (1) external mass and energy absorption 
cannot be negative, and cannot exceed the available 
resources, and (2) spacecraft acceleration cannot exceed 
the established limits for human spaceflight.  

As the spacecraft travels through interplanetary space, 
the designer has the option of collecting interplanetary 
matter (solar wind particles) or energy (solar light). 
Matter collected from solar wind flux may be utilized 
as spacecraft propellant, while solar energy can be used 
to reduce the power requirements on internal systems 
and thus fuel consumption needs. The availability of 
both quantities is modeled as dependend on the 
heliocentric distance of the spacecraft. 

Trajectories are optimized using a gradient method 
based algorithm, with objective function derived from 
the fitness function previously discussed (product of 
payload mass fraction and payload energy fraction).  

3.5 Presentation of Results 
The PHRITS computations were executed over a time 
period of 90 days across a network of 22 distributed 
workstations. During this time frame 60 generations 
were analyzed, with a total of 9,600 system concepts. 
5,280,000 trajectories were computed and the resulting 
data reduced to the desired fitness function value for 
each concept.  

3.5.1 PHRITS Data Summary 

Figure 11 shows the maximum and average fitness 
function values achieved in each generation. As 
anticipated both values improve rapidly – with 
occasional setbacks due to mutation events – and finally 
stagnate at the sought optimum. The inset shows the 
plot on a linear scale, while the main figure uses a log 
scale on the y-axis. Note also how the average and 



12 Ralph Ewig  
 

maximum score in each generation continue to 
approach each other as the overall fitness and genetic 
makeup of the population become more homogenous. 
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Figure 11: Objective function values vs. generation. 
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Figure 12: Source options distribution history. 

 
In Figure 12 the distribution of internal and external 
energy / propellant use is shown. Unfavorable traits 
(e.g., external energy absorption which is limited by 

solar energy flux) are quickly pushed out of the genetic 
pool. Figure 13 shows the distribution across all of the 
available propulsion system options. In this case, it is 
interesting to note that the solution does not settle in 
favor of a single option, but a combination of options in 
optimal proportions.  
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Figure 13: Propulsion options distribution history. 
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Figure 14: Power options distribution history. 

 
Figure 14 shows the distribution of energy system 
options across the population as the genetic algorithm 
progresses. The lack of a distinct final solution 
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indicates that the fitness function is not highly sensitive 
towards energy subsystem selection. 

The selection parameters of the highest scoring concept 
are summarized in Table 7. The concept uses 
predominantly internal energy and propellant storage (a 
very small fraction of external sources is retained, but 
below the displayed accuracy). It is powered by a 
combination of several energy source options, and 
converts that power into momentum by a combination 
of thermodynamic, magnetic, and electrostatic systems. 

Table 7: Top score concept parameters. 

 Parameter Value 
 Concept ID            9378 

 Fitness Value         1.85e-006 

External Power        1.00 

Internal Power        0.00 

External Propellant   1.00 

S
o
u
rc

e
 

Internal Propellant   0.00 

Fission               0.05 

Fusion (DT)           0.27 

Fusion (D3He)         0.00 

Matter/Anti-Matter    0.05 

Chemical              0.20 

Photonic              0.10 

Electrostatic         0.13 

Electrodynamic        0.00 

Mechanical            0.14 

P
o
w

e
r 

Radioisotope Decay    0.06 

Thermodynamic Nozzle  0.49 

Magnetic Nozzle       0.29 

Electric Methods      0.22 P
ro

p
. 

Photon Emitter        0.00 

 
An example set of trajectories is presented in Figure 16. 
The mission for this particular example is an Earth / 
Mars transfer. The control inputs for thrust angle and 
magnitude (T/W)  are shown in Figure 15. Ash-to-fuel-
ratio and specific impulse selected by the optimizer are 
the concept maximum and minimum (0.58 and 105,000 
s).  
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Figure 15: Example control history (Earth / Mars). 
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Figure 16: Example trajectory set (Earth / Mars). 
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3.5.2 Discussion 

Several trends can be observed in the presented data 
which are of interest; both the strengths and limitations 
of the physical idealization methodology are apparent.  

Due to the limits of solar energy and solar wind flux in 
interplanetary space, the use of external energy or 
propellant sources quickly diminished throughout the 
population. This tells the designer that even if it were 
possible to construct the very best solar array that the 
laws of physics allow for, it would still be an inferior 
approach compared to the remaining options. While this 
result is not surprising, it illustrates the ability of the 
physical idealization approach to identify the most 
promising development path, regardless of the present 
state of technology for the options being considered.  

In the selection of the propulsion subsystem, a second 
effect of interest can be observed; here the solution 
does not favor a single conceptual choice, but rather a 
combination of choices in optimal proportions. The 
strong presence of a thermodynamic nozzle as a 
propulsive option may be at first surprising (given its 
limited specific impulse range), but can be explained by 
the thermodynamic nozzle’s ability to utilize both 
neutral particle motion (heat) and charged particle 
motion, whereas the other options require charged 
particles exclusively. Since each candidate concept is 
modeled in a way that allows for continuously variable 
specific impulse settings within the range of its 
capabilities, the thermodynamic nozzle is a good 
performer during low-speed portions of the trajectory 
(initial escape and final capture). In the high speed 
segments of interplanetary transfer, the charged particle 
options are more effective. This result also illustrates a 
strength of the physical idealization methodology of 
suggesting combinations of concepts which otherwise 
may not have been conceived – in this case the 
combination of a thermodynamic nozzle which also is 
able to operate as a magnetic nozzle, both of which are  
driven by a common nuclear power source. 

The option of a photon rocket displays poor overall 
performance due to its very high (and fixed) specific 
impulse, and associated penalty in the required 
propulsive energy. 

At first glance, the selection of the energy subsystem 
shows similar behavior to that of the propulsive system, 
settling on a combination of options in specific 
proportions. However, when comparing Figure 13 and 
Figure 14 (page 12), it is apparent that while the 
propulsive system clearly gravitates to a stable state, the 
power system shows continuing fluctuation in several 
options. This implies that the objective function is not 
strongly dependent on the selection of the energy 
subsystem option.  

Figure 17 further illustrates this phenomenon; the top 
plot shows the spread of selection values of the various 
parameters across the top 5, top 10, and top 100 scoring 
concepts. In the selection parameters for internal vs. 
external energy and propellant sources there is nearly 
no variation among the top scoring concepts; clearly the 
objective function is highly dependent on this 
parameter. In the selection of the propulsion system 
options, the spread is wider, but still clearly gravitates 
towards the same proportions of combining the various 
options as were apparent in the population plot (Figure 
13). However, for the energy system selection, a much 
wider spread can be observed within the highest 
ranking concepts. While the top 5 are clustered closely, 
the spread quickly opens for even the top 10 concepts. 
This illustrates that the selection of the energy 
subsystem is not a strong driver of the overall objective 
function value; the selected FOMs and system options 
are not tightly coupled and thus poor concept 
differentiators. 
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Figure 17: Parameter spread for top scores. 

 
The bottom plot in Figure 17 shows the variation in the 
overall score for the top ranking concepts. Note that the 
difference in the objective function value is very small 
even among the top 100 concepts, but grows quickly 
thereafter. The objective function is shallow at the 
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optimum, but steep once the solution diverges from the 
optimum region. 

4 RELATIONSHIP TO OTHER WORK 

The complete discussion of the results of the PHRITS 
study exceeds the scope of this paper and is published 
separately.14 In addition to the dissertation itself and 
this article, two other papers have been published on the 
computational implementation and algorithm utilized in 
trajectory optimization.6,15 

5 CONCLUSIONS 

Every system engineering trade study has to address the 
challenge of eliminating unintentional bias towards one 
of the available system options. Especially in those 
cases where the study is motivated by a desire to 
identify a technology development path with the 
highest long term benefits, there is a risk that the 
difficulty in envisioning a technological 
implementation of an otherwise very attractive option 
may remove that option from the trade-space. As a 
result, a technology development path is selected that 
can be shown to be superior in the short-term, but may 
prove inferior (or even unsustainable) in the long-term.  

This paper introduces the methodology of Physical 
Idealization as a tool to remove unintentional 
technology bias from conceptual trade studies. The 
underlying premise is that (1) given the options 
available based on our understanding of the laws of 
physics, and (2) within the minimal set of constraints 
necessary to define the problem, it is possible to 
identify the optimal physically idealized solution, 
which can then be used as a benchmark for technology 
development and real world system implementation. 

The example application of the physical idealization 
methodology presented in this paper seeks to identify 
the Physically idealized Human rated Rocket based 
Interplanetary Transportation System (PHRITS). The 
system model allows for the selection of propulsive and 
power subsystem options, as well as using both internal 
and external sources for both energy and propellant. 
The resulting data indicate that a concept using 
predominantly internal energy and propellant storage, 
and a combination of thermodynamic nozzle, magnetic 
nozzle, and electrostatic thruster would be the optimal 
conceptual choice. The power subsystem selection is 
not a strong driver of the objective function and the 
majority of options will result in near optimal 
performance.  

The data for the PHRITS study illustrate the utility of 
the physical idealization methodology as well as its 
limitations. While it allows for a comprehensive 
investigation of a large option space in the absence of 

technology dependent characteristics, the process of 
physical idealization also removes some of the ability to 
differentiate between the presented system options. 
Careful development of the objective function and a 
tightly delimited scope of the question to be 
investigated both help to counteract this effect. 
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