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ABSTRACT
Collaborative design centers often employ software tools to

conduct trade studies. Commonly, this takes the form of a soft-
ware program to aggregate and pass data between multiple com-
puter workstations. This allows multiple people to concurrently
create a conceptual design. Trade study software continues to
evolve to meet the demands of modern collaborative design cen-
ters. However, the risks associated with moving from one trade
study software tool to another are not well understood. Addition-
ally, little is known about the software preferences of Collabora-
tive Design Center (CDC) staff. This paper determines software
preferences of two user groups consisting of graduate and un-
dergraduate mechanical engineering students. This paper then
explores the risks in deploying new trade study software in a col-
laborative design center. A method for estimating and mitigating
risks with changing trade study software is presented. Recom-
mendations for a smooth transition between software packages
are given. The risk model developed in this paper offers a quick
way of estimating and mitigating conversion risk for collabora-
tive design centers.

1 INTRODUCTION
This paper explores the cost and risks associated with mi-

grating from one trade study software program to another in a

∗Address all correspondence to this author.

Collaborative Design Center (CDC) environment. Our hypoth-
esis is that the risks associated with migrating between trade
study software programs can be determined, modeled, and par-
tially mitigated. This paper specifically evaluates transitioning
from the ICEMaker [1] software package to ModelCenter [2] in
a CDC environment.

This paper presents one possible way to define and calculate
the risks involved in transitioning between trade study software
packages. The opinions and work products of two populations
of engineering student users – engineering graduate students and
engineering undergraduate students – are analyzed to determine
risks inherent in the transition and implementation processes.
Software package preference is also determined from the opin-
ions and work products of the user populations. The preferences
of the user groups provide motivation for CDC practitioners and
operators to transition away from ICEMaker to ModelCenter.

In the following, Section 2 presents a brief background on
trade studies, CDCs, and trade study software. Section 3 de-
scribes the experimental setup and methodology to observe par-
ticipants’ reactions to, observations of, and work products from
conducting trade studies using ICEMaker and ModelCenter. The
models used in the trade studies were developed from Wertz and
Larson’s Space Mission Analysis and Design textbook [3]. The
results of the study are presented and analyzed in Section 4, fol-
lowed by a discussion of contributions and future work in Sec-
tion 5.
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2 BACKGROUND
Several concepts, methodologies, and software packages are

briefly reviewed in this section. These include a review of trade
study methodology, CDCs, and the ICEMaker and ModelCenter
software packages.

2.1 Trade Studies
Trade studies are used in the conceptual complex system de-

sign process to generate a set of designs that can be compared
against one another. Trade studies can be performed manually by
teams of people or automatically using software packages. While
computer-generated trade studies can generate thousands of de-
sign points in a short time, human-generated trade study results
are often more readily accepted because they are seen as having
higher fidelity. This paper focuses on manual trade studies.

The goal of trade studies is to find a design with maxi-
mum utility for the system objectives and design constraints. To
achieve this, trade-offs are made between system-level variables
such as mass, power, cost, and other parameters [4]. At the start
of a trade study, each subsystem is allocated a specific amount
of the system-level variables. During the course of the trade
study, multiple subsystems will be identified as lacking sufficient
quantities of one or more system-level variables while having
an overabundance of other variables. These variables are then
traded between subsystems. Based upon the needs of the individ-
ual subsystems, the variables contain varying degrees of intrinsic
value for the subsystem designers [5–7]. The conceptual designs
that result can then be ranked according to appropriate selection
rules [8–11].

2.2 Collaborative Design Centers
CDCs are an integral part of the conceptual design process

at many companies and institutions. Trade studies are often con-
ducted in CDCs as part of the early stages of a complex concep-
tual design. A great example of a successful CDC can be found
at National Aeronautics and Space Administration (NASA) Jet
Propulsion Laboratory (JPL)’s Project Design Center (PDC) and
the associated design team, which is commonly referred to as
Team-X [12].

The design team Team-X includes engineers and scientists
from all major spacecraft mission subsystems. They are co-
located in the PDC which is outfitted with the latest technology
to aid in spacecraft mission development and concurrent design.
The equipment, the CDC environment, and the personnel allow
Team-X to complete spacecraft architecture, mission, and instru-
ment design trade studies very rapidly [13]. Most studies con-
ducted by Team-X are currently completed within 2 to 3 days,
whereas, prior to Team-X, the process took 3 to 9 months [14].
In addition, the cost of concept-level spacecraft mission design
has also been decreased by a factor of 5 compared to pre-Team-X
design processes [14].

The success of Team-X led to the development of CDC en-
vironments using the methods of Team-X at other NASA cen-
ters. These include the Langley Research Center (LaRC) [15],
two other groups at JPL known as Team-Z [16] and Team-I [17],
NASA Goddard [18], and the Johnson Space Center [12]. Addi-
tionally, the European Space Agency (ESA) has replicated the
methods used by Team-X [19]. Several academic institutions
now house CDCs including Stanford, CalTech, MIT, the Techni-
cal University of Munich, Georgia Tech, and others [12, 20–22].
Several private companies have also adopted the Team-X ap-
proach to conducting trade studies, including Aerospace Corpo-
ration, Boeing, and the former TRW Corporation [12, 23].

2.3 Trade Study Software
Trade study software can be used to conduct automated

or manual studies. Several different commercial and aca-
demic trade study software packages are available. Addition-
ally, some CDCs have developed proprietary software. These in-
clude ICEMaker [1], ModelCenter [2], Advanced Trade Space
Visualization (ATSV) [24, 25], and NeXSys [26], among oth-
ers [27,28]. This research specifically explores ModelCenter and
ICEMaker, thus warranting further background on the two soft-
ware packages.

ICEMaker was originally developed by a team of graduate
students at CalTech and was later commercialized. It was de-
veloped to allow CDC teams to conduct real-time trade studies.
This is done using Microsoft Excel spreadsheets as the medium
to transmit system-level variables between subsystems via a net-
work server interface.

For close to a decade, ICEMaker has been the De facto stan-
dard software for CDCs. Team-X and several other aerospace
organizations employ or employed ICEMaker as their primary
trade study software package [1]. Recently however, ICEMaker
was replaced at Team-X by NeXSys [26]. NeXSys maintains the
same general Graphical User interface (GUI) and functionality
as ICEMaker. The major upgrade of NeXSys over ICEMaker
is a robust MySQL back-end where all system-level and perti-
nent subsystem variables are captured and stored. NeXSys, like
ICEMaker, only interfaces with Microsoft Excel spreadsheets.
In light of Team-X’s switch and the discontinuation of develop-
ment of ICEMaker, other CDCs can soon be expected to change
the software packages they use as well.

To conduct more advanced analyses, several corporations
such as Boeing, Raytheon, Ford, Samsung, BAE Systems, and
others have introduced the use of ModelCenter [29] during au-
tomated trade studies, particularly for visualization. However,
it is unclear in what capacity, if at all, ModelCenter is used
in corporate CDC environments to conduct manual trade stud-
ies. The purpose of the experimental study conducted and de-
scribed in this paper was to assess the cost and risks associated
with Team-X migrating to ModelCenter as the software of choice
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in their model-based design sessions for manual trade studies.
At present, Team-X does not use ModelCenter. However, some
within JPL have expressed interest in its introduction [30], which
was the impetus for this study.

Phoenix Integration’s ModelCenter is a design space explo-
ration, optimization, and trade study software package designed
around the concepts of wrappers and plugins. Wrappers and plu-
gins are used to interface design tools such as Microsoft Excel,
EES, CATIA, MatLab, and any other software program that has
an Application Programming Interface (API). The wrappers and
plugins allow variables from models implemented in other soft-
ware programs to be linked together so that variables from one
model can interact with variables from another.

Many pre-packaged wrappers and plugins are available to
link common software packages with ModelCenter. Addition-
ally, “scriptWrappers” can be used to program an interface with
external software packages. This is especially useful when
communication with a custom-designed software package or
database is desired.

A host of visualization techniques and trade study tools are
included in ModelCenter. These tools allow a design team to
quickly find weaknesses in a design, find optimal solution sets
using multi-variable Trade Studies, and in general aid the design
process [2]. Several of the advanced visualization techniques
were adopted from ATSV including glyph plots and parallel axis
plots. Visualization of Pareto frontiers and Pareto sets was also
borrowed from ATSV.

This section reviewed several concepts, methodologies and
software packages including trade study methodology, CDCs,
and trade study software. Each topic is important to the remain-
der of this paper. These topics will be used in future sections to
develop and conduct the experimental study.

3 METHODOLOGY
In order to understand and model the cost risks associated

with migrating between the ICEMaker and ModelCenter soft-
ware packages, an experiment was conducted. To conduct the
experiment, several steps were completed including the develop-
ment of simplified spacecraft models from Wertz and Larson [3],
the implementation of the spacecraft models in ICEMaker and
ModelCenter, and the creation of a simulated CDC environment.

Specifically, for the design trade studies, three groups
of graduate and undergraduate engineering students were put
through two simulated trade study sessions using ICEMaker and
ModelCenter. Following each trade study session, work products
were created, questionnaires were given, and a group discussion
was held in order to identify and understand the risks associated
with trade study software migration and methodology implemen-
tation and the software and methodology preferences of the study
population. This section details the steps taken to conduct the
trade study session experiments and collect necessary data.

3.1 Simplified Spacecraft Models
A simplified spacecraft model was developed from Wertz

and Larson [3] using Microsoft Excel for typical satellite mis-
sions. Four representative subsystems were chosen to repre-
sent the spacecraft including Communication, Data Handling,
Attitude Control, and Power. Each subsystem model was
programmed to have two user inputs and three function or
component-driven outputs. The inputs were specific to each sub-
system. They consisted of either a drop-down menu where sev-
eral component options could be chosen or an input box where
bounded numeric values could be input to drive function-based
models.

To replicate actual CDC trade studies, three outputs were
chosen to represent spacecraft output data from all of the sub-
systems, namely, Subsystem Power Requirements, Subsystem
Mass, and Subsystem Cost. All values including user-selectable
inputs, internal variables, and outputs had all units intentionally
removed. Additionally, all formulas and other numeric infor-
mation was altered to only generally correspond to real-world
spacecraft systems. This is exemplified by the subsystem cost
parameter that generally ranged between a unitless figure of 1
and 30.

The Communication subsystem is a function-based model
that accepts user input for the Antenna Size and Frequency
Downlink variables. Antenna size can range from 1 to 4 and
Frequency downlink can rage from 1 to 18, including decimal
values. Both of the user input fields have corresponding instruc-
tions for the user to maintain input values between the allowable
ranges. The Communication Subsystem Power Requirements,
Mass, and Cost output variables were computed using the for-
mulas shown in 1, 2, and 3, respectively.

Power = −Antenna Size+0.6×Frequency Downlink+3 (1)

Mass =Antenna Size×2.5+2 (2)

Cost =Antenna Size×0.75+Frequency Downlink×0.1 (3)

The Data Handling subsystem is a component-based model
that contains two user inputs in the form of drop-down selection
boxes. The first user input, System Complexity, has the options
of “simple,” “typical,” and “complex.” The other user input is
Spacecraft Bus Configuration which allows the user to select ei-
ther “one unit,” “two unit,” or “integrated” where one unit, two
unit, and integrated refer to the spacecraft having one or two pri-
mary computing units and distributed subsystem computers, or
an integrated unit that handles all command and data handling
functionality. The resulting Data Handling subsystem outputs
are shown in Table 1.

The Attitude Control subsystem is a component-based
model that gives the user control over two inputs via drop-down
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TABLE 1. Data Handling Subsystem Input and Output Variables

Input Vars Output Vars

System Complexity Bus Config Power Mass Cost

Simple One Unit 7.5 4.8 0.9

Typical One Unit 11.25 6.6 1.35

Complex One Unit 15 12 1.8

Simple Two Unit 11.25 3.6 1.575

Typical Two Unit 16.875 4.95 2.3625

Complex Two Unit 22.5 9 3.15

Simple Integrated 6 2.8 1.35

Typical Integrated 9 3.85 2.025

Complex Integrated 12 7 2.7

TABLE 2. Attitude Control Subsystem Input and Output Variables

Input Vars Output Vars

Spin method Pointing Method Power Mass Cost

Gravity Gradient Nadir Pointing 4.5 1.05 0.99

Gravity Gradient Scanning 6 2.55 1.485

Gravity Gradient Off-Nadir Pointing 3 1.05 1.188

Spin Nadir Pointing 9 4.2 3.3

Spin Scanning 12 10.2 4.95

Spin Off-Nadir Pointing 6 4.2 3.96

3-Axis Nadir Pointing 13.5 2.8 2.53

3-Axis Scanning 18 6.8 3.795

3-Axis Off-Nadir Pointing 9 2.8 3.036

selection boxes. The inputs are “Stability Method” and “Point-
ing Method.” Table 2 displays the full range of user-selectable
components and the corresponding output variable values.

The Power Subsystem is driven by a component-based
model that has two inputs, namely, “Power Source” and “Energy
Source,” which are controllable via drop-down selection boxes.
Table 3 presents the range of possible user-selectable input vari-
able combinations and their corresponding output variables. Un-
like the other three subsystems, the Power output variable for
the Power subsystem indicates how much power is available to
the entire spacecraft system from the power produced within the
Power subsystem.

In addition to the four participant-controlled subsystems, a

TABLE 3. Power Subsystem Input and Output Variables

Input Vars Output Vars

Power Source Pointing Method Power Mass Cost

Photovoltaic Primary Battery Only 41.25 3.8 1.9

Photovoltaic Primary and Secondary 70.125 7.6 3.8

Static Primary Battery Only 27.5 6.65 20

Static Primary and Secondary 46.75 13.3 40

Dynamic Primary Battery Only 82.5 13.3 1.4

Dynamic Primary and Secondary 140.25 26.6 2.8

TABLE 4. Payload Subsystem Input and Output Variables

Navigation Astronomical

Power 50 20

Mass 2 2

Cost 6 6

Payload subsystem was also developed from Wertz and Larson
[3]. It is used only to set the mission objectives and requirements.
The two possible payloads consisted of a navigation and an as-
tronomical package. Only one payload package was selectable
at any given time. The Payload subsystem outputs power, mass,
and cost variables. It also produces data on system constraints
due to the payload. Table 4 presents the two payload choices and
corresponding output data.

The simplified spacecraft models developed from Wertz and
Larson [3] presented in this section were used to simulate the
conceptual spacecraft design trade study process. Each sub-
system takes user input either in the form of selection driving
component-based models or numeric inputs driving function-
based models. All unit information was intentionally expunged
from the models. Constants used in the functional equations and
output numbers from component models were altered to keep
from closely resembling any real conceptual spacecraft designs.
The subsystem models developed here are the basis of the exper-
iments described below.

3.2 ICEMaker Implementation
The subsystem models were first implemented in ICEMaker

Version 2.3.1 by copying the subsystem models built in stand-
alone workbooks into the client workbooks created by the ICE-
Maker server. The pertinent output and input variables in each
ICEMaker subsystem client spreadsheet were linked to the Out-
put and Input sheets, respectively, of each ICEMaker subsystem
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workbook. As outlined in Section 2.3, data is sent and received
by the ICEMaker subsystem client workbooks by clicking the
Send and Request buttons.

3.3 ModelCenter Implementation
The same models were implemented in ModelCenter Ver-

sion 9 next. Two options were considered to implement the sub-
system models: 1) a central ModelCenter instance that would
interact with individual subsystem models contained in Excel
workbooks accessed via Analysis Server instances running on
several computers, and, 2) individual instances of ModelCenter
linked together using a series of custom scriptWrappers running
on individual instances of Analysis Server, an analysis program
connected to ModelCenter, designed to connect ModelCenter to
a MySQL database. The second option was selected because it
allowed for a more direct comparison of ModelCenter to ICE-
Maker, it allowed individual subsystem engineers to have access
to the full suite of ModelCenter tools, and individual subsystem
engineers were able to make decisions and submit design revi-
sions as they desired rather than be forced to submit data at spe-
cific times by a regimented data collection process that a central-
ized instance of ModelCenter would require.

The custom scriptWrappers were written to send and receive
data to a MySQL database. The database tracks each subsystem
input and output variable, the time each subsystem sends data,
and the order in which data is received and stored by the server.
Within ModelCenter, the custom scriptWrapper provided the re-
quired input and output variables for each subsystem model.

The subsystem models were brought into the ModelCenter
environment using the built-in Excel plug-in. The choice to im-
plement the subsystem models in Excel over other more pow-
erful and custom solutions was made in order to focus on the
change from ICEMaker to ModelCenter. In this instance, conti-
nuity in interaction with the subsystem models helped to isolate
the causes of satisfaction or dissatisfaction in conducting simu-
lated trade studies to the trade study software being used.

3.4 CDC Room Setup
The Complex Engineered System Design (CESD) Lab at

Oregon State University was used for the experiments, and was
set up to replicate a typical CDC environment. Four user-
controlled workstations were setup around the perimeter of the
room. The center of the room was occupied by three researcher-
controlled machines. One provided data visualization in the form
of system-level and subsystem information in numeric and tex-
tual form on Display 1. The other researcher-controlled ma-
chines acted as the server and monitored the participant work-
stations. Figure 1 shows an overview of the room design.

During the ICEMaker and ModelCenter sessions, only Dis-
play 1 was used to project system-level and subsystem informa-
tion in numeric and textual form. The other two displays were

FIGURE 1. CDC Room Layout

powered off and unused (not shown in the Figure). Display 1
was controlled from Research Computer 1 and projected system-
level and subsystem information.

Study participants sat at the four workstations around the
perimeter of the room. The participants were free to get up and
move about the room to interact with their colleagues running
the other subsystem stations. The researchers generally stayed
at the three researcher-controlled machines but would also go to
the participants when they had questions. The conference table
at the middle of the room was used to hold group discussions
after each trade study session.

3.5 Study Population
Two distinct populations participated in the research study.

One group of graduate mechanical engineering students, and two
groups of undergraduate junior and senior level mechanical en-
gineering students participated. Each group of participants was
composed of four people.

The graduate mechanical engineering student group con-
sisted of four people specializing in areas related to complex
design, conceptual design, and collaborative design including
trade studies. All have had experience with CDC environments,
and are familiar with the general concepts of trade studies. All
four participants have taken graduate level coursework at Oregon
State University in state-of-the-art risk and model-based design
methods. Two of the participants had previously interned with
NASA, and hence also possessed general knowledge of concep-
tual satellite design. Several of the participants had been exposed
to ModelCenter in the past but are not proficient in ModelCenter.
None had seen ICEMaker before although several were aware of
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TABLE 5. Mission Constraints

Navigation Astronomical

Energy Storage: N/A N/A

Power Source: Photovoltaic N/A

Spacecraft Bus: N/A N/A

Stability Method: N/A Gravity Gradient

Required Processing: 140 70

Maximum Mass: 45 35

Maximum Cost: 15 15

the program. This group of participants can be viewed as an ex-
pert user group. A analogous group of people in an established
CDC would be people with one or two years of experience within
the CDC.

Two groups of undergraduate mechanical engineering stu-
dents participated in the experiment. Each group was a mix
of junior-level and senior-level students who had satisfactorily
completed junior level design courses that contained material on
the mechanical design process, and had a collaborative design
project. The undergraduate mechanical engineers did not have
prior knowledge of trade studies, or the software used in the ex-
periment. This group of participants can be considered a general
user group. A similar group in a CDC might be engineers and
scientists who are just being introduced to the CDC.

3.6 Mission Scenarios
Two mission scenarios were used for the two phases of the

experiment including a navigation satellite, and an astronomi-
cal satellite. The missions were all earth-orbiting satellites that
consisted of a series of design constraints and requirements. All
constraints, requirements, and mission data were based upon in-
formation from Wertz and Larson [3] but were intentionally mod-
ified so that information used in this experiment did not closely
resemble real-world satellite design information.

Both missions contained payload power, mass, and cost out-
put variable data. Constraints placed upon subsystem design de-
cisions were also provided. Table 4 details the payload require-
ments and Table 5 reviews the design constraints of both mis-
sions.

In addition to payload output variables and subsystem design
constraints, both missions also demanded that cost and mass be
minimized. At the same time, the missions required that a posi-
tive power balance be achieved. Additional general information
about the function of a particular payload was provided to sev-
eral groups who requested more details on the purpose of the
missions and the scientific goals.

3.7 Questionnaires, Work Products, and Group Dis-
cussions

Four methods of data collection were used during the exper-
iments. One method which was invisible to the participants was
subsystem and system-level passively collected data from ICE-
Maker and ModelCenter. The other three methods required user
input and interaction. Those methods requiring user input and
interaction including work products, questionnaires, and group
discussions which are detailed in this section.

At the end of both trade study sessions, the participants were
asked to fill out a “System Design Report” document. The doc-
ument asked the participants to write down all design decisions
they made, the rationale behind those design decisions, and any
comments that they had about the session. Participants were in-
structed to concentrate on their own individual subsystems but
also record pertinent information on decisions and rationale of
other subsystems with which they interacted.

Following the completion of the System Design Report, a
questionnaire was administered to the participants. Table 8 in
Appendix A details the questions used after the trade studies. All
of the survey questions were designed to answer the questions
posed in this research.

Group discussion followed completion of the System De-
sign Report and the questionnaire in both trade study sessions.
Two questions were repeated throughout the three sessions while
other questions were tailored to each session. Table 9 in Ap-
pendix A lists the common and unique questions.

This section outlined the development of simplified space-
craft models from Wertz and Larson [3]. The implementation
of these models into ICEMaker and ModelCenter was reviewed.
The CESD Lab at OSU was configured to be a simulated CDC
environment. Mission scenarios and user feedback instruments
were created. And finally, a study population was recruited. The
following section presents the result of the experimental study.

4 RESULTS
Analysis of the data collected during the experiment ses-

sions shows that there are several potential risks in migrating
from one trade study software package to another. These risks
and a method to estimate them for CDC environments of vary-
ing size and trade studies of varying complexity are presented
in the following section. The data indicates a clear participant
preference for ModelCenter over ICEMaker to conduct people-
in-the-loop trade studies in CDC environments. Details of these
results and their implications are presented below.

4.1 Software Preferences
ModelCenter emerged as the nearly universally preferred

software package to conduct trade studies. The study participants
had distinct reasons for generally preferring ModelCenter over
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ICEMaker. A few specific instances where ICEMaker would be
the preferred software program were also identified. Their rea-
sons for preferring one software over the other are detailed below.

The one graduate and two undergraduate student participant
groups found ModelCenter to be a useful and preferred program
for complex trade studies. However, the participants found that
the simplistic models used in this experiment were equally usable
with both ICEMaker and ModelCenter. Indeed, the graduate par-
ticipants generally had a small preference for ICEMaker in the
context of the models used in this experiment but were quick to
point out that ModelCenter was the much more preferred option
for all but the simplest of real-world studies.

The participants found that ModelCenter instilled a greater
confidence in the results of the trade studies compared to ICE-
Maker. Results typical of all three participant groups are pre-
sented in Table 10 in Appendix B. Interestingly, the undergradu-
ate student participants were more confident in the ModelCenter
trade study results than the graduate students. All participants
agreed that ModelCenter looks and feels more professional while
ICEMaker appeared to them to be an outdated interface. They
also found the optimization and Design of Experiments (DoE)
tools, and the ability to interface with many different software
programs to be of great benefit. The participants felt that pre-
senting a result from ModelCenter would elicit a more favorable
response from a boss or customer than presenting a result cre-
ated using ICEMaker. One respondent wondered why ICEMaker
would be used when the same functionality exists in Google
Docs, an Internet-based document collaboration service [31].

No great difference in user interface or significant learning
curve was identified in transitioning the participant groups from
ICEMaker to ModelCenter. The participants found that the in-
terface implemented in ModelCenter was easy to use and similar
enough to ICEMaker to not cause any undue burden transfer-
ring from one software package to the other. In both instances,
only one button needed to be clicked in order to send data to the
server. Figure 2 shows the ModelCenter interface while Figure 3
shows the ICEMaker interface. Note that the Excel spreadsheet
for ModelCenter is not shown and is identical to the spreadsheet
shown in ICEMaker. Sending data to the server was done by
pressing the “Send” button in ICEMaker while in ModelCenter
this functionality was achieved by pressing the green play button.
One participant indicated that it was very easy to learn how to use
ModelCenter after having experience with ICEMaker. However,
many participants found the titillating advanced features of Mod-
elCenter to be too much of a temptation and spent some time in-
vestigating them. The time required to complete the ModelCen-
ter session was approximately 15% or five minutes longer than
the ICEMaker session. This can be attributed to the participants
exploring the advanced functionality of ModelCenter not strictly
required to complete the trade study.

All participants indicated that the brief 30 minute training
sessions on ModelCenter and ICEMaker were not long enough to

FIGURE 2. ModelCenter Interface

FIGURE 3. ICEMaker Interface

feel completely comfortable with the software. They found that
having the wide array of enhanced functionality in ModelCen-
ter available to use but without sufficient training to use it was a
frustration. While the participants satisfactorily completed their
work, they believed that the trade study sessions could have been
completed much faster, more efficiently, and with less cognitive
burden had they been more well-versed in ModelCenter or been
told to not worry about the enhanced functionality. However, the
participants noted that the minimal training they received cou-
pled with minor support from the researchers allowed them to
adequately complete the studies. The participants suggested that,
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rather than static training being presented via presentation slides,
a hands-on demo would be much more effective.

4.2 Software Migration Risks
Several software migration risks were identified during the

course of preparing for and conducting the experiments. Firstly,
training resurfaced several times as lacking. Second, one of
the stations running ModelCenter experienced several minor
glitches. FInally, the time required to migrate the models from
ICEMaker to ModelCenter was much greater than initially ex-
pected.

During the experiment sessions, participants were given
very brief introductions to both ModelCenter and ICEMaker.
While a brief introduction sufficed for ICEMaker, participants
found that they wanted to know more about ModelCenter. Partic-
ipants could easily use the basic functionality of ModelCenter to
complete the trade studies but consistently became curious about
the advanced features. They also had a strong interest in un-
derstanding how the back-end of ModelCenter works compared
to an almost non-existent desire to understand how ICEMaker
works. This resulted in the more curious participants attempting
to tinker with the more advanced functions of ModelCenter and
in one case caused their instance of ModelCenter to crash. The
problem was recovered from quickly.

The researchers developed the subsystem models in Excel
intentionally considering an implementation in ICEMaker and
ignoring an implementation in ModelCenter. After the models
had been implemented in ICEMaker, the researchers then im-
plemented them in ModelCenter. What the research team had
assumed would only take a few hours to complete turned into a
60 hour project to develop and debug scriptWrappers that would
allow multiple ModelCenter instances to interact with a MySQL
database. Once the scriptWrappers were developed, bringing the
subsystem models into ModelCenter and testing the setup took
only a few hours.

In summary, data analysis points toward several potential
risks that CDC operators must be aware of when migrating be-
tween trade study software packages. In spite of the risks that
CDCs face in changing trade study software packages, partic-
ipant feedback clearly indicated that ModelCenter is preferred
over ICEMaker. In order to satisfy the software preferences of
the users while not causing undue hardship on CDCs, character-
ization and mitigation of the risks involved with migrating soft-
ware packages must be completed.

5 DISCUSSION
In this section a risk model is developed to aid CDC oper-

ators in determining if transitioning from ICEMaker or similar
trade study software packages to ModelCenter or similar pro-
grams is a worthwhile investment of time and resources. Risk

in this case is defined as the time required to make the transition
between software packages. Recommendations are presented to
decrease the amount of time and thus the amount of risk to a
CDC transitioning to a new trade study software package.

5.1 Modeling the Risks Associated with Migrating Be-
tween Software Packages

The results of the study show that the participants preferred
ModelCenter over ICEMaker in real-world CDC environments.
The primary source of risks associated with migrating between
software packages is the time required to migrate from one soft-
ware package to another. This is due to the tight timelines and
budgets under which many CDCs operate. This section devel-
ops a model of the risks associated with migrating a CDC from
ICEMaker to ModelCenter.

All steps of the migration process require a time commit-
ment by part or all of the CDC staff. The Information Technology
(IT) department will require time to learn ModelCenter and
MySQL. Following that, the IT department will need time to de-
velop the scriptWrappers required to connect ModelCenter to a
database back end, and to implement the subsystem models in
ModelCenter. Time should then be devoted to debug and test the
software as well. The end users must spend some time being
trained on the software. Finally, a learning curve and period of
adjustment to the software will manifest as extra time required to
complete trade studies. Equation 4 lays out the calculation.

TS = TIT +TD+TSU +TDT +TTU +LC (4)

where TS is defined as the time to switch from ICEMaker to
ModelCenter, TIT is the time for IT Personnel Training, TD is the
scriptWrapper Development Time, TSU is the Setup Time, TDT is
the Debug and Test Time, TTU is the Time to Train Users, and
LC is the learning curve.

Training time for both the IT staff and end users can be es-
timated from the training courses offered by Phoenix Integra-
tion [32]. A basic course in using ModelCenter requires two days
of time. Advanced training runs one to two days depending upon
the skill level of the participants. Training in the design explo-
ration and optimization tools included in ModelCenter requires
one day. Based upon this information and the experiences of the
researchers in preparing for the experiment, the researchers be-
lieve that the IT staff will benefit from taking the basic course,
advanced course, and the design exploration and optimization
course. A reasonable estimate of the time required to complete
these courses is five business days.

Based upon the experiences of the researchers in developing
the scriptWrappers, at least two weeks of time should be bud-
geted to develop the scriptWrappers. This will provide enough
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time to develop a scriptWapper that robustly and securely inter-
acts with a MySQL database. If a complex permission-based in-
terface is desired within the ModelCenter environment to restrict
database access, additional time will be required.

The time required to integrate models into ModelCenter is
determined by how many variables are in each model and how
many models have been successfully integrated by the IT staff.
Equation 5 shows a means to calculate a reasonable estimate for
time in hours to complete the integration of trade study models
into ModelCenter. The time to complete model integration will
vary as a factor of IT experience. Models that do not have pre-
built wrappers or plug-ins will require additional setup time.

TSU =
NM

∑
n=1
( NV ×

NM

∑
m=1
(m×LC) , (5)

LC =
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

.3hours When IT staff has worked with less
than three models in ModelCenter

.1hour When IT staff has worked with three
or more models in ModelCenter

where TSU is setup time, NM is the Number of Models, NV is the
Number of Model Variables, LC is the learning curve, and where
each model has five or more variables.

The time required to debugging and testing models imple-
mented into ModelCenter can be expected to vary as a function
of the experience level of the IT staff assigned to carry out the
task, the number of model variables, and the number of mod-
els to be debugged and tested. The researchers experienced both
highly competent IT professionals and junior personnel. Equa-
tion 6 shows a means to estimate the time required to debug and
test model implementation.

TDT = NV

3
×

NM

∑
n=1

n× IT Staff, (6)

IT Staff =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

0.5 Inexperienced IT Staff
0.3 Experienced IT Staff
0.1 Expert IT Staff

where TDT is the time to debug and test, NM is the Number of
Models, NV is the Number of Model Variables.

The time necessary to train users will vary depending upon
the desired level of user interaction with ModelCenter. Based
upon the results of the study, a user can be trained in under 30
minutes to use ModelCenter in the same way as ICEMaker is

TABLE 6. ModelCenter Training for Various Levels of Proficiency

Proficiency Level Hours

ICEMaker Equivalent 0.5

Basic Optimization and Design Exploration 4

General ModelCenter Training 16

Advanced ModelCenter Training 16

Advanced Optimization and Design Exploration 16

used. However, many users will quickly want to learn more about
ModelCenter. Additionally, the more useful portions of Model-
Center require further training. Table 6 lists reasonable amounts
of time required to train a user for various levels of ModelCenter
proficiency.

Determining the learning curve of a user group in a CDC
environment is beyond the ability of this research to predict
with any level of accuracy. Based upon the experiments, the
researchers believe several trade study sessions will need to be
completed before a CDC is as efficient at completing trade stud-
ies with ModelCenter as they were with ICEMaker. All three
participant groups took approximately 15% longer to conduct a
trade study using ModelCenter for the first time as compared to
conducting a trade study using ICEMaker for the first time. Be-
cause long-term testing was beyond the abilities of this research,
this paper does not provide any guidance on the long-term learn-
ing curve of trade study software.

The risk model developed above applies well to the exper-
iment detailed in this paper. It took approximately one week to
conduct IT training for the one IT staff member who worked on
the experiment. Setup time ran two person-weeks to develop a
complete scriptWrapper package. Model integration time, as cal-
culated by Equation 5, should have been 50.6 hours. In reality,
this took about 47 hours. Debug and test time calculated from
Equation 6 took 37.5 hours while in reality it took 40 hours. User
training took approximately 30 minutes to conduct in a group set-
ting. As stated previously, a learning curve is not estimable at this
time. However, the ModelCenter trade study that was conducted
took 5 minutes longer than the ICEMaker trade study. Summing
these numbers provides a total theoretical time to switch from
ICEMaker to ModelCenter of approximately 205 hours while in
reality it took approximately 210 hours. The researchers origi-
nally estimated only 40 hours was required to switch the experi-
ment CDC from ICEMaker to ModelCenter. Had this risk model
been available prior to the start of the experiment, the researchers
could have more accurately budgeted for the amount of time re-
quired to complete the implementation. The risk model devel-
oped in this section will help future CDC operators from making
the same mistake.
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TABLE 7. Time to Switch from ICEMaker to ModelCenter for the
Experiment CDC

Time (hr) TIT TD TSU TDT TTU LC TS

Theoretical 40 80 50.6 37.5 0.5 0.08 210

Actual 40 80 47 40 0.5 0.08 210

5.2 Methods for Mitigating Software Migration Risks

Several potential strategies have been identified to mitigate
some of the risks involved with transitioning to a new piece of
trade study software. The strategies presented here will not be
applicable in all cases. A degree of engineering and manage-
ment judgment must be applied when selecting and implement-
ing these strategies.

In order to satisfy the curiosity of some users while not over-
whelming other users, multiple levels of ModelCenter training
can be offered. ModelCenter can be used only as a simple inter-
face to link a subsystem model with other models. Less than half
an hour of training is required to teach a user how to properly
operate ModelCenter in this fashion. A complex and deep un-
derstanding of all that ModelCenter has to offer requires at least
a week of training plus additional time to practice and become
comfortable with ModelCenter.

In a CDC where a MySQL or other database back end is
already used to link subsystem models together, a phased or tar-
geted roll-out of ModelCenter is possible. Subsystems staffed by
people who wish to switch to ModelCenter or subsystems identi-
fied as having a high level of benefit from adopting ModelCenter
can be transitioned over first while other subsystems can be tran-
sitioned at a later date or indefinitely use old but still functional
software.

In order to cut out some of the development and testing time
required for scriptWrapper development, outside consultants can
be hired. This will free up valuable IT time for other uses. How-
ever, consultants should not be used to replace acquiring internal
expert knowledge of ModelCenter.

In this section, a risk model was developed that allows CDCs
operators to understand the risks that a CDC faces in migrat-
ing from one trade study software package to another. This risk
model characterizes the risk to CDCs based on the amount of
time that will be required to complete the implementation and
transition process. Several methods for reducing the risk asso-
ciated with trade study software migration were presented also
presented. Equipped with this information, CDC operators can
decide whether it is an appropriate time to transition to Model-
Center.

6 CONCLUSION
This paper presents an experimental study to determine the

risks associated with migrating a CDC conducting trade studies
from one trade study software package to another. This paper
specifically evaluates the transition between the ICEMaker and
ModelCenter software packages in CDC environments. Methods
are developed in this paper to analyze the risks associated with
trade study software package transition. Recommendations are
presented to reduce the identified risks.

Through several data collection methods, it was determined
that the participants in the research study preferred ModelCen-
ter over ICEMaker to conduct trade studies for a variety of rea-
sons. Those reasons included greater confidence in the results,
and belief that the results from ModelCenter would be more read-
ily accepted by superiors and customers as compared to results
from ICEMaker. Participants also found that the transition from
ICEMaker to ModelCenter was not particularly difficult although
most participants wished for extended training in ModelCenter in
order to use the software to its full potential.

The benefits of transitioning from ICEMaker to ModelCen-
ter outweigh the risks in some CDC environments. This pa-
per presents methods of examining the risks associated with this
transition. With strong evidence of support for transitioning to
ModelCenter, it is up to CDC operators to judge if the time is
right for their operations to make the switch. The risk model and
risk reductions methods developed and presented in this paper
are good starting point for CDC professionals to make the deci-
sion to adopt ModelCenter and the risk trading methodology.
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Nomenclature
ATSV Advanced Trade Space Visualization
CATIA Computer Aided Tridimensional Interactive

Application
CDC Collaborative Design Center
EES Engineering Equation Solver
ESA European Space Agency
JPL Jet Propulsion Laboratory
LaRC Langley Research Center
NASA National Aeronautics and Space Administration
PDC Project Design Center
GUI Graphical User interface
API Application Programming Interface
DoE Design of Experiments
IT Information Technology
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APPENDIX A: QUESTIONNAIRE QUESTIONS AND GROUP DISCUSSION PROMPTS

TABLE 8. Trade Study Session Questions

Session 1: ICEMaker

Describe any difficulties you encountered with understanding and using the ICEMaker software:

Session 2: ModelCenter

Describe any difficulties you encountered with understanding and using the ModelCenter software:

Indicate your preference of software platform for conducting trade studies:

Prefer ICEMaker Prefer ModelCenter

High Medium Low No Preference Low Medium High

Comments:

How did you find the transition from ICEMaker to ModelCenter?

Easy 1 2 3 4 5 Hard

Indicate which software produced results in which you feel more confident:

Confident in ModelCenter results Confident in ICEMaker results

Very Confident Somewhat Confident Neutral Somewhat Confident Very Confident

Comments:

Is there anything that should have been done differently when transitioning from ICEMaker to ModelCenter?

TABLE 9. Group Discussion Questions

Common Questions:

Question 1: Were any of the subsystem models hard to understand and use? Were any particularly easy?

Question 2: Did you prefer component-based or function-based subsystem models?

ICEMaker Session Questions:

Question 1: Did you encounter any difficulties in using ICEMaker?

Question 2: Was there anything that could have been done differently to help you more quickly and efficiently complete the
trade study?

ModelCenter Session Questions:

Question 1: Did you encounter any difficulties in using ModelCenter?

Question 2: Were there any difficulties in making the transition between ICEMaker and ModelCenter?

Question 3: Which software tool do you think produced a better result? Which would you be more comfortable to show your
boss?

Question 4: Was there anything that could have been done differently to help you more quickly and efficiently transition from
using ICEMaker to ModelCenter?
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APPENDIX B: TRADE STUDY USER INPUTS AND RESULTS

TABLE 10. Trade Study User Inputs and Results

ICEMaker User Inputs and Results

Power Communication Data Handling Attitude Payload

Power Source Antenna Size System Complexity Stability Method Mission

Dynamic 1 Typical Gravity Gradient Astronomical

Energy Storage Frequency Downlink Spacecraft Bus Pointing Method

Primary and Secondary 4 1 Unit Nadir Pointing

TOTAL

Power 102.85 4.4 11.25 4.5 60 22.7

Mass 26.6 4.5 6.6 1.05 2 40.75

Cost 2.8 1.15 1.35 0.99 6 12.29

ModelCenter User Inputs and Results

Power Communication Data Handling Attitude Payload

Power Source Antenna Size System Complexity Stability Method Mission

Primary and Secondary 2 Typical Nadir Pointing

Energy Storage Frequency Downlink Spacecraft Bus Pointing Method

Photovoltaic 18 2 Unit Gravity Gradient

TOTAL

Power 70.13 11.8 16.88 4.5 35 1.95

Mass 7.6 7 4.95 1.05 2 22.6

Cost 3.8 3.3 2.36 0.99 6 16.45
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