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a b s t r a c t 

Between 2017 and 2020, a team of researchers from the 

George Washington University collaborated with NASA and 

Freelancer.com to design and launch the “Astrobee Challenge 

Series,” a large-scale field experiment that aimed to generate 

data to characterize the relationship among how a technical 

problem is formulated and who is able and willing to solve, 

and the quality of solutions they generate. The core experi- 

mental manipulation was of the architecture of the problem 

posed; the typical open innovation process was instrumented 

to collect unusually rich data but otherwise untouched. In all, 

17 individual contests were run over a period of 12 months. 

Over the course of the challenge series, we tracked a pop- 

ulation of 16,249 potential solvers, of which 6,219 initiated 

solving, and a subset of 147 unique solvers submitted 263 

judgeable solutions. The resultant dataset is unique because 

it captures demographic and expertise data on the full pop- 

ulation of potential solvers and links their activity to their 

solving processes and solution outcomes. Moreover, in addi- 

tion to winning designs (the typical basis of analysis), it cap- 

tures design outcomes for all submitted design artifacts al- 

lowing analysis of the variety of solutions to the same prob- 

lem. This data explainer documents the research design and 
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implementation process and provides a detailed explanation 

of each data record, carefully characterizing potential lim- 

itations associated with research design choices. This data 

should be useful for researchers interested in studying the 

design and innovation process, particularly those focused on 

novelty, variety, feasibility of solutions or expertise, diversity 

and capability of solvers. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 
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pecifications Table 

Subject Engineering 

Specific subject area Engineering design, space robotics, open innovation methods 

Data format Raw, Analyzed 

Type of data Table, Figure 

Data collection Data were collected by instrumenting the Astrobee Challenge Series. The series included 

17 prize competitions, each belonging to one of five autonomous manipulator 

architectures. The five architectures corresponded to different strategies for decomposing 

the reference problem, for example, by technical discipline (electrical, mechanical, 

software) or functional component (gripper, arm). Each module of the architecture was run 

as a separate challenge. The modules varied in their disciplinary emphasis, scope and 

complexity. 

Solvers were permitted to participate in as many challenges as they wished. As a field 

experiment, this approach prioritized observing the participants’ preferences for different 

challenges over balancing attempts from solvers with different backgrounds. Data were 

collected for each solver’s participation in challenge(s), tracking their Registration.csv, 

initiating a solution, the design artifacts associated with any submitted solutions and their 

exit impressions. Human subjects data were collected and stored in accordance with IRB# 

031559 

Data source location The challenges were run on Freelancer.com, an online task and open innovation platform. 

Freelancer.com created a challenge ecosystem for the research challenges which required 

participants to complete a Registration.csv survey before gaining access to the 

competitions. All participant interaction with the platform (e.g., downloading problem 

descriptions) were recorded and final submissions were made through the platform. The 

platform provided the collected data to NASA who removed individual identifiers 

(necessary for awarding prizes) before sharing with the George Washington University 

team, who stored it. 

Data accessibility Repository name: Mendeley Data 

Data identification number: doi: 10.17632/79xc6bkgjt.1 

Direct URL to data: https://data.mendeley.com/datasets/79xc6bkgjt/1 

. Value of the Data 

• These data are important to engineering design, systems engineering, open and dis-

tributed innovation and expertise research because they provide a cross-section of data

previously unavailable. This responds directly to calls for better and more comparable de-

sign and solving data. Previously, challenge generated data provides information about the

winners and winning solutions; this dataset captures the population of potential solvers

(necessary for studying selection mechanisms and understanding broadcast reach) and the

population of solutions (giving insight into lower quality solutions and their nature). This

makes it possible to link solver characteristics to solution features. It also provides a pro-

vides a population of independently generated solutions to the same problem, providing

the empirical data necessary to improve measures of novelty, feasibility, variety etc. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.17632/79xc6bkgjt.1
https://data.mendeley.com/datasets/79xc6bkgjt/1
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• Researchers in engineering design and innovation are the primary anticipated users of

this data because they provide a unique basis for studying questions related to design

and solver attributes. Systems engineers and scholars of expertise may also find it useful;

in the former case to study the impact of architecture on design and solving outcomes;

in the latter case they provide micro data to understand the facets of expertise that are

linked to solution attributes. 

• The dataset includes both raw data, useful in addressing multiple open questions related

to the above-described constructs, and some analyzed data in the form of Design Struc-

ture Matrices (DSMs) and Functional Hierarchies, commonly used as an input to systems

engineering and design research. 

2. Data Description 

The datasets collected from the field experiment are included in the supplementary material

as a ZIP file and are also available in the Mendeley Data database: DOI: 10.17632/79xc6bkgjt.1 . An

overview of the data structure is shown in Fig. 1 . The main folder had three subfolders “Solvers,”

“Solutions” and “Process” corresponding the three macro categories of information we collected. 

Each record contains either a User_ID or a Solution_ID which can be linked through the “Click

Database” in the “Process folder.” An individual user may submit more than one solution, but

each solution is associated with only one user. 

2.1. Solver data 

The “Solvers” subfolder contains data about individual solvers’ demographics, knowledge, ex- 

perience and skills. The subfolder contains three sub-subfolders. The first sub-subfolder, named

“Explainers” includes keys for each of the numerical scales in the survey results. Each is in a

separate CSV file, for example, there is a file for country codes that match the numerical val-

ues to particular countries. The second subsubfolder, named “Survey Questions” contains copies
Fig. 1. Overview of data folder structure. 

https://doi.org/10.17632/79xc6bkgjt.1
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Table 1 

Description of columns in CSV file named “Registration.csv”. 

Column Header Description 

User_ID A unique user ID for each user. This is not the same as the alphanumeric code 

assigned to each user on the Freelancer.com platform and was generated to 

deidentify the records. 

Progress 0-100% Score tracking percentage of survey completed 

R03_Gender Biological sex of respondent [male, female, prefer not to say] 

R04_Age Categorical value denoting age range 

R05_Country Categorical value selected from a drop-down of country codes 

R06_Education_X Multiple column response grid. The first block records a yes/no response to 

each educational level X (where X is e.g., high school, college) and the second 

block records an open-text response to the subject of that degree, with a 

column for each X. 

R07_Experience_X Multiple column response where each column records a yes/no response to 

each domain of experience X (where X is e.g., medicine, aerospace and 

defense) 

R08_Specialty_X Multiple column response grid. The first block is a yes/no response to question 

“have you worked or volunteered in field X” (where X is e.g., robotics, project 

management) and the second block records the self-reported years in field X. 

R10_SpaceRoboticsSimiliarity Likert Scale, asking “A space robotics problem is…” where response are on a 

7-point scale ranging from “inside my field of expertise” to “outside my field 

of expertise” ( = 7). 

Table 2 

Description of columns in CSV file named “exit”. 

Header Description 

Solution_ID A unique identifier for each solution submitted. For a solution, SRA 10, the 

letters (e.g., SRA) refer to the challenge problem solved and the numbers (e.g., 

10) correspond to a specific solution to that challenge 

Q4_Problem Similarity Response to the question “How similar was this contest to projects/problems 

you normally work on?” on a 5-point Likert scale (where lower is closer). 

Q6_EquipmentAcquisition A yes/no response to the question: “Did you acquire any new equipment or 

learn any new skills to participate in this contest?”

Q9_DifficultyComparison Response to the question: “Compared to what you expected, how difficult was 

this contest?” on a 7-point Likert scale (where lower is easier) 

Q10_SimiliarityComparison Response to the question: “Please choose the level that best fills in the blank. I 

am ____ with similar problems” on a 7-point Likert scale (where lower is less 

experienced) 

Q15_SelfReport Numerical response to the question: “How long did you spend solving this 

problem?” Mixed responses included hours, days, semesters. Q15_Hours 

converts all units to hours. 

Q15_Hours Processed data converting Q15 response to hours 
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f the Registration.csv and Exit surveys. The Registration.csv survey was administered before

olvers were permitted to participate and asks general background questions. The Exit survey

as administered after solving, as part of the submission process. This made it possible to ask

ore specific questions about, for example learning while solving a particular problem. The two

urveys are included in the ZIP file. Response to open text answers are not included in to the

ublic repository because too many solvers included personal identifiers in their responses. 

The third subsubfolder “Survey Responses” contains two CSV files ( Tables 1 and 2 ). The first

SV file, named “Registration.csv” contains records for the more than 28k potential solvers who

egan the survey. Many of them stopped before completion. Only those who completed the full

urvey were given access to the challenges, but many of the partially complete records may

e useful for broader population analysis. In the CSV file, column B indicates the completion

. There are 9,641 unique registrants with 100% completion. We did not include the last sur-

ey task because of PII concerns, so anyone with 73% or more will have complete demographic

ecords included here. That adds an extra 6,608 solvers. We also included partial records above
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Table 3 

Overview of solution data included. 

Challenge Submitted Judged (Detailed, Mixed) System Architecture 

Representations (DSM) Made 

D1 SRA 27 18 (11, 7) 10 

D2 SFA 10 8 (3, 3) 4 

SAM 16 14 (5, 6) 8 

D3 SCA 10 9 (3, 3) 3 

SPAM 20 15 (6, 5) 5 

D4 EMA 23 17 (12, 1) 9 

CDPD 10 5 (1, 3) 4 

RASA 6 6 (4, 1) 4 

PSA 8 7 (3, 2) 3 

D5 AM 21 19 (13, 4) 13 

EDC 13 11 (9, 2) 7 

MDC 18 18 (14, 1) 14 

MIS 16 15 (14, 0) N/A 

HMSA 8 7 (5, 0) 5 

SDM 25 18 (8, 5) 13 

EBD 24 20 (14, 2) 10 

BMA 8 7 (3, 1) N/A 

Total 17 Challenges 263 211 112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

40% completion, which include most demographic attributes. After running the experiment, we

manually added one record to the file to represent the “user” who generated the NASA reference

solutions. This record is coded as User_ID 999999 and is based on an aggregate of the survey

responses provided by the NASA design team. The column headers for the CSV file are provided

in Table 1 . 

The second CSV file named “Exit.csv” contains records for the 201 exit surveys that corre-

spond to a unique submitted solution. Although Exit surveys were required for a solution to

be judged, not all submitters followed the instructions correctly creating several data validation

issues. A small number of solvers circumvented our system in two specific ways: First, some

solvers who submitted multiple solutions used the same exit code for all of them. This is a

problem because the exit surveys ask questions that are intended to focus on a particular solving

experience. There are only a small number of such instances since a relatively small number of

solvers submitted multiple solutions, but we are not able to fix this issue. Second, we received

multiple solutions without an exit code at all. NASA had some success encouraging solvers to

complete the survey so that their submissions could be judged. In some cases, the issue was

not recording the exit survey correctly, but using time stamps we were able to reconcile most

of those records. Although we applied a strict standard for judging (no code, no judging) we re-

tained the solution record, but there is no corresponding exit survey. Users of the database may

still find the solution useful but will be unable to do the full linking for the 18 solution records

(out of 219). The column headers for the CSV file are provided in Table 2 . 

2.2. Solution data 

The “Solutions” subfolder contains data about each solution that was submitted. The raw

solutions were submitted as PDFed design documentation, including CAD drawings, narrative

descriptions, and engineering analysis. Since these materials are proprietary and owned by the

solvers unless they win or sell their solutions to the platform, we only include extracted perfor-

mance characteristics and some processed representations useful for research, per our agree-

ment. There are three sections in the Solutions subfolder. First, a CSV file, named “Submis-

sions.csv,” which summarizes the solutions received (described in Table 4 ). Second, a folder of

“Solution DSMs” which contains subfolders for each challenge (e.g., D5-EDC) and then within
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Table 4 

Description of column headers in CSV file named “submissions”. 

Header Description 

User_ID A unique numerical identifier for each solver 

Solution ID A unique alphanumerical identifier for each solution 

FOM_Units Units of the Fig. of Merit (FOM) used to evaluate winners 

FOM_SelfReported Value submitted by the user as their estimate of the FOM 

Completedness_ Rating Researcher-evaluated rating of the submission (incomplete, conceptually complete, 

mixed detail, detailed) 

Table 5 

Illustration of different DSM views based on SRA 15 submission. 
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ach of those a Design Structure Matrix (DSM) representation for each solution, organized by

hallenge. Below we describe the structure of each DSM CSV file in Table 5 . Finally, a “Datum

olutions” folder which contains the researcher-generated documents for the NASA reference

ystem. 

The CSV file named “Submissions.csv” includes two measures of effectiveness for each sub-

ission. First, a self-reported Figure of Merit (FOM) for each solution that was sufficiently de-

ailed. We only included FOMs for mixed and detailed solutions because we found high variation

n the quality of FOM estimates for less complete solutions. Second, a researcher-evaluated com-

leteness level. The procedure for coding this scale (from incomplete to detailed) is detailed in

he methods section. The column headers for the CSV file are provided in Table 4 . 

The DSM folder contains 17 subfolders, one for each challenge. Within each folder are excel

les corresponding to each solution of a given challenge that was sufficiently detailed to support

he production of a Design Structure Matrix (DSM). Table 3 summarizes the number of DSMs

reated for each challenge. In all, DSMs were created for 112 unique solutions with five repre-
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Table 6 

Description of column headers in CSV file named “click database”. 

Header Description 

User_ID A unique identifier for each solver 

Challenge The abbreviation of the relevant challenge (e.g., SRA) 

Viewed_Attachment A yes/no binary of whether the user downloaded the attachments necessary to begin a 

submission to the relevant challenge. 

Submitted A yes/no binary of whether the solver submitted a solution to the challenge 

Solution_ID A unique identifier for each solution, if submitted 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sentations of each. DSMs are one of the most popular representational frameworks for designs

within Systems Engineering and are the input for many of the lifecycle property measures used

in that domain. A detailed description of how the DSMs were created is provided in ref [1] . The

files are named consistently with Solution ID used throughout the database. Each CSV file con-

tains five unique DSMs. The first corresponds to the module-level view. The second includes the

most detail because it contains all disciplines and detailed components. The third includes all

disciplines but removes fasteners. The fourth adopts assumptions stated in the standard Tilstra

method [2] . The fifth leverages Tilstra but with fasteners removed. We included all 5 represen-

tations because each might be useful for different research questions. Table 5 illustrates the five

views present in the “DSM” folder. 

The Datum folder contains a submission file that simulates what the internal NASA solution

would look like if it were responding to the Astrobee Challenge Series challenges as posed, sub-

ject to the same submission guidelines. It was created by the second author using the same

design principles and materials included in the NASA documentation. It includes all the views

and diagrams that are in other crowd-generated solutions. The DATUM SRA solution was created

first and then modified to generate DATUM solutions to most of the challenges. Some challenges

were not created when there was insufficient relevant documentation from the NASA team, for

example for many of the D5 discipline-focused challenges. In all of the files and representations

below, any solution with the ID of all 9s refers to the DATUM or its 13 subDATUMs. 

2.3. Process data 

The “Process” subfolder contains data about administering the challenges and stages of solv-

ing. There are three subsections: A CSV file named “Click database.csv,” another CSV named

“Challenges.csv” and a folder that includes all the Problem Description and Submission Guideline

documents (i.e., the rules) for each challenge. 

Table 6 describes the headers for the “Click database” CSV file. The challenge series was

instrumented so we could track level of engagement on the platform by each of the partic-

ipants. When potential participants registered, Freelancer.com assigned a token to their profile

and recorded each time they took an action in the challenge ecosystem. Actions progressed from

registering to downloading detailed information about one (or many) challenges, to submitting

a solution to a subset of those challenges. In the aggregate this makes it possible to view flow

through the system. An example is shown below in Fig. 2 . 

Minimal processing was performed on the Freelancer.com record. To fully remove Identifying

information, the Freelancer.com token was replaced by an alphanumeric User ID. Otherwise, the

data was cleaned to remove obvious duplicates. When we first received the dataset we noticed

that there were instances when multiple records were created by a single action (for example, 10

entries when someone clicked on the description for a particular challenge, likely because they

didn’t save the file and instead revisited the web version). We chose to include one click per

solver (the first) on a given challenge. We performed several consistency checks on the data. We

checked to make sure every document flowed from Registration.csv to download to submission.

Among the 11,541 clicks, the Freelancer platform only logged four unknown accesses (i.e., action
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Fig. 2. Flowthrough of SRA participant engagement (Blue lines represent only SRA, Red lines represent SRA and Others, 

Green Lines Represent Only Others from SRA). 

Table 7 

Description of column headers in CSV file named “challenge”. 

Header Description 

Challenge Abbreviation of the relevant challenge (e.g., SRA) 

Architecture The alternative architecture it belongs to (e.g., a module in D1) 

Start_Date Start date of the competition XX/XX/XXXX 

End_Date End date of the competition XX/XX/XXXX 

Prize_level Prize level in dollars 

Quality_Type Winning criteria (reported as mass as Kg or lines of code as LOC depending on the challenge) 

Duration Duration in days 
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ithout Registration.csv) to the EBD challenge series (0.03%). We did not find any submissions

ithout clicks. We chose not to insert DATUM records into the click database. If a researcher

ants to consider user 99999 (the NASA solutions), it would be appropriate to consider that

hey downloaded all 13 (including SRA) challenges to which they submitted and no others. 

Table 7 describes the headers for CSV file “Challenge.csv.” It contains a record of the time-

ines on which challenges were administered. The final folder contains subfolders for each of

he 17 challenges. Each includes two files: 1) the corresponding problem descriptions 2) and

ubmission guidelines that were generated as part of the challenge. This provides useful context

or researchers wishing to make an independent assessment of the difficulty and complexity of

he challenge problems. 

. Experimental Design, Materials and Methods 

This section describes the experimental procedures used to collect the data contained in the

epository. The experiment was structured around a technical reference problem that involved

he design of an autonomous robotic manipulator for use on the International Space Station. This

as a problem that NASA was already working on internally. The experiment manipulated how

he problem was formulated , introducing four alternative system architectures and framing inno-

ation contests around the associated modules or subproblems. For example, one problem was

resented as the full autonomous manipulator, where another isolated the mechanical aspects

f the gripping mechanism. In all, 17 individual contests were run over a period of 12 months.

e chose to run contests in part because of our general interest in Open Innovation as a tool,

ut also because it is a means to generate multiple independent design solutions to a reference

roblem. Additionally, because of the nature of an online innovation platform, it lends itself to

on-invasive observation of solver engagement in the work. Other than the problem framing

anipulation, the contests were run consistent with the norms of the Freelancer.com platform.

he overall process flow is shown in Fig. 3 . 
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Fig. 3. Challenge administration and data collection process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This section is organized as follows: First, we describe the reference space robotics sys-

tem problem and explain why it was selected. Second, we describe how the problem was re-

formulated to support an open innovation experiment and summarize the resultant 17 sub-

problems that were run as contests (the detailed subproblem specifications are contained in

the repository). Third, we describe how the overall challenge series was administered, in terms

of what data was collected and when. It is worth noting that we collected more data than can

be shared in a public repository due to the proprietary nature of technical designs. To maximize

what can be shared about the solutions, where feasible, we are sharing processed versions of

the reserved raw data. That processing is described in detail in the data records section. 

3.1. Reference design problem: NASA’s Astrobee perching arm 

Each contest related to the design of a moderately complex robotic system, capable of au-

tonomously attaching to an International Space Station (ISS) handrail and executing positioning

commands. This particular robotics problem was chosen because NASA was also solving it in-

ternally and it matched the research need of being representative of real-world complex design

problems. Additionally, since this system featured mechanical, electronic, and software design

features, it could be decomposed in several potential ways (i.e., both hierarchically and disci-

plinarily). 

The internal-to-NASA project is the Astrobee Perching Arm System. It is a robotic manipulator

designed to support on-orbit Astronaut operations inside the International Space Station (ISS).

The perching arm works with the Astrobee Free Flyer and is stowable in its payload bay [3–5] .

The perching arm augments Astrobee operations by providing a stable “perch” on ISS handrails

(see Fig. 4 ), which reduces power consumption by the system and supports ideal camera viewing

angles [ 6 , 7 ]. 

The perching arm was designed by a team of roboticists at the NASA Ames Research Centre

and is currently flying on the ISS. The arm system as flown featured a two degrees of free-

dom manipulator and passive clamping claw with compliance so it could detach easily in an

emergency. The arm provides panning and tilting functionality to the Astrobee Free Flyer and

attached cameras. The NASA design is captured in multiple papers [3–7] . 

3.2. Alternative problem formulations 

Problem formulation is the main manipulation in this field experiment. We wanted to under-

stand if the scope and framing of the problem impacted who solved and how they solved. To
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Fig. 4. Astrobee Robotic Freeflyer (Left), Perched on an ISS Handrail (Middle), and Detailed View (Right) From [4] . 
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est the impact of this manipulation, we needed a selection of alternative formulations, which

ere variations on an “open” version of the reference problem. 

.2.1. D1: the open version of the Astrobee reference problem 

In this context, opening the original problem of how to attach the Astrobee Free Flyer to an

SS Handrail primarily involved re-writing NASA’s internal requirements in a way that could be

ccessible to non-NASA and non-robotics solvers. This primarily involved changes like simpli-

ying and making explicit environmental requirements, such as the amount of debris a space

obotic system can make, or the material selection to prevent off-gassing, which are sometimes

aken for granted within a domain. It also involved simplifying the geometric complexity of the

hysical interface to the Astrobee Platform to reduce the need for Computer Aided Design (CAD)

ools to produce a compliant design solution. CAD tools, in addition to requiring specialized

nowledge, are expensive, so requiring them might have unnecessarily limited who could solve.

inally, we defined a workspace for the manipulator so as to eliminate its reliance on the As-

robee free flyer for coarse positioning and other related capabilities. 

This explicit allocation of functions to the robotic manipulator means that one needs to be

areful comparing the open version of the arm subsystem to the internal problem, since it is

art of a larger arm-free flyer system. While the problems are similar, to create a fair reference,

e created a DATUM version of the Astrobee perching arm which adopts the same design prin-

iples and materials used by the NASA Ames team but is designed to solve the exact challenge

s broadcast. The detailed design for this DATUM is included in the “Solutions” folder in the

epository in the “DATUM Solutions” subfolder. 

.2.2. Challenge problems 

Once the reference system (D1) had been created, we developed four alternative system ar-

hitectures (D2-5). First, we created the most standard modularization from industry: D2 sepa-

ates the perching arm into a manipulator and a gripper, essentially separating the “hand” (grip-

er) from the rest of the “arm” by breaking the system at the wrist. This required a formal re-

uirements allocation across the two modules and a new interface plate to be designed, featur-

ng power and data connectors as well as a decomposed concept of operations. Second, we cre-

ted another two-module decomposition which instead breaks the system below the “shoulder”

oint (D3). This results in a simpler arm and assigns more functionality to the gripper. Third, we

erformed a disciplinary decomposition which aimed to isolate the mechanical from the power

lectronics from the software and control elements of the system (D4). Finally, we introduced

 decomposition that prioritized isolating subfunctions that might be particularly amenable to

xternal solving (D5). For example, we created a challenge focused on reducing slipping on the

ripper surface that might reasonably be solved by a material scientist, and a health monitoring

hallenge that would be familiar to hardware-focused programmers from any discipline. These
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Fig. 5. Alternative decompositions. Black shading denotes interdisciplinary challenge, dark grey is mechanical only, mid- 

dle grey is electrical only, white is computational only, gradient is a defined specialty. 

Table 8 

Challenge acronyms. 

Acronym Title Acronym Title 

SRA Smart Robotic Arm AM Attachment Mechanism 

SFA Smart Fine-positioning Arm MDC Mechanically Driven Clamp 

SAM Smart Attachment Mechanism EDC Electrically Driven Clamp 

SCA Smart Coarse-positioning Arm HMSA Health Monitoring SA 

SPAM Smart Positioning Attachment Mechanism MIS Material Interface System 

EMA Electro-Mechanical Arm EBD Electronic Box Design 

CDPD Command, Data and Power Distribution System BMA Box Mechanical Analysis 

RASA Robotic Arm Software Architecture SDM Simple Deployment Mechanism 

PSA Positioning Software Architecture 

Fig. 6. Right, image from SAMs problem specification illustrating the sequence of functions specified by the require- 

ments (Left). 

 

 

 

 

 

 

 

alternatives are summarized in Fig. 5 . In all, 17 unique challenges were administered across five

architectures. In the remainder of the document, we will be referring to the challenges by their

acronyms, summarized in Table 8 . 

3.2.3. Problem descriptions 

For each module we generated an associated problem specification and solution guideline.

Each of these documents are included in the repository. The aim with the problem specification

was to define solution-agnostic requirements and write them in a language that was accessible

to potential solvers without a background in the space sector and ideally without expecting an

engineering background. An example of the type of language is provided below in Fig. 6 . Note
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Fig. 7. Excerpt from SAM’s submission guidelines the mass template and guidance. 
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hat the writing is still technical , though not specific to a particular domain. Where feasible,

ictures were used to clarify concepts and referenced by specific requirements. 

The aim with the solution guideline was to provide a standard format for communicating de-

ign information without over-constraining the type of analysis that could support the solution.

or example, we provided a template in both excel and google sheets for calculating a power

udget to guide solvers in providing the requisite information. An example is shown below in

ig. 7 . The full submission guidelines for each challenge are included in the repository. 

.3. Administering the challenge series 

Other than manipulation of the challenge problem, we ran the challenge series as would

therwise be done on the Freelancer.com platform. Freelancer.com is a web-based platform

hat connects “freelancers” (i.e., people willing to work) to tasks and includes a capability to

ost prize-based contests. Freelancer.com is one of the largest open innovation platforms in

he world, boasting an active solver base of more than 27 million active users at the time of

he competition (as of 2022 they have over 60 million). It is free to join which meant that

ASA could market to the general public to attract a broader potential audience. We chose Free-

ancer.com because it has a more diverse solver base than other platforms, 1 which enabled us to

un all mechanical, electrical, computational and interdisciplinary challenges in one ecosystem. 

In a typical contest, a seeking organization (the one with the problem) posts a short, one

aragraph description of their need and offer on the platform’s website and advertises it to the

rowd. In our case, NASA was presented as the seeking organization, and we advertised through

reelancer’s listserv and NASA’s “solve” twitter account. An example of a short description is

hown in Fig. 8 . Each includes a brief statement of the required functionality, how the challenge

ill be evaluated (i.e., the figure of merit (FOM)) and the prize level. 

The challenge page was set up so that any potentially interested Freelancer could signal their

nterest by registering for the challenge series. This would give them access to view all of the

elated challenges and give us a means to track their participation in our ecosystem. The Reg-

stration.csv process is described in more detail below. Once they registered, they could peruse

he brief descriptions and “click” for more detail on any challenge that piqued their interest.

licking brought up a page with links to the detailed problem description, solution guidelines

nd associated templates (described above). 

Consistent with platform norms, all challenges had a prescribed time limit ranging from two

eeks to two months and a chat/forum feature where participants could ask clarifying questions

nd request more time. As is typical on this platform, challenge deadlines were extended by one

o two weeks when enough requests came in from solvers asking for an extension. 

Participants were able to submit to as many challenges as they wished and multiple times for

ach challenge. Submissions took the form of a PDF document that responded to the submission
1 For example, GrabCAD has a strong mechanical design community but few solvers capable of tackling algorithm 

hallenges. Conversely, TopCoder has curated a community of highly capable programmers, but has limited experience 

ith mechanism design. MTurk is diverse, but tends to attract contributors with less technical training. 
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Fig. 8. Example of a brief challenge description. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

guidelines and were required to include a completion code from an exit survey, which captured

more detailed information about their solving experience (e.g., did they need to learn anything

new to submit). A detailed description of the exit survey is provided below. 

3.3.1. Timing of the contests 

Ideally, we would have wanted to run all contests simultaneously so that participants could

pick directly among all the options. However, this wasn’t feasible due to limited evaluation ca-

pacity. Per Freelancer guidelines, all prizes must be awarded within two to three weeks of con-

test close. Given the technical nature of these paper studies, evaluating the quality and feasibility

of the solutions was quite labor-intensive – the research team spent an average of a day on each

solution, sometimes much longer. Out of necessity, we staged the contest end dates to limit pe-

riods where we would be evaluating solutions from more than one contest at any given time.

To mitigate the impact of this constraint, we launched challenges in waves so that participants

would still have multiple challenge options at any given period. The sequence of challenges

mixed problem scope and disciplinarity in every wave. For example, a wave might include an

autonomous electromechanical component (multi-disciplinary, high scope) a higher complexity, 

but a mechanical only challenge (single-discipline, high scope) and a distant discipline focused

challenge (other-discipline, low scope) so that participants would still be prioritizing what to

work on. 

All of the challenges were completed over a period of 12 months between May 2018 to May

2019. Table 9 shows the schedule of which contests were launched when. There are two im-
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Table 9 

Schedule of challenges. 

Wave Challenge Name Prize value Start Date End Date Duration (Days) 

Wave 1 SDM $250 5/31/2018 6/18/2018 18 

AM $500 5/31/2018 6/25/2018 25 

SAM $1500 5/31/2018 7/2/2018 32 

SPAM $40 0 0 5/31/2018 7/19/2018 49 

Wave 1a PSA $500 6/28/2018 7/26/2018 28 

Wave 2 MDC $250 7/18/2018 8/6/2018 19 

EDC $250 7/18/2018 8/13/2018 26 

SCA $1500 7/18/2018 9/1/2018 45 

SFA $40 0 0 7/18/2018 9/12/2018 56 

Wave 3 EMA $40 0 0 8/10/2018 9/24/2018 45 

SRA $50 0 0 8/10/2018 10/31/2018 82 

Wave 4 MIS $500 10/17/2018 11/8/2018 22 

RASA $1500 10/17/2018 11/14/2018 28 

Wave 5 EBD $250 2/8/2019 3/4/2019 24 

HMSA $250 2/8/2019 3/4/2019 24 

CDPD $1500 2/8/2019 3/28/2019 48 

Wave 6 BMA $250 4/29/2019 5/16/2019 17 

Fig. 9. Count of submissions by user. the vast majority of participants submitted no solutions (not shown) and of those 

who submitted something, over 70% submitted only submitted one. 
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ortant methodological concerns with launching the challenges in this way. First, we might see

ignificant re-use from one challenge to another since all challenges are variants of a reference

roblem. We did see this to some extent, with some participants reusing their solutions to ear-

ier challenges. However, while a small subset of solvers participated in multiple challenges, the

odal number of contributions was one (see Fig. 9 ). Second, we were concerned that there

ould be a drop-off in participation over the course of the challenge series. This was not evi-

ent in the data (see Fig. 10 ). While there was variation in participation across challenges, there

s no apparent temporal trend. 

.3.2. Setting prize levels and contest length 

The prize levels were set following the standard procedures for the platform. Domain experts

in this case, two members of the research team with combined more than 20 years of space

obotics experience – estimated the time it would take an industry professional to respond to

he contest. There was a high level of agreement, and we used the average of the two esti-
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Fig. 10. Count of clicks (left axis-bar plot) and submissions (right axis-line plot) ordered chronologically by competition 

wave. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mates. These hour values were multiplied by a representative US wage and then examined for

consistency with other contests being run on the platform. 

There is a relatively large literature on prize levels inducing participation and we were ini-

tially concerned that varying prize levels would skew results. At the same time, not offering

different prize levels for very different levels of effort would also skew the results [ 8 , 9 ]. Our

NASA collaborators shared their experience that it was most important to match the norms of

the platform – in this case ensuring a minimum prize level ($250) and not exceeding the cur-

rent max, which could indicate a very difficult problem. Balancing this input, we used the upper

and lower bounds of $250 and $50 0 0 and scaled the individual values based on relative effort.

Table 9 shows the prize levels for each of the competitions. 

3.3.3. Seeker-solver interaction during the competition 

Freelancer.com’s contest implementation allows solvers to post messages to the seeker during

the competition. Questions typically involve technical clarification, request for more information,

complaints about the challenge and/or requests for more time. The research team responded

promptly to every request through the NASA account and kept a record of the communications.

The responses are visible to challenge participants so that no unique information was provided

to any particular solver. We were also careful not to suggest solving strategies in the answers.

These are not included in the database since many solvers included difficult to de-identify infor-

mation. Examples are provided below in Table 10 . 

3.3.4. Survey design 

Two surveys were used to collect information about solver’s demographics, background and

experience participating in the challenges. The complete Registration.csv survey – taken before

participating – and exit survey – taken after completing the challenge as part of the submission

process – are included in the database. Most of the questions are standard demographic mea-

sures or explicit self-reports (e.g., “did you acquire any new equipment or learn any new skills

to participate in this contest?”). The questions focused on measuring the theoretical concept of

distance, replicating the scale and phrasing from [9] . The Registration.csv survey also included

a multi-dimensional scaling experiment as Q15 and later, which is not included in this data re-

lease. 
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Table 10 

Example questions asked. 

Challenge Question Response 

SDM Hello, can two motors be used? Or are you 

looking for a mechanism that satisfies the 

requirement with a just single actuator source? 

You may use any number and any combination 

of mechanisms and motors you desire as long 

as they meet energy and SDM volume 

requirements. 

SPAM Can we assume that the SPAM move on only 

X-Z plane since the handrail is in the direction 

Y. Or do you expect to consider the movement 

of the SPAM in y direction within -45 to + 100 

mm 

The SPAM may move in that way so long as it 

is able to attach to the ISS Handrail. A solution 

that only moves in a few directions, but can 

still attach the Handrail when commanded, is 

acceptable. 
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.3.5. Evaluating solutions and awarding prizes 

The challenge description for each contest included an explicit statement of how the prizes

ould be awarded. In most cases, it took the form of A) meets all the requirements and B) per-

orms best on the stated figure of merit (e.g., lowest mass, lowest Lines of Code (LOC)). Since

ubmissions were received as paper documentation, each of these criteria required expert eval-

ation. First, when the challenge closed, we received raw submissions, typically in PDF form.

ubmissions were ordered based on their self-reported figure of merit (FOM). Then, starting

rom the best FOM, experts performed two separate evaluations. Solutions were assessed for

hether the self-reported metric was credible. This is not the same thing as assessing if it is

orrect, which would have required independent analysis, but rather solutions were judged in

erms of the basis of estimate. For example, if a solver reported that the estimate came from a

AD model, we deemed the estimate credible. Similarly, if a detailed bill of materials was in-

luded with component estimates provided, it was deemed credible. In some cases, there was

o basis provided or there were obvious gaps in what was counted, making it easy to remove

he solution from consideration. If a high-ranking estimate (that is, having the lowest mass or

ines of Code) was credible or likely credible, the experts performed the second evaluation of

hether the solution met the requirements. This is a difficult assessment for any paper study,

ut a process leveraging the design of the submission guidelines was adopted. These included

everal plausibility probes, which were chosen to capture critical requirements and gave con-

dence in the quality and efficacy of the design. In some cases, external domain experts were

onsulted for third and fourth opinions. 

If the team agreed and was confident that the submission was highly likely to be feasible and

ad the highest ranking FOM of the set, a prize was awarded. After a prize was awarded, the so-

ution was published to the freelancer site, per their platform norms. This typically included the

reelancer profile as well as their submission to the competition. As a result, winning solutions

re not associated with any of the records in this databased since the risk of re-identification

s high. It is worth noting that the best FOM rarely passed both evaluations, so even though

OMs are reported, users of the database should not assume a simple ranking would reveal the

inner. 

Since quality is an important attribute to include in the database, a different measure is pro-

ided in the database. Multiple measures of quality were explored, settling on a scale that inte-

rates notions of both completeness and performance [10] . Self-reported Figure of Merit (FOM)

s also included, but only for those that are sufficiently complete to be likely credible. This is

ecause our review of the solutions revealed inconsistency in the quality of those estimates,

orrelated to completeness. Specifically, more unusual, and less elaborated solutions also tended

o have non-credible FOMs. Therefore, rather than trusting the self-reported FOM as a measure

f quality across submitted solutions, we qualitatively coded each solution. 

Solutions were coded for quality in terms an expert-rated completeness scale, previously re-

orted in [10] . Although completeness is not a direct proxy for quality, it has previously been

sed to capture related features [11] , demonstrated to be a useful signal of quality in other stud-

es. The research team, in consultation with NASA, performed all coding on the completeness
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Table 11 

Levels of quality for submissions. 

Quality Description Example 

Detailed The design of the entire system has been 

specified (i.e., all components have been 

selected or sized and their relationships 

defined) 

The designer had a full specification and 

answered all of our submissions guidelines 

Mixed Detailed design work has been completed in at 

least one aspect of the design, but other 

aspects remain at the conceptual level. 

The designer included images of their 

Computer Aided Design (CAD) files, but had no 

specifications for electronics for a challenge 

that required it. 

Conceptual The conceptual design is complete; with 

additional design work it could become a 

detailed design. 

The designer provided us an image of a robotic 

arm that they sketched that could meet the 

competition and answered a few questions. 

Incomplete Solution has design content, but it is not 

responsive to the problem as posed. 

The designer uploaded a picture of a robotic 

system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

scale. Even among discipline experts, assessing solution quality based on a “paper” study (i.e., a

PDF with no physical artifacts) is inherently subjective, 2 and initial coding effort s revealed this

challenge. Therefore, the completeness scale detailed in [10] was defined to shift the assessment

from “feasibility” to “is the solution detailed enough that a domain expert could implement it.”

Once the standards of completeness were defined, consistency was significantly improved. Each

solution was coded as detailed, mixed, conceptual, incomplete, or unsure, as seen in Table 11 , by

one coder. Then two additional coders were recruited and assigned an overlapping subset of the

“unsure” codes and a random selection of the other solutions. Overall, each solution was coded

by at least two coders. Across 263 solutions (and the associated 30 0 0 pages of technical docu-

mentation) there were substantive disagreement on fewer than 20 solutions. All disagreements

were satisfactorily resolved through team discussions. 

4. Limitations 

Specific limitations related to data collection and curation were described above as they re-

late to specific data records. 
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