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1.0 SUMMARY 
Updating legacy software to meet changing mission requirements and environmental 
constraints is a huge cost for the Department of Defense (DoD.  A piece of software 
represents the accumulated consequences of many decisions made by developers.  Some 
of these decisions are fundamental and necessary to solve the problem posed by the 
mission requirements.  Others are unimportant choices between equally good options 
made to fill gaps the requirements left open.  Even current best-practice agile software 
development methods accept the idea that many of the seemingly unimportant daily 
decisions developers make to fill gaps will paint them into a corner when those 
requirements change tomorrow.  To update legacy software, developers first must 
untangle the unimportant decisions they can change from the fundamental ones that must 
stand.  Then begins the lengthy redesign and rework of the old software’s foundations 
needed to simply set the stage for meeting the new requirements.  Today’s agile methods 
accept the immense cost of this analysis and rework as an unfortunate fact of life and 
make a virtue out of tackling it with expensive labor hours.  The Intent-Defined Adaptive 
Software (IDAS) program sought to develop and demonstrate novel techniques and tools 
to reduce this cost or even avoid it entirely. 
IDAS began in May 2020 with seven teams and a four-year series of planned evaluation 
and demonstration activities.  There were four Technical Area (TA) 1 research teams: 
Perspecta Labs, Apogee, Vanderbilt University, Grammatech. The goal of TA1 is to 
create technologies that enable software engineers to develop and verify adaptive 
software through a deferred-concretization methodology.  
Provatek acted as the TA3 Integrated Test and Evaluation team charged with planning, 
executing, and reporting on evaluations, measuring TA1 technical progress, and 
identifying complimentary approaches.  A TA2 Carnegie Mellon University Software 
Engineering Institute (CMU/SEI) Problem Set Generation team and a TA4 Sierra Nevada 
Corporation (SNC) Control team aided this effort.  The Government revised its plans for 
the IDAS program in May 2021, before the first evaluation produced any results. 
In the revised IDAS program, TA3 Provatek executed a single experiment that compared 
the effort required to solve a set of software development challenge problems using 
TA1 Apogee’s experimental Controller Oriented Programming (COP) design 
methodology and Symlang programming language to the effort required using traditional 
design methods and the popular Python programming language.  The experiment found 
no significant difference between the amount of effort required by the two approaches. 
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2.0 INTRODUCTION 
Updating legacy software to meet changing mission requirements and environmental 
constraints is a huge cost for the Department of Defense (DoD).  A piece of software 
represents the accumulated consequences of many decisions made by developers.  Some 
of these decisions are fundamental and necessary to solve the problem posed by the 
mission requirements.  Others are unimportant choices between equally good options 
made to fill gaps the requirements left open.  Even current best-practice agile software 
development methods accept the idea that many of the seemingly unimportant daily 
decisions developers make to fill gaps will paint them into a corner when those 
requirements change tomorrow.  To update legacy software, developers must first 
untangle the unimportant decisions they can change from the fundamental ones that must 
stand.  Then begins the lengthy redesign and rework of the old software’s foundations 
needed to simply set the stage for meeting the new requirements.  Today’s agile methods 
accept the immense cost of this analysis and rework as an unfortunate fact of life and 
make a virtue out of tackling it with expensive labor hours.  The Intent-Defined Adaptive 
Software (IDAS) program sought to develop and demonstrate novel techniques and tools 
to reduce this cost or even avoid it entirely. 
IDAS began in May 2020 with seven teams and a four-year series of planned evaluation 
and demonstration activities.  There were four Technical Area (TA) 1 research teams: 

• The TA1 Perspecta Labs team sought to automate the process of distinguishing
unimportant decisions from fundamental ones and mapping the impacts of
requirements changes to very specific pieces of code.

• The TA1 Apogee team sought to avoid this analysis cost with a novel design
methodology, design pattern, and programming language that sought to separate the
results of fundamental and unimportant decisions from the start.

• The TA1 Vanderbilt team sought to reduce the cost of the post-analysis rework with
tools that enabled agile developers to make incremental revisions while maintaining
an argument that those revisions hadn’t invalidated key correctness properties.

• The TA1 Grammatech team sought to reduce rework cost by broadening the kinds of
situations where developers could simply throw out old code that no longer respected
requirements and automatically synthesize new compliant code to replace it.

Provatek acted as the TA3 Integrated Test and Evaluation team charged with planning, 
executing, and reporting on evaluations, measuring TA1 technical progress, and 
identifying complimentary approaches.  A TA2 Carnegie Mellon University Software 
Engineering Institute (CMU/SEI) Problem Set Generation team and a TA4 Sierra Nevada 
Corporation (SNC) Control team aided this effort.  The Government revised its plans for 
the IDAS program in May 2021, before the first evaluation produced any results.   
The revised IDAS program involved only two of the original teams: TA1 Apogee and 
TA3 Provatek.  For seven months, the two teams collaborated on a single activity that 
had two purposes: 

1. To compare the effort required to solve a set of software development challenge
problems proposed by the Government and TA1 Apogee using TA1 Apogee’s
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experimental Controller Oriented Programming (COP) design methodology and 
Symlang programming language to the effort that ought to be required according 
to the Constructive Cost Model (COCOMO) II software development effort 
estimation technique [BOE2000], and 

2. Produce a demonstration of COP and Symlang’s ability to solve problems of 
interest to users with real-world operational needs. 

In December 2021 the Government split the effort into two separate activities, directing 
TA3 Provatek to work solely on the experiment described in point 1 and TA1 Apogee to 
work on the operationally relevant demonstration from point 2.  TA3 Provatek proceeded 
with an improved version of the experiment that replaced the artificial COCOMO II 
experimental control with actual control solutions to the challenge problems produced by 
developers using traditional design methods and the popular Python general-purpose 
programming language.  TA3 Provatek completed this experiment in June 2022.  
TA3 Provatek did not participate in TA1 Apogee’s operationally relevant demonstration; 
this report contains no details on that activity. 
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3.0 METHODS, ASSUMPTIONS, AND PROCEDURES 
The following subsections describe TA3 Provatek’s methods, assumptions, and 
procedures for its original IDAS evaluation effort (Subsection 3.1) and for the final 
evaluation it accomplished after the May-2021 IDAS program revision (Subsection 3.2). 

3.1 The original IDAS effort 
The IDAS program originally envisioned a four-year schedule containing 8 evaluations 
and 3 demonstrations in which the research teams would develop software to meet an 
initial set of challenge problem requirements and then update that software to meet 
several rounds of requirement changes.  The May 2021 IDAS revision came before the 
execution of the first evaluation; there are no measurements to report for the original 
portion of the IDAS program.  However, the following discussion of the intended 
structure of the original IDAS evaluations, the roles of each of the teams, and the details 
of their technical approaches may be of some interest to readers considering how they 
might structure future research programs on related topics. 

3.1.1 TA3 Provatek evaluation team 
TA3 Provatek evaluation team was generally responsible for planning, executing, and 
reporting on the IDAS evaluations and demonstrations.  TA3 Provatek had the further 
specific responsibility to understand the technical approaches of the TA1 research teams 
and provide the TA2 CMU/SEI problem set generation team with guidance on what kinds 
of requirements changes would be relevant to those approaches and thus encourage 
interesting research results.  Table 1 provides an example of this advice with excerpt 
from TA3 Provatek’s July 2020 Technical Report #99 “TA3 Advice on Test Evaluation 1 
Challenges” [FRA2020]. 

3.1.2 TA2 CMU/SEI problem set generation team 
The TA2 CMU/SEI problem set generation team was responsible for producing the 
challenge problem requirements.  They intended to base each evaluation and 
demonstration on a particular problem domain.  For example, their challenge problem for 
the first evaluation concerned the logistics of shipping pallets of goods between 
warehouses by truck and enjoined the TA1 research teams to develop software capable of 
finding efficient assignments of pallets to trucks and trucks to routes.  TA2 CMU/SEI 
was responsible for ensuring that the challenge problems were realistic, thus encouraging 
research results that might someday transfer or transition to real-world use.  Table 2 
provides an example of their challenge problem requirements with an excerpt of the 
requirements from TA2 CMU/SEI’s September 2020 “IDAS: Requirements Specification 
for Logistics Domain, Transportation Subdomain – V4” [TAY2020]. 

3.1.3 Evaluation plan 
The May 2021 revision came as TA3 Provatek was constructing a common Ubuntu 
GNU/Linux-based virtual machine environment in which the TA1 teams would 
demonstrate their solutions to each round of challenge problem requirements.  TA3 
Provatek was developing a suite of public tests the TA1 teams could use to determine 
when they had met the requirements for each round.  For each of these public tests, TA3 
Provatek developed a private test that confirmed compliance with the same requirement 



   
 

Approved for Public Release; Distribution Unlimited.  
5 

as its public cousin but differed in specific details.  TA3 Provatek intended to keep these 
private tests to themselves and use them to confirm that the TA1 research teams did not 
simply examine the public tests, determine the correct output needed to pass, and encode 
this correct output in a trivial program that did not truly meet the requirements. 
The first evaluation was a test evaluation.  Its goal was merely to give the teams 
experience with the evaluation and measurement procedures.  TA3 intended to measure 
the amount of human effort the TA1 teams required to produce software that met each 
round of challenge problem requirements in terms of person-hours, and to informally 
survey the teams on their solution strategies and the proportion of the software their 
automated tools managed to synthesize from abstract models.  The revision occurred 
before TA3 was able to execute the first evaluation; TA3 ultimately did not make these 
measurements. 

3.1.4 TA4 SNC control team 
TA4 SNC was to provide an experimental control against which TA3 could compare the 
effectiveness of the TA1 research approaches.  They intended to solve the same challenge 
problems as the TA1 research teams by (in their own words) picking “the right tool for 
the job” from a large collection of design patterns, code and test synthesizers, 
frameworks, and middleware.   
Figure 1 contains a diagram of their manual developer workflow.  They planned to base 
the early stages of this workflow on the popular Agile Model Driven Design (AMDD) 
methodology, respecting its core tenets: 

• Seeing a program pass a test suite is the only way to know that your model is 
valid, 

• building very detailed models at the start goes too long without validation and is 
too risky, so  

• instead, iterate through model-test-develop-test cycles. 
They planned to base the later stages on the popular Test Driven Development (TDD) 
methodology, in which: 

• developers first consider the requirements, architectural, and detailed models and 
create tests for behaviors the models allow, and then   

• they write new application code only when prompted to do so by a failed test. 
  



   
 

Approved for Public Release; Distribution Unlimited.  
6 

Table 1 - Example relevance advice from TA3 Provatek to TA2 CMU/SEI. 

TA1 Grammatech wants to demonstrate property-based testing.  This technique 
synthesizes tests that attempt to demonstrate that assertions in a program do not hold.  In 
order to define meaningful assertions, TA1 Grammatech needs requirements that specify 
properties the solution must maintain at runtime. 
(A1) Specify formats for data that the user will see, or that the solution must share with 
other external systems.  Specify details that imply runtime checks, such as: 

• allowable ranges on the values of individual record fields, 

• checksums computed across multiple fields, or  

• semantic relationships between fields including lengths, record counts, and links 
or indexes between fields. 

 
Table 2 - Example TA2 CMU/SEI challenge problem requirements. 

[E1-RND0-3016] A valid Plan is a set of one or more Routes that satisfy all submitted 
Requests, provided the Routes satisfy the following:  

• Each Route is valid per E1-RND0-3010, E1-RND0-3011, E1-RND0-3012, E1-
RND0-3013, E1-RND0-3014 

• No Warehouse would, at any time during Plan execution, contain fewer than 0 
Palettes of any type of inventory 

• No Warehouse would, at any time during Plan execution, contain more than 3200 
total Palettes of inventory 

• Each Request has a Route for which the Truck ends at the Destination Warehouse 
within 6 hours of the requested Delivery Time (early or late). 

 

 
Figure 1 - TA4 SNC control team manual developer workflow.  



   
 

Approved for Public Release; Distribution Unlimited.  
7 

3.2 The final COP/Symlang experiment 
Provatek’s final activity of the IDAS research program was an experiment that compared 
an experimental software development approach based on Apogee Research’s 
experimental COP design methodology and their Symlang programming language with a 
control approach based on the popular Python general-purpose programming language 
coupled with traditional design methods.   
After solving some warm-up problems, two developers each solved a series of 14 
software development challenge problems twice, once using the experimental approach 
and once using the control approach.  The first problem challenged the developers to 
extend a solution to an earlier warm-up problem to meet a new set of requirements 
proposed by the Government and Apogee.  Each of the subsequent problems challenged 
the developers to extend their earlier solutions to meet further new or changed 
requirements. 
Provatek compared the two approaches on three metrics: 

1. extensibility in terms of the number of person-minutes of effort the developers 
required to produce each solution, 

2. extensibility in terms of the proportion of source lines of code the developers 
added or changed to extend each prior solution to meet new and changed 
requirements, and 

3. for the most challenging problem, the performance of the solutions in terms of the 
time and space complexity of their key algorithms. 

The experiment produced no evidence that either the traditional/Python approach or the 
COP/Symlang approach had an advantage over the other in terms of the effort required to 
extend solutions or in terms of the time/space efficiency of those solutions at runtime. 
Section 3.2.1 provides a brief summary of Apogee Research’s experimental COP and 
Symlang approach and the traditional design methodologies and Python general 
programming language Provatek’s developers chose for their control approach.  
Section 3.2.2 describes the design of the experiment and its series of software 
development challenge problems. 

3.2.1 Experimental and control approaches 
Apogee Research described their experimental COP design methodology and Symlang 
programming language in the following whitepaper: 

Lee, Holland, Gerson, Huang, Fortunato, Fisher, “Controller-Oriented 
Programming: A New Paradigm for Managing Software Complexity Creating 
Adaptable & Efficient Code through Partitions & Controllers,” to appear 
[LEE2022]. 

This paper presents an example in which developers use COP and Symlang to develop 
and extend a dictionary-like virtual data store service that dispatches store and lookup 
operations to a distributed set of actual balanced-tree data stores and guarantees that 
lookups will complete within a particular time bound. 
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The COP design methodology encourages designers to identify the central element of a 
problem, identify the key property that would drive high-level executive decisions and 
assign those instances of the key elements to logical “partitions” based on this property.  
In the paper’s example, the key element was the actual balanced-tree data stores, their 
key property was whether a balanced tree was about to grow too deep to permit 
sufficiently quick lookups, and the solutions provided one partition for data stores whose 
trees were on the verge of growing too deep and another partition for data stores with 
plenty of capacity. 
Apogee tailored the Symlang programming language to support COP designs with 
operators to define partitions, move elements from one partition to another as their key 
properties change, and to call external Java routines to handle low-level operations on 
elements.  Perhaps critically, they included special “do” operators to specify that a 
particular operation be handled by one, all, or some k elements in a particular partition.  
This operator enabled the paper’s data store solutions to succinctly express the concept of 
assigning the task of storing a given element to any arbitrary data store in the plenty-of- 
capacity partition–all data stores in that partition being functionally equivalent from the 
executive logic’s point of view. 
In March 2022, Apogee research provided Provatek’s developers with an hour-long 
tutorial on COP and Symlang and their latest documentation. 
Provatek’s developers selected the Python general-purpose programming language for 
the experiment’s control.  Python scored as one of the most popular programming 
languages in the 2019, 2020, and 2021 Stack Overflow developer surveys, beating C, 
C++, C#, and Java but losing to JavaScript.  They settled on two traditional design 
methods: 

• A control-flow-oriented approach called structured or procedural design that
encourages a divide-and-conquer approach in which developers break large tasks
demanded by the requirements into ever-smaller tasks until they arrive at a
directed graph of tasks that are each small enough to be solved by their own
routine or subroutine.

• A data-flow design approach that encourages developers to view a problem as a
pipeline of transformation procedures, each of which takes an input, operates on
it, and produces an output that takes the pipeline closer to the solution demanded
by the requirements.
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Figure 2  Rev Problem #1 (A).  Test rig architecture (B).  
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Table 3 - Challenge problem summary. 

Unmeasured warm-up problems: 
TP1 Four friendlies must exchange tracks via radio until all know all targets.  
TP2 TP1 plus friendlies must adopt the highest-quality track for each target. 

Challenge problems measured in this report: 
RP1 Friendlies must combine low-quality tracks into a synthetic track that is of 

sufficient quality to guide a weapon to a target.  This was the problem of 
greatest interest to Apogee Research. 

RP2 Friendly aircraft whose sensors generate tracks that are of quality 
sufficient to guide weapons to targets are “seers.”  Friendlies with 
weapons are “shooters.”  Allocate a single target to each shooter. 

JP1 RP2, but allocate each target to its closest shooter whenever possible. 
TP3 JP1 with surplus seers edge case not handled by earlier solutions. 
TP4 JP1 with an edge case where multiple targets share a closest shooter. 
TP5 JP1 with a shortage of shooters edge case. 
TP6 RP1 plus friendlies must discover whether peers are seers or shooters. 
TP7 TP4 with a surplus of shooters edge case. 
TP8 RP1 without a distinct designated friendly to act as the shooter. 
TP9 TP8 plus only one of the two potential shooters can take the shot. 
TP10 TP9 plus only one of the two potential shooters has a weapon. 
TP11 Allocate shooters to targets in a way that minimizes the total shooter-

target distance across the entire flight of friendly aircraft.  Each friendly 
carries a different number of weapons.  The most difficult problem. 

TP12 TP11 plus no friendly may completely exhaust its supply of weapons. 
TP13 TP11 but each friendly aircraft must take at least one shot. 

Additional challenge problems not measured in this report: 
TP14 RP2, but friendlies must not shoot targets that are close to other friendlies. 
TP15 RP2, but friendlies must not shoot when another friendly is in the way. 
TP16 TP2 but the network no longer supports broadcast messages. 
TP17 TP1 with network unreliability requiring message resends. 
TP18 TP1 with network unreliability requiring timeouts, acks, and resends. 
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3.2.2 The experiment 
Provatek’s May 2022 technical report #114 “IDAS Final Experiment Plan” describes all 
the details of the experiment, including the requirements for all the challenge problems 
and the procedures for measurement [FRA2022].  Provatek delivered this technical report 
to the Government as its CLIN 0002 DIN A014 Demo Plan.  This subsection provides a 
brief summary of those details. 
The plan defined 21 challenge problems.  Each problem described a scenario similar to 
the one diagrammed in Figure 2A in which a flight of friendly aircraft (shown as deltas 
F1, F2, and F3 in the diagram) pursued a number of target aircraft (delta T1) around a 
racetrack-shaped flight path (solid oval line).  Each friendly aircraft had sensors that 
produced tracks that estimated the locations of any hapless target aircraft who wandered 
into their fan-shaped field of regard (dashed triangles).  Some friendly aircraft carried 
weapons.  Those that did could guide a weapon to a target for which they had a track, 
subject to the following complication:  The accuracy of the sensor estimates decreased as 
the distance from friendly to target grew; only the tracks for relatively close targets were 
accurate enough to guide a weapon.  Friendly aircraft could share tracks with each other 
over a somewhat unreliable radio network, enabling a distant friendly aircraft with a 
weapon to gain a track from an unarmed friendly close to a target and put it to use. 
The problems challenged developers to create a “data distributor” software component to 
run aboard each friendly aircraft.  Each problem required these data distributors to 
cooperatively reach a particular goal condition by managing track sharing and assigning 
particular friendly aircraft to shoot weapons at particular target aircraft.  Each problem 
introduced new and changed requirements and challenged developers to extend their 
earlier solutions to meet them. 
Figure 2A’s problem is Rev Problem #1 (RP1), the first problem defined by the 
Government and Apogee Research, named for its co-creator DARPA PM Lt. Col. Jimmy 
“Rev” Jones.  Table 3 briefly describes the series of all 21 challenge problems.  The 
series included three problems defined by the Government and Apogee: RP1, RP2, and 
with some refinement by Provatek, Tim Problem #1.  Provatek defined the remaining 
Tim and Jake problems (TP, JP).  All the problems involved friendly and target aircraft in 
the style of RP1. 
In the experiment, software developers sought to solve each challenge problem twice, 
once using the experimental COP design methodology and Symlang programming 
language, and once with the popular Python general-purpose programming language 
coupled with traditional design methods as a control.  Two of this report’s co-authors 
acted as the software developers: 

Matthew Evenson, a software developer with two decades of experience in 
software companies large and small who preferred to couple a traditional 
structured design method with Python, and 

Jake Decker, a software developer embarking on his first job after graduating 
from college who preferred to couple a traditional data-flow design 
method with Python.  
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Co-author Timothy Fraser acted as coordinator, responsible for distributing challenge 
problems to the developers and reviewing their designs and solutions. 
Provatek used the first two problems (TP1, TP2) as warm-up exercises to give the 
developers some experience with COP and Symlang.  The challenge began in earnest 
with the coordinator presenting the next three problems (RP1, RP2, JP1) to the 
developers at the same time.  The coordinator presented each subsequent problem to each 
developer as that developer demonstrated they had a correct solution to the previous one.  
The developers solved as many problems as they could over a period of roughly three 
calendar months. 
To solve each problem in a given programming language, the developers: 

1. produced a design document that met particular criteria for thoroughness,
2. presented the design to the coordinator and passed the coordinator’s review,
3. developed a solution based on that design, and
4. demonstrated the correctness of that solution to the coordinator using the test rig.

Provatek measured two quantities for all solutions: 
Effort in terms of the total number of person-minutes spent by the developer and 

coordinator on the above activities.  Note that considering the total time 
spent on design and development together rather than attempting to 
distinguish between the two enabled Provatek to avoid the difficult 
problem of operationally defining which minutes of the developer’s 
intellectual activity counted as design and which development. 

Effort in terms of the proportion of a new solution’s source lines of code that were 
added or changed by the developer in their effort to produce the new 
solution by extending an old one. 

Provatek also manually analyzed the performance of the solutions to the most difficult 
challenge problem in terms of their big-O time and space algorithmic complexity.  
Provatek preferred this analytic approach to the alternative of repeatedly running the 
solutions and taking measurements of actual usage.  The solutions spent most of their 
time waiting for the arrival of input and the problem goals generally required a specific 
condition to hold for 20 continuous seconds.  The results of timed runs would have 
represented these wait times rather than actual solution performance. 
Provatek anticipated that the developers would expend more effort the first time they 
solved a given problem than the second, as the first solution would bear the cost of 
understanding the problem and devising a strategy to solve it and the second solution 
would have the benefit of this thinking with none of the cost.  To prevent this first-
solution effort penalty from overshadowing the impact of the design method and 
programming language approaches, the developers attempted their solutions in a 
particular order that alternated approaches and ensured the COP/Symlang and 
traditional/Python approaches each had an equal number of first implementations.  Table 
4 shows this alternation for the first two problems. 
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Ultimately, the developers solved enough problems to present measurements for 14 
challenge problems (RP1 through TP13) with a Symlang and Python solution from each 
of the two developers arranged in a pattern with the following properties: 

• There are an equal number of solutions from each developer, 

• each developer used Symlang first and Python first an equal number of times, and 

• the number of Jake-Symlang-first, Matt-Symlang-first, Jake-Python-first, and 
Matt-Python-first solutions are all equal. 

 
Provatek developed a test rig to support the experiment.  Figure 2B contains a diagram of 
its architecture.  It had three major components, all simulators: 

• a world simulator that simulated the movement of friendly and target aircraft and 
the track production of sensors, 

• a network transport simulator that simulated the unreliable radio network and its 
habit of sometimes dropping messages, and 

• the developer’s solution to the problem that simulated the operation of the data 
distributor component aboard each friendly aircraft. 

Each problem required developers to create data distributor logic sufficient to reach its 
goal condition and to simulate that logic in a solution component that interoperated with 
the world and network transport simulators. 
 
 

Table 4 - One cycle of the approach alternation pattern. 

Problem Developer Jake Developer Matt  
RP1 COP/Symlang first, then Structured/Python first, then 
 Data flow/Python. COP/Symlang. 
RP2 Data flow/Python first, then COP/Symlang first, then 
 COP/Symlang. Structured/Python. 
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4.0 RESULTS AND DISCUSSION 
The following subsections present and discuss the results of TA3 Provatek’s original 
IDAS evaluation effort (Subsection 4.1) and those of the final evaluation it accomplished 
after the May-2021 IDAS program revision (Subsection 4.2). 

4.1 The original IDAS effort 
TA3 Provatek began its IDAS effort with a survey of the technical approaches of the TA1 
research teams.  TA3 Provatek completed this survey in July 2020 and used its findings 
to advise TA2 CMU/SEI on the kinds of requirements changes that would be relevant to 
each team’s technical approach in evaluations.  This subsection presents the results of the 
survey.  It refers to the functionality the teams expected to provide in the first IDAS 
evaluation: Test Evaluation 1.  It uses the IDAS term concretization to describe the 
decisions developers make that fix details of a program.  Concretizations include 
decisions that are fundamental and necessary to solve the problem and those that are 
unimportant choices between equally good options.  Figure 2 contains diagrams of the 
semi-automated developer workflows for each of the TA1 approaches.  The following 
subsection provide succinct summaries of these approaches as they stood at the time of 
the survey. 

4.1.1 TA1 Apogee 
Designers record initial concretizations based on customer requirements in a SymLang 
program; the designer refines it with further concretizations until it is complete enough to 
translate into a shippable Java executable.  
SymLang encourages designers to: 

• view problems as processes that loop indefinitely, consuming input, changing
their internal state, and producing output, and to

• view solutions as controllers that examine that state on each iteration and adjust it
to maintain particular desired properties.

SymLang’s most distinguishing feature is its DoOne/DoK dispatch mechanism. 
In Test Evaluation #1, concretization was to be manual, aided by automated stability 
analysis to show that controller adjustments did not become increasingly extreme. 
Apogee was developing a design methodology at the time of Provatek’s survey.  TA3 
believed it was based on abstraction and controllers.  Apogee believed it transcended 
abstraction. 
(The paragraph above represents an early snapshot of TA1 Apogee’s status in July 2020.  
TA1 Apogee continued work on the IDAS program after the May 2021 revision and 
eventually arrived at a design methodology they named Controller-Oriented 
Programming.) 

4.1.2 TA1 Grammatech 
Concretizations accumulate in the Argot: a tree of constraints, partial programs with types 
and assertions, and references to all past implementations. 
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How concretizations might have occurred in Test Evaluation 1: 

• Manual updates to the Argot tree, its constraints, and partial programs.

• Automatically find patches by mutating program along failed test trace.  Use
mutations whose structure is found in other parts of the program.

• Automatically type programs by trying a series of potential typings sorted by
statistical popularity until you find one that passes your type checker.

• Synthesis of tests via property-based testing.

• Semi-automated Eclipse-style source-level refactoring transformations.

• Automated source-level merge conflict resolution.
4.1.3 TA1 Perspecta Labs 

Designers manually create an Intent Specification: an architecture with typed interfaces 
and requires/ensures assertions in domain-specific abstractions. 
How further concretizations might have accumulated as Candidate Programs in Test 
Evaluation 1: 

• Automation uses an (initial) brute-force SMT-based search to attempt to find a
combination of program pieces that matches the structure and constraints of each
component in the intent specification architecture.

• It draws program pieces from a domain-specific corpus.  Each is annotated with
the same kind of types and assertions as in the Intent Specification.

• If it finds no matching combination, the automation prompts the designer to
implement matching pieces manually and add them to the corpus.

4.1.4 TA1 Vanderbilt 
Concretizations accumulate in a version-controlled append-only database of Models.  
There are five interlinked models: Domain, Objectives-Intent-Constraints (OIC), 
Application, Synthesis, and Target, each with its own job. 
How concretization might have occurred in Test Evaluation 1: 

• Manual update of domain, customer requirement, and target execution
environment details encoded in the above models.

• Semi-automated synthesis of code via Kestrel’s APT toolkit.

• Automated generation of glue code, skeleton code, and/or hierarchical state
machine code from models.

• Manual import of code from existing libraries.

• Manual implementation of code not covered by the above methods.
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Figure 3 - Semi-automated TA1 research team developer workflows 
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Table 5 lists the effort measurements for developer Jake Decker in terms of both person-
minutes (PM) expended and the proportion of new or changed source Lines Of Code 
(LOC) in solutions.  Each row presents the measurements for a given combination of 
problem and design/language approach.  The “BASED ON” column identifies the earlier 
problem whose solution the developer extended to solve the current problem.  First 
solutions have a “Y” in the column marked “FIRST?”; second solutions have an “N”.  
Table 6 lists the equivalent effort measurements for developer Matthew Evenson. 
The subsections below describe a series of statistical tests on this data.  All statistical tests 
chose critical values sufficient to achieve 95% confidence.   

4.2.1 Traditional/Python vs. COP/Symlang effort 
Table 7 shows the measurements arranged in matched pairs where each pair couples the 
effort measurements for a given developer’s traditional/Python and COP/Symlang efforts 
on the same problem.  Each pair is thus a contest between Python and Symlang with the 
same developer on the same problem.  There are no pairs that mix developers.  There are 
no pairs that mix problems.  There are 28 pairs.  14 are from developer Jake Decker.  
14 are from developer Matthew Evenson.  Half of each developer’s pairs give Python the 
disadvantage of being used for the first solution.  The other half give that disadvantage to 
Symlang.   
The “CHANGE PM” column compares the effort required with Python to the effort 
required with Symlang in terms of person-minutes.  This column uses the Python effort 
as the basis for comparison, with negative numbers representing cases where Symlang 
took less effort and positive numbers representing cases where Python took less effort.  
The “CHANGE LOC” column compares effort in terms of the proportion of new or 
changed lines of code.  It is a simple difference with negative numbers representing cases 
where the Symlang solution had fewer added or changed lines of code and positive 
numbers representing cases where the Python solution had fewer. 
Table 8 and Table 9 each show a matched pairs experiment to test the hypothesis that the 
mean effort required for the COP/Symlang approach is less than that of traditional/Python 
approach.  Table 8 considers effort in terms of person-minutes expended; Table 9 
considers effort in terms of added or changed LOC. 
Out of concern that our 28 pairs may be too few to properly support a matched pairs 
experiment, Provatek also ran Wilcoxon signed ranks tests (a method capable of drawing 
conclusions from a small number of pairs.)  Table 10 and Table 11 present Wilcoxon 
signed ranks tests of the hypotheses that the median effort required for COP/Symlang 
solutions is less than that of traditional/Python solutions in terms of person-minutes and 
added or changed LOC, respectively.  
None of the four tests produced sufficient evidence to reject their null hypothesis that the 
mean or median effort required by the traditional/Python control approach and the 
COP/Symlang experimental approach are equal. 

4.2.2 First-solution vs. second-solution effort 
During the experiment, the developers carefully alternated the language they used for 
their first implementations to mitigate the impact of first-implementation disadvantage on 
our Python-vs-Symlang effort comparison.  This alternation can also be used to mitigate 

4.2 The final COP/Symlang experiment 
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the impact of Python-vs-Symlang language choice on a comparison of the effort required 
for first and second implementations.  This alternate mitigation enables tests of the 
hypothesis that the mean effort required for first implementations is greater than that 
required for second implementations.  Although this test is not directly relevant to the 
traditional/Python vs. COP/Symlang comparison, it is relevant to Provatek’s general 
mission to research methods of comparing programming languages. 
Table 12 shows our measurements arranged in matched pairs where each pair couples the 
effort measurements for a given developer’s first and second implementations of the 
same problem.  Table 13 presents a matched pairs experiment that considers effort in 
terms of person-minutes expended.  Table 14 presents a matched pairs experiment that 
considers effort in terms of added or changed LOC.  Table 15 and Table 16 present 
Wilcoxon signed ranks tests for similar hypotheses. 
The Wilcoxon signed ranks test in Table 15 provides evidence that the median effort for 
second implementations in terms of person-minutes expended is indeed lower.  The 
corresponding matched pairs experiment in Table 13 agrees, estimating that the second 
implementation reduces mean person-minutes of effort by roughly 25%.  However, LOC-
oriented tests in Table 14 and Table 16 do not provide sufficient evidence to reject their 
null hypotheses that the mean or median efforts of first and second implementation in 
terms of added or changed LOC are the same. 
Table 17 and Table 18 test for linear correlation between the person-minute-based and 
LOC-based effort differences observed in the Python-vs-Symlang and first-vs-second-
implementation experiments, respectively.  Neither test produced sufficient evidence to 
reject the null hypothesis that the numbers representing the two notions of effort are 
uncorrelated. 

4.2.3 Traditional/Python vs. COP/Symlang time and space complexity 
Table 19 presents the results of a manual big-O analysis of the time and space usage of 
all four solutions to TP11, the most difficult problem in terms of person-minutes 
required.  Although the table shows differences between developers, it shows no 
differences between the Python and Symlang solutions produced by the same developer. 
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Table 5 - Measurements for developer Jake Decker. 
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Table 6 - Measurements for developer Matthew Evenson 
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Table 7 - Matched pairs for traditional/Python vs. COP/Symlang. 
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Table 8 - Matched pairs experiment, tradtional/Python vs. COP/Symlang, person-minutes. 



   
 

Approved for Public Release; Distribution Unlimited.  
23 

Table 9 - Matched pairs experiment, tradtional/Python vs. COP/Symlang, LOC. 
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Table 10 - Wilcoxon singed ranks test, Python vs. Symlang, person-minutes. 
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Table 11 - Wilcoxon signed ranks test, Python vs. Symlang, LOC. 
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Table 12 - Matched pairs for 1st vs. 2nd solutions. 
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Table 13 - Matched pairs experiment, 1st vs. 2nd solutions, person-minutes. 
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Table 14 - Matched pairs experiment, 1st vs. 2nd solutions, LOC. 
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Table 15 - Wilcoxon signed ranks test, 1st vs. 2nd solutions, person-minutes. 
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Table 16 - Wilcoxon signed ranks test, 1st vs. 2nd solutions, LOC. 
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Table 17 - Linear correlation test between person-minutes and LOC, Python vs. Symlang. 
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Table 18 - Linear correlation test between person-minutes and LOC, 1st vs. 2nd. 
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Table 19 - time and space algorithmic complexity analysis for TP11. 

 
 Traditional/Python COP/Symlang  

Jake time O(n6) O(n6) 

Jake space O(2n) O(2n) 
Matt time O(n6) O(n6) 
Matt space O(n6) O(n6) 
Where n is proportional to the total number of friendly and target aircraft in the scenario.  
(TP11 had only 6 aircraft, enabling these algorithms to work despite their complexity.) 
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4.2.4 Discussion 
The experiment produced no evidence that either the traditional/Python approach or the 
COP/Symlang approach had an advantage over the other in terms of the effort required to 
extend solutions or in terms of the time/space efficiency of those solutions at runtime.  
Before drawing its conclusions, Provatek re-examined the experiment’s design seeking 
flaws that might have prevented the COP/Symlang approach from performing better.  A 
discussion of this re-examination follows. 
One flaw hypothesis was that the two warm-up problems did not provide the developers 
with sufficient familiarity with COP and Symlang to use them to their full potential, and 
that COP/Symlang might have fared better on the later problems than they had on the 
early ones.  Table 20 and Table 21 present Wilcoxon signed ranks tests for the person-
minute and LOC effort hypotheses using only the last six problems in the series.  These 
tests do not support the insufficient warm-up hypothesis; like the earlier tests of the full 
data set, they indicate no benefit from either approach. 
Another flaw hypothesis was that one developer’s COP/Symlang results were good but 
were overridden by bad results by the other developer, either because one made a better 
initial COP design than the other, or because one consistently made better use of 
Symlang’s features than the other.  There were differences between developers: 

• Both developers had decided on tracks as the key element of the problems, but 
developer Jake Decker’s designs partitioned tracks based on their accuracy, while 
developer Matt Evenson’s designs partitioned tracks based on their source.   

• Jake Decker’s solutions were on average 50% Symlang code and 50% Java.  Matt 
Evenson’s were 23% Symlang and 77% Java on average. 

Table 22, Table 23, Table 24, and Table 25 present Wilcoxon signed ranks tests that 
repeat the earlier person-minute and LOC effort tests separately for the two developers.  
These tests do not support the bad-overrides-good hypothesis; like the earlier tests with 
both developers together, they indicate no benefit from either approach. 
Although Provatek was able to reject those two explanations with additional statistical 
analyses, two plausible explanations remained that were not so easily dismissed.  First, 
Provatek’s analyses used critical values sufficient only for 95% confidence.  It could be 
that COP/Symlang is indeed an improvement over Python coupled with traditional design 
methods and the results reported here were simply the product of bad luck.  A similar 
experiment with more developers or more challenge problems might produce more 
matched pairs of measurements and deliver a different result with higher confidence. 
Second, it could be that the results reported here are accurate but misleading.  It could be 
that COP and Symlang are like logic programming and Datalog: a programming 
paradigm and language optimized for and suited to a particular kind of problem.  The Rev 
problems proposed by the Government and Apogee Research may not have been 
examples of that kind of problem.  Provatek noted that their developers did not find an 
opportunity to use the “DoK” form of Symlang’s “Do” operator that dispatches control to 
arbitrarily chosen functionally equivalent elements in a partition in their solutions.  The 
absence of this form of dispatch may suggest that the Rev problems were not any more 
amenable to COP solutions than they were to traditional solutions. 
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The Government and Apogee Research originally hoped to use the Rev problems both as 
challenge problems for this experiment and as the basis for a demonstration of an 
operationally relevant use case.  Although Provatek was not privy to the details of the use 
case, the authors imagine their choice of problem may have represented a necessary 
compromise between the conflicting needs of those two purposes and may have 
ultimately led to challenge problems that were outside of COP’s ideal domain.  A similar 
experiment with challenge problems more relevant to COP might demonstrate the 
superiority of COP/Symlang in that particular problem domain. 
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Table 20 - Wilcoxon signed ranks, Python vs. Symlang, person-minutes, later problems. 

 
  



   
 

Approved for Public Release; Distribution Unlimited.  
37 

Table 21 - Wilcoxon signed ranks, Python vs. Symlang, LOC, later problems. 
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Table 22 - Wilcoxon signed ranks, Python vs. Symlang, person-minutes, Jake Decker. 
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Table 23 - Wilcoxon signed ranks, Python vs. Symlang, person-minutes, Matt Evenson. 
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Table 24 - Wilcoxon signed ranks, Python vs. Symlang, LOC, Jake Decker. 
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Table 25 - Wilcoxon signed ranks, Python vs. Symlang, LOC, Matt Evenson. 
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5.0 CONCLUSIONS 
The following subsections present the conclusions TA3 Provatek drew from its original 
IDAS evaluation effort (Subsection 5.1) and from the final evaluation it accomplished 
after the May-2021 IDAS program revision (Subsection 5.2). 

5.1 The original IDAS effort 
The authors offer the following observation to readers considering potential future 
research programs that, like IDAS, might seek to reduce the development effort required 
to update software to meet new requirements or changing environmental constraints. 
IDAS presumed the same developers who produced the initial version of a piece of 
software would be the ones responsible for updating that software to meet new 
requirements.  While we have no statistics on how often this has been the case in the past, 
the immense amount of software in use by the DoD and the long lifespans of some 
examples leads us to suspect that entirely new development teams do sometimes inherit 
the job of updating old software written by others. 
In his paper “Programming as Theory Building” [NAU1985], Turing award winner Peter 
Naur proposes that the reasons why a given piece of software is structured the way it is, 
and thus the ways in which it might best be modified to meet some new requirement, is a 
theory that exists only in the minds of that software’s developers.  This theory is not 
traditionally encoded in the software’s source code, nor is it to be found in typical 
specification or design documents.  It can be conveyed to a new developer only by that 
developer joining the team of original developers and working in close contact with them 
for some time.  If a piece of software’s original team of developers is not available, Naur 
concludes, it would be less effort for a new development team to write a completely new 
piece of software from scratch to meet a set of updated requirements than it would be for 
them to modify the old one. 
This is certainly an interesting conjecture; future research programs might explore cases 
where new developers update old software produced by others. 

5.2 The final COP/Symlang experiment 
Conclusions relevant to Apogee Research’s experimental COP design methodology and 
Symlang programming language: 

1. The experiment produced no evidence that either the traditional/Python control 
approach or the COP/Symlang experimental approach had an advantage over the 
other in terms of the effort required to extend solutions or in terms of the 
time/space efficiency of those solutions at runtime. 

2. COP and Symlang may be a programming paradigm and programming language 
like logic programming and Datalog: optimized for and suited to a particular class 
of problem.  The Rev problems that formed the basis of the challenges in this 
experiment may not have been members of COP/Symlang’s ideal problem 
domain; a future experiment with challenges drawn from this ideal domain might 
deliver a different result. 
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3. Provatek’s analyses used critical values sufficient only for 95% confidence; the 
results of this experiment could simply be due to bad luck.  A similar experiment 
with more developers or more challenge problems might deliver a different result 
with higher confidence. 

Conclusions relevant to the design of experiments to compare programming languages: 
4. This experiment produced evidence that second solutions of a given problem took 

25% fewer person-minutes of effort to complete than first solutions, likely 
because the first solutions bore the cost of understanding the problem and 
devising a strategy to solve it and the second solution had the benefit of that 
thinking with none of the cost.    

5. This experiment produced no evidence that the mean proportion of lines of code 
added or changed was different between first and second solutions. 

6. This experiment produced no evidence of a linear correlation between 
development effort in terms of person-minutes spent and the proportion of added 
or changed lines of code.  Although easier to measure, counting added and 
changed lines of code does not appear to be a good predictor of person-minutes of 
effort. 
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7.0 LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS 
 
AFRL Air Force Research Laboratory 
AMDD Agile Model Driven Design 
APT Automated Program Transformations 
CLIN Contract Line Item Number 
COCOMO Constructive Cost Model 
COP Controller Oriented Programming 
CMU/SEI Carnegie Mellon University Software Engineering Institute 
DARPA Defense Advanced Research Projects Agency 
DIN Data Item Number 
DoD Department of Defense 
GNU GNU’s Not UNIX 
IDAS Intent-Defined Adaptive Software 
JP Jake Problem 
LOC Lines Of Code 
Lt. Col. Lieutenant Colonel 
OIC Objectives-Intent-Constraints 
PM Program Manager 
RP Rev Problem 
SMT Satisfiability Modulo Theory 
SNC Sierra Nevada Corporation 
TA Technical Area 
TP Tim Problem 
TDD Test Driven Development 
 


	1.0 SUMMARY
	2.0 INTRODUCTION
	3.0 METHODS, ASSUMPTIONS, AND PROCEDURES
	3.1 The original IDAS effort
	3.1.1 TA3 Provatek evaluation team
	3.1.2 TA2 CMU/SEI problem set generation team
	3.1.3 Evaluation plan
	3.1.4 TA4 SNC control team

	3.2 The final COP/Symlang experiment
	3.2.1 Experimental and control approaches
	3.2.2 The experiment


	4.0 RESULTS AND DISCUSSION
	4.1 The original IDAS effort
	4.1.1 TA1 Apogee
	4.1.2 TA1 Grammatech
	4.1.3 TA1 Perspecta Labs
	4.1.4 TA1 Vanderbilt

	4.2 The final COP/Symlang experiment
	4.2.1 Traditional/Python vs. COP/Symlang effort
	4.2.2 First-solution vs. second-solution effort
	4.2.3 Traditional/Python vs. COP/Symlang time and space complexity
	4.2.4 Discussion


	5.0 CONCLUSIONS
	5.1 The original IDAS effort
	5.2 The final COP/Symlang experiment

	6.0 REFERENCES
	7.0 LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS



