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DARPA CwC Final Report Addendum

Stanford University

March 2021

The DARPA Communicating with Computers (CwC) program enabled numer-
ous research contributions from our team at Stanford University. Our earlier con-
tributions were motivated primarily by the Blocks World use case, and later con-
tributions by the Collaborative Composition use case. This document provides
technical details of our primary accomplishments under each use case as well as
how these accomplishments contributed to the goals of the CwC program. Addi-
tionally, we highlight several other contributions and artifacts that were enabled by
this program.

1 Collaborative Composition: WRITING WITH Al

Since 2018, our research efforts focused on the Collaborative Composition use
case. The culmination of these efforts was WRITING WITH Al, a system enabling
seamless human-computer co-creation for creative writing of short stories, which
we will describe in detail below. The WRITING WITH Al system builds on insights
from numerous contributions made by our CwC team to the related tasks of editing
human text [Guu et al., 2018l [Hashimoto et al.l 2018} [He et al., 2019, Pryzant
et al., 2020] and text generation [Li et al., 2018} |[Khandelwal et al., [2018], |Kruk
et al., 2019, |[Hashimoto et al., 2019, [Zhang et al., 2019, [Iter et al., 2020]].

1.1 WRITING WITH Al

WRITING WITH Al is a system which assists humans in creative writing for short
stories by providing dynamic suggestions to a user based on their current focus
(Figure [T). The design of this system was motivated by the observation that ex-
isting tools for story co-creation required humans to learn a new and unfamiliar
format for creative writing, e.g., taking turns with a computer to contribute indi-
vidual sentences. We felt that forcing users to learn an entirely new paradigm was



Writing with Clitificial Tnfelligence -

Prompt: The moon is haunted

Sentence completion But | hadn't actually

As | stared at the craters surrounding me, my mouth agape, | felt the sensation of believed it

shivers down my spine. | had heard the story. Legend says that when the Moon did
not shine, the Devil would come out of it But, as a skeptic, | never actually believed
that the moon could be possessed.

Sentence completion Halfway through my
tale, I felt the gentle warmth of the moon.

Sentence completion Legend says that
when the Moon did not shine, the Devil
would come out of it.

Word substitution tale

Word substitution account

Word substitution narrative

Word substitution legend

Figure 1: Screenshot of the WRITING WITH Al interface.

at tension with several CwC hallmarks: that humans should be able to communi-
cate comfortably (H9), learn to use the system quickly (H72), and that the system
should not distract users (H32). Hence, we aspired to build a system which dy-
namically offered suggestions to users as they typed, allowing users to have help
available when they need it but otherwise not impeding them.

Guided by this principle, we designed an interface allowing for intuitive and
unobtrusive co-creation: a simple text box and a list of suggestions which auto-
populate as the user types. Additionally, to provide an initial spark of inspiration,
we provide the user with a simple prompt (e.g. “The moon is haunted”), similar
to the model popularized by the /R/WRITINGPROMPTS communityﬂ To increase
relevance to a user’s current focus, the system provides suggestions based on the
location of the user’s cursor. The suggestions themselves come from two under-
lying language models, one which generates new text and one which paraphrases
existing text, which will be described in more detail below.

A major goal of WRITING WITH Al is to be able to support non-linear writ-
ing patterns of writing. Humans often skip around when they write stories, up-
dating earlier parts of the story based on later parts. However, most text generation
models do not facilitate such workflows as they can only generate text at the end of

"https://reddit.com/r/WritingPrompts
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a story, forcing humans to write in a rigid left-to-right manner. To allow for more
flexibility, WRITING WITH Al builds on our previous research on infilling [Don-
ahue et al.,2020]], allowing for variable-length text generation at any user-specified
point(s) in the story. This added flexibility mirrors CwC hallmarks regarding ef-
fective use of context (H55) and using all available information to respond (H53).
Another goal of our system is to encourage more users to write stories by
making the process more efficient and enjoyable. Writing a short story is time
consuming and difficult, and writers block can often . Users on communities like
/R/WRITINGPROMPTS help others overcome these barriers by providing topical
suggestions, and we believe that having a computer act as an interactive writing
partner could make the process even more engaging (H17) and enjoyable (H28).
In addition to making the process more efficient and enjoyable, we also want
our system to enable users to write stories that they never could have written
alone. In the domain of creative writing, the unusual suggestions often associated
with text generation models may be a feature rather than a bug, inspiring new ideas
in humans (H34) and steering them to more interesting and creative results (H27).
To achieve these ambitious goals, we first needed to train a text generation
system capable of providing high-quality suggestions to users at any point in their
ongoing story. In|Donahue et al.| [2020], we proposed a strategy to add this func-
tionality to existing text generation systems (which could only consider text before
the point of generation), combining the quality of their generated text with the
added flexibility of being able to “infill”, i.e., generate text at any point in a docu-
ment.
To get a sense of whether infilling would be interesting and intuitive to users in
a creative writing context, we first built a proof-of-concept interface which allowed
people to rewrite an existing story by selecting parts of it to replace with generated
text (Figure E] We conducted a pilot study with labmates, and users seemed to
enjoy the experience overall. However, in addition to complaints about how the
interface was clunky and unnatural, a common complaint was that the system only
allowed users to generate new text, rather than rewrite text they had already written.
To address this, we began researching strategies for paraphrasing text. We
focused on the simplest case, replacing individual words in context with other ap-
propriate words. In |Lee et al.| [2021]], we collected a large dataset consisting of
human judgements of the contextual acceptability of substitute words in particular
contexts. We then fine-tuned a language model called BERT [Devlin et al., | 2018]]
on this paraphrashing task. The resultant model was integrated alongside our in-
filling model in the WRITING WITH Al system, where users were presented with
replacements for their currently-selected word in addition to generated sentence

Zhttps://chrisdonahue.com/ilm/
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I Katie I decided [ it [ would ] be . to ] dye ] some I Easter ] eggs. l

I She l got ] her ] siblings [ together I and I they ] started ] dying I a ] dozen. ]

I The l chose ] all I different I colors. I

I They l were - of l their l eggs l

<« Undo Infill Redo p

Figure 2: Screenshot of our initial interface which explored text infilling for co-
creation of short stories.

completions from our infilling model (Figure|T).

To gauge the effectiveness of our system, we conducted a study with 100 par-
ticipants on Amazon Mechanical Turk. Participants were required to interact with
the system for at least five minutes, and were asked to write a story in response to
one of four randomly-selected prompts:

1. (Animal) You awake one morning and find an unusual animal in your bed.

2. (Book) A librarian notices small changes in patrons who check out a partic-
ular book.

3. (Rock) You begin to suspect that your pet rock is actually alive.
4. (Well) You drop a coin down a well and hear someone say “Ow!”

After the study, users were asked to fill out a survey regarding the experience.

In Table[I] we show one example per prompt of stories co-created by users and
our WRITING WITH Al system during the user studyE| Overall, despite no explicit
requirements to do so, > 90% of users added suggestions from our system to their
story, and system suggestions comprised a total of 38% of the words present in
final stories. While users only accepted about 4% of the total suggestions from

3We acknowledge and thank Dr. Cheryl Clark and the MITRE team for assistance with analyzing
the logs from our WRITING WITH Al user study.



Prompt  Co-created story

Animal “Mommy?” I asked gently, shivering slightly. The blanket starts
shifting as I start to reach for the lamp. “Gross” I think to myself.
Something wet is on my blanket and there is a small hump under
my covers. “Maybe I need to just take out the trash or something”
I muse. I turn the light on to see a little grey hunk of skin standing
on my lap. “I need to talk to you” the grey mass says. I am flustered.
“How are you talking?!” I reply. “There’s no time for that. We need
your help...”

Book She wonders what is in the book that causes them to change. After
some deep contemplation, she decides to read the book for herself.
Right from the start of the first chapter, she’s drawn into the story
as if she were actually in it. Feeling a sense of fascination, as the
sounds and smells come alive, she realizes that she actually IS in the
story! “This is amazing!” she cried out. She began to investigate her
surroundings exploring every corner and searching for every detail.
She finds a rather odd looking rock and pushes it over, revealing a
mysterious black hole in the ground. Unable to see into the hole, she
leans into it to get a better look, and is suddenly sucked into the black
hole! Everything fades to blackness and when she finally wakes up,
she thinks to herself ‘That’s weird” as she finds herself back in the
library.

Rock “Oh wow! How is this even possible”, I pondered before leaning
back and letting my legs fall on the cold floor. I get up, pick up the
rock and set it on a chair, “so do you feel hungry?, I don’t know any
rock food...”, I said.

Well I wonder what or who is down in that well. I definitely want my
coin back and will go to any length to get it because I think someone
in down there collecting the coins. I said to my friend “I will go
and find it, I will stop at nothing until I get my coin back.” I real-
ize the well is gross as I reach out to grab the coin. My friend said
that he wanted to help me. I responded and said, “Will you take my
coin?”

Table 1: Examples of co-created stories by users from our Mechanical Turk study
and WRITING WITH Al one for each of the four prompts. Highlighted text was
generated by our system verbatim, underlined text was generated by our system
and then modified by users before adding to the final story.



the system, this is not cause for concern as our system was designed such that
suggestions are passive and can be ignored when the user does not need assistance.

Analysis of the logs shows extensive evidence that users write stories in non-
linear fashions, with users commonly backtracking to earlier parts of their story
to edit or re-write text. In addition, more than 25% of the suggestions from our
system that made it into the final stories were inserted in the middle of the story,
suggesting that our system does indeed support such non-linear patterns.

From a qualitative perspective, more than half of users responded to our survey
that the task was more enjoyable with the system than it would have been other-
wise, and that the system was easy-to-use and intuitive. Moreover, 75% of users
reported that the system helped them come up with new ideas that they could not
have come up with alone. Finally, despite the participants of this survey being re-
cruited from Mechanical Turk rather than communities focused on creative writing,
most users stated they would like to engage with the system again. We found this
to be encouraging evidence that our system was making the overall experience of
writing short-stories more engaging, even for people who might have never done
so otherwise.

In addition to positive feedback, users reported some drawbacks of the system.
While a majority of users found the task more enjoyable with the system, less than
half found the task to be more efficient. Additionally, users reported that generated
text was sometimes grammatically incorrect or inconsistent with the surrounding
text, which agrees with our anecdotal experience of using the system. Nevertheless,
some users still found such suggestions beneficial, as they provided (in the words
of one user) “words or ideas I found worth introducing to the story.”

Overall, the results from our user study indicate that WRITING WITH Al helped
humans perform the task of creative writing, contributing not only low-level gener-
ated text but also high-level ideas which shaped the overall narrative. In|See et al.
[2019], we reported that the type of large-scale language models used in WRITING
WITH Al have numerous shortcomings preventing them from writing compelling
stories by themselves. Hence, we believe that WRITING WITH Al is a concrete step
towards one of the primary goals of the CwC program: systems where humans can
collaborate with computers to overcome each other’s shortcomings, accomplish a
shared task more effectively than either could do alone.

2 Blocks World: SHRDLURN and VOXELURN

Before 2018, our research efforts focused on the Blocks World use case. In par-
ticular, we focused on building systems which were capable of adapting to the
changing needs of human users. Human adaptation and accommodation are funda-



mental aspects of bidirectional communication. Even today, most natural language
interfaces on computers or phones are trained once and deployed, and users must
live with their limitations. Our work on interactive language games [Wang et al.,
2016, 2017] demonstrates that humans can perform complex tasks cooperatively
with machine learning systems only if the model is capable of adapting to new
language and use cases specified by humans. Both of these works rely on a tech-
nique called semantic parsing [Zettlemoyer and Collins, 2005, Liang and Potts|
2015|] which converts natural language into formal language; the CwC program
also enabled our team to discover core improvements to semantic parsing [Berant
and Liang| [2015} Jia and Liang, 2016]], hopefully leading to improved collaborative
systems downstream.

2.1 SHRDLURN

The first system we developed as part of this program was SHRDLURN [Wang
et al.) 2016]ﬂ In SHRDLURN, humans specify commands in natural language to
a computer system regarding how to complete a complex task in a Blocks World
environment. With this system, we endeavored to build a computer agent which
could learn to complete complex tasks from scratch, i.e., with no pre-defined lan-
guage. For computers to be able to communicate effectively with humans, it is
important that they be capable of learning new language and instructions as speci-
fied on-the-fly by humans during an interaction.

As shown in Figure[3] the shared objective of the human and the computer is to
transform a starting configuration of blocks into a goal configuration. The human
knows the goal state but the computer does not, and the only action the human can
take is entering a command in natural language. To facilitate this collaboration,
SHRDLURN parses the user-specified natural language commands and produces a
ranked list of possible interpretations according to its current model. The human
scrolls through the list and chooses the intended one, simultaneously advancing the
state of the blocks and providing feedback to the computer. Both the human and
the computer wish to reach the goal state with as little scrolling as possible. For
the computer to be successful, it has to learn the human’s language quickly over
the course of the game, so that the human can accomplish the goal more efficiently.
Conversely, the human can also speed up progress by understanding and working
around the limitations of the computer.

We model the computer as a semantic parser [Zettlemoyer and Collins, 2005,
Liang and Potts| [2015]], which maps natural language commands (e.g., ‘remove
red’) into logical forms (e.g., REMOVE(WITH(RED))). The semantic parser has no

*https://shrdlurn.sidaw.xyz/
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start

goal
°* «!: put blocks on the top 2 orange from the left (#14/32), | : showing the next one

put brown blocks on orange

il LTV

Figure 3: The SHRDLURN game: the objective is to transform the start state into
the goal state. The human types in a natural language command, and the com-
puter (which does not know the goal state) tries to interpret the command and
perform the corresponding action. The computer initially knows nothing about the
language, but through the human’s feedback, learns the human’s language while
making progress towards the game goal.



seed lexicon and no annotated logical forms, so it just generates many candidate
logical forms. From the human’s feedback, it learn by adjusting the parameters
corresponding to simple and generic lexical features. It is crucial that the computer
learns quickly, or users are frustrated and the system is less usable.

To evaluate the effectiveness of the SHRDLURN system, we conducted a user
study on Amazon Mechanical Turk (AMT). In this study, 100 workers piloted our
system to complete the same task, requiring an average of 102 commands each to
complete the task across an average time of around an hour. We were pleased to
see that some users even found this simplistic setup to be engaging, as reflected in
their optional comments:

* “That was probably the most fun thing I have ever done on mTurk.”
* “Wow this was one mind bending games”

We measure system performance by lowest number of scrolls, i.e., we want the
human to have to sift through as few computer interpretations as possible. Through
inspection, we found that 22 players were unable to teach the computer an actual
language, and instead finished the game primarily by scrolling. On average, these
22 players scrolled 21.6 scrolls per command versus only 7.4 for the others. In Fig-
ure 4] we show examples of the types of languages that humans naturally chose to
pilot the computer system.

Overall, we find that many players adapt to the task by becoming more con-
sistent, less verbose, and more precise. For example, some players became more
consistent over time (e.g. from using both REMOVE and DISCARD to only using
REMOVE). We were also encouraged to see that our system was flexible enough
to be taught commands in several different languages. Different users were able to
successfully pilot the system using English, Arabic, Polish, and a custom program-
ming language. This flexibility is a rarity in natural language interfaces, and a key
feature of our system

We believe these observations are central to the goals of the CwC program.
In particular, we observed that our system allowed humans to both complete a
complex task while simultaneously teaching the system new language and con-
cepts. To be capable of adapting to new challenges, collaborative computer systems
must learn new concepts through interaction with users and improve over time, and
SHRDLURN accomplishes this difficult goal.

2.2 VOXELURN

In SHRDLURN, our language learning system started from scratch for each user
engagement. However, while this system allowed humans to teach diverse sets of



Most successful players (1st-20th)

rem cy pos 1, stack or blk pos 4, rem
blk pos 2 thru 5, rem blk pos 2 thru 4,
stack bn blk pos 1 thru 2, fill bn blk,
stack or blk pos 2 thru 6, rem cy blk
pos 2 fill rd blk (3.01)

remove the brown block, remove all
orange blocks, put brown block on
orange blocks, put orange blocks on
all blocks, put blue block on leftmost
blue block in top row (2.78)

Average players (21th-50th)

Remove the center block, Remove the
red block, Remove all red blocks,
Remove the first orange block, Put a
brown block on the first brown block,
Add blue block on first blue block
2.72)

reinsert pink, take brown, put in pink,
remove two pink from second layer,
Add two red to second layer in odd
intervals, Add five pink to second
layer, Remove one blue and one
brown from bottom layer (9.17)

remove red, remove 1 red, remove 2 4
orange, add 2 red, add 1 2 3 4 blue,
emove 1 3 5 orange, add 2 4 orange,
add 2 orange, remove 2 3 brown, add
12345red. remove 23456,
remove 2, add 1 2 3 4 6 red (8.37)

Least successful players (51th—)

move second cube, double red with
blue, double first red with red, triple
second and fourth with orange, add
red, remove orange on row two, add
blue to column two, add brown on
first and third (7.18)

holdleftmost, holdbrown,
holdleftmost, blueonblue,
brownonblue 1, blueonorange,
holdblue, holdorange2, blueonred2 ,
holdends1, holdrightend, hold2,
orangeonorangerightmost (14.15)

‘add red cubes on center left, center
right, far left and far right’, ‘remove
blue blocks on row two column two,
row two column four’, remove red
blocks in center left and center right
on second row (12.6)

Spam players (~ 85th-100)

laugh with me, red blocks with one
aqua, aqua red alternate, brown red
red orange aqua orange, red brown
red brown red brown, space red
orange red, second level red space red
space red space (14.32)

next, hello happy, how are you, move, gold, build goal blocks, 23,house, gabboli, x, run,,xav, d, j, xcv, dulicate goal (21.7)

Most interesting

usun brazowe klocki, postaw
pomaraificzowy klocek na pierwszym
klocku, postaw czerwone klocki na
pomaraficzowych, usui
pomaraiiczowe klocki w gérnym
rzedzie

rmscat+ 1 ¢,+ 1 ¢, rmsh, + 12 4 sh,
+lc,-4o,rm1lr,+ 130, fullfillc,
rm o, full fill sh, - 1 3, full fill sh, rm
sh,rmr,+23r,mo, + 3sh,+23
sh,rmb,-10,+2¢,

mBROWN,mBLUE,mORANGE
RED+ORANGE"ORANGE,
BROWN+BROWNmI1+BROWNm3,
ORANGE +BROWN

+ORANGE "m1+ ORANGE 'm3 +
BROWN™2 + BROWN"4

Figure 4: Example commands, along with the average number of scrolls for that
player in parentheses. Success is measured by the number of scrolls, where the
more successful players need less scrolls. 1) The 20 most successful players tend
to use consistent and concise language whose semantics is similar to our logical
language. 2) Average players tend to be slightly more verbose and inconsistent
(left and right), or significantly different from our logical langauge (middle). 3)
Reasons for being unsuccessful vary. Left: no tokenization, middle: used a coor-
dinate system and many conjunctions; right: confused in the beginning, and used a
language very different from our logical language.
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1 initial
2 add palmtree

3 select 3tothe left

add yellow palmtree x | FINISH DEFINITION

B isolate [add palm
tree; select green]

B add yellow

add yellow palm tree\
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Figure 5: VOXELURN web interface, allowing users to build structures via natural
language commands.

commands to the computer, we observed in practice that many users entered similar
commands. Inspired by this, we aspired to build a similar system where users could
build upon the teaching efforts of users before them, hopefully allowing humans to
perform more complex tasks in less time.

In VOXELURN [Wang et al., 2017], users are presented with a similar inter-
face to that of SHRDLURN: a text box which accepts language commands (Fig-
ure El However, instead of attempting to parse natural language commands right
off the bat and have users select the appropriate parse among several, we initially
allow users access to a precise programming language. This programming lan-
guage gives users precise and powerful control over their environment, but is more
difficult to use than natural language commands (bottom of Figure 5). To get the
best of both worlds, users can naturalize this programming language over time:
attaching definitions to sequences of commands in the original programming lan-

Shttp://local.voxelurn.com/#/build
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Figure 6: Examples of structures that participants in our Mechanical Turk user
study created using VOXELURN.

guage. This allows users to connect interpretable natural language concepts to
precise functionality.

Definitions equate a novel command to a sequence of commands that the sys-
tem already understands. For example, GO LEFT 6 AND GO FRONT might be de-
fined as REPEAT 6 [GO LEFT]; GO FRONT, which eventually can be traced back
to the expression REPEAT 6 [SELECT LEFT OF THIS]; SELECT FRONT OF THIS
in the core language. Unlike function definitions in programming languages, the
user writes concrete values rather than explicitly declaring arguments. The system
automatically extracts arguments and learns to produce the correct generalizations.
Compared to standard machine learning, say from demonstrations, definitions pro-
vide a much more powerful learning signal: the system is told directly that A 3 BY
4 RED SQUARE is 3 RED COLUMNS OF HEIGHT 4, and does not have to infer how
to generalize from observing many structures of different sizes.

To evaluate the strength of this setup, we conduct a user study on Mechani-
cal Turk, where dozens of users simultaneously taught language to the model and
could build on top of each other’s abstractions. First, we had qualifier tasks, in
which an AMT worker was instructed to replicate a fixed target exactly, ensuring
that the initial users are familiar with at least some of the core language, which is
the starting point of the naturalization process.

Next, we allowed the workers who qualified to enter a second open-ended task,
in which they were asked to build any structure they wanted in 30 minutes. This
process was designed to give users freedom while ensuring quality. The analogy of
this scheme in a real system is that early users (or a small portion of expert users)
have to make some learning investment, so the system can learn and become easier

12
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Figure 7: Percentage of all user-specified commands in our VOXELURN user study
that are part of the core programming language, the induced language (more natu-
ral), or unparsable by the system.

for other users. 70 workers passed the qualifier task, and 42 workers participated
in the final free-building experiment. Together, they built 230 structures, some of
which were surprisingly ornate (Figure [6). In total, over 100k commands were
entered consisting of over bk distinct tokens.

Over the course of the experiment, we observed that the percentage of com-
mands expressed by users in the core language decreased, while the percentage of
commands expressed by users in the induced language increased (Figure[7). We
interpret this as evidence that this naturalization process is both useful and effec-
tive, in that users willingly chose to write more commands in the induced language
as time progressed.

With VOXELURN, we demonstrated a viable strategy for combining the flex-
ibility and precision of programming languages with the ease-of-use of natural
language. Using a mixture of these strategies, users were able to build complex
structures, building upon the added natural abstractions of previous users. We be-
lieve that these principles behind VOXELURN are broadly applicable to computer
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systems which might help humans accomplish many different kinds of complex
tasks more effectively. Moreover, our observations during both SHRDLURN and
VOXELURN reinforce the notion that computer systems must have the ability to
adapt and learn from users in order to be effective in scenarios that were not envi-
sioned beforehand.

3 Other

In addition to our primary efforts described above, our CwC team made numerous
research contributions in the fields of conversational agents [[Li et al., | 2016blalc, [Li
and Jurafsky, [2017], dialogue systems [He et al., |2017} Li et al., 2017, |He et al.,
2018|), and other topics in natural language processing [See et al., 2016, [Hudson
and Maning} 2019} Khandelwal et al., 2019].
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