2019 | Volume 3, OOPSLA

Proceedings of the ACM

on Programming Languages

Association for
Computing Machinery

Advancing Computing as a Science & Profession




Proceedings of the ACM

on Programming Languages

ABOUT ACM

ACM is the world's largest educational
and scientific computing society,
uniting educators, researchers and
professionals to inspire dialogue,
share resources and address the field's
challenges. ACM strengthens the
computing profession’s collective voice
through strong leadership, promotion
of the highest standards, and
recognition of technical excellence.
ACM supports the professional
growth of its members by providing
opportunities for life-long learning,
career development, and professional
networking.

Executive Director and CEO

Vicki L. Hanson

Deputy Executive Director and COO
Patricia Ryan

Director, Office of

Information Systems

Wayne Graves

Director, Office of Financial Services
Darren Ramdin

Director, Office of SIG Services
Donna Cappo

Director, Office of Publications

Scott E. Delman

ACM COUNCIL

President

Vicki L. Hanson

Vice-President

Cherri M. Pancake
Secretary/Treasurer

Elizabeth Churchill

Past President

Alexander L. Wolf

Chair, SGB Board

Jeanna Matthews

Co-Chairs, Publications Board
Jack Davidson and Joseph Konstan
Members-at-Large

Gabriele Anderst-Kotis; Susan Dumais;
Elizabeth D. Mynatt; Pamela
Samuelson; Eugene H. Spafford
SGB Council Representatives

Paul Beame; Jenna Neefe Matthews;
Barbara Boucher Owens

REGIONAL COUNCIL CHAIRS
ACM Europe Council

Dame Professor Wendy Hall
ACM India Council

Srinivas Padmanabhuni

ACM China Council
Jiaguang Sun

BOARD CHAIRS

Education Board

Mehran Sahami and Jane Chu Prey
Practitioners Board

Terry Coatta and Stephen Ibaraki

COMPUTER SCIENCE
TEACHERS ASSOCIATION
Mark R. Nelson, Executive Director

PUBLICATIONS BOARD
Co-Chairs

Jack Davidson

Joseph A Konstan

Board Members
Phoebe Ayers
Chris L. Hankin
Tulika Mitra
Michael Nelson
Sharon Oviatt
Eugene H Spafford
Stephen N Spencer
Divesh Srivastava
Robert A. Walker
Julie R Williamson

SGB Liaison

Nenad Medvidovic

HEADQUARTERS JOURNALS STAFF
ACM Director of Publications

Scott Delman

Publications Operations Manager
Craig Rodkin

ACM Journals Manager

Laura A. Lander

Print Production Manager
Bernadette Shade

Assistant Editor

Stacey Schick

Administrative Assistant

Emily Eng

Bibliographic Processing Coordinator
Anna Lacson

EDITORIAL BOARD

Editor-in-Chief
Philip Wadler,
University of Edinburgh, UK

Advisory Board

Giuseppe Castagna,
Paris Diderot University & CNRS, France

Jeremy Gibbons,

University of Oxford, United Kingdom
Michael Hicks,

University of Maryland, United States

Cristina Lopes,
University of California, Irvine, United
States

Jens Palsberg,
University of California, Los Angeles,
United States

Benjamin C. Pierce,
University of Pennsylvania
Senior Editors

Matthew Flatt,
University of Utah, United States

Richard Gabriel,

Dream Songs, Inc. & HPI

Andrew Myers,

Cornell University, United States
Manu Sridharan, Uber, United States
Guy Steele, Oracle Labs

Associate Editors
Francois Pottier, INRIA, France

Eelco Visser,
Delft University of Technology,
Delft, Netherland

Stephanie Weirich,

University of Pennsylvania, United States
Assistant Editor

Lars Birkedal,

Aarhus University, Denmark
Information Director

Harry Xu,

UCLA, Engineering VI, Rm 496A
Computer Science Department, UCLA
Los Angeles, CA 90095, United States

Association for
Computing Machinery



ABOUT PROCEEDINGS OF
THE ACM ON PROGRAMMING
LANGUAGES

Proceedings of the ACM on Programming
Languages (PACMPL) is a Gold Open
Access journal publishing research on
all aspects of programming languages,
from design to implementation and
from mathematical formalisms to
empirical studies. Each issue of the
journal is devoted to a particular
subject area within programming
languages and will be announced
through publicized Calls for Papers. All
accepted papers receive two rounds

of reviewing and authors can expect
initial decisions regarding submissions
in under 3 months. The journal
operates in close collaboration with the
Special Interest Group on Programming
Languages (SIGPLAN) and is committed
to making high-quality peer-reviewed
scientific research in programming
languages free of restrictions on both
access and use.

Association for
Computing Machinery

JOURNAL WEBSITE
pacmpl.acm.org

SUBMISSIONS

More details, including instructions for
submitting to PACMPL, can be found at
http://pacmpl.acm.org/.

Send orders to:

ACM Member Services Dept.
General Post Office

PO Box 30777

New York, NY 10087-0777

MEMBERSHIP INFORMATION

ACM Member Services Dept.
1601 Broadway, 10th Floor
New York, NY 10019-7434

T: (212) 626-0500

F:(212) 944-1318

Email: acmhelp@acm.org

PACMPL (ISSN: 2475-1421) is published
quarterly in Spring, Summer, Fall,

and Winter by the Association for
Computing Machinery (ACM),

1601 Broadway, 10th Floor

New York, NY 10019-7434

ACM COPYRIGHT NOTICE

PACM is also available in the ACM
Digital Library (DL), the most
comprehensive collection of full-text
articles and bibliographic records

in existence today covering the
fields of computing and information
technology. The full-text database
includes the complete collection of
ACM'’s publications, including journals,
conference proceedings, magazines,
newsletters, and multimedia titles.

dl.acm.org/pacmpl

CONTACT POINTS

Copyright permission
permissions@hg.acm.org
Change of address
acmhelp@acm.org

ACM Code of Ethics
http://www.acm.org/about-acm/
code-of-ethics

Copyright ©2019 by the Association for Computing Machinery (ACM). Permission
to make digital or hard copies of part or all of this work for personal or classroom
use is granted without fee provided that copies are not made or distributed for
profit or commercial advantage and that copies bear this notice and the full
citation on the first page. Copyrights for components of this work owned by
others than ACM must be honored. Abstracting with credit is permitted.

Authors refer to the retained rights section of ACM rights forms for exceptions
around posting the accepted version. The full notice is available at www.acm.org/
publications/policies/copyright-policy#permanent_rights. To copy or otherwise
redistribute requires prior specific permission and/or a fee. Request permission to
republish from: permissions@acm.org or fax Publications Department, ACM, Inc.

Fax +1 212-869-0481.



Editorial Message

EELCO VISSER, Delft University of Technology, The Netherlands, Associate Editor

The Proceedings of the ACM series presents the highest quality research conducted in diverse
areas of computer science, as represented by the ACM Special Interest Groups (SIGs). The ACM
Proceedings of the ACM on Programming Languages (PACMPL) focuses on research on all aspects
of programming languages, from design to implementation and from mathematical formalisms
to empirical studies. The journal operates in close collaboration with the Special Interest Group
on Programming Languages (SIGPLAN) and is committed to making high-quality peer-reviewed
scientific research in programming languages free of restrictions on both access and use.

This issue of the PACMPL journal publishes 73 articles that were submitted in response to
a call for papers seeking contributions on all aspects of programming languages and software
engineering with articles targeting any stage of software development, including requirements,
modeling, prototyping, design, implementation, generation, analysis, verification, testing, evalua-
tion, maintenance, and reuse of software systems, and contributions including the development of
new tools (such as language front-ends, program analyses, and runtime systems), new techniques
(such as methodologies, design processes, and code organization approaches), new principles (such
as formalisms, proofs, models, and paradigms), and new evaluations (such as experiments, corpora
analyses, user studies, and surveys).

The articles were selected from 201 submissions — submitted by the April 2019 deadline for
this issue — by means of a rigorous reviewing process. In the two-stage process, articles were
evaluated with respect to the novelty and importance of their results, the evidence for these results,
and the clarity of their presentation. In the first stage, each article was reviewed by at least three
reviewers during a nine week review period. Additional reviews were sollicited for several articles
to obtain additional expert opinions. Reviews were conducted by the members of a primary review
commiittee, a secondary review committee, and external reviewers. Authors were invited to submit
a detailed response to the reviews. Based on the reviews, the author response, a one week online
discussion, and a two day physical meeting of the primary review committee in Phoenix, Arizona,
10 articles were accepted with minor revisions and 63 articles required major revisions. The first
stage was double blind; submissions were anonymous and the identity of authors was only revealed
after the review period when that was necessary for the evaluation process, which happened
only in a couple of cases. In the second stage, authors submitted non-anonymous revisions after
a six week revision period with a cover letter explaining how they addressed the feedback from
reviewers. Major revisions were re-reviewed by the original reviewers during a two week review
period, determining whether the required revisions were satisfied. The authors of two articles were
asked to make further required revisions.

I am excited by the compelling and thought-provoking work that resulted in this PACMPL issue.
To provoke further discussion and dissemination, the authors were invited to also present their
work to the programming languages community at the next ACM OOPSLA conference. I hope
that you will also join us in October 20-25, 2019 in Athens, Greece for SPLASH/OOPSLA 2019. The
conference will provide many opportunities to share ideas with programming language researchers
and practitioners from institutions around the world.



It was an honor and a privilege to serve as Associate Editor for this issue of PACMPL, and I would
like to thank the many people who contributed to make this a success. First, I would like to thank
all the authors for contributing their work.

Second, I would like to thank the reviewers for their hard work. They have provided very useful
feedback to the authors, helping them to improve their work. The high quality of the articles in
this issue is also the result of their work. The Primary Review Committee consisted of Sara Achour,
Nada Amin, Bor-Yuh Evan Chang, Arthur Charguéraud, Yufei Ding, Alastair Donaldson, Sebastian
Erdweg, Ronald Garcia, David Grove, Gorel Hedin, Martin Hirzel, Marieke Huisman, Gail Kaiser,
Eric Koskinen, Ondfej Lhotak, Yu David Liu, Brandon Lucia, Heather Miller, Todd Mytkowicz,
Alex Potanin, Tiark Rompf, Manu Sridharan, Friedrich Steimann, Fric Tanter, Ross Tate, Emina
Torlak, David Van Horn, Eric Van Wyk, Harry Xu, Nobuko Yoshida, and Francesco Zappa Nardelli.
The Secondary Review Committee consisted of Aggelos Biboudis, Gavin Bierman, Walter Binder,
Eva Darulova, Werner Dietl, Isil Dillig, Sophia Drossopoulou, Susan Eisenbach, Matthew Flatt,
Jeremy Gibbons, Elisa Gonzalez Boix, Sam Guyer, Christine H. Flood, Jeff Huang, Ranjit Jhala,
Stephen Kell, Viktor Kuncak, Christian Kastner, Crista Lopes, Sasa Misailovic, Andrew Myers, Iulian
Neamtiu, Benjamin C. Pierce, G. Ramalingam, Grigore Rosu, Malavika Samak, Jennifer B. Sartor,
Peter Sewell, Xipeng Shen, Michael Steindorfer, Peter Thiemann, and Viktor Vafeiadis. The External
Reviewers were Aws Albarghouthi, Timothy Bourke, Edwin Brady, David Darais, Julian Dolby,
Marco Gaboardi, Rahul Gopinath, Andrew D. Gordon, Marco Guarnieri, Holger Hermanns, Felienne
Hermans, Jeroen Keiren, Dan Kifer, Robbert Krebbers, Shuvendu Lahiri, Mohsen Lesani, Christof
Lofi, Roman Manevich, Darya Melicher, Leo Meyerovich, Peter Miiller, Bruno Oliveira, Aurojit
Panda, Alexander Ratner, John Regehr, Thomas Reps, Manuel Serrano, Alexander J. Summers, Petar
Tsankov, Alex Weddell, Andy Zaidman, and Hengchu Zhang.

Third I would like to thank the SPLASH 2019 conference and its General Chair, Yannis Smarag-
dakis, for providing the authors of this issue the opportunity to present their work.

Finally, I would like to thank the PACMPL Editorial Board and its Editor in Chief Philip Wadler
for their advise, and I would like to thank SIGPLAN and its Executive Committee chaired by
Jens Palsberg for supporting the gold open access publication of the articles in PACMPL and for
organizing a thriving programming language community that produces high quality research as
exemplified in this issue.
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