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”Failure is not an option”

Gene Kranz, flight director Apollo 13

Apollo 13 launch,  April 11 1970

A book by Tom Wolfe (1979) and a 
movie by Philip Kaufmann (1983) 
about the fine qualities of the early 
astronauts.

Coolness in the face 
of danger

The Right Stuff
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”Failure is not an option”

Gene Kranz, flight director Apollo 13

Only, in reality he never said that!

It was attributed to him in order to 
market the movie Apollo 13 (1995)

The Right Stuff

That stuff is not quite right!
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This talk will not be about spacecrafts

nor about fine qualities of astronauts

It will be about correctness of artifacts

= stuff that is 
right!

The Right Stuff
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The Right Stuff -
failure is not an option

What are the dangers that our stuff is not right?
How can we make sure that it is right?

we = theoretical computer 
scientists

= our theorems

Joachim Parrow, Uppsala University
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The Right Stuff -
failure is not an option
Joachim Parrow, Uppsala University

• The Stuff in science

• The Stuff in theoretical 
computer science

• The psi experience: how I get 
my Stuff right
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The Stuff in Science
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Are there reasons to worry?
YES!

Biotechnology VC rule of thumb: 
half of published research cannot 
be replicated.

Amgen tried to replicate 53 
landmark results in cancer research.
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Are there reasons to worry?
YES!They succeeded in 6 cases (=11%)

Nature, March 2012
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Why ?
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Publish or Perish

• Need to publish a lot

• Need to publish quickly

• High rewards for publications

• No penalty for getting things wrong
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Shoddy peer reviews

• 157 out of 304 journals accepted a bogus 
paper (Bohannon, Science 2013)
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• 157 out of 304 journals accepted a bogus 
paper (Bohannon, Science 2013)

• British Medical Journal referees spotted less 
than 25% of planted mistakes (Godlee et all, J. American 

Medical Association 1998)

Shoddy peer reviews
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Fraud

• 2% admit to falsifying data

Fanelli, Plos One 2009 
Summarizes 18 studies 1988-2005
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• 14% claim to know colleagues who do

• 33% admit to questionable research practice

• 72% claim to know colleagues who do

Fraud

• 2% admit to falsifying data

Fanelli, Plos One 2009 
Summarizes 18 studies 1988-2005
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Irreproducibility

• In 238 papers from 84 journals 2012-2013, 
54% of resources were not identified 
(Vasilevsky et al, PeerJ 2013)
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• Does not vary with impact factor!

• Reproducing results is a lot of work for very 
little gain.

Irreproducibility

• In 238 papers from 84 journals 2012-2013, 
54% of resources were not identified 
(Vasilevsky et al, PeerJ 2013)
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Chance

• Experiment with sampled data: a risk that the 
samples are a fluke

• False negative: fail to establish a result

• False positive: establish an incorrect result
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Hypotheses

• Never experiment at random!  Always try 
to support or reject a hypothesis, that 
some interesting property holds

• Compared to the null hypothesis =    
no interesting property holds
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• Outcome of an experiment: can be because 
of a fluke, assuming the null hypothesis

• The probability of this = the p-value 

• Small p-value => reject null hypothesis

p-value
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• Example: a coin is fair or biased. Null 
hypothesis = fair coin.

• Five tosses gets five heads

• Assuming null hypothesis: probability 1/32 ≈ 3%

• I believe the coin is not fair

p-value
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• Area standard: p-value of 5% is enough to 
reject the null hypothesis.

• Q: So, because of this, what 
proportion of the published results 
will be false?

p-value
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• Out of all hypotheses tested, what 
proportion is actually true?

• Depends heavily on the field

• Reasonable overall assumption: 0.1 (one 
out of ten hypotheses is actually true)

False hypotheses
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One thousand hypotheses tested
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One hundred of them are actually true
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900 x 0.05 = 45 are erroneously found to be true
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False negatives: typically at least 20%
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What we publish as true:

80 things that are actually true

45 things that are actually false

36% of published ”truths” are false
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Corollaries

• The number of attempts is large

• The flexibility in designs, definitions etc is large

• The topic is hot

•  etc

Increased likelihood of study being wrong if
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The Stuff in Theoretical 
Computer Science
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• Publish or Perish?

• Shoddy peer reviews?

• Fraud?

• Irreproducibility?

• Chance?

Do we have any of
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What about the p-values?

• No p-values! A theorem is either proven or 
not!

• But, we do occasionally have errors in 
proofs.

• With what frequency will we produce a 
proof with an error in it?
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What about the hypotheses?
• No hypotheses!

• But, we do have conjectures that we try 
to prove.

• How often do we try to establish 
conjectures that are not true?
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My typical day at work
• My hunch: objects of kind X satisfy 

property Y.

• X and Y are complicated (= several pages of 
definitions) and apt to change.

• I attempt a proof. It turns out to be very 
difficult. I need to adjust the definitions of 
X and Y.
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• I attempt a new proof. It turns out to be 
very difficult. I again need to adjust the 
definitions of X and Y.
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From the pi-calculus proof 
archive (1987): first ever proof 
of scope extension law!
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• I attempt a new proof. It succeeds! Now I 
can publish!

Time passes, and eventually...

standard research practice: 
Discovering exactly what to prove 
in parallel with proving it
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• I attempt a new proof. It succeeds! Now I 
can publish!

Time passes, and eventually...

standard research practice: 
Discovering exactly what to prove 
in parallel with proving it

I spend much more time 
trying to prove things that 
are false than proving 
things that are true.
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Things 
I try to 
prove

Things I fail 
to prove

Things I 
manage 
to prove

Things I 
prove but 
wrongly

Caveat: As opposed to the situation in life sciences, 
we cannot yet quantify the figures.
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How bad is it?
Anecdotal: My personal experience

• Several results published in my immediate area in 
major conferences the last years

• Serious error in the statement or proof of a 
theorem

• Many are well cited and used

• One of them is my own
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Run your research
• Investigates 9 papers from ICFP 2009

• Selection criterion: suitable for formalisation 
in Redex (high level executable functional 
modelling language)

• Result: found serious mistakes in all papers

• Formalisation effort less than the effort to 
understand the papers

Klein et al, POPL 2012
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Run your research
• Investigates 9 papers from a major 

conference

• Selection criterion: suitable for formalisation 
in Redex (high level executable functional 
modelling language)

• Result: found serious mistakes in all papers

• Formalisation effort less than the effort to 
understand the papers

Klein et al, POPL 2012
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Mistake in translating Agda 
code to the paperDecidability result false

Errors in examples (results verified in Coq)

Optimization applied also when 
unsound

Program transformation undefined in presence of constants

Assumed decomposition lemma does not hold

Abstract machine uses unbounded resources

False main theorem

Missing constructor definitions for 
some datatypes
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Measuring 
Reproducibility in 
Computer Systems 
Research

Collberg et al, Univ. Arizona
March 2014

Examines reproducibility
of tool performances

http://reproducibility.cs.arizona.edu/tr.pdf

Papers %reproducible 

25% out of 613 tools 
could be built and run
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No#theorems#

No#proofs#

irreproducible#
proofs#

reproducible#
proofs#

Formal#proof#

Reproducible proofs?
My own quick investigation of all 29 papers in ESOP 2014

31% 
Reproducible
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Doing the Right Stuff
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So what can we do?
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Structural changes
• More recognition for thorough results, less 

publish and perish

• More recognition for re-proving old results

• Better paid reviewers with more time

• Ignore results without full proofs
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Meta models

Come to MeMo2014 tomorrow 
to learn about meta models
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Get your stuff right

• Be careful in proofs. 

• Write out all details

• Make available and have someone check
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Use a theorem prover

• A tool to help you find and check proofs

• Better nomenclature: interactive proof 
assistant

• Much more usable today than ten years ago
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Psi - calculi framework

• A meta model for process calculi

• Developed in Uppsala since 2008

• 2-6 persons working on it

• (Come to MeMo tomorrow to learn more)
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•Using Isabelle/Nominal to verify theory

•What are the benefits?

•What are the costs?

The psi experience

onsdag 18 juni 14



Benefit 1: Certainty (no false assertions)
Benefit 2: Good proof structure (clarity of arguments) 

Benefit 3: Flexibility (easy to change details)
Benefit 4: Generality (keep track of assumptions)

Formalisation during development, not post hoc:

Using a theorem prover
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Our proof archive, 2010

~32 KLoCNominal(lemmas(

Basic(data(structures(

Opera3onal(seman3cs(

Strong(bisim(

Weak(bisim(

Other(
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Example: case rule

 B Pi
↵�! P 0  ` 'i

 B case e' : eP ↵�! P 0change to

does this matter?
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Example: Higher-order rule

 ` M ( P  B P
↵�! P 0

 B run M
↵�! P 0

Now re-prove all the theory!

With Isabelle: took a day and a night
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Example: Broadcast
One transmission : many listeners
Channels with dynamic connectivity

Six new semantic 
rules, two new 
kinds of action

Broadcast Psi-calculi with an Application to Wireless Protocols 7

BrOut
� � M

.
⇤ K

� ⇤ M N . P
!K N���⇧ P

BrIn
� � K

.
⌅ M

� ⇤ M(⇥ey)N . P
?K N [ey:=eL]�������⇧ P [ey := eL]

BrMerge
�Q ⇥ � ⇤ P

?K N���⇧ P 0 �P ⇥ � ⇤ Q
?K N���⇧ Q0

� ⇤ P | Q
?K N���⇧ P 0 | Q0

BrCom
�Q ⇥ � ⇤ P

!K (�ea)N������⇧ P 0 �P ⇥ � ⇤ Q
?K N���⇧ Q0

� ⇤ P | Q
!K (�ea)N������⇧ P 0 | Q0

ea#Q

BrOpen
� ⇤ P

!K (�ea)N������⇧ P 0

� ⇤ (⇤b)P
!K (�ea[{b})N���������⇧ P 0

b#ea, �, K
b ⌃ n(N)

BrClose
� ⇤ P

!K (�ea)N������⇧ P 0

� ⇤ (⇤b)P
⇥�⇧ (⇤b)(⇤ea)P 0

b ⌃ n(K)
b#�

Table 2 Operational broadcast semantics. A symmetric version of BrCom is
elided. In rules BrCom and BrMerge we assume that F(P ) = (⇤ebP )�P and

F(Q) = (⇤ebQ)�Q where ebP is fresh for P,ebQ, Q, K and � , and that ebQ is fresh for

Q,ebP , P, K and � .

names �a fresh in K. As before, we omit (⇥�a) when �a is empty, and in ex-
amples we omit N when it is not relevant. The transitions of well-formed
agents are defined inductively in Tables 2 and 1, where we let � range over
both unicast and broadcast actions.

The rule BrOut allows transmission on a broadcast channel K that the
subject M of an output prefix is out-connected to. Similarly, the rule BrIn
allows input from a broadcast channel K that the subject M of an input
prefix is in-connected to. When two parallel processes both receive a broad-
cast on the same channel, the rule BrMerge combines the two actions.
This rule is necessary to ensure the associativity of parallel composition.
After a broadcast communication using BrCom, the resulting action is the
original transmission. This is di�erent from the unicast Com rule, where a
communication yields an internal action ⇤ . The BrOpen rule allows broad-
cast communication of data containing scoped names. Rule BrClose states
that a broadcast transmission does not reach beyond its scope. This allows
for broadcasting on restricted channels. Dually, the Res rule (of Table 1) en-
sures that broadcast receivers on restricted channels cannot proceed unless
a message is sent. The Par rule allows for broadcasts to bypass a process,
as in most other broadcast calculi for wireless systems.

Quite hard
!
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Example: HO broadcast
Combining broadcast and higher order

”These extensions don’t interact” (wild handwaving)

With Isabelle, took half a day and a cup of tea
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Experiences
• Facilitated continuous development

• Absolutely necessary to gain confidence

• Main error source: theorem formulation

• Isabelle/Nominal itself is developing...
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Our proof archive, 2013

342 KLoC
Higher'order*

Broadcasts*

HO*broadcast*

Priori3es*

Reliable*broadcast*+*
priori3es*
up'to*techniques*

Sorts*

Original*psi*
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What about the cost?
Part of Isabelle/Isar proof.
Whole proof = 475 lines, 8h work
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A binary relation R on agents is an MJbisim if R(P,Q) implies

1. F(P)=F(Q)  (static equiv)
2. R(Q,P)
3. Forall Psi. R({Psi}|P, {Psi}|Q)
4. Forall a s.t.  bn(a)#Q.  P -a-> P'  =>  Q-a->Q' and R(P',Q')
(here transitions without assertion means bottom assertion)

Conjecture 1.
a) Psi |> P -a-> P' implies  {Psi}|P -a-> {Psi}|P'.
b) {Psi}|P -a-> T implies exists P'. T = {Psi}|P' and Psi |> P -a-> P'
Proof: For a: by the PAR rule and F({Psi})=Psi. For b: case analysis on deirivation of {Psi}|P-a->T, and here only PAR can be used. Details are left as an exercise for the reader :)

Conjecture 2.
{Psi}|{Psi'} ~ {Psi+Psi'}
Proof: Directly from definitions. Obvious :)

Conjecture 3. If R is an MJbisim up to ~ and R(P,Q) then there is an MJbisim R' such that R'(P,Q)
Proof: By intimidation :)

Lemma 1
If R is an MJbisim then R* =def {(Psi, P,Q): R({Psi}|P, {Psi}|Q)} is a bisimulation up to ~
Proof. We need to check 4 conditions. Assume R*(Psi,P.Q). Then R({Psi}|P, {Psi}|Q).
1. Psi + F(P) = Psi + F(Q). Follows from F({Psi}|P) = F({Psi}|Q).
2. R*(Psi,Q,P). Follows from R({Psi}|Q, {Psi}|P).
3. All Psi' . R*(Psi+Psi', P, Q). Follows from All Psi' .  R({Psi'}|{Psi}|P, {Psi'}|{Psi}|Q), and Conjecture 2. Note that here we probably need associativity.
4. Psi |> P-a-> P' implies exists Q' . Psi |> Q-a-> Q' and R(Psi,P',Q'). So assume Psi |> P-a-> P'. Then by Conjecture 1a {Psi}|P -a-> {Psi}|P'. By Condition 4 on MJbisim and R({Psi}|P, {Psi}|Q) we get 
{Psi}|Q -a-> T with R({Psi}|P',T). Conjecture 1b then gives that there exists a Q' such that T = {Psi}|Q' and {Psi} |> Q -a-> Q'. Also R({Psi}|P',{Psi}|Q') by definition implies R*(Psi,P',Q'), as required.
QED

Lemma 2.
If R* is a bisimulation then R = def {({Psi}|P, {Psi}|Q): R*(Psi,P,Q)} is an MJbisim up to ~.
Proof. We need to check 4 conditions. Assume R(T,U). By definition there are Psi,P,Q s.t. T={Psi}|P, U={Psi}|Q, R*(Psi,P,Q).
1. F(T)=F(U). Follows from R*(Psi,P,Q) and thus Psi+F(P) = Psi+F(Q).
2. R(U,T). Follows from R*(Psi,Q,P) and definitions.
3. Forall Psi' . R({Psi'}|T, {Psi'}|U). Follows from Forall Psi' . R*(Psi'+Psi,P,Q), Definitions and Conjecture 2.
4. T -a> T implies exists U' . U -a-> U' and R(T',U'): So assume T -a-> T'. Then by T={Psi}|P and Conjecture 1b we get P' such that Psi |> P -a-> P'. By R*(Psi,P,Q) we get Psi |> Q -a-> Q' and 
R*(Psi,P',Q'). By conjecture 1a we get {Psi}|Q -a-> {Psi}|Q'. So choose U' = {Psi}|Q'. We thus have U -a-> U', and by R*(Psi,P',Q') and definition also R(T',U').
QED

Corollary
P ~ Q  iff there exists an MJbisim R  such that R(P,Q)
Proof.
=>:  Suppose P ~ Q. Then there is a bisimulation R* such that R*(bot,P,Q). Define R as in Lemma 2, using this R*. It follows that R is an MJbisim and R(0|P, 0|Q), and therefore R U {(P,Q)} is also an 
MJ-bisimulation up to ~. By Conjecture 3 there is than an MJbisim as required.
<=: Suppose R is an MJ-bisimulation up to ~ and R(P,Q). Then R(0|P, 0|Q). By Conjecture 3 there is an MJbisim R' such that R'(0|P,0|Q). So by Lemma 1 there is a bisimulation (up to ~) R* such that 
R*(bot,P,Q), which implies P~Q.

Part of corresponding manual proof.
From our email archive.
Whole proof = 70 lines, 2h work
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Lemma 2.
If R* is a bisimulation then R = def {({Psi}|P, {Psi}|Q): R*(Psi,P,Q)} is an 
MJbisim up to ~.
Proof. We need to check 4 conditions. Assume R(T,U). By definition there 
are Psi,P,Q s.t. T={Psi}|P, U={Psi}|Q, R*(Psi,P,Q).
1. F(T)=F(U). Follows from R*(Psi,P,Q) and thus Psi+F(P) = Psi+F(Q).
2. R(U,T). Follows from R*(Psi,Q,P) and definitions.
3. Forall Psi' . R({Psi'}|T, {Psi'}|U). Follows from Forall Psi' . 
R*(Psi'+Psi,P,Q), Definitions and Conjecture 2.
4. T -a> T implies exists U' . U -a-> U' and R(T',U'): So assume T -a-> T'. 
Then by T={Psi}|P and Conjecture 1b we get P' such that Psi |> P -a-> P'. 
By R*(Psi,P,Q) we get Psi |> Q -a-> Q' and R*(Psi,P',Q'). By conjecture 1a 
we get {Psi}|Q -a-> {Psi}|Q'. So choose U' = {Psi}|Q'. We thus have U -a-> 
U', and by R*(Psi,P',Q') and definition also R(T',U').
QED

Structure vs Syntax
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The cost?

One measure of effort: ”manhours”
This particular proof: 
 Isabelle effort is four times the manual proof

In general 
This factor varies wildly
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The cost?

One measure of effort: ”manhours”
This particular proof: 
 Isabelle effort is four times the manual proof

In general 
This factor varies wildly

Theory development is not exclusively
- not even mainly -
about writing down proofs. 

So the factor is not so important.
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The cost!

Study of time spent by 4 persons over 25 
months on developing the Psi framework

1/3 of the effort went into Isabelle formalisation

2/3 of the results have been fully formalised
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The cost!
1/3 of the effort went into Isabelle formalisation

2/3 of the results have been fully formalised

Work with Isabelle

Work outside Isabelle
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”Failure is not an option”
Our motto, from now on!

Correctness in the 
face of complications

”Failure is not an option”

A lecture by Joachim Parrow (2014)  
about the fine qualities of 
contemporary computer science

The Right Stuff

Apollo 13 landing,  April 17 1970
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Thank you!
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