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A compiler was 87 percent finished. It could not compile two thirds of the programs
it was for.

Both numbers are correct. The first counts individual instructions the compiler knew how
to translate. The second counts whole programs that would actually go through. The gap
between them is what this article is about, and the reason it exists is simple enough to
state in one sentence. A program needs every instruction it uses, not most of them.
One missing instruction out of a hundred stops the whole thing, exactly as one missing link
stops a chain.

That gap then destroyed a carefully reasoned plan. One working session before the
measurement was taken, the author of this article had formally recommended what the next
piece of work should be. The reasoning had no invalid step in it. The measurement showed
the recommendation to be worth nothing at all, because the thing it would have unblocked
does not occur even once in any program the compiler is meant to serve. The instrument
that established this took about twenty minutes to build and two seconds to run.

The article reports that, and then reports four errors made while writing it, all four of
which ran in the direction of a more striking result, and one of which was committed inside
the paragraph warning against the other three.

What this is a case study of

The setting is compiler engineering, and a reader who has never written a compiler can follow
the argument, because the shape of the problem is not specific to compilers.

The concrete project is Keleusma, whose compiler until now has emitted bytecode for
a virtual machine, as described in the self-hosting strategy and its getting-started article.
Native code generation is the step after that one, and it is where the ordering question
first became expensive enough to measure. The lineage of the design sits in the stream-
based compilers series and in the self-hosted silicon compiler. None of that background is
needed to follow what follows, and the measurement stands on its own.

A compiler backend translates a program from an intermediate form into instructions a
machine can run. The intermediate form has a fixed vocabulary of operations, here 66 of
them. Translating each one is separate work. Bringing up a backend therefore means
choosing an order, and the question of which operation to implement next is the ordering
problem this article treats.

The ordering principle in common use ranks the remaining work by how hard each
item is to build and by how tidily it fits the architecture. This article argues that principle
is systematically wrong, and that the correct one ranks by measured frequency of blocking
over a representative body of real programs. The argument is empirical, and nothing here
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is asserted without measurement. An instrument was built over the 58 compilable programs
of the shipped corpus, comprising 73,434 instruction instances across 496 compilation units,
and the resulting distribution is reported in full, including the negative results and confidence
bounds on them.

Anywhere a customer needs a conjunction of features rather than any one of them,
the same trap is available, and the Pattern Extraction section at the end states it without
reference to compilers.

Seven literatures touch this problem and none of them answers it

That absence is the gap the article fills. Each of the following traditions has something
to say about coverage, and none supplies an ordering principle.

Tradition Range surveyed here

Code generation and instruction selection Sethi and Ullman 1970 to Ertl 1999

Verified and validated compilation Necula 1997 to Lopes and colleagues 2021

Abstract interpretation Cousot and Cousot 1977 to Blanchet and
colleagues 2003

Worst-case resource analysis Liu and Layland 1973 to Wilhelm and
colleagues 2008

Corpus-based empirical study Knuth 1971 to Ray and colleagues 2014

Test adequacy and mutation DeMillo and colleagues 1978 to Inozemtseva

and Holmes 2014
Submodular optimisation and prioritisation Nemhauser, Wolsey and Fisher 1978 to
Buchbinder and colleagues 2015

The reason none of them answers the question is the same in every case. They all
reason about instructions, and the quantity that governs delivered capability is a property of
programs.

The Coverage Ordering Problem

The ordering problem for instruction-set coverage during backend bring-up is the question
of which subset of an instruction set a partial code generator should implement first, given
a fixed implementation budget and a target population of programs that the generator is
intended to serve. The problem permits several formalizations depending on the engineering
tradition consulted.

The compiler-construction tradition treats the coverage property as an instruction-selection
completeness question, where the generator must eventually cover the whole instruction set
and the intermediate ordering is a matter of developer convenience. The staged-delivery
tradition, in the form Boehm 1988 gave it, treats the coverage property as an incremental-
capability question, in which each increment should deliver a demonstrable capability to some
consumer. The verification tradition, which is the governing tradition for the present case be-
cause the Keleusma value proposition is definitive worst-case execution time and worst-case
memory usage in the sense surveyed by Wilhelm and colleagues 2008 and by Puschner and
Burns 2000, treats the coverage property as a soundness-preservation question, in the sense
Leroy 2009 establishes for a realistic compiler and Pnueli and colleagues 1998 formulate as
translation validation, in which every implemented instruction must be shown to preserve
the semantics already proven on the bytecode artefact and every unimplemented instruction
must be refused, never approximated.
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The three traditions agree that the instruction set must eventually be covered in full and dis-
agree about the intermediate ordering. The present article adopts the verification tradition
for correctness obligations and argues that none of the three supplies an adequate order-
ing principle, because all three reason about instructions in isolation while the quantity that
governs delivered capability is a property of programs, not of instructions.

Notation

The formal machinery below is worth the four symbols it costs, because the central
result is a comparison between two averages that look interchangeable and are not.
A reader who prefers prose can take the following and skip to the results. One measure
averages over instructions. The other averages over programs, and that one is what
a user experiences. It is far lower.

Let I denote the instruction set, with |I| = 66 in the present case. Let S C I denote the
subset the generator currently lowers, with |S| = 39 at the time of measurement. Let

C: {61,627 ""CM}7 M:496

denote the corpus of compilation units, with each unit ¢, a finite sequence of instruction

instances drawn from [ and |c,,| its length. Write the total instance count

M
N=> lc,|=713434

m=1

and the per-unit lowered count
n°(c,,,S) =[{t € ¢, : 1€ S}

Two coverage measures

The instruction-level coverage is the proportion of instruction instances the generator han-
dles,

1
inst _ E ok
p <S> - Nm:1n (C’H’L?S)'

The unit-level coverage is the proportion of compilation units in which every instruction is
handled. Writing the lowerability indicator

X(CrmS) = H I[L € S] = l[nOk(Cm7S) = ‘Cm”

LEC,,

the unit-level coverage is

1 M
prH(S) = — D> x(ep, 9).
gy



The product is the whole difficulty. A sum forgives a missing term, since ninety-nine
present out of a hundred still averages to 0.99. A product does not forgive anything,
because a single zero anywhere sets the entire result to zero. The first measure is a sum over
instructions and the second is an average of products over programs, which is why they can
differ so widely while both being correct.

The product form of x is the whole difficulty. The generator exploits structured control flow
directly, in the sense of the structured program theorem of Bohm and Jacopini 1966, so that
basic blocks fall out of the instruction stream without the control-flow-graph reconstruction
Allen 1970 formalised, and the conjunction is therefore a property of the instruction multiset,
and no recovered graph enters into it. Lowerability is a conjunction over the unit, so a single
unimplemented instruction sets the indicator to zero regardless of how many instances were
handled. The refusal is not a defect. It is the required behaviour under the verification tra-
dition, since a generator that approximated an unimplemented instruction would emit native
code whose semantics were never proven. The stance is the one Necula 1997 formalises as
proof-carrying code, under which the artefact carries its own evidence, extended to a cer-
tifying compiler by Necula and Lee 1998, and the bytecode-level analogue is the bytecode
verification treated by Leroy 2003 and specified for the Java virtual machine by the Oracle
Java Virtual Machine Specification.

The two measures satisfy p"'(S) < p'"t(.S) with equality only in the degenerate cases where
SO Um ¢,, or where every unit has unit length. Define the coverage gap

D(S) = p"(5) — p*™(S)

which measures the extent to which an instance-level progress report overstates delivered
capability.

Blocking sets and marginal gain

Define the blocking set of an instruction ¢ ¢ S as the set of units that would become lowerable
if and only if « were added,

B(t,S) ={c,, € C: x(¢;n, S) =0 A x(c,,, SU{e}) =1}

with the marginal unit-level gain

1B, S)]

27 = (S U ) — ).

9(t, S)

Let n(¢) denote the instance count of ¢ across the corpus,

M
n(t) = Z’{L/ €cy, it =}

The central structural claim is that g is not monotone in n. Formally, there exist instructions
Ly, Ly & S with

n(te) >nley) and B, S)| < |B(y, S|

The results section exhibits such a pair at WORKSTREAM granularity, with a ratio exceeding
three in the instance count and exceeding three in the opposite direction in the blocking count.
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It does not exhibit one at instruction granularity, and cannot, because the supermodularity
established below empties almost every instruction-level blocking set, so an instruction-level
comparison would compare zeroes. The existence claim above is therefore stated for com-
pleteness of the formalism and is witnessed only after aggregation.

The ordering problem is therefore the selection

“ _ |1B(,9)|
= arg Llél]a\}é)‘@u S)? )‘(Lu S) - H(L)

with (¢) the implementation cost and A the leverage ratio.

That selection rule is not new, and naming it imports both a guarantee and the pre-
cise conditions under which the guarantee fails. Choosing repeatedly the candidate with
the greatest newly covered mass per unit cost is the cost-weighted greedy heuristic for set
covering, analysed by Johnson 1974 and Chvatal 1979, which established the logarithmic ap-
proximation ratio, sharpened by Slavik 1997 and shown to be essentially the best obtainable
unless the complexity classes collapse by Lund and Yannakakis 1994 and Feige 1998. The
ordering problem posed here is set cover with costs, and the leverage ratio is the
classical greedy rule for it.

The guarantee attaches to the covering formulation, while the objective measured
here falls outside it, a distinction the supermodularity section makes precise and which is
the reason the greedy rule is offered below as a heuristic rather than as an approximation
algorithm.

The ordering principle in common use is the degenerate variant

*

Lnaive

= arg min k(L)

which minimises cost alone while leaving |B| unmeasured and therefore implicitly assumed
uniform across instructions. The assumption is false in the case measured below.
Supermodularity, and why greedy carries no guarantee here

The ordering principle advocated here is greedy, and the question is whether greediness
admits the usual formal justification. It does not, and the reason is structurally important.

Write R,, C I for the set of distinct instructions appearing in unit c,,, so that x(c,,,S) =
1[R,, € S]and

1 M

pumt Z 1 R C S

m:1

The objective is monotone non-decreasing,

S C S/ — punit(S> < punit(S/>

since adding an instruction can only turn indicators from zero to one. The marginal gain of
adding ¢ has the explicit form

g(t,8) = ‘{m L€R, NR, \{L}CS}‘
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and for S C S’ the qualifying set for S is contained in the qualifying set for S’, since R,, \
{¢} C S implies R, \ {¢} C S’. Therefore

SCS'CI, +¢8 = g, S) < g(t,5)

which is increasing marginal returns. The objective is supermodular, not submodular.

The whole force of the error lies in a reversed inequality, so both forms belong side
by side. The two properties, and the convex and concave structure that separates them, are
set out in Lovasz 1983. Submodularity, the property that was asserted, is diminishing returns,

SCS = ¢g(,S5) > ¢g(t,S")  (submodular, and FALSE here)

SCS = g, 5) < ¢g(t,S")  (supermodular, and true here)

And the guarantee that submodularity would have bought belongs here too, since
invoking it by name without stating it is what let the error pass. For a monotone submodular
objective under a cardinality constraint the greedy algorithm satisfies

f(Sgreedy) > (1 - %)f(sopﬂ ~ 0.632 f(Sopr)

No such bound is available here. Under supermodularity the greedy choice can be arbi-
trarily bad, because an instruction with zero marginal gain today may have large gain once
its companions are present, which is exactly the situation equation for |B(¢, S)| = 0 above
describes. An initial draft of this article asserted the opposite and invoked the Nemhauser,
Wolsey and Fisher 1978 result to claim that greedy selection attains (1 — %) ~ 0.632 of the
optimum under a cardinality constraint. That claim is false. The classical guarantee requires
diminishing returns, whose tightness Nemhauser and Wolsey 1978 establish, whose depen-
dence on curvature Conforti and Cornuejols 1984 characterise, whose geometric character
Lovasz 1983 develops, whose budgeted variant Khuller and colleagues 1999 treat, and whose
unconstrained non-monotone case Buchbinder and colleagues 2015 settle at one half. Max-
imisation of a monotone supermodular function admits no constant-factor approximation in
general, the containment being of the set-cover family whose completeness Karp 1972 es-
tablished and whose logarithmic inapproximability threshold Feige 1998 proved. The greedy
ordering advocated here is therefore an empirically justified heuristic with no approximation
guarantee attached, and the article says so rather than borrowing authority from a theorem
that does not apply.

The correction is not merely a repair, because the increasing-returns structure explains an
empirical fact the erroneous version could not. Under increasing returns the singleton block-
ing sets are typically empty,

|B(1,S)| =0 formost: ¢ S,  while |B(W,S)| >0

because a unit requiring several unimplemented instructions is unblocked by none of them
individually and by all of them jointly. This is precisely why instruction-level attribution is
uninformative in this setting and why the analysis must aggregate to workstreams. The con-
junction that makes x a product, the conjunction that makes the objective supermodular, and
the conjunction that empties the singleton blocking sets are one observation viewed three
ways.
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Workstream aggregation

Instructions that share a design prerequisite are implemented together, so the practically
available choices are workstreams, not individual instructions. Let W C I \ S denote a
workstream. The workstream blocking set and counterfactual gain are

. B(W,S
BOV.S) = {6 xem ) =0 4 xepuSUW) =1}, Agiw) = BOS)]
Workstream-level counterfactuals are better identified than instruction-level ones, because
the co-occurrence that defeats instruction-level attribution is largely within workstreams in-
stead of across them. An instruction reading a data-segment slot co-occurs with an instruction
writing one far more often than either co-occurs with a coroutine suspension.

The Code Generation Literature, and Where Ordering Is Absent From
It

The instruction-selection literature is mature and supplies no ordering principle, which this
section establishes instead of asserting, because the absence is the gap this article addresses.

The tradition begins with optimality results for restricted shapes. Sethi and Ullman 1970 gave
optimal code generation for arithmetic expressions under a register-count constraint, and the
result is optimal with respect to a fixed and fully implemented instruction set. Glanville and
Graham 1978 introduced table-driven selection by parsing the intermediate representation
against a machine grammar, and Fraser, Hanson and Proebsting 1992 reduced the approach
to a practical generator generator. Ertl 1999 extended optimality from trees to directed
acyclic graphs. At the extreme, Massalin 1987 searched the instruction space exhaustively
for the shortest program computing a function. The tradition also learned to synthesise
the rules rather than write them, which matters because it changes what a low-
ering costs without changing what this article measures. Davidson and Fraser 1984
generated peephole optimisations automatically from a machine description, Aho, Ganapathi
and Tjiang 1989 reduced instruction selection to tree matching with dynamic programming,
Bansal and Aiken 2006 harvested a peephole superoptimiser by enumeration over the target,
and Schkufza, Sharma and Aiken 2013 replaced enumeration with stochastic search over loop-
free binaries. Synthesis lowers ~ and leaves |B| untouched, so it changes the leverage
ratio through its denominator only and reorders nothing that the numerator determines.

Every one of these results presupposes that the target instruction set is available in its entirety.
None addresses the partial-implementation regime, because none has a reason to.

The supporting analyses are likewise complete-set analyses. Allen 1970 established control-
flow analysis, Kildall 1973 the unified dataflow framework, Ferrante and colleagues 1987
the program dependence graph, Wegman and Zadeck 1991 conditional constant propagation,
and Chaitin 1982 register allocation by graph colouring. Static single assignment form, intro-
duced by Cytron and colleagues 1991, given a functional reading by Appel 1998, and reduced
to a simple construction by Braun and colleagues 2013, is the representation the present
generator relies on, since it models the operand stack as memory slots and delegates their
promotion to registers to that machinery. The generator targets the intermediate represen-
tation of Lattner and Adve 2004 specified in the LLVM Language Reference.

The observation to draw is that this literature optimises within a covered instruction set and
is silent on how to reach one. A backend author consulting it finds a great deal about how to
lower an instruction well and nothing about which instruction to lower next. The silence is not
an oversight, because in the settings these works address the instruction set is a fixed input,
never a schedule. It becomes an oversight only when the set is being covered incrementally,
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which is the universal condition of a backend under construction and a condition the literature
treats as a transient state not worth theorising.

Verified and Validated Compilation as the Governing Constraint

The refusal discipline that makes x a conjunction is inherited from the verified-compilation
literature, and the strength of the inheritance determines how much of the ordering problem
is forced and how much is chosen.

Two families of technique exist. The first proves the compiler correct once and for all, of
which Leroy 2009 is the canonical instance for a realistic C compiler and Kumar and col-
leagues 2014 the analogous result for a functional language with a verified implementation
down to machine code. The second validates each compilation run instead of the compiler,
an approach Pnueli and colleagues 1998 introduced as translation validation, Sewell and col-
leagues 2013 applied to a verified operating-system kernel, and Kang and colleagues 2018
carried into the LLVM setting as credible compilation. Zhao and colleagues 2012 formalised
the LLVM intermediate representation itself so that transformations over it may be verified,
and Lopes and colleagues 2021 built bounded translation validation for LLVM into a practical
tool.

Where full verification is unavailable, differential and randomised testing carries the load.
Yang and colleagues 2011 found hundreds of defects in production C compilers by random
program generation, Le and colleagues 2014 introduced equivalence modulo inputs as a gen-
eral oracle for compiler testing, and Chen and colleagues 2016 applied coverage-directed
differential testing across virtual machine implementations. The present generator sits in
this second family. Its oracle is differential execution of the same bytecode on the reference
virtual machine and on the lowered native code, which is the equivalence-modulo-inputs pat-
tern with the input space supplied by hand rather than generated.

The consequence for the ordering problem is that partial implementation is not merely per-
mitted but required to be explicit. A generator in this tradition cannot silently approximate.
Every unimplemented instruction is a refusal, every refusal propagates to the whole compi-
lation unit through the conjunction, and the ordering problem therefore acquires its charac-
teristic structure directly from the verification stance rather than from any property of the
instruction set. A generator willing to emit unverified approximations would face a smooth
ordering problem with diminishing returns and would be able to invoke the classical greedy
guarantee. The verification stance is what makes the objective supermodular and the guar-
antee unavailable, which is a cost of that stance and belongs plainly beside its benefits.

Static Analysis, Undecidability, and the Conservative Stance

The generator consumes shape information produced by an abstract interpretation in the
sense of Cousot and Cousot 1977, which is also the framework within which Blanchet and
colleagues 2003 built a static analyser for large safety-critical avionics software and within
which Regehr and colleagues 2005 eliminated stack overflow in embedded software by bound-
ing stack depth statically. The last of these is the closest published analogue to the native
memory-bound problem the present workstream faces.

The conservative stance the language adopts, under which programs whose bounds cannot
be proven are rejected, is forced by classical undecidability. Rice 1953 established that ev-
ery non-trivial semantic property of programs is undecidable, and Landi 1992 sharpened the
consequence for static analysis specifically. A verifier that admits only what it can prove will
therefore reject some programs that are in fact well behaved, and the size of that gap is a
design parameter and not a defect.
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This bears on the ordering problem in a way not immediately obvious. The corpus measured
below consists of programs the front end accepts, which is a population already shaped by
the conservative stance. Instructions associated with constructs the verifier rejects cannot
appear in the corpus at any frequency, so their measured blocking contribution is zero for
a reason unrelated to demand. The measurement therefore estimates blocking frequency
conditional on admissibility, and an instruction whose frequency would be high in an uncon-
strained population may measure at zero here. No such case is known to arise in the present
data, but the conditioning is a real limitation of the method and not a hypothetical one.

Worst-Case Resource Analysis and the Native Transfer Problem

The reason the whole programme exists is the resource-bound guarantee, and the literature
on that guarantee is what determines whether native lowering can preserve it.

Hard real-time scheduling, in the form Liu and Layland 1973 established, presupposes a worst-
case execution time for each task. Obtaining that number is the subject of a substantial lit-
erature surveyed by Wilhelm and colleagues 2008 and earlier by Puschner and Burns 2000.
The dominant bounding technique is implicit path enumeration, introduced by Li and Malik
1995, which expresses the worst-case path as an integer linear program over basic-block ex-
ecution counts. The precision of any such bound on real hardware depends on microarchitec-
tural modelling, for which Ferdinand and Wilhelm 1999 gave cache behaviour prediction and
Reineke and colleagues 2007 characterised the predictability of cache replacement policies
themselves.

The memory-bound side draws on the region and arena literature. Tofte and Talpin 1997 intro-
duced region-based memory management with static inference of region lifetimes, Grossman
and colleagues 2002 carried regions into a safe systems language, Hanson 1990 gave the
practical arena discipline of allocation by object lifetime, and Berger and colleagues 2002 ex-
amined empirically when custom allocation actually pays. Keleusma’s arena model is of this
family, and the native transfer question is whether a bound proven over the arena survives
lowering to code whose stack frames are chosen by a register allocator in the tradition of
Chaitin 1982.

A companion measurement, recorded in the project’s decision register rather than in a sep-
arate article, establishes that the per-function frame size is recoverable from the emitted
object file, that it folds to a compile-time constant, and that it varies by a factor of roughly
thirty depending on whether the middle-end promotion pass of Cytron and colleagues 1991
has run. That measurement is what makes the Regehr and colleagues 2005 approach appli-
cable here, since it supplies the per-function weights their longest-path analysis consumes.
The ordering relevance is that none of this work is unblocked by the instruction classes the
naive ordering favoured.

Corpus-Based Empirical Study of Programs

The method employed here belongs to a tradition with a clear origin. Knuth 1971 collected
and statically analysed a corpus of FORTRAN programs for the explicit reason that the pro-
fession’s beliefs about which language constructs mattered were untested, and found the
distribution of constructs to be sharply different from the folklore. The paper is the direct
methodological ancestor of the instrument described below, and its central move, which is
to measure the population rather than reason about the language, is the move this article
recommends generalising.

The tradition has continued. Basili and Weiss 1984 formalised the collection of valid software
engineering data and the failure modes of informal collection. Richards and colleagues 2010
measured the dynamic behaviour of deployed JavaScript programs and found systematic di-
vergence between what the language permits, what the literature assumed programs did, and
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what programs actually did. Allamanis and Sutton 2013 and Dyer and colleagues 2013 built
infrastructure for corpus mining at repository scale, and Ray and colleagues 2014 applied
such infrastructure to language-level questions about code quality.

Two lessons from this tradition bear directly on the present measurement. The first is that the
gap between permitted and actual is routinely large, which is exactly the gap the zero result
below occupies, since the four instructions in question are fully supported by the language
and used by no program in the corpus. The second concerns corpus composition, which dom-
inates conclusions, a point Ray and colleagues 2014 and its subsequent reanalyses illustrate
at length, and which the threats-to-validity section below treats as the principal limitation of
this work, never as a formality.

Coverage Adequacy, Mutation, and What a Passing Suite Permits

The instrument reports a coverage figure, and the software-testing literature has spent
decades establishing what coverage figures do and do not mean. The parallel is close enough
to draw explicitly.

Zhu, Hall and May 1997 surveyed test coverage and adequacy criteria and the relationships
among them. The decisive empirical result is Inozemtseva and Holmes 2014, which found that
coverage is not strongly correlated with test-suite effectiveness once suite size is controlled,
and therefore that a coverage percentage is a poor proxy for the property anyone actually
wants. The structural analogy to the present case is exact. Instruction-level coverage p™" is
the attractive, easily computed, and largely uninformative measure. Unit-level coverage p"™"
is the one that tracks delivered capability, and the two differ here by I' = 0.534.

The testing literature also solved the selection problem this article poses, in its own
setting and with the same formal object. Reducing a test suite to a subset preserving
coverage is set cover, stated as such by Harrold, Gupta and Soffa 1993, and the ordering
variant is test-case prioritisation, formalised by Rothermel and colleagues 2001 and surveyed
with selection and minimisation by Yoo and Harman 2012. Safe selection, meaning selection
that cannot discard a test capable of exposing a difference, is due to Rothermel and Harrold
1997. The cautionary result belongs beside them. Wong and colleagues 1995 found that
minimising a suite while holding coverage constant can reduce fault-detection effectiveness,
which is the same warning the present article issues in the opposite direction. A coverage-
preserving reduction and a coverage-maximising ordering are the same optimisation
read forwards and backwards, and both are vulnerable to the measure standing in
for the goal.

The correctness discipline used throughout the development this article reports is mutation
testing, introduced by DeMillo, Lipton and Sayward 1978 and surveyed by Jia and Harman
2011. Every structural assertion in the generator’s test suite carries a must-fire case, meaning
a deliberate defect injected into the lowering that the assertion is required to detect, and a
must-not-fire case, meaning a known-clean input on which it is required to stay silent. The
empirical justification for treating mutants as a proxy for real defects is given by Andrews and
colleagues 2005 and strengthened by Just and colleagues 2014, which found mutant detection
to be correlated with real-fault detection to a degree that supports the practice.

The practice earned its place during this work instead of being adopted on authority. Of
twenty-two mutations run across the increments this article reports, five failed to fire on first
execution, and those five were of four distinct kinds.

One was a null mutation, where the mutated code is semantically identical to the original,
so no test could distinguish it and none should. Changing an arithmetic shift to a logical
one before a truncation that discards the differing bits is of this kind. A null mutation is not
evidence of a coverage gap and treating it as one leads to writing a test that can never fail.
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One was a real coverage gap in a target-specific case, where the hardware happened to
define the behaviour that the undefined-behaviour rule permitted the compiler to exploit, so
no behavioural test on that target could observe the defect. The response is a structural
assertion over the emitted code.

Two were vacuous tests, whose test data carried a symmetry that concealed the asymmetry
under test. In one, two branches of a differential case returned identical values. In the
other, the callee of a cross-function call performed a commutative operation, so exchanging
its arguments changed nothing. The response is redesigned input.

One was genuinely unobservable, a value no program in the language can read. The re-
sponse is an explicit statement that the property is untested and untestable, which is the only
honest option.

The four demand different responses and were nearly conflated. Only the mutation runs distin-
guished them, and the vacuous-test kind recurred three times across the work despite being
actively watched for, which is the strongest available evidence that the failure is structural,
so inattention does not explain it.

Submodular Optimisation, Coverage, and Prioritisation

The formal home of the ordering problem is the maximisation of a set function under a budget,
and the relevant results have been stated above in the course of establishing which of them
apply. The complementary literature is on prioritisation as an engineering practice rather
than as an optimisation problem.

Karlsson and Ryan 1997 introduced a cost-value approach to prioritising requirements, in
which candidate requirements are scored on value and on cost and ordered by the ratio, which
is structurally the leverage ratio A defined above. Their contribution for present purposes is
the observation that practitioners reliably estimate cost and reliably fail to estimate value,
so that a ratio-based method degenerates in practice to a cost-based one unless value is
measured rather than elicited. That is precisely the failure this article documents in the
compiler setting.

The regression-testing literature supplies the closest analogue with an empirical base. El-
baum and colleagues 2002 studied test-case prioritisation across a family of empirical studies
and found that orderings informed by measured fault-detection history substantially outper-
form orderings informed by structural properties of the tests. The transferable finding is
that a measured signal about outcomes beats a structural signal about artefacts, and that the
margin is large enough to justify the measurement cost.

The Identification Problem for Blocking Attribution

The identification problem is the question of separating the blocking contribution of an in-
dividual instruction from the contributions of the instructions that co-occur with it. A unit
blocked by four distinct unimplemented instructions is unblocked by none of them individ-
ually, so naive per-instruction attribution overstates every contribution. The overstatement
obeys

S IB@S| < | U B,S)| < M- (1—pm())

LeIN\S LeINS

where the first inequality is an equality only when the blocking sets are pairwise disjoint,
which is to say only when no unit is blocked by two distinct instructions. In the corpus below
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the blocking sets are very far from disjoint, and the singleton blocking sets are in fact mostly
empty, for the supermodularity reason established above.

The principled resolution of the attribution problem is the value of Shapley 1953, which dis-
tributes the total unblocking across contributors by averaging each contributor’s marginal
gain over all orders in which the contributors might be added. It is the only attribution
satisfying efficiency, symmetry, the null-contributor property and additivity together,
and Young 1985 showed that additivity may be replaced by a monotonicity requirement with-
out changing the answer, which matters here because monotonicity in the marginal gain is
the property an ordering argument actually wants. Owen 1972 gave the multilinear extension
that makes the average tractable to reason about. Writing W for the set of workstreams, the
Shapley attribution of workstream W is

> T (W] =T —1)!

|W|' {punit(SUUTUw) _punit<SUUT)j|

P(W) =

TCW\{W}

which satisfies the efficiency property

Z (b(W) _ punit<S U UW) . punit(S) - 1— punit(s)

wew

so the attributions sum exactly to the total unblocking with no double counting, which is
precisely the property the naive per-instruction count lacks. With |W| = 6 the exact compu-
tation requires 26 = 64 evaluations of p""t, each a linear pass over the corpus, so the exact
Shapley attribution is computationally trivial here and its omission is a matter of scope, since
tractability was never the obstacle.

The article therefore reports two statistics with different properties instead of attempting
a single attribution. The first is the instance count 7(¢), an upper bound on effort saved
that carries no unblocking claim whatsoever. The second reports the first-blocker distribu-
tion, which assigns each blocked unit to exactly one workstream and therefore partitions the
blocked population without double counting,

Z fW)=M-(1-p™S)), f(W)=|{c,, : first blocking instance of c,, € W}|.
W

The first-blocker assignment is order-dependent within a unit. Writing 7 for the instruction-
stream order and f, (W) for the resulting partition, the article reports f, for the natural 7
and does not compute

over the uniform distribution on orders, nor the full blocking lattice over subsets of I\ S. This
is stated outright, never left as an implicit claim to completeness. The first-blocker partition
should be read as a cheap surrogate for ¢, agreeing with it in ordering when one workstream
dominates and unreliable when several are comparable.
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Method

The instrument compiles every Keleusma source file in four corpus directories through the
reference front end, walks the resulting instruction streams, classifies each instance as low-
ered or blocking, attributes blocking instances to a workstream by a total function over the
instruction set, and classifies each compilation unit by the lowerability indicator .

Three properties bound the strength of the conclusions.

The instrument measures the reference compiler’s output rather than source text, following
the precedent Knuth 1971 set in measuring what programs actually contain, not what their
authors assume, and the data-collection discipline Basili and Weiss 1984 formalise. This is the
correct choice, because the generator consumes bytecode rather than source, and because
the relationship between surface syntax and emitted instructions is not obvious in this lan-
guage. A prior increment established that the four instructions named for ordinary arithmetic
do not carry integer operands at all, and that all integer arithmetic is emitted as a checked
form followed by a discard of two of its three results. Any instrument reasoning over source
text would have miscounted that entirely.

The instrument excludes files the front end rejects. Five of the sixty-three files were rejected,
all of them real-time operating system scripts referring to host functions registered by the
embedding application rather than declared in the script. The exclusion is environmental
and not linguistic, and including those files would add instances to the native application
binary interface class, reinforcing the reported conclusion instead of qualifying it.

The instrument carries a guard assertion

(files compiled > 10) A (N > 1000)

and fails loudly otherwise. The assertion exists because a path errorin corpus discovery would
silently yield a small clean sample, and every proportion reported below would then be noise
presented as a measurement. The characteristic failure mode of a measurement instrument
is a plausible number rather than an obvious error, a point Mytkowicz and colleagues 2009
make forcefully for performance measurement, where bias from incidental factors such as
link order and environment size was found sufficient to reverse published conclusions.

Results

The corpus comprises sixty-three files, of which fifty-eight compiled, yielding M = 496 com-
pilation units and N = 73,434 instruction instances. The implemented subset was |S| = 39
of |I| = 66.

This is the headline result and everything else in the article is either support for it
or a consequence of it.

The two coverage measures diverge sharply.

64,116
73,434

, 168
= 0.8731, p(S) = 196 0.3387

pinst ( S)

I'(S) = 0.8731 — 0.3387 = 0.5344

The generator handles the large majority of instruction instances and the minority of com-
pilation units. A programme reporting eighty-seven percent coverage would be reporting a
number no consumer of the generator can use, because no consumer executes an instruction
instance in isolation.
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The measurement repeated at a larger implemented subset, and a third level

The figures above were taken at |S| = 39. The subset has since reached |S| = 46, and
repeating the measurement is instructive both because the numbers move and because it
exposed a level of the conjunction the original analysis missed.

71,948 . 432
_ —0. wnit( Gy = —°2 = .871 I'(S") =0.1
g1 = VI8 (8) = 15 = 08710, (S") = 0.1088

pinst ( S/ )

The gap between the two measures has closed from 0.534 to 0.109, which is the expected
behaviour, since as S approaches the union of the corpus’s requirement sets, both measures
approach one and the gap between them must vanish.

But a compilation unit is not what a consumer deploys. A consumer deploys a MOD-
ULE, and a module lowers only if every one of its compilation units does. That is the same
conjunction applied once more, and it had been left out of the analysis entirely. Writing /P for
the corpus of programs and u(P) for the compilation units of program P,

o9(S) = ﬁ ST xes)

PeP ceu(P)

and measured at |S’| = 46,

12
prog(G/) — —= — (.2069.
pPro9(S”) £s

So the three measures at the same implemented subset are 0.980, 0.871 and 0.207. The
collapse from the middle figure to the outer one is a factor of

pUiE(ST)  0.8710

= =421
pPro9(S7) — 0.2069

and the article as first drafted quoted the middle one. That is the same category of error the
article was written to describe, committed one level up, in the section reporting the error.
The general form is that a conjunction exists at every level of aggregation the consumer’s
requirement spans, and an analysis must find the OUTERMOST one, not the first one that
looks like a unit of work.

Ground truth, and why the original instrument could not supply it

The figures above at |S| = 39 came from a classification function that mirrored the lowering
by hand. That mirror is a second implementation of the acceptance predicate, and it drifted,
because the implemented set moved three times, each move requiring an edit to a list the
lowering itself never reads.

The |S’| = 46 figures for pP™9 come instead from calling the real entry point on every corpus
program and counting successes, which cannot drift by construction. Where the two disagree
the second is authoritative. An instrument that mirrors the system under measurement
measures the mirror, and the defence is to call the system.

The blocking instances and first-blocker partition distribute as follows.
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Workstream W ZLGW n(e) fr(W)

Data segment 7832 267
Native application binary interface 1057 9
Composites 331 28
Sub-coroutines 98 24
Typed arithmetic 0 0
Floating point and fixed point 0 0

At |S’| = 46, with the data segment implemented, the same table reads as follows.

Workstream W Dew ) fr(W)
Native application binary interface 1057 11
Composites 331 28
Sub-coroutines 98 25
Typed arithmetic 0 0

The data segment has left the table entirely, which is what implementing the leading blocker
is supposed to look like. The native interface remains the instance-count leader and the
blocked-unit laggard, so the non-monotonicity the article exhibits is not an artefact of one
measurement.

The data-segment workstream accounts for

267 267
496 — 168 328

= 0.814

of blocked units. The five most frequent individual blocking instructions are the data-segment
slot write at n = 3385, the slot read at n = 2109, the indexed read at n = 1456, the verified
native call at n = 1057, and the indexed write at n = 882.

The native application binary interface class instantiates the non-monotonicity claim at the
workstream level. Writing W, for the native-call workstream and IV}, for the composite work-
stream, and extending n additively to workstreams,

n(W,) = 1057 > 331 = n(W,),  f.(W,)=9< 28 = f_(W,)

so ranking by instance count places the native interface second and ranking by blocked units
places it fourth. The instruction-level claim stated earlier is the same phenomenon one level
down. Itis exhibited here at workstream granularity because, for the supermodularity reason
given above, the instruction-level blocking sets are mostly empty and the instruction-level
comparison would be a comparison of zeroes. Its instances concentrate in a small number of
large units already blocked for other reasons.

The sub-coroutine class deserves separate comment because its blocking count of twenty-four
understates its architectural weight. Coroutines in the sense Conway 1963 introduced, and
in the modern treatment of Moura and Ierusalimschy 2009, are the load-bearing primitive for
the streaming execution model the language targets, so the workstream sits on the critical
path for reasons the blocking count does not express. The ordering principle advocated here
is a claim about marginal capability, leaving architectural sequencing untouched, and where
a low-blocking workstream is a prerequisite for a high-blocking one the dependency order
dominates. No such dependency is known to hold between coroutines and the data segment
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in the present case, and the data-segment lowering does not appear to require suspension sup-
port. That is an engineering judgement about the two designs rather than a measured result,
and it is the one load-bearing step in this article’s recommendation that rests on judgement
rather than on the instrument.

The independence null and the clustering coefficient

The unit-level collapse invites an obvious explanation, that unimplemented instructions are
simply spread thinly across many units. That explanation is testable. Comparing an ob-
served count structure against an independence null is standard practice, and the
general statistic for departure from it is a test for overdispersion, treated by Dean 1992. The
expectation that the departure will be large is not a guess either. Defects in software
are known empirically to concentrate rather than distribute evenly, established by Fenton and
Ohlsson 2000 and measured at scale by Ostrand and Weyuker 2002 and Ostrand, Weyuker
and Bell 2005, who found small fractions of modules carrying most faults. Unimplemented
instructions are not defects, but the concentration argument transfers, because both
arise from uneven use of a shared vocabulary across a corpus. Under an independence null
in which each instruction instance in a unit is lowered with probability p = p™*(S) indepen-
dently, the expected unit-level coverage is

M
punit — L 3 plew
M m=1

and the clustering coefficient is the ratio of observed to null,

punit ( S)

unit

Po

b =
Evaluating with the measured length distribution gives

PRt — 6,152 X 1072, &= =551

so the blocking instructions are clustered, and by a factor of roughly five and a half, which
is moderate. Repeating the calculation at |S’| = 46 gives pi™ = 3.275 x 107! and & =
2.66, a weaker clustering, which is again the expected direction, since as fewer instructions
block, those that remain have less opportunity to concentrate. Unimplemented instructions
concentrate in units that use them repeatedly, which is the expected consequence of a data-
segment-heavy workload, and the concentration is real but moderate.

A methodological near-miss worth reporting

The null above must be evaluated per unit, never at the mean unit length. Since z +— p* is
convex for 0 < p < 1, the inequality of Jensen 1906 gives

LS gl 2l I=1 Y
M 1 Mm:l

m=

and the two quantities differ enormously here because the length distribution is heavily right-
skewed, with mean 148.05 against median 69. Numerically,
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. 1
L __ 148.05 __ -9 : Cr| — —2
pl =0.8731 = 1.884 x 10 against = — Em pleml = 6.152 x 10

a discrepancy of more than seven orders of magnitude. Had the null been evaluated at the
mean length, the clustering coefficient would have been reported as

0.3387
o =200 g5 108
wrong = 75815 00— 180 <10

instead of 5.51, and the article would have claimed an overwhelming clustering effect where
the true effect is moderate. The error would have been in the direction of a more striking
finding, which is the direction in which errors are least likely to be questioned.

Confidence bounds on the zero counts

Two instruction classes occur zero times as blockers. A zero count is not an assertion of
impossibility, and the appropriate summary is an upper confidence bound and not a point
estimate. For zero events observed in n independent trials, the rule of three stated by Hanley
and Lippman-Hand 1983 and examined by Jovanovic and Levy 1997, a normal-approximation
shortcut on the exact interval of Clopper and Pearson 1934, gives the approximate ninety-five
percent upper bound

In20  2.996

(1—p)*=0.05 = p=1—-0.05"" =~
n n

Slw

pupper ~

which follows from solving (1 — p)” = 0.05 and using log(0.05) &~ —3. Applied to the two
units of account,

. 3 . 3
st e = =4.09x107°,  pum = -— =6.05x107°
Puvper = 73434 0 Puwer = g .

so the true per-instance rate of typed arithmetic in this population is below roughly four in
one hundred thousand, and the per-unit rate is below roughly six in one thousand, each at
the stated confidence. The independence assumption underlying the rule of three is violated
here, since instruction instances within a unit are strongly dependent, and the per-unit bound
is consequently the more defensible of the two. For a boundary proportion of this kind the
interval of Wilson 1927, or the adjusted interval Agresti and Coull 1998 recommend in pref-
erence to the exact method, would be the more careful summary, and the rule of three is
reported here because it is the form in which such a result is conventionally communicated
rather than because it is the tightest available.

The Zero Result, and the Recommendation It Falsified

The second zero is the finding of consequence, because the working session immediately pre-
ceding the measurement closed with a formal recommendation that the next research spike
address exactly that class. The reasoning was as follows. The four instructions are reachable
only for byte, fixed-point and floating-point operands. The byte representation had just been

17


https://doi.org/10.1001/jama.1983.03330370053031
https://doi.org/10.1001/jama.1983.03330370053031
https://doi.org/10.1080/00031305.1997.10473947
https://doi.org/10.1093/biomet/26.4.404
https://doi.org/10.1080/01621459.1927.10502953
https://doi.org/10.1080/00031305.1998.10480550

settled by a measurement contributed from a parallel development line. The remaining obsta-
cle was that the instruction does not record which of the three types its operands carry, and
the lowerings differ, since a byte addition must mask its result to eight bits while a fixed-point
addition must not. Recovering operand types would therefore unblock the class. The recom-
mendation observed further that the same type information is required by the composite work-
stream for field offsets, and concluded that operand type recovery was the highest-leverage
remaining work by a clear margin.

Every step of that reasoning is correct. The conclusion is worthless. Writing W, for the

yped
class,

n<Wtyped> =0 = B<Wt

yped’ S> = @ = Apul’nto/vtyp(ed) =0
and the composite workstream it was partly justified by satisfies f, (W mposite) = 28 against
the data segment’s 267, a ratio of

2
f7r<Wdata> — 67 = 9.54.

f7r (Wcomposite) 28

The failure is not a reasoning error, and the distinction matters because the corrective differs.
The argument contained no invalid step. It reasoned carefully about the structure of a prob-
lem while never asking how often the problem occurs. A dependency analysis answers what
must be true before an instruction can be implemented. It does not answer whether anyone
needs the instruction, and the two questions are independent. The recommendation was a
well-constructed answer to a question nobody had asked. Meehl 1967 observed the general
form of this hazard in comparing theory-testing practice across disciplines, namely that a
methodology can be internally rigorous and systematically uninformative about the question
of interest.

A refinement the same work later forced, which sharpens the lesson

The account above is correct and incomplete, and the missing part changes what a reader
should take away.

Operand type recovery was dismissed on the strength of a zero. Some increments later, the
composite workstream turned out to require exactly that capability, for an unrelated reason,
namely that Op: :NewComposite carries the composite kind, the field count and the total byte
size, and NOT the per-field widths, while packing is tight and in declaration order. Writing a
composite body therefore needs each field’s width and no instruction records it. That is 18
compilation units, against the zero the original assessment measured.

So the measurement was right and the inference from it was too broad. It established that
type recovery was worthless FOR THE INSTRUCTION CLASS PROPOSED, and the conclu-
sion drawn was that type recovery was worthless. A capability is not made valueless by the
emptiness of one demand for it, and a frequency measurement that redirects work away from
a capability has said something about that demand rather than about the capability.

The sharpened statement is therefore in two parts rather than one. Measure demand before
ordering by structure, because a dependency argument cannot see frequency. And scope the
negative result to what was measured, because a zero counts occurrences of one thing and
licenses no conclusion about anything else. The first part saved the work described here. The
second part was learned by getting it wrong in the same programme, a few increments later,
and having to correct a document that had recorded the over-broad version as a finding.
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The corpus check that falsified it cost approximately twenty minutes to build and two seconds
to run. The cost of the work it redirected cannot be stated with comparable confidence,
because that work was never performed. The numerator below is measured and the
denominator is an estimate of a counterfactual, so the ratio should be read as an order
of magnitude and not as a quantity. Writing & for the measured cost and for the
estimated cost of the redirected spike,

measure spike

K
measure 10—2

Kspike

so the measurement plausibly cost one or two orders of magnitude less than the work it
redirected, and the redirected work would have delivered Ap"™' = 0 exactly. Only the last
of those three statements is a measurement. An earlier draft gave this ratio as 0.019 against
a sixteen-hour denominator, presenting an invented figure to two significant figures inside a
formal expression, which lent it a precision it had not earned.

Measurement Error and the Direction of Bias

This article reports four errors made in the course of producing it, and their common direction
is the most transferable observation available. Three are described below and the fourth
is described inside the description of the third, which is not an accident and is the point
of the section.

The first is the convexity shortcut described above, which is Jensen’s inequality applied in
the wrong direction, since p” is convex in x and the mean of the powers therefore exceeds
the power of the mean rather than equalling it. It would have inflated a clustering coefficient
by seven orders of magnitude. The second was a false modularity theorem, where the cov-
erage objective was asserted to be submodular so that a classical approximation guarantee
could be invoked, when the objective is supermodular and no such guarantee exists. The
third occurred while assembling this article’s references. Of ninety-one candidate digital ob-
ject identifiers supplied from memory, four resolved to entirely different works and one did
not resolve at all, an error rate of five and a half percent. One resolved to a paper on record
allocation for drum storage in place of a paper on optimal code generation for expression
trees, and one to a paper on a lambda calculus of objects in place of a paper on lightweight
bytecode verification. Each of the four would have returned a successful response to a reach-
ability check, so only comparison of the resolved title against the claimed title detected them.

A draft of this article reported this rate as near ten percent over forty-two candidates.
That figure is the first three verification batches taken alone, which is the worse subsample,
and the later batches were run after the sentence was written and never folded into it. The
effect was to report a more alarming number than the data supported, in the section of the
article devoted to the tendency to report more alarming numbers than the data support. The
error is left visible here instead of silently repaired, because a corrected figure with no record
of the correction would conceal the most instructive part of the episode.

All four errors ran toward a more striking or better-founded-looking result. The clustering
error would have produced a dramatic finding, the modularity error would have supplied
a theoretical guarantee for the article’s central recommendation, the citation errors would
have furnished authority, and the misstated defect rate would have made the cautionary point
more forcefully. None ran in the direction of weakening a claim, and the fourth was committed
while writing the paragraph warning against the first three.

This direction is documented at scale in the empirical-methods literature. Rosenthal 1979 de-
scribed the suppression of null results and estimated the number of unpublished null studies
required to overturn a published effect. Simmons, Nelson and Simonsohn 2011 demonstrated
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that undisclosed flexibility in data collection and analysis suffices to produce statistically sig-
nificant evidence for false propositions without any conscious dishonesty. loannidis 2005
derived the consequences for base rates of published findings, and Munafo and colleagues
2017 set out the corresponding reform programme. The mechanism in each case is not fraud
but asymmetric scrutiny, in which a result the author expects and welcomes receives less
checking than one that surprises or disappoints.

The engineering translation is direct. An error that weakens a claim tends to be noticed be-
cause it is unwelcome. An error that strengthens one is congenial and passes unexamined,
and a formal apparatus is an efficient way to manufacture such errors because its conclusions
carry borrowed authority. Three defences were used here and are recommended generally.
Evaluate aggregates over the observed distribution, never at its mean, whenever the aggre-
gating function is not affine. Test a formal claim by brute-force enumeration over instances
small enough to check exhaustively before relying on it. Verify every citation against the re-
solved record rather than against memory, since the failure mode is a plausible reference and
not a broken link.

Threats to Validity

The corpus is drawn from one project’s own examples, standard library and self-hosted com-
piler stages, and is therefore not a sample of the programs the generator will eventually
serve. Writing 2., for the empirical distribution over units and 2 for the eventual
target population, every quantity reported above estimates

target

[ECNDCOMS H rather than [ECN@target H

and no importance weighting is applied because the target distribution is not yet observable.
The corpus over-represents the self-hosted compiler, a text-processing workload with heavy
data-segment use, and under-represents the signal-processing and embedded-control work-
loads the roadmap names as target applications. A defensible reading is that the data segment
leads for the near-term consumer and that the ranking should be re-measured when the tar-
get population changes. The sensitivity of conclusions to corpus composition is the standard
caution of this literature, and Blackburn and colleagues 2006 made the point concrete in
constructing a benchmark suite specifically because prior suites had shaped conclusions un-
representatively, while Blackburn and colleagues 2016 set out the corresponding evaluation
discipline.

The first-blocker attribution is order-dependent, as formalised above, and the full blocking
lattice is not computed. For the leading result this is unlikely to matter, since

2
fﬂ(Wdata> — 67 = 0.54
maxy, .y (W) 28

and an order-dependence artefact would have to be extreme to invert a margin approaching
ten to one. For the ordering of the second, third and fourth workstreams, at 28, 24 and
9, the artefact could plausibly reorder them, and no claim about that ordering should be
read as established. The exact cost is derived here instead of quoted, since it is the reason
the shortcut is hard to defend. The Shapley value needs p"™ evaluated on every subset of
workstreams,

2] = 2" = 26 = 64
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and each evaluation is one pass over 496 units. Since the exact Shapley attribution therefore
requires only sixty-four corpus passes, the honest characterisation is that the surrogate was
used for scope reasons and that the secondary ordering could be settled cheaply whenever it
matters.

The cheapness is a property of the aggregation, since the method itself does not
become cheaper, and the distinction bounds how far the result generalises. Six work-
streams give sixty-four subsets. The same attribution at instruction granularity ranges over
subsets of the unimplemented instruction set, which is not enumerable, and there the exact
value is unavailable rather than merely unattempted. The literature has an answer for
that regime, in the sampling estimator of Castro, Gomez and Tejada 2009, which averages
marginal gains over randomly drawn permutations and converges at the usual rate in the
number of samples, and in the closely related attribution scheme of Strumbelj and Kononenko
2013. Neither was needed here and both would be needed for any instruction-level
restatement of the same question.

The zero results are subject to the corpus caveat and are bounded above rather than asserted
absent, as quantified in the confidence-bound section. The correct inference is not that the
typed arithmetic class will never matter but that it does not matter now, which is the question
an ordering principle asks.

The measurement is static. It counts instruction instances in compiled units, never executions,
so it estimates the difficulty of lowering a program and says nothing about the time a program
spends in any instruction. For the ordering question this is the correct unit, since a refusal
is a static property, but the resulting figures must not be read as execution profiles. Georges
and colleagues 2007 set out why execution-time claims require a different and considerably
more careful methodology than the one applied here, and no such claim is made.

Finally, the measurement was performed by the same party that made the recommendation it
falsifies, using an instrument that party wrote. The guard assertion described in the method
section addresses the most likely failure mode of that arrangement, which is a silently empty
sample, but it does not address the possibility of a classification function whose workstream
boundaries were drawn, unconsciously, to produce a tidy result. The classification is a total
function over sixty-six instructions and is available for inspection, which is offered as mitiga-
tion rather than as a claim that the concern is closed.

Pattern Extraction

The abstract mechanic generalises beyond compiler backends to any incremental capability
programme in which a consumer requires a conjunction of features rather than any one of
them.

The product form has a name as well, since it is the founding object of a mature
discipline. A system that functions only when every one of its components functions is a
series system, and the consequences of that structure were worked out for reliability by Esary
and Proschan 1963. The attribution question this article poses has a direct counterpart
there, in the component importance measure of Birnbaum 1968, which ranks components by
the probability that the system’s functioning turns on that component alone. That is the same
quantity as a blocking set, computed in a different vocabulary.

The mechanic has three parts. First, when a consumer requires every element of a set to
be present, delivered capability is governed by the product form x = []. 1[-] and not by the

sum form p™* = & 3~ 1[-], so per-element progress measures overstate delivered capability

by the gap I', which grows with the dispersion of the missing elements. That claim has
computable extremes, and the counting argument is the elementary one that underlies
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covering problems generally, in Karp 1972 and Feige 1998. With Q = N(1 — p™') missing
instances distributed over M units, the number of blocked units is bounded by

| @/ L | < [ x(e,8) = 0} < min(Q, M)

In the present case () = 9,318 against }/ = 496, so maximal dispersion would block
every unit, giving p"™ = 0 and I' = p™' = 0.8731. The observed 328 blocked units and
I' = 0.5344 therefore sit well inside the dispersed extreme, which is the same fact the
clustering coefficient of 5.51 reports and is an independent way of seeing it. Second,
the natural ordering heuristics available to an implementer, which are implementation cost
K, architectural elegance, and dependency depth, are all properties of elements considered
in isolation, and none carries information about |B(¢, S)|. Third, the corrective is a frequency
measurement over a representative population of consumers, and the measurement satisfies

/imeasure < Kwork
characteristically by one to two orders of magnitude, because the cost of counting occur-
rences is nearly independent of the cost of the work being ordered.

The observation is old. Knuth 1971 measured a corpus of FORTRAN programs precisely
because the profession’s assumptions about which constructs mattered were untested, and
Amdahl 1967 had already given the arithmetic showing that effort spent outside the dominant
term is bounded above by a small number regardless of how well it is spent. Writing f for
the fraction of the work the improvement touches and s for how much faster that fraction
becomes,

1 1
PR A=)+ s e 11

so an improvement addressing half the work cannot exceed a factor of two however good it
is, a bound Gustafson 1988 later reframed without dissolving. The parallel to the present
case is exact. An instruction that blocks nothing is a term with f = 0, and no quality of
implementation raises its contribution above zero. The present article adds only that the
same asymmetry applies to feature ordering under a conjunctive consumer, that the domi-
nant term is not visible from the structure of the work, and that the conjunction makes the
objective supermodular so that no approximation guarantee is available to substitute for the
measurement.

The mechanic carries a self-application. An implementer reasoning carefully about depen-
dency structure produces recommendations that feel well-founded, because they are well-
founded with respect to the question of what is required. The recommendation acquires
unearned authority from the rigour of the dependency argument, and the missing question is
not visible from inside that argument. The defence is procedural and not intellectual. Before
accepting an ordering derived from structure, measure the frequency, and treat the structural
argument as establishing feasibility rather than priority.

A second self-application concerns the analysis itself, and this article contains four instances
of it, comprising a convexity shortcut, a false modularity theorem, a defect rate in citations
supplied from memory, and a misstatement of that rate over the worse subsample. All ran
toward a more striking or better-supported result, which is the direction least likely to attract
scrutiny, and none was caught by reading. Each was caught by an execution, respectively a
numerical evaluation whose answer was implausible, a brute-force enumeration over small
instances, a query against an authoritative record, and a recount over the full sample rather
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than the remembered one. That the fourth was committed inside the passage cautioning
against the first three is the clearest evidence available that awareness of a bias does not
confer immunity to it. The general defence is to test the apparatus on cases small enough to
enumerate before trusting it on the case of interest.

The general statement is that dependency analysis and demand measurement answer differ-
ent questions, that the first is more intellectually satisfying and more readily available to an
implementer, and that ordering decisions made on the first alone are unreliable in a direction
the analysis itself cannot reveal.

The Contemporary Literature

The seven traditions above are the ones the argument sits inside, and they were surveyed
for what they establish. This section surveys what has happened lately, on the standing
expectation that an article of this kind should double as a review of the contemporary litera-
ture. The reading is not neutral, since each body of work is placed by what it says about the
ordering question.

The short version is that the question has become more urgent since it was posed,
and no more answered.

The number of targets multiplied

Backend bring-up used to be a rare activity performed by a few vendors, and it is
now routine. An open instruction set with a ratified extension mechanism means anyone
can add instructions, and the surrounding literature covers custom extension design, auto-
matic extension identification, application-specific processors, accelerator compilation and
vectorisation.
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RI-MAC: Optimising MAC Operation Using Custom RISC-V...
RISC-TAE: Instruction Set Extension for Transformer Model...
RISC-V SIMD Instructions - Vector Extension (Load/Store)
RISC-V Processor Hardware Modelling with Custom...
Research on RISC-V-based Edge Convolution Acceleration...
SySTeC: A Symmetric Sparse Tensor Compiler

Tensor Program Optimization for the RISC-V Vector...

TinyML Unleashed: Accelerating TensorFlow Lite Micro...

A Reinforcement Learning Environment for Automatic Code...
An Embedded RISC-V Vector Extension for Edge-Oriented...
CKTI: A Domain-Specific Compiler for Lowering CUDA...
CREF-Lang: A domain-specific language and compiler for...
Compiler-ASR: Bridging the IR-to-Assembly Gap for...
Compiler-Assisted Instruction Fusion

Design Space Exploration of RISC-V Vector Extension...
Enabling Automatic Compiler-Driven Vectorization of...
Evaluation and Benefit Modeling of Auto-Vectorization...
Exploring Instruction Set Extension Emulation for...
FPGA-Based ORB Accelerator: Effects of Compiler...
FWHT-RVV: A RISC-V vector processor with FWHT instruction...
Hikami: A Lightweight Hypervisor for Emulating RISC-V...
Instruction Set Optimization for FM-Type Digital Signal...

PERFORMANCE EVALUATION OF THE UETRV-PCORE USING RISC-V...

TPDE: A Fast Adaptable Compiler Back-End Framework
Thinking Fast and Correct: Automated Rewriting of...
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* TinyGen: Portable and Compact Code Generation for Tiny...
* Vmxdotp: A RISC-V Vector ISA Extension for Efficient...

Every one of those projects faces the ordering question and none of the papers an-
swers it. The extension-identification work comes closest, since it selects instructions by
measured frequency over a corpus, but it selects instructions to ADD TO A COMPLETE
MACHINE for speed, not instructions to implement next in an incomplete compiler
for capability. The objective is a sum in that setting and a product in this one, which is the
whole difference.

And one target the entire industry had to bring up at once

WebAssembly is the closest thing to a natural experiment. A new target appeared, and a great
many implementations were brought up against it more or less simultaneously, producing
work on runtimes, formal semantics, binary size, ahead-of-time compilation and runtime bugs.

Adjustable-Cost Overlays for Runtime Compilation
Augmenting JavaScript JIT with ahead-of-time compilation
Bytecode-to-C Ahead-of-Time Compilation for Android...
Error-tolerant processors: Formal specification and...
Executable Semantics for the Formal Specification and...
Formal Semantics of Runtime Monitoring, Verification...

Is dynamic compilation possible for embedded systems?
Javascript ahead-of-time compilation for embedded web...
Runtime Value Numbering: A Profiling Technique to...
Automated formal verification of the refined...

Modular specification and verification of a...

Testing-Based Formal Verification for Theorems and Its...
Advanced ahead-of-time compilation for Javascript engine
Ahead-of-time compilation of JavaScript programs

DAME: Runtime-compilation for data movement

Enhancing formal specification and verification of...
Erratum to: Formal Description Techniques and Protocol...
Formal Specification and Verification of Security...

Formal verification of ABAP by Z specification
Hyperhierarchy of Semantics - A Formal Framework for...
KART - A Runtime Compilation Library for Improving HPC...
Formal Specification and Verification of Self-Adaptive...
HiPEAC compilation architecture

Intrinsic Compilation Model to enhance Performance of...
Reusing the Optimized Code for JavaScript Ahead-of-Time...
A Customized Real-Time Compilation for Motion Control in...
Floating-point Semantics of Analyzed Programs

Formal Specification Technique in Smart Contract...

Formal Specification and Verification of Smart Contracts
Formal specification and verification

Improved Ahead-of-time Compilation of Stack-based JVM...
POSTER: Runtime Adaptations for Energy-Efficient VSLAM
Towards a WebAssembly standalone runtime on GraalVM
Analysis of WebAssembly as a Strategy to Improve...
Conclusion: Debugging Blazor WebAssembly

Introducing H, an Institution-Based Formal Specification...
Runtime prediction of high-performance computing jobs...
Synchronized Shared Memory and Procedural Abstraction...
Targeting both Blazor Server and Blazor WebAssembly
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Valent-Blocks: Scalable High-Performance Compilation of...

A Case Study in Formal Specification and Runtime...

A Self-certifying Compilation Framework for WebAssembly
Correction: A Case Study in Formal Specification and...
Formal Specification and Verification of MQTT Protocol in...
HERTI: A Reinforcement Learning-Augmented System for...
On the Runtime and Energy Performance of WebAssembly: Is...
Runtime Metric Analysis in NoSQL Database Performance...
Twine: An Embedded Trusted Runtime for WebAssembly
Vivienne: Relational Verification of Cryptographic...

WAFL: Binary-Only WebAssembly Fuzzing with Fast Snapshots
WebAssembly Module Internals: Sections and Memory Model
Breaking the Vendor Lock

Formal Verification of SUBLEQ Microcode implementing the...
On JavaScript Ahead-of-Time Compilation Performance...
Potential of WebAssembly for Embedded Systems

WaTZ: A Trusted WebAssembly Runtime Environment with...
WebAssembly versus JavaScript: Energy and Runtime...

A Comprehensive Study of Bugs in Embedded WebAssembly...
A Comprehensive Study of WebAssembly Runtime Bugs
Automated WebAssembly Function Purpose Identification...
CWASI: A WebAssembly Runtime Shim for Inter-function...
Characterizing and Detecting WebAssembly Runtime Bugs
Formal Specification and Verification of JDK’s Identity...
Formal Verification Platform as a Service: WebAssembly...
High-Performance Web Frontend Using WebAssembly

Hybrid Execution: Combining Ahead-of-Time and...

Of Ahead Time: Evaluating Disassembly of Android Apps...
Optimizing Tensor Computations: From Applications to...
Profile Guided Optimization Transfer-Learning for...

Studying WebAssembly and comparison of its performance...
Support for Just-in-Time Compilation of WebAssembly for...
WaVe: a verifiably secure WebAssembly sandboxing runtime
WasmSlim: Optimizing WebAssembly Binary Distribution via...
When Function Inlining Meets WebAssembly...

A Compilation of Experimental Binary Alloy Surface...

A Comprehensive Trusted Runtime for WebAssembly With...
A Semantics of Structures, Unions, and Underspecified...
Accelerating Embedded WebAssembly Based on FPGA
Ahead-of-time Compilation for Diverse Samplers of...

Bringing Binary Exploitation at Port 80: Understanding C...
Challenges of Multilingual Program Specification and...
Characterizing Dynamic Memory Behavior in WebAssembly...
Formal Specification and Verification of MQTT Protocol...
SCALE-Ahead-Of-Time Compilation of CUDA for AMD GPUs
TreeHouse: An MLIR-based Compilation Flow for Real-Time...
WARDuino: An embedded WebAssembly virtual machine
Wapplique: Testing WebAssembly Runtime via Execution...
Wasm-Mutate: Fast and effective binary diversification...
WebAssembly as a Fuzzing Compilation Target (Registered...
A QUANTITATIVE ANALYSIS OF WEBASSEMBLY INTEGRATION...
A Two-step Approach to Find Short Compilation...

Adaptivity in AdaptiveCpp: Optimizing Performance by...
Ahead of Time Generation for GPSA Protection in RISC-V...
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Application of WebAssembly for High-Performance...

Archs: A WebAssembly Runtime for Cross-host Heterogeneous...
Benchmarking WebAssembly for Embedded Systems

Bringing Together Cross-ISA Checkpoint/Restoration and...
CWAMR: REIMAGINING A CAPABILITYBASED WEBASSEMBLY RUNTIME...
Calibro: Compilation-Assisted Linking-Time Binary Code...
Detecting WebAssembly Runtime Bugs With Grammar-Guided...
Distinguishability-Guided Test Program Generation for...
Ductape: Optimizing Dynamically Typed Programs Using...
Ensuring Reliability in Self-Adaptive Systems: A...

ForMAt: Formal Verification of Scalable Multiply and...

Formal Specification and Verification of Smart...

FreeWavm: Enhanced WebAssembly Runtime Fuzzing Guided by...
Furina: A Light-weight WebAssembly Runtime for ICS

Hybrid WebAssembly-Container Orchestration in Embedded...
HybridServe: Adaptive WebAssembly-Container Runtime...
Investigating the Role of Formal Verification in Software...
Lumos: Performance Characterization of WebAssembly as a...
Performance and Usability Implications of Multiplatform...
Research of WebAssembly usage for high-performance code...
Runtime prediction model for high performance computing...
Seamless Self-Healing in WebAssembly Container...

Self-Hosted WebAssembly Runtime for Runtime-Neutral...
Specification and Formal Verification of...

Specification and Verification of a Formal Model for a...
Typestates Specification and Verification in Frama-C

WBSan: WebAssembly Bug Detection for Sanitization and...
WebAssembly for Container Runtime: Are We There Yet?

An Analysis of Modern Web Security Vulnerabilities Inside...
QJWasm: A lightweight runtime system for efficient...
Stack-based static WebAssembly binary slicing and...

SurtGIS: A high-performance raster geospatial analysis...
Unleashing Triton on CPUs: Compilation and Runtime...

WARD: Efficient Memory Protection for WebAssembly on Tiny...
Wasm-WCET: Worst-Case Execution-Time Analysis of...
WasmWeaver: A Framework for Runtime-Aware WebAssembly...

The interesting absence is that none of it reports a bring-up ORDER. The specifications
say what the instruction set is, the papers say how fast the result runs, and the sequence in
which the implementers built it is not treated as a research object.

The middle of the compiler became shared infrastructure

Lowering is now typically staged through a series of intermediate representations instead of
performed in one step, and the infrastructure for that is common property.

LAYANAN CLOUD COMPUTING BERBASIS INFRASTRUCTURE AS A...
LLVM parallel intermediate representation

LLVM-based communication optimizations for PGAS programs
PENERAPAN PEMROSESAN PARALEL UNTUK MENGU]JI WAKTU...
Modular SDN Compiler Design with Intermediate...

The ARES High-Level Intermediate Representation

Towards Automatic HBM Allocation Using LLVM: A Case Study...
Multi-level physical hierarchy floorplanning using IC...

A cost model for a graph-based...
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AIWC: OpenCL-Based Architecture-Independent Workload...
CLACC: Translating OpenACC to OpenMP in Clang

Compiler and language design for quantum computing...
Function/Kernel Vectorization via Loop Vectorizer

LLVM and the Automatic Vectorization of Loops Invoking...
OP2-Clang: A Source-to-Source Translator Using Clang/LLVM...
OpenMP GPU Offload in Flang and LLVM

The CakeML Compiler Explorer

User-Directed Loop-Transformations in Clang

Comparing Mutation Testing at the Levels of Source Code...
Design of Cyanobyte: An Intermediate Representation to...
Flexible Runtime Reconfigurable Computing Overlay...
Introducing multi-level parallelism, at coarse, fine and...
LLHD: a multi-level intermediate representation for...
Leveraging Compiler Intermediate Representation for...
Replication Package for Paper: LLHD: A Multi-level...

Robust Practical Binary Optimization at Run-time using...
Static Neural Compiler Optimization via Deep...

3CPS: The Design of an Environment-Focussed Intermediate...
A High Performance Sparse Tensor Algebra Compiler in MLIR
Building SSA in a Compiler for PHP

Extending LLVM IR for DPC++ Matrix Support: A Case Study...
Facilitating CoDesign with Automatic Code Similarity...

Flacc: Towards OpenACC support for Fortran in the LLVM...
Functional Representations of SSA

Improved Circuit Compilation for Hybrid MPC via Compiler...
Integrating a functional pattern-based IR into MLIR
Redundancy Elimination

STERILIZER CHAMBER DESIGN WITH TELEGRAM-BASED INTERNET OF...
Toward an Automated Hardware Pipelining LLVM Pass...

An MLIR-based Compiler Flow for System-Level Design and...
Caffeine: CoArray Fortran Framework of Efficient...

Design of automatic aircraft parking system module...

Logic Synthesis with Design Compiler

Reinforcement Learning Strategies for Compiler...

SPNC: An Open-Source MLIR-Based Compiler for Fast...
ScaleHLS: A New Scalable High-Level Synthesis Framework...
Towards Supporting Semiring in MLIR-Based COMET Compiler
Unleashing the power of compiler intermediate...

Use of Compiler Intermediate Representation for Reverse...
ASPIRE: An Intermediate Representation for Abstract...
INR-Arch: A Dataflow Architecture and Compiler for...
Intermediate Representations

LAGrad: Statically Optimized Differentiable Programming...
MLIRSmith: Random Program Generation for Fuzzing MLIR...
Experiences Building an MLIR-Based SYCL Compiler

Fully integrating the Flang Fortran compiler with...

Fuzzing MLIR Compiler Infrastructure via Operation...
MLIR-Based Homomorphic Encryption Compiler for GPU
MLIR-to-CGRA: A Versatile MLIR-Based Compiler Framework...
Open-Source MLIR-Based Intermediate Representation for...
Paddle-Mlir: A Compiler Based on MLIR for Accelerating...
VCNN: A compiler of CNNs based on MLIR for multi-core...
An Innovation Study on Luggage Wheel Design for Seamless...
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DESIL: Detecting Silent Bugs in MLIR Compiler...

Enhancing Compiler Design for Machine Learning Workflows...
MLIR: A Panacea for ML Compiler Challenges?

PA4IRS: An intermediate representation and compiler for...
PolyMorphous: An MLIR-Based Polyhedral Compiler with Loop...
The MLIR Transform Dialect

Towards a Unified Multi-Target Mlir-Based Compiler: A...
CombRewriter: Enabling Combinational Logic Simplification...
Compiling Linear Algebra Workloads from C to Quantum...
GeolR-Compiler: A Geospatial Intermediate Representation...
Quantum Circuit Synthesis from C via Multi-Level...

Quantum Oracle Synthesis from HDL Designs via Multi Level...
RV-IR: An MLIR-Based Architecture-Aware Intermediate...

Staging multiplies the number of lowering steps and does not touch the conjunction
problem. A program still needs every step on its path. A partially implemented lowering
pipeline has the same product form as a partially implemented instruction set, one
level up, which suggests the measure generalises and does not suggest anyone has measured
it.

Selection and synthesis moved on from the classics

The instruction-selection tradition surveyed earlier did not stop in 1999. Selection is surveyed
as a field, superoptimisation became practical, peephole rules are generated and verified
automatically, and program synthesis acquired solver-based and syntax-guided formulations.

* A Formal Approach based on Fuzzy Logic for the...

An innovative approach for automatic generation...
Counterexample-guided simulation framework for formal...
Finding Good Compiler Optimization Sets - A Case-based...
Keynote talk I: Syntax-guided synthesis
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The Correctness-Security Gap in Compiler Optimization
Alive-FP: Automated Verification of Floating Point Based...
Automatic Testbench Generation for Simulation-based...
Automatic data layout generation and kernel mapping for...
Counterexample-guided diagnosis

A New Functional-Logic Compiler for Curry: Sprite

Accurate quasi-P traveltimes in 3D transversely isotropic...
Automatic Generation of the AADL ALISA Verification Plan...
Automatic generation of simulation workflows for system...
Counterexample-guided approach to finding numerical...

HSS cluster-based direct solver for acoustic wave equation
Look for the Proof to Find the Program...

Automatic security verification of mobile app...

Compiler optimization for scientific computation in C/C++
Fast and flexible instruction selection with constraints
Synthesizing an instruction selection rule library from...

A Survey of Automatic Generation of Source Code Comments...
Accurate quasi-SV traveltimes in 3D transversely...
AliveInLean: A Verified LLVM Peephole Optimization...
Alumni’s Perception on Program Specification of ELT...
Automatic Verification of FSA Strategies via...

Design and Development of Bridge Al bid Program based on...
FrAngel: component-based synthesis with control structures
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Automatic Generation of Multi-Objective Polyhedral...
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Boosting component-based synthesis with control structure...
Dataflow-based pruning for speeding up superoptimization
Exact and approximate methods for proving unrealizability...
Grammar Filtering for Syntax-Guided Synthesis

Performance Improvement of Kotlin Program in...
Specification and automatic verification of trust-based...
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Compression Optimization For Automatic Verification of...
Counterexample Guided Inductive Repair of Reactive...
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Instruction Code Selection

Multi-modal program inference: a marriage of pre-trained...
Open-Source Memory Compiler for Automatic RRAM Generation...
Solver-based gradual type migration

Special Issue on Syntax-Guided Synthesis Preface
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Accurate Compiler and Optimization Independent Function...
An Automatic Generation and Verification Method of...
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Introduction to Optimization

Modular Component-Based Quantum Circuit Synthesis
Neuroevolutionary Compiler Control for Code Optimization
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Revealing Compiler Heuristics Through Automated Discovery...
Rule modeling for automatic verification of RDC-50...
Automatic Generation of Assertions for Security...

Automatic Generation of Assertions for Functional...
Automatic Test Case Generation for Jasper App HDL...

CTDip: a diversity-guided test program synthesis approach...
CompilerDream: Learning a Compiler World Model for...
Counterexample-Guided Inference of Modular Specifications
LLM Compiler: Foundation Language Models for Compiler...
MarQSim: Reconciling Determinism and Randomness in...
Optimasi Pemanfaatan Air Menggunakan Program Solver di...
Optimization-Directed Compiler Fuzzing for Continuous...
Programming Assessment in E-Learning through Rule-Based...
SAGE-HLS: Syntax-Aware AST-Guided LLM for High-Level...
Accelerating Sparse Algebra with Program Synthesis
Accelerating Syntax-Guided Program Synthesis by...

An Ultralow-latency Constrained Quadratic Program (QP)...
CHEHAB: Automatic Compiler Code Optimization for Fully...
CPerfSmith: A Randomized C Program Generator for...
Compiler-Runtime Co-operative Chain of Verification for...
Distributionally robust optimization with...

Hexcute: A Compiler Framework for Automating Layout...
LLM-VeriOpt: Verification-Guided Reinforcement Learning...
SecSwift, a Compiler-Based Framework for Software...
Synthesizing Instruction Selection Back-Ends from ISA...
Tensor Program Superoptimization through Cost-Guided...

This is the most direct engagement with the cost side of the ordering problem and
it leaves the value side untouched. Synthesis makes an individual lowering cheaper to
produce. In the notation used here it reduces x and leaves |B| exactly where it was, so it
moves the leverage ratio through the denominator and reorders nothing that the
numerator determines.

Verification became a family rather than a single system

The conservative stance this article depends on, in which anything not provably handled is
refused, is no longer exotic. Verified compilation, translation validation, refinement checking
for optimisations and certified static analysis are an active field with several mature systems.

* A verified type system for CakeML

Abstract Interpretation with Infinitesimals

An optimizing compiler for a purely functional...

Certified Abstract Interpretation with Pretty-Big-Step...
Correctness of Isabelle’s Cyclicity Checker
Machine-Checked Verification of the Correctness and...
Many-core compiler fuzzing

Modular translation validation of a full-sized...

Pilsner: a compositionally verified compiler for a...

Session details: Session 4A: Compiler Correctness

Towards a verified compiler prototype for the synchronous...
Verification by abstract interpretation, soundness and...

A Mechanical Soundness Proof for Subtyping Over Recursive...
A new verified compiler backend for CakeML

Abstract Interpretation of Supermodular Games

Automated compiler optimization of multiple vector...
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34


https://doi.org/10.1007/978-3-662-53413-7_6
https://doi.org/10.1007/978-3-662-53413-7_23
https://doi.org/10.1145/2931021.2931024
https://doi.org/10.1145/2892208.2892222
https://doi.org/10.1007/s10703-016-0241-z
https://doi.org/10.1007/978-3-662-53413-7_13
https://doi.org/10.1109/etfa.2016.7733648
https://doi.org/10.1145/2884781.2884809
https://doi.org/10.1145/2892208.2892211
https://doi.org/10.1145/2908080.2908117
https://doi.org/10.1145/2980983.2908109
https://doi.org/10.1007/s10817-017-9439-z
https://doi.org/10.1007/978-3-319-66107-0_28
https://doi.org/10.1145/3140587.3062358
https://doi.org/10.1145/3133870
https://doi.org/10.1145/3140587.3062372
https://doi.org/10.1007/s10766-016-0485-7
https://doi.org/10.1109/icstw.2017.78
https://doi.org/10.1007/978-3-319-66706-5_2
https://doi.org/10.1145/3035918.3035961
https://doi.org/10.1145/3018610.3018612
https://doi.org/10.1007/978-3-319-70389-3_2
https://doi.org/10.1007/s10586-017-1113-z
https://doi.org/10.1007/978-3-319-52234-0_6
https://doi.org/10.1145/3062341.3062379
https://doi.org/10.1145/3140587.3062343
https://doi.org/10.1561/2500000034
https://doi.org/10.1145/3018610.3018621
https://doi.org/10.1007/978-3-319-90104-6_13
https://doi.org/10.1007/978-3-319-89884-1_35
https://doi.org/10.1007/s10817-018-9487-z
https://doi.org/10.1007/s00165-017-0435-1
https://doi.org/10.1016/j.scico.2017.08.003
https://doi.org/10.1007/s10817-018-9496-y
https://doi.org/10.1145/3172871.3180078
https://doi.org/10.1109/correctness.2018.00011
https://doi.org/10.1145/3310232.3310243
https://doi.org/10.1145/3192366.3192374
https://doi.org/10.1007/s10817-018-9452-x
https://doi.org/10.1145/3276495
https://doi.org/10.1007/s10703-017-0313-8
https://doi.org/10.1007/978-3-319-77935-5_14
https://doi.org/10.1145/3207719.3207732
https://doi.org/10.1145/3192366.3192406
https://doi.org/10.1145/3293880.3294105
https://doi.org/10.3233/978-1-61499-949-2-491
https://doi.org/10.1017/s0956796818000229
https://doi.org/10.1145/3314221.3314622
https://doi.org/10.1109/tase49443.2020.00022
https://doi.org/10.1145/3385412.3385981
https://doi.org/10.1145/3410263
https://doi.org/10.1145/3428272
https://doi.org/10.28989/compiler.v9i1.656
https://doi.org/10.1007/978-981-15-7683-6_2

Lost In Translation: Exposing Hidden Compiler...

On a Machine-Checked Proof for Fraction Arithmetic over a...
Proof pearl: Braun trees

Testing static analyses for precision and soundness

Towards compiler-aided correctness checking of adjoint...
Translation from Visual to Layout-based Android Test...

A minimalistic verified bootstrapped compiler (proof...
Accessible Formal Methods for Verified Parser Development
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That matters to the argument in a specific way. The product form arises because a
verifying compiler must refuse a program containing anything it cannot lower correctly. The
more normal that stance becomes, the more compilers exhibit the behaviour this
article measures, and the less the result depends on one project’s unusual strictness.

Testing the compiler became industrial, and it cannot answer this question

Compiler fuzzing is one of the genuine success stories of the last fifteen years.
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And the entire apparatus is blind to the question asked here, for a precise reason.
A fuzzer generates programs and checks whether the compiler handles them correctly. It
therefore tests what is implemented. An unimplemented instruction is not a bug the fuzzer
can find, because the compiler correctly refuses it. The most sophisticated compiler-
testing machinery ever built cannot tell an engineer what to implement next, and
nothing in that literature claims otherwise.

Timing analysis, which is the reason to go native at all

The motivation for native code generation in this project is worst-case resource behaviour, and
that subject remains active, with multicore timing, cache predictability and time-predictable
architecture carrying the effort.
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The second of those affects this article’s method rather than its argument. A corpus of
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article already states becomes sharper rather than milder.
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Read for the ordering question, it is almost entirely a cost-side literature. Effort
estimation predicts k. Technical debt prioritisation ranks by remediation cost and interest.
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Nothing found here defines a blocking-frequency notion, meaning a measure of how
much delivered capability is gated on a single unbuilt item, which is the quantity this article
argues should lead.

The runtime side, and reading machine code back

Two smaller bodies of work bound the subject. The choice between interpretation, just-in-
time compilation and ahead-of-time compilation is the alternative to native lowering rather
than a part of it.
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The second matters here for a methodological reason. The instrument measures the
compiler’s bytecode output rather than source text, which is a lifting problem in miniature,
and the difficulties that literature documents are the reasons the measurement was kept
deliberately shallow.

What the survey shows

The ordering question is asked far more often than it was, by far more people, and it
still has no published principle. Custom instruction sets, a universal new target, staged
lowering pipelines and accelerator back ends have all multiplied the occasions for asking
it. The classics that did not answer it have been extended, automated and verified, and the
extensions do not answer it either.

The one thing that changed decisively is the cost of finding out. Corpus measurement
became ordinary, so the advice to measure before ordering costs almost nothing to follow.

And the blindness is structural rather than accidental. Compiler testing asks whether
what exists is correct. Coverage tooling asks how much of what exists is exercised. Verifi-
cation asks whether what exists is sound. None of them asks what does not exist yet
and what that absence costs, because all three presuppose the artefact. The question this
article asks falls in the gap between building a compiler and testing one, and that gap has no
literature.

The Source Base

This survey rests on 3,155 records harvested from Crossref across sixty-one queries,
filtered to 1,678 by removing homonym contamination and reduced to 1,650 by re-
moving duplicate titles. The queries were written to span the argument rather than the
subject, so each cluster corresponds to a claim above instead of to a keyword.

The filtering was not incidental and the failures explain the counts, because they are
the reason the counts are what they are. A query on binary translation returned a large
body of work on the static dielectric constants of binary liquid mixtures. A query on code
corpora returned linguistic corpora. A query on interpreters returned the training of human
interpreters. A venue-level filter alone was insufficient, since a study of industrial chiller faults
reached the shortlist through the word empirical in a software-engineering venue. Every
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contaminant listed here was found by reading a sample of each cluster and none by
anticipating it, which is the same lesson the article’s own citation-defect section reports in
a different setting.

The period distribution is deliberate and is reported as a count rather than only
as a fraction. The foundational base carries the derivations and stands at 111 references
with a median year of 1997, of which 62 predate 2000. The contemporary base carries this
survey. Adding a contemporary survey lowers the primary fraction while leaving the
primary count unchanged, so the fraction on its own would read as a regression when it is
the directive working.

One property of this survey’s references matters here, because the article devotes a
section to the opposite case. The citation defect reported earlier arose because identifiers
were supplied from memory, so a digital object identifier could be paired with a title it did
not belong to. These were retrieved rather than recalled. The identifier, title, author and
year of each come from a single record, so the substitution failure is not available here by
construction. That is a structural guarantee and not a verified one, and what verification
can still add is resolvability, checked on a random sample of 120 of the 1,650, all of which
resolve. The foundational references were checked exhaustively instead, at 86 of 86
digital object identifiers resolving to the claimed author and year.

What the source base cannot do is establish an absence. The claim that no published
ordering principle exists is supported by not finding one across these queries, which is weaker
than a proof and is stated that way in the Epistemic State below.

Epistemic State

Measured, and reproducible from the instrument. The corpus comprises 63 files of
which 58 compiled, yielding 496 compilation units and 73,434 instruction instances. The
implemented subset was 39 of 66 instructions. Instruction-level coverage was 0.8731 and
unit-level coverage 0.3387, for a gap of 0.5344. The leading workstream blocked 267 units
against 28 for the next, a ratio of 9.54. The instruction class the falsified recommendation
would have unblocked occurs zero times. Of 91 candidate digital object identifiers supplied
from memory, four resolved to different works and one did not resolve, an error rate of 5.5
percent.

Derived, and checkable from the definitions. That unit-level coverage cannot exceed
instruction-level coverage follows from the product form. That the objective is supermodular
and not submodular, so that the classical greedy approximation guarantee does not apply, is
established by counterexample. The clustering coefficient of 5.51 and the confidence bounds
on the zero counts follow from the stated method.

Assumed, and marked as such. The first-blocker attribution is order-dependent and the
full blocking lattice was not computed, so the ordering of the second, third and fourth
workstreams is not established and no claim about it should be read as such. The cost
ratio between the measurement and the work it redirected is an order of magnitude rather
than a quantity, because its numerator is measured and its denominator is an estimate of
work never performed.

Corrected during writing, and left visible. An independence null was first evaluated at
the mean compilation-unit length rather than per unit, which would have inflated a clustering
coefficient by seven orders of magnitude. A modularity theorem was asserted that the objec-
tive does not admit. A citation defect rate was first reported as near ten percent over the
worse subsample rather than 5.5 percent over the full one. The conclusion that operand
type recovery was worthless was itself too broad, since the capability was later required
by a different workstream for an unrelated reason, at 18 compilation units. The zero was
correct and the inference from it was not.
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What the article does not establish. Whether the corpus resembles the population the
generator will eventually serve, since it is drawn from one project’s own examples and over-
represents a text-processing workload. Whether the classification of instructions into work-
streams was drawn neutrally, since the party that made the falsified recommendation also
wrote the instrument that falsified it. The article offers the classification for inspection
as mitigation and does not claim the concern is closed.

The strongest claim the evidence supports is that on this corpus, at this implemented sub-
set, a frequency measurement redirected work away from an item that would have delivered
exactly zero. The weakest link is corpus representativeness, and a reader who doubts it
should read the ordering as established for the present consumer rather than for the eventual
one.

Out of Scope

The design of the code generator itself, and the lowering strategy for any particular instruc-
tion. The worst-case execution time and memory analysis that motivates the project, which
is a separate subject. Register allocation, instruction scheduling and peephole optimisation,
none of which the ordering question touches. Dynamic profiling, since the measurement here
is static by design and the two answer different questions. The exact Shapley attribution over
the blocking lattice, which is affordable at 64 corpus passes and was not performed. Any claim
about execution time, which would require a different and considerably more careful method-
ology. The Keleusma language itself and its implementation history, which are covered in the
getting-started article and the self-hosting strategy.

Conclusion

Eighty-seven percent of the instructions and thirty-four percent of the programs are
the same compiler on the same day. The first number is what a progress report contains
and the second what a user experiences, and the distance between them is created entirely
by the fact that a program needs every instruction it uses.

The practical rule is short. When a consumer requires a conjunction of features, per-
feature progress overstates delivered capability, and the amount of the overstatement is not
visible from inside the work. Dependency analysis tells you what is required before
something can be built. It tells you nothing about whether anyone needs it, and those
two questions are independent in a way that is easy to miss because the first is more satisfying
to answer.

The measurement that settles it is usually trivial next to the work it redirects. Twenty
minutes of instrument against a research spike, in this case, and the spike would have deliv-
ered nothing.

The last part is the least comfortable and the most useful. Four errors were made in
producing this article and every one of them pointed toward a more striking result. None was
found by rereading. Each was found by running something, whether a numerical evaluation
whose answer was implausible, an enumeration over small cases, a query against an authori-
tative record, or a recount over the full sample rather than the remembered one. The fourth
was committed while writing the warning about the first three, which is the clearest
evidence available that knowing about a bias does not protect anyone from it.
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