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The primary emphasis of my research is on systematic design methods for computa-
tional systems, especially methods for achieving fault-tolerance and eliminating errors.
There are two main sources of faults and errors in computational systems: errors that
arise from design flaws; and errors that arise from external factors, such as failures in
power systems, networks, computational substrates, etc. In both cases, the source of
errors is rooted in system complexity. Large systems may be composed of parts written
by thousands of programmers in separate locations at different times. Runtime envi-
ronments may be global and heterogeneous, requiring the interaction of large numbers
of processes and devices operating in distinct administrative domains. In a digital sys-
tem, the effects of a single defect can be catastrophic, leading to system shutdown or
other unintended or malicious behavior.

The methods for addressing errors fall into two categories. Proactive methods (my
terminology) are used to simplify and clarify code, reduce code size, facilitate collabo-
ration, and render code amenable to mechanized reasoning. Reactive methods include
algorithms and protocols designed to detect and recover from faults at run time, espe-
cially faults due to external factors. Proactive methods are closely related to software
engineering—methods for reducing errors also result in better software practice and
enhanced productivity.
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ApplicationsMy research spans both of these categories.
The foundation of my work is rooted in mathe-
matical logic; the research goals are to develop
languages, models, and methodologies for con-
structing reliable programs. A diagram of the
research layering as is shown at the right. Tak-
ing a broad brush, the focus is on computational
infrastructure, in between the areas of pure logic
and specific applications, in the fields of formal methods, programming languages/
compilers, and systems.

The goals of formal methods are primarily in the proactive category, to develop
models and methods for simplifying and analyzing programs. The methods I use are
based on mechanized theorem proving using constructive, foundational methods. I
am widely known as the leader behind the MetaPRL [HNC+03] logical framework,
an LCF-style [GMW79] second-order theorem prover (for higher-order logics), where
second-order means that relations over logics can be stated and proved.

Generally speaking, my research in formal methods is outward directed. That is,
I believe that the field is mature enough that efforts should now be directed at solving
problems elsewhere, particularly in fields like programming languages, compilers, and
systems.

Let’s start at the foundations, with the the topic of reflection in logics and program-
ming languages.
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1 Reflection
When proposing new programming models and methods, the first choice for repre-
senting the concepts is often in a programming language (and perhaps an associated
logic). The immediate issue that arises is: what are the meta-properties of the new
language/logic—for example, is it sound? There is much effort underway [ABF+05]
to show that these arguments can be mechanized, at least on a case-by-case basis. I
believe that the correct way to approach this problem is to find uniform arguments that
can be applied across a broad range of languages, and the key to uniformity is formal
reflection.

Reflection has a long and colorful history, starting with Gödel’s use of reflection in
his incompleteness theorem [Göd31]. Logically speaking, reflection offers the ability
for a logic to be “self-aware” in some sense; it is also a valuable tool when using
one logic to reason about another. There have been numerous attempts at formalizing
reflection (Harrison [Har95] gives an excellent survey), but the best are only partly
successful.

The problem starts with syntax. Gödel-numbering of formulas is completely im-
practical, and any kind of non-trivial transformation has a disastrous consequence: un-
less reflected syntax preserves the original structure of sentences identically (meaning,
at least, that variables are preserved as variables), then it becomes necessary to re-
encode the mechanics of the theorem prover in itself, a painful task.

My contribution to this topic is a complete account of syntactic, structure-preserving
reflection (formalized and validated in the MetaPRL framework) [HNYK06a, NKYH05,
GHNŢ04]. The result is deceptively simple—the quotation ptq of a formula t quotes
the constants in the formula, but nothing else, for example pλx.x+1q = pλqx.xp+qp1q.
Since binding structure is preserved, mechanized reasoning in a reflected logic is ex-
actly the same as in the original logic; the difference of course being that the reflected
system offers principles for proof and structural induction.

This work builds on a sequence of contributions at the logical foundations, most
notably 1) the definition of an image type [NK06], which allows for the intensional def-
inition of syntax with a structural induction principle, and 2) the formulation of an in-
duction principle over sequents (logical judgments) called teleportation [HNYK06b].

I consider this to be a major accomplishment, and I believe it will take some years
for the consequences to be known and understood. Formal reflection is an area where
constructions are delicate, and where missteps are likely to tumble the construction
like a house of cards. This result comes from a four-year effort (including several
failed attempts). The internals are highly technical, but the end result is not. It is
appropriate to view the reflection mechanism as a compiler that takes logic or language
specification as an input, and automatically produces an embedding within a meta-
logic as output. To end-users, it is important that the embedding be predictable, but the
intricacy of the argument that justifies the embedding is unlikely to be a major concern.
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2 Compilers
Moving up a level, I am interested in compilation; that is, the translation of source
programs to machine code. Correctness of compilation is of course critical to pro-
gram correctness, but compilers are themselves large, complex systems that are diffi-
cult to design correctly. See for example, Hoare and Misra’s Verified Software chal-
lenge [HM05].

My recent contributions have been in the area of formalization, or formal compilers,
where the emphasis is on design methods for clarifying and isolating the trusted parts
of the compilation path [HN06b, HNGA03, GŢNH03, GH02]. By the term trusted,
I mean that a component is trusted if the correctness of the compiler depends on it.
Trusted code is undesirable, yet in traditional compiler implementations, nearly all of
the code must be trusted.

We have shown that, although the total size of a compiler does not necessarily
decrease when it is formalized, the amount of trusted code can be reduced to about 1%
of the total size. Furthermore, the trusted transformations are defined as a set of small-
step declarative rules that can be verified for soundness separately; none is more than
10 lines of code. Some of the larger, more complex transformations (register allocation
in particular), need not be trusted.

For demonstration, I have taken two-phase approach, where the objective in the first
phase is to compile a fairly large, fairly realistic ML-style source language to machine
code, demonstrating the algorithms and methods I have described. The second phase is
to validate it. Slind et.al. [SLO06, GIOS05] have a closely related approach, where they
start with a smaller, still realistic, source language (a fragment of HOL) and perform a
complete compiler verification.

This work built on my earlier research on the Mojave compiler collection (MCC)
[HSA+02, Smi03], where the goals were broad support for a range of languages using
a common formal infrastructure. MCC served as a compiler and programming lan-
guage testbed that supported full ANSI C and fairly large fragments of Java, Python,
and OCaml. The key accomplishments included 1) a safe runtime for ANSI C, similar
to Morrisett’s Cyclone [JMG+02] and Necula’s C-Cured [NCH+05], 2) process mi-
gration and speculations, two topics I will talk more of in the next section. With the
advent of the Microsoft CLI in 2002/2003, I reorganized the project, taking a formal
approach to compilers and a systems approach to process migration and speculation.

3 Systems
At the highest level, my research focuses on models and methods for large systems,
specifically distributed systems. The reason for choosing distributed systems is because
they are complex, heterogeneous, and faults are unavoidable. The methods are both
proactive and reactive, to develop models that not only simplify distributed programs,
but also allow transparent recovery from faults.

Two specific models are process migration and speculations. Process migration
is the ability to move a process from one computer to another, perhaps in response
to faults. Speculations are like transactions, but they specifically omit the isolation
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property to allow multiple processes to cooperate during the transaction. Migration
and speculation are closely related; both are based on a form of checkpointing. It
should be noted that these are not new concepts to distributed systems, there is prior
work going back to the 1980s. However, the models are effective and simple to grasp.
My research aims at providing a firm semantical foundation, especially with respect to
consistency in the presence of faults.

My contributions can be placed in three categories: system mechanisms, group
communication, and filesystems.

Originally, the snapshot/checkpointing mechanism (used for both migration and
speculations) was provided through the MCC compiler and runtime [SŢH07], where
the compiler annotated the program with hooks for managing snapshots. More re-
cently, we have reduced the mechanism to a pure kernel-level implementation [ŢH06,
ŢH05a, ŢSH03], yielding transparency–applications need not be aware of faults and
fault recovery. This is especially important for deployment on the DOE ASC platforms,
and I judge it to be a important step forward. Checkpoints are based on differences,
rather than logs (see for example Grossman’s work on log-based methods [HG06]).
During a transaction, communication establishes dependencies with neighboring pro-
cesses; again, this is handled transparently by the implementation. From a language
point of view, the definition of speculations is precise [ŢH07, Ţăp06, ŢH05b].

I have had a continuing interest in group communication [Bir97], which provides a
clean, abstract communication model with a precise semantics. However, group com-
munication protocols (and consensus protocols in general) do not scale. Currently, my
contributions have been directed at global protocols consisting of many small groups.
The protocols we develop [ŢNH06] provide “global total order,” or more precisely,
communication is globally serializable. These kinds of protocols are extremely com-
plex; we specify and analyze them formally (this time using model checking) [ŢN07].

The final part is the construction of a global store, or filesystem, for data sharing.
My research in this area is on decentralized file services that achieve fault-tolerance
through data replication [ŢNGH06, ŢNHW04]. The filesystem uses the group com-
munication described above to achieve global sequential consistency.

4 Tools and languages
Large systems are frequently composed of many kinds of heterogeneous parts, yet
build systems—the tools that we use to compile and construct our systems—have re-
ceived inadequate attention. Current software practice is often based on derivatives
of make [Fel79], which was originally designed for small programs contained within
a single directory. Extending it to large projects can be tricky, inefficient, and error-
prone.
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My contribution in this area is the OMake [HN06a] build system, which retains a
fairly traditional syntax, but provides a semantics based on global project analysis. A
central goal in OMake is compositionality, so that program components can be speci-
fied separately and composed without interference. OMake specifications are defined
in a functional language with dynamic binding. Functionality provides strong assur-
ance that build specifications can be composed without interference; dynamic binding
enhances specification re-use. OMake is publicly released, and has attracted numerous
users and contributors.

5 Long range goals
My research is directed at what I believe is the central issue in computer science: com-
positionality. The systems we study are composed of large numbers of heterogeneous
components, and these systems are extremely complex. The problem of composition-
ality is to find scalable methods for constructing and understanding these systems. My
research is directed squarely at this problem, approached from the perspectives of for-
mal methods, languages, algorithms, and protocols.

I do not believe that compositionality is “solvable” in a traditional sense, or that
someday this research will be “done.” Digital systems are inherently complex. How-
ever, I do believe that methods can be systematic, and the range of topics of my research
is aimed at constructing these systematic methods.
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[ŢH07] Cristian Ţăpuş and Jason Hickey. A theory of nested speculative exe-
cution. In 9th International Conference on Coordination Models and
Languages (Coordination 2007), 2007.
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[ŢNGH06] Cristian Ţăpuş, David Noblet, Vlad Grama, and Jason Hickey. Mojavefs:
Providing sequential consistency in a distributed objects system. In Pro-
ceedings of the The 5th International Symposium on Parallel and Dis-
tributed Computing (ISPDC 2006), 2006.
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