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Abstract

The need for mobile computing is evident and growing rapidly in this age of Internet. However,
it is in general difficult to construct programs in support of mobile computing due to issues such
as mobility (of code) and locality and heterogeneity (of resources). In this paper, we study dis-
tributed meta-programming from a type-theoretic perspective, presenting a language to facilitate
the construction of programs that may generate and distribute code at run-time. In particular, we
are to form a type system that can statically guarantee that only well-typed code (according to
some chosen type discipline) can be constructed and then sent to a proper location for execution.
To achieve this, we make use of a form of typeful code representation developed in a previous
study on meta-programming. The main contribution of the paper lies in the recognition and then
formalization of a typeful approach to distributed meta-programming that is simple as well as gen-
eral. In addition, we have finished a prototype implementation in support of the practicality of this
approach, providing a solid proof of concept.
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1 Introduction

In this age of Internet, the need for mobile computing is growing rapidly. Among a variety of
issues, locality and heterogeneity are of great importance in mobile computing since different
locations may have different resources and/or different security concerns and thus are likely to
provide different services. As a consequence, there are often needs to move entities (e.g., data,
code, objects) between locations in order to access services that are only provided at certain fixed
locations. It is in such a context that questions about mobility/immobility of entities are raised
naturally.

We can hide the issue of location as much as possible by relying on certain implementation
strategies. For instance, we can use various marshalling/unmarshalling functions to move data of
certain types (e.g., various base types) between locations and then provide proper local interfaces
(a.k.a. proxies) to support remote procedural calls. With such a design, functions are often not
treated as data that can be moved between locations. In general, there are various reasons that
make it problematic to move functions between locations. First and foremost, it is semantically
rather unclear as to what should really happen when a function, which may cause effects, is moved
from one location to another. However, entirely prohibiting functions from being moved around
may make mobile computing too restricted as it does make sense, sometimes, to move certain
functions between locations. For instance, a function incurring a large number of queries over a
database may be executed much more efficiently if sent to the site for execution where the database
is located.

In this paper, we design a language to support distributed meta-programming that allows code
to be generated at run-time and then sent to remote locations for execution. In order to guarantee
that only well-typed code (according to some chosen type discipline) can ever be generated, we
are to make use of a form of typeful representation for code, that is, a form of representation that
allows the type of code to be reflected in the type of the value that represents the code. In addition,
we are to make sure that only closed code, that is, code containing no free program variables, can
actually be allowed for execution.

A common approach to capturing the notion of closed code is through higher-order abstract
syntax (h.o.a.s.) (Church 1940; Pfenning and Elliott 1988; Pfenning ). Though clean and elegant,
there are some fundamental problems with representing code as h.o.a.s. trees. Firstly, the essence
of h.o.a.s. is to use functions in the meta-language to represent functions in the object-language.
Therefore, if there is a mismatch between the function space in the meta-language and the one in
the object-language, code representation through h.o.a.s. cannot be adequate. Secondly, it seems
rather difficult, if not impossible, to manipulate open code, that is, code containing free program
variables, in a satisfactory manner when higher-order code representation is chosen, but we may
encounter cases where there is a need for manipulating open code directly. Thirdly, we need to
send code to remote locations for execution but this can be difficult to do with higher-order code
representation.

We choose a form of first-order abstract syntax trees to represent typed code, which is largely
adopted from some previous work on meta-programming through typeful code representation (Chen
and Xi 2003); typeful code constructors are to be introduced for constructing first-order values to
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represent typed code and values thus constructed can be readily sent to a remote location; the typed
code represented by these values can then be extracted at the remote location for manipulation (in-
cluding execution). In particular, if the code for a function can be represented by some first-order
value, then we are able to move the function around by simply moving the value around and then
executing the value to obtain the function.

We are to use deBruijn indexes (de Bruijn 1972) to represent free program variables in code.
For instance, we can declare the following datatype in Standard ML to represent pure untyped
A-expressions:

datatype exp = One | Shi of exp | Lam of exp | App of exp * exp

We useOnefor the first free variable in a-expression an&hifor shifting each free variable in
a A-expression by one index. As an example, the expreskioRy.y(x) can be represented as
follows:

Lam(Lam(App(One ShiOne))))
For representing typed expressions that are to be manipulated at a particular location, we refine the
typeexpinto the form(L, G, T'), where(-, -, -) is a ternary type constructor aiddG, 7" stand for a
location, a type environment (represented as a sequence of types) and a type, respectively. A value
of type (L, G, T') represents some code of locatibrand typeT™ in which the types of the free
program variables are determined®y Therefore, the type for values representing closed code of
locationZ and typeT' is (L, ¢, T'), wheree stands for the empty type environment.

It is certainly cumbersome, if not completely impractical, to program with f.0.a.s. trees, and
the direct use of deBruijn indexes further worsens the situation. To address this issue, we adopt
some meta-programming syntax from Scheme and MetaML (Taha and Sheard 2000) to facilitate
the construction of distributed meta-programs and then provide a translation to eliminate the meta-
programming syntax. We also provide interesting examples in support of this design.

The main contribution of the paper lies in the recognition and then formalization of a novel ap-
proach to mobile computing through the construction of distributed meta-programs. With its root
in a previous study on meta-programming through typeful code representation, this approach also
takes into account the issues of locality and heterogeneity in distributed programming. In particu-
lar, it makes use of a type system to guarantee that only well-typed code suitable for execution at a
chosen location can actually be sent to that location for execution.

We believe that we have presented for the first time a type-theoretic account for distributed meta-
programming in which code is treated as first-class values. In addition, we have so far already
finished a prototype implementation in support of the practicality of this approach, providing a
solid proof of concept.

We organize the remainder of the paper as follows. In Section 2, we introduce an internal
language);; and use it as the basis for typed distributed meta-programming. We then extend
Aaist t0 A5 in Section 3, supporting the use of some meta-programming syntax in constructing
distributed meta-programs. In Section 4, we argue that the presented approach to distributed meta-
programming can be readily extended to support common programming features. We also present

We use the the phrasede of locatiorn’, and typel’ to mean code that can be executed (if it is closed) at location
L to generate a value of tyge.
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sorts o = type|env|loc
types T == alint |1y -T2 |Va:0.T |3a: 0T
|loc(L) | TQL | msg(L,T) | (L,G,T)
typeenv. G = ale|T: G
loc. L == alhere|ly|ly]...
const. ¢ == cc]|cf
exp. e == x| flc@)]|lamz.e|ei(es) | fixf.e]|

Vg (v) [ Vg (€) |
3,(v) | let 3,(x) = €1 in e; end

values v == z|cc(®) | lamzx.v | Vi (v)
sta.ctx. ¥ = 0| X,a:0
dyn.ctx. A == Q0|AXxf: T

Figure 1: The syntax fok ;s

some examples in Section 5 to demonstrate how distributed meta-programming can be used to
support mobile computing. Lastly, we mention some related work and then conclude.

The paper is largely self-contained, and if needed, further examples and explanations of typeful
code representation can be found in (Chen and Xi 2003; Chen and Xi 2004). We will also point
out some crucial changes that we need to adopt in order to make use of typeful code representation
in a distributed computing environment.

Lift : VAVy.Vamsg\, a) = (A, 7, «a)
Lam : VAVy.Vog Vas.((A aq 0y, a0)) = (A7, 01 — az)
App : YAVY.Yag Vao.((\ v, 00 — ag), (A7, a1)) = (A, 7, az)
Fix : VAVy.Va.((\ a::y,a) = (A7, q)

One : VAVy.Va.() = (A a7y, «a)

Shi : VAVy.Vag Vao.((A v, a1) = (A as =y, 0q)

Figure 2: The typeful code constructorsip.;

2 The Language

In this section, we introduce a languaygg,;, which essentially extends the second-order polymor-
phic A-calculus with general recursion (through a fixed point oper@&@y certain code construc-
tors and a few special built-in functions. The syntax\gf, is given in Figure 1.
We follow the frameworkApplied Type SystefTS) (Xi 2004) to formalize\;;. There are
a static component (statics) and a dynamic component (dynamics).in Generally speaking,
types are formed and reasoned about in the statics and programs are constructed and evaluated in
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here : () = loc(here
eng : VYA(T) = msg\T)
dec : Va.(msgherea)) = «
n2m : YAVa.(a@)\) = msg\, a)
exec : Va.((heree a)) = o
get : Va.(a@here = «
put : Va.(a) = a@here
rexec : v/\ V. (loc(N), (A, € a>) = @)\

rget, : VA.(loc(\), TQ)\) =
rput, : VA.(loc(\),T) = T@)\
rexeg : VA.(loc(\), (\,e,T)) =T

Figure 3: Some built-in functions iRy,

the dynamics. There are three sdyse envandloc in the statics of\ ;;;, and we use for static
terms, that is, terms in the statics, antbr static term variables.

e We useT for static terms of sortlype which serve as types for dynamic expressiens

e We use(G for static terms of soreny, which represent typing environments for code. For
instance e represents the empty typing environment, dhd: G represents the typing en-
vironment in which the type of the first program variablelisand the types of the rest of
program variables are determined @Gy

e We usel for static terms of sortoc, which simply refer to locations. In addition, we use
l1,15, ... for constant locations.

We usehereto refer to the particular location where the programmer is supposed to be at work.
Therefore, if a program in 4, is executed at a locatioh, thenhereis interpreted to bé.. In this
respecthereis similar to I/O channels liketdinandstdout which are always dynamically bound.

In addition to the usual forms of types,;,; also supports the following ones:

e Given a locationZ, we useloc(L) for the singleton type such that the only valudan(L)
is L itself. In particular, we treat each locatibnas a constant of c-typg = loc(l;) in the
dynamics. Alsohereis a constant of c-typg) = loc(here).

e We use€l'@[ as the type for values that serve as names for values ofitygtered at location
L. In some sense, a value of typp@ L acts like a witness attesting to some value of type
being stored at locatioh. The (infix) type constructoR is abstract, and there are no typing
rules associated witkk. In implementation, we associate with each locatioa hash table
that maps names of ty@eQ/L, represented as integers, to values of typsored atl.

e We usemsg(L,T) as the type for values that can be interpreted at locatiagn produce
values of typé€l’ at L, and call such valuesiessagesA name of type€l'@L can be turned
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into a message of typasg( L, T'), but not vice versa in general. The type construatsgis
abstract, and there are no typing rules associatedmsiip

e We use(L, G, T) as the type for values representing code of locafiand typeT that may
contain free program variables whose types are determined.byor instance, the type
(L,¢e,T) is for values representingosedcode of typel” that can be executed at locatian
the typeva : loc.(a, ¢, T) is for values representing closed code of typihat can be executed
at every location.

We user for alam-bound variable and for afix-bound variable, angf for either anz or an
f. A lam-bound variable is a value butfx-bound variable is not. Ing;,;, there are also some
built-in constants:, which are either constructocx or functionscf. Each of these constants is
assigned a constant type (or c-type, for short) of the following form,

Vi:&.(Ty,....T,) =T

wheren is the arity of the constant. We us@ : ¢ for a (possibly empty) sequence of universal
quantifiersVa, : o;...Va,, : o,. Note that c-types are not regarded as (regular) types. We
write ¢(€) for applying a constant to n arguments’ = ey, ..., e,, wheren is the arity ofc. We

may writecc for cc() when the arity of a constructac is 0. Also, we may usey, v and \ for
variables of sortsype envandloc, respectively. For instanc&n.T simply stands for the type

Va : typeT|a — a], wherea is assumed to have no free occurrences in the Type

The marker¥; (-), V. (-) and3,(-) are introduced to allow that the last rule applied in the typing
derivation of an expressianbe uniquely determined by the structureeofThis in turn makes it
significantly easier to establish Theorem 2.4 (subject reduction) and Theorem 2.5 (progress) for
Aaist- 1IN the following presentation, we may omit the subsceiph a marker if it can be inferred
from the context. Note that,,; imposes a form of value restriction &3 is only allowed to be
applied to a value.

The code constructotsft, Ong Shi Lam, AppandFix are to be used for constructing values
representing typed code in which variables are replaced with deBruijn indexes (de Bruijn 1972),
and the c-types of these constructors are given in Figure 2. For those who are unfamiliar with such
constructors, it can be helpful to first study some related meta-programming examples (Chen and
Xi 2003). Unlike in meta-programming whetgft can be applied to an arbitrary value to form
code, we see thatift can now only be applied to a message to form code. This change is needed
as we may require that code be moved between locations in a distributed computing but can not
in general assume the mobility of every value. Also, for those familiar Witk in (Chen and Xi
2003), we stress that,,,. cannot be considered a special instancg gf because of this change.

We now focus on some special built-in functionship,;, which play an indispensabléle in
supporting distributed meta-programming. The names and types of these functions are given in
Figure 3.

e For certain closed typés, the functionseng- take a value of type T to generate a message
of typemsg(L,T). A message thus generated is intended to be interpreted at lo¢at@mn
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produce a value ak that is equivalent ta.> For each typel’, we calleng- the encoding
function for7. We assume the existence of encoding functions for types such as base types
(e.g.,int), location typedoc(L), name typed'@QL, message typesisg(L, 7). In addition,

we assume the existence of encoding functions for all code types, that is, types of the form
va . d.(L,G,T). This is a realistic assumption as values of any code type are first-order (in
the sense that they contain no functions as its subexpressions). We may omit the silibscript
in ency if it can be readily inferred from the context.

e Given a message of typasg here T'), the functiondecdecodes the message and generates
a value of typél” locally.

e The functionn2mturns a name of typ&'@QL into a message of typesg(L,7). We can
assume the existence of such a function as a hame is just a remote address and thus can be
readily transfered to a proper remote location to locate the actual value it refers to.

e The functionexeds needed for executing code locally. To facilitate understanding, we present
someuntypedcode as follows in ML-like syntax, which illustrates a possible implementation
of exec

fun eval (p, env) = (* ’env’ is a list of values *)
case p of
Lift msg => decode msg (* interpret a message *)
| One => hd (env)
| Shi p => eval (p, tl (env))
| Lam (p) => lam x => eval (p, X :: env)
| App (pl, p2) => eval (pl, env) (eval (p2, env))
| Fix (p) => fix (lam f => eval (p, f :: env))

fun exec p = eval (p, [])

We usefix here as a function that computes the fixed point of its argument. Also, we em-
phasize that for the sake of efficiency, an implementatioexetin practice may compile its
argument, which represents some closed code, before execution.

e Given a name referring to some local valuethe functiongetreturns the value. Given a
local valuev, the functionput generates a hame for One possibility is to use a hash table
to store the mapping from names to values; thetandputcan be implemented as a lookup
function and an insert function, respectively, operating on the hash table.

e The functionrexecis needed for executing code remotely. Given a locafiand a values
representing some closed code of locatioand typeT’, rexecsendsv to the locationL to
have it executed by the functie@xecthat resides at. and after executiorrgxecreceives as

2The wordequivalents used here in a rather loose sense. We do not have formal definition for value equivalence
at this moment, which is in general difficult to do as some form of formal semantics must be assigned to values.
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the return result a name referring to the value of typthat is generated by the execution
done atl.

e Given a locationZ and a name referring to some valuef type 7" at L, the functionrget,.
returns a local value equivalent4o Given a location. and a local value, the functionrput
puts a value’’ at L that is equivalent toe and returns a name fof. Note that we only assume
the existence afget, andrput;. for certain typed’ such asnt and code types.

e Given a typel’ such thatget, exists, we useexeg- for a function that is essentially equiva-
lent to the following function:

lam(.lam z. rget,(, rexec/, x))

However,rexeg- may support a more efficient implementation.

As an example, the functiorget, for type 7" = 77 — 715 can essentially be implemented as
follows,

lam . lam z. lam z;. rget;, (I, rexeq/, App(Lift(n2m(z) )  Lift (n2m(rput;, (1, 21))))))

where the availability of bothput;, andrget;, is assumed. In this implementatioget, does not
actually fetch a function from a remote location. It instead builds a proxy locally for calling the
remote function. In the case where bdthandT; are base types, the argument of such a call is
literally put to the remote location and the result of the call is literally fetched back.

We consider it a key contribution of the paper to select the special functions in Figure 3 and
then assign them proper types, which requires considerable technical insights. We suggest that
the reader gain a clear understanding of these special functions and their types before studying the
subsequent development.

$here : VA.() = msg(\,loc()N))
$n2m : YAV Va.() = msg A, a@ly — msg(Ag, )
senc: : VA1V () = msg A, T — msg X\, T))
$dec : VAVa.() = msg\, msg ) a) — «)
$exec : VAVa.() = msgA, (A€ a) — a)
$get : VAVa.() = msg\, a@\ — «)
$put : VAVa.() = msg A, a — a@))
$rexec : V)\1V/\2Va() = mSgAl, <)\2, €, Oé> — Oé@)\g)
$rget, : VALV 2.() = msg A, loc(\y) — T@QN, — T')
$rput; = VALV Aq.() = msg(A, loc(Ay) — T — TQ),)
grexeq : VAL.VA2.() = msgAi, (A, 6, T) — T)

Figure 4. Some constant messages jn
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There is an immediate need for constant messages, which we only encounter in a distributed
computing environment. Suppose we have a task that needs to add two integers at a remote location
L. We then need to refer to the integer addition functio.afhis can be easily achieved if we
have a message at hand that can be interpretéd@bbtain the integer addition function. More
concretely, suppose we have a messgges of the typemsg(L, int — int — int); then for two
given integers andj, the following program, where we ug@nd; for the messagesng () and
engut (7), respectively, addsand; at locationZ and then fetches back the resuit ;:

rgetnt (L, rexeq L, App(App(Lift($plus), Lift(z)), Lift(5))))

If $pluscan be interpreted at every location to obtain the integer addition function, we should then
assign it the following c-type:

VA.() = msg ), int — int — int)

In the following presentation, we adopt a simple naming convention: The name of each constant
message should always begin with the symbol $. First, we assume that there is a canstant $
c-typeV\.() = msg(\,int) for every integer, which is needed to form a message that can be
interpreted at every location to obtain the integein addition, we assume the existence of the
constant messages listed in Figure 4, whose meaning should be obvious. Giveng vadisay
that ¢ is a constant message forif the interpretation of: by the functiondecyields the value
v. In general, if a value is assigned the typé: .7, whereT does not begin with a universal
guantifier, then the constant message for the value, if it exists, should be given the following type:
VAVa : d.msg\, T'[here— )\|), where) is assumed to have no free occurrenc&’inNote that
the substitutiorfhere — )] clearly reflects the nature of dynamic binding imposechere For
instance, it is clearly stated in the type $iferethat the valuel. (not here should be returned if
$hereis interpreted at locatioh (sincelL is hereat locationl).

For each constant of c-typeVa : &.(T},...,7,) = T, we usec* to denote the following
function,

lamz;. ... lamx,.c(zq, ..., x,)

and$c to denote the constant messagedqrand forn > 2, $"c (3" meansn consecutive occur-
rences off) to denote the constant messageffor'c. For instance$$get is assigned the following
type:

VA1V Va.msg(A, msg( Az, @Ay — «))

As another example, we can defimpit;. as follows:

lam . lam z.
rexed!,
App(App(Lift $rget,, Lift(endhere)), Lift(enqput z))))
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where the firsencis engGoc(xere) @and the second one &1Gran.r.. Let Us Nnow see what happens
if we want to put a value of typeT" at a locationl. with this implementation; we first ugaut to
create a name far and then execute at locatidnsome code that essentially relies on tpet,.
function atL to form a valuey’ at L equivalent ta by using the name far. In other words, putting
a value of typ€l at locationL is achieved by callingget, at locationL on a name generated for
V.

Typingrules X:Ake: T

YEActx] Axf)=T

SiAEX:T
Fe:V3.(Th,...,T,) =T YFO:% X Abe:Ti0] forl <i<n
S;AF e, ... e, T[O]

YA x:Ti ke Ty
s AkFlamzx.e: Ty — Ty
XAl e Ty — Ty X;AFey:

YA R e(en) Ty
Ya:0;AFv: T Y EFA][cty

S ARYE(v):Va:oT
s Ak e:Va:oT Yks:o

S, ARV (e): Tla— s]
Y;AFe:Tla—s] Yks:o

YA 3,(e):Fa: 0T
Y:AFe :da:oTy X,a:0,Ax:TiF ey
Y;AFlet 3,(x) =€ ineyend : Ty

(ty-var)

(ty-const)

(ty-lam)

T
L (ty-app)

(ty-V-intro)

(ty-V-elim)

(ty-3-intro)

12 ty-3-elim)

Figure 5: The typing rules fok;;

2.1 Static Semantics

We use a judgment of the forli - s : ¢ to mean that the static terencan be assigned the sort
underX. The rules for assigning sorts to static terms are all standard and thus omitted. We use
for static substitutions defined as follows,

© == []|Oar s

anddom(©) for the domain of9. Note that]] stands for the empty mapping afda — s] stands
for the mapping that extend3 with a link froma to s, wherea ¢ dom(©) is assumed. We write

10
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s[©)] for the result of applyin@ to s. The standard details on substitution are all omitted. Given
static contexts:, 3y and a static substitutio®, we write> - © : ¥, to meanX - O(a) : Xo(a)
is derivable for each € dom(©) = dom(%).

Given a static contexXtl and a dynamic contexh, we write¥ - A [0k to mean that +
A(z) : typeis derivable for every variablef in the domaindom(A) of A. The typing rules for
Aaise are listed in Figure 5, where a typing judgment is of the fdim\ - ¢ : 7. One premise
of the rule(ty-const)is - ¢ : ¥¥.(1T1,...,T,) = T, which means that is assigned the c-type
VYay : o1...Yay, @ op.(Th,...,T,) = T for ¥y = a; : 01,...,a, : o,. Note that we have
omitted some obvious side conditions associated with certain typing rules s(ighvastro) and
(ty-3-elim).

Proposition 2.1 (Canonical Forms)Assume thald; @ - v : T is derivable.
e If T'is of the formloc(L), thenv is L.
e If T'is of the formI; — T, thenwv is of the formlam z. e.

e If T'isof the form(L, G, Ty), thenwv is of the form Liftv, ), One, Shiv,), Lam(vg), App(vy, ve),
or Fix(v).

e If T'is of the formva : 0.7y, thenv is of the formv} (vy).
e If T'is of the formda : ¢.75, thenw is of the formd, (vy).

Proof By a careful inspection of the typing rules in Figure 5. m

2.2 Dynamic Semantics

As in (Murphy, Crary, Harper, and Pfenning 2004), the focus of the paper is on distributed—as
distinguished from concurrent— computing. The dynamic semantics;gfis formalized in a
sequential and deterministic manner. In the prototype implementation written in Objective Caml,
we actually spawn a thread whenewexecis called.

We now incorporate the locality information into a typing judgment. Given a constant location
L, we useX; A F, e : T for a typing judgment whose derivation requires the assumption that
the programmer is at locatioh. Therefore, the old form of typing judgmeht A + e : T now
simply stands fod3; A Fperee @ 1. The typing rules for the new form of typing judgments are
essentially the same as those in Figure 5. However, we may assume that different sets of constants
c are declared at different locations.

We also introduce a new form of expressions:

exp. e == ...|[e]L

values v == ... |[v]
and an additional typing rulggy-name):

0:;0bkpe:T (ty-name)

YA b ey TQL

11
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Intuitively, [e] ., which we call a remote expression, means that the expres$&an be evaluated
at locationZ. We do not allow remote expressions to be used when constructing (source) programs
in A4 because it is unclear in general as to how an (arbitrary) expression can actually be put at
a remote location. We will come back to this point when discussing related work in Section 6.
However, according to the dynamic semantics we formulate\fgy, such a remote expression
can be generated when the remote execution funotiecis called at run-time.

We use) for dynamic substitutions defined as follows,

0 == [|0x—v]|0f— €
and writee[#] for the result of applyind to e. We write
SAE(0;0) 1 (205 Ao)

to mean thak - © : 3, holds and for eackf € dom(#) = dom(Ay), £; A F 6(xf) : Ag(xf)[O] is
derivable.

Lemma 2.2 (Substitution) Assume that the typing judgmentXy; A, Ay F e : T is derivable
andX; A F (0;0) : (X0;Ag) holds. Thery; A F e[f] : T'[O].

Proof The proof follows from structural induction on the typing derivatior?t; A, Ag F e :
T. [

In order to assign dynamic semantics to expressiong;in we make use the notion of evalua-
tion contexts defined as follows:

eval. ctx. £ :=
H | C(Ul,-u;Ui_l,E,ei-}—l,~~-,6n) | E<e) | U(E) |
V- (E) | 3(E) | let 3,(z) = Eineend | [E];

Given a evaluation context and an expression, we useFE|e] for the expression obtained from
replacing the hole [] inF with e.

We define a functiomompas follows, where we usefs for a sequence of distinct expression
variablesxf.

comyzfs; Lift(v)) = dedw)
comfzfs, xf; Ong = xf
comfzfs, xf; Shiv)) = comgzfs;v)
comgzfs;Lam(v)) = lamx. comgzfs, x;v)
compzfs; App(vi, v2)) = (COM{xfs;v1))(Comp(afs; va))
comfzfs; Fix(v)) = fix f.comfdafs, f;v)

Note thatcompis a function at meta-level. Intuitively, when applied to a sequence of distinct
expression variablegs and a value representing some codsympreturns the code. For instance,
we have:

comp-, z, f; App(One ShiOng)) = f(x)

12
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Definition 2.3 We define redexes and their reductions as follows.
e (lamz.e)(v) is a redex, and its reduction iz — v].
e fix f. e is aredex, and its reduction igf +— fix f. e].
e V_ (VI (v)) is aredex, and its reduction is
e let 3,(x) = 3,(v) in e end is a redex, and its reduction iz — v].
e exeqv) is a redex if comp; v) is defined, and its reduction is cofp).

e get[v]here is @ redex, and its reduction is

put(v) is a redex, and its reduction {8]here

rexed L, v) is a redex, and its reduction [gxe¢v)|.

rget,(L, [v];) is a redex, and its reduction is

rput, (L, v) is a redex, and its reduction [s],.

Given a built-in function cf other than the above one¢i'cfs a redex if it is defined to be
some value, and its reduction is. We assume that if @) can be assigned some typethen

v can also be assigned the type In other words, we assume that the definition of cf respects
the type assigned to cf. Also, we expect the following to hold in the actual implementation of
the built-in functions, though this cannot be enforced through types:

— Given a value of typeT, if ency is available, then dgenc-(v)) should equab, that is,
enc- and dec can be thought of as marshalling and unmarshalling.

— Given a name:, dedn2mn)) should return a value that is equivalent to the result of
getn).
— For a constant messade, ded$c) should returre.

Given expressions= E[eg] ande’ = Elep], we writee — €’ if e is a redex and, is its reduction,
and saye reduces te@’ in one step.

Theorem 2.4 (Subject Reduction)Assume that the typing judgméht) - e : T is derivable and
e — ¢’ holds. Then the typing judgméht() - ¢’ : T is also derivable.

Proof Assume that = E[ey] ande’ = E[ey] for some redex, and its reductiorz;. The proof
proceeds by induction o, and the most interesting case is whére= [|. In this case, the proof
proceeds by induction on the typing derivatiorfof + e : T m

Theorem 2.5 (Progress)Assume that the typing judgméht) - ¢ : T is derivable. Then either
e is a value, ore — ¢’ holds for some expressief or e is of the formE/[cf(¥/)] such that cfv) is
not a redex.

13
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Proof This follows from structural induction on the typing derivationlof) e : T "

Combining Theorem 2.4 and Theorem 2.5, we can clearly state that the evaluation of a well-
typed program in\ 4, either reaches a value, or stops at an expression of the Adef(w)] such
thatcf(¥) is nota redex, or continues forever.

In theory, it is already possible to do distributed meta-programming ith As an example,
we show how remote procedure calls (RPCs) can be performeg.jn Let n be a name of type
(T, — T,)QL, that is,n refers to a function of typg, — T located remotely af.. If there is
an encoding functioenc, for the typeTi, then calling the function referred to bywith a local
valuew of typeT; can be performed by the following program:

rexed L, App(Lift(n2m(n)), Lift(enc, (v))))

which yields a name referring to the value at locatiotihat is returned by the remote function call.
The significance of this example should be noticed: Instead of relying on a language primitive to
perform RPCs, we have made RPCs implementable,in As can be expected, we are now able

to implement much more than just RPCs.

However, it seems at least unwieldy, if not completely impractical, to program with abstract
syntax trees directly. To some extent, this is like constructing meta-programs in Scheme with no
access to the backquote/comma notation. Therefore, we are naturally motivated to provide some
syntactic support so as to facilitate distributed meta-programming. This is precisely the situation
we encounter in meta-programming (Chen and Xi 2003).

Lift, : VAi...VAu.Vy1... Ve Va.(msg A, msg(... msgAn, @) ...))) = (A, 71, (- sy s @) -2 2))
One, : VYAi...VAVyi...VyVa.() = A,y (oo Dy ity ) - 20))
)= (A7, (e Dy 2 5, @) L))

Shi, : VYA1i...VA\V7 ...V VarVas. (A1, 71, (. (D, Yy 1) 2 2))
Lam, : V)q...V)\n.V’yl...V’\/n.va1.va2.(<)\1,’yh<...<)\n,041 b ’yn,om)...)))é (Al,'yl,<...<)\n,'yn,a1 —>052>>>
App, : YAir... VA V7. Ve Var Voo,

(<>‘1”Yla < o <>‘7’L5’Y7’170‘1 - CM2> . >>7 <)‘17717 < . <)"ﬂ7’y’ﬂ7a1> e >>) = <A17715 < e <An7’7nva2> e >>

Fix, : V1.V V7. VY. (A, 71, (oo Qs oty a).0)) = (A, 71, G Dy, @) -2 2))

Figure 6: The generalized typeful code constructorsin

3 The Language\/,,

We extend) 4, to A, with some language constructs adopted from meta-programming (sup-
ported in Scheme and MetaML):

expressionse == ... |‘(e)| "(e)

Loosely speaking, the notatioft) corresponds to the backquote notation in Scheme (or the no-
tation (-) in MetaML), and we usé(e) as the code representation for On the other hand;(-)
corresponds to the comma notation in Scheme (or the notatipin MetaML), and we usé (e)

for splicing the code into some context. We refer t¢-) and”(-) as meta-programming syntax.
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Typingrules ;T Fie: T
YHECA oK A(xfalL)) =T
YA xE: T
Y(e) =V (Th, ..., Ty) =T YAoK
YEO:Y, SAF e TyO)fori=1,...,n
S AR cley, ... en) : T[O]
YA zQL T F e Ty
Z;AI—%Iamx.e:TIHTQ
E;Al—%el:TI—>T2 Z;Al—%engl
S AR ei(er) 1 Ty
YA fQIL| TS e: T
AR fixfe: T
SIARE G e T
S AR (e) (L, G(IL] + 1;A),T)
YA e (L,G(IL] +1;A),T)
SIARIEG (e): T
E,a:a;Al—%v:T ZI—%A[OI(]
SA R VE() i Va0 T
E;Af—ge:‘v’a:a.T YFs:o
S ARV (e) : Tla — s
AR v Tlar—s] Sks:o
SiAR 3, (v):3a: 0T
E;Al—gel:ﬂa:a.ﬂ E,a:U;A,x:Tll—%eg:
Z;Al—gletﬂg(az):el ine,end : 7T,

(ty-var)

(ty-const)

(ty-lam)

(ty-app)

(ty-fix)

(ty-encode)

(ty-decode)

(ty-V-intro)

(ty-V-elim)

(ty-3-intro)

15 .
(ty-3-elim)

Figure 7: The typing rules fox}, ,
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The extension from\,;,; to A%, corresponds tightly to the one froi,q. to A! ;. (Chen and

Xi 2003), but a key difference lies in the treatmentdt. The rather technical presentation of the
rest of this section essentially shows thgt, can be assigned a static semantics that is justified
by a translation from\}. , to A4 By assuming this, the reader may simply skip the rest of this
section.

The dynamic variable contexXt is now defined as follows,

dyn. ctx. A == 0| A xfak:T

wherexfQk are called staged variables at lewel> 0. Intuitively, an expression in the empty
evaluation context is said to be at ledelf an occurrence of in ¢ is at levelk, then the occurrence
of e in ‘(o) is at levelk + 1; if an occurrence of in ¢ is at levelk + 1, then the occurrence ef
in “(e) is at levelk; if an occurrence ofam z. e; or fix f. e; is at levelk, thenx or f is bound at
level k. A declared staged variabkd@k in A simply indicates thatfis to be bound at level.

3.1 Static Semantics

We define environment mappingsand location mappings as follows:

env. mappingsG = 0|G+G
loc. mappings £ == 0| L+ L

The length of environment mappingss defined as follows:
0 = 0 G+Gl = [g]+1

Givenl < k < |G| for some environment mapping = G' + G, G(k) = G if k£ = |G|, or
G(k) = G'(k) if k < |g'|. Similar notations also apply to location mappingsin the following
presentation, we usg/L for an environment mapping and a location mapping of the same
length. We writeX - A [oK to mean that

1. ¥ F A(xf) : typefor eachxf € dom(A), and
2. |G| = L], and
3. A+ G(k) : envfor eachl < k < |G|, and
4. A+ L(k) :locforeachl < k < |L].
In addition, we introduce the following definitions:

e GivenG, k > 0 andA, we defineG(k; A) as follows:

G(k; A, xfQk" - T) = T :G(k;A) if k=Fk;
G(k; A, xfQk - T) = G(k;A) if k#K.
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e Giveng/L, A andT', we define
GIL(0; A, T) =T,

and forl < k < |G| = |L],
GIL(k; A T) = GIL(k — 1; A, (L, G(k; A), T7),

whereL = L(k) andG = G(k).

We write 33; A ¢ e : T for a typing judgment in\};,, where we requir& - A [oK. Intuitively,

for eachl < k < |G|, G(k) andL(k) stand for the type environment and location for code at level
k. We present the typing rules for, , in Figure 7. Note that expressions of quantified types are
only allowed at level). This restriction is to be removed in Section 4.

Assumen > 1
exe¢Lift,,,(e)) = Lift, (dede))
exe¢Ong,,;) = Oneg,
exe¢Shi,.1(e)) = Shi,(exege))
exe¢Lam,, (e)) = Lam,(exege))
exetApD, (€1, €2)) = App,(exece:), exetes))
exe¢Fix,.i(e)) = Fix,(exege))

Figure 8: Extending the functioexec

3.2 A Translation from A7, to A

We now introduce generalized typeful code construdtdts, One,, Shi,, Lam,, App, andFix,, in
Figure 6, which are needed for representing expressiokg,inat leveln > 1. These constructors
can already be defined in terms of the construdtefts One Shi Lam AppandFix. However, the
definition is rather involved and we refer the interested reader to (Chen and Xi 2003; Chen and Xi
2004). In Figure 8, we extend the functierecto deal with the generalized code constructors.
We now usexfs for a sequence of staged variables, thatfisis of the formxf, @k, . . ., xf,Qk,,.
For eacht > 0, we definevar, (zfs; xf) as follows under the assumption thdi@k occurs inzfs:
for zfs = (zfs,, xfQk, ), var(zfs; xf) is

One, if k&, = k andxf, = xf;
Shi.(varg (zfs,; xf)) if ky = k andxf, # xf;
varg (zfs,; xf) if by £k

Also, we useApg:(eg, €1, - - - , €,) for eq if n = 0, or for App, (ApE (o, - - -, €n_1), €n) if n > 0.
In Figure 9, we define a translatiorans, (-; -) for eachk > 0 that translates expressions\j,,
into those in\ ;. A crucial property otrans,(-; -) is captured by the following lemma.
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trang(-; -)

trans, (zfs; xf)

transy(zfs; cer, . .., e,)

trans (zfs; lam z. e

trans (zfs; e1(ez)

trans (zfs; fix f. e

trans (zfs; V7 (e)

trans (zfs; ¥, (e)

transy (zfs; 3, (e)

trans (zfs; let 3,(z) = e; in e, end
transy (zfs; ‘(e)

)
)
)
)
)
)
)
)
)

trans,(-;-) fork > 1

trans, (zfs; xf)
trans, (zfs; c(ey, . . ., e,)
trans, (zfs; Iamx e

)
)
trans, (zfs; e1(es))
e)
)
)

trans, (zfs; fix f.
trans. (zfs; ‘(e)
“(e)

trans, (zfs;

Figure 9: The extended definition tns,(-;

= xf if xf@0 occurs inzfs

— v, (afs; X0
App: (Lift, ($%¢c), trans,(zfs; e1), . . .
Lamy (trans, (zfs, zQk; e)

= App,(trans,(zfs; e1), trans, (zfs; e))
Fixy (trans,(zfs, fQk; e))
trans,, 1 (zfs; e)

= trans,_;(zfs;e)

c(trang(zfs; e1), . . ., trans(zfs; e,))
lam z. trans (zfs, Q0; e)

trans («fs; e1) (trans (afs; e1))

fix f.transg(zfs, fQ0; e)

Vi (trans(zfs; €))
v, (trans)(afs; €))

3, (trans (zfs; e))

let 3,(z) = trang(zfs; e;) in trang (zfs, z; e5) end
trans, (zfs; e)

if xf@k occurs inzfs
trans, (zfs; )

) fork >0
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Lemma 3.1 Assume that; A F¢ e : T is derivable in\},, and A is of the form xfak, :
Ty, ..., x5Qk, : T,. Then,X;(A)y F transg (xf,, ..., xf;e) : G/L(A;T) is derivable in) g,
where(A), is defined as follows:

@0 = 0 ;
(A,z@0:T) = (A)g,xz:T ;
(A zQk :T) = (A) if £ > 0.

Proof The proof follows from structural induction on the typing derivatiotofA F e : 7. =

Given an expressioain \}.,, we writetrang(e) for trang)((; e) (if it is well-defined) and call it
the translation oé.

Theorem 3.2 Assume thalt; ) -} ¢ : T'is derivable. Theif}; § - trans(e) : T is derivable.
Proof This immediately follows from Lemma 3.1. ]

The programmer can now construct a distributed prograiy;in that may (and probably should)
make use of meta-programming syntax and then assign it the dynamic semantics of its translation
in A\gs:. IN other words, the meta-programming syntax can be treated as a form of syntactic sugar.
This is precisely the significance of Theorem 3.2.

Unit : VAVy.Va; : o —type(Vay : 0.(\, 7, a1(a2))) = (\,v,Va: o.a1(a))
Uni; : VAV9.Va;: o —typeVas : o.((\, 7, Va : o.a1(a))) = (A, 7, a1(az))
Exii : VAVy.Va;: 0 — typeVay : 0.((\,7,a1(az2))) = (\,7,3a : 0.a1(a))
Exi; : VAVy.Va; 0 — typeVa.((\,v,3a: 0.a1(a)),Va : 0.(\ ai(a) = v,a)) = (A, 7,a)

g

Figure 10: The typeful code constructors for quantified types

4 Extensions

It is straightforward to extendly;,; (and subsequently?. ;) to support additional language features
such as conditionals, pairs, sums, references, etc. Please refer to (Chen and Xi 2003) for further
details. What is interesting is to support typeful code constructors that can represent code of
either universally or existentially quantified types. The need for such code constructors is to be
demonstrated convincingly in an example presented later in the paper.

The code constructorgni}, Uni , Exit, Exi; and the c-types assigned to them are given in
Figure 10. Please note that we need to extengd with second-order sort quantification in order
to accommodate these c-types. Unsurprisingly, the fun&i@ioutlined on page 3 needs to be
extended as follows to handle the new code constructors:

fun eval (p, env) = (* 'env’ is a list of values *)
case p of
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| UniPlus p = eval (p, env)

| UniMinus p = eval (p, env)

| ExiPlus p = eval (p, env)

| ExiMinus (pl, p2) = eval (p2, eval (pl, env) :: env)

where the meaning diniPlus UniMinus ExiPlusandExiMinusshould be obvious. We may have

to check at run-time whetherrepresents a value when evaluatlgiPlus(p)if the form of value
restriction in)y,; also needs to be imposed at code level. We present in Figure 11 the generalized
typeful code constructors correspondindJoi’, Uni_, Exi’, Exi_, and then extend the definition

of the translation functionsans,(-;-) for £ > 1 in Figure 12. We omit the details on extending

the functionexecto handle these generalized typeful code constructors, which is straightforward.

Uni;n VAL YA YL Ve Va0 — type

(Vaz : oA, 71, (- (An, Yy aa(a2)) - ) = (A7, (- (Ans 1, Va s 0naa(a) - o)
Uniz,, : VYA1...VAu.V71...Vy..Var : 0 — typeVas : o.

(A1, 71, (- (Ansms Va t o.aa(a)) - ) = (A, 71, (- (Any s aa(a2)) - )
EXi:;n DOV YA YL Yy Va0 — typeVas oo

(13715 -+ Oy s 1 (@2)) ) = 1y, - Qo s 30 02 (@) )
Exi;, : YAi...VAVy1...Vy,.Va1: 0 — typeVas : o.

(1,71, (- Ay m, Fa s ouar(a)) .. ), Va s o {d, 71, (oo (Anyai(a) o mya2) .. ) =
M, 71, (o Ay ny a2) -2 0))

Figure 11: The additional generalized typeful code constructors

trans,(zfs; V) (e)) = Unif, (trans,(zfs;e))
trans,(zfs; v, (e)) = Uni_,(trans,(zfs;e))
35(e))
)

trans,(¢fs; 3,(e)) = EXif . (trans,(afs;e))
trans,(zfs;let 3,(z) = ey iney end) = EXi;, (trans.(afs; eq), trans, (zfs, 1Qk; ey))

Figure 12: The extended definition wéns,(-;-) for k > 1

5 Examples of Distributed Meta-Programs

We now need an external language for the programmer to construct distributed programs and then
a process to translate such programs into typing derivations in (properly extenfed) The
following is a brief description of the syntax for this external languages.
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(* A 'withtype’ clause supplies a type annotation *)

fun zeroFind f =

let

fun aux (i) = if f (i) = 0 then i else aux (i+1)
in

aux (0)
end

withtype (int -> int) -> int

(* "% (...) is a shorthand for “(Lift (...) ) *)

(* ’encint’ encodes integers into messages *)

(* ’rexecInt (L, ...)) = ’rgetint (L, rexec (L, ...))" *)
(* {L: loc}Y means universal quantification *)

fun rZeroFindl L n = (* rpc version *)

let
fun f (ir int): int =
rexecint (L, ‘(%(n2m n) %(encint i)))
in
zeroFind f
end

withtype {L: loc} loc(L) -> (int -> int) @ L -> int

(* 'code (L, G, T) is for the code type <L, G, T> *)
(* ’'nil' for empty typing environment *)
(* fix f x => .. means ’‘fix f. lam x => ..’ ¥)

fun rzZeroFind2{L:loc} (L:loc(L)) (n: (int -> int) @ L)

»int = (* mobile code version *)
let

val zeroFindCode: code (L, nil, (int -> int) -> int) =

‘lam f =>
(fix aux i =>
if f (i) = 0 then i else aux (i+1)) 0)

in

rexecint (L, ‘("zeroFindCode %(n2m n)))
end

Figure 13: RPC vs. Mobile Code
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expressionse = x| f|cler,...,e,) | if(er,eq,e3) |
lamz.e|lamz : T.e| e;(es) |
fix foe | fix fla; :01,...,a, :0,] : T. €|
letz=ejinesend | (e:T) |
(e) | 7(e) [ %(e)
The only syntax that may seem unfamiliar is
fix flay : 01,...,a, :0,] : T.e,

which indicates that the fixed-point expression is expected to be assigned thetyps . ..Va, :
0.T. Also, we uséx(-) as a shorthand for(Lift(-)).

Of course, we are also in need of an approach that can effectively elaborate programs in this
external language intd}. ;. While we cannot formally describe such an approach at this moment,
we reasonably expect that the reader can readily relate the programming examples presented in
this section to their corresponding parts\ip,,.

RPC vs. Mobile Code We present an example in Figure 13 to compare remote procedural call
with mobile code. The functioreroFindsearches for the least nonnegative zero of a function from
integers to integers, and both functioderoFind, andrZeroFind, search for the least nonnegative
zero of a remotely located function from integers to integers.nLleé a name referring to some
function f at locationZ that maps integers to integers.

e rZeroFind, (L)(n) builds a functionf’ that serves as a local proxy férand then call the func-
tion zeroFindon f’. With this method, the amount of data/code that needs to be transmitted
is unbounded and a large number of remote function calls may be invoked.

e rZeroFind(L)(n) constructs the code for computing the least nonnegative zef@aodl then
has it executed at the locatiah and then fetches the result back. With this method, the
amount of data/code that needs to be transmitted is bounded and low.

Recursive Code Propagationin Figure 14, we present an implementation of the Fibonacci func-
tion in which a programming method calleztursive code propagatias involved. Though short,
this example may seem difficult to understand, and we provide some explanation as follows.
We usefib(n) for the nth Fibonacci number, where ranges over natural numbers. Assume
the existence of a functiorthooseof c-type() = 3\.loc()\) at every location, which can be called
to generate locations. The valtieCoderepresents some code for computing Fibonacci numbers
in the following manner: Given a natural numberif n < 1 then1 is returned; otherwise, the
functionchooses called twice to select two locatiords and L, to which the code represented by
fibCodeis sent for computindib(n — 1) andfib(n — 2), respectively, and the results are fetched
back and then added up.
It is a routine verification thdibCodecan be assigned the typé&CodeTypewhich is defined
to be the following recursive type:

pa N AN €, — int — int)
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typedef rec FibCodeType = (* recursive type def. *)
{l:loc} code (I, nil, FibCodeType -> int -> int)

(* ’encCode’ encodes a value of type 'FibCodeType' *)
val fibCode: FibCodeType =

‘lam f => lam n =>
if n <=1 then 1

else
let
val L1 = choose () (* select a location *)
val L2 = choose () (* select a location *)
in
rexecint
(L1, ‘(°f %(encCode f) %(encint(n-1))))) +
rexecint
(L2, ‘(Cf %(encCode f) %(encint(n-2)))))
end)

val fib: int -> int = exec fibCode fibCode

Figure 14: Computing Fibonacci Numbers
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The valuefibCoderepresents some closed code that can be executed at any lacatiabtain a
function of the typdribCodeType— int — int; this function, when applied thbCode returns a
function of typeint — int that computes Fibonacci numbers.

To further demonstrate the potential use of recursive code propagation, we outline an imple-
mentation of peer-to-peer file search function in Figure 15. We assume that a fusei@hFile
is available at every location that can be called to search a file. This implementation essentially
uses the same strategy as the one in Figure 14 to propagate code recursively. Given the name of
a file and an integer (which determines the maximum number of times that the code for search
is allowed to propagate), the functippSearch creates a referencesult for storing the search
results; then it forms a functiostore and a name fostore to allowresult to be updated remotely;
then the code for search is constructed and then executed; the code checks if the file being searched
can be found locally; if so, a link to the file is written intesult; otherwise, two more locations
are generated (if the code for search is still allowed to propagate) and the code for search is sent
to these locations. Note that this example involves pattern matching at code level, for which some
detailed explanation can be found in (Chen and Xi 2004).

6 Related Work

There have been some recent studies that advocate the use of modal logic in designing type systems
to support distributed programming (Moody 2003; Jia and Walker 2003; Murphy, Crary, Harper,
and Pfenning 2004), where the essential idea is to use the computational interpretation of modal-
ities O (necessity) and> (possibility) to capture the notion of mobility/immobility in distributed
computing: Given a typ&’, OT is the type for mobile code of typ€ that can be executed ev-
erywhere, and>7' is the type for a name (which itself is considered to be mobile) that refers to a
value of typ€l” located somewhere.

A type system based on the modal logic S4 is developed in (Moody 2003) to support typed
distributed programming, where the connection relation between worlds (which we call locations)
is assumed to be reflexive and transitive but not necessarily symmetric and is directly dealt with
in the type system. This is a design with a focus on supporting grid computing and it may not be
flexible enough to handle applications where connections between worlds may change from time
to time. Also, while a program in this system can be assigned a type to indicate the mobility of
the program, program transmission from one location to another is completely hidden from the
programmer. On the one hand, by relying on the run-time system to fully take care of data/code
distribution on behalf of the programmer, this design has the advantage of providing the program-
mer with a simpler type system and thus possibly a cleaner programming interface. On the other
hand, the programmer is left with little control over issues such as determining the actual locations
for executing mobile code and/or providing services.

Another type system for supporting distributed computing is introduced in (Murphy, Crary,
Harper, and Pfenning 2004), which bears some close resemblance to (Moody 2003). This type
system, with its basis in the modal logic S5, assumes that all worlds are interconnected and thus has
no need for explicitly dealing with world accessibility. Alsb,,.-calculus (Jia and Walker 2003)
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typedef rec P2PCodeType = (* recursive type def. *)
{l:loc} code (I, nil, P2PCodeType -> int -> unit)

(* 'encFilename’ encodes a filename *)
(* ’encCode’ encodes a value of type 'P2PCodeType’ *)
(* ’encLoc’ encodes a location *)

fun p2pCode (filename: filename,
store: (url -> unit) @ here): P2PCodeType
‘lam f => lam n =>
if n = 0 then ()
else
case searchFile (%(encFilename filename)) of
| NONE =>
(* propagate code to two neighbors, where *)
(* the number 2 is chosen arbitrarily *)
let
val L1
val L2
in

choose ()
choose ()

rexecUnit
(L1, ‘(f %(encCode f) %(encint(n-1))));
rexecUnit
(L2, ‘'(’f %(encCode f) %(encint(n-1))))
end
| SOME url => (* use rpc to store the url *)
(* 'rget’ is for the type ’url -> unit’ *)
rget (%(encLoc here), %(n2m store)) (url)
end)

*

* ’level’ determines the maximum number of time code
* propagations can be performed.

*)
fun p2pSearch (filename: filename, level: int): unit =
let
(* search results are to be stored in 'result’ *)
val result: url list = ref []
(* 'store’ is to be called to store a url *)
fun store (x: url) = (result := x :: lresult)
val code: P2PCodeType = p2pCode(filename, put store)
in
exec code code level
end

Figure 15: Peer-to-Peer File Search
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is developed recently to support typed distributed programming, which rests upon an extension of
the modal logic S5 with some hybrid-logic features. In both (Murphy, Crary, Harper, and Pfenning
2004) and (Jia and Walker 2003), locations can occur in a program to indicate where certain parts
of the program should be distributed at compile-time. However, locations are still not treated as
first-class values. As a consequence, it seems that recursive code propagation as is implemented in
Figure 14 and Figure 15, which makes use of run-time generated locations, cannot be handled.
There is a fundamental difference betweép, and the above systems based on modal logic. In
M., a program ientirelylocated at the locatioherg namely, the place where the programmer is
at work. On the other hand, it is assumed in the above systems that a program can and is also most
likely to be composed of parts distributed at different locations, which may be implicit (Moody
2003) or explicit (Murphy, Crary, Harper, and Pfenning 2004, Jia and Walker 2003). This may or
may not be a realistic assumption depending on the actual circumstance. In the case where this is
a realistic assumption, we can simply add the typing (iylename) into A 4,;. With this addition,
the essential features in the above systems can then be readily handlggd iin particular, the
modality operatorsl and< can be encoded as follows y;,;:

O7T =VA.(\ e T) OT = AN loc(N) x (TQN)

SoOT is the type for closed code of typgethat can be executed everywhere, &@¥id is the type

for a pair(L, n) such that the name can be interpreted at locatidnto generate a value of tyge

This is largely in line with the view of modality taken in the above systems based on modal logic,
and we present some examples as follows in support of this claim.

e A proof term fordT — T is lam x. exe¢x), which means that a value of typ&l" can be
executed locally to obtain a value of type

e A proof term for7” — <T'islam z. 3(here put(z)), which indicates that given a valueof
type T, we can calputonv to generate a name forand then pair it with the locatiohere
to form a value of type>T.

e A proof term for (CT, — 0O7T,) — O(1y — T5) is the following function written in the
syntax of\},,:

lam f.‘(lam x. exegrexecr, (
o(endhere)), ‘(%% (enan2m(put(f)))) %(end3(here put(x))))))))

The meaning of the proof term is somewhat involved. When applied to a funttodrtype

Ty — OT; at locationL, the above proof term yields some code that can be transmitted to
another location’,; and then be executed there to generate a fungti@uch thatf’, when
applied to a value, forms a pair consisting af; and a name for, and then sends the pair

to Lo to compute the result of applyinfjto the pair, and then fetches back the result, which
represents some closed code, and then executes the result.
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Theoretical models of distributed/concurrent computation are often built upon process algebras,
some of which can be found in (Berry and Boudol 1992; Milner, Parrow, and Walker 1992; Cardelli
and Gordon 2000; Fournet, Gonthieg\ly, Maranget, and &my 1996; Schmitt and Stefani 2003;
Yoshida and Hennessy 1999). While we share with these works the same interest in formally
studying distributed computing, there is little else in common as far as the underlying methodology
is concerned. In a loose sense, we are probably more concerned with the programming issue of
distributed computing, while these works based on process algebras have a stronger focus on the
semantics of distributed computing.

We have already stated in the introduction that the typeful code representation in this paper is
largely adopted from a previous study on meta-programming (Chen and Xi 2003), which in turn
is closely related to the notion of guarded recursive datatypes (Xi, Chen, and Chen 2003). In
the language\.... (Chen and Xi 2003), the type for code is of the fo{ts, T'), and this form is
modified to(L, G, T') to include the location of code. This seemingly minor modification, however,
leads to many rather significant changes in the design and formalizativp,ofsome of which
are mentioned as follows:

e The set of special functions in Figure 3 are chosen to support data being moved between
locations and code being executed remotely, and the abstract type construatatsisgare
introduced so as to assign proper types to these special functions.

e The dynamic semantics of;,; needs to deal with the notion of values stored at remote
locations, which simply does not existsAp, 4.

¢ In order to guarantee the mobility of values that represent code, the constifttevhich
is allowed to be applied to an arbitrary value to form code if., can only be applied to
messages to form code ;. In particular,\..;. cannotbe simply considered a special
instance of\ ;,; because of the different manners in whigft is handled in\ 4. and ;.

e The need for constant messages like those in Figure 4 is not sharegd,;byin which the
distinction between values and the messages representing these values simply does not exist.

When programming is concerned, the use of recursive types to support recursive code propagation
as is presented in Figure 14 and Figure 15 is entirely novel and nontrivial. Moreoygris
extended with the code constructdssi®, Uni—, Exit andExi~ for forming code of universally

and existentially quantified types, which are not studied ip.. For those who are familiar with

the frameworkApplied Type Syste(M7S), we point out that\.,,. can be classified as an applied

type system buh ;,; cannot as the notion of remotely located values in dynamic semantics of the
latter does not exist iM7ZS.

7 Conclusion

We have presented a simple and general approach to support mobile computing through distributed
meta-programming that allows code to be generated at run-time and then sent to a remote location
for execution. To guarantee that code generated at run-time is well-typed and can only be executed
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at locations where adequate resources exist, we make use of a form of type code representation
developed in a previous study on meta-programming (Chen and Xi 2003; Chen and Xi 2004). The
main contribution of the paper lies in the recognition and then formalization of this novel approach
that combines, for the first time, meta-programming with distributed programming in a coherent
manner. In addition, we have prototyped an implementation in support of the practicality of this
approach. The implementation also immediately raises various issues such as exception handling
and distributed garbage collection, which we plan to study in future.
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