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Abstract number of queries over a database may be executed much more

Distributed meta-programming (DMP), which allows code to be efficiently if sent to the site for execution where the database is
' located.

generated and distributed at run-time, has already become a com- - .
mon practice. However, code generation currently often relies on . We propose atypeful approach to d's.t”bUted meta-programming
ratherad hocapproaches that represent code as plain text. making N this paper. More specifically, we design a typed language such
DMP notoriously error-prone. This unfortunate situation is further tnat the type system of the language is able to assure statically, that
exacerbated due to issues such as mobility (of code) and locality'S: &t compile-time, that code generated at run-time can only be

d het ity (of hich licate testi d de-Sent to proper locations for safe execution. We choose a form of
Eﬂggiﬁgecri?gset?ce;l?;(o resources), which complicate testing and de first-order abstract syntax (f.0.a.s.) based on de Bruijn indices [8]

In this paper, we study distributed meta-programming from a to represent typed code, whic_h is largely adopted from some previ-
type-theoretic perspective, presenting a language to facilitate the®YS Véor;( o_lr_lhmeta-pfr?graénmmg through typefuIbCOQe r((ejpresgrf]ta-
construction of programs that may generate and distribute code N [6. 7]- The typeful code constructors are to be introduced for

at run-time. The approach we take makes use of a form of type- constructing first-order values to represent typed code, and values
ful code re'presentation developed in a previous study on meta- thus constructed can be readily sent to remote locations where the

programming, and it guarantees statically that only well-typed code typed code represented by these values is extracted out for manipu-

(according to some chosen type discipline) can be constructed atiation (including execution). In particular, if the code for a function
run-time and sent to proper locations for execution. We also men- ¢ be represented by some first-order value, then we are able to

tion a prototype implementation in support of the practicality of our MOV the function around by simply moving the value around and

e ; then executing the value to obtain the function it represents.
approach to DMP, providing a solid proof of concept. L .
PP P 9 P P We use de Bruijn indices to represent free program variables

Categories and Subject DescriptorsD.3 [Softward: Program- in code! For instance, we can declare the following datatype in
ming Languages ML [12] to represent pure untypedexpressions:
General Terms Languages datatype exp =

o ) One | Shi of exp | Lam of exp | App of exp * exp
Keywords Distributed Meta-Programming, Typeful Code Repre- ] ] ] ) )
sentation, Applied Type System, ATS We useOne for the first free variable in a-expression andhi

for shifting the index of each free variable in)aexpression by

. one. For instance, the expression \y.y(x) can be represented as

1. Introduction follows:

In this age of Internet, the need for mobile computing is ever Lam(Lam(App(One ShiOne

growing. Among a variety of issues, locality and heterogeneity are m(Lam(App(One i (0n9)))) .

of great importance in mobile computing since different locations !N order to represent typed expressions to be manipulated at a par-
may have different resources and/or different security concerns andticular location, we refine the typexpinto the form (L, G, T),

thus are likely to provide different services. As a consequence, Where(-,-, ) is a ternary type constructor arid 7, ' stand for a
there are often needs to move entities (e.g., data, code, objectsj0cation, a type environment (represented as a sequence of types)
between locations in order to access services that are only provided?d @ type, respectively. A value of typk, G, T') represents some

at certain fixed locations. For instance, a program incurring a large €0de of locationZ. and typeT” in which the types of the free pro-
gram variables are determined by* Therefore, the type for val-

* Partially supported by NSF grant no. CCR-0229480 ues representing closed code of locatioand typeT' is (L, ¢, T'),
wheree stands for the empty type environment. As a simple exam-
ple, letv; be a value representing the code of some funcfiaf
typeint — int. Thenv; must be of typ€el, ¢, int — int) for some
location!. The following program
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However, we emphasize that the use of de Bruijn indices are primarily for



essentially executeg(0) remotely at locatiord and then fetches
the result of the execution back. Battxecandrget are primitive
functions: rexec distributes code for remote execution argbt
fetches values from a remote site. The built-in funcéocencodes
a (local) valuev into a message, which can then be lifted by the
code constructarift to form a piece of code that yields the value
when executed remotely, and the code construsppforms code
that does function application. A detailed explanation of various
code constructors and built-in functions is to be given later.

It is certainly cumbersome, if not completely impractical, to
program directly with f.0.a.s, and the use of de Bruijn indices fur-

ther worsens the situation. To address this issue, we adopt some

meta-programming syntax from Scheme and MetaML [18] to fa-
cilitate the construction of distributed meta-programs. The reader
may take a quick look at the example in Section 3 (while ignoring
the type annotations in the example for the time being).

The main contribution of the paper lies in the recognition and
then formalization of a typeful approach to mobile computing
through the construction of distributed meta-programs in which
codeis treated as first-class values. With its root in a previous study
on meta-programming [6, 7], this approach also takes into account
the issues of locality and heterogeneity in distributed programming.
In particular, it makes use of a type system to guarantee that only
well-typed code suitable for execution at a chosen location can ac-
tually be sent to that location for execution. In addition, we have
already finished a prototype implementation (as an extension of the
programming language ATS) [17] 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 extang: to
A, in Section 3, supporting the use of some meta-programming
syntax in constructing distributed meta-programs, and present an
example to demonstrate how distributed meta-programming can be
used to support mobile computing. Lastly, we mention some related
work and then conclude. Please see [5] for further details including
proofs and additional examples.

2. The Language ;s

sorts o type| env| loc
types T = al|int|Th -T2 |Va:0.T|3a:0T|
loc(L) | TQL | msg(L,T) | (L, G, T)
c-types CT == Va:o.(Th,...,Tn) =T
typeenv. G = al|e|T:G
loc. L = alhere|li|lz2]..
const. ¢ := cc|cf
exp. e = x| flc(@|lamz.e|ei(e2) | fix f.e]|
Vo (v) | V5 (e) | 3o(v) |
let 3,(x) = e1 in e2 end
values v = z|cc(d) | lamz.v | VE(v)
sta. ctx. X = 0|Xa:0
dyn.ctx. A = Q| AXf:T

Figure 1. The syntax for\ 4;s:

In this section, we introduce a langualgs:, which essentially
extends the second-order polymorphicalculus with general re-
cursion (through a fixed point operatiix), certain code construc-
tors and a few special built-in functions.

2.1 Syntax

The syntax of\ 4 is given in Figure 1. We follow the framework
Applied Type Systeipd7S) [19] to formalize Ag;s:. There are a

static component (statics) and a dynamic component (dynamics)
in A4s:. Generally speaking, types are formed and reasoned about
in the statics and programs are constructed and evaluated in the
dynamics.

Sorts There are three sortgpe envandloc in the statics o s,
and we use for static terms, that is, terms in the statics, arfor
static term variables.

e We useT for static terms of sortype which serve as types for
dynamic expressions

¢ We useG for static terms of soeny, which represent typing en-
vironments for code. For instaneaepresents the empty typing
environment, and” :: G represents the typing environment in
which the type of the first program variableisand the types
of the rest of program variables are determined:by

We uselL for static terms of sortoc, which simply refer to
locations. In addition, we uslg, I, ... for constant locations
and here for the particular location where the programmer is
supposed to be at work. Therefore, if a programiin,: is
executed at a locatioh, thenhereis interpreted to bd.. In
this respecthereis similar to 1/0O channels such a$din and
stdout which are always dynamically bound.

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

¢ A constant type (or c-type, for short) is of the following form,
va:&.(Th,...,Ty) =T

whereVa : & stands for a (possibly empty) sequence of uni-
versal quantifiers/a; : o1...Van, : o andn is the arity

of the constant. Note that c-types are not regarded as (regular)
types We writec(€) for applying a constant to n arguments

€ = e,...,en, Wheren is the arity ofc. Given a constructor
ccwith arlty 0, we may writeccfor cc().

e We may usex, v and\ for bound variables of sortype env
andloc, respectively. For instanc¥n.T" simply stands for the
typeVa : typeT [« — a], wherea is assumed to have no free
occurrences in the tygg.

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

We useT@L as the type for values that serve as names for
values of typel stored at locatiorl.. In some sense, a value
of typeT'@QL acts like a witness attesting to some value of type
T being stored at locatio.. The (infix) type constructo@

is abstract, and there are no typing rules associated @ith
In implementation, we associate with each locatiom hash
table that maps names of tyff& L, represented as integers, to
values of typel” stored atL.

We usemsg(L, T') as the type for values that can be interpreted
at locationL to produce values of typ# at L, and call such
valuesmessagesA name of typeT'@QL can be turned into a
message of typensg(L,T), but not vice versa. There exist
other ways to form messages. The type construnoisg is
abstract, and there are no typing rules associatedmsitip

We use(L, G, T) as the type for values representing code of
location L and typeT that may contain free program vari-
ables whose types are determined(yFor instance, the type
(L, €, T) is for values representingosedcode of typel” that
can be executed at locatioh. More interestingly, the type
VA.(\ €, T) is for values representing closed code of type
that can be executed at every location.



Lift VAVy.Ya.msg A, a) = (A, v, a)
Lam VANVy Var Vag.({\, a1 vy, a2)) = (A7, 01 — a2)
App VAVy. Va1 Vas.((\, v, a1 — a2), (A7, a1))
= <)‘> Y O‘2>
Fix VAVyVa.((\ a =y, a)) = (A, 7, a)
One VAVyYa.() = (N ay,a
Shi VA.Vw.Val.VaQ.(()\,fy, OL1> = <)\, Q2 i, Oé1>

Figure 2. The typeful code constructors Xy;s:

here () = loc(here)
n2m VAVa.(a@)) = msg(\, )
encr VA.(T) = msg(\, T)
dec Va.(msg(here a)) = «
exec Va.((herge, a)) = a
rexec VAVa.(loc(X), (A, €, a)) = a@A
get Va.(a@here) = «a
put Va.(a) = a@here
rget, VA.(loc(M\), T@QN) = T
rput, VA.(loc(\), T) = T@X

Figure 3. Some built-in functions i 4;s:

Expressions We usezx for a lam-bound variable and’ for a
fix-bound variable, andf for either anx or an f. A lam-bound
variable is a value but fix-bound variable is not. I s, there
are also some built-in constantswhich are either constructocs
or functionscf. The marketvs (-) (¥ (-)) introduces (eliminates)
theuniversal quantificatiorover sorts. Thél, (-) is used to handle
existential quantificationin the following presentation, we may
omit the subscript in a marker if it can be inferred from the
context. Note thah 4, imposes a form of value restriction 5§

is only allowed to be applied to a value.

Code Constructors The code constructorkift, One Shi Lam,

App andFix are used to construct values representing typed code
in which variables are replaced with de Bruijn indexes [8]. The
c-types of these constructors are given in Figure 2. Unlike in meta-
programming [6, 7] whergift 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 both significant and crucial as we
may require that code be moved between locations in a distributed
computation but can not in general assume the mobility of every
value. Also, for those who are familiar with the formal language
Acode IN [6, 7], we stress thak.,q. cannotbe considered a special
instance of\ ;;;; because of this change.

Constant Functions We now focus on some special built-in func-
tions in A4s¢, Which play an indispensable role in supporting dis-
tributed meta-programming. The names and types of these func-
tions are given in Figure 3.

e For atypeT’, the functiorencr takes a value of typeT to gen-
erate a message of typesg(L, T'). A message thus generated
is intended to be interpreted at locatifirto produce a value at
L that is equivalent te.® For a typeT’, we callencr the encod-
ing function forT". We only assume the existence of encoding
functions for types such as base types (éng), location types
loc(L), name typed'@QL, message typesisg(L, T'). In addi-

3The wordequivalentis 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 it requires that some form of formal semantics be assigned
to values.

$here VA.() = msg(A, loc(N))

$encr VA1.VA2.() = msg(A, T — msgAz, T))
$rexec VA1.VA2 Va.() = msgA1, (A2, €, a) — a@z)
$rget, YA1.¥A2.() = msgA,loc(Az) — T@QA, — T)

Figure 4. Some constant messages\ins:

tion, we assume the existence of encoding functions for all code
types, that is, types of the forw@ : &.(L, G, T). This is a real-

istic 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 subscripl’ in encr if it can be readily inferred
from the context.

Given a message of typmsg(herg T'), the functiondec de-
codes the message and generates a value ofitypeally. That

is, decdynamically translates messages to local values at run-
time.

The functionn2mturns a name of typ@QL into a message

of type msg(L,T). We can assume the existence of such a
function as a name is just a remote address and thus can be
readily transferred to a proper remote location to locate the
actual value it refers to.

The functionexecis needed for executing code locally.

Given a name referring to some local valuethe functionget
returns the valuey. Given a local valuev, the functionput
generates a hame fer One possibility is to use a hash table
to store the mapping from names to values. Thebtand put

can be implemented as a lookup function and an insert function,
respectively, operating on the hash table.

The functionrexecis needed for executing code remotely.
Given a locationL and a valuev representing some closed
code of location, and typeT’, rexecsendsv to the locationL

to have it executed by the functigxecthat resides al. and
after executionrexecreceives as the return result a name refer-
ring to the value of typd" that is generated by the execution
done atL.

Given a location. and a name referring to some valuef type

T at L, the functionrget,. returns a local value equivalent o
Given a location and a local value, the functionrput puts a
valuev’ at L that is equivalent ta and returns a name far.
Note that we only assume the existencegeft,, andrput,. for
certain typed” such asnt and code types.

Constant MessagesThere 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 inte-
gers at a remote locatioh. We then need to refer to the integer
addition function atL. This can be easily achieved if we have a
message at hand that can be interpretefl & obtain the integer
addition function. More concretely, suppose we have a message
$plus of the typemsg(L,int — int — int); then for two given
integers: andj, the following program, where we ugeand for

the messagesnGnat (i) andengnt (), respectively, addsand; at
location L and then fetches back the residt j:

rget,,. (L, rexed 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(A,int — int — int)

In the following presentation, we adopt a simple naming conven-
tion: The name of each constant message should always begin with



SHAoK A(Xx)=T
S AEX:T

Fe:VS.(Th,...,Th) =T SFO:%
E,AF@ZTl[@] fori1<i<n

(ty-var)

S;AFcler,...,en) : T[O]
S Ax:TiFe:Th (ty-lam)
E;AI—Iama:.e:Tl—>T2 y
S;Abke:Th — T S;AkFex:Th
(ty-app)
;A Fei(e2) : Ta
;A f:Tke:T )
SAFfixfe T WX
Ya:0AFv: T Y FAJ[oK .
(ty-V-intro)

LA FVE(W) :Va:oT
Y;Ake:Va:0T Xks:o

(ty-const)

for Ause are listed in Figure 5, where a typing judgment is of
the form3; A + e : T. One premise of the rul@y-const) is
Fc:V%0.(Ty,...,T,) = T, which means that is assigned the
c-typeVvay : o1...Vam : om.(Th,...,Th) = T for o = a; :
o1,...,am : om. NoOte that we have omitted some obvious side
conditions associated with certain typing rules suctiya¥-intro)
and(ty-3-elim).

2.3 Dynamic Semantics

As in [14], the focus of the paper is on distributed—as distinguished
from concurrent— computing. The dynamic semantics\gf;: is
formalized in a sequential and deterministic manner. In the proto-
type implementation written in Objective Caml, we actually spawn
a thread (at the remote execution site) whenesxeecis called.

We now incorporate the locality information into a typing judg-
ment. Given a constant locatiah, we useX; A e : T for
a typing judgment whose derivation requires the assumption that
the programmer is at locatiah. Therefore, the old form of typing

S AL Yo(e) : Tla — o (ty-v-elim) judgmentX; A - e : T now simply stands foE; A e e @ T.

’ 7 The typing rules for the new form of typing judgments are essen-
tially the same as those in Figure 5. However, we may assume that
different sets of constantsare declared at different locations.

We also introduce a new form of expressions (and also values):

S;Atke:Tla—s] Yks:o
3AF35(e):Fa: 0T
Y;AkFep:da:0Ty X,a:0;Az:TiFex:Th

(ty-3-intro)

S;Ablet 35(z) = e1ines end : Th (ty-3-elim) \elglpl,l.es e = . i F]]L
v o= ... | vl
Figure 5. The typing rules forqis: and an additional typing rul@gy-name):
. . 00 e:T
the symbol $. First, we assume that there is a constamit type (ty-name)

/
VA.() = msg(},int) for every integet, which is needed to form S A b e TAL
a message that can be interpreted at every location to obtain theintuitively, [e]., which we call a remote expression, means that
integeri. In addition, we assume the existence of some constant the expression is to be evaluated at locatiah. We do not allow
messages listed (partially) in Figure 4, whose meaning should be remote expressions to be used when constructing (source) programs
obvious. For each constandf c-typeVva : &.(T1,...,T,) = T, in \4s: because it is unclear in general as to how an (arbitrary)
we usec” to denote the function: expression can actually be put at a remote location. According
to the dynamic semantics we formulate fog;s:, such a remote

lamz;. ...lamx,. Yy ; . .
o Zn- e Zn) expression can be generated when the remote execution function
and$c to denote the constant messagedbrand forn > 2, $"¢ rexecis called at run-time.
(8" meansn consecutive occurrences 8f to denote the constant In order to assign dynamic semantics to expressiong;in, we
message fot"~'c. For instance$$get is assigned the following ~ make use the notion of evaluation contexts defined as follows:
type: eval.ctx. E == []|c(vi,...,vi1, E eit1,...,6n) |

VA1V o .Va.msg A1, msg( e, a@g — «)) E(e) | v(E) | Vs (E) | 3(E) |

Note that the primary purpose of introducing constant messages is let 3,(x) = E'ineend | [E].

to avoid being bothered during program construction by multiple Given a evaluation contexf and an expression, we useE|[e] for
versions of common operations likdusat each site. the expression obtained from replacing the hole [Eimvith e.

We define a functiomompas follows, where we usefs for a

2.2 Static Semantics sequence of distinct expression variabtés

We use a judgment of the fordi - s : o to mean that the static

terms can be assigned the sertunderX. The rules for assigning comgzfs; Lift(v)) = deqv)
sorts to static terms are all standard and thus omitted. Wedse comp(zfs, xf: One) =  xf
static substitutions defined as follows, compzfs, xf; Shiv)) = comp(afs;v)
O u= [|Olar s comgzfs; Lam(v)) = lamz.comgzfs, z;v)
where[] stands for the empty mapping afja — s] stands for compafs; App(v1, v2)) = (COMMzfs;v1))(COMHzfs; v2))
the mapping that extendd with a link from a to s. We assume compzfs; Fix(v)) = fix f.comyzfs, f;v)

a ¢ dom(©) when writing ©[a +— s]. The domain of® is

denoted bydom(©). We write s[©] for the result of applying to

s. The standard details on substitution are all omitted. Given static

contextsy, Xy and a static substitutio®, we writeX - © : X

to meanX - ©(a) : Xo(a) is derivable for eaclh € dom(©) =

dom(2o). comg(-, z, f; App(Ong Shi(One))) = f(x)
Given a static context and a dynamic contexf, we write

Y F A [oK to mean thatt + A(xf) : typeis derivable for

every variablexf in the domaindom(A) of A. The typing rules e (lamz.e)(v) is aredex, and its reduct égz — v].

Note thatcompis a function at meta-level. Intuitively, when applied
to a sequence of distinct expression variabigsand a valuev
representing some codegmpcompiles the code to an expression.
For instance, we have:

Definition. We define redexes and their reducts as follows.



o fix f e iS a I’edeX, and |t5 reductﬁ.ifef — fix f 6]. (x A ’withtype’ clause supp]_j_es a type annotation *)
e V(v (v)) is aredex, and its reduct s

e let3,(z) = 3,(v)inecend is a redex, and its reduct is ot ZereFind £ =

let
e[z — v]. fun aux (i) = if £ (i) = O then i else aux (i+1)
e exequ) is a redex ifcomy-;v) is defined, and its reduct is in aux (0) end
comg-; v). withtype (int -> int) -> int
. Y . .
get([”]’fme) IS aredex,_and its reductis (* ’rexecInt (L, ...)’ = ’rgetInt (L, rexec (L, ...))’ %)
* put(v) is a redex, and its reduct 8] sere. (* ’{L: loc}’ means universal quantification *)

e rexed L, v) is a redex, and its reduct jexeqv)] ..

rget, (L, [v]L) is a redex, and its reductis fun rZerofindl L n = ( rpc version *)

let

e rput,(L,v) is a redex, and its reduct 8] ... fun £’ (i: int): int =
e Given a built-in functioncf other than the above onesf(?) is rexecInt (L, ‘(%(n2m n) %(encInt i)))
a redex if it is defined to be some valugand its reduct is. in zeroFind f’ end

We assume that i€f() can be assigned some tyfie thenv withtype {L: loc} loc(L) -> (int -> int) € L -> int

can also be assigned the tyfje In other words, we assume
that the definition otf respects the c-type assigneccfoAlso,

we expect the following to hold in the actual implementation of
the built-in functions, though this cannot be enforced through typedef CodeType = <L, nil, (int -> int) -> int>
types:

= Given a valuev of type T, if encr is available, then

(* ’nil’ for empty typing environment *)
(x °fix f x => ...’ means ’fix f. lam x => ...’ *)

fun rZeroFind2{L:loc} (L:loc(L)) (n: (int -> int) @ L)

) : int = (* mobile code version *)
dedencr(v)) should equal, that is,ency and dec can let val zeroFindCode : CodeType =
be thought of as marshaling and unmarshaling operations, “(lam £ =>
respectively. (fix aux i =>
* Given a name:, deqdn2m(n)) should return a value that if £ (i) = 0 then i else aux (i+1)) 0)
is equivalent to the result afet(n). in rexecInt (L, ‘("zeroFindCode %(n2m n))) end

» For a constant message, ded$c) should returrc™. - -
Figure 6. RPC vs. Mobile Code

Given expressions = Eleg] ande’ = E[eg], we writee — ¢ if
eo is aredex andy is its reduct, and sayreduces te’ in one step.

. . . the meta-programming syntax can be treated as a form of syntactic
THEOREM1 (Subject Reduction)Assume that the typing judg-  sygar. Please see [5] for further details on the design and formal-

ment(; ) 1 e : T is derivable ande — ¢’ holds. Then the  ;4ti0n OfAL,
. . / . . ist "
typing judgmeng; 0 -1, e : T is also derivable. Our concrete language for the programmer to construct dis-

tributed programs is a ML-like language. Of course, we need a pro-
cess to elaborate programs written in the concrete syntax of this
language into the (kind of) formal syntax af;_qt. This is an in-
volved process, and we unfortunately could not formally describe
it and thus refer the reader to [4] for details on (partial) type in-
Combining Theorem 1 and Theorem 2, we can clearly state that ference in the frameworkd7S. Instead, we are to provide some
the evaluation of a well-typed program My either reaches a (informal) explanations and comments to facilitate the understand-
value, or stops at an expression of the fdief(7)] such thatf(7) ing of the presented code.
is nota redex, or continues forever. We present an example in Figure 6 to compare remote proce-
However, it seems at least unwieldy, if not completely imprac- dural call with mobile code. The functioreroFind searches for
tical, to program with abstract syntax directly. Therefore, we are the least nonnegative zero of a function from integers to integers,
naturally motivated to provide some syntactic support so as to fa- and both functionsZeroFind: andrZeroFind, search for the least
cilitate distributed meta-programming. nonnegative zero of a remotely located function from integers to
integers. Leth be a name referring to some functigrat location
L that maps integers to integers.

THEOREM 2 (Progress)Assume that the typing judgmeht) -,
e : T is derivable. Then eithet is a value, ore — ¢’ holds for
some expressio#l, or e is of the formE|[cf(%)] such that cfv) is
not a redex.

3. Distributed Meta-Programming with )\;st

We extend\q. to AL, with some language constructs adopted
from meta-programming (supported in Scheme and MetaML):

e rZeroFind, (L)(n) builds a functionf’ that serves as a local
proxy for f and then calls the functicreroFindon f’. With this
method, the amount of data/code that needs to be transmitted is

expr. e == ...|e) ]| (e)] %(e) unbounded and a large number of remote function calls may be
invoked at run-time.

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

Loosely speaking, the notatioft) corresponds to the back-quote
notation in Scheme (or the notatidr) in MetaML), and we use
‘(e) as the code representationeofOn the other hand,(-) corre-
sponds to the comma notation in Scheme (or the notat{enin
MetaML), and we usé (e) for splicing the code into some con-
text. We refer td(-) and () as meta-programming syntax, where More interesting examples can be found in [5]. In particular, a
%(-) is a shorthand fof (Lift(-)). notion ofrecursive code propagatiois involved in the implemen-

To facilitate the understanding of the rest of the paper, the readertation of a peer-to-peer file search function that allows a network
may simply assume that}, , can be assigned a static semantics node to propagate the code conducting file search to its neighbors,
that is justified by a translation froti?, , to A4 In other words, which can in turn propagate such code to their neighbors and so on.
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