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Abstract. Frlang is a concurrent programmng |anguage designed for
prototyping and 1npl enenting reliable real-tine systens. Inits design
Frl ang 1 nherits sone i deas fromconcurrent 1 ogi ¢ progranmng | anguages.
Frlang is used in a nunber of experimental tel ephony applications both
vithin and outside Fricsson [1]. In this paper we describe a very effi-
cient and portable sequential inplenentation of Frlang where Flang
prograns are conpiled into the Clanguage. Our prelimnary eval uation
resul ts showthat the perfornance of our Frl ang systemi s not far fromthe
perfornance of highl y optimzed Ccode. 'The proposed inpl enentation
techni que can be easily applied to inpl enentation of other concurrent
hi gh-l1evel languages (e.g. Janus and KI1).

Keywords: Inpl enentation JTechn ques, (dnputational Models, (bn-
current Programmng, Rerfornance Fyal uation

1 Introduction

Erl ang 1s a concurrent programm ng l anguage desi gned for prototyping and i m
plementing reliable real-tine systens. Erl ang was devel oped at the Conputer
Science Laboratory, Ellentel Tel econmuni cations Systens Laboratdries [3

Erl ang provi des support for progranm ng concurrent applications, aspecial syn-
tax for referring to tine (tine-outs), and explicit error detection capabilities.
Sone basic elenments of Erlang progranmng are presented in the follow ngsec-
tions. Frlanginits designinherits soneideas fromconcurrent 1 ogic programm ng

l anguages. It does not allowdestructive assignnent of variables and uses pattern
mat ching for variable binding and function selection.

In this paper we describe a very efficient and portable sequential 1nplenen-
tation of Erlang where Erlang prograns are conpiledinto the Clanguage. We
call the inplenentation Turbo Frlang.

Conpilinginto Cgives very good portability (Cconpilers exist for alnost all
processors), and very goodlow level, hardware specific optinization. Inaddition,
conpiling into Cprovides the possibility of linking with prograns written in
other languages since nost progranmng languages support interfaces wmith C
prograns.
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Conpiling into Cintroduces sone effei ency problerf:[dostly function
calls, 1nability to control register allocation, large object size, and two level
conpiling first to Cand then into machine code. The paper discusses some
solutions to the above problens, for exanple, we have chosen gcc as our C
conpiler to allow global register allocation and usage of labels as first-class
objects.

The proposed inplemnentation techni que can be easily applied to other high-
level language inplenentations (e.g. Jaamd [[6LL [§).

The paper is organizedas follows. Erlangis introducedinSection?2. InSection
3 we present the turbo Erlang abstract nachine (TEAM). Section 4 describes
generation of the Ccode. Evaluationresults are discussedinSection 5. The final
conclusions are presented in Section 6.

2 The Erlang Language

2.1 Data Objects

An Frlang termis either a constant (integer, float, atom process identifier),
conpound term or a variable. A conpound termis either a tuple or a list.
Tupl es are used for storing a fixed nunber of data objects:

{T1,T2,...,Tn}1s a tuple of size n.

Alist 1s either the enptylist [1 or apair [HIL].
Erl ang does not allowdestructive assignnment of variables, and the first oc-
currence of a variableis its bindinginstance (i.e. all Erlang terns are ground).

2.2 Function Evaluation

Erl ang prograns are conposed of functions. The definition of afunctionconsists
of a group of clauses each having a head, an optional guard and a body.

The Frlang eval uation nechani smis based on pattern-nmatching directed in-
vocation. After acall of afunction, the call is matchedsequentially against heads
of the clauses defining the function (in their textual order). After a successful
nmatch the clause guardif defined (a guard consists of asinple test or asequence
of sinpletests) is evaluatedandif the eval uationsucceeds the clause bodyis cho-
sen for execution. If norule matches the call an error 1s generated. Expressions
in the selected clause body are eval uated sequentially.

2.3 Modul es

The nodul e systemin FErlang is based on function modul arity, i.e. 1t works by
limting visibility of the functions contained within a gi ven modul e. Functions
which are to be eval uated fromoutsi de the nodul e must be explicitly exported.
Afunction can be called fromother nodul es using a nane qual i fied by a nodul e

name contalning the function.



2.4 Case Expression

The case expression allows choice between alternatives within the body of a
cl ause:

case Expr of
Patl [when Guardl] -> Seql;
Pat2 [when Guard2] -> Seq2;

PatlN [when GuardN] -> SeqN;
end

First the expression Expr is evaluated and then the result is sequentially
matched against Patl, ..., PatN. After the successful nmatch the correspond-
ing actionis taken (respectively Seql, ..., SeqlN). If no pattern matches the
evaluationresult anerror is generated.

2.5 Milti-Process Programm ng

Support for mil ti-process programmngin Erl ang consists of the foll om ng prim
1tives: spawn for starting a concurrent process, send for sending a nessage to a
process, and receive for receiving a nessage froma process.

The primtive spawn(Module,Func, [Argl,...,ArgN]) starts a concurrent
process which evaluates the function Module:Func(Argl,...,ArgN), and re-
turns a process identifier which can be used to commni cate with the process.

Tosend a nessage Msgto an krl ang process Pidthe followingsyntaxis used:

Pid ! Msg

where Pid must be a valid process identifier, and Msg can be any Erlang
term

To receive nessages fromdifferent concurrent processes Erlang provides the
synt ax:

receive
Pat1l [when Guardi] ->
Actionl;
Pat2 [when Guard2] ->
Action2;
[after
Time ->
ActionTimeOut]
end

whi ch causes the current process tosuspend until anessage 1s received which
mat ches one of the patterns Patil, Pat2, ... or until an optional tine-out
occurs.

The Erlang interprocess commnication nechani smallows nessages to be
receivedina different order to whichthey were sent (i.e. receive has the selective
and buffering characteristics).



2.6 FError Recovery

Since tel ephony applications programmng requires error recovery in the event

of an unpl anned failure, Frlang provides explicit error detection capabilities.
Frlang processes can be linked (1inks are bidirectional ) toother conmnicat-

ing or cooperating processes. Upon abnornal termnation (a run-tine error) a

process sends aspecial exit signal toall the currentlylinked processes. Adefault

actionis that uponreceiving anexit signal a process termnates and propagates

the exit signal to other linked processes.
Another possibilityis that a process canreceive exit signals mithinareceive

statenent and performany required action before term nation:

receive
Pat1l [when Guardi] ->
Actionli;

{’EXIT’,PidN,MsgN} ->

Actionl;
[after
Time ->
ActionTimeOut]
end

where the nessage MsgN fromprocess PidNis anexplicitlyreceivedexit signal.

2.7 Gatch and Throw

The Frlang catch and thrownechani smcan be used for a non-local return from
a function, and for protecting bad code. Toillustrate its usage let us anal yse the
execution of the foll omng Erl ang function:

foo(1) -> hello;
foo(2) -> throw(myerror,abc);
foo(3) -> 1 div 0;

(alling a function foo(1) results in the atomhello. Wen we call foo(2),
since there is no catch, the current process exits and sends exit signal to all
linked processes. Wen we call foo(3), an error is detected and the process
exits sending the exit signal {?EXIT’,Pidsbtt} to the linked processes.

If the foo/1functionis called withina catch:

demo (X) ->
case catch foo(X) of
{myerror,Args} ->
{user error,Args};
{’EXIT’,Pid,What} ->
{caught error,What};
Other ->
Other
end.



calling demo(1) results in the atomhello, calling demo(2) results inatuple
{user error,abc} since throwjunps to the nearest catch, and demo(3) resul ts
in {caughterror,bad arith} since the exit signal {’EXIT’,Pidalddh}is
caught by the catch.

2.8 (bde Mnagenent

Frlang supports dynanic loadi ngof code (dynami ¢ neans that the code is loaded
and linked at run tine), and the use of mltiple versions (currently two) of the
same nodul e. Loading a new nodul e version neans that all newcalls to the
modul e are done to the newversionwhile all processes already executing the old
version continue to doso. It is possible torenmove the ol dversion when there are
no processes executing it, and Frlang provides primtives for checking if there
are any processes executing a given version of code.

The above features (dynam ¢ loading, nultiple versions of code) are required
in telephony applications used to control tel ephony hardware which cannot be
stopped for software updates.

3 The Trbo Elang Abstract Machine (TFAM)

The construction of the turbo Erlang abstract nachine (TEAM has been in-
fluenced by ideas behind the conventional WMJ7and the Janus Virtual

Michine (Janus conpiled to C)][6Differences cone fromthe fact that FEr-

l ang has a functional nature, has fully ground terns, and has explicit notions of
concurrency and tine.

Conparing further to the Janus Virtual Mhichine, we use gccinstead of cc
which all ows gl obal register allocation and sinplifies return address admnistra-
tionas ingecclabels canbe used as first-class objects. There are sone diflerences
indata object representation and our systemprovi des a copying garbage collec-
tor while the Janus Virtual Michi ne has no garbage collectioninplenented yet.
Another difference is that in our systemeach Frlang nodule is conpiledinto a
Cfunctionresidinginaseparate file, and nodul es can be dynam callyloaded at
run-tine (the generation of Ccode is described later in Section4). Inthe Janus
systemall prograns are conpiledintoone Cprocedure which does not allowfor
large-scale applications.

3.1 Ihta (bjects

An Erlang termis represented by a 32-bit unsi gned word cont ai ni ng a val ue and
a tag. The tag (4-bit) resides in the least significant bits and distinguishes the
type of the term

The val ue part of an atomis an index into a global atomtable where the
atomis represented. The val ue part of aninteger is the integer itself. The val ue
part of a list is a pointer to two consecutive heap locations with tw tagged
objects (the head and tail of the list). The value part of atuple is a pointer to a



heap object containing tuple size followed by the tuple el ements. The val ue part
of afloat is apointer toa heap object containinga 2-wordfloat val ue. The val ue
part of a process identifier is the process 1dentifier itself.

3.2 Ihta Areas

The data areas are the code area, containing loaded conpiled Ccode, and a
stack and heap. The stack contains call franes with local variables and return
addresses. The heap contains terns created by the Frl ang execution.

The stack and the heap are allocated as one nenory area and growtowards
each other. Having the heap and the stack allocated together nakes testing for
nenory overflowvery effeient as we conpare two pointers (top-of-heap pointer
and top-of-stack pointer) residing in hardware registers.

In the Janus inplenentatioh [6ér nost procedures the tests for adequate
heap and stack space inaclause can be conbi nedtogether. Inthe Erl angsystem
very often 1t cannot be done. For exanple in the followng Frlang append/2
function:

append ([HIT],X) -> [Hlappend(T,X)];
append([]1,X) -> X.

first append(T,X) is called recursively to get the return val ue and then the
value is used to construct the list [H|lappend(T,X)]. Conpared to the Janus
execution (where due to logical variables the result list is created before the
recursive call) we cannot use the last call optinmization, andtest twice for nenory
overflow. when creating the local frane (tostore H), and when constructing the
list (in Janus the tests can be conbined).

As a general optimzation we can group all heap requirenents between two
function calls and test for the heap overflowjust once for the whole group.

Each call frame on the stack starts with return address followed by local
variables which are accessed by integer offset froma pointer to the top of the
stack. Franes are allocated only after a clause guard is evaluated and 1f the
clause body contains local variables and function calls. Franes are allocated
and discarded by the macros Allocate(N) and Deallocate(N) with explicitly
given frane size N. As we are using gcc areturn address is a stored address to
a label in the generated Ccode and return froman FErlang functionis sinply
a gotoinstruction to the givenlabel. For garbage collection purposes the stack
structure can be obtained by looking for stored return addresses represented as
unsigned integers and thus having the twolast bits set to 0. To distinguish the
return addresses fromthe Erl ang data objects the data objects do not use tags
having the twolast bits set to 0.

3.3 Garbage bllection

Our garbage collection algorithmis a sinple stop-and-copy one. After each
garbage collection the total size of the heap and stack area is dynamcally ad-
justed to followthe executionrequirenents, i.e. it grows or shrinks. Having the



heap and stack allocated together introduces a certain overheadsince each tine
we do a garbage collection the stack is copied as well. The overhead is not too
bad since copying a heapresidinginaseparate area wouldresult instack traver-
sal and update anyway. Another advantage of this scheneis that it ensures good
locality of dataresulting in better use of the cache.

A stop-and-copy garbage collector seens not sufftient for a systemthat is
neant for real-tine applications. But since each Frlang process has its own heap
and stack area, and does 1ts own garbage collection, the garbage collection tine
1s bounded by the size of the l argest Frlang process used. For atypical tel ephone
applicationa process sizeis verysnall. Infuture we planto rewrite our garbage
collection al gori thmto guarantee a real-tine response tine.

To avoi d dangl i ng pointers while doing garbage collection the unbound 1 ocal
variables (allocatedinastack frane) have to be initialized. The initializationis
done only if the variables are not assigned directly after the frame is created.

3.4 Registers

The TEAMuses a set of registers declared as Cglobal variables. Sone of the
variables are declared as global register variables (this feature is provided by gec
incontrast to cc). W have the following registers: top-of-heap pointer, top-of-
stack pointer, return-address pointer (pointer where to go when a function is
ready executed), and argunent registers (to pass function paraneters).

3.5 Arithnetic

Wen argunents have m xed type or their type is unknown at conpile tine we
call a general purpose Cprocedure to do the arithnetic. Wen argunments are
integers the basic arithmetic operations are directly conpiledinto Ccode.

Type tests and termconparisons canreside ina guard or a body part of an
Erl ang cl ause. The corresponding conditional instructions containalabel stating
where to go when the conditionis not met. The labels in guard parts point to
the next clause to be tried or to anerror actionif there are no clauses left. The
labels in body parts point to an error action because a called Erlang function
shoul d not fail.

Termtypes are provided at conpile tine by guard type tests (e.g. float(T),
atom(T)), since only terns with the required type can pass the guards at run
time.

3.6 Functions

To call an Frlang function we pass paranmeters in a WVMIlike style loading
argunent registers x(N), and update the return-address register. Inorder not to
destroy the argunent registers all guard operations and tests are perforned in
tenporary registers. On functionreturn the return value is stored in x(0).



3.7 (bncurrency

Erl ang processes are dynam cally spawned and killed during the execution. Fach
process has 1ts own heap and stack area. For concurrency purposes the TEAM
provides suspension and scheduling nechanisns. A suspending process stores
its current state in its suspension record and is added to a scheduler queue.
To guarantee a fair scheduling a process 1s suspended after a fixed nunber of
reductions and then the first process fromthe queue is resuned.

To receive nessages each process has its own local nessage queue. Sending
a nessage results in copying the nessage into the receiver heap and storing the
nessage reference 1in the receiver nessage queue. Wile waiting for nessages to
be received a process is swapped out, and is added to the schedul er queue only
when a newnessage is received (i.e. the additionis done by a process sending
the nessage), or a tine-out occurs.

Testing for a context switch (calcul ating and testing the nunber of reduc-
tions) is a constant overhead perforned at each Erlang function call.

3.8 Frror Recovery

Each Frlang process has its local 1ist containingall processes the process is 11nked
to. As nentionedearlier upon abnornal termnation(arun-tine error) aprocess
sends aspecial exit signal toall the currentlylinkedprocesses. Sendingthe signal
neans that all the linkedprocesses (residinginthe scheduling queue and waiting
to be swapped in) have their resunption addresses updated to execute the code
responsible for exiting. Aprocess upon receiving an exit signal propagates the
signal to other still alive linked processes.

If the linkedprocesses aretoreceive theexit signal mthinareceive statenent,
the signal is sent as an ordinary nessage.

3.9 Gatch and Throw

Wen a process executes a catch, the catch resunption address is savedin a
local frane on the stack. Upon exiting or executing throw the stackis searched
for asaved resunption address and the execution continues there. 1o knowif a
process executes withinacatchthere is aprocess specific counter of saved catch
resunption addresses. An exanple of the Ccode corresponding to a catchis
shown l ater in Section 4.5.

3.10 Notion of Tne

To provide the Frlang tine-out nechanismthe UNIX tiner is set to give a
periodic interrupt and a signal handler is set to increnent a global variable
which acts as internal abstract machine clock. The clock is checked on each
context swi tch.

The periodic increnent of the abstract machine clock adds a constant over-
head to the whole Erl ang execution.



4 Gerneration of C Code

Using gcec and thus using labels as first-class objects allows us tostructure the
generated Ccode in a very flexible way. In gcc labels can be saved in global
data structures so the TEAMexecution can junp into different Cprocedures

wi thout calling the procedures thensel ves and thus avoiding the Cprocedure
call overhead. The onlyrequirenent is that the TEAMuses only gl obal or static
decl ared data objects during the execution.

4.1 Global Ihta (bjects

The generated Ccode accesses aset of global variables (sone of themresidingin
hardware registers) corresponding tothe TEAMregisters. There is a global atom
table (containingrepresentationof atons), global nodul e table (containingsone
Frlang modul e specific information), and a global function table (containing
addresses of exported Erlang functions, the addresses at this stage are l abels in
the generated Ccode).

4.2 Mdul es

Each FErlang nodule is conpiledinto a Cfunction residing in a separate file.
The Cfunction consists of two parts: aninitialization part, and a code part.

The initialization part is responsible for updating the global atomtable,
exporting sone local Frlang functions, fetchingaddresses of functions fromother
modul es, and updatingthe gl obal modul e table. The initializationpart ends with
the Creturninstruction and 1s executed when the nodule is 1 oaded.

The code part consists of the Ccode corresponding to conpiled Erl ang func-
tions. The functions are accessed by goto instructions where the required | abel
is taken fromthe global function table. Calls (junps) to functions in the sane
modul e are done directly. Labels tofunctions in other nodul es are fetched from
the global function table at load tine. As the fetchingis done at load tine all
functions residing in other nodul es can be accessed wi th no overhead when t he
modul e code 18 executed.

4.3 HRmctions

Toillustrate the Ccode corresponding to an Erlang function we are going to
look at the previously nentioned append/2:

append ([HIT],X) -> [H|append(T,X)1;
append ([1,X) -> X.

the corresponding Ccode is shown in Figure 1. The code in Figure 1 uses
some GNUextensions to the Clanguage, i.e. there are locally declared labels
whi ch sinplifies generation of uni que labels. Alocally declared label 1s used as
well inside the Call(appedyR) macro to generate a newreturn address (see
Figure 2).



append_2:

Clause;
TestNonEmptyList (x(0) ,next);
Allocate(1);

GetList2(x(0),y(0),x(0));
Call(append 2,2);

TestHeap(2);
PutList2(x(0),y(0),x(0));
Deallocate(1);

Return;

ClauseEnd;

Clause;
TestNil(x(0) ,next);
Move(x(1),x(0));
Return;

ClauseEnd;

ErrorAction(FunctionClause) ;

label acting as function address
{__label _ nert;1ocally decl ared 1abel
if 40)1is not a non-enpty list goto ret
check nenory overflow allocate stack frane,
save return address register
get head y(0) and tail #(0) of list #(0)
check for context switch, set newreturn
address, goto @ped_ 2,
on return 7(0) contains return val ue
check nenory overflow
create alist 4/0) vith head y0) and tail #0)
get return address, deallocate stack frane
goto return address
reat: }
{_ldd_ _ rel;
if 40)1is not NIL goto ret
set return value: #1)is movedinto 70)
goto return address
reat:}

goto to error handler, indicate kind of failure

Fig. 1. The generated Ccode for append/2 (x(0), x(1) are argunent registers, y(0)
is alocal variable; the code consists of Cnacros; labels witteninitalic are the nacros

Ccode).

#define Call(LBL,Arity)
({_label ret;
RetAddr = &&ret;
Dispatch(LBL,Arity);
goto LBL;
ret:})

locally decl ared 1| abel

set newreturn address

check for context switch

goto to called Flang function

Fig. 2. The Call(LBL,Arity) Cnacro used to generate an Frlang function call. &ret
is the address of label ret andis one of the GNU extensions to the Cl anguage, RetAddr
is the return-address register pointer.

Indexing Selection on termtypes is sinply done by the Cif-then-else control
structure. The probl emgets more difftul t whenit cones to1indexing on different
atons (we cannot use the Cswitchstatenent since the case part of the Cswitch
requires a constant expression). Inthe current Turbo Frlang systemwe apply a
sinplifiedindexing, i.e. we groupsone Frlangcl auses together toavoidrepetition
of tests. Inthe functionin Figure 3 whichis part of the Towers of Hanoi program
we group together pairs of clauses having the first argunent in common. The
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corresponding generated Ccode 1s depicted in Figure 4.

free(a,b) -> c;
free(a,c) -> b;

free(b,a) -> c;
free(b,c) -> a;

free(c,a) -> b;
free(c,b) -> a.

if the first argument is atest if
the second argunent is bor ¢

else if the first argunent is btest if
the second argunent is aor ¢

else if the first argunent is ctest if
the second argunent is aor b
el se goto error handl er

Fig. 3. Afragnent of the Tovers of Hanoi program

Clause;
Equal(x(0),a(13) ,next);

ClauseO;
Equal(x(1),a(14) ,next0);
Move(a(15),x(0));
Return;

ClauseEndO;

ClauseO;

Equal (x(1),a(15) ,next0);
Move(a(14),x(0));
Return;

ClauseEndO;

ErrorAction(FunctionClause) ;
ClauseEnd;

{_ldd_ _ rel;

if 7(0)is not agoto rat (test if B
{_ldd_ _ red0;

if a1 is not bgoto retO (test if 9
return c

goto return address

rat0:}

{_ldd_ _ red0;

if a1 is not cgoto re0 (error handler)
return b

goto return address
rat0:}

goto error handl er, indicate kind of failure
reat:}

Fig. 4. The generated Ccode corresponding to the first pair of clauses in Figure 3
(a(13), a(14), and a(15) are the TEAMrepresentation of atoms a, b, c¢; x(0), and
x(1) are argunent registers; the code consists of Cnacros; labels witteninitalic are
the macros Ccode; there is no call frane allocated since the return address resides in

the return-address TEAMregister).

As the sinplifiedindexing is not suffcient we plan to i npl enent hash tables

to guide selection of clauses.

4.4 Chse FExpression

If the case expression previously introducedin Section 2.4 gets the form
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call case(N) ->
case N of
1 -> 10;
N->N
end.

the corresponding Ccode 1s depicted in Figure 5. The code illustrates an
extensive use of locally declared labels to generate the required flowof control.

call case 1: label acting as function address
Case; {_ldd_ _ rd;
TestPattern( {_ldd_ _ ety
Equal(x(0) ,make_integer(1),next); if 20)is not 1 goto ret
PutInt(x(0),10); set 70) to 10; goto d;
)3 reat:}
TestPattern(;); {_ldd_ _ ret; gotord; ret:}
CaseEnd; EnaAdia{CaeClaise);
7}
Return; goto to return address
vhere:

#tdefine TestPattern(Test_Action)
{__label  next;
Test_Action;
goto ret;
next:}

#define Case { label ret

#define CaseEnd
ErrorAction(CaseClause);
ret:}

Fig. 5. The generated Ccode corresponding to call  case/1in Section 4.4. Notice that
the enpty TestPattern(;) is expanded into goto ret, since the return val ue N resides
already in x(0) (x(0) is an argument register; the code comsists of Cmacros; parts
witteninitalic are the mcros Ccode).

4.5 atch and Throw

Anot her exanple of the generated Ccode is the follow ng Erl ang programcon-
taining a catch expression previously discussed in Section 2.7:

protect bad code(X) ->
catch foo(X).

the corresponding Ccode is depicted in Figure 6. The catch resunption ad-
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protect_bad code_1:
Allocate(1);

Catch(y(0));

Call(foo. 1, 1);
CatchEnd(y(0));

Deallocate(1);
Return;

vhere:

#define Catch(Y)
{_label _ret;
c_p->catches++;

Y = make_catch(&&ret)

#define CatchEnd(Y)
ret:
c_p->catches——;
make blank(Y);}

label acting as function address
check menory overflow allocate stack frane,
save return address
{_ldd_ _
increnent catch counter, save resunption
address rdin stack frane as y0)
call fa/1
e
decrenent catch counter,
clear resunption address}
get return address, deallocate stack frane
goto return address

increnent catch counter
save catch resunption address ret in stack frane

decrement catch counter
clear catch resunption address

Fig. 6. The generated Ccode correspondi ng to protect. bad code/1in Section 4.5.

dress 1s stored in the stack call frane, and is searched up when a thrown is
executed, or an exit signal is received. Since it is possible to have nany nested
catch constructions, when a catchis executed the corresponding catch resunp-
tion address 1s cleared. FEach process has i1ts own counter of pending catches,
c_p->catches; to knowif there are catch resunption addresses to be found on

the stack.

4.6 (bde Mnagenent

Anewly conpiled Erl ang modul e (residinginaseparate file) can be dynam cally
loaded at runtine. First the conpiled Ccode is linkedto the executing Ccode

and then a Cprocedure corresponding to the newnodule is called. Calling the
procedure activates its initialization part which in turn updates entries in the
global function table corresponding to the nodul e Frlang functions.

If there 1s already an old loaded version of the nodule, 1oading the new
versionneans that all newcalls to the nodul e are done toits newversion while
all processes already executing the old code continue to do so (the old code is
still loaded but cannot be accessed through the gl obal function table).

As nentioned earlier it is possible to renove the old code when there are
no processes executing it (we free the nemory block containing the code). The
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information about address area a code occupies is saved in global nodul e table
at load-tine. To knowif there are any processes executing the code, all processes
have their stacks checkedfor stored resunption addresses pointingintothe code
address area.

5 Braluation Resul ts

The TEAMhas been already inplenented (we have inpl enented concurrency,
nessage passing, garbage collection, dynamc loading of code, notion of tine,
error recovery). W have defined all Crmacros required for conpiling Erlang to
C. W have tested the nmacros by hand- conpilation of Erlang prograns. Wile
conpiling we do not use any optinizations (we use only the sinple indexing
nentionedin Section 4.3). The conpiled code naps straightforwardly into the
corresponding Erlang code as shown e. g. for append/2in Section 4.3. The part
whichis still mssingis the Erlang to Cconpiler whichis being written.

To have the possibility to conpare with evaluation results for the Janus
Virtual Maichine our benchmark prograns are those used.i fIlfeéb prograns
were naively hand-conpiled fromthe corresponding Frlang code. After using
sone optimzations (e.g. avoidingsone tests onrecursions) we expect our resul ts
can be further inproved. The generated code does not use any optimzations,
as we woul d consider it unfair to showevaluationresults of an optimzed hand-
conpiled code.

The host nachine used for the evaluationis a Sun 4/60 (SPARGstation-
1) with 28 MBof main nenory. Each benchnark programwas run a nunber
of tines to neasure a reasonable long execution tine. The whole benchmark
package was run 20 tines and the average tine was taken. The Ccode for the
Turbo Erl ang systemand t he benchmark prograns were conpiledusing the gec
version 2.1 with the -02 option.

Our benchnark consists of the follow ng prograns:

nrev nai ve reverse of alist of length 30 (run 1000 tines)
gsort qui cksort of alist of length 50 (330 tines)

tak the ”Takeuchi” benchmark: tak(18,12,6) (4 tines)
hanoi the Tovers of Hanol program hanoi(13) (6 tines)

factorial conpute the factorial of a given nunber: fact(11) (6000 tines)

As the Janus eval uationresul ts donot include tine for garbage collection(the
Janus Virtual Michine has no garbage collection inplenented yet) we provide
the TEAMevaluation results with and without the garbage collection tine.

W also conpare our results to the existing JAMErl ang inplenenthtion [2
where FErlang prograns are conpiled into instructions for a virtual nachine,
and the instructions are then interpreted by an emul ator. The JAMErl ang
impl ementationprovides acopying garbage collector simlar tothe onein TEAM

There is another interesting inplenentation conpiling into C, the exper-
inental inplenentation of KL1 reported recentlly. iTh¢5i npl enentation
uses the cc conpiler and thus shares all the efftiency problens wmith the Janus
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inplenentation (costly function calls, inability to control register allocation).
The prelimnary evaluationresul ts preseniedeirr gathered for the naive
reverse programonly and indicate that the KLl i npl enentation perforns worse
than the Janus one. As the used benchnark consists only of one programwhich
was run on di fferent hardware (than our benchnmark) we wait with conparisons
until nmore conplete evaluationresults are reported.

In Table 1, the tine reported (inmlliseconds) is the tine to execute the
programonce. The tine for the Turbo Erlang system(TEAM does not include
the garbage collection tine. The Janus results (produced on the sanme type of
hardware as our resul ts) are taken flr ¢4 6i d Gudenan sent us newresul ts
for fact(11) as running fact(12) would blow up the TEAM28-bit integer
val ue).

Program | TEAM(T) (ns) Janus (J) (ms) |J/T
hanoi 104 182 1.75
tak 179 267 1.49
nrev 1.19 0.729 0.61
gsort 1.81 2.03 1.12
factorial‘ 0.0418 0.0393 0.94

TaHe 1. The performance of Tiwrbo Frlang (the garbage collection time not included)
conpared to Janus.

The eval uationresul ts showthat the Turbo Frl ang of ten perforns better than
Janus. The Janus inplenentation is better for the naive reverse program but
we have to renenber that we conpare two di flferent 1 anguages i.e. the execution
nmodel of Erlang introduces sone overhead in append/2 as discussed in Section
3.2. At the sane tine conpared to Janus we have constant overhead due to
the Erlang tine-out nechanism(periodic interrupts), and checking for context
switch (the Janus systemdoes not provide fair scheduling). The other difference
1s that Turbo Erlang puts return values inthe register x(0) while in Janus it is
necessary to go through nenory. Having one return value in Erl ang i ntroduces
a certain overhead when handling multiple return val ues which must be first
bundl ed together 1into a tuple.

The results are very promsing as we do not apply any conpile-tine opti-
mzations which could further inprove the Turbo Frlang performnance.

W have al so conpared the Turbo Erl ang perfornance with the existing JAM
Frlang inplenentation (Table 2). Here the results for the Turbo Frlang system
include the garbage collection tine. Garbage collection has a significant i npact
upon t he performance of the Towers of Hanoi program whichexecutionallocates
a lot of data both on the heap and stack, and thus frequently invokes garbage
collection causing in turn dynamic resizing of the executing process (when the
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Program  |TEAM(T) (ms) JAM(ms) |JAMT
hanoi 306 2160 7.06
tak 180 2010 11.1
nrev 1.39 18 12.9
gsort 2.23 29.8 13.3
factorial 0.0465 0.373 8.02

TaHe 2. The performnce of Tirbo Frlang (the garbage collection tine included)
conpared to the JAMFr] ang system

process has muchnore stack and heap space thanit requires the stack and heap
area shrinks).

The results 1n Table 2 showthat conpiling to Cand designing a new, better
abstract nmachine (the JAMabstract nmachine is atraditional stack nachine used
to inplenent functional languages) inprove the benchnark performance about
10 tines. At the sane tine conpilinginto Cresultedinalarger object size, and
conpared to JAMthe object code for the benchmark prograns is about four
times larger.

As the goal of our inplenentationefforts istoclose the efftiency gap between
Erl ang and Ccode, we conpared our results with the performance of Ccode
which was written in the style one woul d expect of a conpetent Cprogrammer
(use of iterations, destructive updates, and arrays). W ran C prograns for
gsort, tak, and factorial only as Cversions for nrev or hanoi woul d have to
use malloc() and thus sl owdown the Ccode perfornance significantly.

The Cprograns were conpiled using the gcec version 2.1 with the -02 op-
tion. The evaluation results for the Turbo Erl ang systemincl ude the garbage
collection tine and the conparisonis shown in Table 3. The resul ts showthat

Program | TEAM(T) (ns) C(unopt) (ms) |GT |C(opt: -02)(ms) |Copt/T
tak 180 197 1. 09 76.5 0.42
gsort 2.23 2.77 1.24 0. 539 0.24
factorial‘ 0.0465 0. 04 0. 86 0. 0297 0. 64

TaHe 3. The performnce of Tirbo Frlang (the garbage collection tine included)
conpared to C

the performance of Turbo Frlang is not very far fromthe performance of opti-
mzed Ccode. The largest difference, the one for gsort, is not that upsetting as
the Cversionuses arrays with destructive updates while the Frlang version uses
lists and has to do garbage collection. Taking into consideration that running
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gcec with the -02 option produces a highly optimzed code, and that we did

not apply any optimzations while conpiling fromFrlang to C the results in
Table 3 are very prom sing. Especially as the Tarbo Erl ang executionintroduces
constant overhead due to the Erlang tine-out and scheduling nechanisns. W
expect that for l arge concurrent applications the overhead w1l pay back and after
appl ying sone conpile-tine optimzations we will be able to close the efftiency
gap between Erl ang and C.

6 Corclwsioms

W have presented an effti ent and portable sequential inplenentationof Frlang
(called Turbo Erl ang), where Erlang prograns are conpiledintothe Clanguage.
Portable neans that the i npl enent ation can be ported to any processor having

a gcc conpiler. W have chosen gec to allow global register allocation and
usage of labels as first-class objects, which in turn sinplified return address
admnistration, and generation of uni que labels.

The Turbo Erl ang systemperforns very well in conparison with other hi gh-
level language inplenentations like jc (Janus conpiled to C), and the JAM
Frlang inplenentation (Erlang conpiledintoinstructions for avirtual nachine,
which are interpreted by an erml ator).

Comparing further to Janus, in our systemeach krlang nodule is conpiled
intoa Cfunction residing in a separate file and the nodule functions can be
accessed fromother modules with no overhead. In the Janus systemall pro-
grans are conpilledinto one Cprocedure which does not allowfor large-scale
applications.

The conparison with Cshows that the performance of Turbo Frlang is not
very far fromthe performance of highly optimzed Ccode. W expect that after
appl ying sonme conpile-tine optimzations we will be able to run large applica-
tions 1n Erlang as quickly as the sane applications written fromthe beginning

in Cor G++.
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