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Abstract The two main sources of performance problems in the
current Tcl system (Tcl 7.5) are script reparsing and con-
To improve the speed of interpreting Tcl programs, weyersions between strings and other data representations.
are developing an on-the-fly bytecode compiler as parfrhe current interpreter spends as much as 50% of its time
of the Tcl project at Sun Microsystems LabOI'atOI’ieS.parsing_ It reparses the body of a loop, for example, on
This new compilation system suppatitgal-ported ob-  each iteration. Data conversions also consume a great
jectsthat are stored in Tcl variables and passed to prodeal of time. Adam Sah [Sah94] found that 92% of the
cedures instead of strings. These objects allow fastefme inincr 's command procedufcl_IncrCmd()
integer, list, and other operations by including an appro-was spent converting between strings and integers. Many
priate internal representation in addition to a string. Tcl programmers avoid using lists today because they
Early performance results show significant improvemenknow that operations on lists are slow and become slow-
for some scripts. On a 167MHz UltraSPARG, 1 ¢r with long lists. For exampléndex $a end re-
lindex of the last element of a 100 element list takes Juires that the entire list be parsed to discover its last
microseconds compared to 72 for the current Tcl interelement.

preter. Aset command that stores a new value in a lo- ] ] )
cal variable now takes less than 1 microsecond vs. 5.8 {8 N€W Tcl compiler and interpreter are being developed

10 microseconds (depending on the length of the varidt Sun Microsystems Laboratories to improve the speed

able name) for the current system. This paper described T¢l Programs. Our goal for the bytecode compiler is to

the design of the compiler and its current state, outlinedMProve the speed for compute intensive Tcl scripts by a
its development plan, and gives some early performancfélCtor of 10.

results. It also describes some implications of the comThe compiler translates Tcl scripts at program runtime,
piler for Tcl script and extension writers, and describesor on-the-fly into a sequence of bytecoded instructions

how to best take advantage of the compiler. that are then interpreted. The compiler eliminates most
_ runtime script parsing. It also makes many decisions at
1 Introduction compile time that are made now only at runtime. It can

Althouah th t Tel int ter is fast hf tell, for example, whether a variable name refers to a sca-
oug € current 1cl interpreter 1S fast enoug Orl(a; or an array element. It also compiles away many type

mOS'E[ Tl US%S’_I:{EGT :;r_? malny apphcrz]at;on_s that_nee nversions. As an example, it can recognize whether the
greater speed. The tradiional approach 1o 1mproving rgument string specifying the increment amount in an

Tcl program’s performance has been to recode criticai cr command represents a constant integer
portions in C. While this is effective, it is awkward. Also, '

an increasing number of demanding applications such aghe bytecode interpreter usiisal-portedobjects exten-

the exmh mail user interface [Welch95] are being writtersively. These objects contain both a string and an internal
entirely in Tcl. Recoding in C also makes the developfepresentation appropriate for some data type. For exam-
ment of portable applications much harder. A significanple, a Tcl list is now represented as an object that holds
advantage of Tcl7.5 is that it allows programmers tdhe list's string representation as well as an array of
write scripts that can run unchanged on UNDPC, and  pointers to the objects for each list element. Dual-ported
Macintosh systems. objects avoid most runtime type conversions. They also
improve the speed of many operations since an appropri-
ate representation is available. The compiler itself uses
1. UltraSPARC and Java are registered trademarks of Sufyal-ported objects to cache the bytecodes resulting from

Microsystems, Inc. the compilation of each script.
UNIX is a registered trademark, licensed exclusively through
X/Open Company Limited.




An early version of the compiler and interpreter are run-Table 1 shows performance results for a few simple
ning. The compiler emits a subset of the instructions thatenchmarks on a 167MHz UltraSPARC 1.
will eventually be supported. The current instructions di-

rectly implement variable substitutions and tet , Table 1: Performance Benchmark Results
incr , andwhile commands. Other commands are

supported using instructions that invoke the associated Time (usec)

command procedures. These instructions push and cqg Benchmark Speedup
catenate the dual-ported objects that hold command g Tcl7.5 | New

guments and results. The largest single item of wor|

remaining on the compiler is to compile Tcl expressiong null proc with 5 args 64 6 10.6

and theexpr command. Most control structure com-

mands use expressions so compiling them should sign g.Proc Incrementing arg) 31 ! 4.4
icantly reduce the execution time of almost every s&ript. proc of just comments 31 3 10.3
Other remaining work includes compiling performance

critical commands likéor andlindex intoinline se- | set 20 global variableg 210 31 6.7

guences of instructions specific to those commands. set 20 local variables | 206 21 98

The bytecode compiler and interpreter pass most Tcl re= :
gression tests. Tests that fail depend on the specific canincr 20 local variables} 368 28 13.1

tents of traceback information in error messages or ANjingex end of long list 134 3 44.6
the exact formatting of the result of list operations. The
bytecode system makes fewer recursive calls tplinsert end of long list 58 12 4.8

Tcl_Eval so error tracebacks now have fewer intermef— - -
diate levels. The new list implementation consistently Iterative factorial 449 | 265 16
usesTcl_Merge to regenerate a list object’s string rep-| |ist reverse with while | 42985 | 2376 20
resentation, while the traditional Tcl system typically ig-

nores portions of strings not directly modified in a list

operation. This can lead to such differences as wheth&°Me Scripts show significant improvement, especially
those that make heavy use of procedure arguments and

sublists are bracketed with braces or quotes: for exampl€, ‘ g - -
the result of local variables, ones that manipulate lists, and scripts that
benefit from not reparsing. Performance improvements
linsert{ab"cc"de}31 for the larger (and more realistic) benchmarks are modest
at this time, largely because expressions are not yet com-

piled. | expect performance to improve significantly as

with the new system is

abfccilde the remaining compiler and interpreter changes are
while the traditional system produces made.
ab"cc'1de The next section describes the goals for the bytecode

. ._compiler. Section 3 describes the compilation strategy. |
The Tcl tests will be updated to reflect the new behaworpresent the design of the dual-ported object support next.
Section 5 and Section 6 give details about the design of
the bytecode compiler and interpreter. Memory require-
ments for the bytecode system are discussed in Section 7.
The current state of the compiler is described in Section

8 while Section 9 discusses related work. | explain next

1. Expressions are very expensive today. As an experimentWhy | do not use Java bytecodes. Section 11 discusses
implemented a new commandtilzero  that repeats aloop implications of the compiler for script and extension

while a variable is nonzero. Executing writers. The compiler's development plan is outlined in
set x 1000; while {$x>0} {incr x -1} Section 12.

requires 5.1 times more time than
set x 1000; untilzero x {incr x -1} 2  Goals for the Compiler

(28661 vs. 5577 usec). These two loops do the same work. The

difference is that the expression is reparsed on each iteratioBesides increased execution speed, the compiler’s goals
(Althoughwhile  commands are compiled into a sequence ofinclude the following:

instructions, their expressions are still evaluated today by

Tcl_ExprBoolean ).



* Minimize user-visible changes to scripts. Old scriptsmation that results from compiling a script. A new Tcl
must run as before with no or very few changes. It isnAPI procedure,Tcl_EvalObj , operates much like
possible to change the Tcl language even if thosd@cl_Eval to evaluate a script but takes a Tcl object in-
changes would improve the compiler’s effectivenessstead of a string; it compiles the object’s string value and
The compiler must continue to support Tcl featurescaches the resulting code unit as its internal representat-
like tracesppvar , andunset even though they slow ion to avoid later recompilations. The compiler generates
our implementation considerably. instructions for an idealized Tcl virtual machine This

« Continue to support Tcl's dynamic features like machine is stack-based since this allows programs to be

rebinding of core commands and runtime-computed®Presented more compactly; the encoding of most in-

variable and command names. However, we rna)§truct|on$ is a single byte. Since programs are compiled,

change the behavior of core commands when thos%cript parsing at gxecutiontir_‘ne is rarely necessary. Some
changes allow significant performance improvement§Untime parsing is needed since Tcl scripts can compute
without effecting the execution of correctly written €W sc_rlpts that they Iater_evaluate. Such runt|me-cr_eat-
scripts: scripts that use the semantics documented ff! SCripts are also compiled on-the-fly. The compiler

the Tcl man pages. For example, list operations will navilleventually generate bytec_:o_des for most of Tcl's core
longer preserve exact white space between listommands. It can make decisions now made by the tra-

elements ditional Tcl interpreter at runtime. For example, the com-
piler assigns frame offsets to local variables in

* Minimize changes to C code in extensions. | expect o cedures to avoid the runtime hashtable lookup done
do this by providing new parallel core API procedurest,, them in the traditional system.

that contain the changes. Old C code can continue to
use the old interface procedures. Those old interfacg Design of dual-ported objects
procedures will often be reimplemented in terms of

new functionality. 4.1 TheTcl_Obj structure

) L\:/Iolmr;i::;on St;r::gixe;i%glr:emfg}: srﬂ:“ n?nerrt:g:c Dual-ported ob_jects are use_d throughout the new Tcl sys-
L . ' . tem to hold scripts, strings, integers, arrays, lists, etc. For
footprint is a significant feature and must be retamed'example, command procedures now takeabjv' ” ar-

« Portability. The compiler and interpreter must run on &ay of pointers to the argument objects. An object has
wide range of platforms. | cannot generate machinewo representations: a string and an internal form. Ob-
code, for example. jects are represented Bgl_Obj  structures allocated

on the heap.

3 The Compilation Strategy The definition of the Tcl_Obj structure is shown in Fig-

The new compilation system relies upon support foure 1. This structure is five words: the reference count, a
dual-ported objects and a new bytecoded compiler angointer to the object’s type structure, a string pointer, and
interpreter. Dual-ported objects are passed to commari#o words used by the type. The string is the object’'s
procedures and are stored in variables. Objects contairséring representation which is also allocated on the heap.
string as well as an internal representation. They reducghe two words managed by the type hold the object’s in-
conversions by holding an appropriate representatioternal representation: an integer, a double-precision
such as an array of element pointers for a list. Althougffloating point number, two arbitrary words, or a pointer
objects contain an internal representation, their semaito a value containing additional information needed by
tics are defined in terms of strings: an up-to-date stringhe object’s type to represent the object. A list object, for
can always be obtained, and any change to the object wikample, contains a pointer to a structure with an array
be reflected in that string when the object’s string valuedf pointers to the objects for the list elements. An integer
is fetched. Objects are typed. An object’s type reflect®bject contains an integer value.

the set of operations on its internal representation. Thﬁ\t least one of an object's representations is valid (non-

set of types is extensible. Several types are predefined WULL) at any time. Representations are computed lazily,

the Tcl core including integer, double, list, and bytecodewhen they are needed. An object that contains only a
Compilation in the new system is done as needed, or osstring and is (so far) untyped habldLL typePtr . As
the-fly. When a script is evaluated (say as the result of an example of the lifetime of an object, consider the fol-
call to Tcl_Eval ), it is compiled into bytecodes that lowing sequence of commands:

are then executed. We use the teode unitto describe

the collection of bytecode instructions and related infor-



typedef struct Tcl_Obj {
int refCount; I* When 0 the object will be freed. */
char *string; I* The Tcl_Obj's string representation. */
Tcl_ObjType *typePtr; I* Reflects the object's type. */
union { [* The internal representation. */
int intValue; [* — An integer value. */
double doubleValue; [* - A double-precision floating value. */
VOID *otherValuePtr; [*— Another, type-specific value. */
struct { /- The value as two words (ints). */
int field1;
int field2;
} twolntValue;
} internalRep;
} Tcl_Obj;
Figure 1: Definition of the Tcl object structure

% set A 123 objects will remain a single type, perhaps after an initial

This assigns A to an integer object whose internafonversion.

representat!on s the integer _123. Its. stringg 2 Object types

representation is lefNULL to avoid allocating a

string on the heap; if the string is needed later, it caifhe set of object types is open ended. The Tcl core pre-

be regenerated from the intefefThe typePtr defines six object types: integer, double, list, bytecode,
points to the structure describing the integer type. boolean, and command name. We expect to create many
% puts “A is $A” new types in the future. For example, the Tcl core could

Afterwards, A’s internal representation holds theUSe objects to store options for Tk commands.
integer 123 and its string representation points tQ\ T¢| object type is defined by a structure containing

“123". Both representations are now valid. pointers to four procedures called by the generic Tcl ob-
% incr A ject code. The definition of this type is shown in

Theincr  command increments the object’s integer19ure 2.

internal representation and invalidates ($¢ti.l)  The Tcl_UpdateStringProc updates an object’s

its string representation is since itis no longer valid.string representation from its internal representation.
% puts “A is now $A” Atype’'s Tcl_DuplinternalRepProc and its

The string representation of A’'s object is needed an(]— cl_FreelnternalRepProc , fespectively, dupli-

is recomputed. The string representation now point$ate and free an object’s internal representation. The
to “124". inal procedure, th&cl_SetFromAnyProc , converts

an object from another type by producing this type’s in-
An object’s internal form is typically computed on the terna| representation. It can always do this by first updat-
first type-specific operation, or when an object is conjng the object’s string representation (if necessary) then
verted to a new type. The string is invalidated R88LL)  generating the internal representation from the string.
when the internal representation is changed, and ViC‘However, theTcl_SetFromAnyProc s for most ob-
versa. The string representation is only regenerated Wh‘?@ct types include special case conversions from some
necessary. For example, the string representation of @;mber of other types. An example is the double type’s
for loop’s index variable will never be recomputed Un-Tcl_SetFromAnyProc . This supports faster integer
less it is actually used as a string. | expect that almost alh double conversions by directly converting the integer
that is an integer object’s internal representation to a
double-precision floating point number; it does not re-

nerate the string representation and then parse it.
1. This optimization is possible only when the correct stringge erate the string representation and then parse it

representation can be regenerated. It can't be used, for exarAs an important optimization, an empty string is repre-

ple, for the string “000123" since a later command might desented by an object with MULL string pointer and
pend on the leading zero characters.




typedef int (Tcl_SetFromAnyProc) (Tcl_Interp *interp, Tcl_Obj *objPtr);
typedef void(Tcl_UpdateStringProc) (Tcl_Interp *interp, Tcl_Obj *objPtr);
typedef void(Tcl_DuplinternalRepProc) (Tcl_Obj *srcPtr, Tcl_Obj *dupPtr);
typedef void(Tcl_FreelnternalRepProc)(Tcl_Obj *objPtr);

typedef struct Tcl_ObjType {
char *name; [* Name of the object type, e.g. "int" or "list". */
Tcl_FreelnternalRepProc *freelntRepProc;
/* Frees any storage for the type's internal representation. */
Tcl_DuplinternalRepProc *dupIntRepProc;
/* Creates a new object as a copy of an existing object. */
Tcl_UpdateStringProc *updateStringProc;
/* Updates the string rep. from the type's internal rep. */
Tcl_SetFromAnyProc *setFromAnyProc;
[* Converts the object's old internal rep. to this type. */
} Tcl_ObjType;

typePtr . Empty strings are common and this optimi-4.3 Storage management of objects

zation helps to reduce storage requirements. .
Tcl objects are allocated on the heap. A custom allocator

The list type maintains for each list object an array ofeqyces the cost of allocating and freeing objects by
pointers to the Tcl objects that represent the list’'s e|emaintaining a private list of available free objects.

ments. This internal representation allows for fast index- ) )

ing and append operations (which we believe to be thE€cause many ObJeCtS_ are simply passed as arguments to
most common) at the expense of slightly slower insercalled procedures, objects are shared as much as possi-
tions. For exampldindex is now a constant time op- ble. This significantly reduces storage requirements be-
eration; extracting the last element of a list now require§2use Some objects such as long lists are very large. Also,
only 3 usec regardless of the list's length while Tcl7.5Most Tcl values are only read and never modified. This
takes 15 usec for a 10 element list, 37 usec for a 40 el& especially true for procedure arguments, and argument

ment list, and 72 usec for a 100 element lissert objects can be shared between the caller and the called
is also faster; inserting an element at the end of a 60 elfrocedure. Assignment and argument binding is done by
ment list is 4.8 times faster (12 vs. 58 usec). simply assigning a pointer to the value. It isn’t necessary

to copy (and allocate storage for) the entire value. But
The element array of a list is initially allocated just largeihis raises the problem of knowing when it is safe to free
enough to hold the list's elements. However, if a list isy gpject. | use reference counting to determine when it
grown by, say, an append operation, a new array is allgs safe to deallocate an object; an object can be freed
cated that is larger than is actually required by the opeiyhen the number of references to it drops to zero. | can’t
ation. This overallocation improves the speed ofyse a garbage collector because it would increase Tcl
subsequent append or insertion operations. When the lighge and runtime memory usage too much.
type’s Tcl_SetFromAnyProc  generates the internal )
representation for a list, it parses the entire list. Thine advantage Qf rgference counts is th.at th_ey support an
means that operations on some lists will fail in the newmportant optimization calledopy-on-write Since ob-
system that would have succeeded in Tcl7.5: if a list hal§Cts are shared, a new copy must be made before modi-
a syntax error after the elements being operated on, tf¥ing an object. But if an object is unshared-that is, if it
new system will return an error message where Tcl7.5as a reference count of one—the object can be modified
would have ignored the bad syntax. directly without having to make a copy. Copy on write

) _ reduces storage requirements and execution time.
The command name object type is used by the bytecode

interpreter to cache the result of command hashtablg Design of the bytecode compiler

lookups. Hashtable lookups are expensive (about 1 usec

on a UltraSPARC 1, or the same time needed to set a Ia-he compiler is single pass to minimize compilation
cal variable in the bytecode system), so avoiding them otime. It uses a recursive descent parser that emits instruc-
most command invocations significantly improves exe-ions for each command as it is parsed.

cution time.



pushl <1 byte index>

push4 <4 byte index>

pop

concat <1 byte count>

invokeStk1 <1 byte argument count>
invokeStk4 <4 byte argument count>
loadScalarl <1 byte index>
loadScalar4 <4 byte index>
loadScalarStk

storeScalarl <1 byte index>
storeScalar4 <4 byte index>
storeScalarStk

loadArrayl <1 byte index>
loadArray4 <4 byte index>
loadArrayStk

storeArrayl <1 byte index>

loadStk

storeStk

incrScalarl <1 byte index>

incrScalarStk

incrArrayl <1 byte index>

incrArrayStk

incrStk

incrScalarllmm <1 byte index> <incr byte>
incrScalarStkimm <signed incr byte>
incrArrayllmm <1 byte index> <incr byte>
incrArrayStkimm <signed incr byte>
incrStkimm <signed incr byte>

evalStk

jumpl <1 byte signed distance>

jump4 <4 byte signed distance>
jumpFalsel <1 byte signed distance>

storeArray4 <4 byte index> jumpFalse4 <4 byte signed distance>
storeArrayStk done

Figure 3: The current bytecode instructions

To hold information needed during compilation, thepileProc s exist today for theet , while , andincr
compiler uses a compilation environme@opmpile- commands. EventuallZompileProc s will be regis-
Env) structure. This holds a code unit's instructions,tered for most core Tcl commands.

ObJeCF table and command Iocatlon.map. The ObJeCtAt this time, the compiler emits the 35 instructions listed
table is an array of pointers to Tcl objects referenced by . . : .
n Figure 3. Some of these implement variable substitu-

instructions. The table has an object for every uniqu%OnS and the Tcl commandst  incr . andwhile

constant in thg scrlpt t?at is not “compiled away": for ex The remainder do the work of the traditional Tcl parser
ample, the stringA is needed for the command . g . . .
o " . . by pushing and popping objects, concatenating strings,
puts "Ais $A above is represented by an object : . - X
acpd calling command procedures. New instructions will

table entry. The command location map has source a .
. be added as more commands are compiled. | expect also

pytecodg chann information for e"’!Ch command. Thlsthat the instruction set will change as | get more experi-
information is used, for example, to find the source com-

mand for a bytecode location. T@empileEnv struc- ence with the bytecode system.

ture also contains a pointer to the current procedure’ost instructions operate on @&wvaluation stackThis

Proc structure (if any) to compile references to localstack is separate from the “stack” of Tcl procedure call
variables, and contains fields that describe the length arftames and is also separate from the C call stack. The
other properties of the last command word processe@valuation stack holds pointers to Tcl objects holding
The CompileEnv structure is allocated on the C stackcommand arguments and results. Each Tcl interpreter
and is large enough to hold the instructions and other irhas its own evaluation stack. The compiler computes the
formation for almost all Tcl scripts. This use of stack-al-maximum stack depth needed for each code unit and the
located space minimizes the number of costly heamterpreter, when starting to execute a code unit, ensures
allocations. When compilation is finished, a single heaghat it has enough stack space. This avoids checking on
object is allocated to hold the subset of information reeach instruction whether the stack needs to be grown.

quired to execute the script. Instructions consist of an opcode byte followed by zero

In order to generate instructions for a command, ther more operands. Operands are one or four byte integers
compiler first checks whether a compile procedureor indexes. As an examplpushl <index> pushes
(CompileProc ) has been registered for it. This is donean object onto the evaluation stack. The one byte index
just after the command’s first word is parsed. G@n-  refers to one of the first 256 objects in the code unit’s ob-
pileProc s found, it is called to generate code for theject table. Several instructions have four byte variants to
command. If ndCompileProc is found, or if the first  support large scripts, while the one byte variants keep the
word involves substitutions that can only be computed atode for small scripts small. Instructions whose names
runtime, the compiler emits code to invoke the com-include the “Stk” suffix take an operand from the evalu-
mand’s command procedure at execution ti@em-  ation stack.



To make local variables faster, the compiler assigns eagiioc Ireverse_with_while {a} {
local variable an entry in an array of variables storedina setb™

procedure’s call frame. This avoids an hashtable lookup ~ seti[expr [llength $a] -1]
on each reference. The compiler also determines whether While {$i >= 0} { _
the variable name refers to a scalar or an array element. lappend b [lindex $a $i
These two changes alone make local variable access fast- incri-1

er by a factor of 9.5! (From 201 usec to 21 to set 20 lo-
cals. Other changes account for a 5 usec improvement})

}

return $b

Some variables are only created (computed) at runtim@enerates the instructions
For example, the commarset [gensym] 123 as-
signs a value to the variable whose name is returned setb

: hl0 # push "
the procedurgensym . To support these runtime com- - PYS .
puted variables, the compiler emits the instructionséz1 ;t;gescalarl 1 # store into local b
loadStk  andstoreStk _that take the variable name # set i [expr [length $a] -1]
from the top of the evaluation stack. 5 pushll # push "expr”
; 7 pushl?2 # push "llength”
5.1 Examples of complled code 9 loadScalarl 0 # load local a
. 13 pushl 3 # push integer obj -1
proc while_1000x {} { 15 invokeStkl 3 # call expr, 3 args
setx0 17 storeScalarl 2 # store into local i
incr x # while {$i >= 0} {\n lappend b [lindex ...
} 20 pushl4 # push "$i >= 0"
} 22 jumpFalsel 23 # false=>goto pc 45
generates a code unit with the instructions # lappend b [lindex $a $i]
24 pushlb # push "lappend"
#setx0 _ 26 pushl6 # push "b"
0 pushl0 # push object "0" 28 pushl 7 # push "lindex"
2 storeScalarl 0 # store into local x 30 loadScalarl 0 # load local a
4 pop _ # discard value 32 loadScalarl 2 # load local i
# while {$x<1000} {\n incr x\n } 34 invokeStkl 3 #calllindex, 3args
5 pushll # push "$x<1000" 36 invokeStkl 3 #calllappend,3 args
7 jumpFalsel 8 # false => goto pc 15 38 pop
#incr x #incri-1
9 incrScalarllmm 0,1# increment local x 39 incrScalarllmm 2,-1
12 pop # discard value 42 pop
13 jumpl-8 #goto pc 5 43 jumpl-23 # goto pc 20
15 pushl 2 # while result is "™ 45 pushl0 # push ™
17 done 47 pop

The number at the left of each instruction is its bytecod%E 8return :1b o 4 bush )
offset. Thepushl 1 instruction at offset 5 pushes a 5 pus push "return
string object containing$x<1000" ; the instruction’s
operand specifies the second object in the code unit’s olgy
ject table. This string is passed to the Tcl expression code ] ) ] ]
at runtime since expressions are not yet compiled. ThEere theinvokeStk1l  instructions are used to invoke
storeScalarl 0 at offset 2 stores the object at the command procedures at runtime. In the next few months,
top of the evaluation stack into the scalar local variabléhe compiler will be modified to emit command-specific

at offset 0 in the call frame’s array of local variables. ~instructions inline for most Tcl core commands. This
rocedure runs 2.0 times faster with the current bytecod-

d system than in Tcl 7.5 (2376 vs. 4985 usec for a 60 el-
ment list).

0 loadScalarl 1 # load local b
invokeStkl 2 #callreturn,2args
done

This procedure currently runs 1.4 times faster with th
bytecoded system than in Tcl 7.5 (26954 vs. 38550 usec
| expect this performance to improve when expressions
are compiled.

As a more complex example, the procedure



5.2 Some compilation problems If expr 's argument is enclosed in braces, the apparent
) ] code is always correct and the test can be dropped. So,
a) Variables must be accessed in the correct order expressions protected by braces will exeéaeer. This

Compiled code must read, write, and delete variables ificludes expressions usedfin, while , and other con-
the correct order. This is because traces must run the cdfo! structure commands.
rect number of times and in the correct order. Consideg) Global variables may not be truly global

the following example: ) )
In the same way that it currently does for local variables,

expr{$a} + $b || {$c} + $d the compiler could assign each global variable an index

The variables must be read in the oroed, a, thenc. in the table of globals and use this index in instructions.
- ) _It can only do this for variables, however, which it knows

In the traditional Tcl system, the interpreter reads varizy e truly global. Tcl lets global command appear
ablesb andd when substituting their values. When 4,v\vhere, including after the use of a local variable with
expr is called, it does a second round of substitutions ofa same name. This is an error. and must be reported as
its argumer_1ts |ts_elf, an(_j so reads the vgrlablasdc. such, so the compiler can only “compile away” global
The order in which variables are read is shown abovg, 4 iaples known to be global. It can safely do this for
Compiled code must read the variables in the same Ordedrobal commands that appear at the top of a proce-

| may alter the variable read, write, and delete behavio(Ijure which is the usual location anyway. Those that ap-
of some operations to improve the implementation, but bear elsewhere will have to be implemented by a

will only do this if the changes do not modify the seman<oh4|  instruction that will do the appropriate check-

tics of those operations or of trace  command as de- ing. This means thajlobal commands placed at the
scribed in the Tcl man pages. For example, thqop of procedures will be faster.

traditional Tcl interpreter implementappend using
Tcl_Setvar2  to append each new list element. This6
triggers read and write traces for each appended element.
I may compile code to append the new items all at onc&he bytecode interpreter uses a traditional while loop
and run the traces a single time. that switches on the opcode of each instruction:

Design of the bytecode interpreter

b) expr ’'s substitutions can change the apparent ex-or (;;) {
pression opCode = *pc;

. switch (opCode) {
As described abovexpr does a second round of sub- case INST INVOKE1:

stitutions on its arguments. This can make the expres-
sion’s apparent interpretation and the obvious code

wrong. Consider the following commands: I checked first whether an alternative implementation
% set x 2 would be faster. This used an array of procedure point-
% set y {$x+5} ers, indexed by opcode, to implement each instruction.
% expr $y*15 However, this proved about 20% slower, independent of

machine or compiler.
From the expressiady*15 it looks like the final result
is a multiple of 15, but this is wrongxpr is passed
$x+5*15 , which afterexpr 's second round of substi-
tutions become2+5*15 or 77.

The compiler emits done instruction to terminate the
main interpreter loop if neeturn  orerror command

is executed. This instruction trades space for time and
avoids the need to continually test for the last instruction.

Thlsdprofblentﬂ) ?.':bt/. happlins V\{heD‘(pI’ doets_a setcond The evaluation stack holds arguments for commands.
rcl)un d(') su st uthonts). t)l(pr sdar_gl:men IS ?0“ er:.- .When invoking a command procedure, the procedure’s
closed in braces, the best 1 can do'is fo generate ‘op 'm'ﬁij array (the array of pointers to argument objects)

tic" code for the apparent expression and check % set to the address of the evaluation stack element hold-

runtime whether this code might be wrong. It can only bei'ng a pointer to the object with the command name; no
wrong if variables substituted in the first round require '

o . ) pointer copying is needed. The interpreter caches a

more substitutions in the second round. Typically thliointer to the top of the stack in a local variable.

isn't the case and the interpreter can execute the com-

piled code. Otherwise, the interpreter needs to back off a Tcl program redefines a core command, any code

and invokeexpr to interpret the expression. that uses that command must be invalidated. To imple-
ment this, the interpreter increments a countercame-



pilation epoch whenever a core command is redefined.bytes. The total memory for this procedure is then (55 +
When a script is compiled, the current compilation epocl261 + 96) = 412 bytes, or 3.1 times the source size.

is stored in |ts_ code unit. Before executing a code un.”]\lote that five of the nine objects for this code unit are al-
the bytecode interpreter checks whether the code un'tl%cated just to hold the names of commands to be in-

epoch matches the c_urrent epoch._ I n_ot, th‘? mterprete\:/roked byinvokeStkl commands. One of the benefits
discards the code unit and recompiles its script.

of compiling commands into inline sequences of com-

| have reimplemented the command procedures for mostand-specific instructions is to reduce the storage need-
commands to be object-based: that is, to takelgn ed for programs. In this case, removing just those

array and to return an object result. These object-basembmmand name objects by compiling the commands in-
command procedures are called directly by the bytecod@ee would save 155 bytes! The count of instruction bytes

interpreter. The remaining string-based command procerould increase a little, but the code unit's storage would

dures are implemented using a wrapper procedure. Thsgill drop to approximately 1.9 times that of the source.

wrapper generates angv  string array from the string These memory results are preliminary. The actual stor-

representations for the argument objects, calls the strin . .
. . ge needed for Tcl scripts will change as more com-
command procedure, and constructs a string object hold- S
. mands are compiled inline. | expect to look for further
ing the result. | expect eventually to make all command I .
. opportunities to reduce memory requirements. For ex-
procedures object-based. . . )
ample, it should be possible to find a more compact rep-
. resentation for the command location tables.
7 Memory requirements for the bytecode
system 8 Compiler status

Strings are a compact way to represent Tcl scripts: N@; this time (May 1996), the basic support and infra-
separate instructions or other.data representations atgcture for the new bytecode system is complete. The
needed. The bytecode system improves the speed of &ija).norted object support is finished. The Tcl core im-
ecuting Tcl scripts at the cost of additional storage fo'blements six object types. Objects are passed to and re-
code units and dual-ported objects. How much additiong|,eq by command procedures and are stored in
memory is needed? variables. The compiler emits inline instructions for sev-
The body for the procedusehile_1000x in Section €ral key instructions. Support routines exist that allow
5.1 is 56 characters. Its code unit requires 18 instructioRew CompileProc s for commands to be added at the
bytes. Its object table contains pointers to three Tcl obtate of about one a day. The largest remaining item of
jects: an integer object for the source strify (for ~ Work is to compile Tcl expressions. Another large work
which no string is allocated on the heap), an object pointtem is to support Tcl namespaces. The specific function-
ing to "$X<1000" , and an empty object representing ality for namespaces has not been decided, but it will
the result of the while command. Since each Tcl objecerobably be similar to George Howlett's proposal
requires five words, the object table requires 80 bytes ifHowlett94] and Michael McLennan’'s [incr Tcl]
cluding the storage for the one heap string. The cormmPamespace support [McLennan95].

mand location table for this procedure’s three commands e formance improvements to date are modest for most
requires 3 entries of 4 words each, or 48 bytes. So, the 19 e ahout a factor of two for scripts that use expres-

tal memory for this procedure’s code unit is (18 + 80 +gjgns or control structures (since these use expressions).
48) or 146 byte’s 2.6 times the storage for just the sourcerye fact that performance is significantly faster for

characters. scripts that make heavy use of variables or lists is prom-
The body for the second procedure in Section 5.1ising. The key reasons performance isn't better for all
Ireverse_with_while , is 131 characters. Its code Scripts yet include:

unit requires 55 instruction bytes. Its object table hag ey commands have command-specific instructions
nine objects (for™ , "expr . “llength” -, *1* generated for them. A procedure call to a command
$i >= 0" , "lappend” , "b", "lindex" , and procedure is still being made for most commands.

“return” ) and requires a total of 261 bytes. There are Also, many objects are pushed, popped, have their
six commands so the command location table requires 96 reference counts incremented and decremented just to
fabricate the arguments for the command procedures.
Appropriate instructions for each command will
reduce this significantly.

1. This ignores any overhead words required by the heap imple-
mentation.



» expr isn't compiled yet. Thexpr command is itself the cost of script execution, TC statically preparsed
used often and expressions are used in many contrstripts. This did not benefit most Tcl/Tk scripts since
structure commands. most scripts require runtime parsing. Because of this, he

« Too many little code units are compiled and executedSu99ested instead caching the result of parsing, which is
This is primarily because control structure command&ffectively what our system does. His system also imple-
are not yet directly compiled into a linear sequence of’€ntéd several other optimizations, including imple-
instructions. As an example, & command'ghen menting procedure frames as arrays and compiling
and anyelse subcommands are compiled separatelyvariable references into indexes. Unfortunately, Adam
and are executed when tlie command’s command >an never released TC.

procedure recursively call$cl_EvalObj  on the  Forest Rouse and Wayne Christopher developed the ICE
bytecode objects for their scripts. This results in extrarcl compiler [Rouse95] that is available from ICEM
procedure calls and execution overhead as well asFD Engineering. This compiler translates Tcl to C
extra storage use. This will improve when instructionscode, which is then compiled. It speeds up typical Tcl/Tk
for those subcommands are emitted inline. applications by a factor of between 5 and 20. ICE Tcl
« Repeated compilations. This is because somé&acks the dynamic types of Tcl variables in C code using
command procedures are still string-based and cand mechanism similar to our object systemTIts Var

save the bytecodes of a compiled subcommand in agiructure has fields for integer, double, list, and string
object. Consider the following: representations and includes a flag word that indicates

which of these representations is valid. Unlike our sys-
expr {$n*[llength $aj} tem, more than two representations may be valid at any
This is slowed today because the nested commaritime. This offers the potential for improved speed at the
llength $a is recompiled, executed, and its byte- cost of additional memory, greater complexity, and more
code deallocated each time thepr is evaluated. difficult use. One drawback of translating to C is the sig-
This is becausexpr does command substitutions on nificant expansion in application code size (a factor of
its arguments, and recursively calisl_Eval . This, 20-30 in some cases) and complexity of application de-
in turn, compiles the expression but the code unit revelopment. ICEM has announced plans to develop a
sulting from the compilation is discarded afterwards.bytecode compiler to avoid these problems.
This is a temporary problem that will end when ex-

pressions are directly compiled. 10 Why not use Java bytecodes?
* Compilation is expensive at the moment. The cost off it proved feasible, using Java bytecodes to implement
compiling lappend pkgs "stdPkg" is about  Tclwould have a number of advantages. The Java virtual

twice that of executing it once. Most of the machine is widely available (e.g., in the Netscape brows-

compilation time is spent allocating objects for eacher). Using Java bytecodes might also simplify interoper-
word or part of a word in a script. In this script thesegtion between Tcl and Java code.

are the words "lappend” , "pkgs" , and . . )
"stdPkg" . When the compiler emits command- Unfortunately, using the Java virtual machine would be

specific instructions, most of these allocations will 00 Slow or take too much memory, at least with current
disappear. But even now, the compilation time fordava interpreters. The basic problem is the semantic mis-
most realistic scripts is only a small part of their Match between Java bytgcodes and Tcl. Consider the Tcl
execution time: a recursive factorial procedureSet command. Tcl variables behave very differently

computing the factorial of five spends only 1% of itsthan Java variables. | can't use a Java instruction like

time compiling. astore (store o_bject referenpe in .Iocall variable) to
store a Tcl value into a Tcl variable since it doesn’t han-
9 Related work dle by itself such Tcl details as variable tracesset |,

orglobal . The best | could do would be to translate a
Adam Sah’s TC system [Sah94] provided a speedup ofcl set command into a sequence of several Java instruc-
about 5-10 over traditional Tcl. His system introducedtions that did the appropriate checks. Unfortunately, the
the use of dual-ported objects. TC implemented lists ugaumber of Java instructions to implement each Tcl com-
ing arrays of pointers much as | do. It also used referenggand would make the compiled program too big. A more
counts to decide when to free objects. Like our systenrealistic scheme is to generate Java bytecodes that call
TC used reference counts to implement copy-on-writeone or more Java methods to do the actual work for each
This minimized copying in procedure calls and saved dcl command. With this number of Java method calls,
considerable amount of storage. In an attempt to reducceptable performance would depend on using a Java



machine code compiler. But these compilers won't bel2 Future work

free.
) ) ) ~Much work remains on the compiler. This includes the
Another problem is that much of the interesting code inchanges described above, in particular:

Tcl/Tk and its extensions is in C. Java code can call “na- o

tive” methods implemented in C, and vice-versa, but thi¢ Compile inline code foexpr commands.

is awkward and the capability is disabled in Netscape Implement the remaining changes for Tcl variables.
(and probably most other Java implementations) for This includes compiler-allocated entries for global

safety reasons. variables, and bettgtobal ,unset ,uplevel and
upvar support.
11 |mp|'C§t'0ns _for current script and « Generate inline instructions for high payoff
extension writers commands. For example, | won't immediately

.. . ile theclock hist ds.
11.1 Implications for scripts compiie theclockc - orhistory: commands
< Add namespace support.

Use lists. They are now even faster than arrays since ir|1

. . expect to release an initial version of the bytecode com-
dexing elements requires no hashtable lookup.

piler about four months from now.

You should not rely on the string representations of Iist§; have no plans at this time to do type inference for Tcl
having a particular syntax. That is, you should use lis&xpressions as done by David Koski [Koski95] and Guy
operations likedindex to manipulate lists. Also, list Steele [Steele94]. This can be very effective—David
operations will now parse the entire list when Convertinq<Oski got speedups of more than a 1000 for some float-

an object toa Ilslappend g’ fo_r E_:xample, no longer ig- ing point intensive Tcl code—but type inference is diffi-
nores arbitrary text in the list it is appending an elemen&m to do correctly in a language as dynamic as Tcl.
to. This means that you shouldn’t use list operations to

manipulate values that aren't lists. Use string operation .
to manipulate arbitrary strings. i3 Conclusion

Use braces around expressions, including those used fifi@ve described the design and current state of an on-
control structure commands. This lets us generate inlin1€-ly bytecode compiler for Tcl. I expect this compiler

instructions to evaluate the expression without the neelp eventually improve the speed of compute-intensive

to check for second-level substitutions that might invali- ¢! SCTiPts by a factor of about 10. Part of the compiler's
date the code. speedup derives from its use and support for dual-ported

objects and variables. Early results with the compiler are
Put allglobal commands at the start of procedures. promising but considerable work remains.

The execution traceback information in error messages
will change. Since the compiler will generate inline in- 14 References
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