Programming Languages, F2004
Lecture 12, Wednesday 28 April 2004 *

e Trends in programming language implementation
e Reflection in C# and Java

e Runtime code-generation in C# and Java
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More powerful and protective runtime environments (JVM and MS CLR)
e More execution stages:
— compilation to bytecode (j avac, csc)
— dynamic loading and linking of new code (classloader)
— compilation of bytecode to machine code (JIT)
— execution of machine code
o More information (metadata, types) in the compiled code: bytecode must be verifiable
e Reflection: a running program can inspect its own classes, methods, etc.
e Runtime code generation: a running program can create new classes, methods, etc.
e Type systems in intermediate languages (JVM; CLR; Generic CLR): needed for mobile code
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Reflection in C#: manipulating classes, methods, etc atrunt  ime (r t cg/ Ref | ect 0. cs)
Reflection means that a running program can manipulate information about its classes, methods, etc.
For every compiletime type T there is a runtime value t ypeof ( T) of class Type representing it:

usi ng System

class ReflectO {
public static void Main(String [] args) {
Type tyl = typeof (int);
Consol e. WitelLine(tyl);
Consol e. Wi teLine(typeof(long));
Consol e. Wi teLine(typeof (Reflect0));
Consol e. WitelLine(typeof (String[][]));
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Reflection in C#: calling a method ( rt cg/ Refl ect 1. ¢cs)
One can get a particular method (or other member) from a type, as a Met hod| nf o object.
One can call the method represented by the object:
usi ng System /1 For Type
usi ng System Refl ecti on; /1 For Methodlnfo
class Reflectl {
public static void Main(String [] args) {
Type ty = typeof (Reflectl); /1 Get Reflectl class
Met hodl nfo m = ty. Get Met hod(" Foo"); /'l Get Foo method
m I nvoke(nul |, new object[] { }); /1 Call it
}
public static void Foo() { Console.WiteLine("Foo"); }
}
Compiletime safety is poor: the compiler cannot check that the method exists, is static, is accessible, etc.
A reflective method call is 30-40 times slower than a compiled call to a method.
Instead, one can create a delegate from the Met hodl nf 0 — example infile r t cg/ RTC&2. cs.
A delegate call is only 1.5-2.0 times slower than a compiled method call.
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Some practical uses of reflection ( rtcg/ Refl ect 2. cs)

Example: Find and call all public static methods whose name starts with Test (similar to jUnit).

class Reflect2 {
public static void Main(String [] args) {
Type co = typeof (Refl ect?2); /Il Get Reflect2 class
Met hodl nfo[] nps = co. Get Met hods(); /1 Get all methods
Consol e. WitelLine("These static methods are available:");
for (int i=0; i<nos.Length; i++)
if (nos[i].lsStatic)
Consol e. WiteLine(nos[i].Nane);
Consol e. WiteLine();
Consol e. WitelLine("Calling static nethods whose nanes start with Test:");
for (int i=0; i<nos.Length; i++)
if (nos[i].lsStatic & nos[i].Nane. | ndexOf ("Test") == 0)
nmos[i].lnvoke(null, new object[] {});

}

public static void Foo() { Console. WiteLine("Foo"); }

public void NonStati cFoo() { Console.WiteLine("NonStaticFoo"); }
static void NonPublicFoo() { Consol e. WiteLine("NonPublicFoo"); }
public static void TestGoo() { Consol e. WiteLine("TestGoo"); }
public static void TestFoo() { Console. WiteLine("TestFoo"); }

Generating specialized programs

Sometimes we have a general program and it would pay to generate specialized versions of it.

Example: The power function

Computing 2™, that is, x to the n’th power:

public static int Power(int n, int x) {
int p;
p =1
while (n > 0) {
if (n %2 ==0)
{x=x*x; n=n/ 2;}

p* x5 n

~
©
1l
"
>
'
=
-

return p;

}
The function is based on these mathematical equivalences:

Z.Qm — (Z.Q)m

Z.2m+1 — x?m .

ITU Programming Languages, F2004 Page 12-5

ITU Programming Languages, F2004

Page 12-7

Reflection in Java: calling a method ( rtcg/ Refl ect1.j ava)
Class Cl ass in package j ava. | ang corresponds to CLR’s class Type.
Class Met hod in package j ava. | ang. r ef | ect corresponds to CLR’s class Met hod| nf o, etc.

In general, the CLR machinery is similar to Java’s:

inport java.lang.reflect.*; /1 For Method

class Reflectl {
public static void main(String[] args)

t hrows NoSuchMet hodException, |11 egal AccessExcepti on,

I nvocat i onTar get Excepti on {
Class co = Reflectl.class; /] Get Reflectl class
Met hod mb = co. get Met hod(" Foo", new Class[] {}); /1 Get Foo() nethod
no. i nvoke(nul |, new Qoject[] { }); /1 Call it

}

public static void Foo() {
System out. println("Foo was called");
}
}

Specializing the power function
Assume that we need to compute 27 for many different values of .
Then we can use a faster specialized method Power _7 that works only for n = 7 but for all x:
public int Power_7(int x) {
int p;
p =1

* ok ok ok *
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p=p
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p=p
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p=p
retur

o

np;

Staging and partial evaluation
We have split the computation of Power ( z, 7) into two stages:
e First do all computations that depend on 1 — 7 only; the result is a new method Power _7.

e Then execute method Power _7 for as many different x as needed.
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Generating a specialized power method (1t cg/ Power . j ava)

public static void Power(int n) {
Systemout. println("public int Power_"
Systemout.println(" int p;");
Systemout.printIn(" p=1;");
while (n > 0) {
if (n %2 ==0) {
System out. println("
n=n/ 2
} else {
Systemout.println(" p
n=n-1;

X =X *x;");
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}
}
Systemout.println(" return p;");
Systemout.printIn("}");

}

The drawback is that we need to invoke the Java (or C#) compiler to compile the generated function.

It may be better to generate bytecode, at runtime.

+n+(int x) {");
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Runtime code generation (RTCG) in Java Virtual Machine and Co

mmon Language Runtime

Java compiler Bytecode verifier —= JIT compiler

)

At runtime new bytecode can be generated and loaded.
The JVM or CLR just-in-time (JIT) compiler will compile it to efficient machine code.

The JIT compiler must be present in the JVM or CLR anyway.

Hence the overhead of this is much smaller than the overhead of calling the Java or C# compiler.

Machine code (x86)

v

Machine (x86)

ffffff Generated bytecode
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But, does code generated at runtime run fast enough?

Yes: Code generated for this loop is equally fast, whether compiled from Java/C# or generated at runtime:

do {
n--;
} while (n!'=0);

Speed of the generated code, and code generation speed:

Sun HotSpot IBM MS C
Client Server JVM CLR gcc-02
Compiled loop (million iter/sec) 243 o0 421 408 422
Generated loop (million iter/sec) 243 oo 421 408 N/A
Code generation (thousand instr/sec) 200 142 180 100 N/A

Sun HotSpot 1.4.0 and IBM JIT 1.3.1 for Linux, and MS .Net CLR 1.0 on Windows 2000; 850 MHz Pentium 3.

Stack operations upset MS CLR: using Load; Dup instead of Load; Load can make code 37 % slower!
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RTCG in C#: Generating bytecode for the function ~ power ,,(z) for afixed n (rt cg/ RTCH. ¢s)
public static void PowerCen(lLGenerator ilg, int n) {
i1 g.DeclareLocal (typeof (int)); /1 declare p as local _0
ilg. Emit(QpCodes. Ldc_I4_1);
ilg. Emt(OpCodes. Stloc_0); Il p =1,
while (n > 0) {
if (n %2 ==0) {
ilg. Emt(OpCodes. Ldarg_0); /'l x is arg_0 in generated nethod
ilg. Emt(OpCodes. Ldarg_0);
ilg. Emt(OpCodes. Mul);
ilg. Emt(OpCodes. Starg_S, 0); Il x =X * X
n=n/ 2
} else {
ilg. Emt(OpCodes. Ldl oc_0);
il g.Enmit(OpCodes. Ldarg_0);
ilg. Emt(OpCodes. Mul);
ilg. Emt(OpCodes. Stloc_0); Il p=p*x;
n=n-1;
}
}
ilg. Emt(QpCodes. Ldl oc_0);
ilg. Emt(OpCodes. Ret); /1 return p;
}
For n = 16, the specialized code is 55 percent faster than the general code.
(Later we see where the | LGener at or i | g comes from).
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Runtime code generation example: Evaluation of polynomial s(rtcg/ RTCGE. cs)
The polynomial p(z) of degree n with coefficent array ¢s[0 . .. n]:

p(x) = cs[0] +es[1] - @ +es[2] - 22 + - + es[n] - 2"
According to Horner’s rule, this is equivalent to:

p(z) =cs[0]+ - (es[l]+z-(---+x-(es[n] +0)...))

Given coefficent array cs[] and z, we can compute p(z) with result in variable r es:

double res = 0.0;

for (int i=cs.Length-1; i>=0; i--)
res =res * x + cs[i];
return res;

Potential for staging, or splitting of the binding-times:
If a given polynomial ])(l) must be evaluated for many different values of , then do it in two stages:

(1) Generate specialized code for the given coeffient array cs[]; then (2) for every x, execute the specialized code.

How to generate the specialized code in C#/CLR

ilg. Emt(OpCodes. Ldc_R8, 0.0); /1 push res = 0.0 on stack
for (int i=cs.Length-1; i>=0; i--) {
ilg. Emt(OpCodes. Ldarg_0); /1 1oad x
ilg.Emt(OpCodes. Mul); /] conmpute res * x
ilg.Emt(OpCodes. Ldc_R8, cs[il]); /1 load cs[i]
ilg. Emt(OpCodes. Add); /'l conpute res * x + cs[i]
ilg. Emt(OpCodes. Ret); /'l return res;

Further optimization: skip term if coefficient csli] is zero
ilg. Emt(OpCodes. Ldc_R8, 0.0); /1 push res = 0.0 on stack
for (int i=cs.Length-1; i>=0; i--) {
ilg. Emt(OpCodes. Ldarg_0); /1 1oad x
ilg. Emt(OpCodes. Mil); // conmpute res * x
if (cs[i] '=0.0) {
ilg. Emt(OpCodes. Ldc_R8, cs[il]); /1 load cs[i]
ilg. Emt(OpCodes. Add); /'l compute x * res + cs[i]
) }
ilg. Emt(OpCodes. Ret); /1l return res;

The generated code is faster only if the array cs[] has more than 5 to 10 elements or many coefficients are zero.
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The specialized code for a given polynomial

The constant CS_i is the value of cs|i]:
double res = 0.0;
res =res * x + cs_n;
res =res * x + cs_1,;
res =res * x + cs_0;
return res;

The corresponding stack-oriented bytecode (for CLR)
Ldc_R8 0.0 /1 push res = 0.0 on stack
Ldarg_0O /1 load x
Ml /] conmpute res * x
Ldc_R8 cs_n /1 1oad cs[n]
Add /] compute res * x + cs[n]
Ldarg_0 /1 load x
wul /'l conpute res * x
Ldc_R8 c¢s_0 /1 1oad cs[0]
Add /'l conpute res * x + cs[0]
Ret urn Il return res
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The full story: runtime code generation inthe CLR ( rt cg/ RTC&4. cs)
The bytecode generator i | g generates a method body.

A method must belong to a class.

A class must belong to a module.

A module must belong to an assembly.

So one needs an AssemblyBuilder, a ModuleBuilder, a TypeBuilder and a MethodBuilder to get an ILGenerator.

All this is available in the Syst em Ref | ecti on. Eni t namespace of the .Net Framework.

Outline of generating the assembly, module, class and method:

Assenbl yNanme assenbl yName = new Assenbl yName();

Assenbl yBui | der assenbl yBuilder = ... assenblyName ...

Modul eBui | der nodul eBui | der = assenbl yBui | der. Defi neDynamni cModul e(...);

/* A *| TypeBuil der typeBuilder = nodul eBuil der. DefineType("MWd ass", ...);

/* B */ MethodBuil der methodBuil der = typeBuil der. DefineMethod("M/Power",
Type ty = typeBuilder. CreateType();
/* C*] ... call method MyCl ass. MyPower
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Generating a class

Calling a generated method by an interface call is fast, so the generated class must implement this interface:

public interface llnt2Int {
int MyPower (int x);
}

We must generate a class and method as if they were written like this:

class MO ass : lInt2Int {
public Myd ass() base() { } /1 Default constructor
public virtual int MyPower(int x) {
generated nethod body ...
}

}

Step A: generating the class

M/C ass

TypeBui | der typeBuilder =
nodul eBui | der . Defi neType("MWd ass",
TypeAttributes. d ass |
typeof (Obj ect));
typeBui | der. AddI nt erf acel npl enent ati on(typeof (IInt2int));
even nore code to add a constructor Myd ass()

TypeAttributes. Public
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Step B: Generating the method My Cl ass. MyPower

Met hodBui | der net hodBui | der =
typeBui | der . Def i neMet hod(" MyPower ",
Met hodAttri butes. Virtual |
typeof (int),
new Type[] { typeof(int) });
| LGenerator ilg = nethodBuil der. GetlLGenerator();
Power Gen(ilg, n);

Step C: Calling the generated MyCl ass. MyPower method

Create a Myl ass instance, castitto | | nt 21 nt, and call method My Power by an interface call:

Obj ect obj = ty.GetConstructor(new Type[] {}).!|nvoke(new Object[] { });
Il nt2lnt power_n = (lInt2lnt)obj;
int res = power_n. MyPower (3);

Met hodAt t ri but es. Publ i g
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Runtime code generation in Java

The JDK has no standard classes to support runtime code generation.

Two sets of tools for runtime code generation in Java are:

e Package gnu. byt ecode from ht t p: / / ww. gnu. or g/ sof t war e/ kawa/

Bytecode generation tools developed for Kawa, a JVM-based implementation of Scheme.

e Bytecode Engineering Library (BCEL, formerly JavaClass) from
http://jakarta. apache. org/ bcel /
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One more example: Sparse matrix multiplication ( rt cg/ RTCGS8. j ava)
Plain multiplication R = A - B of two n. X n matrices uses n?3 scalar multiplications:
for (int i=0; i<rRows; i++)
for (int j=0; j<rCols; j++) {
doubl e sum = 0.0;
for (int k=0; k<aCols; k++)
sum += A[i][k] * B[KI[j];
R[] = sum
If B has few non-zero elements, we can find the non-zeroes of each row and then multiply with A’s rows.
A Spar seMat ri X is an array of lists of the non-zero elements of each column.
SparseMatri x sparseB = new SparseMatri x(B);
for (int i=0; i<rRows; i++) {
final double[] Al = Ali], R =Ri];
for (int j=0; j<rCols; j++) {
doubl e sum = 0.0;
Iterator iter = sparseB.getCol (j).iterator();
while (iter.hasNext()) {
final NonZero nz = (NonZero)iter.next();
sum += Ai[nz. k] * nz.Bkj;
}
Ri[j] = sum
P}
What if we need to compute A - B for fixed B and many different A?
ITU
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Generating JVM code for the second stage

Label 1oop = new Label (jvng);

| oop. defi ne(jvng); /1 do {
jvmg. em t Load(varA); jvng.enitlLoad(vari);

jvimg. em t ArrayLoad(doubl elD type);

jvmg. em t Store(varAi); I A= Ali]
jvmg. em t Load(varR); jvng. enitLoad(vari);

jvmg. em t ArrayLoad(doubl elD type);

jvmg. em tStore(varRi); /I R = Ri]
for (int j=0; j<B.cols; j++) {
jvng. em tLoad(varRi); /1 Load Ri

jvng. em t Pushint (j);
j vig. em t PushDoubl e( 0. 0)
Iterator iter = B.getCol
while (iter.hasNext()) {
final NonZero nz = (NonZero)iter.next();

; // sum= 0.0
(j).iterator();

j ving. em t PushDoubl e(nz. Bkj ) ; /1 load B[Kk][j]

jvng. emi t Load(var Al ) ; /1 load Ali]

jvng. em t Pushl nt (nz. k) ;

jvng. em t ArraylLoad( Type. doubl e_t ype); /1 load A[i][k]

jvrg. emitMil (); /1 prod = A[i][Kk]*B[Kk][j]
} jvng.em tAdd(' D ); /1 sum += prod
jvng. em t ArraySt ore( Type. doubl e_type); /1 Ril[j] = sum

jvng. em tLoad(vari); jvng.emtPushlint(1);

jvng.em tAdd(’1'); jvrg.enitStore(vari); /] i++
jvimg. emitLoad(vari); jvng.em tPushlnt(aRows);
jvng. em t Got ol f Lt (1 oop) ;

jvmg. em t Return();

/1 '} while (i<aRows);
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Two-level source languages instead of bytecode

Lisp/Scheme backquote (* ) and comma (, ) and eval (MIT Lisp 1978). Polynomial example:

(define (polygen cs)
(if (null? cs)
‘0

“(+ ,(car cs) (* x ,(polygen (cdr cs))))))
For instance, (pol ygen * (11 22 33)) gives(+ 11 (* x (+ 22 (* x (+ 33 (* x 0))))))

Typed two-level Java: DynJava (Oiwa et al. 2001); surprisingly poor speed-up. Polynomial example:
‘{ double res = 0.0; }

for (int i=cs.length-1; i>=0; i--)
‘{ res =res * x + $cs[i]; }

‘{ return res; }
Types can help avoid binding-time mistakes, and make sure that generated code is well-formed.
Untyped two-level C: Tick C (Engler et al. 1996); no longer maintained.
Runtime program specialization in C: The Tempo system (Consel and Noé&l 1996)
Untyped two-level OCaml (bytecode, untyped): Dynamic Caml (Lomov and Moskal 2001).
Multi-level typed ML (machine code): MetaML (Sheard 1998).
Multi-level typed OCaml (bytecode): MetaOCaml (Calcagno, Taha, Huang, Leroy 2001).

Runtime code generation tools in C#: Attardi, Cisternino, Kennedy 2003.

Performance of sparse matrix multiplication (100 x 100 matrices, 5% non-zeroes)
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100 matrix multiplications 1000 matrix multiplications

Sun HotSpot IBM MS Sun HotSpot IBM MS

Client Server JVM CLR Client  Server JVM CLR

Plain 2.749 2,302 1.067 1.432 | 27.489 21.890 10.535 14.230
Sparse, recompute sparseB 1.118 0.820 0.904 1.191 | 10.660 5.548 7.405 11.567
Sparse, reuse sparseB 0.993 0.458 0.684 0.931 9.814 4.438 6.737 9.263

Sparse, rtcg 0.222 0.467 1341 0.300 0.920 6.995 1.482 0.691

Sun HotSpot 1.4.0 and IBM JIT 1.3.1 for Linux, and MS .Net CLR 1.0 on Windows 2000; 850 MHz Pentium 3.

It takes 3.1 ms to generate the second stage code in Sun HotSpot Client VM with gnu. byt ecode.
Approximately 37.5 KB bytecode is generated; the total space overhead is 130 KB.
Only one matrix multiplication is needed for runtime code generation to pay for itself.

Because ... the generated code is used 100 times, once for each row of A.
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Conclusions and observations

The JVM and CLR are interesting, widely available platforms for runtime code generation.

Bytecode generation plus just-in-time compilation provides for portability and fast generated code.

Code generation (incl. JIT) is fast: 200,000 instructions/sec for Sun HotSpot Client VM; 100,000 for MS CLR.
Sun HotSpot Client VM and Microsoft's CLR support runtime code generation well.

IBM’s JVM and Sun HotSpot Server VM are somewhat less suitable.

For Java, both the gnu. byt ecode and BCEL libraries are robust and usable.

JIT-based implementations use much memory (at least 10 MB), so RTCG is not for embedded systems.

The performance of JIT-based implementations is somewhat unpredictable, due to adaptive optimizations.
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