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Safe	
  Harbor	
  Statement	
  
The	
  following	
  is	
  intended	
  to	
  provide	
  some	
  insight	
  into	
  a	
  line	
  of	
  research	
  in	
  Oracle	
  Labs.	
  It	
  
is	
  intended	
  for	
  informa@on	
  purposes	
  only,	
  and	
  may	
  not	
  be	
  incorporated	
  into	
  any	
  
contract.	
  	
  It	
  is	
  not	
  a	
  commitment	
  to	
  deliver	
  any	
  material,	
  code,	
  or	
  func@onality,	
  and	
  
should	
  not	
  be	
  relied	
  upon	
  in	
  making	
  purchasing	
  decisions.	
  Oracle	
  reserves	
  the	
  right	
  to	
  
alter	
  its	
  development	
  plans	
  and	
  prac@ces	
  at	
  any	
  @me,	
  and	
  the	
  development,	
  release,	
  and	
  
@ming	
  of	
  any	
  features	
  or	
  func@onality	
  described	
  in	
  connec@on	
  with	
  any	
  Oracle	
  product	
  or	
  
service	
  remains	
  at	
  the	
  sole	
  discre@on	
  of	
  Oracle.	
  	
  Any	
  views	
  expressed	
  in	
  this	
  presenta@on	
  
are	
  my	
  own	
  and	
  do	
  not	
  necessarily	
  reflect	
  the	
  views	
  of	
  Oracle.	
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Overview	
  
• Assump@on:	
  best	
  way	
  to	
  manage	
  memory	
  is	
  to	
  not	
  allocate	
  it	
  on	
  the	
  heap	
  
– Remove	
  load	
  on	
  the	
  GC	
  
– Reduce	
  pauses,	
  improve	
  locality,	
  generally	
  improve	
  performance	
  

•  Techniques	
  available	
  to	
  do	
  this	
  
– Escape	
  analysis,	
  par@al	
  escape	
  analysis,	
  scalar	
  replacement,	
  stack	
  alloca@on…	
  
– They	
  are	
  powerful,	
  but	
  only	
  work	
  for	
  some	
  program	
  structures	
  

• Research	
  problem	
  –	
  how	
  to	
  structure	
  an	
  interpreter	
  so	
  that	
  the	
  exis@ng	
  
techniques	
  are	
  more	
  effec@ve	
  
• Our	
  solu@on	
  –	
  AST	
  specialisa@on	
  for	
  small	
  data	
  structures	
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JRuby+Truffle	
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93%	
   Language	
  specs	
  

Oracle	
  Confiden@al	
  –	
  Internal	
  

89%	
   Core	
  library	
  specs	
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Truffle,	
  Graal	
  and	
  the	
  GraalVM	
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Truffle	
  Dynamic	
  Op@misa@on	
  Model	
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T.	
  Würthinger,	
  C.	
  Wimmer,	
  A.	
  Wöß,	
  L.	
  Stadler,	
  G.	
  Duboscq,	
  C.	
  Humer,	
  G.	
  Richards,	
  D.	
  Simon,	
  and	
  M.	
  Wolczko,	
  “One	
  VM	
  to	
  rule	
  them	
  all,”	
  presented	
  at	
  the	
  Onward!	
  '13:	
  Proceedings	
  of	
  
the	
  2013	
  ACM	
  interna@onal	
  symposium	
  on	
  New	
  ideas,	
  new	
  paradigms,	
  and	
  reflec@ons	
  on	
  programming	
  &	
  solware,	
  New	
  York,	
  New	
  York,	
  USA,	
  2013,	
  pp.	
  187–204.	
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Truffle	
  Dynamic	
  Deop@misa@on	
  Model	
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  C.	
  Humer,	
  G.	
  Richards,	
  D.	
  Simon,	
  and	
  M.	
  Wolczko,	
  “One	
  VM	
  to	
  rule	
  them	
  all,”	
  presented	
  at	
  the	
  Onward!	
  '13:	
  Proceedings	
  of	
  
the	
  2013	
  ACM	
  interna@onal	
  symposium	
  on	
  New	
  ideas,	
  new	
  paradigms,	
  and	
  reflec@ons	
  on	
  programming	
  &	
  solware,	
  New	
  York,	
  New	
  York,	
  USA,	
  2013,	
  pp.	
  187–204.	
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GraalVM	
  Structure	
  

T.	
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Guest Language Application

OS

AOT Optimization: using Graal for static analysis and AOT compilation

Language Parser AST InterpreterGuest Language Implementation

Truffle API Framework for Node Rewriting

Truffle Optimizer Partial Evaluation using Graal
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Stack Walking Deoptimization
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(slow, for guest language 
development and debugging only)

(fast, for integration of guest language 
code with existing Java applications)

Figure 17. Detailed system structure of our Java-based prototype, with additional deployment strategies on any Java VM and
our Graal VM.

The AST nodes, i.e., the receiver objects of the execute
methods, are provided as literal constants in the metadata.
Since the machine code does not access the nodes at all,
it is not necessary to keep them in a register. The values
of local variables in execute methods that are no longer
accessible by the AST interpreter need not be restored during
deoptimization. This is represented as dead in the figure.

Note that all primitive JavaScript local variables are
stored in a long[] array (the vobject 1 in the figure),
regardless of their actual type (integer or double in the case
of JavaScript). The AST nodes that access the frame ob-
ject are all typed, i.e., all reads and writes are specialized
to the same type. This ensures that the raw bits stored into
the long[] array are always interpreted as the correct type.
References cannot be mixed with primitive data because the
garbage collector needs to distinguish them, so we have a
separate Object[] array, with the same length and indexed
with the same local variable numbers.

Should the example optimized machine code be called
with a high value for n, the add instruction sets the pro-
cessor’s overflow flag to true. The succeeding conditional
jump triggers deoptimization, which invalidates the machine
code so that it is no longer entered on subsequent executions
of this method. Execution of the AST continues in the in-
terpreter, which replaces the IAdd node with a DAdd. Later,
when this version of the AST is considered stable, a new
compilation of the guest language method with the new AST
is triggered.

Figure 16 shows the machine code for the method type-
specialized to double. In contrast to Figure 14, it no longer
contains an integer addition that can overflow. The addsd in-
struction that performs the double addition always succeeds.
The prologue code before the loop is unchanged. The param-
eter n is still assumed to be of type integer, so deoptimization
can happen in the prologue. In the epilogue, a boxed Double
object is created to return the result.

5. Implementation and Deployment
Our prototype implementation of guest languages and the
host services is written in a subset of Java. To allow ahead-
of-time (AOT) compilation, we do not use Java features such
as reflection and dynamic class loading that would prevent
a whole-program static analysis determining the methods
and fields in use. Since we use Java as a systems program-
ming language [19], omitting these features is not too restric-
tive. AOT compilation is performed by the Graal compiler,
i.e., we use the same compiler for ahead-of-time compila-
tion that we also use for dynamic compilation. This process
produces a runtime environment that is able to run the lan-
guages for which an implementation was provided during
AOT compilation. This is similar to the bootstrapping pro-
cess of metacircular VMs such as Maxine [69] or Jikes [2].
However, we want to note that our system is not a metacir-
cular Java VM, since we are not able to load and execute
new Java bytecode at run time. We are only able to load and
execute guest language source code, as defined by the guest
language implementation.

Figure 17 shows a refinement of the system structure
presented in Figure 1. The host services are split up into
three layers:

• Truffle API: This is the API to implement the AST in-
terpreter of guest languages. It provides the handling of
guest language frames and local variables, as well as
means for nodes to rewrite themselves. This is the only
public API that a guest language implementation needs;
the lower levels are invisible to the guest language imple-
mentation.

• Truffle Optimizer: this includes the partial evaluation,
and is implemented on top of the API that the Graal
compiler [45] provides.

• VM Runtime Services: This layer provides the basic VM
services such as garbage collection, exception handling,
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Parerns	
  of	
  Logical	
  Alloca@on	
  in	
  Ruby	
  Code	
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AST	
  Specialisa@on	
  for	
  Small	
  Data	
  Structures	
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Escape	
  analysis	
  
• Answers	
  the	
  ques@on:	
  is	
  this	
  object	
  accessible	
  to	
  anyone	
  outside	
  this	
  
compila@on	
  unit?	
  
– ‘Compila@on	
  unit’	
  could	
  be	
  method,	
  loop	
  body,	
  control	
  flow	
  trace	
  
– Likely	
  include	
  inlining	
  of	
  at	
  least	
  methods	
  called	
  on	
  the	
  object	
  

• Algorithms	
  such	
  as	
  Choi	
  et	
  al	
  1999	
  
– Applied	
  in	
  C2	
  

J.-­‐D.	
  Choi,	
  M.	
  Gupta,	
  M.	
  Serrano,	
  V.	
  C.	
  Sreedhar,	
  and	
  S.	
  Midkiff,	
  “Escape	
  analysis	
  for	
  Java,”	
  presented	
  at	
  the	
  OOPSLA	
  '99:	
  Proceedings	
  of	
  the	
  14th	
  ACM	
  SIGPLAN	
  conference	
  on	
  Object-­‐
oriented	
  programming,	
  systems,	
  languages,	
  and	
  applica@ons,	
  New	
  York,	
  New	
  York,	
  USA,	
  1999,	
  vol.	
  34,	
  no.	
  10,	
  pp.	
  1–19.	
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What	
  to	
  do	
  with	
  escape	
  analysis	
  results?	
  
•  If	
  an	
  object	
  doesn’t	
  escape,	
  it	
  doesn’t	
  need	
  to	
  be	
  visible	
  to	
  anyone	
  else	
  
– Allocate	
  explicitly	
  on	
  the	
  stack	
  (like	
  alloca	
  instead	
  of	
  malloc)	
  
– Scalar	
  replacement	
  (represent	
  fields	
  in	
  the	
  object	
  as	
  local	
  variables)	
  
– Turn	
  the	
  fields	
  into	
  dataflow	
  edges	
  in	
  the	
  IR	
  

• No	
  need	
  to	
  involve	
  the	
  GC	
  
•  Enables	
  other	
  op@misa@ons	
  
– Par@al	
  evalua@on	
  
– Constant	
  folding	
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Par@al	
  escape	
  analysis	
  
• Weakens	
  the	
  requirement	
  for	
  ‘not	
  accessible	
  outside	
  the	
  compila@on	
  unit’	
  
to	
  ‘not	
  accessible	
  on	
  a	
  subset	
  of	
  control	
  flow	
  paths’	
  
– Common	
  /	
  uncommon	
  paths	
  
– Fast	
  path	
  /	
  slow	
  path	
  

• Algorithms	
  such	
  as	
  Stadler	
  et	
  al	
  2014	
  
– Applied	
  in	
  the	
  Graal	
  dynamic	
  compiler	
  

L.	
  Stadler,	
  T.	
  Würthinger,	
  and	
  H.	
  Mössenböck,	
  “Par@al	
  Escape	
  Analysis	
  and	
  Scalar	
  Replacement	
  for	
  Java,”	
  presented	
  at	
  the	
  Proceedings	
  of	
  the	
  Symposium	
  on	
  Code	
  Genera@on	
  and	
  
Op@miza@on	
  (CGO),	
  2014.	
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Limita@ons	
  in	
  prac@ce	
  
•  It	
  doesn’t	
  take	
  much	
  to	
  cause	
  an	
  object	
  to	
  escape	
  
•  Limited	
  ability	
  to	
  inline	
  
• Unbounded	
  loops	
  
• Unbounded	
  recursion	
  
•  Standard	
  library	
  methods	
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Impact	
  on	
  the	
  Borom-­‐Line	
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With	
  
specialisa@on	
  

Without	
  
specialisa@on	
  

Conven@onal	
  
JRuby	
  

Time	
  per	
  100mm	
  itera@on	
   0.06	
  s	
   1.8	
  s	
   14	
  s	
  

Alloca@ons	
  per	
  itera@on	
   5	
  KB/s	
   1.6	
  MB/s	
   1.2	
  GB/s	
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  benchmarks	
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Conclusions	
  
•  The	
  JVM	
  already	
  has	
  the	
  ability	
  to	
  remove	
  alloca@ons	
  
•  The	
  GraalVM	
  is	
  more	
  powerful	
  s@ll,	
  with	
  par@al	
  escape	
  analysis	
  
• But	
  these	
  techniques	
  can’t	
  always	
  be	
  applied	
  –	
  tends	
  to	
  fall	
  down	
  prery	
  
quickly	
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  Harbor	
  Statement	
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  preceding	
  is	
  intended	
  to	
  provide	
  some	
  insight	
  into	
  a	
  line	
  of	
  research	
  in	
  Oracle	
  Labs.	
  It	
  
is	
  intended	
  for	
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  only,	
  and	
  may	
  not	
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  It	
  is	
  not	
  a	
  commitment	
  to	
  deliver	
  any	
  material,	
  code,	
  or	
  func@onality,	
  and	
  
should	
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  upon	
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  making	
  purchasing	
  decisions.	
  Oracle	
  reserves	
  the	
  right	
  to	
  
alter	
  its	
  development	
  plans	
  and	
  prac@ces	
  at	
  any	
  @me,	
  and	
  the	
  development,	
  release,	
  and	
  
@ming	
  of	
  any	
  features	
  or	
  func@onality	
  described	
  in	
  connec@on	
  with	
  any	
  Oracle	
  product	
  or	
  
service	
  remains	
  at	
  the	
  sole	
  discre@on	
  of	
  Oracle.	
  	
  Any	
  views	
  expressed	
  in	
  this	
  presenta@on	
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  do	
  not	
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  the	
  views	
  of	
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