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THE VON NEUMANN TRAP

Our thirty year old belief that there is only one kind 
of computer is the basis of our belief that there is 

only one kind of programming language, the 
conventional von Neumann language.

 - John Backus 1977 Turing Award Lecture, p. 615
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THE PATH OF LEAST IMAGINATION
For years, computer architects have been saying 
that a big new idea in computing was needed. 
Indeed, as transistors have continued to shrink, 
rather than continuing to innovate, computer 
designers have simply adopted a so-called 
“multicore” approach, where multiple processors 
are added as more chip real estate became available.

Source: Remapping Computer Circuitry to Avert Impending Bottlenecks, The New York Times, February 28, 20114



HETEROGENEOUS REALITY

Next-gen programmers will have a lot more to think 
about at the node level than in the past.

 - Brad Chamberlain, Yesterday
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PERFORMANCE AT THE NODE

6

PCIe attached

Embedded SoC

GPU

FPGA

x86$worksta,on$with$PCIe$FPGA$and$GPU$

FP
GA

%

GPU%



FPGA - QUICK TUTORIAL
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• Programmable logic



PROGRAMMING FPGAS

• Programmed at very low level of abstraction
- hardware description language (HDL)
- same as designing custom circuits (ASICs)
- bits and bit arrays are main abstraction

• Synthesis: compilation of HDL to circuit
- minutes to hours
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BUILDING BLOCKS
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Programmable 
Switch

Block RAM (Memory)
- configurable bit-width
- 36Kb as
    1K x 36 bits ...
  18K x   2 bits
  36K x   1 bit



UNIQUE FEATURES

•Dual-ported Memory

•Read-before-Write Memory and Registers

• Simple synchronization

•Determinism

10

• “A Stall-Free Real-Time Garbage Collector for 
Reconfigurable Hardware”, Bacon et al. in PLDI 2012



THE “ACCELERATOR” MODEL

GPU FPGACPU

offload offloadMain 
Program
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THE APPLIANCE MODEL
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HETEROGENEOUS PROGRAMMING
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THE LIME LANGUAGE
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LIME: JAVA IS (ALMOST) A SUBSET
% javac MyClass.java
% java MyClass

% mv MyClass.java MyClass.lime
% limec MyClass.lime
% java MyClass

INCREMENTALLY USE LIME FEATURES
16



BENCHMARKS AND APPLICATIONS

• Parboil, Rodinia, StreamIt, JavaGrande, CHStone

• Encryption, compression, random number generation, 
video photo mosaic, image processing, network stack
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LIME LANGUAGE OVERVIEW
Core Features

Programmable Primitives
Stream Programming

Map/Reduce Operations
Immutable Types
Bounded Types
Bounded Arrays

Primitive Supertypes

Graph Construction 
Isolation Enforcement
Closed World Support

Rate Matching

Reifiable Generics
Ranges, Bounded “for”
User-defined operators

Typedefs
Local type inference

Tuples

Supporting Features

BIT-LEVEL PARALLELISM PIPELINE PARALLELISM

DATA PARALLELISM



Programmable Primitives
BIT-LEVEL PARALLELISM
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PROGRAMMABLE PRIMITIVES: BITS
public value enum bit {
     zero, one;

}
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public bit ~ this { 
	 	 return this == zero ? one : zero; 
}

public boolean this < (bit that) { 
    return this == zero && that == one;
}

public value enum bit {
     zero, one;

}

PROGRAMMABLE PRIMITIVES: BITS
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PROGRAMMABLE PRIMITIVES: NUMBERS
public final value class unsigned<N extends ordinal<N>> {
	 bit[[N]] data;
	 public boolean this < (unsigned<N> that) {
	 	 for (N i: N.range.reverse())
 	 	 	 if (this.data[i] != that.data[i])
	 	 	 	 return this.data[i] < that.data[i];
	 	 return false;
	 }
	 public unsigned<N> this & (unsigned<N> that) {
	 	 return new unsigned<N>(this.data &@ that.data);
	 }
	 public bit parity() {
	 	 return ^! data;
	 }
}



Stream Programming
PIPELINE PARALLELISM
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STREAM PROGRAMMING

25

source

filter

sink

computation from methods with local side-effects

communication of values across edges

language support for creating task graphs



local: CONFINES SIDE-EFFECTS
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	 local bit flip(bit b) {

	 	 return ~b;
	 }



local: CONFINES SIDE-EFFECTS
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	 local bit flip(bit b) {

	 	 return ~b;
	 }

// error: access to global var

	 static bit MUTABLE = 1b;

	 	 b = b & MUTABLE;

// global variable



value: IMMUTABLE OBJECTS
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	 value class aBit {
	 	 bit one = 1b;

	 	 bit ok() {
	 	 	 return one & 1b;
	 	 }

	 }

// bit literal



value: IMMUTABLE OBJECTS
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	 value class aBit {
	 	 bit one = 1b;

	 	 bit ok() {
	 	 	 return one & 1b;
	 	 }

	 }

// bit literal

	 	 bit error() {
	 	 	 one = 0b;
	 	 	 return one;
	 	 }

// error: one is immutable



value: IMMUTABLE OBJECTS
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	 	 var ones = new aBit[[10]];

	 value class aBit {
	 	 bit one = 1b;

	 	 bit ok() {
	 	 	 return one & 1b;
	 	 }
	 }



value: IMMUTABLE OBJECTS

28

	 	 var ones = new aBit[[10]];
// error: ones[i] is immutable

	 value class aBit {
	 	 bit one = 1b;

	 	 bit ok() {
	 	 	 return one & 1b;
	 	 }
	 }

	 	 ones[3]  = ...;



LIME TASK GRAPH EXAMPLE
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flipBits: 1101b   0010b



LIME task
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! local bit flip(bit b) { return ~b; }

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }



CONNECTING => TASKS
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source!

sink!

flip 
bit!

bit!

local static bit flip(bit b) { return ~b; }

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }



source!

sink!

~ 

A LIME EXAMPLE - task, =>
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1101b

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }



source!

sink!

~ 

A LIME EXAMPLE - task, =>
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1b

110b

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }
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sink!
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A LIME EXAMPLE - task, =>
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0b

1101b

0b

11b

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }



source!

sink!

~ 

A LIME EXAMPLE - task, =>
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1b

1101b

1b

1b

0b

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }



source!

sink!
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A LIME EXAMPLE - task, =>
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1b

1101b

0b

 

10b

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }



source!

sink!

~ 

A LIME EXAMPLE - task, =>
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0b

010b

 

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }



source!

sink!

~ 

A LIME EXAMPLE - task, =>
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0010b

 

	 static bit[] flipBits(bit[] input) {

! ! var result = new bit[input.length];

! ! var graph  =  Tasks.source(input)
! !            => task flip 
! !            => Tasks.sink(result);

! ! graph.finish();

! ! return result;
! }



VIRTUALIZATION OF DATA MOVEMENT

=>
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FLUID TASK GRAPH MIGRATION ACROSS 
HETEROGENEOUS BOUNDARIES
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Lime
Runtime



FLUID TASK GRAPH MIGRATION ACROSS 
HETEROGENEOUS BOUNDARIES
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Lime
Runtime



FLUID TASK GRAPH MIGRATION ACROSS 
HETEROGENEOUS BOUNDARIES

40

Lime
Runtime
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LIVE DEMO 

• N-Body simulation, dynamic migration from CPU to GPU

• 7x performance improvement (CPU: 1GFLOP, GPU: 7GFLOP)



THE CODE YOU DON’T HAVE TO WRITE
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25

IBM$Confiden+al$



RELOCATION BRACKETS
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class NBody {

! static void simulate() {
! !! float[][4] particles = ...; // initial state

! !! Task nbody!!=! task NBody(particles).particleGenerator 
         ! !=>! ([ task forceComputation ])
         ! !=>! task NBody(particles).forceAccumulator;
! !!!nbody.finish();
! }

! float[][4] particles;

! NBody(float[][4] particles) { this.particles = particles; }
! ...
}

float[[][4]] float[[][3]]
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•May have globally observable side-effects (I/O)

heap

synchronized queue (new particles positions)

SOURCE AND SINK TASKS



GRAPH CONSTRUCTION
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•Reducible and irreducible graphs

• ([ ... ]) ensure graph can be statically elaborated
• “Compiling Complex Stream Graphs to Reconfigurable 

Hardware in Lime”, Auerbach et al. in ECOOP 2013



COMMON GRAPH IDIOMS

•Recursive pipeline

•Divide and conquer

•Repeat and map

46

•Butterfly network

• Systolic array

•Reduction tree



IDIOM EXAMPLES
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MAP/REDUCE OPERATIONS
DATA PARALLELISM
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collector

ARRAY PARALLELISM
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ARRAY PARALLELISM
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STREAM TRIAD

Given: m-element vectors A, B, C
Compute: ∀i ∈ 1..m, Ai = Bi + α Ci

	 	 double[m] B = {...};
	 	 double[m] C = {...};
	 	 double    α  =  ... ;

	 	 var A = B @+ (C @* #α);
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NBODY EXAMPLE
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static local float[[][3]] forceComputation(float[[][4]] particles) {
return @force(particles, #particles);  

}

static local float[[3]] force(float[[4]] p, float[[][4]] P) { 
! float fx = 0, fy = 0, fz = 0;
! for (var Pj : P) {
! ! var dx = Pj[0] - p[0]; float dy = Pj[1] - p[1]; float dz = ...;
! ! var F = ...; // scalar code, compute force between p and Pj
! ! fx += dx + F; fy += dy + F; fz += dz + F;
! }
! return new float[[]] { fx, fy, fz };
}



INFERRING PARALLELISM
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PURE FUNCTION = LOCAL + VALUE



DATA PARALLEL OPERATORS

@ !  
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MAP/REDUCE IN ACTION
package lime.util.synthesizable;

public class FixedHashMap<K extends Value, V extends Value, 
	 	 BUCKETS extends ordinal<BUCKETS>, LINKS extends ordinal<LINKS>>
	 extends AbstractMap<K,V>
{
	 protected final nodes = new Node<K,V>[BUCKETS][LINKS];
	

 nodes

LINKS = 2

BU
CK

ET
S 

= 
3 Node K V1 Node K V1

Node K V0 Node K V1

Node K V0 Node K V0
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 row

 nodes

LINKS = 2

BU
CK

ET
S 

= 
3

Node K V0 Node K V1

Node K V0 Node K V0

GET OPERATION, STEP 1: SELECT ROW
	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];
	 	 boolean[LINKS] selections = row @ compareKey(key);
	 	 V[LINKS] vals = row @ getValue(selections);
	 	 return | ! vals;
	 }

Node K V1 Node K V1

	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];

key
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 row

GET OPERATION, STEP 1: SELECT ROW
	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];
	 	 boolean[LINKS] selections = row @ compareKey(key);
	 	 V[LINKS] vals = row @ getValue(selections);
	 	 return | ! vals;
	 }

Node K V1 Node K V1

	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];

key
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STEP 2: MAP - COMPARE ALL KEYS
	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];
	 	 boolean[LINKS] selections = row @ compareKey(key);
	 	 V[LINKS] vals = row @ getValue(selections);
	 	 return | ! vals;
	 }

	 	 boolean[LINKS] selections = row @ compareKey(key);

 row Node K V1 Node K V1

 selections

keykey
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STEP 2: MAP - COMPARE ALL KEYS
	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];
	 	 boolean[LINKS] selections = row @ compareKey(key);
	 	 V[LINKS] vals = row @ getValue(selections);
	 	 return | ! vals;
	 }

	 	 boolean[LINKS] selections = row @ compareKey(key);

 row Node K V1 Node K V1

 selections

falsetrue

keykey

56



STEP 2: MAP - COMPARE ALL KEYS
	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];
	 	 boolean[LINKS] selections = row @ compareKey(key);
	 	 V[LINKS] vals = row @ getValue(selections);
	 	 return | ! vals;
	 }

	 	 boolean[LINKS] selections = row @ compareKey(key);

 row Node K V1 Node K V1

 selections falsetrue
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STEP 3: MAP - GET VALUES/ZEROS
	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];
	 	 boolean[LINKS] selections = row @ compareKey(key);
	 	 V[LINKS] vals = row @ getValue(selections);
	 	 return | ! vals;
	 }

	 	 V[LINKS] vals = row @ getValue(selections);

 row Node K V1 Node K V1

 selections falsetrue

 vals V V0
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STEP 4: OR-REDUCE FOR RESULT
	 public local V get(K key) {
	 	 Node[LINKS] row = nodes[hash(key)];
	 	 boolean[LINKS] selections = row @ compareKey(key);
	 	 V[LINKS] vals = row @ getValue(selections);
	 	 return | ! vals;
	 }

 vals 0

	 	 return | ! vals;

V

0V
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LIME COMPILER
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Artifact Store

LIME ARTIFACT STORE

GPUCPU FPGA

bytecode binary bitfile

Lime

Lime Compiler

bitfilebitfile

FPGA



Lime Runtime

“Bus”

Artifact Store

LIME VIRTUAL MACHINE

GPUCPU FPGA

bytecode bitfile

Lime

Lime Compiler

bitfilebitfile
binary

“BUS”



GPU BACKEND
•Handles large subset of the language

(unbounded arrays, objects, GC)

•Generates C++ and OpenCL

• Lime map operations are compiled to OpenCL kernels

•Orchestrates all communication

•DLL as artifact

62

nbody flow of data from JVM to GPU



SPEEDUP VS. JAVA (JIT) [PLDI ’12]

63

end-to-end performance (all overhead included)



COMPARED TO TUNED OPENCL [PLDI ’12]

• Simple compiler analysis
• def-use idioms directs data location
• SIMD from @ over bounded arrays of small size



COMPARED TO TUNED OPENCL [PLDI ’12]
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NVidia GTX 8800 kernel-only



COMPARED TO TUNED OPENCL [PLDI ’12]
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NVidia GTX 580 (Fermi) kernel-only



COMPARED TO TUNED OPENCL [PLDI ’12]
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AMD Radeon HD5970 kernel-only



PERFORMANCE ORACLE
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• Prediction accuracy that speedup on GPU is at least 
1-5x compared to OpenMP

• 18 benchmarks, Tesla C2050 GPU, 12 core 3.5GHz Xeon 

1x 2x 3x 4x 5x



FPGA BACKEND
•Handles “bounded” subset of language

•Generates Verilog

• Lime tasks are compiled to modules, => with FIFOs

•Dynamically scheduled modules

• Pure functions as combinational logic

• Stateful methods semi-pipelined; work in progress

•Bitfile as artifact
69



flip

CANONICAL IP PACKAGING

70

source

sink

Lime SW
Runtime



flip

CANONICAL IP PACKAGING
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source

sink

flip User IP

module flip (clk, ...);
   always @(posedge clk) begin
      ...
   end
end module

Lime SW
Runtime



CANONICAL IP PACKAGING
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source

sink

flip User IP

+ Lime HW 
Runtime IP

Lime SW
Runtime



CANONICAL IP PACKAGING
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source

sink

flip User IP

+ Lime HW 
Runtime IP

FIFOs and packet switched network

Lime SW
Runtime



CANONICAL IP PACKAGING
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source

sink

flip User IP

+ Lime HW 
Runtime IP

Lime SW
Runtime

+ PHY and Bridge to
Lime HW Runtime IP



CANONICAL IP PACKAGING
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source

sink

flip User IP

+ Lime HW 
Runtime IP

Lime SW
Runtime

+ PHY and Bridge to
Lime HW Runtime IP

3rd party IP for PCIe, UART, ethernet, ...



PLATFORM-INDEPENDENT INTERFACES

73

• Software interface
- Lime runtime => device driver

•Hardware interface
- Lime compiler => physical layer



[06:18:44] GraphExtractor: Extracted 1 graphs and 1 tasks.  1 tasks from flipBits.
[06:18:45] HDL Codegen: Processing task Task Bitflip_flip
[06:19:47] Estimated progress: 1%
[06:22:13] Estimated progress: 25%
[06:25:13] Estimated progress: 80%
[06:26:48] Estimated progress: 90%
[06:28:29] HDL codegen build result: Success
[06:28:29] ======= Synthesis Result =======
[06:28:29] FPGA         = PhysicalFPGA[Xilinx-virtex5-xc5vlx330t]
[06:28:29] Clock Freq   = 101 MHz
[06:28:29] LUTs         = 6652 (3.2%)
[06:28:29] FFs          = 6815 (3.3%)
[06:28:29] Slices       = 3373 (6.5%)
[06:28:29] BRAMs        = 22 (3.4%)
[06:28:29] DSPs         = 0 (0.0%)
----------
1. Lime Acceleration in Bitflip.lime (at line 23)
 => ([ task flip ]) 
    ^^^^^^^^^^^^^^^
Code generated by FPGA backend

FULLY INTEGRATED LOGIC SYNTHESIS

% limec -fpga=nallatech.pcie280 Bitflip.lime
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AUTOMATIC PROGRAMMING OF FPGA
% lime -fpga=nallatech.pcie280 Bitflip 110101010

001010101b9

Filter                                | Information               |
----------------------------------------------------------------------------------------------
NativeRunner (Bitflip.flip-1)         |                           |
    HDL Graph                         | Total Active (cy) =    27 |
                                      |   Number of Tasks =     1 | Number of Fifos   = 2
    Task 0 (Graph = Bitflip.flip-1)   | Total Active (cy) =    27 | Initializing (cy) = 0
         Module = Bitflip_flip        |         Iteration =     9 | Cycle/Iteration   = 3.0
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ECLIPSE-BASED IDE
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Runs on Windows, Linux, and Mac OS X
(anywhere Eclipse/Java can run)



INTEGRATED COMPILE & RUN
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• AMD & NVidia GPUs

• FPGA/RTL simulators

• Xilinx & Altera FPGAs
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FPGA CO-SIMULATION ALSO



LESSONS LEARNED

• Programming FPGA in Lime is not a free lunch
- algorithm = architecture
- performance tuning still hard for skilled SW developers
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LIME VS. COMMERCIAL C TO GATES

• Compare Lime to commercial C to Gates tool
- Robustness
- HDL quality

• CHStone - independent benchmark suite in C
- encryption, codecs, MIPS processor, FPUs

• Transliterated CHStone to Lime
- No “Lime” features

•HDL quality = measured total FPGA cycles (simulation)

80



HDL QUALITY REPORT CARD
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0
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Commercial Tool
Lime



FPGA BACKEND OPTIMIZATIONS

•Macro (graph-level) and Micro optimizations

82



FPGA BACKEND OPTIMIZATIONS
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fusion
- reduce area
- increase latency



FPGA BACKEND OPTIMIZATIONS
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fission
- increase throughput
- increase area, latency

fusion
- reduce area
- increase latency



FPGA BACKEND OPTIMIZATIONS
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FPGA BACKEND OPTIMIZATIONS
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fission
- increase throughput
- increase area, latency

fusion
- reduce area
- increase latency

folding
- share resources

…  

unfolding
- increase throughput
- and area



MULTI-OBJECTIVE OPTIMIZATION

• Throughput

• Latency

•Area
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LIME RUNTIME
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PORTS AND STREAMS
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... => task flip => ...

bit flip(bit b) { 
return ~b;

}

stream

task

worker
method

port

bit bit

port
type

stream
type



SOFTWARE (BYTECODE) EXECUTION
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sink

flip

source

while (!endOfStream) {
bit in  = port.get();
bit out = flip(in);
stream.put(out);

}



MANAGED COMMUNICATION
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source

sink

flip

Lime 
Runtime



MANAGED COMMUNICATION
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Lime 
Runtime

source

sink

flip

while (!endOfStream) {
bit in = port.get();
byte[] buff = Marshal.toBytes(in);
device.send(buff); 

}



MANAGED COMMUNICATION
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source

sink

flip

while (!endOfStream) {
byte[] buff;
device.receive(buff);
bit out = Unmarshal.toBit(buff);
stream.put(out);

}

Lime 
Runtime



CANONICAL DEVICE INTERFACE
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• Synchronous (batch) or asynchronous (streaming) I/O

• Coherent or distributed memory models
int count = send(byte[] buffer, int timeout)

int count = receive(byte[] buffer, int timeout)
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MEASURING => ABSTRACTION COST
(FPGA)

•Measure loopback bandwidth vs. packet size
- PCIe PHY + bridge + Lime Runtime IP + identity task

•Nallatech PCIe 280 FPGA platform, asynchronous I/O

• Lime loopback
- end-to-end, includes Lime software runtime

• Compare to vendor loopback
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COST OF LIME => ABSTRACTION

0"

500"

1000"

1500"

2000"

2500"

3000"

3500"

4000"

2048" 4096" 8192" 16384" 32768" 65536" 131072"

Ro
un

dt
rip

"T
hr
ou

gh
pu

t"(
M
B/
s)
"

Payload"Size"(Bytes)"

""Lime"loopback"

"Vendor"loopback"

~50%



97

COST OF LIME => ABSTRACTION

0"

500"

1000"

1500"

2000"

2500"

3000"

3500"

4000"

2048" 4096" 8192" 16384" 32768" 65536" 131072"

Ro
un

dt
rip

"T
hr
ou

gh
pu

t"(
M
B/
s)
"

Payload"Size"(Bytes)"

""Lime"loopback"

"Vendor"loopback"

~50%C runtime eliminates 
JVM overhead



SUMMARY
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LIQUID METAL OVERVIEW
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Eclipse-based IDE

Integrated support for EDA tools 
and PCIe FPGA platforms



ONGOING/OPEN PROBLEMS

•Non-determinism

• Parallelization of stateful map and task

•Multi-objective macro and micro optimizations

• Performance oracle

•Runtime adaptation

•Debugging beyond waveforms
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