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About me
Queue Machines: an unknown alternative – PDCAT 2009

Personal
–Born in Mexico
–7 years in Japan
–I like cooking, plan to open a restaurant after retirement from research

Professional
–BS.Eng. Instituto Politecnico Nacional, Mexico
–M.Eng. Dr. Eng., University of Electro-Communications, Japan, 2008

• Queue machines / Queue Compiler
–Now Researcher at IBM Research – Tokyo

• Synchronous dataflow languages / System Simulation
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Queues...
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First Come, First Served (FCFS)
First In, First Out (FIFO)

Computers

Transport

Operations 
research

Mathematics

Data structures
Simulation
Networks

Microprocessors
Virtual Machines

Queueing theory
Communications
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This tutorial...

Basics of Queue Computing.
Why queue machines matter ?
Why should you care about queue machines ?
Give you a new perspective.
Encourage you to explore new ideas based on queue machines.
How queue computing principles can be applied to other areas.

Queue Machines: an unknown alternative – PDCAT 2009
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Queue Machines
Queue Machines: an unknown alternative – PDCAT 2009

Desktop computing
Number crunching applications
Parallel processing

–High instruction-level parallelism

Streaming applications
–The essence of queues

Embedded devices
–Compact program representation

Mobile devices
–Low power consumption

Building blocks of many-core systems
Software virtual machines
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Computer Architecture Basics: Von Neumann Model
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Fetch
Decode
Execute
Memory Access
Write Back

Source: Department of Informatics Technische Universität München
www.lrr.in.tum.de/~jasmin/neumann.html
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Computer Architecture Basics: Von Neumann Model
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Instruction Set Architecture (ISA)
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 Interface to the hardware
–Instructions (opcode)
–Registers
–Data types
–Addressing modes
–Interrupts, etc.

CISC vs RISC
Variable-length vs fixed-length instructions

addu  r1, r2, r3 = 32bit 
opcode Destination

operand
Source

operands 5-bit operands
limit the addressable
registers to 2^5=32

How important is
the code density,

Hw simplicity, etc?

How many instructions ?
What kind ?

Example of RISC instruction:
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Register machines
Queue Machines: an unknown alternative – PDCAT 2009

ALU
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Register machines
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ALU

a b
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Register machines
Queue Machines: an unknown alternative – PDCAT 2009

ALU

a+b b
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Register machines
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ALU

a+b b

tmp

st  r1, tmp
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Register machines
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ALU

d c

st  r1, tmp

tmp
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Register machines
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ALU

d c-d

st  r1, tmp

tmp
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Register machines
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ALU

a+b c-d

st  r1, tmp

tmp

ld  r1, tmp
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Register machines
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ALU

(a+b)/
(c-d) c-d

st  r1, tmp

ld  r1, tmp

False 
dependencies

Register 
renaming

(OOO)

Renaming 
Registers

RX RY

Architectural Registers
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Stack machines
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ALU

Stack

Read/Write

Top of the 
stack
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ALU

Stack

Read/Write

Top of the 
stack

a
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Top of the 
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Read/Write

Top of the 
stack

a+b



28

Stack machines
Queue Machines: an unknown alternative – PDCAT 2009

ALU

Stack

Read/Write

Top of the 
stack

a+b

c

d
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Stack machines
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ALU

Stack

Read/Write

Top of the 
stack

a+b

c-d
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Stack machines
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ALU

Stack

Read/Write

Top of the 
stack

(a+b)/
(c-d)

Minimal ISA
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Queue machines
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ALU

Read WriteHead (QH) Tail (QT)
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Queue machines
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Read WriteHead (QH) Tail (QT)

a
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ALU

Read WriteHead (QH) Tail (QT)

a b c d
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Queue machines
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ALU

Read WriteHead (QH) Tail (QT)

b c d
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ALU

Read WriteHead (QH) Tail (QT)

c d
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Queue machines
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ALU

Read WriteHead (QH) Tail (QT)

c d a+b
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Queue machines
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ALU

Read WriteHead (QH) Tail (QT)

a+b c-d
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Queue machines
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ALU

Read WriteHead (QH) Tail (QT)

(a+b)/(c-d)

Minimal ISA

Maximum
Parallelism
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Instruction-Level Parallelism
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Dynamically scheduled
–Superscalar processors

Statically scheduled
–VLIW processors

IF ID EX MEM WB
IF ID EX MEM WB

IF ID EX MEM WB
IF ID EX MEM WB

IF ID EX MEM WB
IF ID EX MEM WB

IF ID EX MEM
IF ID EX MEM

1 2 3 4 5 6 7

1
2
3
4
5
6
7
8
9

10
IF ID EX
IF ID EX

Instr. No. Pipeline Stage
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Why queue machines ?
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Memory bandwidth
(Smaller caches)

Simple to decode

Maximum parallelism
with almost no-efforts

(Small instruction window)

No register-renaming
(Less power)

Queue
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A closer look
Queue Machines: an unknown alternative – PDCAT 2009
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A closer look
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A closer look
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Invisible queues
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Related work on queue machines
Queue Machines: an unknown alternative – PDCAT 2009

Level-planar graph

Astronautics ZS-1
Decoupled Access-Execute architecture
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Main problem of queue machines
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Redundancy

“Instruction holes”

Crossing arcs

Queue program:
–Build an expression tree
–Schedule the tree in level-order manner

 If the expression tree is transformed into a directed acyclic graph 
(DAG), level-order scheduling no longer produces correct 
programs.
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Main problem of queue machines
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Main problem of queue machines
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a

QH
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a



51

Main problem of queue machines
Queue Machines: an unknown alternative – PDCAT 2009

a -a

QH
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a -a b

QH
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a -a b
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Main problem of queue machines
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a -a b -a*b

QH
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Main problem of queue machines
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“Pure” queue computing (Producer-Consumer)

Queue Machines: an unknown alternative – PDCAT 2009

No flexibility
–Writes always at QT
–Reads always at QH

DAGs cannot be executed correctly.
Solution:

–Eliminate instruction holes by duplicating data.
–Eliminate cross arcs by swapping/rotating operands in the queue.

Level-planar graph
–No cross arcs
–All edges span one level
–There are efficient algorithms to test level-planarity but heuristics must 

be used to create a level-planar graph from an arbitrary DAG.
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Making level-planar graphs
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x

/

+ -

a b

x

/

+ -

a b

s

d d

Significant overhead:
(1) Instructions
(2) Levels
*confirmed by UEC and CMU groups
Hardware support

d

s

Duplicate

Swap

Level-planar Graph

r r

r Rotate
a b

a a' b b'

b b'a' a

a bb' a'

a b b'a'

+ -

L1

L2

L3

L4

L5

...

DAG
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Our solution: Producer-Order Queue Computation Model 
(PQCM)
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Producer-Order Queue Computation Model (PQCM)
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Additional hardware support:
Queue Computation Unit
Instructions need to encode offsets
Buffering is required to hold “zombie” variables
Complexity shifted to the compiler

zombies

QH
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Producer-Order graphs vs Level-planar graphs
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2-offset insn
1-offset insn
0-offset insn
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PQCM Instructions with offsets
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QH

QH

QH

0-offset
add
add   0, 1

1-offset
neg   -2
mul   0, -2
div     0, 0

2-offset
add   -2, -3
sub   -5, -1

-2 QT

QT

QT

B
in

ar
y 

in
st

ru
ct

io
ns

U
na

ry
 in

st
ru

ct
io

ns
Production of data (writes)
is fixed at QT.
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Parallel Queue Processor (PQP)
Queue Machines: an unknown alternative – PDCAT 2009

16-bit fixed-length instructions
32-bit processor (datapath)
Addressable offset references
8 addressable special purpose registers

–Frame pointer, stack pointer
–Data/Address registers

4-way superscalar execution
Register file (circular queue)

–256 queue registers

VHDL Simulators
Virtual machine
Queue compiler
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Characteristics of PQP programs
Queue Machines: an unknown alternative – PDCAT 2009

High parallelism

Dense programs
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Queue Machines: an unknown alternative – PDCAT 2009
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Queue Compiler
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Conventional Compiler
(GCC)

Queue Compiler
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Queue Compiler
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Conventional Compiler
(GCC)

Queue Compiler

Infinite pseudoregisters
Mapping register code to queue code
Too many instructions
Complex algorithms
Painful to maintain
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Queue Compiler
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Queue Compiler

Eliminates the concept of registers
Built for the queue computation model

–Suitable data structures
–Queue compilation algorithms

• Offset calculation
• 1-offset constraint
• Queue utilization
• Queue register allocation

Produces good code
Easy to maintain
Clean infrastructure
Able to compile complete programs
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Compilation example
Queue Machines: an unknown alternative – PDCAT 2009

Offset calculation
Queue register allocation
Constrained compilation
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Leveled DAG (LDAG)
Queue Machines: an unknown alternative – PDCAT 2009

Nodes
Edges
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Leveled DAGs (LDAGs)
Queue Machines: an unknown alternative – PDCAT 2009

DAG LDAG

Data 

dependencies

Levels
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Offset calculation algorithm
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Distance δ

Reversed level-order 

traversal

Important: any change to the DFG requires offset recomputation
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LDAG to QIR (Level-Order Scheduling)
Queue Machines: an unknown alternative – PDCAT 2009
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Queue Machines: an unknown alternative – PDCAT 2009

QIR (debugging mode)

PQP Assembly

QIR to Assembly
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Queue compiler 
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4 years of research and development
15,000 lines of code (back-end)
Supports all flavors of queue computing
Compiles any program (including itself)

Cross compiler configuraiton
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Topics on Constrained
Compilation for Queue
Machines
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Queue Utilization
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Queue Utilization
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Queue Utilization of SPEC95
Queue Machines: an unknown alternative – PDCAT 2009



82

Queue Utilization of SPEC95
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In other words
Queue Machines: an unknown alternative – PDCAT 2009



84

Queue-length optimization algorithm
Queue Machines: an unknown alternative – PDCAT 2009



85

Algorithm on LDAGs
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Controlling Queue utilization
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1-offset PQCM Instruction set
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Forget about 2-offsets !
–2/100 instructions.

We can optimize the rare occurrences of 2-offset instructions.
Gives more reach to offsets.
Potentially reduces the bit requirements of the instruction set

add -1, -35

Rare instruction < 2% Not reachable by a 16-bit
instructions with 2^5 bits 
per offset
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Offset references: the other problem
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Not common
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1-offset code generation
Queue Machines: an unknown alternative – PDCAT 2009

 Insert dummy nodes and fill with duplicate instructions.

Overhead of
 dup

instructions

Shorter instructions
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Global optimizer
Queue Machines: an unknown alternative – PDCAT 2009

Get parallelism across basic blocks
Solve the fundamental problems
Evaluate its effects on programs

–Offsets
–Queue utilization
–Reduce memory operations
–etc.
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Offset inconsistency problem
Queue Machines: an unknown alternative – PDCAT 2009

Occurs when the execution unit is across basic blocks.

if (true) {
   ...
   x = 1;
   produce data;
}
else {
   ...
   x = (a<<b)*c/10;
}
...
return x+1;
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Offset inconsistency problem
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Occurs when the execution unit is across basic blocks.

Naive solution: Memory sync.
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Offset inconsistency problem
Queue Machines: an unknown alternative – PDCAT 2009

Analogous to Live-Range Splitting

Memory

Queue
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Maximum offset value as a result of optimization
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Intra-block Inter-block
Decide when
memory cost is
less than chains of
dup instructions
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Memory traffic reduction
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Status of the project
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Queue Compiler
–Completed
–Compiles any program
–+10 papers published

Virtual Machine
–Completed
–Works quite well with queue compiler generated code

Hardware
–No cycle-accurate simulator, unfortunately
–FPGA implementations work but only with toy benchmarks
–+5 papers published

Only 2 active researchers working on queue machines in the world
–Arquimedes Canedo, IBM Research - Tokyo
–Prof. Ben Abderazek, University of Aizu
–*Prof. Masahiro Sowa, University of Electro-Communications.
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If I had to do it again...
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Hardware (Priority)
–Explore the hardware aspects of queue machines
–Develop a robust cycle-accurate simulator
–If it looks promising...
–Find an application and develop the queue processor
–As building blocks for many-core architectures
–Explore streaming capabilities (Signal processor)

Compiler
–Optimize for a generic architecture, then generate queue code
–Fine tune the instruction scheduling decisions.
–Queue register allocation

Software
–As a virtual machine
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Very attractive for embedded applications
Queue Machines: an unknown alternative – PDCAT 2009

* Size of the text segment.
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Very attractive for parallel processing
Queue Machines: an unknown alternative – PDCAT 2009
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Thank you
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