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Background & Introduction (1/3)

« FIFO for temporary results have drawn the attention
of computer architects.

 |n 1981 the concept of a simple machine based on
Queue was reported.

 University of Edinburgh in 1998 investigated the
usage of queue register file for VLIW machines.



Background & Introduction (2/3)

» Carnegie Melon University reported in 2002 the
usage of a mmfplwueue machine for dynamic
compilation of SW to HW

* No one of these researches investigated real model or
architecture based on Queue

 In his Ph.D. (1999), Abderazek proposed a novel
Queute processor model based on circular Queue-
register.



Background & Introduction (3/3)

| present a model, architecture and design of a novel Produced
order Queue processor (QueueCore)

* The Queue model has:
— High natural ILP < Grouped ILP
— Simple hardware < no aggressive hardware techniques
— Implicit references = reduced-bit instruction - small program size
— Single assignment rule = no false dependencies = no register reaming

« The QueueCore is targeted for:

— Applications constrained in:
v' Memory (16-bit on 32 data path)
v' Area (no RR, no aggressive ILP extraction)
v" Power consumption €< 1,2



First—In First—Out data structure (queue)

® Elements are inserted (enqueued) at the rear (tail) of
the queue, or QT.

® Elements are taken (dequeued) at the head of the
queue, or QH.

X = a+b
engqueue a
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First—In First—Out data structure (queue)
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First—In First—Out data structure (queue)

® Elements are inserted (enqueued) at the rear (tail) of
the queue, or QT.

® Elements are taken (dequeued) at the head of the

queue, or QH.
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QEM Instruction Generation

+ Queue Execution model instruction can be obtained by
traversing a parse tree in LOST scheme.

» The arithmetic operations are the internal nodes
» The fetch operations are the leaf nodes

* We proved 1.2 that QEM can be used to evaluate any arbitrary
tree

. (%EM Inst. Sequence can be derived correctly from the parse
three

1. B. A. Abderazek, Kirilka Nikolova, and M. Sowa. On a Practical Queue Execution Model, Proc. of the Int.
Conf. on Circuits and Systems, Computers and Communications ICSCCO01, pp.939-944, July 2001.
2. B. A. Abderazek, M. Sarem., and M. Sowa, Acyclic DFG on a Queue Machine, ICJSPP03, pp.119-120, 20003




Queue Model

Instructions generation
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Level 4 |
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a. Breadth-First Traversal



Queue Model

Instructions generation

X
e it -
S Operation  Queue Contents
Level 4 L
B e R R - enqueue a a
e / \ enqueue b a, b
B A’ S T T enqueus a a b a
Level 3 e - add a, a+b
I /\ div alla+b)
et TR T, enqueus c alla+b), c
Level2 .2 L - mul a/(a+b)]’c
-- /\ dequeue x s
Levell da t_:' ___-_:_;_ c. Evaluation in a queue

a. Breadth-First Traversal



Queue Model
Instructions generation

Eitatais

Breath first traversal



Queue Model

Instructions generation

Breath first traversal

i xo
i xl
d x2
id %3
i x4
d x5
id x6
M x7
add +1
sub -1
add +1
sub -1
add +1
sub -1
add +1

—

&

sﬁh-ijff

add +2
add +2
sub -2
sub -2
add +2
add +2
sub -2
sub -2
add +4
add +34
add +34
add +4
sub -4
sub -4
sub -4
sub -4

S

st YU

st Y1
st Y2

st Y3
st Y4

st Yo
st Y6

st X/

Generated assembly inst.



Queue Model

Hardware Parameters Estimation
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In average, produced order based processor performs better.

B. A. Abderazek, M. Arsenji, S. Shigeta, T. Yoshinaga, M. Sowa, Queue Processor for Novel Queue Computing Paradigm Based on
Produced Order Scheme, IEEE computer Society, Int. Conf. On of High Performance Computing . pp. 169-177, July 2004.




Queue Model
Hardware Parameters Estimation

In average, PO based computing performs better.
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Produced Order Queue Model

b) produced order QCM: 'add -2'

QT

Y v B mea

live data CN=1

PN=1



QueueCore architecture

Instruction set architecture

16—bit
Width

mnemonic
bmary

operation

ALU

add, addu sub, subo, subu,
subuo and.or, sru.slu, sr.rol
ror, Xor,neg,not,com, comu,
comc,comcu,mc, lda

~ ~
—opcode m dis

r A wll‘lf N ™
? add # Oﬂﬂﬂl 11 ,,

1000000010000111

QREG(SRC1adr)+ QREG(SRC1+0000011
=-QREG(DEST adr)

(a)

MLT- signed 32-bit multiplyer
dvider and mod mstructions

mult.mulu div,divo.dmwu,
dvuo.mod, modo, modu,
moduo

U

P

—opcode m dis
- ™ Nale & N
—= mod 1, 0010111

101111101001011 1

' LOREG(SRC'l adr)% QREG(SRC1+0010111)
=-QREG(DEST adr)

(b)




QueueCore architecture

Instruction set architecture

SET

setHH. setHL.setLH setLL
Idil, setr.mv,dup

U

A
~ ~
—> opcode val
- - N & N
—= il 11111110
-~ s - ~

0100000011111110

> 11111110 => QREG(DESTadr)
//the value 1s stored m [7:0]

(©)

Branch

bge.jump.callrfc
b.beq.blt.ble.bgt

U

A_
- ™

opcode targ
A A
- N N

call0 11111110

~

0001101111111110

[a0+ 11111110]==pC
(d)

LOAD/STORE
sth,sts,stw
Idb.1dbu. Ids
Idsu, ldw _ldwu
' " ™
—opcode ofst
’ S N 5 3
== stw0 11101110
0111100011101110
>
DREG(SRCladdr) => MEM(a0+11101110)

(e)

» B. A. Abderazek, S. Shigeta, Y. Tsutomu and S. Masahiro, Reduced Bit-Width Instruction Set Architecture for

Q-mode, Execution, IPSJ Arch. Conf. pp. 19-23, June 2003




QueueCore architecture

Instruction set architecture: Offset/Disp. extension

main: {d 40007 d)

Lk

ini main {void)
f LI:
it af O]
i axy;
fiy==1}{
r=afif;
i L2:
elye |

x=(x¥2) 1000,

)

Idil 1 Aoad immediate T 1o QT
cey ccompare QH and QH+1 value
bt LI and check equality
Id 4008 { d)
Idi 4 Aoad immediate T to QT
myry smoave value from regisier to QT
Idil 0 Aoad immediate O to QT
add cadd QH and QH+T value and send
mitl the result to QT
add
st 004 {d)
Jump L2
Id 4004 { d)
Idil 2
mul cmultiply OH and QH+1 value
Idil 1001 and send the resuli to QT
ald
st 40041d)
mvryg
Id 4028 {d)
Id 4024 {d)
add
famp Tla)
ihj

Without “convop”

main: covep 62
fd 32{d}
fdil 1
Cel
bt Li
Lil: covep 15
fd 62 {d}
Idi 40
mvry
ldil O
add
mul
adld
cavop 62
536 (d)
Jump L2
LI: cavep 2
Id 36 (d)
Idil 2
mul
cavep I 5
Idil 40
i
cavep 62
s Tofd)
L2: mvrg
covep 62
Id 60(d)
cavep 62
ld 56(d)
add
Jump I a)

ic)
With “convop”



QueueCore architecture

Data path

instruction fetch unit

(EL) -
4 mst = w
< "o
instruction decode unit : _E'
— (DU) =
== A = .8
s 27 = 2
—- T =
e =] Quoene
| = _ﬂ o computation unit "'E:'—
Z 83 Qo |z
_: & dmst WWY Y o || PROGDATA
- K . MEMOEREY
Barrier and E,,
i Issue =
= its &
= It =
= & A
ﬂ -
= :
g =
s I = =
[ = - = o
FPU 8 = &
2 FU) SET ALU L s =
4EFU 4 FU) s ;f
=
MUL . -
BEAN | .
(1F LIVST
(L EU} {2 FI)

load to QREG



QueueCore architecture

Data path

| ] ]
| | | ]
| | -
| | -
| | n
: instruction fetch unit :
- (EL) - .
-IIIIIIll..llllllllllllllllqlmsrI IIIIIIIIIIIIIR.UIIIIIIIIIIII.
= o
instruction decode unit : _E'
_ (OU) = =
o = =2 5
= —
= ﬂ — o &
=< -
oo Quoene
* = _ﬂ o computation unit "ﬁ—
= P QcU) =
A Y & !
o dmst WWY Y o || PROGDATA
L . . MEMOERY
Barrier and E,,
i Issue =
= its =
= I =
= & A
— e
= :
I r = <
-- l- n — _—
FPU 8 = &
2 FU) SET ALU = g =
(4 F1) (4 FUy s =
=
MUL . -
BRAN || .
(1F1) LIVST
(1 ¥} {2 F1)

load to QREG




QueueCore architecture

Data path

[ ]
n ]
n ]
n ]
n ]
u instruction fetch unit :
. - .
n Sy [
EE SN E NN NSNS NN EEEEEEEEEE N r s swsssnssnnnmna”
LEE-EEEEEEEL LR,
| — - :
T
r = .
L= = n
[ |
TEEEEEL O ‘ml'l_lllnnnllllll:
fm

Quoene
computation wmit
Qcr)

ImsiTYYVYY

Barrier and
Issue
units

Resisters
(QREG)

PROG/DATA
MEMORY

Architectural

renew QHQT, m& LO)

data bus

FPU
{2 FUy SET ALT
4 FU) (£ Ty

Y y
) A

MUL .

BREAN | .
(1F1) LIVST
1 FU} 2 FI)

| S S h

load to QREG

MEM

spurce bus

store/load to/fro mb

X




QueueCore architecture

Data path

| | L}
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| | L}
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QueueCore architecture

Data path
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. =
: A A Y :
= ' | ]
n MUL . =
BEAN | .
. (1FU) LINST -
. (1 Fn} (2FI .
| | _ | ]
| ]
:IIIIIIIIIIIIIIIIIII EEEEEEEEER IIIIIIIIIIII1IIIIIIIIIIIIIIIIIII‘

load to QREG



QueueCore architecture

Data path
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Quoene
computation wmit

(QREG)
5

Resisters

4 ms TN v ¥ W PROG/DATA

Architectural

:I BRI EA e nEEEEEEEEETS
Barrier and
: Ill:llllllll EEEEEEEEEEEN
; :I s g iS5k e nnn EEEEEEEEEEEN
JT; a EEEEEEEEEEENI]
llllqllllllllllllll'ﬂ EEEEEEEEEEEEEEN
=

2

spurce bus

el
-laf—
-

FPU "
2 FU) SET ALU
(4 FU) {4 FU)
¢ -
". _
MUL .
e BRAN || LD/ST ‘ Y 3

|

(1 FU) Q@ FU) B 4
| ]
| | ]

*

store/load to/T




QueueCore architecture

| ] ]
| | | ]
| | -
| | -
| | n
: instruction fetch unit :
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Barrier and
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e
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dead entries

TJE
oA
Eow
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El-l
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e

m
o
T
spurce bus

el
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-

*
L 2

store/load to/T

.
n
BRAN LDVST ‘ *

|

{1 FU) 2 FID) : ¢
| ]
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QueueCore architecture
Data path

Circular Queue
Register (QREG)



QueueCore architecture
Circular Queue Register Entries

QH, QT, LOQH and QREG entries




QueueCore architecture

Grouped ILP

| Grouped ILP |

4 Inst.

|n eaCh Group 2: add +1; sub -1; add +1; sub -1;

level

Group 3: add +2; add +2; sub -2; sub -Z2;

Group 4: st w; st ®x; st y; st z;




QueueCore architecture

Grouped ILP

| Grouped ILP |

4 Inst.

|n eaCh Group 2: add +1; sub -1; add +1; sub -1;

level

Group 3: add +2; add +2; sub -2; sub -Z2;
| small IWB |

Group 4: st w; st ®x; st y; st z;




QueueCore architecture

QREG pointers manipulations

add +1,; sub -1; add +1; sub -1;

LQH“QH *QT
c) a | b | ¢ | d |ath|ab |ctd|cd
add +2; add +2; sub -2; sub -2;
LQH*&QH *QT
d) a [ b [ c [ d [ab]ab[cd]od LR e ET

st w; st x; st y; st z;

: @) [ @by [ @b
:E) a | b ¢ | d atb|ab ctd|ed | (| ety | i {c—d‘]

Initial
state



QueueCore architecture

Offset extension scheme

I = e e = = = —————

E — s CvP g i
i covop 62 o Gl 62 § ' : - Tﬁ- L‘Jp(‘(‘lde :
| 132 (d0) [T hpcode : CONC ;“{H- disp_value !
| 16 | s opcode, Eaav T 4000 |
i : operand, [operand . 7 , i
! Cr, pL.im fg E ! ISSUE TL- reg_id

; _ , gl LOGIC q _
i o = QT

Fetch Buftfer i i !

Concatenate the value in the CVP with the displacement value




QueueCore architecture
Pipeline stages

completion
of
15t group

SIX stages



QueueCore architecture

Branch taken handling




QueueCore architecture

Call handling

SaVve.
PC+2
QH

QT
LQH
restore:
addresses




QueueCore architecture

Interrupt handling

Save:
PC+2
QH
QT
LQH

flash |
| restore:

= | addresses

DEC
DEC




QueueCore architecture

Queue Computation

Next QH and QT values calculation

ANER

NOT
Qo | g _|
Py
ER _,_m NCH
_ | ]
LOQHiy1 = LQH; 4+ CNins
NER = | QHip1 = QH; + CNina
Q| Y on IJ - QTlip1 = QT + PNinst
E

o]

QY




QueueCore architecture

Queue Computation

Source 1 and Source 2 address calculations

SRC1(n-1)
> |
QHN-1
| SRS2(n-1)
OFFSET(n-1)
_b_—
—p— | R R REEEEE —.;DEST(n'l)
QTn-1
SRCl1n
|
QHN
| SRS2n
OFFSET(n)
—pp— - P - —’DESTn
QTn

OFFSET: positive/negative integer value that indiactes
the location of SRC2(n-1) from the QH(n-1)

QTn

. queue tail value of instruction n

DESTNn : destination location of instruction n



QueueCore architecture

Queue Computation

Source 1 and Source 2 address calculations

SRC1(n-1)

>
QHN-1

| SRS2(n-1)

FESETR- LOHns: = LOH,;

I I g _’DEST(n-l)
o1 > QH1inst = QH,
SRC1n

Q_Hz_ - QHE-;’_-HS'[: = QHi—FijFSETinst
QTiﬂSt — QTE

| SRS2n

OFFSET(n)
_>

—pp— P - _’DESTn

QTn

OFFSET: positive/negative integer value that indiactes
the location of SRC2(n-1) from the QH(n-1)

QTn  :queue tail value of instruction n

DESTNn : destination location of instruction n



QueueCore architecture

Queue computation — example

Fetch Decode and Instruction
Buffer Queue Calculation Unit Window

Current Queune
LOH=5, (QH=15_ ()T=30 OFP L(EPHI QH! {Ei
oo PR

oo ¥u,

1. Decode II 9. Calculate Queuc®] -

add =3 M OPCODE - add LQH ,, = LOQH =3 T’Iﬂdﬂl 5 | 15 | 12 | 30
a

[ |

[ |

OFFSET =<3 QHI = QH =15

?ESSE?EF: 11 QH2Z = QH+ OFF = 12
f QT“H = QT =30

s8N,

LOH=LQH+C=6
®OH=QH+C=16
=0T + P =131

Qg gt

Next Queune
LOH=6, QH=16, QT=31

¥

sub -2 |—» — »[sub] 6 [16]14[31




QueueCore architecture

Instructions Issue

Instruction Window Issue Unit ALU=1
nC nl OP LQHQHI QH2 QT OP |add
| [:QHI 36 $
010 [subl TTa[316 ALU=2
DIEFQLT OP [sub
QHI 25
—»> T2 [a17] |, EQHMEEF
= = QT | 6 Y
A o
al Iz
] 5 =
Y :
....... Qindex (O ) 1 2 1314516 T ... T
;. QDR flags| 1 Ll 1lof1rlol : 7
() data 78136125 =11 f—




QueueCore architecture

Interrupt handling

Architectural
Registers
(QREG)

empty
entries

— QREG Status




QueueCore architecture
Interrupt handling

di1|f|4|3]|f]|7
I 234567 8 91011121314151617181920.. .. .. 2550
(a) QREG before interrupt
QH Qf
1la|d[1|f|4]|3]|f]|7|9
I 2 3 4567 8 91011121314151617181920., .. .. 2550

| » Current QT
™ Current QH

(b) PCint+2
QREG at interrupt
Stack 64X32




QueueCore architecture

Interrupt handling

QHi Ti
1la|d{1|f|4|3]|f]|7]|9
I 234567 8 91011121314151617181920.. .. .. 2550
(c) Interrupt Queue allocation

QH Qf
ﬁad1f43f795dr10582

2345678 910L1121314151617181920., .. .. 2550
T * Current QT

Current QH
(d) ret from interrupt PCint+?

Stack 64X 32




QueueCore design

Methodology

»Modular Design Methodology
» Decentralized control

earlier analytical pf QueueCore model

l Edit/
tarce/exec-driven simulation model debug

v

f

microarch
parameters

(Architectural)
sim test cases

debug

bl :

Gate Level Model

P CE

Citcuit level model [F7°4 S ) edit/debugitune *

extract
[
Layout-level design model KD design rule
v ACP

check and _
validate [

Finite state machine transition for QC-2 pipeline synchronization
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Hardware configuration and tools

B o L TS M A LA L L 6

Ttems Configuration | Description
BRAN |1 branch unit
W 16-bit instruetion width
SET 4 set unit
FW 8 bytes fetch width
MTUL 1 Multiply unit
DwW 2 bytes decode width
FPU 2 Floating-point unit
SI 25 supported instructions
GPR 16 general purpose registers
QREG | 256 circular quene-register
MEM 2045 word PROG/DATA memory
ALT 4 arithmetic logical unit
LD/ST | 2 load /Store unit
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Verification and Debugging

FARALLEL QUEUE PROCZCESSOR OM FRPCA FROJIECT
CooCopywrights, 20042005, ESPOIR Taeam, UEC
START SIMULATION! I

Cyvole INST CPCh
RESET = 0O

O RESET = 1
580 nalt instc!

simulation succesful 1wy competaed. o

oUTPpUT are dumped in “simdlate .. dump*

resullts are writcten 1in 'oultpUlt® director

L3E ""Ltest.w'". Erfinish at simulation Cime 35355000
O simulatcion eventcs Cuse +profTile aor +171sToounts

ated events

CFJ timer: O.1 sesecs to compile + 0.6 secs to T1ink

wEREPOPLTE MEMORY Edi tor=®% POFpTE QREES & GFR Edit

MEMOR™Y [ 0] = Do03z10030 |RECISTER HEX
MEMOR™Y [ 4] = DQZ2Do032 |[RECLC ©] = CQDOoODCoOD
MEMOR™Y [ 81 = DO2ZS0034 | RECL 1] = QDhooDooo
MEMORY [ 127] = oo240036 RECLC 2] = ODOOFTRESR
MEMDOR ™Y [ 16] = TT39rTr38 RECLC 321 = QDOODOL1O
MEMOR ™ [ 0] = DOZRIO23a RECLC 4] = OQDOOTT98
MEMORY [ 247 = fc3dfc3c RECLC 51 = OQDOOFThE
MEMORE™Y [ 28] = 242c003e RECLC 6] = ODOOD146
MEMORY [ 227 = OOOF00lk |RECLC 7] = oQ0DooDo0ol
MEMOR™Y [ 36] = DO7F80cac RECL &1 = QDOQDOO0
MEMDOR™Y [ 407] = Decac0l4az REGCLC 91 = ODOODOOO
MEMOR™ [ 447 DOAZOOFR |RECL 10] = QDOODOOOD

MEMOR™ [ 487 oDoa420142  RECLC 111 = ©QDOODOOL

MEMOE™ [ S2] = DOs20ca0 |RECLC 121 = QDoOoDoo0
MEMOR™ [ SE] = DO32=20043 | RECL 12] — QDOOTTald
MEMOR™ [ 60] = 1030027 RECL 14] = OQDOODOL1O
MEMOE™ [ 54] = DOB3003fF |RECL 15] = QDoOfths
MEMOR™ [ F8] = Ffe7a0l1a3 | RECL 161 = OQDOOTTAE
MEMOR™ [ F21 = fTeslfdrFre |RECLC 17] = QDOODI14G
MEMOE ™Y [ FE] = Dcactdsgl ||[RECL 18] = QQOOODOOZ
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Synthesis results

Table 2. QC-2 processor design results: mod-
ules complexity as LE (logic elements) and
TCF (total combinational functions) when
synthesised for FPGA (with Stratix device)
and Structured ASIC (HardCopy Il) families.

Descriptions Modules | LE TCF
instruction fetch unit IF 633 414
instruction decode unit | ID T 2573|1564
.queue compute unit |, QCU.....L. 1949...1.1304
barrier queue unit BQU 9450 | 4348
issue unit IS 15476 | T065
| executionumit ... EXE ..l 7868 ..3241 .
_queve-regisiers unit | QREG | 35541 | 21190 |}
Memory access MEM 4158 | 3436
control unit CTR 171 152
(Queue processor core QC-2 TT819 | 42714
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Performance results

------- [ el el el Rttt Mttty
TCF-BLD ; ; | | | | | OFPGA Prototype O STRUGT-ASIC OVerilog Simulator
. —
C_) | | | | | 1 | : : : : : !
+< —_ ! ! [ I 1 I I 1 o
g Verios Smutor IR R
B TCF-SPD i } i i } Dol
C [ : : : : : : : 1 1 I I 1 [ I : } I : I : I
] ; ' ! bl
§ LE-SPD | STRUCT-ASIC | AR
E} [ : } : } : : } I I o : : L i i i } i } i }
S TCF-ARA ! ! ! ! ! R oo
= : : ! ! ! ! ! P
E B | | | | | | | I
LE-ARA | i | FPGA Prototype | E 3 3 E 3 E !
L | J L L : 1‘ |
0 7550 15100 22650 30200 37750 45300 52850 = -
complexit.y 1.0E+00 1.0E+01 log. processor frequency (Hz) 1.0E+02
* 1 . . .
Resource usage for 256*33 QREG file Achievable Frequency (Nominal Frequency rating)
Cores Speed | Spead | Average
(SPD) | (ARA) | Power{mw)
POP san | 21 120
SH-2 153 | 141 NA
ARMY 252 | 245 22
LEON avn | a6y 458
MicroBlaze | 26.7 | 26.7 NA
Qi 255 | 242 i)

Comparison with synthesizable cores




