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picoJava & 4% hardware synchronization ##] > F B ¥ 34 {7 5 5 2 i lock object 2
PRl (T A E RS d 4k R § @ * 45 2 * 4 oregisters % 3 lock object

gL E P AE % s @ waiting thread ~ 22 % lock object ¥ & £ 4F B~ ¥ lock

WM

= #ic- 7. memory 2. ¥ & i object header ¥ ¢ 2 lockbit * &k Z|%r= B object £.F ¢ & %

i thread 2~ {# £+ - [21]4% i 7 Java object j* 3k - { pointer 45+ p {7 <& Java class

i

/;F
2 & w83 7 e ) F (TP &E waiting threads € 3 - object fields 5 P~=x #ic > 3 (7 p5

=i

i adn &3 * i lock object #p B waiting threads o }t 172 B2 28 & % 45 > sl 48

LR

% iRk E T o Java Optimized Processor(JOP) [24][28] & * & % 8 % .w Java
L % 4e b shared memory[23][27](®) 7)o @ + - eI F 455 - = stack cache £
method cache » 4 %] * on-chip memory § =& ¥ A 7 %_& microcode # {7 3& fp 3k iF o
B F A3 E Java ARNEF 0 S P JOP BB ehH P - BT B(BK 5 JOPO) 4= 4 1t
FER % Seha 1% = A A4 it 2 15 B 4SS (7 bytecode 4 4 > F B A2 % € 4L A fie— B ID
number > § k%t #7e0 thread 48 2 2 > - £d % - B2 E(JOP0)4 fz ID number £
threads % H s &2 % » &gt 247 7 L 4% thread migration - # B AIZEHFN 77
threads & 7 rup 20 timer I AR TR > 4 & B JOP 22 B 7 & #{ {7 context-switching

2= ;ﬁd local timer interrupt 7§ % thread scheduler - thread scheduler ¢ Java #% ;¢ ¢ i® 1
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* 3 {7 thread scheduling £ 2 i# threads 7 stack frames *» 3% > d ** JOP 12 on-chip memory
F 1% stack cache ]yt threads @ * ¢ stack frames #c& #-&- = F L &k w #4% 3| main
memory =pFF 5 5 B3R context-switching % %8 p# ¥ - Hardware synchronization = & >
Arbiter i 5 &2 & & JOP /a2 % ¥t shared memory = read/write operation Synchronization
unit ¥ ¢ z — 1 global lock » #775 threads i& » synchronized method £ synchronized code

block z_ % & g £ 3] gt #-2 B~ {7 global lock » & # B JOP j&es® BB~1¥ lock % prz. {8 P

JEEGE  PpFA JOP EJL BT & 2 7 3 5 - B ready thread 44 #4 = bytecode -

JOP_ 0 JOP 1 JOP_N
Stack cache Stack cache Stack cache
Method cache Method cache Method cache

T ! T

v ‘l’ v

10 Arbiter Syn_c.
1 unit
Shared memory <€—> scheduler

B 7 CMP system based on JOP
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% = ¥ Multicore Multithreading Java &J2 ¥ 7 #

Java 3% 7 % % java.lang.Thread class i 7 = i» Java * 5 + # 12 ¢ 32 5 i@ threads = %
AR AR o e Java T o B AL TR AR A ¢ L B~ 17 main method 4p B F 3 0 ik
AT LT3 3 g g1 & hJava Class & ¢ §¢ » ] method area ~ 4= 4~ - heap
2 program counter[6] ~ 3% ¥ A # main thread ? B 4~34 {7 main method 5 Bytecode 45 4 -
4r% main thread 34 7iE42 ¢ & 4 % fpthreads » . pF iz 7  Java = 2~ (T3 T %
7B (1) % ¥ Java R B IR T 3% Ao P b T T A e new thread 3 7 3 BV - B
fid2 B (2)H - IR ETF > 4 current thread & & {7 & ;‘fﬁx%é" lock object % pzpEF » 4rie
33| ¥ - B thread 4 7 (3) % 1%~ Java B T 2 2 B 7 F AJZ B g threads F P& i3 i<
shared data p¥ i = 7 race condition i 42 (4)% x 1 thread 2% lock object 2. {s » & Jf &

7_T & 2= ¢ lock object s waiting thread -

sl — L]
1 .. 1
] Java Application IP (JAIP) H
1 1
: Data Inter-Core DSRU Class Method Area H
1| Coherence Communication Hardware Native Reference Manager :
1| Controller Unit Interface Table Method Image I
I Circular Buffer i
: Object Heap Thread Bytecode execution I
i 1
: RISC Controller Manager engine S_ymbol Table :
'l core - Unit Ping-Pong Java Stack Circular Buffer i
: Mailbox I
I . 1
: interrupt H
1 1
| < > |
I System Bus |
External memory controller
CF card CF card
(Application classes) controller H
DDR3-SDRAM

RSIC class stack object

core image backup heap

ISR pool space space

Bl 8. The block diagram of JAIP

A @A La Java Application IP (JAIP) =hl % 5 3417 5578 4 [1][2] = &
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#_> 4 % Multicore multithreaded Java /&2 % 7 #(H - JAIP $7w 7845 2 4o 8) ;%gr_*

5B JAIP B2 B PR 72 & — B JAIP gz * temporal multithreading ¥+ » £ 3] 5 B

threads & I fe 4 75 2 it 7 % L 5 threadse & 7 i€ 3% gk dy enZe R ac MBI 7 > A 0

#-1% :z2_% Thread Manager Unit ¥+ 12 T # 5 g7 1% o

1. Javai# 7 # Thread class # & Thread.start() method = % # # new thread == ;% » &
current thread =# =+ start method p¥ > Java VM i i p 384541 2 2 new thread =4p B 34
{7 F 3% &4 stack pointer s program counter ~ current class ID/method ID % - ¢ Java VM
AP P& 24 1] iz B newthread - ® 3 (7 — 1% method : Thread.run() > § & -
i# thread. & run method 4 {7 return 45 4 %> 2 77 3¢ i@ thread & R 34 {7~ start method
Ahrt el fs o defe  Wagt threads §4 /7 753124 @ K 3+ context switch #4412~ i
ready thread?:z - -5 4B %) Java L o § 1®

2. Java VM #_& monitor k224 % i threads #4 {7 pF8 1| ek 4 /2 48 » & — B Object
2 e 7 - i lock:§ % B threads & & » critical section 2_ % » 2 7§ 2L j£_monitor(Object)
P8 lock > ppF 2 R F — B thread =# B~ 8 lock * i& » critical section > & H is
threads = 7f % & - % — & thread = P~{¥ lock object P+ 12 % critical section p #4 (=
#2354 » 2 3]:% B lock object 4 f# 3 ¥ 4 fe £ ig 4t waiting threads sa# @ = B » 4o

7 73 ¥R o waiting threads 7' 3% lock fiﬂ: # % monitor -

AR 5 3E R AR Java 3% 7 4% & Synchronized g 5 0 B & % 2 N 4@ 9 &7 H)
10 » 2 zz shared data (field sharedl ~ shared?2) =r4%.3% 7% 4% 2z . Synchronized statement
g Synchronized method > -"£ i @ thread & { :x shared data » §% & Jf o &
Synchronized method A2 ~ A3 > £ 4 i7 Synchronized(lock){ ...... TE AR o KB 9
f1class B % :¥iE (¢ » method B2 ~ B3 7 bytecode ¢ # z monitorenter/monitorexit 1
£[6] > i&d B4p 4 ¥ ARAR 5 F £ critical section ¢h % - Bz E s - Bdp 4 o 2 H 10
E ;pw &> B3k thread t1 =% =¥ method B2 & *® i& » critical section 2_ = »t1 ¢ Java stack
1top element ¢ 15 < ¥% & <9 object reference (e.g.# #° — dp 4 push 3 stack t)- 3%

F t1 # {7 critical section =% — #4p 4 monitorenter - % Java VM p 53~{¥ lock
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object > 4r% Java VM ;&7 _#-lock 22 & t1 > B t1 4 ¥ 2 i »~ critical section i
THEFHE 0 BRI ARG E DE E thread 2 lock & 2 - lock U A5 4

tlo 4 t1 4™ critical section F¥> fr #& % Java stack =73 top element ¢ 75 2z ¥} J& 7 object

reference » #* FF 34 {7 monitorexit 45 4 12 i {7 lock 8 '3 #5 gl it o

Class A{ Class B{
int sharedl = 0; int sharedl = 0;
int shared2 = 0; int shared2 = 0;
Object L.0;
public A (){
} public B (){
lock = new Object ();
public synchronized void A2 (int r){ }
sharedl +=1;
} public void B2 (int r){
r=r¥*r;
public synchronized int A3 (int r){ synchronized(L0){
shared2 = shared2 * r; sharedl +=1;
return 1; }
¥ )
}
public int B3 (int r){
r=r<<1;
synchronized(L0){
shared2 = shared2 *r;
}
return 1;
¥
}

B 9. Synchronized method £ Synchronized Statement & ]

% t1 2~ object A & B crph ¥% lock ot 1 3 8 *UE AP~ {7 4p B < lock > Java VM
& - & Object § azE- 1 8 counter =45 B = i lock 3% # P~ 4+ lock object
= #ic 0 4o % lock object’ e counter=0 % -+ i & threads %’K’ﬁ #e>EEB lock
object; 4= % t1 % =t £ 4§ 2~ {¥ lock object | lock object %f & > counter § i% =t & 4¢ >
T4 2 f8 t1 = FHap a0 lock object i Flip St Bicis (F 2 1 =0 lock
object > counter v£j% — B ¥ =) » & F| lock object 7 counter=0 4 & ¥ 4= lock E i ##
A P s g U A A5 H s waiting threads - monitorenter/monitorexit 4234 7 pF %)
Java T 5 JR 3% i monitor 4p B F (T84 ~ ¢ 3540 k& 4 waiting threads ~ ready

threads ~ lock object % f& (e.g. P = lock $#&5 ﬁ ~ ¥ J& o counter) ~ ji-%_ thread ¥_%

15



= 7 P~ {¥ lock object ~ lock object 1 "X # & & - ¥ ¢t > B 9 dhclassA HniFiS
method A2 - A3 5 bytecode % ¢ ¢ z monitorenter / monitorexit 45 4 > &% 7

synchronized method 4p B § 1£d %) Java T 5 f (742 e

Class TestTH extends java.lang Thread
B obj b=new B(),
Aobj_a=new A(),

public void run (){

While(...){

.. .){
obj_a.A3(37),
obj b.B2(885),

)

Else if{...){
obj_b.B3(701),
obj_a. A2(802),

}

}

}

public static void main(int r){
TestTH tl =new TestTH (),
TestTH t2 = new TestTH ();
tl.start();
t2.start();

}

B 10. A2 thread &2 & pF e r Synchronized 4258 % £ e |

Fiat i AL Multi-core Coordinator[1]3% 3+ # #:ig * % temporal multithreading #
FlAAEEY 95 P JAIP AR BIR A > 5 - BASLE R i - B thread > » pEy - B
thread P~ 1% lock object % pzp¥ > i i thread T #7244 {745 4 - F] 5 temporal multithreading
WA A g T x4 4 )T — 1B ready thread #4 {7 3 3% Bytecode Execution Engine FF
Rl alr e e

b Frs JAIP B2 BIR B T 408 fo* & — B JAIP 0 temporal multithreading 541 »
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AR rriw gkt ¥ P s L4 5 Data Coherence Controller (®] 11) » 4 Data
Coherence Controller jz 3] % p JAIP &J2 % &0 request iF: (1)L 4 Mutex Controller (B 25)
# % Data Coherence Controller p # £_F & f34 {7 H is @ % 7 request signal » /2 €& -
i JAIP chrequest 84t & FEd 44 17 (2) Mutex Controller ¢ j2#5 request signal fc#- %
TR o BB K eprequest £_& 4 fiz new thread | H 5 JAIP» B kx#> Thread Assignment
Controller (B] 28) ; 3 i& % sirrequest £_& P~ 17 /$8 2z lock object » B #% i* 3% 11 Lock Object

Accessing Controller 3% 3+ (Rl 31)> ¥ ™4 & #r3 threads & F+*73 lock objects sk i -

Data Coherence

Controller
Thread Assignment Lock Object Accessing
Controller (TAC) Controller (LOAQ) Cache
Coherence
T Controller
(CCO)
[ Mutex Controller |
ICCU | ICCU | [ ICCU | | ICCU |
[Heap § | [Heap § | [Heap § | [Heap § |
JAIP A JAIP B JAIP C JAIP D

11 Data Coherence Controller £2 £ i JAIP £J2 % efd % B

7 1 Data Coherence Controller st #2#]+ B JAIP k™ %€ % T <11 Thread Manager

Unit > 2 /s f = B JAIP g2 B ) 3% 1) Inter-Core Communication Unit () 11 > »2 T #
- OICCU) ek 3+ o P 5 0 2 ICCU e & #/zd4 {7 0 34 2 #-iz2x a & JAIP 5 DRSU &2
Thread Manager Unit ¥% 2 = i# &4 * Thread Control Block ~ Thread Queue £ Thread
Controller » Hardware Native Interface X 2-» #-4% &£ & 3| JAIP -

AEET A G BIA G R - A AEP H - JAIP &2 E thread 373 4 fe
AR R ey R IFaRR 3 B (S #-¢ @ ICCU ;% = 3> £ 4 % Data Coherence
Controller 2 2 = & JAIP /&2 ® & T 7 [CCU ¥ Thread Manager Unit 4cim 3 4pi& i7 > 12

fwk threads 34 7 33 o
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3.1. Hardware Native Interface

&=

Java T ¢native method + % #ic B 332 & e &3 7 p library 9 a0 i i e e
g4t library = & 1 73 ¥ w i@ fci@e 5 7 # Java Thread Class it it 7z 4 3% ¥ ICCU~Thead
Manager Unit &t —‘F‘i‘ﬂ BAriE TR 7 B R Java B F AR IR o A4
Hardware Native Interface[2]s7:% 3+ > i ® /i » ¢ DSRU f§ % - @ {8 native method =34 {7

Ad T - R 4ok BAFE & L K - fBonative method A73% — B % § TR T T 0L

¥ # i# 4% Hardware Native Interface - 1 45 » 3150 °

Dynamic Symbol Resolution Unit

S 4+ e x| oo =
EI < 2 &| = é a) i) g—
L2 < ! I E = Ul (_)l o
°| E 2| 2| 9 =2 ol 5|

ol Il = © e s
® I B I 2
> g T = “5_ =
= = | = Q
g Bl 2 Register file g|E| E
Method Area g sl e
Controller
(5]
8
3 Hardware Accelerator IPC
=
o]
crsl
g
PLB <€ >
Bytecode
Execution
Engine
RISC-code

B 12JAIP A * 341 o

(1) Bytecode Execution Engine (2) RISC-core (3) Hardware Accelerator

B 12 3P JAIP g2 B 0 2 48 natvie method = i€ ;% @ H — F £x# interrupt i@
s RISC-core » RISC-core # ¥} /& 7 native C function %k = = 1 17 » H (7iF47 o
RISC-code # B~ JAIP =1 stack memory "% &% data words ; % = #& > ;% £_Hardware Native

Interface » % DSRU f#47:iE 427 % 3 T &L v — B native method - ¥ 3% native method ID
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¥R D E B JAIP AJ2 E & 3 ¢« Hardware Accelerator » P fx#s % & <07 B ~ @ » method

PRI FIIF - w B EE T stackmemory B0 v HHROT BRI TR B

»

% g DSRU » ¢t pF = = native method invocation o b 3% 3+ eF i & % 4 native

method #4 {7 pF & o

Wait for RISC
response

3 cycles

Method or
Interface
invocation

Invoke
SW native
code

Get MT
or IF info
from link
list

[

iusti Native
Adjusting invoke
return ) .
tack Execution of a
> static/native/clinit method,
\ new object,
\ or field access
| .
2 eyeles I ID matches
Wiait for ‘ : Check head of list
HW response I FLD or
i MT info Get obj
. Class hot Classl

still reading
object cache?

Dynamic
XRT: Cross-reference table )C/:Iass
MT: method Loading-
IF: interface Parsing '\I/:gkgﬁslr
) : | ID d t
DRC: Dynamic Res. Ctrlr ' searching match head of list
FLD: field

still searching?

B 13 % DSRU * =* =1 Hardware Native Interface = state diagram

B AP a3t T 4 current thread =+ native method ¢ 34 {7 invokevirtual ~ invokestatic
%4p % > % Decode Stage 2174 R & §4 (7ig & dp £ I ¢ fx ¥ Dynamic Symbol
Resolution Unit(DSRU) » ¢+ p¥ DSRU i #&_Idle 3] Get_XRT _idx_from_CSCB(4r®# 13) -
fe P #- operand bytes % control flags 7_Decode stage & % DSRU>DSRU 2 & 345 decode

stage & control flags &z 1 iTp % » 4% 3 A & =2 v method 1 iF » ] DSRU
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#%€_Cross Reference Table 35 #|%t/& <7 method info list » i% - & % * B method info
cls_id ~ mthd_id ~ native_flag (] 14) - % DSRU 4% 3| i 7z s class ID #2 method ID B »
H ki if 32~ 3] Check_FLD_or_MT_info- #& 4 p % iz method 4p B 75l 83 @ 4§ »
3| Method Area Circular Buffer £ Class Symbol Table Circular Buffer » 4= % iz 3 B L& »
DynamicClass_Loading_Parsing ;% & » £x#> Class parser # class data 22 method bytecode
% Bl ~ Class Symbol Table Circular Buffer ¥z Method Area Circular Buffer 2 i » £ & &
native_flag =& » /-7 & T @& & £ MACB_.CSCB_Loading  ¥_Native_invoke o 4% =
= e method bytecode & 44§ » ¥| Method Area Circular Buffers ?| 2. 7 f<#- Class Parser >
B 42 2]%7 native_flag /4 =™ & & ¥_Native_invoke & MACB_CSCB. Loading > ¢
Bt 2% i 22 B current thread = ¢ pative method » F] ¢t - native_flag=1 » DSRU ™ i}k &

i& »~ Native_invoke -

Class Symbol Table Cross Reference Table 2):
: - native_flag
Circular Buffer —F pointer Class ID native_hardware_flag
Entry 0 Class ID Method ID sync_flag
Entry 1
L. @
@ | @ pointer ' Reserved bits
@)
OxFFFF Class ID #bytes for return
(1) | ClassID Method ID @)
@@ pointer .
Argument size
Entry j
Entry j+1
pointer Class ID
Class ID Method ID
Entry n

B 14 method info list 3* F* i 47222 method info & ;¢

native_hardware_flag(® 14)#% * % 2|%7pt native method £ 4 RISC-core § T2 & -

4% H @ 5 0> 4 77 i& % method 2 RISC-core § % interrupt service routine » #* p& mthd_id
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% 5+ interrupt service routine ID %% > ¥ DSRU ™ i} i i& » Invoke_SW_native_code ;
4o B g5 1o 4575 method 24 hardwired T 2% 4v i BF % > 2 pFs method info
evmethod ID # =% » native HW_ID i ¥ DSRU ™ i % i i& » Invoke_HW _logic - §
DSRU # i % Invoke HW logic p#£xc# Hardware Native Interface - 4= native HW en ~
native HW ID i 2 i Hardware Native Interface ﬁ%l DB R R4k DR AN o

"2 10 5 &> % mainthread =# = tl.start() 2 ¢ t2.start() § #c# DSRU > 4t - £
fz it § DSRU 7] Cross Reference Table 3% 2~ Thread.start() smmethod info p¥ % 35 native_flag
£ native_hardware_flag snie % 5 1> 7]} DSRU ™ Bk i & » Invoke_HW_logic - 1345
B 12 > Hardware Native Interface 1 native_ HW_en >native HW_ID & %3 58 42 7
ICCU - % DSRU s iz 5 Invoke HW logic > 4-% native HW en %>t 1 % iF Hardware
Native Interface % ICCU 3474 2 new thread - i¥ » ICCU (Bl 19):% mdh I -2
section 3-3 #3 it e & ICCU = = & 4 new thread o i¥2 %3 > native HW cmplt %+ 1 *
native HW en % ¢ 0 » ¢ p&F DSRU & % & & Invoke HW logic # 7|
Adjusting_return_stack - 3= 2-level Java Runtime Stack ¥ 4 3| =* =¥ method 2 = e}k i >

& {8 = =~ efed start method . {® o

3.2. Synchronization Operation

% 7 o multithreading &3t ™ L £ H 84> AF & 5 R F Javaid 7 &k i
Synchronized %% % » gl F €2 3% ¢ 2 synchronized statement (B 9(a))¥* synchronized
method (B 9(b)) » H ¥ synchronized method =k & § & B %] Java L > F #2[6] - B 9 &9
class B * Java compiler #7& # ¢ method B2 -~ B3 1 bytecode ¢ ¢ z monitorenter £
monitorexit 45 4 » F]2 § TestTH class (] 10) A # & i threads t1, t2 2 & & = 44 {7 method
B2 & B3 p¥ > 2 X ¢ 34 {7 7| monitor 4p B 35 £ 5 X @ Class A Sl {8 #7 A4 2 & method
A2~ A3 i bytecode i 7 & 7 i Bdn 4 o F AP A JAIP RIEE gb I8 A g s

& I synchonized method # it °
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Fetch stage

i |
! I
1 I
1
invoke_sync_flag | I
DSRU i Mode | Mode_reg i
i Controller i
1
ethod i J-code ROM :
1
Ae\reg rtn_sync_flag ! Addr  j_code :
; I
Controller S e I
! I
i J_code 15 | OxO0ED :
16 | 0x3031 1 Jcode_pair
Complex_flag |} addres_s X I
| translation | | | ... | ... 1
1
i controller 25 | OXEGEE I
1
! I
Translate il [ I [ S A 1 | Decode
1
: 36 | OXF8FF E
i 37 | ox78FF :
i jcode_addr oo || osocc i L >
I - H monitor_enter_req
: 49 | Ox18FF :
>
Stall_fetch i 50 | OXFOFF : monitor_exit_req
1
i 51 | OX78FF :
! I
! I
: jcode_info_AB :
1
! ]

[ 15 Fetch stage #1474 fe4p 4 7 & Bl

mw R p JAIP &s2 % <o Bytecode Execution Engine 4oi@ %45 monitorenter
monitorexit I gx#> ICCU » £ P synchronized method & #F £ ;% - B 15 # P JAIP
¢h Fetch stage 3 P~ bytecode 47 #&.4p 4 F¥ - 4= & ~ bytecode 35 4 # ¥ = — i 7| j_code 4p
4 { & 5 3] Decode Stage f#+7 » % & 4p 4 4-% &2 &= 1 clock p >+ Fetch ~ Decode
Execute stage = = 1 i¥ ﬁﬂ%’ﬁ&‘}tﬁﬁ, A ;E%;;Fﬁ L oo ﬂ]r":l;}ji Java instruction set #_% ° A

monitorente ¥2 monitorexit iz 2 & 1p 4 z_w Java Stack =778 =3 < % & ¥_33 %z lock object

o

4 im% o g currentthread 4 7i& 2 Bdp 4 P> i ¢ % JavaVM p 3048 - i Poip B
lock object * # & £.F ¢ St H @ thread & * » & w @32 4 % current thread 2| %t thread

state £ % ¢ 2% & {5 Java VM p #8544 {7 pop = (¥4 lock object % i ¥ j&_Java stack
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A % - @ JAIP ¥ Data Coherence Controller & ;% 7 1 clock p = = 12+ # % » F]pt

monitorenter ¥ monitorexit 35 £ % JAIP p %M}tﬁﬁ?zﬁﬁa A Red 4 e

% Mmonitorenter 2 monitorexit i& » Translate Stage p* - Two-level Java Stack memory

R x8 < % 5 lock object 044 =% - Translate Stage é‘f’lﬂiﬂ d121 85 complex_flag % »* 1 >
¢+ P jcode_info_AB p % i+ 4 j_code ROM %+ i ¥ » 4y v monitorenter £2 monitorexit
¢j_code B 7| ¢ % - i j_code =% - j_code ROM % - B on-chip block RAM * k&%

% & bytecode 4F f&dp 4 ¥ $l <1 j_code A 7| > j_code 45 4 OxF8 #* % j§ 4 Decode
Stage ¢ monitor_enter_req(®l 3-3) - j_code iy 4 OXF9 A& * X f§4f Decode Stage
monitor_exit_req» @ j_code 45 4 0x78 it £ ji& Two-level Java Stack memory # “f - B
~% - OXF8 £ Ox78 & 2 i j_code & 4“4 * % 51 fL monitorenter 47 &4 £ » OXF9 &2 0x78
e 2 Bojocode gt Ak * Sk monitorexit ABRedp £ 0 MR 15 % ] > 'monitorenter 2
monitorexit ¥t /&1 j_code A& 7| &5 = j_code ROM siade 4y i & 4 %] 5 36 &2 50 °

JAIP Fetch Stage 12‘@31_#;1 4 monitorenter ¥ monitorexit s 42 5 &8 17 0 gt - F it
H Az e K P Fetch Stage & & &2 monitorenter 45 4 > P mode_reg s & = 1 -
jcode_info. AB=36 i# » j_codeaddress translation controller () 15) > i%:EH p IR T B2
#= jcodelinfo_AB i i ¥ jcode_addr > F P+ mode_reg=1 # 5= Fetch Stage P = #4 {7 <
AAF Fedp 4 o Bl JEJ_code ROM 3f P~ _code ¢ ;ﬁd multiplexer i# % j._code_pair >
i clock j_code ROM &3t %5{@?] ! % OxF8 & OxFF- 4 Decode Stage fi# +7ix- = j_code ¥ ¢
F-4= monitor_enter_flag » 4= section 3-1 ¥ it~ ¢ &~ fxd ICCU » I p* stall_fetch=1
i j_code ROM #7is L™ B~ — B j_code - 3| ICCU B 7 &2 > [ € AL
7 Bytecode Execution Engine i+ § i& i¥ » £ 7 stall_fetch=0 - Fetch stage % *: jcode addr

H

B % 37> 7 ¥ 3] j_code ROM /L™ 3 B~— #f j_code O0x78 £ OXFF > #; "f Two-level Java
Stack memory g 5 ~ % - 2_{s complex_flag 22 mode_reg % »* 0 - Fetch Stage B 4542~
- 1 bytecode 45 4 -

% 71§ tasynchronized method & §& > #% i -4 method info 2. ® 4c » synchronized flag

(4r® 14 o sync_flag) » ## #! method & 42 ¢ DSRU ¥ 12 d sync flag #&iE 2| %78 _F 5
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synchronized method > 2 #z Fetch Stage 7 j_code address translation controller » # DSRU
22 Method Area Controller ¥ 12 i i% % 55341 jcode_addr> #* i* & j code ROM z_ # % & 2
& j_code B 7| & & & % invoke_sync_mthd £ rtn_sync_mthd - 4-® 15 #14cit - & 2 B
j_code B 7|edednie % A w2 3582 49 B A5 378 5L Ut NEAER

monitorenter £2 monitoerexit =7 j_code % 71 ; # {$ & return frame # 4c » synchronized flag
(B 17) > § 44 {7 return 4p B 4 4 /& Method Area Controller ¥ *1] %7 synchronized flag /-2

¥ 3 7 & # {7 ## - lock object -

XRT: Cross-reference table
A MT: method
Synchronized tfr)]CfCIingetS IF: interface _
flag is activated [ F€Quest e taskdong DRC: Dynamic Res. Ctrlr
Lock e
object FLD: field
3 cycles
Method or
Interface

invocation

Get MT
or IF info
from link
list

Get XRT
idx from
CSCB

6 cycles

Execution of a
static/native/clinit method,
new object,

or field access

Cop
objref to
DRC reg.

ID matches

MACB & head of list
CSCB —_ Check
Loading By FLD or

MT info Get obj

\ class not ClassID
- loaded
DRAM still reading
loading done? Dynamic object cache?
Class
Loading-
Parsing MT & IF

link list
searching

ID does not
match head of list

4

B 16 % DSRU ¥ =* ¢ synchronized method =7 4%

still searching?

% Class Parser {247 — 1 class #8427 4r% 8 3| synchonized method- p'| 2% method info
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s sync_flag=1- Class parser # s 4= *t3 method_info 3 3t iz & § 3| cross reference table -
% current thread =# = method P* ¢ 34 17 4p B 47 f2.4p £ &]4c invokevirtual ~ invokeinterface
invokestatic % - Fetch Stage =» mode_reg=1- fx# DSRU- # /=42 4- @ 16 #7577 > pt ¥ DSRU
A& ag i_ldle 3] Get XRT _idx_from_CSCB - y* pF #- return frame < ¥] Two-level Java stack
memory =g xH % (TOS_A~TOS B B 19) - F B #-operand bytes 2 control flags &_
Decode stage i# % DSRU » DSRU 2 {2 1295 decode stage & = control flags ;i< 1 ¥ p

7 0 Aok g A& o ! method 0 i€ 5 & 2 DSRU 4% 3| & 7z < class ID £2 method ID
pF o Bk {2~ 3].Check_FLD_or_MT _info > ¢ & P = i i method 4p B T4 &7 = #f

» 3| Method Area Circular Buffer &2 Class Symbol Table Circular Buffer > 4% ;2 3 B|L:g
» DynamicClass_Loading_Parsing j* i » kx#= Class parser 4= class data £ method bytecode
A s~ JAIP 2 15 0 F g sk i MACB_CSCB_Loading - 4% method bytecode ©

w4 ~ | Method Area Circular Buffer - R 2 3% i& » MACB_CSCB_Loading -

1t Entry Cls_id Lv_ent | (1) | (2 vp
2. Entry Mithd_id jpc

(1) Reserved bit
(2) Synchronized bit

B 17 return frame # 3¢

Method Area Controller 4= = =" 57 method = 2 §* » 5| Method Area Circular Buffer 2
s > DSRU ;& g i& » 1| 'Stack_init > #* p# stall-fetch=0 > #7132 j_code ROM ﬁis?l 41 e j_code
A 1@ 3 jcode_pair i& » Decode Stage-:* % = local variable pointer (vp)£: stack pointer (sp)
2_ts » g P DSRU p 2% register %33 method info 3t 4, » & ® ef¢d method vh1 iFe %
= »vp 35 = current method =% 1 & local variable(object %% = % )-4% % & & method info
er1 sync_flag 5% > 4o % F_»¥ 7 synchronized method R sync_flag=1 > DSRU } j f_
Stack_init # = Request_Lock object - }* pF 2-level Java stack memory 778 =% =~ 2% % return

frame e% — & entry (B] 17)> #& & $&3= stack & =4 = % & synchronized bit % = 1> DSRU
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errinvoke_sync_flag=1- fx# fetch stage 72 J_code address translation controller(4-5 ] 15) -
#* ¥ jcode_addr=35 4 = invoke_sync_mthd ¢ j_code 5 71 ¢ % - B =¥ o 3 ¥ T i clock
## P~ j_code 0x18 £ OxFF - j_code Ox18 ¢ 3= vp 45 = hrstack entry(% — i# local variable -
lock object % i+ % )4c 3] stack "8 % » £ % J_code address translation controller £ % 4c
jcode_addr & 5 36 & T - o j_code OXF8 £ OXFF A& P~ o 5 FH BT - BN
monitorenter = j_code B 717 42— & o % I| monitorenter c17j_code A F|E B T & {8 >
% ¥ # Data Coherence Controller £_% = 74 2~{7 lock object £ '3 > s pF mode_reg=0>DSRU
A s w 3] Idle o

% current thread & synchronized method /& ™ 4% {7 return 4p B 45 £ B¥ > 2-level Java
Stack memory 778 =4 2 B~ % (TOS_A ~ TOS_B » ® 19)4 %] 13 *x synchronized method
e 2 1 return frames(® 17)» Decode Stage % i* 2t 53§ 2~ TOS_A = synchronized bit %] %
&_7% &34 7 monitorexit 1p £ f 2 18 1 & _Class Symbol Table Circular Buffer &2 Method
Area Circular Buffer ¢ » = — i method image £ symbol information(& 18)-Class Symbol
Table Controller 3% {7 /= 422 Method Area Controller g o7 » #t — EH P o % Method
Area Controller ;# it 5 Get Offset - 4= % return frames 7 synchronized bit = 1 B ™ i} i
% Release_lock object ; & | ™ i@ 4k 25 5 Check_Offset - & Method Area Controller j} #
% Release_lock object > rtn ‘'sync_flag=1 = ¥ fz#> fetch stage 7 J_code address translation
controller » ¢+ p= jcode_addr=49 45 + rtn_sync_mthd :j_code /1 ¢ & - B i=¥ o ¥ ¥ {&
T i clock ## P~ j_code 0x18 ¥ OXFF -/ p% vp~sp ¥ _synchronized method £ local variables
i ¥ %%‘ﬁt‘;—ﬁ-"ﬁf » Fpt 8 vp 4~ % - B local variable(lock object £ = ¥ )4¢ F|
stack " =¥ - £ % J_code address translation controller £ % 4¢ jcode_addr & 7 50 & & -
‘p j_code OXF9 £2 OXFF L3 B~ o f& 4% #p2 } — EL44 {7 monitorexit 7 j_code A 717w 42
- & o ¥ 3| monitorexit 7 j_code & 7| & @ #4 7 = & {5 > * BF mode_reg=0 - Method Area

Controller jk i :& » Check_Offset » F¥ ﬁ;ﬁ“ » parent method 7 bytecode -
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Wait
enable

#bytes needed < #bytes loaded

Mthd
Loading

Complete signal
From bus

from bus

Release

lock
object DCCCU gets The related
the job done constant pool data
are not cached Complete writing

data with burst length

] 18 The state diagram of Method Area Controller

3.3. Inter-Core Communication Unit (ICCU)

Data Coherence Controller

Request signal Response signal

Inter-Core Communication Unit (ICCU)

Request for Request for Complete flag
accessing lock assigning a for Hardware
object new thread Native Interface
Decode stage
(in Bytecode DSRU \ Thread
' X anager unit
Execution Engine) JAIP

Bl 19 The block diagram of Inter-Core Communication Unit

% % JAIP &2 % & T 1 Inter-Core Communication Unit (ICCU > ® 19)* % § &

Data Coherence Controller 12 2 JAIP g2 B 1 2 B T B e i i o DSRU & J‘Ff Decode

Command ack

Stage i# ! request F¥ > ICCU ¢ %7 request 3 3 > $1B~ i 13 30 ()4 & new thread
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class ID ~ method ID ~thread object %% i+ % ~lock object %% i= % 12 % current thread ID) -

% ¥ request signal F| Data Coherence Controller #4 =1 i¥ ; » 4 Data Coherence

Controller = = @ % 4 i% ¢ request signal & { ¢ # ¥ ® B ELE M 2 1 ICCU >

ICCU fz 3w B S ¢ Fo4ofitrw Bp 7 > A R 5§ s DSRU £ Thread

Manager Unit p 3 &= = i o

JAIP2DCC_cmd Command Description
00 Default value, nothing happened.
01 Acquiring a lock object for the specific thread
10 Release a lock object for the specific thread
1 Assigning new thread to one processor, which
contains minimum number of threads for all of
Processors.

# 1ICCU £ # :f1request type

Response
Status

Corresponding
JAIP2DCC cmd

Description

010

11

When a processor gets the response, it means current
thread of a processor is invoking Thread.start(), this
processor contains minimum number of threads for
all of processors at that time, note both of them could
happen on this processor.

100

01

Current thread succeeds in acquiring the specific
lock object and owns it, the thread can execute
instructions in critical section.

101

01

Current thread fails to acquire the specific lock
object and must wait.

110

10

When a processor gets the response, it means the
other thread, which is from other processors and
owns the lock right now, released the lock, and a
thread of this processor become the next owner

111

10

When a processor get the response, it means no other
threads are waiting for the lock at the time after
current thread releases the lock.

% 2 ICCU i # nresponse type
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£ 184 2 Aw[EP P ICCU & 4% chrequest 25487 w it L 45 4) » 1T P &
8 request 3 i 30 & ey 420 12 K] 10 5 45 &) B3k main thread =# = t2.start() 2 2 new thread
FF > DSRU ¢ fx# Hardware Native Interface > 3= native_HW_en 3 = 1 I ® £x# Hardware
Native Interface » 3= ﬁi;'l 25 @ 7] ICCU F pFieé DSRU 12 flﬂia?J d12 85 @ TH_objref &2
Cls_id_mthd_id =ni& » & %] £ 7+ thread object %% i+ ¥ £ new thread 4= 434 = e class ID
£ method ID > %“gr} JAIP2DCC_info 4= iz-4= 342 & 3] Data Coherence Controller - % {5
JAIP2DCC_cmd s % % % 11+ gt B3 % request = Data Coherence Controller =1 iF e

o o

aF

"B 10 & 5B 0 55K F thread t2 #% ¢ method B3.4& ~ synchronized statement i P~
/% < lock object i+ » 7 - Bytecode Execution Engine #7 i 3% {7 45 £ - 134 2 7 ¢ 2-level
Java stack- memory 3% :* (#1-3) > JAIP stack memory 78 =8+ % 5 TOS_A» L g5 lock
object ‘%4 = % » F % Decode Stage f% 47 &% j& & j_code : monitor_enter_req
monitor_exit_ req & % 1 ¢ pF ICCU 3z 4% TOS A & ¥ current thread ID > %g d
JAIP2DCC_info #= iz i 3 2 @ 3] Data Coherence Controller- % ¢ JAIP2DCC_cmd =i %

01 & 10 > % = request £ Data Coherence Controller en1 e = = o

Receiver core ID [8: 6] | Sender core ID [5: 3] | Response status[2 : 0]

core ID Description
000 Java Core 0
001 Java Core 1
010 Java Core 2
011 Java Core 3
100 RISC Core (Microblaze)
111 Default value

B 20 DCC2JAIP_response_msg itz 3¢

EFHP ICCU #z# 247 DCC2AIP_response_msg =¥ 3% » % Data Coherence
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Controller % = 1 iep¥ ¢ i3 :x DCC2JAIP_response_msg i * 1245 Sender core ID £

Receiver core ID # =3 3 & & L4 B ch JAIP B2 B (B 20) - 2% i/ 44235 4 2 B 98 &)

wp
Data Coherence Controller
g g DCC2JAIP s <lg < |g
3 % o response_msg S J% 3 J% g
[ N <~ N [ N [
>|9 > 3 9|2 ==
o 8 | 0 o] 8 o 8 o
s 1o = 's o |'s o |'s
g|2 3 2 3|° 2 |&
| l
‘]AI_P A Data Transferring Command and Status ‘]AI_P C ‘]AI_P D
(1D=00) Controller Adaptor (ID=10) (ID=11)
Inter-Core
Communication Unit
TH_new_thread
_cmplt
DCC2JAIP_info ICCU_new_TH
Thread Manager Unit
JAIP B (ID=01)

@ 21 ICCU :#-response status ¥ i# & a2 B2+ £, B

4@ 21, Bk A JAIR A 3 3% ehrequest £_2% 4 new.thread (JAIP2DCC cmd =11) »
¥ ¥ i fe Data Coherence Controller p ¥R4& #4742 - new thread ~ fiz 3| JAIP B » pt p*
DCC2JAIP_response_msg = 001000010 Receiver core ID = 001(JAIP B) > Sender core ID =
000(JAIP A) - Data Coherence Controller i% i DCC2JAIP_info 3= new thread =7 Thread
Object %% = % ~class ID ¥ method ID @& 3 JAIP B - JAIP B = ICCU 4 37
DCC2JAIP_response_msg & % new thread 34 7 7 30 ¥4k 15 3% iz B aJT B P - AT 1 JF 3

Data Transferring Controller » #4c DCC2JAIP_info ¢ data> ¥ ® 3= ICCU _new TH %k = 1

rr“\

fx# Thread Controller » 41 * Thread Control Block &% 5 new thread 34 7 F3t » = = 1

fo £ # 5L ICCU - m JAIPA 1z 3] DCC2JAIP_response_msg cHw &3 502 (5 0 €
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% Receiver core ID #_F ¥ 3% Sender core ID > 4% 4p ke B JAIP A ¢ fx#> Thread

Controller » m aﬂdﬁ% ey b - R utendp e 5 E B Receiver core ID # % *t Sender core

ID> £ 1 JAIP A sn ICCU f§ % Hardware Native Interface % -+ 4 {7 % Thread.start()s1 e

Data Coherence Controller

Thread Manager Unit

JAIP B (ID=01)

B 22.1CCU #- response status v i@ £ g2 B2 7

N

Qo g DCC2JAIP o N -
3 > 3 response_msg > 5|8 5 |8
NS N 3 3|8 Bk
> |9 > 9 Sk S |5
o 8 v IO 8 = 8 =
- | 5 o | © l ®
s |2 S 2 5|3 3 |3
JAIP A Data Transferring Command and Status JAIPC JAIPD
(ID=00) Controller Adaptor (ID=10) (ID=11)
TH_monitor Inter-Core
ShEk Communication
Unit
> ICCU_monExit
MONEXit_ - _nxtOwner _
nextowner_TH_ID L I = ICCU_monEnter_fail

B2k JAIP B s current thread £ 2~17 lock object L(JAIP2DCC emd =01) > 2 B 22 %

%] » Data Coherence Controller = = 1 % {4 4% DCC2JAIP response_msg &1 i& :z %

001001101 - Receiver core ID = Sender core ID=001(JAIP B) : @ Response status % 100

101 » »~;4-»t p = Data Coherence Controller £_F ¢ 73 % lock object L =% 4% » % 51 lock

object L p # @ t H 5 thread P~ 5 ## 2 & {¢ { #x ICCU_monEnter_fail g > 4o % 3% thread

A = 7 P~17 lock object L F] ICCU_monEnter_fail =1 % -+ JAIP B & current thread 7 :#-:&

~ waiting state» ¥]p* 4 JAIP B 5 Thread Manager Unit #% {7 context switch 2_ {$ § i #c iz

i# thread #% 73 & Thread Control Block 3% 7 % 3t ; & B ICCU_monEnter_fail = 0> JAIP B

1 ICCU e 3]z B 3 5L is Bytecode Execution Engine tx4g 4 74p 4 °
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B3k JAIP A 1 current thread ## 2 lock ojbect L(JAIP2DCC_cmd=10) 14 @] 22 & & »
i3k 7 Data Coherence Controller % 373 A— i 12+ waiting thread (s)& # % #F2¥ lock
object L- ] Data Coherence Controller ¢ ;424%™ % ¥ i waiting thread s 2~ ¥ lock object
L » #pt B3k Data Coherence Controller #-lock L =g 24 45 3] JAIP B 0% B waiting
thread » 7] Data Coherence Controller = = 1 i¥{53 T — %2 {¥ lock object L 7 waiting
thread ID @& 2 JAIP B~DCC2JAIP_response_msg #ig :z 2 001000110 > Receiver core ID =
001 - Sender core ID = 000 > Response status = 110 s jt pF ICCU x 3|31 5L ¢ #-
monEXxit_nxtOwnerzx = 1 » %5 JAIP B % i waiting thread % lock object L 7T - i
#3 ﬁ > monEXxit_nextowner_TH_ID & » Thread Manager Unit 4= i& % thread < = ready
state ; # & JAIP /A < Bytecode Execution Engine <2 4% {745 £ ; 4% Data Coherence
Controller f $% 7% % &= feak 2% & lock object L 7 waiting threads - '] Response status =

111 ~ monExit_nxtOwner = 0 - JAIP A &7 Bytecode Execution Engine & &< 4 745 £ -

3.4. Data Coherence Controller

Data Coherence Controller

Thread Assignment Lock Object Accessing Controller
Controller
; Cache
arbiter_info lock_obj nxtLock
? EW_TTD ~ _match_f|  Owner gzz‘:rrgﬂgf
o_core arbiter_cmd_msg lag Info
Mutex Controller
7N
DCC2JAIP
response_msg
L LN/ N2

ICCU ICCU

JAIP C JAIP D

Bl 23 The block diagram of Data Coherence Controller

Data Coherence Controller (B 23)¥ 4 & ™ & 3t s .
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Cache Coherence Controller » Java VM %_% heap space i+ *<34 i pF#) Object £2 Array
BT Aw S poc JAIP BRI BRB T E - B JAIP po3- B 2-way set
associative Heap Cache # ¥ # * Least Recently Used replacement policy # i» ¥ L 51
DDR memory - — & % i JAIP {7 heap 4p M % ¥45 £ &4 new ~ newarray
anewarray -~ arraylength ~ getfield ~ putfield - = 7 sz i%H ¢ JAIP 7 heap cache p %
- &R B JAIP B2 B #-4% i#F JAIP2DCC _info 2 DCC2JAIP_info 3= heap address
2 data B ~ 3| # s JAIP s-aheap cache » A%~ ¢ wF H R 4] -
Mutex Controller > 4=% 2 12 + JAIP [ p=i% i ICCU 4 i% request > Data Coherence
Controller = Jg /-2 7%~ i request 20 5L if £ A% r g2 o
Thread Assignment Controller » L% JAIP information table [1]® -+ = & %t & entry 12
core ID &% % 3l i@ kB w JAIP p o & F © #Ead st ﬁﬁ?g o &% T JAIP
A 2 new thread » Thread Assignment Controller ¢ # 34 JAIP information table = — &
entry 74 z_new thread 4% & fie 3|78~ B JAIP o s\ i -2 @ H table 2k 3+ & * & 2\ en
R o
Lock Object Accessing Controller » 2= Multi-core coordinator[1]z% 3+ ¢ #% ' - B
Synchronized Manager k2 Java IF # ##] Bl 24 4 it Synchronized Manager = state
controller» % % i thread A & P~ ¥ lock object - if - object %+ = % i% & JAIP @& 1
Synchronized Manager # % - »t p* state j&_ldle :& » Analysis > 4% H # thread = £
P~ #3% lock object Ry thread A *#-%riRd 73y £ - 4 B+ state /<_Analysis i& » Update
Table & &> 2 7| H s thread $#2x 3% lock object % thread A 2_ & » 4* p¥ state j&_Update
Table i& » Idle - thread A 4 ic 3§ AT 4 745 4 © § thread A & §f -z lock object -
Jt pF ostate j&_Idle i& ~ Free Lock > % £ % 3 # # waiting thread % # iz lock
object » % 7% 7t waiting thread R #- lock object # *2#& # » p* ¥ state j&_Free Lock ~
Update Table = F| Idle - d »t L= g3% 3+ ¥ A fx* temporal multithreading 5 1
- @ JAIP 7 & % - & ready thread » #7121 % g3k 3+ @ * registers #7755 - B

thread #c P~ ¥ e lock object % & » & X % g 4-% % i threads - {& P~ H — lock object
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PFiZdeie jodd o 4ok & — B thread 34 7427 ¢ P~F/f§227 F 7 lock object » i ¢

Wb S TMTHIFER o AR RNV - R TR FTRR Y it > ¥ ¥
e pr L 32 % B lock objects £2 waiting threads -
Update
Table . '
Bl 24 The state diagram of Synchronized Manager in [1]
3.4.1. Mutex Controller
Thread Assignment Controller Lock Object Accessing Controller

= [=})
new_TH_to g = = @
corelD mutex_state °|E 5 B
sl [ !
glE|5 3 g
arbiter_info I g

oo (g |3

- ® s|s |8 |2

arbiter_cmd_msg E|E|E |3

Mutex
Controller |$—> State Controller
lock_flag mutex_state
. Response
Qs Controller
JAIF;ZDCC J,?rlnpdchc Jﬁ\rInF(’jZDCC ngnpdzocc DCC2JAIP
PLB Bus —cm - - - response_msg
RI
Cosrg JAIP A JAIPB JAIPC JAIPD

8 25 The block diagram of Mutex Controller
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Bl 252 @ 264 i Mutex Controller 5238 45> 5 2 B 12+ JAIP &2 % |- P 4 3% request
P o Arbiter poenE B L piE H ¢ - 1B request i izt 3 e kiR ehrequest a7 A AR H i
- e 2 sarbitor_cmd_msg 5 Arbiter ﬁ%] Aty $2 38 4o tarbitor_cmd_msg[4:2] % core ID(4-
Bl 20) > arbitor_cmd_msg[1:0] 5 command ID(4r% 1) > H &35 aiE 4 7 F B JAIP 22
BT ¥ 44 command ID # i+ ¥ mutex_state # # f§ % Thread Assignment
Controller - ;F'k Lock Object Accessing Controller » % iz 3 = JAIP 2 % x> Mutex

Controller # = 1 i=p¥ » arbitor_cmd_msg ¢ % & £_11100

tation 1
[annotation 1] WAIT

FOR_RES

\

next clock]

Bl 26 The state diagram of Mutex Controller

[annotation 1]
1245 B 25 5L > § monEn_match_cmplt % true
monEn_free_ cmplt = true ~ monEx_cmplt = true >
new_TH_to corelD # %t 111 # ¢ — iz & = g i 1)

O

[annotation 2]
2 %+ DCC2JAIP_response_msg 7 Receiver core 1D » & & ¥ &
JAIP =7 JAIP2DCC_delay_resMsg # &

lock_flag = ‘1’

[next clock]

CHK_
TCBLIST_RDY

[next clock]

[annotation 2]

lock_flag = Arbiter ﬁiﬂ Mg H A= E 5 0o Arbitor € &% & if L g2 VR B request
signal~lock _flag ¢ O#% % 1+ ¥ mutex_state /&_ldle # % WAIT_FOR_RES- § mutex_state
= TASK_CMPLT ~ lock flag &% 3] 0 4 /o2 € _JAIP B2 %3 B~ T — B request ¥ ¥ i3
¢z arbitor_cmd_msg ; Arbiter_Info ¥ 3 % arbitor_cmd_msg 7 &t 111 p% > {335 % & core
ID #:2~ %t & JAIP &2 % e JAIP2DCC info; mutex_state % 5= P = state controller j} i &
¥ %5+ p = Data Coherence Controller % - 1 iFFE £ 5 new_TH_to_corelD % Thread

Assignment Controller 1 i = = {& ﬁi%l ez B HfiE N &R AR B 20
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DCC2JAIP_response_msg =7 Receiver core ID ; monEn_match_cmplt ~ monEn_free_cmplt ~
monEx_cmplt = Lock Object Accessing Controller 1 i® % = {2 ﬁi%l e i B
JAIP2DCC delay resMsg (® 26 =7 annotation 2) 3 & — & JAIP =1 ICCU :i# # 3] Mutex
Controller 113 5> % 7+ B %] JAIP & ™ < Thread Manager Unit &+ % { #7<7 Thread Control
Block (e.g. # *r new thread 34 {7 7 3t ~ Thread Controller % i> previous thread 34 {7 3
#) ; Response Controller § # & ¥ v &2t 5L DCC2JAIP_response_msg 31 & & JAIP g2
E 5 |CCU o
"B 10 5 el thread t1 2 2 4 =] i JAIPA £ JAIP B fe F% = ¢+ synchronized
method A2 » 3t pFd ICCU % i% request signal 3| Data Coherence Controller : * pF JAIP A
22 JAIP B JAIP2DCC cmd = pF 7 %>t 0 » mutex state = Idle ~ & Arbiter 2| %% v« i3
JAIP 3 JAIP2DCC _cmd-#2- JAIP2DCC_info (@ 19)4 % & » arbitor_cmd msg 2
Arbiter_Info » F- @2k @ lock flag & & 1 - sk Arbiter L # JAIPA sorequest - f| 2
s JAIP g™ B e request < Jf & |2 8 lock_flag 2.5 0 2 mutex_state = Idle p54 7 5 ¢
#- request £2 data % » arbitor_cmd msg ¥ Arbiter_Info- % lock flag & 5 1>mutex_state
#_1dle 3] WAIT_FOR_RES: 7eig i 5] arbitor_cmd_msg i i# » & * fz#« Lock Object
Accessing Controller 4 {7 1 % -
@ % Thread Assignment Controller £ % Lock Object Accessing Controller . it =% = {4
2 B R B w @2 5( 4 monEn_match_cmplt ~ monEn_free cmplt ~.new_TH_to_corelD)
3] state controller - mutex_state &< WAIT FOR RES #] GEN_RES MSG- ¥ mutex_state
= GEN_RES_MSG > # 4 w 35T ® #7735 3] Response Controller shp 3R47 5 8 » H 4
;v 22 DCC2JAIP_response_msg 4p ¢ ; % mutex_state 5 CHK_TCBLIST_RDY - } FFi&
% Response Controller # #* % &5 w B sanp 0475 % > & 4 Receiver core ID & H &
JAIP 1 JAIP2DCC delay resMsg » 4% JAIP2DCC delay resMsg = 0 # -+ Receiver core
ID ¥ & JAIP rg2 B H k™ Thread Controller Block p # 23 4 H is § B35 B~ > R
mutex_state = » SEND _RES MSG ; % | JAIP2DCC delay resMsg = 1 » ¢ Thread

Controller Block p ## @ 5 H & ¢ 8 { 72 p % > Response Controller « 7f 2t {5 #-w Ji 3
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4, 1% % DCC2JAIP_response_msg- % mutex_state = SEND_RES_MSG- Response Controller
¥ i i 1% % DCC2JAIP_response_msg: @& 3 i W] JAIP £ % e ICCU- § mutex_state
= TASK_CMPLT - lock flag & w ] 0 ~ mutex_state i# j€_TASK_CMPLT = 7| Idle » s* p&
Arbiter #% & 2 # JAIP E2® E ¢ JAIP2DCC cmd @ 4c % H s JAIP 3@ B o
JAIP2DCC cmd # %>+ 111 » R4 JAIP2DCC_cmd ® » arbitor_cmd_msg H 43 7 /s 42

Ap e » F B arbitor_cmd_msg 4% :x 5 FEK E o

3.4.2. Thread Assignment Controller

core ID active_TH_num
000 2
001 2
010 2
011 1

B] 27 JAIP information table

B 27 &g o A e i 2z 0 JAIP information table #f -2 ;% > active_TH_num 5 P + % i
JAIP w22 ® T active threads #c & - ¢ mutex_state = WAIT_FOR.RES + =¥
arbitor_cmd_msg > command ID field = ** 11 » *p= Arbiter_Info 2t L& ™ % «4_thread
object e %% = B ~ 424 class ID &2 method ID » 1 ¥ B 438 = JAIP information table 35
dtp woR— i JAIP a2 B e 7 ehthread #ic® & > 124z new_TH.to_corelD g o 2
is %% new_TH_to_corelD #- Arbiter Info #5 1! |4 /& JAIP. =» DCC2JAIP_info » %
mutex_state = SEND_RES MSG #-w% &3 & i% i DCC2JAIP_response_msg 4 % & % e v
Ja A5 3% request e JAIP a2 % 1 & H-iE T3 new thread $4 (7 3 3 e0 JAIP 2 & o

PAR 28 G B fipBi]F P oF k ii- B 4efx® pF o> JAIP information table st
entries L FF F > P JAIP rt B I B > RISC-core 47451 ¥ ¢ Class Parser §* »
™ fR47 4 & Java class images s % = & RISC-core 3 main method = class ID ¥ method
ID # & bus & % Mutex Controller e arbiter_info » £ i P& arbitor_cmd_msg & ;¢ #-= i&

%@ 10011 & » Mutex Controller #narbitor_cmd_msg (% 28(a):step 1) » ;ﬁ gl N i
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#ATH thread ihdp £ -

Thread Assignment Controller
(@)
core ID | active_TH_num
(Step 2)
000 0
-———>
001 0 new_TH_to
010 0 corelD
011 0
Arbiter |Arbiter_ | mutex_state DCC2IAIP
_info cmd_msg response_msg
Mutex Controller —
| olele ElElg  |EIE|E [E|E|E
BRI Sl ole'lo ola'l
115)%]8 ol<|o o|< o ol< |0
PLB Bus oS a QIR QIR R QIR 2
Q[0 18l [2(8e a8 |a
A 1|1R]9|% <A< <A < <|a|<
! 14 ! ! f
RISC core JAIP A JAIP B JAIP C JAIP D
(1D=000) (ID=001) (ID=010) (ID=011)
(Step 1) (Step 3)
(b) Before After
core ID active. TH_num core ID active. TH_num
000 0 000 1
001 0 |:> 001 0
010 0 010 0
011 0 011 0

] 28 Thread assignment controller 2 /54 » 4 &] 1
(a)Thread assignment controller & %7 427+ & Bl (b)JAIP information table % i* i 42

£ ¥ #-arbitor_cmd_msg =p % @ 3] Thread Assignment Controller » ¢t pFix JAIP
information table p & % entry e active_ TH_num & » # 4% active_TH_num & | & 91 &
e entry index > 4% 3 & 2 B2+ entries =0 active TH num 3% &) & » B Thread
Assignment Controller g% i # entry index #-] (@ 28 (a):7 step 2) » = JAIP

information table % = {4 & # JAIP A (entry index =0) » **¥_new_TH_to_corelD =000 > #
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arbiter_info @& 3] JAIP A 7 DCC2JAIP_info - % mutex_state = SEND_RES_MSG >
DCC2JAIP_response_msg & = 000100010 » # % iz i request ¢ RISC-core %
(DCC2JAIP_response_msg[5:3]=100) > & JAIP A (DCC2JAIP_response_msg [8:6] = 000) 7%
7 main thread #% 7 F 3 I ® B 4544 7 main thread (DCC2JAIP_response_msg [2:0]=010) -
DCC2JAIP_response_msg 5.7 7 it # 7] RISC-core » RISC-core #. gt ® * %k fx# main
thread - # ¢ Thread Assignment Controller #- new TH_to corelD ##ciE iF 5 JAIP
information table v entry index - § *7 JAIP information table p =+ i entry &% 5 cficie > 4o
® 28(b) -

B3k main thread & JAIP A * 3% 7> % main thread = ¢ Thread.start()# 4 new thread
(4- B 29(a)s=step 1) ¢t BF JAIPA e JAIP2DCC cmd =11 # thread object =% 3 = % ~
Class ID-#2 method ID % 3 :4%# 3 Data Coherence Controller » 4-fF % = &)+ Mutex
Controller i B Arbiter 4%+ #-4 2 JAIP &2 = 3 JAIP2DCC info £2 JAIP2DCC cmd ~
w] @ 3 arbiter_info ¥ arbitor_cmd_msg - Thread Assignment Controller y =i JAIP
information table i =+ i entry v active TH_num & » 384% active_ TH_num &) & “ 74 &
shentry index e gt o )¢ = A deE 0 # JAIP B (entry index=001) % 42 34 {72 new
thread - %= #_new_TH_to corelD = 001 » # &«if7 5 & F = b)4p e o § mutex_state =
SEND_RES_MSG - DCC2JAIP _response_msg = 001000010 > i % ¢* request 4 JAIP A %

41 2 new thread # 4 e 2 JAIPB -
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(a) Thread Assignment Controller
core ID | active_ TH_num
001 0 new_TH_to
010 0 corelD
011 0
mutex_state Arbiter Arbiter_ DCC2JAIP
_info cmd_msg response_msg
Mutex Controller —
| ™
Molele  TElgle [Blele  [Elgle
1| =[5 Fle T el P el P
RHE H81Z18 (181218 |8]2]9
| PLB Bus o158 Halze QIR 2 Ql= |2
oyl LEISIE  EBR  |ElS|E
velglzs Y=gl [slsR |33
< . o .
~y 1 \f \ \
RISC core JAIP A JAIP B JAIP C JAIP D
(1ID=000) (ID=001) (ID=010) (ID=011)
(Step 1) (Step 3)
(b) Before After
core ID active. TH_num core ID active. TH _num
000 1 000 1
001 0 E> 001 1
010 0 010 0
o1 0 011 0

[#] 29 Thread assignment controller 1 % 7x 42 - 4 & 2

(a)Thread assignment controller 1 i®/x 4277 & B (b) JAIP information table % i* i 42

fP 1k 2@ 30 & &)@ - § JAIP C «acurrent thread = ¢+ Thread.start() 2 # new thread -
4ok B 29(a)4p B 7 344 @ 3] Data Coherence Controller » % Thread Assignment Controller
% 45 JAIP information table (® 30(a):Frstep 2) » 4 377 entries hactive_TH_num &
AP o ik - HEH entry index & &) e JAIPA - 4 mutex_state = SEND_RES MSG -
DCC2JAIP_response_msg = 000010010 » # £ #* request ¢ JAIP C i

pe X JAIP A >yt pF JAIP A 3 Thread Manager Unit 4 3.3 2 active threads 7 & #5534 7

ip 4 F1t temporal multithreading % #1145 fx# -
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new thread ## 4




(a) Thread Assignment Controller
core ID | active_TH_num
000 1 (Step 2)
-—=>
001 1 new_TH_to
010 1 corelD
011 1
mutex_state A.rblter Arbiter_ DCC2JAIP
_info cmd_msg response_msg
Mutex Controller —
5, El j’El 5|55 A 5|55, 5|55
elele BlEE tiglElR I8kl
[PLB BUS alg|8 QR 2 Falx g QRS
HE S g 892 LEIg R a|g|g
L8z [=lefs A ES = = E =R
v . . .
) \f \ \f
RISC core JAIP A JAIP B JAIP C JAIP D
(1ID=000) (ID=001) (1ID=010) (ID=011)
(Step 3) (Step 1)
( ) Before After
core ID | active_TH_num core ID | active_TH_num
000 1 000 2
001 1 E> 001 1
010 1 010 1
011 1 011 1

i) 30 Thread assignment controller 1 %742 - 4 G 3
(@) Thread assignment controller 1 1=/ 42+ & B (b) JAIP information table % i* i 2.

3.4.3. Lock Object Accessing Controller

Bl 31 P Lock Object Accessing Controller ez 3+ o & Java #2333 7 &H B >
lockObj_curCount &% 7+ B # 4% % & threads ¢ * < lock object B #c - § % 2w JAIP 2
BRERAPF Aok G 2 Bt threads B & P~ % B lock object ¥ ¥ p 25 4L H &
thread & * > Bl % — 1B P~ 19 L 4 *Leinthread { € % 4r lockObj_curCount e0ie 5 % % 1% thread
##-23% lock object ® P 7 1% f4p B waiting threads P ¢£& lockObj_curCount =i » #

Ak v 2 #c lockObj_curCount enfic & o
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Lock Object Accessing Controller
BRAM
lockObj_ [ numLock | lockOwner
curCount _checked Lock Object Waiting
Table Thread Table
nxtEmpty nxtEmpty <|<T & ol ol o
>LockObjLst WaitLst Qla| a Q13| &
2 )
<
List Accessing Controller
mutex_ monEn_match | the_owner_ | MonEn_ MONEX_| JastNode nxtLock
state _cmplt acq_again free_cmplt | cmplt lockObj_flag | Ownerinfo

Mutex Controller

B 31 The block diagram of Lock Object Accessing Controller

Waiting Thread Table £2 Lock Object Table 4 %] 5 < = #r3 waiting threads £ #7 %

# & * & lock objects ApREF L 0 F 47 Java Az B 0 3¢ 2 1@ tables ¢ * 3] 5> entries
Bt BBk AR SR R o dr S ipdt TR IR * oregister {0 BEAAF WA f% g
Bt Zfp b TrFRiEd €~ o fugl Vit i— g dual-port on-chip memory 7 i
Waiting Thread Table £ Lock Object Table - # JAIP2DCC _cmd =01 & 10+ LOAC + ;‘ﬁfd

32-bit input port (DIA ~ DIB)¥2 32-bit output port (DOA ~ DOB)IF F# 3% % Waiting Thread
Table £2 Lock Object Table :7ventry > iz 2 f& list entry 438 4c@ 32 #77r > valid bit ~ £ p

wig il oentry £ F ¢ AR i@ * o H SR E 500 5 next node address = - i 7-bit address 4 v
¥ — i waiting thread entry » 73 % ¥k — 1 lock object 7 waiting threads % Waiting
Thread Table p %4425 = — % singly linked list ~ & — & lock object entry 7 next node
address {f i #-¢ J}ﬁ = Waiting Thread Table p % % i% linked list <7»head node ~ # }* head
node 4 cH & F%F lock ## 'L thread (lock # 7 —‘ﬁ)ﬁ ID number » # 2% ek 35 ¢ Waiting
Thread Table p 8% — i linked list s tail node 7 next node address # = H & 5 OX7F * 4

» T3k & NULL ; counter =% % p % lock #&3 ¥ £ 4§ P~ ¥ = lock object > % -
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waiting thread entry = valid bit =0 > g pF3% counter # = % Fg % & 0 ; valid bit=1 p¥ » 3%
counter e 5 1> APkt ? @ thread = 7 217 lock object 2 {5 » v 3 T #

£ 4 P~ 4p F lock object % =t » % 4c counter §§ = eniE o

(@)
Valid bit Core ID Thread ID Counter Reserved | Next node Address
[31] [30:29] [28:22] [21:16] [15:7] [6:0]
(b)
Valid bit Object reference address Next node Address
[31] [30: 7] [6:0]

B] 32 The format of (a) waiting thread entry and (b) lock object entry

1 Bl 33 5 &> Lock Object Table % 1 1 entry & i3 Object LO s%-% = % »# next node
address {§ =4 + Waiting Thread Table % 6 i entry » iz% 77 Waiting Thread Table p $7 7%
t— £ Object LO 7 B & linked list> 3% list = head node % 6 f# entry> & core ID = 10
¢ thread ID = 0000000 i 2 B ## lock $#&F - 95 3L » % 6 @ entry & next node address
1§ %52 & i i@ 0000000 #-35# & 1 @ entry ; Waiting Thread Table 7% 1 & entry H
core ID =01 12 % thread'ID = 0000100 # % 7 = lock 75 5 # *< lock £ i » ¢ - lock 1
"L 2 7| i B thread - Object LO. % Waiting Thread Table p % %_head node #/| tail node ==
PER A WA % 6% 1% 5B entry & EE linked list £ &% 3 Lock Object Table
% 4 & entry &% 73 Object L2 e0%-% i} - H next-node address f i1y = Waiting Thread
Table % 7 i entry> @ % 7 i entry 3 core ID = 00~thread ID = 0000001 ~counter = 000011 -
#. 57 2% thread & # B~ (¥ Object L2 ¢ lock 2. 75 * & 45 B~ ¥ 2 = lock object L2 -

i * on-chip memory k3 £ fe & B 32 TR DFHFEN > NPT R e kb

waiting threads £2 lock objects F 3 1 ® * -° feeh R B F AR ¥ LOAC -
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Lock Object Table Waiting Thread Table

Valid | Object reference | Next node Valid | Core | Thread | Counter | Nextnode
bit address Address bit ID ID Address
1 Object LO 0000101 1 01 0000100 000001 0000100 *\\.
A \
0 Unknown 1111111 |y 0 XX XXHXXXX 000000 1111111 \ \.
0 Unknown 1111111 \ 0 XX XXXXXXX 000000 1111111 l |
1 Object [2 0000110 '\ 1 00 0000010 |[§ 000001 1111111 / /
. 1 00 0000011 (§ 000001 1111111 € ¢
0 Unknown 1111111 7
d 1 10 0000000 |§ 000001 0000000 |~
""""" 1 00 0000001 000011 1111111
0 Unknown 1111111 0 |[" s | soooooec [Joooooo | 1111111
J{ 0 XX XHOXNX 000000 1111111
v Y
L0 e Thread ID=0000000 ) Thread ID=0000100 lﬁ tenees
Lo b1y Core ID=01

Bl 33 waiting.thread entry £ 'lock object entry £ i % §]

Ao Bl 922 B 10 2 5P LOAC 4 e % 2E Waiting Thread Table ~ Lock Object
Table r2 % #H @ 2% registers » fizk thread t1 7 JAIP A &2 E e ¢ method B3> B?%‘grj
T JAIP &2 % 3 ¥ request signal 1| Data coherence Controller k2~ {# 2 f#2z class B
& T «rlock object LO>JAIP A ca Arbiter_Info # 2 LO en%-+ =% ¢2 t1 1D 331 ~LOAC
AR ETE B BASE T T 0 T B FIR A B LOACZ Fr s 7T RAR o
Case At 3 tl & 5 218 LO-arbitor_cmd_msg «»command ID 1 & 2 01- 7] mutex_state
J_IDLE #& = WAIT_FOR_RES > #73 P % registers ‘& Z‘r}tﬁﬁ;"? o gt LOAC 11— B p 2R
counter i¥ 3 Waiting Thread Table (ADDRB.» 4=® 31) £2 Lock Object Table (ADDRA) %
5% o &% 1B entry B4 » & B clock /.7 — B entry F # # 33 Lock Object Table 22
Waiting Thread Table(®] 34) o 4% 3 P~ %] = lock object entry # valid bit = 1 (B 34 e
EO[31]=1 5 true) R| % 4r numLock_checked % 7 & S e L T4 > TR P = lock
object entry # valid bit = 0> p #7487 75 % nxtEmpty_LockObjLst 4% * % zz4% P % lock object

entry ¥+ i <h% 31 i~ % (ADDRA) -
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[ Mutex = WAIT_FOR_RES ]

N Read Lock object Read waiting thread
entry EO (DOA) entry E1 (DOB)

No E1[31]=0
EO[31]=1 R2 = ADDRA
Yes
R3 =ADDRB
R7=1
EO [30:7] = LO[30:7
R6=1

()

R4 = E0[6:0] R5=1 w

4 i 5+ £ 57 Lock Object Accessing Controller p 28 %775 = 4 » 22 [ 31

LLO : reference address of Object LO T1: thread information (core ID, thread ID)
RO = numLock_checked R5 = lock_obj_match_flag

R1 = lockQbj_curCount R6 =lock obj free flag

R2 = nxtEmpty_LockObjLst R7 = find_empty. waitTHlist

R3 = nxtEmpty_ WaitLst R8 = search_waitLst_flag

R4 = lockOwner R9 = the_owner_acq_again

B 34 LOAC p #%i% — 1t %t lock object i 42 1)

% B @ 3% B~3 e lock object entry # valid bit = 1 » # ¥ +* % lock object entry 7 Object

reference address #f = #2 LO ch%4 =% £ F 4pF > 4o% 48 F B lock_obj_match_flag % »*
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1> & {s+* ¥ numLock_checked ¥2 lockObj _curCount o F FF4c % 3% P~ 3] 9 waiting thread
entry # wvalid bit = 0> iz % 7+ P % ¢ waiting thread entry 2 7 4% & * - |
find_empty_waitTHIist &+ 1 # fi * p 3% register nxtEmptyWaitLst 3245 p = waiting thread

entry ¥t 31 =B o prpE € T 2 AR

OO
> <>t

Yes Yes

» Set information for lock
object entry referred by R2

* Set information for waiting
thread entry referred by R3

[ monEn_free_cmplt = 1, generate response message ]

B 35LOAC jr 3¢ = #4 B~ |ock object =z ;i 4% [§]
J1~J3 4 7 infeip gl o -2 B 34
Case A-1: -

4% Lock Object Table M ;25 &% LO %+ =% > iz % 5+ lock_obj_match_flag = 0 @
numLock_checked = lockObj_curCount s t1 = # 2~ L0 > ] #8315 lock obj free flag
%1 % find_empty_waitTHIlist &~ 1 2 lock_obj free flag &>t 1 % = = pFHp 4z dr

Bl 35 LOAC 2 nxtEmpty_LockObjLst ¥ % Lock Object Table ez 51 =% » & » LO e

7

% =% 22 nxtEmpty_WaitLst ¢ni& > ¥ ¥ valid bit :2 = 1 ; F P¥ 12 nxtEmpty_WaitLst i®
% Waiting Thread Table =02 31 =% > B » thread t1 7 core ID ~ thread ID(® 36) - &
mutex_state = GEN_RES_MSG > LOAC 2 “c lockObj_curCount 1ig » ¥ ¥ d Response

Controller # # w &3t 5. 3] DCC2JAIP_response_msg ° DCC2JAIP_response_msg ¢

Response status % 100 » v & t1 2 s # B8 LO -
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Before | ock Object Table Waiting Thread Table

Valid Obj ref addr Valid Core & Thread Counter
bit bit ID
0 Unknown 1 t4 1
0 Unknown 0 Unknown 0
After Lock Object Table Waiting Thread Table
Valid Obj ref addr Valid Core & Thread | Counter
bit bit ID
1 LO 1 t4 1
............... 5> 1 1
0 Unknown | | . i |
0 Unknown 0

Bl 36 4 & : 7 Waiting Thread Table 2 # — % Object LO =7 linked list NO

Case A-2.:

4r% Lock Object Table P %7 LO %4 =% »ig 47 LO ¥ i @ L4 H ¢ thread B~ 1F #°2
(e.g. thread t2) - lock_obj_match_flag = 1> ¢* ¥ LOAC p 3% register lockOwner ¢ #7 5
DOA &next node address f§ & » ¥ & % — i#dpw Waiting Thread Table p £ LO 4p B e
linked list (+27F # 4 NO) - = NO = head node %57 LO <47 1 thread 73t - 5
find_empty waitTHIlist = lock obj_match flag ‘& 5 1> M pFf jf4F ¥ — B p 305 5
search_waitLst_flag % *> 1 (%] 37>R8 =1)>LOAC * 41 NO %34 lock 4% 7 ﬁ e thread
ID £ core ID > 5 4 r4 register lockOwner i Waiting Thread Table 7% 31 = % » i)
NO ¢ head node - 4% p i 35 - &3 Waiting thread entry (DOB)< core ID ¢ thread ID 1§ =
%2> t1 ¢ core ID ¢ thread ID (@ 37 < E1[30:22] = t1 5 true) » AP 2% 12 5L
the_owner_acq_again %3t 1> & B %> 0> 4245 the_owner_acq_again ehig » # 1 £ ‘wA

T 5| 2 fAfER

a7



D@
o> <>

e R8=1 Read waiting
» ADDRB =R4 thread entry E1
(DOB)

Read waiting
thread entry E1
(DOB)

No

ADDRB = DOB [6:0] E1[6:0] = OX7F

. RO=1
. E1[21:16] = E1[21:16] + 1

» E1[6:0] =R3
 Set information for waiting
thread entry referred by R3

[ monEn_match_cmplt = 1, generate response message ]

B 37 %34 Waiting Thread Table p 4+ % lock object = linked list
J2 03 & 1 i Arad AL ;-;lg—%‘/&d,; B/ 34

Case A-2-1 :the_owner_acq_again =0 e

Y g T LO4&H i threads & * (4B 38) - LOAC ¢ ’f & Waiting Thread Table p
A fie— B A& * daentry & 5 tlencore ID & thread ID > i ® 35 B entry 4c » | linked list
NO =8 » H 3974240 37 o 5 1 Sy fFaddt ﬁ;ﬂ? v % LOAC % JF & NO ¢ 18y p =
tail node =% 51 =% ¥ % :x ¥ next node address # i+ » *+ — £ #% 3] LOAC p % register
nxtEmpty_WaitLst #c i@ % search waitLst flag %3 1 z % ;f}“ C A EE I 4 T
search_waitLst_flag % ** 1 p¥ 4 5+ LOAC B 451 B #3+ NO % —  node » LOAC &
B clock B 43> %% DOB & next node address # = * # & H % & £ F 5 NULL & —‘ﬁ#ﬁ s
T — i waiting thread entry » 4% 7 #_NULL P] 12} next node address #§ i~ i® Waiting

Thread Table % 31 =% > ks A NO L3> T — B node » @&t 54 5 Yok B R P o 2L
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2+ entry 2 next node address # =& NULL » ¢t pF 4 57 ¢ 45 ] NO = tail node -

monEn_match_cmplt = 1-LOAC & ‘g #- nxtEmpty_WaitLst & B F| tail node =7 next node
address ## i > I P #- nxtEmpty_WaitLst i § iF Waiting Thread Table mﬁ%l x5l E o
i#4 tl chcore ID £ thread ID - X & nxtEmpty_WaitLst 45 = s entry 2 next node address
B 5 OX7F > & NO p 73 — i node % 4 waiting thread 1 f’r%}w“ %= o I f¢ LOAC
v @21 5L 7] Mutex Controller { stk g - 2 2 w i3 %ﬁi@?] 41 3] DCC2JAIP_response_msg °

H Response status = 101 > & & t1 A = # P& LO

Before | ock Object Table Waiting Thread Table
Valid Obj ref addr Valid Core & Thread Counter
bit bit ID
1 LO 0 Unknown 0
............... > 1L t2 1
0 Unknown R Tt B
0 Unknown 0
s Lock Object Table Waiting Thread Table
Valid Obj ref addr Valid Core & Thread Counter
bit bit ID
1 LO 1 tl 0
L. | ... i > 1 12 1 b
0 Unknown Qe 4
0 Unknown 0

B 38 %’L’vd © f linked list NO p #73% — i tail node

Case A-2-2 : the_owner_acq_again =1

PET UL (1 ¢ A L0 £ HEFERIE 0L (F(4o B 37 hd| g
E1[30:22]=T1) i LOAC * Z & #-lockOwner & § i* Waiting Thread Table % 3! =%
% 4v NO = head node 7 counter #§ - - # & monEn_match_cmplt %% 1> LOAC w i#2

8. 7] Mutex Controller 2 4 w &3 5.3 DCC2JAIP_response_msg » H Response status >

100 £ % t1 £ 54 1 £ 4551 LO -

Case B : 3k thread t2 & $#7c LO # ¥ thread t1 & %% & LO > B arbitor_cmd_msg
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command ID # = % 10 » ® mutex_state j<_IDLE #% == WAIT_FOR_RES > * p¥ LOAC %
23 Lock Object Table 4222 B 34 4pFr > & §_72 F & 3| Waiting Thread Table % 3§ & i
* i oentry » LOAC - @7 45 3] LO & Lock Object Table ¥t & = entry (R =r
lock_obj _match _flag = z_3 1) #]#* % lock obj _match flag =1 }] search_waitLst flag =
1- ¢+ p% ADDRA 45+ Lock Object Table p LO =hentry » 5]+ #- ADDRA e is ¥+ 3o
Tk e PR 440 F linked list NO (4-®) 39) » o %L & B thread 2~ ¥ lock object p&
LOAC = &z 2 i lock object # Waiting Thread Table p 44 /& ¢ linked list> #12 gt st
i 2 & 3% B NO. > head node» # % next node address £.% = NULL » 47 8 F 4 LO
A %8 @ thread o 5 £ 12 register lockOwner § ¥ Waiting Thread Table <77% 51 = % - 3
B~ NO = head node » # ¥ #& & LOAC B~ waiting thread entry (DOB) <7 next node address
W =2 % 3% 3 NULL (4cR) 3952 EL[6:0]=0x7F £ F 3 true) ~ /2 % counter {# = &_F + >

1 (4-® 39 1 EL21:16]>1 £.F 5 true) o Fpt ¥ 4 & 21 T 3 faHT

» Keep ADDRA unchanged
%  R8=1
* ADDRB=R4

» Read waiting thread
entry E1 (DOB)

» Read Lock object

Yes entry EO (DOA)

No

* R9=1 No

+ E1[21:16] = E1[21:16] - 1 E1[6:0] = Ox7F

¢ Set default value » Set default value for E1
for E1, EO » EQ[6::0] = E1[6:0]
[ monEx_cmplt = 1, generate response message ]
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Case B-1:

waiting thread entry (thread t2) = counter # = = »* 1 gt p¥ the_owner_acq_again %3t 1 %
R 12 £455~1F LO- A e 1 F & 44 waiting thread entry (t2) < counter # = & v - B
H =% > 12 528 %4F LO e 2 - 4 mutex_state = GEN_RES MSG » # # v BT
DCC2JAIP_response_msg > # Response status % 111> & % t2 ¢ = = @3 L0 & ¥ 7 iFix
R AR ¥ a0

Case B-2:

waiting thread entry (thread t2) 5 counter 4§ i % »+ 1 ¥ ¥ next node address 45 v * - i
waiting thread entry(4=® 40 i thread tl) > iz 4 7 B 5 H & thread & & £ &5~ LO > 7
12 3= next node address e & 3 B @ 3 B~ lock object entry (LO) -7 next node address # =
i¢ lock objectentry ¥ #dp» tl < waiting thread entry » B {S3e B a0 3§ B~ 5 waiting thread
entry :xw 3p K @ °
Case B-3 @

waiting thread entry (t2)=counter ## =% >>1 & ¥ next node address %3 NULL (4-®
41)> iz % % L F 2 # waiting threads & & % =317 10> ¢t pF NO 37 2 # nodes :
- 1 lock object entry * % &% LO et s » 12 2 ¥ — fp waiting thread entry &% % T1 0§

Moo AT R ZR A2 B oentries ;B RIEK B o

Before = | ock Object Table Waiting Thread Table
Valid Obj ref addr Valid Core & Thread Counter
bit bit ID
1 LO = 1 t1 0
0 Unknown
0 Unknown 0
After ) -
Lock Object Table Waiting Thread Table
Valid Obj ref addr Valid Core & Thread Counter
bit bit ID
1 LO T L 1 t1 1
0 Unknown 0
0 Unknown -
0 Unknown 0

B 40 ;ﬁ» & ¢ A Waiting Thread Table =~ linked list NO p #5 “$ head node
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Before | ock Object Table Waiting Thread Table

Valid Obj ref addr Valid Core & Thread Counter
bit bit ID
1 LO T ! t2 1
............... 0 Unknown
0 Unknown ISP (O I
0 Unknown 0
After . .
Lock Object Table Waiting Thread Table
Valid Obj ref addr Valid Core & Thread Counter
bit bit ID
0 Unknown Unknown
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¥ = § Java k&2 ® Temporal Multithreading ;‘Hﬁ.

AF B P AP Arig sz an Thread Manager Unit & ™ thread context # > &2 w 4f

AR~ LR - R &Y ICCU fF % Thread Manager Unit 2_ (8 7 it enT B (7 5 o & — B

JAIP g2 % % 3% multithreading ##[1] > Thread Manager Unit(®] 42)d A i i & = & #¢

fe = :Thread Queue { F ‘¢ 4%* i thread 4 {7 & & ; Thread Control Block % 4% i thread

2 34 {7 F 3 ; Stack Manager * k4g & & & i»# i# thread § 7. = stack frames ; Ping-pong

Java stack(® 4)p5 2. Two-level Runtime Java Stack » multithreading 34 7 5 T

Bytecode Execution Engine ¥ ¢ P~ ¢ — % runtime stack memory> ¥ — .= stack memory

4 Stack Manager €4z /& & % i» stack frames =i % o

TH_prev_thread_data (from execution stage) ————>

DCCCU_new_TH
(from DCCCU)

DCCCU_monExit_nxtOwner
(from DCCCU)

DCCCU_monEnter_fail
(from DCCCU)

DCC2JAIP_info (from DCCCU)

Counter Unit

counter

—>

—

—

Thread Controller

thread_terminate
Ld_rdyTH_TCB

new_thread_flag
new_thread_id

—

Xnw

\

Thread Control Block

TH_data_in

TH_data_out

TH_rdy_thread_data
(to execution stage)

Thread Queue

ready_thread_id

running_

N

monEx_nxtOwn_en
monEn_fail_en

thread_id

Stk_mgt_en

Stack Manager
stkMgt2exe_addr

stkMgt2DDR_addr

stack_rw_cmplt

(to execution stage)
—

(to DDR-SDRAM)
SN

Bl 42 The block diagram of Thread Manager Unit

Thread Manager Unit £ 3 * Block multi-threading s3t /= » ¢ * Counter Unit 3+ %
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current thread # 7R o 2Am 5 o ik d JAIP B2 Bk ¥ [1]+ A« £ 3 temporal
multithreading #+#] » & = & JAIP % £z * Thread Manager Unit % thread =7 4% &2 5 5
$4 7> x 2 L= Thread Control Block = 2 12 registers &% 3 #73 Java threads 34 {7 F 30 »

Tr §HAF TR T R > Fpt A & AP R P Thread Manager Unit # o8t 7

BALIG BT o
[ #thread > 1 ]
- Set up TCB of Load stack of
Wit Timeout ready thread ready thread
Timeout
Or Not ?
Yes Yes
Back up TCB of Any ready

Context switch thread?

previous thread

[ #thread = 1 ] Back up stack of Check next

previous thread ready thread

B 43 73 thread infz

Section3-1 # #] » = = JAIP 32 % = current thread = = start method p% - DSRU
state controller ¢ F= native HW_en X = 1 - fx# Hardware Native Interface > 3= ﬁi;J d12n g
B3] ICCU-d ICCU 5 B 2 5 1 5] Data Coherence Controller - Thread Assignment
Controller ;4 z_new thread #t 4 fie 2|¥R B JAIP f gL B » £ 1§ % 3% JAIP g2 £ 1 ICCU »
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“v Ready pointer # v /L% 4p— B =% - @& ID number &% 3 ¢hready thread i © 4%i& »

Bytecode Execution Engine $4 {745 4 -
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IR RHRREE

51 R%BRHE

7

A e 2 JAIP g2 ®E @ 7 ICCU &2 Thread Manager Unit § iF & X
ML-605 Evaluation Platform(XC6VLX240T) » s+ B % 4= cn FPGA #i- e § & &R BT ik
#APT iz 4 3 JAIP g2 £ 7 1 1% Data Coherence Controller IP fig i % 5 F 5 3¢
T 4% * MicroBlaze soft IP.core i® z & st b &3RISC-core- & %uif ¥ % % 5 83.3MHz-Data
Coherence Controller ~JAIP 3 RTL model ‘¢ » VHDL 3% = # i & 12 Xilinx Synthesis Tool
& = o ptebifig Xilink ISE Design Suite 13.4 #% i Chipscope Pro Analyzer 22 4p i
Debugging IP &2 2\ i | (Feny o po It 4 A i @ # Xilinx SDK % 2 = Board Support
Package(BSP) » iz ¥~ R4gsd~ [} 2 oz & (T A AL i v e 450 A
gy & A A KR (B4 UART 2 Memory controller)z library. 12 % C standard
library-RISC-core srruntime Z& 5t (JAIP 4= 4 iv ~class parser £« & #& interrupt service routine

FHM)EZE S ht BSP 2 b oo

Device: vertex-6 (XC6VLX240T) Device: vertex-6 (XC6VLX240T)

Number of LUTs 12580 Number of LUTs 663

Number of Flip-flops 5912 Number of Flip-flops 449

Number of 2K BRAM | 34 Number of 2K BRAM |1

Maxinum frequency 83.6MHz Maxinum frequency 83.6MHz
(@) (b)

# 3 Resource Utilization (a)proposed JAIP (b) proposed DCC

% 3 /4 w[3.p JAIP & Data Coherence Controller & ML605 T & e B T iR iE * >
¢ ¢ Flip-Flop 2 LUT #& - ¥ T RFTRRY £ 07 PRk g 31 5407 b TRZK
£ €3 A enditdy o &1 5 €145 FPGA T 5 Bkim > & data path

resource i€ * ¥ 2. [ A BERE iR o
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Device: vertex-6 (XC6VLX240T) Device: vertex-6 (XC6VLX240T)
Number of LUTSs 9730 Number of LUTs 663
Number of Flip-flops 4654 Number of Flip-flops 449
Number of 2K BRAM | 26 Number of 2K BRAM |1

(@) (b)
Device: vertex-6 (XC6VLX240T) Device: vertex-6 (XC6VLX240T)
Number of LUTSs 16138 Number of LUTSs 1193
Number of Flip-flops 11176 Number of Flip-flops 478
Number of 2K BRAM | 32 Number of 2K BRAM |0

(©) (d)

% 4 Resource Utilization ** $i2 %
(@) JAIP (without Arrycopy Accelerator) (b) Data Coherence Controller
(c) JAIP from [1] (d) Data Coherence Controller from [1]

A AWMRAE S AT BT R &S 8Py 0@ 7 LUTs 2 flip flops o 4. 3(a)
4(a)® [JAIP Fim i * fic® g W A0 (1) F 5 [1]ek: 5 A ¢ 7 Arraycopy 4riE T EL
[2]> 57 & & & D40 e anik 2 FE % 4@)FA P £H 7 Arraycopy 4rif BT " £ ATE
= JAIPT (2)4p g >t [1] 0 2% i 3% A ek 3 A R L 4R 00T i o B4 heap pointer
controller ~ 7§ object - 774§ array ~ 2 2 Hardware Native Interface o

B% ko o AP icén Thread Manager Unit 4p $43t[1] &2k 2% » % i * — i on-chip
block RAM » e & v w gt & #6522 i flip flop > 142 6408 i LUT - L% [1]ek 3+ #
# 3| Thread Control Block # 7 & 4% 16 threads I ® % &5 75 — i thread 34 (7 F iz &
7@ % 256 bits flipflop > @ At i ek 3+ 7 & 3 ¥ £ 32 64 threads & ¥ #75 threads 3}
{7 F 3 % *x & on-chip block RAM -

Data Coherence Controller & B 3 ikt i % > 2V i i ez ek 347 % @ * — 1 on-chip
block RAM » e §_jp 3t [1] ek 327 1k b i * 29-bits flip flop » 2 2 530-bits LUT - d
[ % e JAIP mJ2 B 7 5 & A fode Thread Manager Unit » #7r2 Data Coherence

Controller 7 synchronized manager i * 4 registers # 7+ lock object » 14 2 * synchronized
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manager p ¥R & T B 2T thread o B AL > Flut b F R BCE ot 0 Aok & B
v 2 % o lock object » %% € 3 4c Flip-Flop £ LUTs «h#ic g o gpdz. ™ 3 i 4k J) o0 Lock
Object Accessing Controller £ % ¥ % i 128 waiting threads #? lock object %% =% » ¥ i#

* b2 TR F R 7 lock object & 34 ¥ M ende (F o

5.2. Benchmark 4 43

% 7 v g JAIP &0 temporal multithreading #4722 2 & T 5 csgy > 2N ipE ¥ b =
Sun’ s CVM T & 1 B 3 548 B:E 4258 - CVM & q‘;’ rx N Java VM §oF &3
Just-In-Time (JIT) compilation > # ¢ CVM 7 % & Xilinx ML-405 1 PowerPC r g2 % + >

7 & CVM i ~ & multithreaded Java programs $3 /7 » & & 17 5 & deié * 42 ~ 3¢ Linux
Kernel 2.6.38 » 1 ¥4 & p-4-83.3 MHz -

A ) g s JemBench Suite £ parallel benchmark programs kiRlz# JAIP &h
multi-threading 1 4] &334 7 »cic - JemBench & - i B < i 4~ 75 mq'; > 3N T 4 Java
benchmark > #* benchmark & 7 7 & =< R4 ch#t sg Pl3ET ¥ ¥ % 4 5 computational kernel
benchmark(Bubble ~ Sieve) ~ control application benchmark(KIf ~ Lift ~ udpip)sz % parallel
benchmark(Dummy Test - Matrix Multiplication ~ NQueens) % - “;rt 7 JemBench p 7 ==
s parallel benchmark programs » # if* :# - CaffeineMark # 7 Logic jpl:8 425\ 3¢ &1 T 7 PR
JemBench =% /% :2 & & Multi-Logic benchmark % i& {7 jp[z& »

Ao E s PR AP E - P JAIP R F & temporal multi-threading Z 35t
T AR H (T 0 72 8 CVM -~ CVMAIT 08 (7% e v i s 3% 2 47 4 92w JAIP
FIL B ef S i F AP SR - BIAIPRIZE » A5 F B JAIP R E S 5 4
- 1 thread - benchmark program £ 7 % % 4 8 ; & {4 4~ +7 Thread Manager Unit # Data
Coherence Controller p #83¢ 7 multi-threading 4p B #¢ &c P 7 3 T 32 fF ~ &S & 8]

PR o
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L 200 \
Q

[8)
£ 150

#score

5.2.1. Temporal Multithreading »<st & 45

$FEECA i A benchmark program 4c ~ % i threads: 4 w34 7 & 8 — 2.« JAIP B2
E2CVM L} > 2L & CVM BT » st =t 4 g JIT compilation #2444 /7 Java
benchmark program- #* i £= benchmark program #- thread s #ic & ¥£34 3] 16 &3 ¥ g%«
g it o gl =t s vt i ? Thread Manager Unit # >+ 2] %734 {7 4 *» 3 chtime slice % 20

microseconds o

350 700

300 ‘\ 600 AA\
250 500 \

=—o—JAIP

o\

‘\!\ —8—-CVM-JIT
100 -T_.__‘ 200 —8—CVM-JIT
50 \\

1 2 4 8 16 0 T T T T

#thread #thread

(a) (b)

250 140
\ 120 \
200
100 +
\\ g0 L\ T —

¢ — =o—JAIP

#score
w ey
8 8
/
L~
3

[N
N
I
[o0)
>

150 o ~S
o
100 \ 2 60 \ ——JAIP
N———— +—IAIP —8—-CVM-JIT
—B=-CVM-JIT 40
50
\-\. 20
0 , , , , , 0
1 2 4 8 16
#thread #thread
(c) (d)

Bl 49 JAIP &2 CVM % temporal multithreading ##] T ezt b i %
(@) Dummy Test (b) Multi-Logic (c) Matrix Multiplication (d) N-Queens

B 49 52 i * e94 B benchmark 2. 4 #crt i B » &2 benchmark % 2_p|3& Java
AN AEPEREAFS (TR ITT > & Buskat e TR o fosingle-thread B iE 2 7 CVM #
= Dummy Test ¥# Matrix Multiplicaiton s4 #c¥ < > JAIP> 2% @ % ¥ benchmark programs
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P thread #ic L3 - CVM £ JAIP # {7 iz &= benchmark programs s i o™ % > §
thread & 53t 45 JAIP A3y 74 8t @ 5+ 3 CVM ; @ NQueens ¥ Multi-Logic #
¥ 7 single-thread s\ % multi-thread 3% i 2 7 » JAIP 34 {7 &4 #icks ¥ 4216 CVM » i 4
;- # method bytecode % 3 # migit ez fF o ¥ ¢k » ¥ benchmark programs - thread #c
TR A R A REFERTH PR FF E R G context-switching overhead ¥ ¢ :# 3
synchronization operations » % * .13 & € & W3 p JAIP 34 {7 52 multi-threading #4p B #* i
P AT TC B e o
5.2.2. Multicore multithreading »% it 4 #5

PREECA R A 4w JAIP 2 B+ = Jembench parallel benchmark #2 Multi-Logic
benchmark > ¥ = 4c ~ % i threads # & »cae % 1* o« & BE £ 6 4 WP 4 fhw EHT
A& B JAIP } 34 {7 — i thread£2 % i3 threads #5 & *7 3 34 {7 B& » ¥4 benchmark program
H 7 A B B o gtk sk v gk JAIP * ok MBS 7 B o gk i time slice L 20
microseconds -

SEBETo AL 5T MEEDF JAIP A B B fick 4o pF 5 3 benchmark programs
FUIT 4 Hee g PR R B e od A PR EURISETRSE A L B lud E - JAIP 2 % & Temporal
multithreading ##] kH {7 > At I B @ (FRET V0T 7R Fapk o o Fp g

JAIP 5B i be pEokic 4 ¢ o 22 o

Benchmark Matrix
score) Dummy Test Multi-logic R N-Queens
Multiplication
#thread
1 151 620 167 116
2 298 1195 240 225
3 374 1455 395 330
4 491 1722 498 428

% 5 34w JAIP 2 B 7o (K £t temporal multithreading)
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Benchmark Matrix
score) | Dummy Test Multi-logic A N-Queens
Multiplication
#thread
5 410 1665 425 311
6 373 1416 412 251
8 362 1411 399 262
12 359 1260 366 212
16 340 1105 327 195

% 6 % JAIP g2 B 7 sxan (= Fx* temporal multithreading)

% 6P A4 e JAIP FGEBRE T > 4% =& B JAIP <1 temporal multithreading
) ¢ e 4> benchmark programs 3% 7 4 #icei’ 28 & benchmark program =thread
BB 4 R T 16 B ot peEiE JAIP ) F B othread F & A5 57 33 7 0 T kit
B e D0 e e o2 W ditooag & benchmark $4f7 BE R 3 4 o R FlA E R 3
context-switching » 2 ¥ i Jr F5 -

(1) 2t 2 * ernbenchmark program & * » 3 i @ — i@ thread :& » synchronized method
Ea —'ﬂk synchronized statement émp=iE > JAIP ¢ jf 3 Data Coherence Controller a2 thread
IF o BY AL > el section3-2-3 “récit o 5 B threads &R 2~# F & lock object «p* iz
Mutex Controller 22 Lock Object Accessing Controller & i & ad® o & g 7 I JAIP i
oo Fpt g NFF RN E FRET o

(2)% 1 # & DDR memory ¥ &3 0Object Heap Space 3% # %4+ - 3k + > Heap Cache
Controller #yt#:* write-through $#+] > 4= % iz 4y £ &2 2 JAIP &JZ % + o Object

Heap Cache p#(e.g. putfield, putstatic) » f] { #7% Object Heap Cache 2. {5 — =42 scen

*‘E%

L8 ~ DDR memory - #] 5 13 2 DDR memory & /f i% i system bus » #7122 = i JAIP e
R ET| systembus 2 FRAEREA T B LR Y 0§ RS BHcE A% AR oo
3B P R AR o

(3)Benchmark program r423% B i3 € i = % o2 Bl % % 0 bldef (T RF R ot B

B AR (g 2 o 12 Jembench Suite 0 N-Queens benchmark program 3 &1 » gt 47.5% i
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* 2 i synchronized methods > ¢ ** = i class file b #73 synchronized method #% .2 Jf 4
% I — B lock object > & ¥ iz 2 % synchronized methods 4 %] %3 7 F th& % e e
AT A i3 s N-Queens 234 - fEd i@ * 2 1 lock objects § 1Tz B I T bk id
Tl dF cnd Fona 0 ¥ P R AEFRANFHI AN 0 2 7 5B 60 N-Queens
benchmark program 4 7.« JAIP eJd® Bk 85 F 34 {7 4 #o § threads «h#c & 35 B v o
# B JAIP j&g2 % gz s temporal multithreading #4116 » 28 77 LR FpEf N 0

BT S R -

Benchmark
score) N-Queens
#thread

1 116
2 229
3 337
4 439
5
6
8

382
337
332
12 272
16 241

Ze 7 N-Queens #z.;% # 7 »zie (¢ * 2 i lock objects)

5.2.3. Thread Manager Unit 3<s: 4 7

pFrEECA T * Jembench Suite 7 parallel benchmark programs £ Multi-logic iz 4 %
benchmark programs #|:# context-switching #4 = pF R > 12 2 % & time slice 4% ¥+ JAIP
temporal multithreading 8 41| =73 = &7 58 o

$245 section 3-3 szt - § Thread Controller #4 {7 context-switching F= ¢ i@ * 1 clock
+» 3% ready thread £ current thread £ special-purpose registers |4 stack pointer » local

variable pointer-Java program counter £ current thread 1D % 7 #%; I+ F#* 3% Ping-pong Java
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Stack % T 72 % interleaving on-chip memories ; e §_*7 3% ready thread ¥ current thread
e current method & 2-F & 5 B clock » i & 2 1 methods *» 4% & Jf L& & T BALrE vl e
method image &_% & % ¥ % Method Area Circular buffer z_ # (4-® 18) - 4 8P A 4 %
s JAIP 3@ BTk B T #4745 parallel benchmark programs pF o JAIP i@ F b
context-switching T 3534 (7 ¥/ o % thread #c & :£ 7] 8 B 12 + » & B JAIP g2 % e Thread
Manager Unit B 423 5 7 F threads & v P #3537 » 4 2 £ ¥ L context-switching - 35
37 PR gRARIT Y 50 iz A7n context-switching i 2£44 {7 iz benchmark programs p# 3

& erdTag FL5E o

#thread Dummy Test Matrix Multiplication
time 8 12 16 8 12 16
#clock 700330] 698554 745249 628350, 693833 777639
#count 140029 139674 149013 125633 138730, 155490
Avg. Clock 5.0013] 5.0013] 5.0012[ 5.0015 5.0013] 5.00122

#thread Multi-logic N-Queens
time 8 12 16 8 12 16
#clock 721969 800786 924149 251066 256930 320619
#count 144356 160121 184794 50195 51368 64105
Avg. Clock 5.00131] 5.00113] 5.00097| 5.00189|5.001751|5.001466

# 8 7 I benchmark programs = context-switching % 7 p i

el - oo JAIP R E T A A g ¥ 20 ~ 50 ~ 100 £ 500 microseconds = #& % =
time slice %#c - ;7|3 Thread Manager Unit <34 7 »zic > B] 50 B+ H R 7% % » ¢ time
slice % 20 microseconds P + % 4 benchmark programs 4 {7 2 #&¥ M £ I HF » Fl &
* -] &> Thread Manager Unit ¢ 12 20 microseconds 4 fiz i %] thread 4p Fe 34 7 p= B & 2 B
PR AR T g timeslice e B 4o P (7 4 Bk @ TR H P — B R 15 benchmark

program =41+ i thread 4 7 1 & f25% % 5t &0 50 o
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700

160
ﬁ\ 600 A,
140 \
\ 500
120 o 400
g , S !
8 100 ) a == 20US
E =o—20us * 300
: =—50us 200 50us
80 o 100us
100us 100 =>=500
us
60 M -5 TN
10 0 , , , .
' ' ' ' ‘ 1 2 4 8 16
1 2 4 8 16 #thread
#thread
(b)
(@)
180 140
160 &\ 120
140 \ 100 -
L 120 L 80
S )\ g
£ 100 =o—20us £ 60 —o—20Us
\fﬁi ——-50us —=50Us
80 \ 100us 40 \7 100us
60 \ =>=500us 20 =>=500us
40 , , , , , 0 , . , ,
1 2 4 8 16 1 2 4 8 16
#thread #thread
(c) (d)

B 50 7 f= time slice 4~#c¥4>t benchmark program #% i7 » ficeag 58
(@) Dummy Test (b) Multi-Logic (c) Matrix Multiplication (d) N-Queens

~ 3 & i * rbenchmark programs '# ¢ main thread &34 T pF R > § Rl A28 B 42
4 7 g £ main thread i »~ measure method (% 51(a)) > &R T A 2 #F T#k
threads » 4 ¥+ % & main thread ¢ =* =" Util.getTimeMillis():# 2~ JAIP p % timer # & 1
¥ # {7 executeParallel - B 51(a) r.run()2 B 51(b)= work.run() & % & i thread B 434
7 benchmark i & #2;% ¢ 5 > #773 threads (class Worker) & 14 — i object ## - finished 43
#]%& % thread 2% = work.run() - 4 main thread i& » executeParallel z_ s % 3 = B thread
er% e finished :z = false » ¢ 1§ # # threads ¥ 2 B 4234 7 work.run() - # % main thread
7% rrun()2 {53~ Bl & #r3 threads % #c finished # & 8_F At e = true > 4e %
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“75 threads = = 44 {7 2 #4255 5 & > B main thread - ¢ &t/ i B] & ® j&_executeParallel
Ew o & (s 4 mainthread =+ Util.getTimeMillis()z# 2~ JAIP p 2% timer #c @ 1 3+ 5 #
TR e & w & (Frxay 3B P Bk main thread % — =<3 2 JAIP p 3% timer
6 A2 @ thread =% #c finished 2 = false > ﬁf‘uﬁw}t*f #H I - B thread 34 {7 > L PF

H i threads ¢ + % run method(® 51(b))=7 while-loop p & i #4 7 work.run() 2 & 4% 3% 7

0 iBfEFR T F timeslice 4%+ & @ i¢ & performance A% i< o

public int measure() {

start = Util.getTimeMuillis();
for (int i=0; i<cnt; ++i){
executeParallel(r);

}
end = Util.getTimeMillis();;

}

public void executeParallel(Runnable r) {
for (int i=0; i<cpus-1; ++i) {
runner[i].setExecute(r);
runner[i].finished = false;
}
r.run();
boolean allFinished,;
do {
allFinished = true;
for (int i=0; i<cpus-1; ++i) {
allFinished &=
runner[i].finished;
}
}

while ('allFinished);

class Worker extends Thread {
volatile boolean finished:;
Runnable work;

void setExecute(Runnable r) {
work =r;

¥

public void run() {
while (1) {

if (Ifinished) {
work.run();
finished = true;

}

else {
if (requestStop)
{ break;}

(a)

(b)

B 51 Jembench Suite =~ parallel benchmark program *+ & 34 (= pF [ 2_ 7 &, B

5.2.4. Data Coherence Controller »

2 K=

L AL

A i

F245 section 3-2 4cit > Data Coherence Controller = & 5 i¥ Thread Assignment

Controller ~ Lock Object Accessing Controller ~ Cache Coherence Controller » b Fg B 2% i
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4 ¥ JAIP EJ2 BIR B T 4 17 Data Coherence Controller #4 {7 % & 38 # it #7% & &

RF > 3 ¥ e 4% 2 Jembench Suite £ parallel benchmark programs ¥ Multi-logic i® 3 it ip]

7#A23% o {5 - 71 Cache Coherence Controller »cit 2 457 fim < F# RPN -

S thread 4 8 12 16
#elock 33 771 121 165
#count 3 7 11 15
avg. clock 11 11 11 11

% 9 A2 newthread #73 edy (7 pF RE

% 9 @M A4 new thread #7F e (7 BF R » At 7 5 ot B 2% Hardware

Native “Interface f§ & ICCU- B 4~ > = 5| Data ‘Coherence 'Controller

=)

DCC2JAIP_response_msg ¥ i# 3 »xie & ik o o 35 2% {39 {7 0 benchmark programs — £

¢ main thread =* = Thread.start() # 2 new thread - >t &_Data Coherence Controller % = i

benchmark programs 2. = = 534 = & 5 & 11 clocks: #7122 4 new thread { benchmark

programs &34 {7 pF R N B fhe o] 384 o

#thread Dummy Test #thread Matrix Multiplication
sclock 4 6 8 12 16 sclock 4 6 8 12 16
Avg. 225 229 238 274 29.1 | Avg. 23.1] 254 254 28.9 28.9
Worst-case 34 85 86 92| 104| | worst-case 43 89| 108 108/ 110
Best-case 9 9 9 9 9| | Best-case 9 9 9 9 9
#thread Multi-Logic #thread NQueens
#clock 4 6 8 12 16 #elock 4 6 8 12 16
Avg. 22.2| 23.89] 24.6) 29.00 29.3| [ Avg. 22.1| 249 245 248 245
Worst-case 35 80 109 110 102 [ Worst-case 42 90| 104 94 102
Best-case 9 9 9 9 9| | Best-case 9 9 9 9 9

% 10 current thread 2~ {¥ lock object #1 3 3 7 pF &
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#thread Dummy Test #thread Matrix Multiplication
#clock 4 6 8 12 16 #clock 4 6 8 12 16
Avg. 21.1 214 214 279 29.1 | Avg. 20.2| 21.6] 21.8| 28.4 28.7
Worst-case 38 70 77 78 98| | Worst-case 43 76 85 92 98
Best-case 10 10 10 10 10| | Best-case 10 10 10 10 10
#thread Multi-Logic #thread NQueens
#clock 4 6 8 12 16 #clock 4 6 8 12 16
Avg. 20.5( 214 259 28.6 29.1 | Avg. 219 23.00 235 239 242
Worst-case 40 68 89 88 94| | Worst-case 38 85 95 95 98
Best-case 10 10 10 10 10| | Best-case 10 10 10 10 10

% 11 current thread # %< lock object #7 % et (7 pF &

# 10°#4 11~ |l current thread #~ & < lock object @ » Lock Object
Accessing Controller =4p b 34 = p= & - &gt R 7 B 3~ 8 244 Decode Stage i % ICCU
® 4 > 2 3| Data Coherence Controller 7 DCC2JAIP_response_msg % i# 3 »xig 5 ik o

Kagd kA A g ¢ 21 lock object F 1 ek ] BFRF 5 9 clocks o < PR
% 110 clocks ; # -z lock object #t & =i -] p# R 5 10 clocks > & ~ PF & & 98 clocks - B~
7 lock object #1 Z T yaps ¥ & 3+ & >3 lock object (hT topF [ > 15 £ %] 5 ¥ current
thread »~#8 lock object F#» < ’f 7 Lock Object Accessing Controller p 4&%& Waiting Thread
Table £2 Lock Object Table> 1245 section 3-2-3 Acif » 302 pF ¥ B~ ;4-3% |ock object & Waiting
Thread Table p ¥ & s linked list £ & > 2 2 benchmark programs p 4&,+ i * £ lock object
g (4ol 38 hde BIL@) 5 Aa  current thread 2z lock object ¥ > Lock Object
Accessing Controller ¥ % & 3% P~ lock object % Waiting Thread Table p ¥t & linked list e
2 B & BE(4CF 40 ShfE GIEP) T T R L1 fFe ¥ b B 2B F R JAIP AILE G
current threads F p# % 1) 2~ ¥ lock object m;%—ix d ** Data Coherence Controller 7 Mutex
Controller ¢ iz A 4= iz# 3% @ 3] Lock Object Accessing Controller » F]t P~ 7 /¥ 2z lock

object c34 7 EFRF 2 & 7 & % Mutex Controller shJd2 # 38 iR ehpf F

79




AR BHEAREY

A 2w JAIP G Ak # 3% 2 Multicore multithreading Java Processor 7 -+
B JAIP g2 B env 5 4 % B threads ~ i $|4& -] & context-switching overhead ~ time slice
B iE ¥ fﬁf{ﬁ?] 20 milliseconds - AR REBET RO AP JAIP kL E
> 5 o AP A Inter-Core Communication Unit ¥ Data Coherence Controller #7734 2+ »
* 2 & 3% thread 4 fie ~ lock object £2rwaiting thread sz - 2 s = B e J2 % c0 Thread

Manager Unit 12 £ 4% waiting thread & T2 237 o § 5 & % Agop 2 9 4% ) eh2g 1‘5&

Tﬂ

FJava rJT B R BT RR * T 5 sz 2 { F threads o

A REF A e 38 (1) * 72 e thread scheduling = /2§ €= & B 5 4c priority
queue- g Java s * A2 ; = ik thread cip £ #icd 4 € & (27 — 3o 29K L+ B thread
ghpriority & ¥ 1% 5 scheduling & # #- % 1 % #ic (2);%24 JAIP s Hardware Native Interface
& ¥ £ % Java native methods (3) # %~ JAIP k&2 % F Object Heap Cache £ 3 B~»x % e

szig » B JAIP &2 B e Heap Cache Controller £ * Write-through %41 » & 2t & =t 8

I~

{7 Object Heap Cache ® » endp £ 5% F & @ 35 5] DDR memory » FJpt 7 & K3+

Write-back =« £_g &g o flush #% 41 <> memory accessing overhead -

80



$4

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Hung-Cheng Su, “Design of Multithreading Architecture for a Java Processor, ” Master
thesis, NCTU, 2013.

Chia-Che Hsu, “Performance Evaluation and Optimization of String Manipulation on a
Java Processor, ” Master thesis, NCTU, 2013.

Z.-G. Lin, H.-W. Kuo, Z.-J. Guo, and C.-J. Tsal, “Stack Memory Design for a Low-Cost
Instruction Folding Java Processor,” IEEE ISCAS, May, 2012.

Kent, K. B., & Serra, M. “Hardware/software co-design of a Java virtual machine.”
In Rapid System Prototyping, 2000. RSP 2000. Proceedings. 11th International
Workshop on (pp. 66-71). IEEE, 2000

T. 'Lindholm and F. Yellin, The Java Virtual Machine Specification, 2nd Ed.,
Addison-Wesley, 1999.B. R. Montague, “JN: OS for an Embedded Java Network
Computer,” IEEE Micro, 17, 3, 1997, pp. 54-60.

Venners, Bill. Inside the Java virtual machine. McGraw-Hill, Inc., 1996. ch.5 ch.6 ch.7
ch.8.

Krall, Andreas. "Efficient Java VM just-in-time compilation.” Parallel Architectures and
Compilation Techniques, International Conference on. IEEE, Oct. 1998, pp. 205-212
Microsystem, S. U. N. "Connected Device Configuration (CDC) of J2ME; JSR 36, JSR
218." URL.: http://java. sun. com/products/cdc/index. jsp (2006).

Connected Limited Device Configuration Specification Version 1.0a, Sun Microsystems

White Paper, May. 2000.

[10] Jun Qin, Qiaomin Lin, and Xiujin Wang, Research on Embedded Java Virtual Machine

and its Porting, IJCSNC International Journal of Computer Science and Network

Security, Vol.7 No.9, September 2007.

[11] ARM inc, “Jazelle technology: ARM acceleration technology for the Java Platform”,

2004.

81



[12] Nazomi Communication, inc, “JSTAR-Java Coprocessor for ARM Microprocessors”.

[13] Sun Inc, "picoJava-I1 Processor Core”, Datasheet,1999.

[14] Harlan McGhan, Mike O’Connor, “PicoJava: A Direct Execution Engine For Java
Bytecode”, IEEE 1998.

[15] alile Inc, “alile Java Processor Core JEMCore”, 2001.

[16] alile Inc, “aj-102 technical reference manual v2.4.”, 2009

[17] U. Brinkschulte, C. Krakowski, J. Kreuzinger, and T. Ungerer, “A Multithreaded Java
Microcontroller. for Thread-Oriented Real-Time Event-Handling,” Proc. of 1999 Int.
Conf. on. Parallel Architectures and. Compilation Techniques (PACT’99), pp. 34-39,
Newport Beach, Oct. 1999

[18] M. Schoebel, “Evalution-of-a Java Processor,” Tagungsband Austrochip 2005, pp.
127-134, Oct. 2005.

[19] Kreuzinger, Jochen, et al. "Real-time event-handling and scheduling on a multithreaded
Java microcontroller.”" Microprocessors and Microsystems 27.1 (2003): 19-31.

[20] Uhrig, Sascha, and Jorg Wiese. "jamuth: an IP processor core for embedded Java
real-time systems." Proceedings of the 5th international workshop on Java technologies
for real-time and embedded systems. ACM, 2007.

[21] Sun Microsystems Inc,”picoJava-1l Programer’s Reference Guide”, Mar. 1999.

[22] Patel, Mukesh K., Udaykumar R. Raval, and Harihar J. VWas. "Java hardware accelerator
using thread manager.” U.S. Patent No. 6,826,749. 30 Nov. 2004.

[23] M. Schoeberl, "Design rationale of a processor architecture for predictable real-time
execution of Java programs.” Proc. of International Conference On Real-Time And
Embedded Computing Systems And Applications. 2004.

[24] Pitter, Christof, and Martin Schoeberl. "A real-time Java chip-multiprocessor."ACM
Transactions on Embedded Computing Systems (TECS) 10.1 (2010): 9.

[25] Stoif, Christian, et al. "Hardware synchronization for embedded multi-core
82



processors.” Circuits and Systems (ISCAS), 2011 IEEE International Symposium on.
IEEE, 2011.

[26] C.-J. Tsai, H.-W. Kuo, Z. Lin, Z.-J. Guo, J.-F. Wang, “A Java Processor IP Design for
Embedded SoC,” ACM Transactions on Embedded Computing Systems, accepted on
January 4, 2014. An electronic manuscript of the paper is available from:
http://www.cs.nctu.edu.tw/~cjtsai/research/jaip.

[27] Ko, Hou-Jen, and Chun-Jen Tsai. "A double-issue Java processor design for embedded
applications."” Circuits and Systems, 2007. ISCAS 2007. IEEE International Symposium
on. IEEE, 2007.

[28] Schoeberl, Martin, and Juan Ricardo Rios. "Safety-critical Java on a Java
processor.” Proceedings of the 10th International Workshop on Java Technologies for
Real-time and Embedded Systems. ACM, 2012.

[29] Gruian, Flavius, and Martin Schoeberl. "Hardware support for CSP on a Java chip

multiprocessor.” Microprocessors and Microsystems 37.4 (2013): 472-481.

83



	摘要
	誌謝
	目錄
	圖目錄
	表目錄
	第一章 前言
	1.1. 研究動機
	1.2. 研究目的與貢獻
	1.3. Java 執行環境
	1.4. 論文架構

	第二章 相關研究
	2.1. Previous Work on JAIP
	2.2. 多執行緒與同步處理相關研究

	第三章Multicore Multithreading Java處理器架構
	3.1. Hardware Native Interface
	3.2. Synchronization Operation
	3.3. Inter-Core Communication Unit (ICCU)
	3.4. Data Coherence Controller
	3.4.1. Mutex Controller
	3.4.2. Thread Assignment Controller
	3.4.3. Lock Object Accessing Controller


	第四章Java處理器Temporal Multithreading架構
	4.1. Thread Controller
	4.2. Thread Control Block
	4.3. Thread Queue

	第五章 實驗結果
	5.1. 實驗環境
	5.2. Benchmark分析
	5.2.1. Temporal Multithreading效能分析
	5.2.2. Multicore multithreading效能分析
	5.2.3. Thread Manager Unit效能分析
	5.2.4. Data Coherence Controller效能分析


	第六章 結論與未來展望
	參考文獻

