University of

Waterloo

D

SM P Concurrent Software Development in C+|

Advancing Linux Hanium

Peter A. Buhr (faculty)
Richard Bilson (staff)
Ashif Harji (Ph.D.)
Jiongxiong Chen (Ph.D.)
Roy Krischer (Ph.D)
Josh Lessard (M.Math)

May 25, 2004
&) Ontario

™0 ey
H\“\u -—dﬁm— . 9 NSERC | s



Advancing Linux Itanium

Outline|

1. nC+ : concurrency in C+

2. pProfiler : profiling pC+ applications
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pC+ = Concurrency in C |

e C+ has no concurrency
e 1 CH: translator/library providing integrated object-oriented concurrency
e uses an M:N thread model (versus 1.1 NPTL)

e tWO new type constructors:

— coroutine / task, extensions of class
— provide stack and thread

e two new type qualifiers:

— mutex / nomutex, qualify type constructors and routines
— provide mutual exclusion

e 6 new statements:

— suspend / resume (context switch)
— wait / signal / signalblock / accept (Synchronization)
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MUTUAL EXCLUSION

class c { mutex class M {
condition variables
public: public:
m() { } m() { wait/signal/accept }
¢ ¢
coroutine C { mutex coroutine CM {
main() { suspend } condition variables
public: main() { suspend }
STACK m() { resume } public:
J# m1() { resume }
m2() { wait/signal/accept }
¥
task T {
condition variables
main() { suspend/wait/signal/accept
STACK | Ucc__ﬂo { susp g pt }
THREAD m1() { resume }

m2() { wait/signal/accept }

3
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MONITOR

TASK

mutex class ReadersWriter {

Int rcnt, went;

public:

3

void ReadersWriter() {
rcnt = went = O;
}
void StartRead() {
if (went > 0 ) accept( EndWrite );
rcnt += 1;
}
void EndRead() {
rcnt -= 1;
}
void StartWrite() {
if (went > 0 ) accept( EndWrite );
else while (recnt > 0)
accept( EndRead );
went = 1;
}
void EndWrite() {
went = O;

}

task Server {
condition delay;
void main() {
for (5;) {
accept( ~Server ) {
break;
} or accept( workReql ) {
/[ process work
signalblock delay;
} or accept( workReq2 ) {

}
}
/I shut down

b
public:

void workReql( Reql req ) {
... wait delay; ...
}

void workReg2( Reg2req ) { ...}
I3



Advancing Linux Itanium

e real-time support

— extensible schedulers (fixed, dynamic)
— transitive inheritance protocol

— timeout facility
accept(M1, M2 ) {...}
or accept (M3 ) {...}
or timeout(1){ ...} // after 1 second

— real-time tasks:
periodic P { ... };
aperiodic A { ... };
sporadic S{... };

e polymorphism: inheritance and templates with new types
e user-defined grouping of tasks and virtual processors (cluster)

e advanced concurrent exception handling

throw [ throwable-event [ at coroutine/task-id ] ] ; // termination
raise [ resumable-event [ at coroutine/task-id ] ] ; // resumption
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e object-oriented, nonblocking 1/O for files and sockets
— classes for socket server, acceptor and client
— simplified programming interface
e debug mode for testing (asserts and runtime checks)

e ports: gcc-3.X for Linux I1A-64 (HP/SGI), Linux 1A-32/AMD,
Solaris SPARC, IRIX MIPS

e future work:

— increase performance
— scalability testing (NUMA)
— port to Intel compiler (asm statements?)

e http://plg.uwaterloo.ca/~usystem/uC++.html
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pProfiler: Profiling in uC+ |

e provides information about dynamic execution

e integrated with pC+H programming model

— Information provided per-task, per-coroutine, per-routine
— trace multiple concurrent events
— more effective, efficient and extensible profiling

e design:

— concurrent library written in pC+
— executes within pC+ application
— extensible: user-definable

* metrics (data gathering)
* displays (data visualization)

e uses concurrent version of X/Motif for display
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e compile with -profiler flag
e run application

e choose metrics:

— statistical:
* execution time
— exact;

* State transition

* dynamic call-graph,
execution time,
hardware counters

* partial-order tracing
* memory leaks
* Kernel-threads

e press St ar t

uProfiler Yersion 1.2

wProfiler

— Statistical Profiling
G0

- Perfarmance Profile Information

Sampling Rate {mzech

— Exact Profiling
- Tazk Execution State Transition Information
- Function Call Graph Information

Function Execution: - Real Time s RBeal & CPU Time

- Partial-Order Event Tracing

— Other Profiling Information
o Memory Usage Information
I UNIX Resources Usage Information

— Hardware Profiling

Chooze events to count:
I Elapzed Clock Cycles 7 Count Uzer Events
A Completed Inztructions
A Instruction cache ref,
- Instruction cache miss
- Untaken branch mizpred i Count System Events

- Taken branch mispred,

A Instructions / oycle

- Instruction cache hits

I Branch mizpredictions

Start
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Statistical: Execution Time

[=

Performance Profiling Analysi=z — Top Level Hﬂ

Close
Cluster Mame (1D Tazkz Max Running Time  Active Time
Lzech nED
alzerCluster 165370 7 2,890 21.9
1 0,000 0,0

Minimum Sampling Fregquency: 12 ms
Maximum Sampling Fregquency: 87 ms
Humber of Samples: 205

1

0

Ferformance Profiling. Cluster ulUzerClust
Close
Tazk Mame CID Furnning Ready Blocked Undetermined Life Time Coverage
{zec) {zec) fzec) {zec) {zec) LAY

Philozopher (Qxb2falog 2,890 2,776 4,287 0, (00 3,953 100,10
Philozopher (Oxdecind 2,738 2,425 2,730 (1, () 3,903 100,10

opher {(0xBA0TFC00 2,7 2,106 4,140 (1, Q) 3,963 100,10
Philosopher {0x4dc510 2,442 2,813 4,639 (1, Q) 9,954 100,10
Philosopher {(Oxd4ec?fod 2,320 3,223 4,405 (1, Q) 9,953 100,10
uMain {Oxffbefa38) 0,000 0,000 9,904 0,000 9,904 100,10
uBootTask (Ox108a60) 0,000 0, Q) 0, Q00 (1, Q) 0, Q) 0,0
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Exact: State Transition

—m_ State Transition Information: Task Hﬂ

Cloze Options

Tazk Mame (I} Creation Time Mumber of Tasks

thimis,mzd Created Deleted Started mainty  Ended main{} Executing

uBootTask &Ox108a603 11:08:18,815 1 0 1 0 1
uSystemTask (Ox14d170)  11:;08:18,515 2 0 2 1 1
uMain {Oxffbef3da: 11:08:18,815 3 0 2 1 2
Hi ”_._n_m__n__n_—.__wq.. fi gl 11:08:18,815 4 ] 3 1 3
Philozopher ¢0x4dchiny  11;08:18,516 5 ] 3 1 4
Philozopher {0x4eZcOy  113;08:18,516 B ] 5 1 0
Philozopher {0x52Fa302  11;08:18,516 7 ] 5 1 G
Philozopher {0x5307c0)  113;08:18.516 a 0 7 1 7

Creation Graph

uBootTazk (0x108a60}
uSystemTask (0x14d1700

uain (0xffbefB34a
Philozopher (Oxdcocal )

Philozopher
Philozopher
Philozopher
Philozopher

OneddcB10y
L Deded ooy
LOxB2Fag0y
LA 0y
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n Task Philosopher (Oxdcccal. State Transition

Cloze

Execution Summary

tMSECH L

Life Time: 11,092 100,00 Clock Time:  CHiM:S, M5, U5
ready 4,462 40, 22 Creation 11:08:18,81%,973
running 3,934 35,46 leletion 11:08:18,827 0BG
blocked 2,630 23,71

State Duration:
Minimum 0,008
a1 mum 0,77d

State Transitions

Mo, State Duration  Cum, Duration Start Duration Started in

Cmaec Lmec ) Cmzec) Function

1 =start 0,018 0,018 i1, 965 Rk nonn®

& ready 0,347 1,365 1,312 *Linknown®

2 running 0,075 0,440 1,387 ®Lnknown®
4  ready 0,424 0,864 1,811 Philosopher:imaind?
5 running 0,01k 0,380 1,827 Philozopher: tmaint
B ready (1,090 0,970 1,917 Philozopher: tmaind
¥ running 0,014 0,984 1,951 Philozopher: tmaind
g  ready 0,774 1,758 2,705 Philosopher:imaind
9  running 0,021 1,779 2,726 Philozopher: tmaint
10 ready 0,097 1,876 2,822 Philozopher: tmaind
11 running 0,164 2,040 2,987 Philosopher: imaind?
12  ready 0,013 2,052 3,000 Philozopher: tmaint
13 running 0,017 2,070 3,07 Philozopher: tmaint
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Exact: Call Graph

—l Function Call Graph Information: Task

uBootTask (Ox108a600
uSystemTaszk (Onld4d]17on
uain (0xFFhefas3)

'hilozopher | 2
Philosopher (Owddchlon
Philosopher (OwdeZoioh
Philosopher (OxB2fad0n
Philosopher (OxB30 )

e

Cloze
—

uMachContext: sulnvokeTazk iuBazeT aske
Philosopher: tmaint s
Table:;putdown{int?
Table;:TestBesidelint?
Table::LeftOf{int}
Table::RightOf (int}
uSemaphores: :Miunsigneds
wSemaphore: $viunsigned?
Table:iRightOf (int}
Table:iLeftOfiint?
uSemaphore: tP{)
Tablei:pickuptint?}
uSemaphore: tP{)
wSemaphore: $viunsigned?
Table;:TestBesidelint?
Table::LeftOf{int}
Table::RightOf {int»
uSemaphores: :Miunsigneds
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|zl Task Philosopher (0x4b9868) : Function Call Information |||

Cloze  Options
Call Cycles:
<ho call cycles detected:
.l_l
Function Real and CPU Times:
FromTao REAL TIMES {mzec} CPU TIMES tm=eci
Calls Average F1nd mm Pz 1 mum Total Average F1Fd mm Pz 1 v Total
Table:iTestBeside(int} 49779 0,002 0,004 0,051 440,916 0,005 0,002 0,020 284,044
Table:iLeftOf {int} 49779 0,001 0,001 0,002 73,127 0,001 0,001 0,002 3,127
Table:tRightOf {int} 26241 0,001 0,001 0,027 40,483 0,001 0,001 0,027 40,483
uSemaphores: $Y{unzigned? 16596 0,00z 0,002 0,016 43,262 0,00z 0,002 0,016 43,262
Table:ipickuplint? 16653 (1,500 0,028 b, 463 9123,493 0,010 0,009 0,022 181.759
uSemaphare: tP{s 33186 0,264 0,001 b,443 ava4, 720 0,012 0,001 0,097 410,101
uSemaphores: $Y{unzigned? 165493 0,00z 0,002 0,012 36,080 0,00z 0,002 0,012 36, 080
Table:iTestBesidelint} 165493 0,002 0,004 0,051 126,923 0,005 0,003 0,020 90, 803
Table: putdowntint} 16653 0,041 0,031 0,064 B33, 667 0,015 0,012 0,035 206,878
Table:iTestBesidelint} 33186 0,009 0,004 0,028 203,987 0,005 0,002 0,016 132,241
uSemaphores: $Y{unzigned? 165493 0,00z 0,00l 0,003 35,330 0,00z 0,001 0,003 3h, 330
Table:tRightOf {int} 16653 0,001 0,001 0,005 20,020 0,001 0,001 £, (05 20,025
Table:ileftOf (int} 165493 0,001 0,001 0,002 20, 5an 0,001 0,001 0,002 25,595
uSemaphare: tP{s 16553 0,002 0,002 0,003 41,352 0,002 0,002 0,003 41,302
Philozopher: tmaind} 1 26395,889  26395,333  263595,3949 26295, 983 2817.421 3817.421  3817.421 817,421
Table: tputdowntint} 16653 0,041 0,031 0,064 B33, 667 0,015 0,012 0,035 206,878
Table:tpickuplint} 16653 (1,500 0,028 b, 463 9123,493 0,010 0,009 0,022 181.759
uMachContext: tulnvokeTask (uBazeTaski)
Philozopher:imaing} 1 26395,889  26395,333  263595,3949 26295, 983 2817.421 3817.421  3817.421 817,421
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[=[ Tack Philosopher (0x4b9868) : Function Call Information || |

Close Options

Call Cycles:

<no call cycles detected:

LI
Function Event Countsz:
FromsTa Completed Instructions Instruction cache miss
Call= Average Total Average Total

Table::TestBesidelint? 497719 2073,197 102500248 11,536 LYEAL
Tables:leftOF (inty 49779 = i 43442844 4,522 220ia4
Table::RightOf{int} 26241 280,631 22241408 4,613 121060
uSemaphore: $M{unzigned? 1E0h3E 1306, 391 22520619 3h,674 h32054

Table::pickuplinty 16033 340z, 7ha RFa082L 7 2h, 036 415428
uSemaphore: 1P} 22186 1470,012 48783826 h3,239 1922711
uSemaphore: $Miunzigned) 16093 1323,529 219613148 13,783 228md
Tahle::TestBesidelinty 16033 1388, 481 32994866 13,564 2200EE

Table::putdowntint 16033 4907, 197 2171809 2h, 709 426596
Table::TestBezidelints 22186 2124 ,655 FNE054E2 10,597 201683
uSemaphore: $M{unzigned? 16033 1323, 384 21953306 11,232 186370
Table::RightOf{int} 16643 286,135 14702642 2,961 BO72E
Tables:leftOF (inty 16033 2vn, 781 14443861 (S =t 110884
uSemaphore: 1P} 16643 1237 ,075 21522360 01,228 a0z

Fhilozophert tmaind 1 BE4E1111 , O] hE4E1111 SLL0F 0, Qo S1A0F T
Table: :putdowntint} 16643 4952, 197 82171809 20,709 425096
Tablesipickuplinti 16033 340z, 7ha RFa082L 7 2h, 036 415428

uMachContext ; tulnvokeTask (uBaseTask)
Fhilozopher:imaint} 1 BE421111 000 bE481111 211070, Q0 211070
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— a L

Cloze Options

Call Cycles:

“ho call cycles detected:

Ll

File Information?

FromTo File Mame : Line Mumber

Table::TestBesidelint} Auduaystendzof twareMWD-1, 2/profiler/src/Philozopher,co 1 43
Table::leftOfiint? Audusystemdsoftware/MYI-1, 2/profilerssrc/Phi losopher,co ¢ 39
Tablei:RightOf {int} Audusyztenszof twareMVD-1, 2/profiler/src/Philozopher,cc @ 35
wSemaphore: $Y{unsigned? AFays?Au2 Ausystend sof twareur+=5, 0/ i ncAuSemaphore b 3 88

Table::pickupfints Auduaystensdzof twareMWD-1, 2/profiler/src/Philozopher,co 1 B3
uSemaphoret PO Aeaysdufusystend sof tuare/ut+-5, 0/ i nes/uSemaphore b 3 B3
wSemaphore: $Yunzigned? AaysEOulluzystenssof tware/ut+=0, 0/ inc/uSemaphore b 3 BE
Table::TestBezidelint} Auduaystendzof twareMWD-1, 2/profiler/src/Philozopher,co 1 43

Table::putdowntint? Audusystensdzof twareMWD-1, 2/profiler/src/Philozopher, oo 1 71
Table::TestBezidelint} Audusystemdsoftware/MYI-1, 2/profilerssrc/Phi losopher,co ¢ 43
wSemaphore: $Yunzigned? AaysEOulluzystenssof tware/ut+=0, 0/ inc/uSemaphore b 3 BE
Table::RightOf {int} Auduaystendzof twareMWD-1, 2/profiler/src/Philozopher, oo 1 26
Table::leftOf{int Audusyztenmszof twareMYD-1, 2/profiler/src/Philozopher,cc $ 39
wSemaphores ;PO AFaysdAu2 usystend sof twareur+=50, 0/ i ncAuSemaphore b 1 BB

Philozopher: imaint Audusyztenszof twareMVD-1, 2/profiler/src/Philozopher,cc @ B4
Tables;putdowntint} Audusystensdzof twareMWD-1, 2/profiler/src/Philozopher, oo 1 71
Table:ipickuplint Audusyztensdzof twareMYD-1, 2/profiler/src/Philozopher,cc § B3

uMachCaontext: tulnvokeTask{uBazeTaskéy fays2 u2fusystendsof tware ut+=5, 0/zrc/kernel fuachContext ,cc ¢ BB

- Philozopher:imaint

Audusyztenszof tware/MVD-1, 2/profiler/src/Philozopher,co §

24

18
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Exact: Partial-Order Tracing

L_ =
Functionsz Re-order traces (Optionz

T: wBootTask [(Ox108ac:} = O 52 80-0 -0 0—C--9 uID. Ll uvu
T: uSystemTazk {(Oxl1ddl700 .h D. - 1 1 =
M: uFile (Qxdccehd} O =
M: uFilefccezs {(Oxded0ibi} .n.,.,._H_ O =
M: uFile (OxdecOdd} = 0O O =
M: uFileficcezs {(0xdeac28} <0 0 =
M: uFile (Oxdea2f8) <0 e e [ >
M: uFilefAcceszs {(Oxdebecd) =0 0O =
M: uFile (OxdeS708) <O e o8 O .
M: uFilefAccezs (0xddecal! =0 0 =
T: uMain {(Oxffhbef7cB) EmE = | e
M: uSemaphore (Ox5d1030% = 0O —8 | o ] *—9 9 WI. ﬂl. Wl. =
M: uSemaphore (0xG44318) <0 1 1 1 1 >
M: uSemaphore (OxGddZF00 =0 (! tfr v+ rtrryr ea--------1-4--F--F----F--F-- ¥
M: uSemaphore (0xbdddcg8i <O =
M: uSemaphore (OxEd445z00 < [ =
M: uSemaphore (0xbdde7g> =< O =
T: Philosopher (0x52£7d0) <OWOe O ® o -f-1--] L e S T | ] =
T: Philozopher {(0x530510% % [Opf Flreococcccsoooooosoes . ﬁ|D.- =
T: Philosopher (Oxdec5d0) B o - wlO ® e O- o-|-=»
T: Philozopher (Oxdecd70 % [Orf Filf====c========s===c=cc=ss=s=s=s====ccsc=s=s==cs=sc===== ] WlO.. r
T: Philozopher {(Oxdecasld A e e L L L L E L L =
| Middle: identify: Left/Right: scroll
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Exact: Kernel Threads

Fezource Uzage Information. Processor
Cloge Options
Time:
Proceszor Ox116F20 {kernel thread CPU busy A
Processor (x1657b0 {kernel thread 9935 %
Proceszor 0x1761al {kernel thread Page faults System mode
tkernel thread 0.00 % G985 =
Processor tkernel thread
Proceszor 0xbhBEFFE (kernel thread
Processor 0xB56850 (kernel thread User mode CPU non-latent
L 4 FO0.O00 %
CPU sleep —
062 %
F
=l I =
Ll
Memary:
Maximum reszident set szize (in butesi: ]
Page faults due to I/0% ]
Page faults not due to 1403 ]
Process swaps out of memoryi ]
Ll
05 Interaction
Yoluntary context switches: 3
Involuntary context switches: 24
Sighalz received: 2
System calls performed: ahd4378
.I—l
Input Output:
Blocks read: n
Blocks written: ]
Characters readswrittent 1844
Ll
Metwork Activitys:
Mezzages sent: ]
Meszages received: ]
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e ports: Linux IA-64, Linux |A-32(P3)/AMD, Solaris SPARC

e future work:

— SCALABILITY, SCALABILITY, SCALABILITY, ...
— extend statistical metrics
* achieve 95% of qprof/V Tune non-kernel functionality
— extend exact metrics
— port to Intel P4 PMU

e http: //plg.uwaterloo.ca/~usystem/MVD.htm|

21
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Threaded Web-Servers|

e use 1 CH threads and non-blocking 1/0O to build high-performance
web-server

e benefit and compare with event-driven pserver web-server

e threaded web-server: disadvantages/advantages

— Inherently slower than event-driven
— amenable to additional processing of web data

e two approaches:

— thread per connection
— multi-threaded pipeline

22
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20000

15000

10000

Replies/s

5000

Baseline Comparison : userver / pC+

.cm_m;_\mﬁ_ mmom_cﬁ-___az._mw N | | |
- userver accept-limit-1 --—-->----
u++ accept-limit-25 -
u++ accept-limit-1 -4~
___.P.P___
0 5000 10000 15000 20000 25000 30000

Requests/s



Advancing Linux Itanium
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Thread / Connection
20000 threads =100 -
L threads = 1000
o 15000 x y
M il
B § AR Y XX
mOOO B W_A\\ _ X/ \
O T B N L Vf . y: . y _/\\,\ L
0 5000 10000 15000 20000 25000 30000

Requests/s
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e preliminary results:

— threaded web-server within 10% of event-driven server

— nC+ non-blocking 1/0 and object model allows significant
simplification in writing server (150 lines)

e future work:

— multi-threaded pipeline

— Improve behaviour at saturation
— understand oscillations

— larger workloads

— dynamic content

— scalability testing

25
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Demonstrations Available

e see ;C+ and pProfiler at University of Waterloo poster

26
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Debugging

Tazks {hamesaddress}

= Stop

KDB (uC++ Dehugger)

Tazks Clusters {namesaddress)

Processors (pid/address)

Philozopher

Philozopher ¢ Qxlich3o

uSyztemCluster # O0x3cbd4d
ulzerCluster / OxbfHal

control buttons

27708/ 0x9chi8
27758/ OxbfR40

sash button

Inspect Continue

Operational Group

Behavioral Group

21 Pretty

Prirt Commatd:

print Tabl

1putdour]

scroll m__o_mo/

Table::pickup = {woid (Table #®, int)} OxBad2d4 <Table:ipickup{inti>

Table::putdown =

/
\\
{void (Table *, int)} OxBac9c <Table:iputdown{inti: \ ﬁ

|

27
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Philosopher 0xeb330

Stopped
Pozition

Source
Files

Yfays?/ufusystend sof tuare/ur+—4, 84 inc/uSenaphore, h

t

woid uPir 4

—_ +

iFfent < 0 ubait blockedTasks:
F /4 uSemaphoret duP

Af wait on a semaphore

if semaphore less than zero, wait for

K

il

Break.

Clear

Breal:,
Points

Continue

Step

Return
Step

2 Pretty
Print

Command

Frame

YA

Backtrace

#1  OxBbE04 in uSemaphored:uP (thiz=Oxeaic8y at AfayszPdusuzuztemdzof twaresut+-4, 87 inc/uSenaphore,
#2  0x6b570 in Table::pickup {thiz=0xea3b8, me=0} at Philozopher,cc:?d
#3  (x6b05c in Philosopher:imain $this=0xeb330) at Philosopher.cocidy

i

28



