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The Challenge tor Architects

¢ Design parallel architectures that make it easy to
write parallel code

¢ Compilers: no parallelization unless 100% safe:

— Hard-to-analyze access patterns

* Subscripted array subscripts

* Pointer accesses

for(i=0:i<n;i++) { lterationJ lteration J+1  Iteration J+2
. = A[BLI]] .
.= A[4] .. .. =A[2] .. .. =A[5] .
A[CIi]] = ..
1 A[5] = .. AlZ2] = .. Al6] = ..
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Speculative Multithreading (SM) or
Thread-Level Speculation (TLS)

¢ Execute potentially-dependent tasks in parallel
— Assume no dependence across tasks will be violated
— HW tracks memory accesses; buffers unsafe state
— Detect any violation

— Squash offending tasks, repair polluted state, restart tasks

Iteration J lteration J+1
for(i=0;i<n;i++){
.= ALBLI]] . . = A[4] .. —=-AL2] .
N RAW
ALCLIT] = . —
) A[5] ==
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Hardware Provides Support to ...

¢ Checkpoint register state at the beginning of task

¢ Buffer state beino generatea:

— Speculate on code long enough tiiat ctate ove Stgte Buffering
cache hierarchy (or buffers) And Undo
¢ Monitor communication across iasks to enforce

ordering (cache coherentc protocol) Dependence

¢ If dependence viciation: fast undo sid« Violation Detection
speculative task (invalidate cache, restore regs)

If no dependence violation: task commit

Lessons Learned in Designing Speculative Multithreaded Machines 4

Josep Torrellas, University of Illinois



Rest of the Talk: How we used TLS for 10 years for...

¢Performance
*Sottware dependability
¢*Hardware reliability

¢ Performance revisited

¢ .. and what we learned
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Goal 1: Performance
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Speculative Chip-Multiprocessor (CMP)
Krishnan ICS96

L1 L1 L1 L1

Memory
Disambiguation
Table (MDT)

L2
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Speculative Memory Accesses

EOOO @

PO P1 P2 P3

L 1
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Write & Dependence Violation

O®OC

Premature read 1 P2 P3
of P2
1

S
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Write & Dependence Violation

P2 and successors
are squashed

A A
Load bit for P2
is cleared 2 P3
(:'\-/" Store bit for P1
Is set
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Read & Value Forwarding

OO0®C

PO P1 P2 P3

Most recent

version in P1
[T
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Read & Value Forwarding

BIo/e

P1 delivers T
data

Load bit for P2
is set 2 P3

MDT forwards
request

I

S 1
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Scalable Multiprocessor [Cintra ISCAO0O]

I MDT
'NO N1 ;
L
S 1
‘ NO < N1 I
NO N1
MDT | .
S 1
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Removing Bottlenecks: Task Commit Serialization

| Ervulovic ISCAO1 |

<
. Critical
Path
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Buttering Speculative State

Caches

Spec

X

—
X | —

Main memory

Non

Spec Spec Spec
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Merging of Task State: Architectural MM

Non
Spec Spec Spec Spec Spec

Caches

Main memory Architectural
State
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Merging of Task State: F'uture MM

write
Spec Spec Spec

Non

Spec Spec

Caches

"

Lpg Lag
™

y 4

Main memory Future
State
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Taxonomy of Buffering Approaches
|Garzaran HPCAOQ3]

Merging of Architectural Future
task state Main Memory  Main
Separation Memory
of task state
1
| Multiple :
Multiple .P :
S Versions :
pec L ____ Lo
: I
Tasks Single |
Version :
I
———————————— r -_— e o . -
Smgle Slngle :
Spec Task Version :
I
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Taxonomy of Buttering Approaches
1Garzaran HPCAO3]

Merging of Architectural Future
task state Main Memory  Main
Separation Memor
para Eager Lazy Y
of task state
1 1
. Hyd
, Multiple yer ; )
Multiple ' Steffan | Prvulovic | Zhang
S Versions Cintra | :
peec L _TZI_ Lm e e = Lm e e =
. I I
Tasks Single : :
Version : :
I I
___________ —————
- : Multiscal :
Single Single (HI{ Af{:ﬁ)ar :lgé[{}lg)scalar : SUDS
Spec Task Versi S ! '
P ereion | e ! |
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Goal 2: Performance 1in Other Environments
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Using TLS on Explicitly Parallel Codes

Thread 0 Thread 1 Thread 0 Thread 1 ‘Thread 2

Enter Critical nter Critical

X =
: .. arrier Barrie arrier
Exit Critical m

Exit Critical

-

¢ Advantages

— Faster parallel execution
— More Programmable: OK to write coarse critical sections
or put additional barriers
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Speculative Synchronization

|1!l artinez ASPLOS()2|

¢ Write code without fine-tuning synchronization....
— Coarse critical sections

— More barriers than potentially necessary

... And still attain high performance

¢ Threads do not stall on Taken locks or Raised barriers

¢ They simply continue, executing speculative tasks

Maintain 1 or more safe threads — torward progress

— Lock: owner
— Tlag: producer
— Barrier: lagging threads
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Checkpointed Early Resource Recycling (Cherry)

[Martinez MICROOZ]

¢ Problem: Limited processor resources (registers,
LD/ST queue entries..)

¢ Opportunity: Resources reserved until instruc
retirement

— registers

— LD/ST queue entries

Solution: recycle before retirement

Result: higher ILP with same resources
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Reuse Undo Support from TLS

¢ Take register checkpoint before starting to recycle
early

¢ Recycle a store queue entry:

— Update 1s sent to the cache speculatively

¢ If exception on instruction with recycled
resources:

— Rollback state in registers and cache
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Goal 3: Software Dependability

-
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Conventional Debugging

Fix it

Y

Run

Detection

Yes %> Seems OK?

No

Repair Analysis
\
Figure it out
. . o) No >
Figured it out?<_ > T e Re-run
Yes
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Enhancing Debugging with Speculation

Fix it

Figured it out?

Y

Run

Yes %> Seems OK?

No

Detection

-«

Repair

\

Figure 14 out

No

Yes

Re-execution is
deterministic

ncremental undo
and re-execution

Re-run
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ReEnact: Using TLS to Debug Data Races

[Prvulovic ISCAO3]

Break dynamic instructions into chunks

ST X CPU

ST Y

ADD Cache

Ny

ST A

& e
A C

ST A Memory
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Undo Chunks

Dynamic Instructions

ST X
ST Y
ADD
ST A
ST B
ST A

\

Analysis requires a

B
} rerun of these chunks C

A
A

Memory
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Undo Chunks

Dynamic Instructions

ST X
ST Y
ADD

CPU

Cache
X Y

A B
A C

Memory
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Chunk Commit

Dynamic Instructions

ST X
ST Y
ADD

CPU

Cache
Need to displace x Y
X from this chunk

A B
A C

Memory
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Chunk Ordering by Synchronization

UnIock L’ Set F
Barrier :
—nIOCk | - -

Lock Flag Barrier

Lock L i

Lock L

v Barrier
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Data Race Detection

¢ If we detect communication between...

— Ordered chunks: not a data race

— Unordered chunks: data race
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Data Race Detection Example: Missing TL.ock

Thread X Thread Y

lock(L)

LD A

ST A

unlock(L) LD A
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Detection: Data Race

Thread X Thread Y

CPU CPU |LD A
|

lock(L) Cache | [ Cache

A
unlock(L) LD A Memor;\J

No order
between ] and [}
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Found Race Signature

Thread X Thread Y

LD A
ST A

Match against a library of races

Josep Torrellas, University of Illinois
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[Watcher: Attaching a Monitor Function to an
Address [Zhou ISCA04

Watch memory location and trigger monitoring function

when it is accessed Thread
. Cache
i Watched? Main
instr Program
Watch(addr, monitor_fn1)

mnstr 1| addr data

nstr

instr PC
*p = ... ><

mnstr

mnstr

instr

Monitor_fn1 (Addr){ Rest of  Monitoring

Program  Function
return(addr |= 0)

b
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Significance: Where 1s the Bug?

¢ No need to insert invariant checks

¢ Find it immediately

Watch(&x, &Monitor);

p=..; [*abug: p points to x incorrectly */
*p=5; /*line A: atriggering access, bug detected with IWatcher*/

Assert (x==1 || x==0); /*line B: bug detected without IWatcher */
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Goal 3: Hardware Reliability
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Paceline: Single-Thread Reliability and Speed
Greskamp PACTO7

Pair each core:

¢ J.eader:

— Overclocked, delivers high-performance

— May suffer errors

¢ Checker:

— Gets data prefetches and branch hints from Leader

— Checks that there are no errors

— Executes fast thanks to Leader

¢ Use TLS-technology to buffer cache state in the Leader
until it can be compared to Checker

Lessons Learned in Designing Speculative Multithreaded Machines 40

Josep Torrellas, University of Illinois



Goal 5: Performance Revisited
(Simplify Hardware)

-
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Proposal: Bulk Operations

*Encode in HW the addresses accessed by thread

1n signatures

Read R

wiite (W]

| Address

Y
Permute

e o8 oW i
’_@ @—‘

] L

Josep Torrellas, University of Illinois

Signature
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Proposal: Bulk Operations (11)

*Support signature operations in FU hardware

— Process sets of addresses at once in bulk

¢ Use signature operations as building blocks to:

— Monitor and enforce data dependences across threads

— Manage buffering of speculative state

*Works for TLS and for Transactional Memory
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Bulk Address Disambiguation

(Ceze ISCA0G, ISCAO07]

Thread 0 Thread 1

| 14 X

Wy = S'Q(B: C) o B
Ro=sig(x, ) | o 1B
st T

ey
commit "= W, 1d C

*Signature operations direct

Josep Torrellas, University of

Hlinois

W1 = sig(T)
R1 = sig(B, C)

(Wo N Ri)U (WoN Wi)

y supported in HW
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Why Simpler Architecture?

¢*Compact representation of sets of addresses

*Well-defined operations that map directly into
hardware

*No tight coupling with coherence protocol or
cache implementation
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BulkSC: Bulk Enforcement ot Sequential

Consistencz SSCZ |Ceze ISCAO7|

Possible
P1 P2 Global Order

Memory

= Group instructions into Chunks, enforce SC only at Chunk granularity

Execute a chunk atomically and in isolation, like a single instruction
Support SC:

At substantially low hardware complexity

» Keeping high performance

« Retainin g prog ramir écbﬂitzx}Designing Speculative Multithreaded Machines 46
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Summary: What We Learned

¢ Tremendous versatility of the speculative multithreading concepts
— Performance (implicit and explicit parallelism)
— Programmability, debuggability
— Hardware reliability

¢ Speculation does not need to be power inefficient

¢ Since programmability is crucial, we may soon see variations of
this technology in commercial hardware

Substantial ideas to mine in the multicore era
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Conclusions

¢ Mechanisms of speculative multithreading
— Improve performance through parallelization of sequential codes
— Help performance in explicitly parallel codes & single threads
— Enhance software dependability
— Support hardware reliability

— Its hardware 1s amenable to simplification

e may soon see variations of it in commercial hardware

Substantial ideas to mine in the multicore era
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Bulk Disambiguation [Ceze ISCA06, ISCAOQ7]

Committing  Receiving

1 | MWenRr#2)U (WeN Wr#o)

*Set operations map directly to signature
operations

Fncoding may cause unnecessary squashes
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Sequential Consistency (SC)

P1 @ @ @ PI1 P|2 Glok?al Order

= Simple machine model, intuitive behavior
T

individual processors maintain program order

Single sequential order: the memory operations from all
processors maintain a single sequential order
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Problems with SC Enforcement

*T.ow Performance

— restrictions on performance-enhancing reordering of memory

operations
N
=\\e would like to change that!
= Support SC with simple hardware and high performance
\_ i Y,

displacements
— coupled with key structures (LSQ, ROB, reg file, $)

— typically fine-grain (instruction-level) undo

ost current systems do not support SC
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Transactional Memory

¢ See the previous talk
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Bulk Operations Pros & Cons

v Major conceptual and implementation simplicity
X Tnexact operations (superset)
" Correctness is guaranteed

Competitive performance compared to current

CIMeEs
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Taxonomy of Buffering Approaches
|Garzaran HPCAOQ3]

Merging of
Separation task state

of task state

Mul tlpl e Multlple
Spec Versions
Tasks T
Single
Per Proc .
Version
Single -
S Single
Spec Task :
P Version
Per Proc
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Chunk Execution:

Atomicitz and Isolation

P1 P2 P1 P2
el = o Stx ldT
st CK”‘“) gt .
/Qmmlt
Speculative
Execution Atomicity Isolation

omicity: all updates in the chunk are made visible to
er processors at once (all or nothing)

lation: a chunk should not see “outside” state
anging during its execution
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Write & Shielding

®O00C

PO P1 P2 P3

Store bit for P1
shields P2

Store bit for PO
Is set
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The Challenge

¢ Design parallel architectures that make it easy to write

parallel code
¢ Application to explicitly parallel codes:

— Speculative Synchronization

¢ Interesting support: ability to UNDO a speculative task
— Application to enhance ILP
— Application to debugging
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Multithreading Basics: Helper Threads

Threat;lh()r 41 Thread 2
f ’ Thread 0
Helper
Helper Thread 1
Thread
Multithreaded Core Frequently
Missing Load
Hard to Predict —~
Branch
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Speculative Multithreading (SM)

Thread 0
Thread 0
Thread 1 Thread 2 Thread 1
Thread 2
‘l’ Loop
It0 ‘
1
i 12
D I T T T e R T PR PP IR TR LR LY
Call F()—
Multithreaded Core =X
Squash >< X=
=X
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Different Reaction Modes

¢ Reactions when a monitoring function returns FALSE
(indicating an error):
— ReportMode: report the error and continue
— BreakMode: pause right after the triggering access

— RollbackMode: rollback to the most recent checkpoint (need checkpoint
support)
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Detect Triggering Accesses

¢ When to detect?

— Reads: during the read operation
— Stores: during the pre-touch operation
¢ How to detect?
— Checking RWT in parallel with TLB lookup

— Checking WatchFlags in load/store queues
— Checking WatchFlags in the caches

¢ When to trigger (executing the monitoring function)?

— At the retirement of the triggering access

— Usea bit in ROB
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iWatcher: Main Idea

¢ Assoclate a monitoring function with a watched
memory location

— At a triggering access to a watched location, the associated monitoring
function(s) are triggered by hardware and executed

¢ Use SM to reduce overhead and support rollback

— Execute the main thread speculatively in parallel with monitoring
function(s)

— Use SM to buffer state for rollback in case of errors reported by
monitoring function(s)
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1Watcher User Interface

¢ Turn on/off monitoring for a memory location

— 1WatcherOn (MemAddr, Length, WatchFlag, ReactMode, MonitorFunc,
Param1, Param?2, ..., ParamN)

— 1WatcherOff (MemAddr, Length, WatchFlag, MonitorFunc)
— A ¢global switch

* EnableiWatcher
* DisableiWatcher
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1Watcher Design Overview

¢ Hardware:

— Detecting triggering accesses

— Triggering the main monitoring function

¢ Software

— Manage associations between watched locations and
monitoring functions

— Call the appropriate monitoring function upon a triggering
ACCESS
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Watch a Memory Region

4 Hat dWZlI' c Extra HW for
CPU iWatcher

— Large region: allocate an RW'T

Main_check_function

— Small region: set WatchFlags in e S

caches Range Watch Table (RWT)

'S S O ftW are - Start | End | WatchFlag | Valid

— Add monitoring function info to : Licache

check table 7

WatchFlag: 2 I ts/word
\ Victim WatchFlag
Table (VWT)

Addr | WatchFlag

L2 cache <:>
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Repair: Pattern Matching

¢ Analysis resulted 1n a detailed signature

— Instruction & data addresses, data values, timing, etc.

¢ Pattern-match it with a library of common races:

— Suggest repalr to programmer, ot
— Download bug-specific patch, or

— Try to automatically re-introduce missing ordering

* Squash chunks, re-execute with corrections
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Merging of Task State: Architectural MM

Non
Spec Spec Spec Spec Spec

Caches

Main memory Architectural
State
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Merging of Task State: F'uture MM

write
Spec Spec Spec

Non

Spec Spec

Caches

"

Lpg Lag
™

y 4

Main memory Future
State
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Implementation Details

¢ When entering the speculative section:

— Fence-type instruction that creates a checkpoint of the register state

¢ While executing speculative section:

— Buffer all memory updates in the cache -- cannot update memory
— Mark cache lines read and written

— Monitor for errors or violations

¢ If an error or violation occurs:

— Invalidate updated cache lines, reset marks, restore the register checkpoint

Successful end of speculation:

— Reset marks

— Allow updated cache lines to be displaced to memory
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Evaluation for Data Races [ISCAO03]

¢ 4-processor chip multiprocessor

¢ Splash2 applications

¢ Want to know:
— Overhead

— Effectiveness

Lessons Learned in Designing Speculative Multithreaded Machines

Josep Torrellas, University of Illinois

71



Main Results

¢ Low overhead in error-free execution: 6% avg

¢ Highly effective: Detect, Analyze & Correct race bugs
— Existing races
* Synchronization through plain variables
* Other existing data races
— Induced races
* Remove lock

e Remove barrier
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How Good ReEnact is to:

Detect |Rollback | Analyze |Match

Sync through

. . v v v v
plain variables
Other Existing / / v
Data Races No
Induced Bugs: v v v v
Removed Lock
Induced Bugs: v
Removed Barrier -~ -~ -~
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Spec Synchronization Evaluation [ASPLOS02]

¢ Mix of parallel codes

¢ Parallelization:

— Compiler [16 processors| (appiu)
— Annotated [16 processors| (nst, bisor?)

— Hand [64 processors| (ocean, 2X barnes)
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Sync Time Reduction

BARNES BARNES

APPLU BISORT MST OCEAN  Fine Grain Coarse Grain Average
S 0| G5 TL4%  d62% 4% ST% 213% Overhead
€ . . Squash (2nd Lock)
| -
E ‘0 Squash (False Data)
E N D Squash (True Data)
=
S ol _ _________ e e T iz W s
E 7 =
. c nE
E a0 _— . . | ==
3 B
T 0N
£
=
Z,
Ty g 2 8 2 8 2 8 2 8 2 8 2 3
B a, < o, < o, < =y < = < o < o
m @ m @A m @ m @ m @ m @ m @
Large reduction: 40%
Room for improvement
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Execution Time Reduction

Normalized Execution Time

BARNES BARNES

Overhead

. Squashed

. Sync

Useful (Speculative)
|:| Useful (Safe)

ormalized
ckec Time

APPLU BISORT MST OCEAN  Fine Grain Coarse Grain Average
100 100 100 100 100 100 100
100 —t gy z- 97.7.. S
ol lqoz T Hes 230 92.6
80—+ SRR § R / --------- B R R
_
60— 1 |1 I e ! | e et I
40 —---- % .....................
N e R I B et T i T s 5 T s T o O s N 0 R s IO o A s R
)
T3 8 7 3 3 8 2 3 5 8 3 8 3 3
A o A o A & A & 8 & a8 & 2 &

Across-the-board reduction
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Speculative Synchronization Unit

¢ Extends cache CPU

controller

PTag

¢ Simple hardware:

— 1 spec bit/line

A .
— Some control logic R Loglc o L1 i

S

L2
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ReEnact: Overhead

Rollback Distance [Instructions per CPU]

120,000

0 20,000 40,000 60,000 80,000 100,000
OOA) | | | | |
X Better
L >
u ]
o, | _m "" =" ¥ Chosen
o | 1l [ |
R e Tl O H
8 ] u - -
- "an
8 = n
10% - L
[ |
[ |
15%
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Speculative Lock Request

¢ Processor side:

— Program SSU for speculative lock
— Checkpoint register file

¢ SSU side:
— Initiate T&T&S loop on lock variable

¢ Use caches as speculative buffer (like TLS)

— Set Speculative bit in lines accessed speculatively
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Lock Acquire

¢ SSU acquires lock (T&S successtul)

— Clears all Speculative bits — one-shot commit

— Becomes idle

¢ Release (store) later by processor
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Release while Speculative

¢ Processor 1ssues release, SSU still active

— SSU intercepts release (store) by processor

— SSU toggles Release bit — “already done”

¢ When lock becomes available later

— SSU:
* Does not perform T&S

* Clears all Speculative bits — one-shot commit
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Memory Access Conflict

¢ External coherence actions

— Request to safe line: service normally
— Request to spec line: squash thread

* Invalidate lines marked Speculative+Dirty — one-shot squash
* Roll back & restart at sync point

¢ Safe threads never squashed — forward progress

* All safe-to-spec in-order dependences tolerated
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Speculative Flags and Barriers

¢ Flag spin: Test only — no T&S

— Handle like “Release while Speculative” case

¢ Barrier: leverage tlag spin support

— Update thread counter

— If not last one, spin on flag speculatively
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How Speedups are Possible

Sequential (No Violation) SM (Violation)
T
I i
m
e
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Different Reaction Modes

¢ Reactions when a monitoring function returns FALSE
(indicating an error):
— ReportMode: report the error and continue
— BreakMode: pause right after the triggering access

— RollbackMode: rollback to the most recent checkpoint (need checkpoint
support)
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Memory Disambiguation Table (MDT)

0x1234

TAG

P1 has read PL P2 P3 PO P1 P2 P3
Word 0 r—
(1)

S

@ P2 has modified
Word 0
WORD 0 1
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Important Features ¥

¢ Concurrency possible even if conflicts

— All in-order safe-to-spec conflicts tolerated
¢ No order among spec threads — simpler HW

¢ No programming effort

— Retargetted macros/directives

¢ Can coexist with conventional sync at run-time
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TLS: Primitive for Sottware Debugging

oUndo group of tasks (window of buggy code, hopefully)

ORe-execute those tasks only
ORe-execution of tasks is deterministic even under parallelism

OBonus: detect bugs that appear as communication (e.g. Data

Races) CPU CPU
Cache Cache
invalidation /

Memory
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Breaking Code into Chunks

¢ New chunk begins = save register state

¢ Undo (squash) recent chunks if needed

— Invalidate cache lines, restore saved register state

— Enables rollback of chunk

¢ Commit old chunks

— Allow displacement from cache, free saved register state
— Makes room for buffering more recent chunks

— Cannot undo committed chunks
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Composed Operation: dSignature

EXEanSiOﬂ

*Select lines in the cache that belong to the

signature
—used in bulk invalidations
Cache
Index
FSM
l Tags Data
0

I
— Signature __

— .

All valid line addresses from
l selected cache set
Selected line
addresses
Luis Ceze .cqons 1.carBulk B@émg%‘@&l%\fe MultithreadWMachines
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Bulk Invalidation

Committing Receiving
(C) (R) a

| . Signature
commit . Slg nature :
e Expansion
Cc
v v
¢ Used in the receiver cache to: -
ache
—invalidate lines written by the committing
thread (using committing thread’s signature
We) We &
R Cache

—if thread squash, discard speculative state Wr

(using local write signature WR)
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Bulk Disambiouation Module

Proce

Standard

sis/ Interface

Multiple /

# of [ I
VErsinnsf }—I -]
W Signature R Signature
// L 3
Signature Cache and
Functional Units Controller <« Cache/Coherence
Controller

Luis Ceze .cqons 1.carBulk B@émgg@%ve MultithreadWMachines

2006

|

Network
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Monitoring Functions

¢ Triggered by hardware
¢ Executed in parallel with main program by TLS (optionally)

¢ Can have any side-effects

(o

thread

/ triggering access

/ Monitoring function

Monitored
program

thread 1

o
®)
(qe)
(«D)
| -
<
]

Commit speculation
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Commit Process

Receiving Thread (R)

Committing Receiving Thread R receives=r=
(©) (R) L et - _ \

commit ¢ v / Bulk dQambiguation
We P We N )V We N WRr# 2

Send out Wc¢ ~

Set We=Rc=9 =~ ~ Bulk invalidation of
— cache using Wc¢
S i
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Speculative Lock

° e e Q G ACQUIRE

RELEASE

B Safe
W Speculative
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Speculative Lock

e e Q G ACQUIRE

RELEASE

B Safe
W Speculative

Lessons Learned in Designing Speculative Multithreaded Machines 101

Josep Torrellas, University of Illinois



Speculative Lock

ACQUIRE

RELEASE

B Safe
W Speculative
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Speculative Lock

ACQUIRE

RELEASE

B Safe
W Speculative
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Speculative Lock

ACQUIRE

RELEASE

B Safe
W Speculative
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Analysis: Find Race Signature

Thread X Thread Y

CPU CPU

Cache | | Cache

M| | CE

Memory

1. Rollback

2. Put a watchpoint on accesses to data address A

3. Re-execute assuming order: |}l after |}
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Significance: Where 1s the Bug?

¢ No need to insert invariant checks

¢ Find it immediately

intx, *p;  /*invariant: x=1 or x=0*/
Watch(&x, &Monitor);

p=..; [*abug: p points to x incorrectly */
*p=5; /*line A: atriggering access, bug detected with IWatcher*/

Assert (x==1 || x==0); /*line B: bug detected without IWatcher */

bool Monitor (int *x) {
return(*x==1|| *x==0)

} Lessons Learned in Designing Speculative Multithreaded Machines 106
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Monitoring Functions

¢ Trigoered by hardware

¢ Executed in parallel with main program by TLS
(optionally)

¢ Can have any side-effects
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Speculative Barrier

BARRIER

B Safe
W Speculative
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Speculative Barrier

BARRIER

B Safe
W Speculative
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Speculative Barrier

BARRIER

B Safe
W Speculative
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Speculative Barrier

BARRIER

B Safe
W Speculative
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IWatcher Hardware

CPU
[ 1 I

Main_check_function
Register

L1 cache

4

WatchFlag: 2 bits/word

Extra HW for
IWatcher

Range Watch Table (RWT)

Start

End

WatchFlag Valid

L2 cache

Josep Torrellas, University of Illinois
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Victim WatchFlag
Table (VWT)

Addr WatchFlag
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Chunk Commit

Dynamic Instructions

ST X CPU

ST Y
ADD Cache

Y

A B
ST A A C

ST A Memory
X
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Ordering Chunks

ST A CPU CPU ST 7

Cache Cache

Bus, Memory, Etc.

Chunk B “happens before” chunk 8
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Advantages

¢ On the tly — debug each problem as it 1s found

¢ Always on — usable in production runs

— Low overhead in bug-free execution

¢ Debug multi-threaded code

— Forces deterministic re-execution
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Speculative Synchronization

¢ If a data collision is detected, speculative task is:
— Squashed
— Rolled back to the synch point

¢ Maintain 1 or more safe threads — forward progress

— Lock: owner

— Flag: producer
— Barrier: lagging threads
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Significance: Where 1s the Bug?

¢ No need to insert invariant checks

¢ Find it immediately

Watch(&x, &Monitor);

p=..; [*abug: p points to x incorrectly */
*p=5; /*line A: atriggering access, bug detected with IWatcher*/

Assert (x==1 || x==0); /*line B: bug detected without IWatcher */
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