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Motivation (1/2)

’ * Hard Real-Time System 4= Stringent Timeliness

» Worst-Case Execution Time (WCET)

o Real-Time task often defined as {1, p, ¢, d}
deadline(d)

* Missing deadline == Catatrophic Results
e Ex. Engine Control, Nuclear Plant
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Motivation (2/2)
e

o WCET Estimation is an important but non-trivial task
e Cl: Enumerate longest paths from high level constructs
e C2: Relate high level constructs to low level timing information

* Dyanmic approaches not safe enough

» Static approaches hit the performance wall
o A war/wall between performance and predictability

Performance Predictability
APipeline RBasic-Block Timing
ACache 3oundary

RDeterministic Cache State
AStatic Branch Prediction
ALimited Out-of-Order
AStatic Resource Allocation

ABranch Prediction

ASuperscalar
ADynamic Executio’

* Hybrid approaches:
e Jack Whitham et al z Total redesign the processor from ground
e Our approach z Extend the processor to expose timing related information




Hybrid Timing Analysis Approai,

* We propose a hybrid timing analysis approach
e Derived from the path-based approach
e Taking pathological timing effects into consideration
e Reducing the enumeration
e Comprising:
A front -end timing analyzer
A back-end timing engine CheckerCor¢

» Key concept:

Snapshot




CheckerCore Overview

A Timing analyzer (front-end)

CFG/Value analysis and
execution steering

A CheckerCore (back-end)
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Hybrid Approach ,
— Enumerate paths by snapshots

e (I x A POI COAI B8O 7# %4 E)@lmp% A_'A‘IS-A.'94|£OQAAQ

* |Inapath based approach, the program is
steered along all possible paths using
e Shapshots
e Anything related to processor state
e PC, Control Register, RF, etc.




Hybrid Approach ,
— Enumerate paths by snapshots

e (I x A POI COAI B8O 7# %4 E)Qmp%” A_Q@%Q;@QAA@

* |Inapath based approach, the program is °
steered along all possible paths using

* Snapshots s Snapshot S1

e Anything related to processor state C \

e PC, Control Register, RF, etc.
Snapshofé? Snapshot S3

~—

» Snapshot S23

Snapshot S4

* Merge Snapshots




Hybrid Approach s
— Pathological timing effects

« /T1T U AAma&iomlo COOAOAO EO 11 0 OOAEAFEAEAI
path A path B
* Functional states: a, & )
e PC, Control Registers, Register File, etc.
* Consider a pathological situation Oaz
e Data/structural dependency between a, and a, T
s E.g.,aisawaitingad O OAOOI O O
e Timing variation caused by this dependency: &
*!1 OOOI A $60 7#%4 EwenAADAT AAT OI T A

* Observation: need to timing related states
e Time to execute an instruction
e Dependencies between instructions
» The pathological effects have to be preserved after snapshot merge.




Hybrid Approach w
= Preserving dependencies

* Consider the following in-order pipeline
e 7/-stage
o IF 7 Inst Fetch, DE 7 Inst Decode, RA 7 Register File Access,
EX 7 Execution, MEM 7 Mem Access, EXC 7 Exception Detect
WB 7 Write Back
DE RA MEM EXC WB

* Where each instruction starts and ends:

Inst types Inst Completion

Mem Insts MEM Stage MEM Stage
Mul /Div/Branch Insts DE Stage MEM Stage
All other insts DE Stage EX Stage




Hybrid Approach s
- Preserving dependencies

DE RA MEM EXC WB
|| jol Ll

muI %rl, %r2, %r3

load [%r3, 0], %r4
Stall

» Data dependency




Hybrid Approach s
- Preserving dependencies
DE RA MEM EXC WB

|| II ) =]}
be({ cm %r6 %r7

» Data dependency
* Control dependency (no branch prediction)




Hybrid Approach s
- Preserving dependencies
DE RA MEM EXC WB

load %rl %r2
Or
mul %r0, %r1, %r2

» Data dependency
* Control dependency (no branch prediction)

» Structure dependency

» MEM stage, waiting for memory/multiplier to be ready.

e DE stage, waiting for resolution of data/control dependencies.
* In in-order processor, these translates to:

1. Stall cycles in the DE and MEM stages
2. Control information in pipeline registers

B




Design the Snapshot

* Need to count stall cycles
e Use Timing Tags
* Need to preserve necessary control information
e Use Shadow Pipeline
* Aswell as necessary execution context and elapsed time

[* Snapshot #X */
1. Necessary information to continue execution (In
our case, PC, Link Register, State Register)

2. Dependencies:
1. Control Dependencies:
JUMP, Modify CWP, Modify ICC
2. Data Dependencies:
R/W, Destination Add., Long Latency?
3. Stall Times (Timing Tags)
4. Elapsed Time

e Some functional states are not necessary:
* Register file, Y register, etc.




CheckerCore Architecture s

» Architectural enhancement to support:
e The redesigned snapshot
e Capturing Snapshot
e Replaying Snapshot

* Modified from LEONS3, an opensource SPARC v8 soft-core

e Implemented on an FPGA
e Interacting with the Front-End (later)

e Two execution modes:

e Normal mode
¢ CheckerMode: WCET diagnosis mode




CheckerCore Architecture

| Fetch Decode Register Execute

' |
' |
' |
| 5 . |
| ependency - |
| -meEM Resoluion | | Register D-MEM |

. File

| Logic |
' |
' |
' |
' |

e e e e e e e e e e o e e e o e e e e e e e e S e e S e e S S E— —

|

|

[

Simplified [
Decode [
Logic [
|

|

|

|

|

e e e e e e e . —— — —— —— — . — — — — o — — — — — o — — — — — — — — — —

I Native Pipeline Registers |:| Shadow Pipeline Registers I Extended Registers ITim{, Tags




CheckerCore Architecture

I * Timing tags to capture stall Timer Block to extract/preserve

| Fetch Decode
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CheckerCore Architecture s
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CheckerCore Architecture

' * Controller, buffer, interfaces.
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Hybrid Timing Analysis System
A high level view

Interface

Front-en
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Hybrid Timing Analysis System
A high level view
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Hybrid Timing Analysis System ckerCore—

A high level view ancements:

1. Capture Snapshot

2. Replay Snapshot

3. Preserve pathological
behavior

4. Steer execution

Interface

CheckerC
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ChecCore
Controller

Front-en

Timing
Analyzer i
_I_¢_|_ g S

Snapshot Buffer
host main memory)

Snapshot Buffer
(on-chip SRAM)
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Hybrid Timing Analysis System ,
A high level view

Interface

CheckerC
Add-on

ChecCore
Controller

i

Front-end timing analyzer (TA):

1. Generate CFG of a program

2. Issue commands to the baeknd

3. Gather information from the back-
end

4. Derive the WCET of the program

Front-en

Timing
Analyzer

v

[ S -

Snapshot Buffer
host main memory)




Hybrid Timing Analysis System
A high level view

Interface

Front-en

| nterface to do
task

1. Communication protocol

2. Snapshot management, relay, and

merge.
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A Modular Approach w

' * The well-defined interface enables separate development of
the Front -End and the Back-End

* The Front -End is developed in NCSU, originally for
SimpleScalar (PISA/Alpha 21164)

e Ported to LEON3 (SPARC v8) in one month

* The Back-End is developed in PSU,
e One-time cost

* The proposed approach hides architectural complexities
from the Front -End

e Fast porting, early co-design
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Experiment Result (1)

* Worst-Case Execution Time (WCET) for a range of benchmarks

Stall simple cnt bs Factorial | Fibonacci toy
Cycles
0 173 6610 2029 467 623 2139
8 188 7258 2134 563 886 2434
16 224 8500 2682 722 936 3022
32 309 11484 3874 1066 1335 4189

* CheckerCore shown to generate WCETSs for the given set of
benchmarks

* Exec. cycles increses with the memory latency as implied by
Intuition




Experiment Result (2)

* CheckerCore Overhead

LUT Flip-Flop | Slice LUT BlockRAM
Available 69120 69120 148
LEONS3 12399 11450 10
CheckerCore 14260 12855 11
Overhead 15% 12% 10%

ACheckerCore add-ons are light-weighted

- Well-fitted in evaluation versions of the embedded processor, either as a
piece of silicon or as an encrypted softcore

- Even incorporated in commodity products




Experiment Result (3)

* In addition, compared with a simulator-based approach

» Faster, all tests are done in seconds.
e NO simulator is fast.
e Cycle-accurate SIMICS on a Solaris workstation: ~100 KIPS
e CheckerCore: at least several MIPS

* Hide architectural details
e May be desired by manufacturers
e Eliminate developing/customizing simulators
e Eliminate tedious/error-prone consistency checking (DEBUG)

* Account for variation during the manufacture process
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' * We propose a hybrid timing analysis framework
comprising:
e A Front-End Timing Analyzer
e A Back-End Timing Engine (CheckerCore)

* We further propose a redesign of Snapshots and a
method to merge multiple Snapshots

e Future Work

e Cross-comparison of CheckerCore and static timing
analyzer

e Auto-generation of CheckerCore add-ons from
specifictaions
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