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Compact Thermal Modeling (CTM)

® Traditional thermal models

o Finite element method (FEM)
o Accurate but slow

e CTM

O Fast and accurate modeling methodology

o0 Duality between electric and thermal
properties

O  Lump resistor-capacitor (RC) circuit

o0 Chip can be modeled as a lump RC

network
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Contributions of PACT

PACT: Parallel Compact Thermal Simulator

Accuracy vs. other thermal simulators:

Fast and accurate e 3.28% vs. COMSOL

o <0.5% vs.HotSpot
Standard-cell level to architecture-level e 1.12C vs.3D-ICE

High extensibility

Interface to OpenROAD

Speed vs. HotSpot:

Sttp e2/_/S O-:hrcscl S:.T/u:::gb e Steady-state: |.8X
— e Transient: 186X

VisualPACT



https://github.com/peaclab
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PACT Simulation Flow

User inputs

* Chip stack descriptions
* # of grids and heat sink type
* Material properties and cooling method

Calculate netlist components

Thermal netlist generator
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SPICE Engine

Outputs
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Parallel configuration (OpenMPI)

* # of Node, # of Cores
* Parallel option (e.g., -bind-to none)
* Job mapping option (e.g., -cpu-set)

Simulation type and solver selection

» Steady-state (e.g., KLU, KSparse)
* Transient (e.g., Backward Euler, Trapezoidal)
* Options (e.g., time period, step size)
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PACT Simulation Flow

User inputs

* Chip stack descriptions
* # of grids and heat sink type
* Material properties and cooling method

'

Symbol Component name |Equivalent terminology in PACT
VVYV Resistor Thermal Resistor
_| I— Capacitor Thermal Capacitor
Current source Heat flow (power)

Voltage-controlled
current source

Liquid convection in
microchannel grid

Voltage source

Assign initial temperature and
ambient temperature

o
—
O

PWL current source

Enable transient thermal
simulation with step response

SPICE Engine
Outputs
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Parallel configuration (OpenMPI)

» # of Node, # of Cores
* Parallel option (e.g., -bind-to none)
* Job mapping option (e.g., -cpu-set)

Simulation type and solver selection

or real power traces

» Steady-state (e.g., KLU, KSparse)
* Transient (e.g., Backward Euler, Trapezoidal)
* Options (e.g., time period, step size)
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Extensibility of PACT

Liquid cooling input parameters

[Liq] User inputs
Thermal resistivity ((m-k)/w) = 1.647

s . 2 * Chip stack descriptions
Specific heat capacity (j/m”3k) = . ]
4.181e6 mmmm) |* # of grids and heat sink type

* Material properties and cooling method

inlet_temperature (Celsius) = 27
fluid_density (kg/m3) = 998

dynamic_viscosity (pa.s) = 8.89e-4 . *
coolant_velocity (m/s) = 0.5 Calculate netlist components

num_of_channels = 2 AA A

Liquid. py - : l :

i

Liquid grid cell information Thermal netlist generator
[Liq]

library_name = Liquid = ; g §§}§ EEEE& g

library = Liquid.py ? % ?;\ : -
virtual_node = center_center )j ,' § § s § / |
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OpenROAD Interface and PACT Solvers

OpenROAD Interface PACT Solvers
Synthesis _ ® Direct solver vs. lterative solver
Netlist . . oo s .
(v file) e Numerical instability issue with
Placement Forward Euler method (Monolithic
and routing Routed Design 3D transient simulation)
(.def file) e Simulation speed and accuracy
Logic gates
F s tradeoff
Logic gates
Logic gates . <
Coordinates OpenSTA Wi e
I S - Power per logic Ksparse Belos
r : gate Steady-state Slbe L
Interface 1 | Power map L e .
| . | Transient BE
[ EcneRiion I Standard-cell Trap
T T : design power map - Gear
PACT |




VisualPACT

VisualPACT (Intel i7 6950X)

QUEUE,UNCORE,IO CONTROLLER 90
e VisualPACT ,

o Generating thermal videos for transient : i -80 5
thermal simulations - = ; E
3 =55 CoreSs -70 ‘E;
g
Q.
2 L3 3 Core3 =
. . . . . 60 &

O Visualizing transient thermal behaviors of 30 | 131 | core

architectural simulations |
Memory Controller 50


https://docs.google.com/file/d/16Xh938rTKqS-jT9cs1HzGg1hpVCkms0p/preview

Validation with OpenROAD Benchmarks

Steady-State vs. HotSpot Transient vs. HotSpot
PACT Max Error ~ ®PACT Mean Error . °
® HotSpot Max Error ®mHotSpot Mean Error le—4 PICOSOC_95 A 91.0
7 56751 —— Avg Power —— PACT G
j 2.5 —— HotSpot 1 90.5:_
o § 5.670 | b
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Pico Black_Parrot Swerv 0 10 20 30
OpenROAD Circuits Simulation Step

PACT vs. COMSOL (Max Steady-State Diff: 2.77%) PACT vs. COMSOL (Max Transient Diff: 3.28%)



PACT Speed Analysis against HotSpot
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PACT Case Study: Lab-Grown Diamond Heat Spreaders

® High thermal conductance compared to the

copper heat spreaders

e Can be bonded directly to the processor’s layer

w/o thermal interface

e Diamond heat spreaders vs. copper heat spreaders



PACT Case Study: Lab-Grown Diamond Heat Spreaders

Chip stack #1 (Copper) Chip stack #3 (Diamond)

Temperature( “C)

Hot Spot temperature reduction>20C


https://docs.google.com/file/d/16Xj43MlpugsrxRyhFuRRsxQ00IoxcZ1w/preview

PACT: Containerized Version

e Enable easy adoption without having to install dependencies (i.e., Xyce SPICE
simulator)

e Use Docker to build a new image
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o Fast and accurate parallel thermal simulator
. User inputs
O - 5
Architecture level & standard-cell level AP —————— | R SPICE Engine
1 ihili 1 1 layers, power traces) * Runtime summary
© ngh eXtenSIbIIIty for emerglng COOIIng * # of grids and heat sink type * Recource usage summary
m eth o d S * Material properties and cooling method * Grid temperatures
) . Calculate netlist components Parallel configuration (OpenMPI)
O Various numerical solvers » Calculate thermal R, C, and | + # of Node, # of Cores
. * Calculate package thermal Rand C * Parallel Option (e.g., -bind-to none)
o OPen ROAD Inte rface * Calculate thermal R, C, and | for TSV * Job mapping option (e.g., -cpu-set)
. and cooling methods !
O VISU&I PACT Simulation type and solver selection

Thermal netlist generator * Steady-State simulation (e.g., KLU, KSparse)

; * Transient simulation (e.g., Backward Euler,
EE’EE}EEEEEEEE % - Trapezoidal)
4T Ha

P
A é TAN AT S * Other simulation option (e.g., time period, step
size)

More info at https://github.com/peaclab/PACT

CONCLUDING REMARKS

Please send feedback to aminhaji@bu.edu




