
1 

Heterogeneous Architectures for CHIPS
   

Jason Cong
Distinguished Professor and Chancellor’s Professor, UCLA

Director, Center for Domain-Specific Computing
cong@cs.ucla.edu

http://cadlab.cs.ucla.edu/~cong

Jasssooooonnnnn CCCCCooooonnnnnnnnngggg
innnngggguuuuuiiiiissssshhhhheeeeeddddd Profffffessssssor aaaaannnnnddddddddd hhhhaaaaannnnnccccceeeeelllllllllloooooCCCCh oooooooorrrr’ PPs ’

iiiiirrrrreeeeeccccctttttooooorrrrr,,,,, CCCCCeeeeennnnntttteeeerrrrr fffffooooorrrr DDDDDooooommmmmaaaaaiiiiiDDDDDiiiii iiiiinnnnnnnnnn- peSpSSSS
cccccooooonnnnnggggg@@@@@cccccs.ucla.eggggg@

ppphhhhhttttttttttppppp::::://////////cccccaaaaadddddllllab.cs.upppp



2 

[1] Amphion CS5230 on Virtex2 + Xilinx Virtex2 Power Estimator
[2] Dag Arne Osvik: 544 cycles AES – ECB on StrongArm SA-1110
[3] Helger Lipmaa PIII assembly handcoded + Intel Pentium III (1.13 GHz) Datasheet
[4] gcc, 1 mW/MHz @ 120 Mhz Sparc – assumes 0.25 u CMOS
[5] Java on KVM (Sun J2ME, non-JIT) on 1 mW/MHz @ 120 MHz Sparc – assumes 0.25 u CMOS

Why Heterogeneous Architecture?

Source: P Schaumont and I Verbauwhede, "Domain specific 
codesign for embedded security," IEEE Computer 36(4), 2003

648 Mbits/secASM Pentium III [3] 41.4 W 0.015 (1/800)
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Figure of Merit
(Gb/s/W)

ThroughputAES 128bit key
128bit data

490 mW 2.7 (1/4)

120 mW

ASM StrongARM [2] 240 mW 0.13 (1/85)31 Mbit/sec
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Our Proposal – Customized Computing with Accelerator-
Rich Architectures
� A customizable heterogeneous platform (CHP)

� With a sea of dedicated and composable accelerators
� Most computations are carried on accelerators – not on processors!

� A fundamental departure from von Neumann architecture

� Why now?
� Previous architectures are device/transistor limited
� Von Neumann architecture allows maximum device reuse

• One pipeline serves all functions, fully utilized

� Future architectures
� Plenty of transistors, but power/energy limited  (dark silicon)
� Customization and specialization for maximum energy efficiency

(CHPP)
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Lessons from Nature:  
Human Brain and Advance of Civilization 
� High power efficiency (20W) of human brain comes from specialization

� Different region responsible for different functions
� Remarkable advancement of civilization also from specialization

� More advanced societies have higher degree of specialization
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Current Research at CDSC: 
-- Three Levels of Customization
�Single-chip level

� Require new processor designs, e.g. using composable
accelerators [ISLPED’ 12, DAC’14]

�Server node level
� Host CPU + FPGA via PCI-e or QPI connections

�Data center level
� Clusters of heterogeneous computing nodes
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Composable Accelerators with Programmable 
Fabrics [ISLPED’2013]

Dynamic Resource 
Allocation of ABBs

� Enhancement [ISLPED 2013]:  with 20% of the chip area dedicated to 
programmable fabric, we can achieve more:
� Flexibility: An average 8.2x (up to 146x) speedup in other domains, such as 

commercial, vision and navigation
� Longevity: 22x speedup on a new application within the medical imaging domain
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Levels of Customization
�Single-chip level

� Require new processor designs, e.g. using composable
accelerators [ISLPED’ 12, DAC’14]

�Server node level
� Host CPU + FPGA via PCI-e or QPI connections

�Data center level
� Clusters of heterogeneous computing nodes
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11. Initial Scan 

(low-dose CT scan) 

2. Image Reconstruction 

 

3. Automated Detection  

4. Adaptive Diagnostic Scan 
 

If nodules are detected, a diagnostic follow-up scan is performed 

during the same visit.  

5. Clinical Interpretation 

If no nodules are seen on the low-dose 
CT study, the patient can go home 

without any further imaging required. 

A Success Application: Low-Dose Adaptive CT Scan

2. Image Reco

3. Auuuuttttoooommmmaaattttteeeddddd DDDDDetect
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Intel® 
Xeon® 
Processor Intel® 

Memory 
Controller 
Hub (MCH)

Intel® I/O 
Subsystem Memory Memory

Application 
Engine Hub 
(AEH) 

Application Engines 
(AEs) 

IInntte

Direct 
Data 
Port

“Commodity” Intel Server Convey FPGA-based coprocessor

Standard Intel® x86-64
Server
x86-64 Linux

Convey coprocessor
FPGA-based
Shared cache-coherent memory

Xeon Quad Core LV5408
40W TDP

XC6vlx760 FPGAs
80GB/s off-chip bandwidth
94W Design Power

Example of CDSC Heterogeneous Computing Server
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Accelerator Architecture / Performance [FCCM 
2014]

Throughput optimization using PE array architecture
<<Overall architecture>> <<Raytracing PE>> 

• Tightly coupled local memory provides 1 voxel/s 
throughput 

• Forward / Backward projection combined to one PE

<<Performance>>

• Modules are duplicated to maximize the throughput 
of each stage (may vary between CT parameter)

• FIFO interface between PEs
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Levels of Customization
�Single-chip level

� Require new processor designs, e.g. using composable
accelerators [ISLPED’ 12, DAC’14]

�Server node level
� Host CPU + FPGA via PCI-e or QPI connections

�Data center level
� Clusters of heterogeneous computing nodes
� How about programming at data center level?
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� A 24-node cluster with FPGA-based accelerators
� Run on top of Spark and Hadoop (HDFS)

CDSC FPGA-Enabled Cluster

22 workers

1 master / driver
Each node:
1. Two Xeon processors
2. One FPGA PCIe card 

(Alpha Data)
3. 64 GB RAM
4. 10GBE NIC

Alpha Data board:
1. Virtex-7 FPGA
2. 16GB on-board RAM

Spark:
• Computation framework
• In-memory MapReduce

system
HDFS:
• Distributed storage 

framework1 file server

1 10GbE switch

ratorrs
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Example Application: Personalized Cancer Treatment
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New Opportunity
-- Customization at CHIPS Level



Mega SoIFs by re-integration on an 
Interconnect Fabric 

>100 �m pitch 
Mass reflow 

100�m >pitch > 40 
�m  
Mass re-flow+TCB 

> 40

The ”right” interconnect fabric 
• Mechanically robust (flat, stiff, tough…) 
• Capable of fine wiring, fine pitch 

interconnects 
• Thermally conductive 
• Can have active and passive built-in 

components 
                  Silicon Fits the Bill 

Full contact – 
TCB
Proximate  
• Inductive 
• Capacitive 
 

Challenges: 
• Warpage 
• Topography 
• Assembly /Thru’put 
• Thermal 
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CHIPS Framework 

Integration 
 
A processing facility 
          for  
Interconnect Fabric  
(IF) & assembly 

•Silicon processing 
•Glass 
•Flexible substrates 
•Additive manufacturing 
•Thermal compression bonding 
•Wafer thinning 
•Wafer-wafer integration 

Applications & Architecture 
 

Heterogeneous Systems 
Approximate Computing 

Cognitive Computing 
Fault Tolerance 

Supply chain Integrity 
Security 

Memory Subsystems 
Processing in Memory DFT 

Network on Board 

Materials 
 
Fine Pitch Interconnect 
Substrate Materials  
Warpage, Stress Flexible 
Materials 
Thermal solutions 
Materials for Additive Mfg. 
Reliability 

Devices/Components 
 
Novel switches   
New memory 
MEMS 
Sensors 
Passives, antennae 
Medical devices 
 
 

Design Infrastructure 
 

Thermo-Mechanical 
Electrical 

Tools 
Partitioning 

DFT 
Active IF Design 

Tier 1 Equipment  Partners 
 

New Tool Concepts 
Tool Development 

Scale-Up 

Tier 1 Foundry Partners 
 

Si, Compound Semis,  
MEMS, and OSATs   
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Design Tool Support is Critical

� Modeling

� Simulation

� Synthesis

� Verification 

� …
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CoreC

$ LLC Banks

DMA A
B

B
A

B
B

A
B

B
A

B
B

SPM

Dedicated/Composable
Accelerators

Router

M Memory Controller

Extended m5 (McPAT)
for X86 CPU, with OS

$ C

Auto-generated accelerators 
based on HLS (AutoPilot) 

C Added SPM, DMA, 
GAM & TLB model
anks

A
B

B
A

B
B

A
B

B

DMA

B B

Ba

A A
B

B
A

B
B

Extended Ruby (CACTI) for
coherent cache hierarchy

gem5 memory 
model [ISPASS 14]

M M M

Extended Garnet  
(DSENT) for NoC

C

A

Example: PARADE -- Platform for ARA Design & Exploration 
[ICCAD’15]

C
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HLS-based Automatic Accelerator/App Generation

Program
Generator

Application 
Dataflow

Accelerator
Source Code

Simulation Module 
Generator

Accelerators 
chaining info

am

AAAAAAAAAAAAAcc
chaSimulation 

module info

Prograogra

onn 
le info

Simulation 
Module

High-Level
Synthesis

C function 
to accelerateto acceler

Timing info 
e.g., II, clk

RTL 
Synthesis

RTL 
model

OutputToolInput

Handles accelerator 
communication, task 
buffer, interrupts, …

Generated 
Program

High-Level
Synthesis

RTL 
Synthesi

RTL
model

1. Support both dedicated
& composable accelerators
2. Can integrate analytical 
models like Aladdin [ISCA 
15] or RTL co-simulation 
in future work
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GGGeeennneeeerrraaatttooorrrrr

iiiioooooonnn

mmmmmmmmmuuuuuuuuuuuuuulllllllllllllaaaaaaaaaaaaaattttttttttttiiiiionnnnnnnn 
ddddddddddddule 

SSSSSiiiiimmmmm

SSSSSSSSSSSSSSSSSSSSSiiiiiiiiiiiiimmmmmmmmmmm
mmmmmmmmmmmmooooooooo

mmmmmmmmmmmmm
ooooooooooooooddddddddTTTTTTTTTTTiiiiiiiiiimmmmmmmmmmmiiiiiiiiiinnnnnnnnnnggggggggggg iiiiiiiiiinnnnffffffffffffoooooooo 

eeeeeeeeeee.gggggggggggg...........,,,,,,,,, IIIIIIIIIIIIIIIIII,,,,,,,,, cccccccccllllllllllkkkkkkkkkkkkkkkkkkk
essssiiiiissssss

th dddeeedddiicccaaattteeeddd
acccccceeellleeerrraaatttooorrrsss

nnnaaalllyyytttiiicccaaalll 
[[[IIISSSCCCAAA  
tion



21

Customize Your Own Accelerator (e.g., Denoise) 

ABB1, Type = Poly
Input: Mem, Output:ABB2 
Function:(x0-y0),(x1-y1), ... 

ABB2, Type = Poly
Input: ABB1, Output: ABB3 
Function: x0*y0+x1*y1+.... 

ABB3, Type = Sqrt
Input: ABB2, Output: ABB4 
Function: sqrt(x)  

ABB4, Type = Divide 
Input: ABB3, Output: Mem
Function: 1/x 

Denoise core 
computation:

Me
m

In
pu

t

Me
m

Me
m

Ou
tp

ut

Auto-generated 
accelerator for 
each ABB function ABB

ABB1, Type
nput: M

Fu

ype = Poly
ut: ABB1, Output: ABB3 

Function: x0*y0+x1*y1+.... 

ABB3, Type = Sqrt
Input: ABB2, Output: ABB4 
Function: sqrt(x)  

= S
Input: ABB3, Output: Mem
Fun i n: 1 x 

In

Auto-generated application using 
accelerator chaining data flow

ABB: Accelerator 
Building Block

AAut
aaaccccccel
eeaaccch AAAchhh AAAB

ype = Polyyyyyyyyyyyy
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Global Accelerator Management (GAM)

1) Initial states of accelerator resources

ABB
Island 4 

ABB
Island 2 

ABB
Island 3 

ABB
Island 1

Core

GAM

2) Request first copy of accelerators

ABB
Island 4 

ABB
Island 2 

ABB
Island 3 

ABB
Island 1

Core

GAM

3) Request second copy of accelerators

ABB
Island 4 

ABB
Island 2 

ABB
Island 3 

ABB
Island 1

Core

GAM

4) Final states after accelerator execution

ABB
Island 4 

ABB
Island 2 

ABB
Island 3 

ABB
Island 1

Core

GAM

AAAAAB
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land 4 

222))) RRReeeeeqqqqquuuest f

AAAABBBBBBBBBB
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Open Source Release

http://vast.cs.ucla.edu/software/parade-ara-simulator
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Concluding Remarks
� New era of computing

� Accelerator-centric computing
� Need efficient support for customization and specialization

� Customization at all levels
� Chip-level
� Server node level
� Data center level
� New opportunites -- CHIPS level!

� Design automation support is key
� Modeling 
� Simulation 
� Synthesis …

omization annnnnnnnnnddddddddddd ssssssssssspppppppppppppeeeeeeeeeeeeeciiiiiiiiiiiiiallllllllliiiiiiiiiiizzzzzzzzzzzaaaaaaaatttttttttttiiiiiiiiiooooooooooooooooooonnnnnnnnnnnn

vells

eeeeeeeeeee lllllllllleeeeeeeeeeeevvvvvvvvvveeeeeeeeeeeeeeeeeeellllllllll
cennnnnnnnntttttttttttteeeeeeeeeeeeerrrrrrrrr llllllllllllleeeeeeeeeeeeevvvvvvvvvvvveeeeeeeeeeeeeeeeeeeellllllllll
pppppppppppppoooooooooooorrrrrrrrtttttttttttuuuuuuuuuuuunnnnnnnnnnnniiiiiiiiiiiittttttttttttteeeeeeeeeeeeop eeeeeesssssssssss ------------ HHHHHHHHHHHHIIIIIIIIIIIIPPPPPPPPPPPPPSSSSSSSSSSSSS  lllllllllevveCCCCCCCCCCCCCCHHHHHHHHHHHHCCCCCCCCCCCCCC el!

utttttooooommmmmmmaaaaattttttiiiiiiooooonnnnnn ssssssuuuuuuppppppppppppoooort i
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