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In Celebration of Soft Processors

• Looking back

• Interlude: “old school” soft processor, revisited

• Looking ahead
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New Engines Bring New Design Eras
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1. EARLY DAYS
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1985-1990: Prehistory

• XC2000, XC3000: not quite up to the job

– Early multi-FPGA coprocessors

– ~8-bit MISCs
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1991: XC4000

9 Dec 2014 ReConFig 2014 6



1991: RISC4005 [P. Freidin]
• The first monolithic general purpose FPGA CPU
• “FPGA Devices: 1 Xilinx XC4005 ...

On-board RAM: 64K Words (16 bit words)
Notes: A 16 bit RISC processor that requires 75% of an XC4005, 16 general 
registers, 4 stage pipeline, 20 MHz. Can be integrated with peripherals on 
1 FPGA, and ISET can be extended. … Includes a macro assembler, gate 
level simulator, ANSI C compiler, and a debug monitor.”
[Steve Guccione: List of FPGA-based Computing Machines, http://www.cmpware.com/io.com/guccione/HW_list.html]
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1994-95: Gathering Steam

• Communities: FCCM, comp.arch.fpga
[http://fpga-faq.org/archives/index.html]

• Research, commercial interest – OneChip, V6502
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1995: J32
• 32-bit RISC + “SoC”

• Integer only

• 33 MHz ÷ 2φ

• 4-stage pipeline

• <60% of XC4010

• C++  XNF  .bit
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J32 Microarchitecture
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1995-96: XC4000E and FLEX10K
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1998: XSOC/xr16 Kit
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http://www.xess.com/shop/product/xs40-005e/

+



1998: xr16

• 40 MHz 16-bit RISC, DMA

• XC4005E/XL/Spartan-10, 265 LUTs

• LCC C compiler, simulator

• Building a RISC System in an FPGA,
Circuit Cellar series
[http://fpgacpu.org/xsoc/cc.html]

• FPGA CPU News, fpga-cpu list
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1998: xr16 Datapath
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XC4005E Floorplan



1998: Virtex
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2000: Nios, 
SOPC Builder
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2000: FPGA Chip Multiprocessors

• 3rd gen 16/32-bit RISC PE: 200/330 LUTs + 1 BRAM

• 8 cores fit in an XCV50E, 60 in an XCV600E

9 Dec 2014 ReConFig 2014 17



9 Dec 2014 ReConFig 2014 18

2001-02: Virtex-II/Pro, MicroBlaze, EDK



2002: The End of the Beginning
• Diverse 3rd party soft processors

– Little MCUs – KCPSMPicoBlaze

– Commercial RISCs – ARC, LEON SPARC

– Legacy ISAs – 6502, Z80, 68000

– Hobbyist / open source – OpenRISC

– Language specific cores – Java, Forth, Erlang

– Teaching – Chalmers, Cornell, Georgia Tech, 
Hiroshima, Mich. State, NM Tech, Riverside, Tokai, 
UCSC, Valladolid, Virginia Tech, WUStL

• Nios, MicroBlaze: comprehensive SoC platforms
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2001-2014: MicroBlaze
Evolution/Configurability
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Version:
1. 3-stage, mul, bshift , CoreConnect
2. div, FSL, I$, D$, 150 MHz

= 100 DMIPS
3. cache links
4. FPU, debug trace
5. 5-stage pipeline, = 240 DMIPS
6. 3/5-stage
7. MMU, exceptions, Linux
8. AXI4, fault tolerance, 330 MHz,

= 400 DMIPS

~4.4× faster / 12 years = +13%/year



Remarkable (But Typical) Applications
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The Utility of Soft Processors

• Run existing software, in the FPGA
– Replace external MCU

– Run RTOS / Linux / drivers / networking / web server

• Control plane
– Replace complex state machines

– Hardware boot, diagnostics, telemetry

• Accelerators
– Customize with app-specific instruction sets

– Tightly couple software to accelerators

• Computer architecture research
– RAMP*, CHERI, FlexPRET
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2. DOING IT “OLD SCHOOL”: AN AUSTERE 
APPROACH TO SOFT PROCESSOR DESIGN
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Design Study: How Many Austere
32-bit RISCs Fit in a Modern FPGA?

Virtex-7 690T:
(433K 6-LUTs, 1470 BRAMs)
÷ (330 LUTs, 1 BRAM) = ?

• What about…?

– 6-LUTs? DSPs?

– NoC? Memory model?

• Let’s see

9 Dec 2014 ReConFig 2014 24



Planning an Austere RISC PE – Psilos

• Assumptions

– Xilinx 6-LUTs

– CMP on-die shared memory

– Run small kernels (no I$)

– MicroBlaze integer subset

• Essential: I-fetch, reg file,

ALU, PC/branches, lw/sw

• Configurable: lb/sb, lh/sh

• Cluster-shared: mul bshift
• A<<k = A×2k 

A>>k = mulh(A×232-k)

• Pipeline design

– Critical path: operand regs  ALU 

 mux  mux  operand regs

– BRAM for instructions, data

– IF:DC:EX:MEM

• 2-core clusters

– Share 4 KB instruction BRAM

– Share 4 KB local data BRAM

– Share 32×32=64 mul

– 2 BRAM  10R×16C slices

– 1 PE ≤ ½×10×16×4×¾ = 240 LUTs
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RISC PE Datapath
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RISC PE Technology Mapping
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Floorplan: <200 6-LUTs, 300 MHz
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2-PE Cluster
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PEs share 4KB instruction RAM
and 4 KB data RAM.

NOC interface can write
instruction RAM and read/write
data RAM.

PE 0 enjoys dedicated ports.
PE 1 shares with NOC.
Priority: NOC, PE 1.

Not shown: PEs 0 and 1 share
the non-pipelined 32x32=64
multiplier.

PE 1



4-PE Cluster
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2-PE CLUSTER 1

P0_AD,P0_DO

P1_AD,P1_DO

N_AD

N_DO

N_DI

2-PE CLUSTER 0

P0_AD,P0_DO

P1_AD,P1_DO

N_AD

N_DO

N_DI

N_O

N_O

N_I

N_AD,N_DO

N_DO,N_DI

P0_AD,P0_DO

P1_AD,P1_DO

P2_AD,P2_DO

P3_AD,P3_DO

2x2=4 PE CLUSTER

4:1 concentration of NOC accesses.

NOC interface can write
instruction RAM and read/write
data RAM.

Upon receipt of a read-request,
a read-response (e.g. write) is
injected back into NOC.

(Not shown: read-response FIFO.)



A 25R×10C 2-D Torus NoC
Using 250 5-port Routers (!)
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Hoplite Austere X:Y Router
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HOPLITE: AUSTERE X:Y ROUTER
(Unidirectional 2D Torus)

Wide. Fast. Simple. Tiny.
Bufferless, but no dropped traffic.
Dimension Ordered Routing: X>Y.
Priority: N, W, I.

No segmentation/reassembly.
No flits. No VCs. Simple flow control.
Grossly unfair, but deadlock-free.



Phalanx

• 25R×10C×4-PEs + routers

– 1000 PEs / Virtex-7-690T

• OK, but …?

– Latency?

– External memory system?

– Workloads?
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3. THE FUTURE OF SOFT PROCESSORS
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FPGAs: What’s Next?
• Today

– 20-28 nm low-power

– 600 KLUTs, 1000s DSPs

– 2.5D packaging
• 1.2 MLUTs

• Hetero: 28 Gbps serdes die

– + 2×ARM A9s+SoC
• ARM tools and IP

• Soon? (speculative)

– 10-14 nm lower-power but Dennard

– 2+ MLUTs, 1000s DSP-FPUs, TFLOPS!

– 2.5D packaging
• 4+ MLUTs

• + DRAM, 50+ Gbps serdes

– “Datacenter edition”?
• 4-8×64-bit ARM+SoC + DRAM + ?

– Opportunities and challenges!
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• Catapult [ISCA14]
• Microsoft Research + Bing joint study and pilot
• Accelerate Bing search query ranking with FPGAs at 

datacenter scale
• Doubled throughput /or/ greatly reduced latency



Server Node += FPGA

Two 8-core Xeon 2.1 GHz CPUs
64 GB DRAM
4 HDDs, 2 SSDs
10 Gb Ethernet
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Catapult FPGA Accelerator Card

Altera Stratix V D5:
172,600 ALMs,
2,014 M20Ks,
1,590 DSPs

PCIe Gen 3 x8
8GB DDR3-1333
Powered by PCIe slot

FPGA – FPGA: torus network

Stratix V

8GB 
DDR3

PCIe Gen3 x8
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1,632 Server Pilot Deployed in a Production Datacenter



FPGA Accelerator for Search Ranking

FFE: Free-Form 
Expressions

FE: Feature Extraction FPGA 0

FPGA 1 

FPGA 2

FPGA 3

FPGA 4

FPGA 5

FPGA 6

FPGA 7

Server

Server

Server

Server

Server

Server

Server

Server

Document
Scoring
Request

8-Stage Pipeline

Compute
Score

Route to
Head

Return
Score

RaaS Servers
Document

Score

Document
Scoring
Request

Compute
Score

Route to
Head

Return
Score
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FFE:  Free Form Expressions

FFE #1 =(2*Occurrences_0 + Occurrences_1)
(2 * Tuples_0_1)

Tuples_0_1 = 1Occurrences_1 = 4Occurrences_0 = 7

FFE #1 = 9

{Query, Document}

~4K Dynamic 
Features

~2K Synthetic
Features

L2 Score

Document

Score
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FFE Soft Processor Arrays

• Many FFE “programs” 
soft processor approach

• 4 hardware threads/core

• 6 cores/cluster
–Shared input vector

–Shared pipelined FPUs

• 10 clusters/FPGA
–60 cores, 240 threads

• C++ compiler

Cluster 
0

Cluster 
0



The Design Productivity Challenge
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• Catapult Bing ranking: ~20 KLOCs C++  FPGAs

• RTL design productivity << software development
– Smaller talent pool, weak tools, bespoke, fragile

• Missing essentials
– Abstraction builders: languages, types, libraries, services, OS

– Reuse, composability, portability, longevity

• Often the workload is software already, changes often
– Expensive to port and maintain



Making HW Dev More Like SW

• Vivado HLS  one core

• Altera and Xilinx OpenCL tools!

– Compile kernels to parallel FPGA datapaths + FSMs

– Manage kernel invocations, memory traffic

– Debug on host, cycle accurate model, FPGA

• Shortcomings

– Hours per design spin

– Specific parallel programming models only

– 0% of software is OpenCL today
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New Applications of Soft Processors?

• Soft processor array overlays as OpenCL targets

• Recompile parallel host workloads to FPGA, 
unchanged, tightly coupled to accelerators
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Some Parallel Programming Models and
Soft Processor Array Classes

• Process networks and messages

– CPUs+channels – [Ambric]

• Linear algebra

– vector DSP/FPU – VectorBlox MXP

• Latency tolerant, task/data parallel

– MIMD/SIMT– [MTA-GPU]

• “Amdahl’s Law” bottlenecks

– Out-of-order superscalars – MSR EDGE research
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MIMD: Fine-Grained Multithreaded PEs

• Latency tolerant, high throughput, task parallel

• Many hardware thread contexts
– LUT RAM PC register file, BRAM general register file

– Fast, simple, deep, hazard free pipeline

– HW thread scheduling

– FlexPRET

– Octavo [FPGA’12] Fmax = 550 MHz
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MTA-GPU: A MIMD/SIMT Hybrid
• GPU SIMT: data parallel

• MIMD ∩ SIMT = ?

– Both: many register files, deep hazard-free pipelines

– MIMD: Tera MTA – switch threads each cycle

– SIMT: GPU – spatial issue instruction over warp of PEs

– Let’s do a time warp instead

• Hybrid: MTA + SIMT { time warps + predication }

• Multi-paradigm – a nice OpenCL target
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Amdahl’s Law?
Single Threaded Performance

• In-order scalar RISCs still dominate

• Higher ILP via out-of-order superscalar?

– Complexity, renaming, scheduling, recovery → 
many ported RAMs, CAMs → huge → slow

• Idea: EDGE (explicit data graph execution) ISA

– ISA + compiler banish renaming, CAMs, complexity

– Better?  MSR research project
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EDGE Block Structured ISA
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A Simple EDGE 
Microarchitecture

for FPGA CPUs



Putting it All Together:
Composable Heterogeneity

• Parallel software models, languages, libs

• Make it easy to compose software, and 
hard and soft cores into a “MPPAA”

• Crucial MPPAA infrastructure:
– Common NOC + host interfaces

– Routers, CPUs, accelerators, caches …

• RC as iterative performance engineering
– CPUs → OpenCL, so� CPUs → specialized 

CPUs + memories → accelerators

• More 10s recompiles; fewer 1h PARs;
zero months interfacing to host
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In Summary

• FPGAs: explosion in resources but slow progress 
on Fmax  parallel computing

• “Software mostly” methodologies require new 
soft processors, processor arrays

• Also: ports of parallel programming models, 
tools, composition interfaces, frameworks

• “It’s a great time to be us.”
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Thank You!

• Questions?
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BACKUP

11/18/2013 OLAF-1 Workshop 55



1998: “The Myriad Uses of Block RAM”
• register files; many-hundred-bit-word register file; vector register file; windowed register file, …

• multiple register file contexts, including user/kernel/interrupt handler shadow contexts, or multiple threads' contexts;

• operand/data stacks, control (incl. return address) stacks; unified locals+operands stack; storing one or more activation records; 
systems which automatically store and reload same, burst or trickle-back;

• m-read n-write multiported register files or stacks, via the embedded RAM's inherent multiport access, or time-multiplexed access, 
or replicated copies, or supporting multiple concurrent writes using replication + 'which replica valid'  

• multiplier, divider, and/or trigonometic lookup tables, or partial lookup tables, coefficient lookup tables, interpolant estimate 
tables;

• control stores: wide encoded state machines, microcode, nanocode (multiple-level structures), possibly writeable;

• branch prediction: branch target address caches, branch target instruction caches, return address caches, branch history tables;

• instruction and/or data cache data, direct mapped or n-way set associative; cache tags (for on- or off-chip cache data); MOESI style 
cache coherence bits; snoop tags; … ; victim buffers; write buffers and write-accumulation structures; 

• segmentation registers, translation lookaside buffers, mapping address to real address, present, valid, and/or dirty bits …;

• per-task state tables, including priorities, task state, next-task info, attributes, and masks; fast dedicated thread local storage;

• debug support tables including breakpoint code address registers, breakpoint data address / value registers, nonsequential IP 
history, branch taken history, memory access history;

• on-chip RAM or scratchpad RAM; multiple banks of same supporting multiported access, or interleaving; optionally preinitialized; 
on-chip ROM; use of these for interpreter or emulator code or data,

• I/O buffers/FIFOs/queues in general, linear, circular, or linked list; DMA staging buffers

• garbage collection support: read, write barriers via page table attribute bits or region table address checks; card marking bit arrays

• on-chip network message/cell buffers; queues; virtual channel message/cell buffers; node/address-to-info maps; use of same for 
message passing or shared memory multiprocessors and packet/cell switched network interconnect fabrics;

• graphics: display list, command queue, vertex lists; transformation matrices; compositing and accumulation buffers; texture cache

[http://www.fpgacpu.org/usenet/bb.html]
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MicroBlaze: So Many Features

• Fault Tolerance, including Error Correction 
Codes (ECC) and Lockstep support
– LMB BRAM memory
– Parity protection on internal BRAMs and 

caches 

• Floating Point Unit (FPU) 
– IEEE 754 compatible 
– Single precision 

• Memory Management Unit (MMU) 
– Full MMU with VM supported by Linux
– MPU mode region protection for secure RTOS

• Instruction and Data Caches 
– Size configurable: 2kB - 64kB (BRAM based) 
– Microcache: 64B – 1024B (LUTRAM) 
– Direct mapped write-through or write-back
– Victim cache size configurable: 2, 4 or 8 lines 
– Instruction Stream Buffers 

• Branch prediction logic 
• Branch target cache

• Execution Hardware Acceleration 
– Barrel Shifter (1 cycle operation)
– Integer Divide (32 cycle operation)
– Multiply (1 cycle operation)
– Instruction Set Extensions 
– Pattern Compare Instructions 

• Machine Status Register Set and Clear 
• Atomic Access
• Endian Conversion Support
• Hardware Exception Support 

– Unaligned access 
– Illegal instruction 
– Data bus error 
– Instruction bus error 
– Divide Exception 
– Floating Point Exception 
– FSL Exception 
– MMU Exception 

• Low Latency Interrupt Mode
• Debug Logic 

– JTAG control via a debug support core 
– Up to 8 hardware break points 
– Up to 8 hardware watch points

9 Dec 2014 ReConFig 2014 57



Less is More / Simpler is Better

• Simpler is smaller

– Many more cores/device, or less expensive device

• Smaller is faster

– Fewer, shorter wires are faster wires

– Easier to tune; less to tune; more spins/day

• Smaller is more energy frugal

• Simpler is easier to understand, maintain, test
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“Jan’s Razor”

“In a chip multiprocessor design, cut resources 
from each CPU, to maximize CPUs per die.”
[http://www.fpgacpu.org/log/mar02.html#020305]

• Smaller processors  more processors

• Share less-used resources in cluster of cores
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1995 2014!
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• 500× LUTs*, 1000× PEs

– +40-45%/year



Computing Goes
Specialized, Integrated, Heterogeneous
• Autumn of Moore’s Law, Winter of Dennard Scaling

• Continued performance scaling = ↓↓↓energy/result

• Cut waste:

– Complex → essen�al

– CPUs → specialized accelerators, RAMs, interconnects

– Rethink abstraction layers SW↔SW↔HW↔HW

– Provision right

• Datacenter architecture?
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The Law of Energy Efficiency Inevitability

A more energy efficient approach
will replace a less efficient one.

Eventually.
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MIMD vs. SIMT
• MIMD: Tera MTA

– thd = next_thd; pc = pcs[thd]; ir = imem[pc];
a = regs[thd][ir.ra]; b = regs[thd][ir.rb];
regs[thd][ir.rd] = execute(thd, ir, a , b);

• SIMT: Classic GPU

– thd = next_thd; pc = pcs[thd]; ir = imem[pc];
for (i in WARP_SIZE) {

a = regs[i][ir.ra]; b = regs[i][ir.rb];
regs[i][ir.rd] = execute(i, ir, a , b);

}
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