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How do we 
harness the 

power of 
computing?

What are the 
secrets of human 

intelligence?

How do we get 
computers to do 

what we want 
them to do?

What is 
computation, 

really?
What is a 

computer?



What is computation?

What is a computer?



Gordon Moore
co-founder of Intel

“The complexity for minimum 
component costs has increased 
at a rate of roughly a factor of 
two per year.”

1965



Gordon Moore
co-founder of Intel
1965

The size of a single 
transistor decreases by 
half every 18 months.
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The size of a single 
transistor decreases by 
half every 18 months.
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2005 2015time 
immemorial

(not to scale)

free lunch

exponential 
single-threaded 

performance 
scaling!



2005 2015time 
immemorial

free lunch multicore era

we’ll scale the 
number of cores 

instead
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The Future of Computing Performance:   Game Over or Next Level?

SUMMARY 
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FIGURE S.1 Processor performance from 1986 to 2008 as measured by the bench-

mark suite SPECint2000 and consensus targets from the International Technology 

Roadmap for Semiconductors for 2009 to 2020. The vertical scale is logarithmic. A 

break in the growth rate at around 2004 can be seen. Before 2004, processor per-

formance was growing by a factor of about 100 per decade; since 2004, processor 

performance has been growing and is forecasted to grow by a factor of only about 

2 per decade. An expectation gap is apparent. In 2010, this expectation gap for 

single-processor performance is about a factor of 10; by 2020, it will have grown to 

a factor of 1,000. Most sectors of the economy and society implicitly or explicitly 

expect computing to deliver steady, exponentially increasing performance, but as 

these graphs illustrate, traditional single-processor computing systems will not 

match expectations. Note that the SPEC benchmarks are a set of artificial work-

loads intended to measure a computer system’s speed. A machine that achieves 

a SPEC benchmark score that is 30 percent faster than that of another machine 

should feel about 30 percent faster than the other machine on real workloads. 
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The performance 
returns from Moore’s 
Law ended in 2015!

The only way 
forward is to trade 
off generality for 

efficiency!
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Abstract
Datacenter workloads demand high computational capabili-

ties, flexibility, power efficiency, and low cost. It is challenging
to improve all of these factors simultaneously. To advance dat-
acenter capabilities beyond what commodity server designs
can provide, we have designed and built a composable, recon-
figurable fabric to accelerate portions of large-scale software
services. Each instantiation of the fabric consists of a 6x8 2-D
torus of high-end Stratix V FPGAs embedded into a half-rack
of 48 machines. One FPGA is placed into each server, acces-
sible through PCIe, and wired directly to other FPGAs with
pairs of 10 Gb SAS cables.

In this paper, we describe a medium-scale deployment of
this fabric on a bed of 1,632 servers, and measure its efficacy
in accelerating the Bing web search engine. We describe
the requirements and architecture of the system, detail the
critical engineering challenges and solutions needed to make
the system robust in the presence of failures, and measure
the performance, power, and resilience of the system when
ranking candidate documents. Under high load, the large-
scale reconfigurable fabric improves the ranking throughput of
each server by a factor of 95% for a fixed latency distribution—
or, while maintaining equivalent throughput, reduces the tail
latency by 29%.

1. Introduction
The rate at which server performance improves has slowed
considerably. This slowdown, due largely to power limitations,
has severe implications for datacenter operators, who have
traditionally relied on consistent performance and efficiency
improvements in servers to make improved services economi-
cally viable. While specialization of servers for specific scale
workloads can provide efficiency gains, it is problematic for
two reasons. First, homogeneity in the datacenter is highly

1Microsoft and University of Texas at Austin
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3Columbia University
4Georgia Institute of Technology
5Microsoft and University of Washington
6Google, Inc.
7École Polytechnique Fédérale de Lausanne (EPFL)
All authors contributed to this work while employed by Microsoft.

desirable to reduce management issues and to provide a consis-
tent platform that applications can rely on. Second, datacenter
services evolve extremely rapidly, making non-programmable
hardware features impractical. Thus, datacenter providers
are faced with a conundrum: they need continued improve-
ments in performance and efficiency, but cannot obtain those
improvements from general-purpose systems.

Reconfigurable chips, such as Field Programmable Gate
Arrays (FPGAs), offer the potential for flexible acceleration
of many workloads. However, as of this writing, FPGAs have
not been widely deployed as compute accelerators in either
datacenter infrastructure or in client devices. One challenge
traditionally associated with FPGAs is the need to fit the ac-
celerated function into the available reconfigurable area. One
could virtualize the FPGA by reconfiguring it at run-time to
support more functions than could fit into a single device.
However, current reconfiguration times for standard FPGAs
are too slow to make this approach practical. Multiple FPGAs
provide scalable area, but cost more, consume more power,
and are wasteful when unneeded. On the other hand, using a
single small FPGA per server restricts the workloads that may
be accelerated, and may make the associated gains too small
to justify the cost.

This paper describes a reconfigurable fabric (that we call
Catapult for brevity) designed to balance these competing
concerns. The Catapult fabric is embedded into each half-rack
of 48 servers in the form of a small board with a medium-sized
FPGA and local DRAM attached to each server. FPGAs are
directly wired to each other in a 6x8 two-dimensional torus,
allowing services to allocate groups of FPGAs to provide the
necessary area to implement the desired functionality.

We evaluate the Catapult fabric by offloading a significant
fraction of Microsoft Bing’s ranking stack onto groups of eight
FPGAs to support each instance of this service. When a server
wishes to score (rank) a document, it performs the software
portion of the scoring, converts the document into a format
suitable for FPGA evaluation, and then injects the document
to its local FPGA. The document is routed on the inter-FPGA
network to the FPGA at the head of the ranking pipeline.
After running the document through the eight-FPGA pipeline,
the computed score is routed back to the requesting server.
Although we designed the fabric for general-purpose service

978-1-4799-4394-4/14/$31.00 c⃝ 2014 IEEE
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very popular approach to system-level verification [36].
Designers commonly use SystemC TLMs to describe
virtual software/hardware platforms, which serve three
important purposes: early embedded software devel-
opment, architectural modeling and exploration, and
functional verification. The wide availability of SystemC
functional models directly drives the need for SystemC-
based HLS solutions, which can automatically generate
RTL code through a series of formal constructive trans-
formations. This avoids slow and error-prone manual
RTL re-coding, which is the standard practice in the
industry today.

5) Trend toward extensive use of accelerators and
heterogeneous SoCs: Many SoCs, or even chip
multiprocessors move toward inclusion of many
accelerators (or algorithmic blocks), which are built
with custom architectures, largely to reduce power
compared to using multiple programmable processors.
According to ITRS prediction [111], the number of on-
chip accelerators will reach 3000 by 2024. In FPGAs,
custom architectures for algorithmic blocks provide
higher performance in a given amount of resources than
synthesized soft processors. These algorithmic blocks
are particularly appropriate for HLS.

Although these reasons for adopting HLS design methodol-
ogy are common to both ASIC and FPGA designers, we also
see additional forces that push the FPGA designers for faster
adoption of HLS tools.

1) Less pressure for formal verification: The ASIC manu-
facturing cost in nanometer integrated circuit (IC) tech-
nologies is well over $1M [111]. There is tremendous
pressure for the ASIC designers to achieve first tape-
out success. Yet formal verification tools for HLS are
not mature, and simulation coverage can be limited
for multimillion gate SoC designs. This is a significant
barrier for HLS adoption in the ASIC world. However,
for FPGA designs, in-system simulation is possible
with much wider simulation coverage. Design iterations
can be done quickly and inexpensively without huge
manufacturing costs.

2) Ideal for platform-based synthesis: Modern FPGAs em-
bed many predefined/fabricated IP components, such
as arithmetic function units, embedded memories, em-
bedded processors, and embedded system buses. These
predefined building blocks can be modeled precisely
ahead of time for each FPGA platform and, to a large
extent, confine the design space. As a result, it is possible
for modern HLS tools to apply a platform-based design
methodology [52] and achieve higher quality of results
(QoR).

3) More pressure for time-to-market: FPGA platforms are
often selected for systems where time-to-market is criti-
cal, in order to avoid long chip design and manufacturing
cycles. Hence, designers may accept increased perfor-
mance, power, or cost in order to reduce design time.
As shown in Section IX, modern HLS tools put this
tradeoff in the hands of a designer allowing significant

reduction in design time or, with additional effort, QoR
comparable to hand-written RTL.

4) Accelerated or reconfigurable computing calls for
C/C++ based compilation/synthesis to FPGAs: Recent
advances in FPGAs have made reconfigurable com-
puting platforms feasible to accelerate many high-
performance computing (HPC) applications, such as
image and video processing, financial analytics, bioin-
formatics, and scientific computing applications. Since
RTL programming in VHDL or Verilog is unacceptable
to most application software developers, it is essential to
provide a highly automated compilation/synthesis flow
from C/C++ to FPGAs.

As a result, a growing number of FPGA designs are
produced using HLS tools. Some example application domains
include 3 G/4 G wireless systems [39], [82], aerospace applica-
tions [76], image processing [28], lithography simulation [13],
and cosmology data analysis [53]. Xilinx is also in the process
of incorporating HLS solutions in their Video Development Kit
[118] and DSP Develop Kit [98] for all Xilinx customers.

This paper discusses the reasons behind the recent success
in deploying HLS solutions to the FPGA community. In Sec-
tion II, we review the evolution of HLS systems and summa-
rize the key lessons learned. In Sections III–VIII, using a state-
of-art HLS tool as an example, we discuss some key reasons
for the wider adoption of HLS solutions in the FPGA design
community, including wide language coverage and robust
compilation technology, platform-based modeling, advance-
ment in core HLS algorithms, improvements on simulation and
verification flow, and the availability of domain-specific design
templates. Then, in Section IX, we present the HLS results on
several real-life industrial designs and compare with manual
RTL implementations. Finally, in Section X, we conclude this
paper with discussions of future challenges and opportunities.

II. Evolution of HLS for FPGA

In this section we briefly review the evolution of HLS
by looking at representative tools. Compilers for high-level
languages have been successful in practice since the 1950s.
The idea of automatically generating circuit implementations
from high-level behavioral specifications arises naturally with
the increasing design complexity of ICs. Early efforts (in
the 1980s and early-1990s) on HLS were mostly research
projects, where multiple prototype tools were developed to
call attention to the methodology and to experiment with
various algorithms. Most of those tools, however, made rather
simplistic assumptions about the target platform and were not
widely used. Early commercialization efforts in the 1990s and
early-2000s attracted considerable interest among designers,
but also failed to gain wide adoption, due in part to usability
issues and poor QoRs. More recent efforts in HLS have
improved usability by increasing input language coverage and
platform integration, as well as improving QoRs.

A. Early Efforts

Since the history of HLS is considerably longer than that
of FPGAs, most early HLS tools targeted ASIC designs.
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HLS

Seashell

An enormous series of ad hoc consistency 
checks, hacks, and workarounds to 
compile some C programs to Verilog.

A new language for hardware accelerator 
design with a type system that defines 
which programs are realizable on FPGAs.



int A[10];
int B[10];
for (int i = 0; i < 10; i++) {
    int x = A[i];
    int y = x * 5;
    B[i] = y;
}



int A[10]

int B[10]

* loop body



int A[10]

int B[10]

* * * **



int A[10];
int B[10];
for (int i = 0; i < 10; i++) {
    #pragma HLS UNROLL factor=5
    int x = A[i];
    int y = x * 5;
    B[i] = y;
}

#pragma HLS ARRAY_PARTITION variable=A factor=5
#pragma HLS ARRAY_PARTITION variable=B factor=5



* * * **

int A[10]

int B[10]



int A[10];
int B[10];
for (int i = 0; i < 10; i++) {
    #pragma HLS UNROLL factor=5
    int x = A[i];
    int y = x * 5;
    B[i] = y;
}

#pragma HLS ARRAY_PARTITION variable=A factor=5
#pragma HLS ARRAY_PARTITION variable=B factor=5



Memory types

memory A : int[10];
for (...) {
    access A[i];
    access A[i+1];
}



Affine memory types

memory A : int[10];
for (...) {
    access A[i];
    access A[i+1];
}

error: A already used in this context



Affine types and linear types, as made famous recently by Rust.



Banked memory types

memory bank(5) A : int[10];

A[0] 
A[5]

A[1] 
A[6]

A[2] 
A[7]

A[3] 
A[8]

A[4] 
A[9]



Banked memory types

memory bank(5) A : int[10];

A[0][0] 
A[0][1]

A[1][0] 
A[1][1]

A[2][0] 
A[2][1]

A[3][0] 
A[3][1]

A[4][0] 
A[4][1]

for (let i in 0..1) {
    access A[0][i];
    access A[1][i];
    access A[2][i];
    access A[3][i];
    access A[4][i];
}

// one access to each 
   A[j] allowed here



Hybrid indices for unrolling

memory bank(5) A : int[10];
for (let i in 0..9) unroll 5 {
    access A[??][??];
}

i : idx<0..5, 0..2>
A pair of a static index from 0 through 4 
and a dynamic index that’s either 0 or 1.
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